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Abstract:  Research on two-dimensional (2D) materials has been explosively 

increasing in last seventeen years in varying subjects including condensed matter 

physics, electronic engineering, materials science, and chemistry since the 

mechanical exfoliation of graphene in 2004. Starting from graphene, 2D materials now 

have become a big family with numerous members and diverse categories. The 

unique structural features and physicochemical properties of 2D materials make them 

one class of the most appealing candidates for a wide range of potential applications. 

In particular, we have seen some major breakthroughs made in the field of 2D 

materials in last five years not only in developing novel synthetic methods and 

exploring new structures/properties but also in identifying innovative applications and 

pushing forward commercialisation. In this review, we provide a critical summary on 

the recent progress made in the field of 2D materials with a particular focus on last five years. After a brief background 
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introduction, we first discuss the major synthetic methods for 2D materials, including the mechanical exfoliation, liquid 

exfoliation, vapor phase deposition, and wet-chemical synthesis as well as phase engineering of 2D materials belonging 

to the field of phase engineering of nanomaterials (PEN). We then introduce the superconducting/optical/magnetic 

properties and chirality of 2D materials along with newly emerging magic angle 2D superlattices. Following that, the 

promising applications of 2D materials in electronics, optoelectronics, catalysis, energy storage, solar cells, biomedicine, 

sensors, environments, etc. are described sequentially. Thereafter, we present the theoretic calculations and simulations 

of 2D materials. Finally, after concluding the current progress, we provide some personal discussions on the existing 

challenges and future outlooks in this rapidly developing field. 

Key Words:  Two-dimensional materials;  Transition metal dichalcogenides;  Phase engineering of nanomaterials;  

Electronics;  Optoelectronics;  Catalysis;  Energy storage and conversion 
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1  Introduction 
The first report on the mechanical cleavage of atomically thin 

single-crystalline carbon film, namely graphene, and its 

extraordinary transport properties by Geim, Novoselov and co-

workers 1 in 2004 had ignited the resurgence of a class of 

fascinating functional nanomaterials, i.e., two-dimensional (2D) 

materials 2–10. 2D materials now have been recognized as a type 

of nanomaterials which have a sheet-like morphology featuring 

with a large lateral size from hundreds of nanometers to tens of 

micrometers or even larger but a thickness in single or few 

atomic layer 2,3. Such a unique structural feature of 2D materials 
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endows them with various unconventional physical, chemical, 

optical, electronic and magnetic properties as compared to their 

bulk, zero-dimensional (0D) and one-dimensional (1D) 

counterparts 2. Owing to their unusual properties, 2D materials 

have been proven to be one of the most promising candidates for 

numerous potential applications like electronics 11–14, 

optoelectronics 15–20, catalysis 21–26, energy storage 27–34, solar 

cells 35–38, biomedicine 39–45, sensors 46–49, environments 50–54, 

etc. Driven by their unusual properties and promising 

applications, a large number of novel 2D materials beyond 

graphene, such as transition metal dichalcogenides (TMDs 

including MoS2, MoSe2, MoTe2, WS2, WSe2, ReS2, TaS2, etc.) 55,56, 

hexanol boron nitride (h-BN) 57,58, graphyne 59,60, noble metal 

dichalcogenides (NMDs: PdSe2, PtSe2, PtS2, etc.) 61,62, elemental 

2D materials (e.g., black phosphorus (BP), tellurium, silicene, 

germanene, borophene, etc.) 63–65, layered metal oxides 66,67, 

layered double hydroxides (LDHs) 68,69, graphitic carbon nitride 

(g-C3N4) 70,71, MXenes 72, metals 73, organics/polymers 74,75, 

metal-organic frameworks (MOFs) 76,77, covalent-organic 

frameworks (COFs) 78,79, organic-inorganic hybrid perovskites 80–82, 

and transition metal halides 83,84, have been synthesized by 

various synthetic methods in the last decade. It is worth pointing 

out that the number of materials in the family of 2D materials is 

still continuously growing every year. 

On the basis of the previous research works, the last five years 

have witnessed some major breakthroughs made in the field of 

2D materials in all aspects. Firstly, a large number of novel 2D 

materials have been reported, including NMDs 85–87, tellurium 88,89, 

selenium 90, and so on. Secondly, some novel methods have been 

developed for synthesis of 2D materials with higher quality, 

larger size, or better control, such as oxygen plasma- or Au-

enhanced mechanical exfoliation 91,92, organic intercalation-

assisted liquid exfoliation of layered materials (e.g., BP, TMDs, 

InSe, etc.) 93–95, salt-assisted chemical vapor deposition (CVD) 

growth of a library of 2D thin layers 96,97, CVD growth of wafer-

scale high-quality 2D thin films 98,99, pulsed laser deposition 

(PLD) of BP thin films 100, vapor phase synthesis of high-purity 

1T'-phase 2D TMD crystals 101, and liquid metal-assisted 

synthesis of metal oxide nanosheets 102. Thirdly, some new 

promising applications of 2D materials have been demonstrated, 

such as integrated circuits based on wafer-scale 2D thin films 103 

and infrared imaging sensor systems based on graphene 104. 

More importantly, some newly emerging research directions 

have been extensively explored on 2D materials in recent years. 

For example, the phase engineering of nanomaterials (PEN) 

including 2D materials has been recognized as a promising way 

to fine tune their physicochemical properties and enhance their 

performances in addition to other conventional structural 

characteristics, such as size, thickness, defects, vacancies, and 

interlayer spacing 105,106. As another typical example, by simply 

stacking two 2D graphene in a specific magic angle, namely 

magic angle 2D superlattices, the properties of graphene can be 

tuned from a conductor to a superconductor or insulator 107,108. 

Inspired by the unexpected properties of magic angle graphene 

superlattices, magic angle 2D superlattices have become one of 

the most interesting materials to explore new properties in 

condensed matter physics. 

Although many review articles related to 2D materials have 

been published previously, most of them were published in 

several years ago or even earlier, and most of them focused on a 

selected type 2D materials (e.g., graphene, graphyne, TMDs, 

MOFs, elemental ones, metals, MXenes, etc.) 4,55,73, or specific 

application (e.g., electronics, optoelectronics, energy storage, 

electrocatalysis, sensors, biomedicine, etc.) 27,31,39. Bearing this 

mind, offering a comprehensive review article to cover all of the 

2D materials from all aspects with highlights on recent progress 

in this growing field is of great significance for its further 

development. To this end, this review aims to critically 

summarize the recent progress on 2D materials with particular 

focus on the last five years. Following a brief background 

introduction, the major synthetic methods for 2D materials, 

including the mechanical exfoliation, liquid exfoliation, vapour 

phase deposition, and wet-chemical synthesis as well as phase 

engineering of 2D materials are first discussed. The 

superconducting, optical, magnetic properties and chirality of 

2D materials along with newly emerging magic angle 2D 

superlattices are then introduced. Thereafter, we summarize the 

great potential of 2D materials in various applications like 

electronics, optoelectronics, catalysis, energy storage, solar 

cells, biomedicine, sensors, environments, etc. Following that, 

recent progress on the theoretic calculations and simulations of 

2D materials is also discussed. Finally, we conclude this Review 

by summarizing the current process and offering some personal 

insights on the existing challenges and future opportunities in 

this promising field. 

2  Synthetic methods 
2.1  Mechanical exfoliation 

Mechanical exfoliation has been recognized as an efficient 

method to obtain fresh atomically flat surface of layered 

materials 109,110. In 2004, a new tape-based exfoliation method 

developed in Geim’s group was used to prepare monolayer and 

few-layer graphene from graphite 1,111. As one of the most 

popular “top-down” strategy to date, this mechanical exfoliation 

technique has been widely used to get a large number of 2D 

crystals, such as MoS2 
112,113, WS2 

114, SnS2 
115 and BP 115,116. The 

exfoliated 2D materials are ideal samples to study their intrinsic 

electronic 117,118, optical 119 and mechanical properties. However, 

there are a few shortcomings for the conventional mechanical 

exfoliation. Firstly, the sample size of exfoliated 2D materials is 

usually in the range of few to tens of micrometers. Secondly, the 

yield is quite low. With the discovery of new layered materials, 

novel mechanical methods are desired to prepare high-quality, 

large-area 2D materials with relatively high efficiency. 

Although the exfoliation processes are generally simple, some 

scientific questions were not well understood at the beginning. 
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In the early stage, many researchers believed that a bulk crystal 

should be exfoliated many times to get thin layers on tape and 

then transferred onto SiO2/Si substrate, which has been 

demonstrated to be wrong later 120. The interaction between tape 

and monolayer or few layers is stronger than the interaction 

between the solid substrate surfaces (e.g., SiO2) and 2D 

materials. Therefore, it is difficult to transfer a monolayer flake 

from tape to solid substrates. Besides, when the bulk crystal is 

exfoliated by tape for many times, it will be broken into small 

pieces. It is worth pointing out that the monolayer or few-layer 

flakes are exfoliated from multilayer crystal adhered on the tape 

instead of the ones adhered on the tape itself. More importantly, 

the interaction between layered crystals and solid substrates 

depends on the dipole interaction of different atoms. For 

example, the interaction between C atoms and O atoms is 

stronger than the one between C and other atoms 121. As a result, 

the oxide substrates could work well for graphene but not so well 

for BP, FeSe or some other layered materials. 

In the year 2015, Huang et al. proposed a new oxygen plasma 

enhanced exfoliation method, which is very effective for getting 

large-area monolayer graphene and Bi2Sr2CaCu2Ox 120. They 

pointed out that the surface of oxide substrates has a thin layer 

of absorbed molecules, which serves as a buffer layer between 

layered crystal and oxide substrate surface. The oxygen plasma 

treatment could remove the absorbed molecules and enhance the 

interaction between 2D materials and substrate. As shown in Fig. 

1, there are four steps for this optimized exfoliation. (1) Oxygen 

plasma is used to remove the small molecules on SiO2/Si 

substrate surface. (2) A new cleaved graphite surface is put 

together with tape onto substrate. (3) The tape/graphite/substrate 

are baked at about 100 °C for 1–2 min. (4) The sample is taken 

out from hot plate and cooled down to room temperature, then 

the tape with graphite is removed. After these steps, large-area 

monolayer and few-layer graphene with a size ranging from few 

hundred micrometers to millimeters can be easily observed by 

optical microscope or even naked eyes 120,122. Some graphene 

bubbles formed in the baking process are often observed on these 

samples 120,123. The unique structure of the bubble provides an 

ideal model for exploring some interesting phenomena of 

graphene and other 2D materials under strain, such as standing 

wave oscillation and band structure changes 123,124. 

However, the oxygen plasma enhanced exfoliation is not very 

effective on exfoliating MoS2, WS2 and many other 2D 

materials, because these materials do not have strong interaction 

with oxide substrates. Magda et al. deposited a thick layer of Au 

(100 nm) on mica and peeled off the metal layer, then the Au 

layer was put into contact with fresh cleaved MoS2 and heated at 

90 °C 125. This method can get MoS2 in the size of several 

hundreds of micrometers, but it still consumes the precious gold 

and induces many cracks on 2D materials. Desai et al. optimized 

this gold-layer enhanced exfoliation using thermal-release tape 

and transferring the sample onto other substrates 92. KI/I2 solvent 

was used to etch Au layer and obtain large-area monolayer 

MoS2, WS2, etc. 

Commonly, based on the lattice structure of common layered 

materials, the out-most atoms in the unit layer are non-metallic 

elements such as P, As, S, Se, Te, Cl, Br, I, etc., while the inner 

elements are usually transition metals (Mo, W, Ti, Fe, Cr, Ni, Ta, 

etc.) or some main group metals (Ga, Sn, In). Thus, the roadmap 

for optimizing mechanical exfoliation can be considered as 

selecting suitable substrates which have strong interaction with 

these non-metallic elements. In 2020, Huang et al. reported a 

more universal mechanical exfoliation method based on their 

systematic experimental and calculation results (Fig. 2) 126. They 

 
Fig. 1  Illustration of the oxygen-plasma-enhanced exfoliation process for graphene. (a) Optical image of the SiO2/Si substrate and adhesive  

tape with graphite flakes. (b) Oxygen plasma cleaning of the substrate. (c) Contact between the graphite decorated tape and the substrate  

surface, followed by heating of the substrate (with tape) on a hot plate in air at ~100 °C for 2 min. (d) Removal of the substrate from the hot  

plate and peeling off the tape. (e) Optical image of the substrate after graphene exfoliation. (f) Optical micrograph of one large scale  

graphene flake on the substrate. (a–e) Reproduced with permission from Ref. 120, Copyright 2015 American Chemical Society.  

(f) Reproduced with permission from Ref. 122, Copyright 2018 Acta Physica Sinica. 



物理化学学报 Acta Phys. -Chim. Sin. 2021, 37 (12), 2108017 (7 of 151) 

pointed out that the adhesion energy at the interface of 2D 

materials and substrate is the key parameter for exfoliation. Their 

calculation results suggested that the 2D crystal-Au interaction 

could be sufficient to overcome the interlayer interaction to 

realize the successful exfoliation of monolayers from a wide 

range of layered materials. Based on the theoretical guidance, 

Huang et al. developed a new gold-assisted mechanical 

exfoliation, which was successful to get 40 different 2D 

materials, including MoS2, BP, PtTe2, FeSe, CrCl3, etc. The size 

of exfoliated monolayer ranges from millimeter to sub-

centimeter, which is visible to the naked eyes (Fig. 2). The new 

gold-assisted mechanical exfoliation method has two main steps. 

Firstly, two metal layers of Au/Ti (or Au/Cr) in sub-nanometer 

range are deposited onto SiO2/Si or other substrates by electron-

beam or thermal evaporator instruments. The second step is to 

put a bulk crystal with fresh surface onto the Au/Ti, and peel off 

the tape with crystal after gentle press. 

In summary, mechanical exfoliation technique has greatly 

promoted the rapid development of the field of 2D materials in 

the past 17 years. While this technology has received extensive 

attention and undergone in-depth research in the past five years, 

it is believed to continue to play important roles in the research 

of 2D materials in the future. There are two aspects which may 

be crucial for the development of mechanical exfoliation. The 

first one depends on the progress of developing high-quality bulk 

crystals. Growing wafer-scale and high-quality layered materials 

is the prerequisite for exfoliating a single layer of wafer size. 

Secondly, promoting the development of this technology 

towards cheap and controllable industrial applications is also an 

important question. With breakthroughs in these two aspects, 

mechanical exfoliation will be widely used not only in basic 

scientific research but also in industrial applications, especially 

for 2D semiconducting materials. 

2.2  Liquid exfoliation 

Liquid exfoliation methods, mainly including direct 

exfoliation in solvents and intercalation-based exfoliation, offer 

 
Fig. 2  (a) Schematic of the Gold-assisted mechanical exfoliation process of different monolayer materials. (b–d) Optical images of exfoliated  

MoS2 on SiO2/Si, sapphire, and plastic film. (e) 2-inch CVD-grown monolayer MoS2 film transferred onto a 4 inch SiO2/Si substrate. (f–g) Optical 

images of large exfoliated 2D crystals: BP, RuCl3, Fe3GeTe2, FeSe, CrSiTe3, PtSe2, PtTe2, and PdTe2. Those exfoliated monolayers highlighted in the  

red box are, so far, not accessible using other mechanical exfoliate method. (h) Optical image and Raman spectra of a MoS2/WSe2 heterostructure.  

(i) Raman and photoluminescence (PL) spectra of suspended monolayer WSe2. (j) Optical image of suspended WSe2 with different  

thicknesses (1L to 3L) and a PL intensity map of the suspended monolayer. Reproduced from Ref. 126. 
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versatile and scalable routes for preparation of solution-

dispersed 2D materials 127–130. Previous studies have demonstr-

ated the successful production of monolayer or few-layer 2D 

nanosheets (e.g., MoS2, MoSe2, MoTe2, WS2, TaSe2, NbSe2, 

NiTe2, Bi2Te3, BN, graphene, and BP) by direct sonication of 

layered crystals in a number of solvents, such as N-methyl-

pyrrolidone (NMP), N,N-dimethylformamide (DMF), N-vinyl-

pyrrolidinone (NVP), cyclohexyl-pyrrolidinone (CHP), isopro-

panol (IPA), dimethylsulphoxide (DMSO), and acetone 128–130. 

Recently, other kinds of 2D materials have also been exfoliated 

by this method, such as tin sulfide (SnS) 131, lead iodide (PbI2) 132, 

topological insulators Bi2TeI 133, calcium metal-organic 

framework (Ca-MOF) 134, hematene 135, metal hydride (e.g., 

TiH1.924, ZrH2, CaH2, and HfH1.983) 136, and various organic 

nanosheets 137,138. Meanwhile, the available solvents are still 

limited by the matching degree of surface tension between the 

layered materials and the solvent. For example, surface tension 

of solvent need to close to 40 mJ·m−2 for the exfoliation of 

graphite 129. Although adding mixed-solvent 139, surfactant 140–142, 

or polymer 143,144 has been proven to be an effective solution for 

this limitation, direct liquid exfoliation is also plagued by the low 

yield of the monolayers and low efficiency. 

Intercalation-based exfoliation of layered materials has been 

recognized as a mature and controllable method for production 

of 2D materials with a remarkable advantage of high-yield 

monolayers 127,145–147. It involves chemical or electrochemical 

intercalation of foreign species into the interlayer gap of layered 

bulk materials and a subsequent mild sonication process in 

solvent (e.g., water). Studies about intercalation and exfoliation 

of layered materials date back to several decades ago 127,148–150. 

Very recently, the development of this method has been greatly 

boosted since 2011 by the chemical 151 and electrochemical 152,153 

lithium-ion intercalation-based exfoliation of 2D TMDs. Since 

then, lithium-ion intercalation-based exfoliation method has 

been wildly reported for preparation of 2D monolayers 25,154–161. 

However, the rising prices of lithium, and the sensitivity of 

lithium intercalation compounds to ambient conditions along 

with its flammability make finding alternative intercalation 

species necessary. Up to now, a host of intercalation species 

beyond lithium ion have been proven to be effective for the 

intercalation-based exfoliation, including cations (e.g., Na+ and 

K+ 162,163, O2
+ 164, quaternary ammonium cation 165–168), anions 

(e.g., SO4
2− 169–172, BF4

− 173,174), and molecules (e.g., H2O 175, 

Lewis bases 176, Brønsted acids 177, dimethyl sulfoxide 178, 4,4′-

dipyridyl disulfide 179, n-propylamine 180). For example, Ding et 

al. used 4,4′-dipyridyl disulfide as intercalation species to 

exfoliate MOFs and obtained ultrathin (~1 nm) 2D MOF 

nanosheets in ~57% overall yield 179. In addition, Liu et al. 

demonstrated the production of BP nanobelts by electrochemical 

BF4
− intercalation-based exfoliation method 173. As a notable 

example, Wang et al. have demonstrated that monolayer BP 

molecular superlattices can be produced from bulk BP by 

electrochemical intercalation-based exfoliation method using 

cetyl-trimethylammonium bromide (CTAB) as intercalant 93. 

Very recently, CTAB intercalation-based exfoliation method 

have also used for production of mica (eMica) nanosheets 181, 

and the exfoliation of the sodalite precursor RUB-15 into the 

crystalline 0.8-nm-thick nanosheets 182. Besides, Lin et al. have 

also reported the exfoliation of a large number of 2D nanosheets, 

including MoS2, WSe2, Bi2Se3, NbSe2, In2Se3, Sb2Te3 and BP, by 

electrochemical intercalation-based exfoliation strategy with 

tetraheptylammonium bromide (THAB) as intercalant 94. 

Importantly, this method prevented the undesired phase 

transition from 2H to 1T during the intercalation-based 

exfoliation process, achieving the preparation of high-purity 2H 

phase MoS2 nanosheets. 

Alternatively, multiple intercalation species as tandem 

intercalants 176 or as co-intercalants 183 have also been recently 

reported for the production of 2D materials. For example, very 

recently, Li et al. demonstrated an electrochemical co-

intercalation-based exfoliation process 183. Using quaternary 

ammonium cations solvated with propylene carbonate molecule 

as co-intercalants, they successfully prepared a series of TMD 

nanosheets, including NbSe2, NbTe2, TaSe2, TaS2, TiSe2, TiS2, 

and MoTe2. As a general and scalable synthesis method, it 

realized a high-yield (> 75%) preparation of TMD monolayers 

with large lateral dimensions (up to 300 μm) and high-

crystallinity, which is better than the monolayers grown by 

molecular beam epitaxy 184 or chemical vapor deposition 185 

methods. 

As mentioned above, a number of intercalation-based 

exfoliation methods have been established based on different 

intercalation species. However, there is still room for 

improvement for effective and high-yield production of 

monolayers. Therefore, reasonable selection of intercalants and 

rational design of the exfoliation process remain crucial for the 

synthesis of atomically thin nanosheets to achieve specific 

application purposes. 

2.3  Gas vapor growth 

In comparison with the top-down approaches, the bottom-up 

approaches based on the gas-phase vapor growth has been 

regarded as an efficient and controllable synthesis strategy for 

growth of high-quality large-area 2D materials, which are 

promising for meeting the requirements of industrial 

applications, especially in electronics and optoelectronics 186–188. 

Gas-vapor growth generally occurs in the system composed of a 

tube furnace. Under high temperature, gaseous precursors 

containing the elements of 2D materials are transported into the 

reaction zone, followed by nucleation, growth and final 

formation of 2D flakes or continuous films on the target 

substrates. Common gas vapor growth includes chemical vapor 

deposition (CVD), thermally assisted conversion (TAC) and 

physical laser deposition (PLD) 

2.3.1  Chemical vapor deposition 

Since the first successful demonstration of CVD growth of 

monolayer graphene on Cu foils 189, CVD approaches have 
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gradually become the dominant method for preparing various 

kinds of 2D materials including graphene, h-BN 190, metal 

disulfides (MX2, M=Mo, W, Ta, Cr, Nb, Re, etc., X = Se, S, 

Te) 191–195, ternary compounds as well as 2D material-based 

heterostructures 196,197. The properties and applications of 2D 

materials are highly dependent on the thickness, domain size, 

geometric morphology and crystalline orientation, defect 

densities and dopant types, all of which can be controlled by 

optimizing the parameters in CVD growth. Accordingly, the 

strategies can be categorized to precursor design, space-confined 

growth, additive-assisted growth and substrate engineering. 

As for graphene growth, methane (CH4) is commonly used 

gaseous precursors, enabling the precise control on the 

elementary steps of CVD growth for graphene by accurately 

tuning the gas flow rate 187,189. In contrast, the growth of MX2 

usually requires two kinds of solid precursors, metal-containing 

precursors (e.g., metal foil, metal oxides, metal chloride) and 

non-metal precursors (e.g., S, Se, Te), which are located at 

different heated regions 191. In this case, the metal and non-metal 

precursors are separately volatilized by heating and transported 

to the substrate in the high-temperature reaction zone assisted by 

carrier gas. Subsequently the chemical reaction occurs to form 

MX2 on the substrates. Since the heating temperature of the solid 

precursors is the key parameter which would determine the 

vapor pressure of the solid precursors. Hence, it is still 

challenging to accurately control the amount of volatilized solid 

precursors by solely setting the temperature, making it rather 

difficult to effectively adjust the growth process of MX2. To this 

end, metal-organic precursors hold great promise for controlled 

synthesis of the 2D materials, which can ensure introducing a 

precise and stable amount of precursors into the CVD system 198. 

In this respect, Kang et al. grew continuous 4-inch wafer-scale 

MoS2 and WS2 films by employing Mo(CO)6, W(CO)6 as metal 

precursor and (C2H5)2S as non-metal precursors, respectively. 

Since precursors are the reactants for growing 2D materials, 

tuning the elemental compositions of the precursors can enable 

the direct growth of doped, alloyed as well as ternary 2D 

materials 199–203. For example, Wu et al. employed Bi2O3 and 

Bi2Se3 as two isolated precursors to successfully prepared 

ultrathin Bi2O2Se flakes (Fig. 3a), which exhibited excellent air 

stability and high-mobility semiconducting behaviors 201,202. In 

another recent work, Hong et al. grew 2D layered MoSi2N4 by 

CVD on a Cu/Mo bilayer substrate, in which NH3 gas and pure 

Si plate were employed as the N and Si sources, respectively 203. 

The as-grown MoSi2N4 demonstrated semiconducting 

behaviors, high mechanical strength and excellent ambient 

stability. This synthetic strategy can be also extended to other 

ternary MXene such as WSi2N4. 

In a regular CVD system, the thickness and domain size of as-

received 2D materials can only be controlled by adjusting the 

related growth parameters including the growth temperature, the 

gas flow of carrier gas and precursors, and the chamber pressure. 

However, the complex intermediate reactions inevitably result in 

the non-uniformity of thickness, adsorption of impurities and 

 
Fig. 3  (a) Layered crystal structure and CVD growth of Bi2O2Se with Bi2Se3 and Bi2O3 as precursors 201,202. (b) Fast growth of millimeter-sized 

graphene within confined space; reproduced with permission from Ref. 204, Copyright 2016 John Wiley and Sons. (c) Experimental design of Cu  

foil-foam stacked structure for the growth of super-clean graphene 206. (d) Epitaxial growth of single-crystal graphene wafer with free wrinkles on  

as-deposited Cu (111) thin film; reproduced with permission from Ref. 209, Copyright 2017 American Chemical Society. 
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slow growth rate. To improve the uniformity and growth rate, 

space-confined growth has emerged as a promising growth 

strategy. With this novel configuration, growth of large graphene 

single crystals can be achieved with a high growth rate by 

facilitating the decomposition of CH4 precursors and decreasing 

the nucleation density (Fig. 3b) 204,205. In another work, Lin et al. 

relies on a new configuration of catalyst to achieve the scalable 

production of super-clean graphene (> 99% clean regions) via 

the stacking of Cu foil and Cu foam 206, where the Cu foam can 

provide sufficient supply of Cu vapor during the entire growth 

to continuously catalyze the decomposition of carbon species 

(Fig. 3c). For other 2D materials, Wang et al. achieved the 

preparation of 2D all-inorganic halide perovskites (2D AIHP) 

with adjustable morphologies via a vertical mass transport with 

the space-confined channel 207. Confined spaces can improve the 

vapor pressure of sulfur, so that PtS2 thin films can be readily 

achieved in a scalable and controlled manner in a modified 

quartz tube 208. 

Despite recent progress on the growth of 2D materials, many 

2D crystals remains difficult to be directly grown on substrates 

via direct CVD growth owing to high melting points of their 

metal/metal oxide precursors as well as thermodynamics 

instabilities of metastable phases. To this end, molten salts as 

additives are introduced into CVD process for achieving the 

growth of high-quality 2D materials 97,210,211. With the assistance 

of NaCl and KI, Zhou et al. synthesized the growth of 47 

compounds including 32 binary compounds, 13 alloys and two 

heterostructures 97. Investigation of the related growth 

mechanism confirmed that the salt can decrease the melting 

point of the reactants and facilitates the formation of oxychloride 

compound as intermediate products that are energetically 

favorable to be sulfurized or selenized. Meanwhile, the alkali 

metal ions can also reduce the growth barrier, synergistically 

increasing the overall reaction rate and promoting large-scale 

production of high-quality 2D materials with fine uniformity. 

With the aid of trace amount of Na catalysts released from the 

glass substrates, Yang et al. successfully prepared a 6-inch 

uniform MoS2 monolayer film with the domain size larger than 

400 µm on solid soda-lime glass with an improved growth speed, 

relying on a face-to-face metal-precursor supply method 212. 

However, the residue of molten salts and possible dopants might 

influence the stability and pristine property of as-grown 2D 

materials, which still needs further study. 

High-quality 2D materials single crystal with no grain 

boundaries are highly desired for the applications in electronics 

and optoelectronics, in which a high carrier mobility of 2D 

materials is highly needed. Therefore, main focus becomes the 

synthesis of wafer-scale single crystals of 2D materials. CVD 

technique shows a unique merit in producing wafer-scale 2D thin 

films. By deliberately designing the single-crystal substrates 

which have fine lattice matching with the target 2D materials, 

the epitaxy growth of well-aligned 2D crystal domains can be 

realized. After the well-aligned nucleation, the subsequent 

seamless stitching would enable the growth of wafer-scale 2D 

single crystal. Hence, the epitaxy growth of graphene with 

identical orientations on a Cu (111) substrate toward single-

crystal graphene film has received great attention 209,213. In this 

regard, Deng et al. synthesized a 4-inch wrinkle-free single-

crystal graphene wafer on a twin-boundary-free single-crystal 

Cu (111) thin film prepared on sapphire substrate through strain 

engineering (Fig. 3d) 209. Furthermore, the growth of 100-

square-centimetre single-crystal BN monolayer on Cu (110) and 

wafer-scale growth of WS2 film on c-plane (0001) sapphire have 

been successfully demonstrated 214,215. 

2.3.2  Thermally assisted conversion in CVD system 

One effective strategy to prepare wafer-scale continuous films 

involves the sulfurization (or selenization) of pre-deposited 

metal films or metal oxide on the substrates in a conventional 

CVD system. The pre-deposition process can be realized via 

thermal deposition, atomic layer deposition, electron beam 

deposition, magnetron sputtering and spin coating. For instance, 

the preparation of wafer-scale and homogenous 2D PdSe2 film 

with thickness of 1.2–20 nm can be readily achieved by 

thermally assisted conversion of the as-deposited Pd layer 

with gaseous Se 216. Likewise, other 2D noble disulfides (such 

as PtSe2) as well as MoS2 and MoSe2 with adjustable layers are 

achieved relying on the TAC approaches 217–219. It is worth 

mentioning that this strategy cannot only offer good control on 

film uniformity and thickness, but also can contribute to an 

improved air stability of as-received 2D crystals. Gao discovered 

that the direct selenization of magnetron-sputtered Nb film for 

2D NbSe2 films can effectively avoid the reaction of the NbSe2 

with H2O and O2, which can exhibit a superior and stable 

superconductivity 220. 

2.3.3  Pulsed laser deposition 

PLD is an effective and controllable approach to deposit 2D 

materials on target substrates, which has demonstrated the 

following advantages: (i) the active species from the precursors 

can reduce the surface activation for the deposition; (ii) the 

thickness of the deposited film can be manipulated by the 

repetition rate, laser energy and deposition pressure; (iii) further 

sulfurization or selenization is not required; (iv) the use of 

expensive and potentially dangerous precursors can be avoided 221. 

Wu et al. recently reported the controlled PLD strategy for the 

growth of high-quality, few-layer BP on the centimeter-sized 

scale 100. The unique plasma-activated region induced by laser 

ablation is energetically favorable for the formation of BP cluster 

and the following coalescence of monolayer BP flakes into 

continuous films. Moreover, manipulating the number of laser 

pulses during the deposition can enable the precise control over 

the thickness of as-received film. Moreover, few-layer WSe2 thin 

film on a centimeter-scale can be achieved via a PLD method, in 

which the thickness can be readily controlled by varying the 

number of introduced laser pulses 222. In addition, the PLD 

technology also enables the preparation of uniform tellurium 

films with a thickness of sub-7 nm over a centimeter square, 
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which exhibited hexagonal, P3121 structure 223. 

2.4  Chemical synthesis 

Besides vapor phase growth and exfoliation methods, 

chemical synthesis methods are also explored extensively owing 

to their simple, low-cost and high-output characteristics. This 

section discusses recent advances developed in the wet-chemical 

synthesis of representative 2D materials. 

2.4.1  2D metal nanomaterials 

Despite the intrinsic non-layered characteristics and strong 

isotropic metallic bond, various strategies have been developed 

for synthesizing metallic nanosheets 73. The template method is 

one of the strategies by means of confined-space effect and 

metal-support interaction. The template used could be divided as 

hard templates and soft templates. 2D materials like graphene 

and TMDs are commonly used hard templates. For example, 

Huang et al. adopted single-layer MoS2 nanosheets as templates 

to produce small Pd, Pt and Ag nanosheets through epitaxial 

growth 161. Jiang et al. synthesized single-crystalline Pd square 

nanosheets enclosed by (100) facets on reduced graphene 

oxide 224. Confined growth of metal in the interlayer of layered 

materials is another effective hard template method. Wang et al. 

controlled the crystal growth of ultrathin Au nanosheets by 

introducing AuCl4
− into the interlayer space of LDHs through 

anion exchange and followed by chemical reduction (Fig. 4a) 225. 

The acquired nanosheets are [001] oriented and have the 

thickness of only a few atomic layers. Furthermore, inorganic 

salts have been found as a useful temple to synthesize 2D 

materials. Wu et al. reported a general synthesis method for 

ultrathin amorphous noble metal nanosheets through adjusting 

the heating temperature between metal acetylacetone precursors 

and inorganic salts 226. Besides hard templates, some soft 

materials with lamellar structures are also used. For instance, 

Niu et al. reported a polymer-free lamellar hydrogel as soft 

template to synthesize large area single-crystalline Au 

membranes 227. The acquired membranes are flexible, ultrathin 

and with atomically flat surface because of the slow diffusion of 

precursor ions in the confined 2D space. 

Another popular method for preparing metallic nanosheets is 

using molecule adsorbents 229,230. For example, ultrathin PdMo 

nanosheets were synthesized by Luo et al. through one-pot wet-

chemical approach with mixing of Pd(acac)2 and Mo(CO)6, 

which is curved and has the sub-nanometer thickness 231. Yang 

et al. synthesized 2D PdCu alloy nanosheets by co-reduction of 

Pd(acac)2 and Cu(acac)2 with Mo(CO)6 232. Besides CO and 

analogues, halide ions also show potential as shape guider by 

adsorption in specific crystal face and changing the reduction 

potential of metal. For instance, triangular Au nanoplates are 

obtained by selective binding and oxidative etching role of 

iodide ions 233. 

In addition to the two common methods mentioned above, a 

variety of effective means are developed in regulating the 

morphology of metallic nanosheets, such as photocatalytic 

synthesis, self-assembly method, mechanochemical method, and 

oxidation etching 234–239. Besides noble metal 2D materials, 

nanosheets of non-noble metals are also acquired 240,241. 2D Cu 

nanosheets were prepared by Luc et al. by chemical reduction of 

Cu precursor with the presence of surfactants 240. Luo et al. 

synthesized sub-2-nm Al nanosheets by wet-chemical synthesis 

using AlCl3 and LiAlH4 (Fig. 4b) 228. The ultrathin Al nanosheets 

were steadied by oxygen adsorption on (111) facets. 

2.4.2  Layered double hydroxides 

Among various 2D materials, LDHs have attracted much 

attention in the field of energy storage and conversion owing to 

their large surface area, low cost, adjustable structure and 

composition 242–244. As a typical class of layered anionic 

compounds, LDHs compose of divalent cations (M2+, such as 

Mg2+, Ni2+, Co2+, Zn2+ or Fe2+), trivalent cations (M3+, such as 

Al3+, Fe3+, Mn3+, Ga3+ or Cr3+) and hydroxyl groups in laminate, 

and charge-compensating anions (An−, such as CO3
2−, SO4

2−, NO3
− 

or Cl−) in interlayer, which can be represented by the general 

formula [M2+ 
1−xM

3+ 
x (OH)2]z+[An−]z/n·mH2O (Fig. 5). LDHs can not 

only be used as catalysts, but also act as carriers to support other 

active materials to achieve synergistically enhanced 

performance. In this section, we summary the recent progress of 

LDHs and LDH-based materials in the field of energy storage 

and conversion from the perspective of synthesis. 

In recent years, a variety of methods have been explored to 

prepare LDHs and LDH-based materials. Among them, 

coprecipitation and electrochemical deposition can directly 

synthesize LDHs with controlled structure 245. Exfoliation 

(-reassembling) strategies provide effective ways for preparing 

LDHs with few layers and single layer, as well as other LDH-

 
Fig. 4  (a) Schematic illustration of the synthetic route of 2D Au nanosheets using LDH as template 225.  

(b) The synthesis process of ultrathin Al nanosheets 228. 
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based multi-functional nanomaterials 246,247. Furthermore, LDHs 

can be used as precursors to synthesize various 2D transition 

metal compounds through topological transformation 248. In 

order to achieve excellent electrochemical performance, it is 

necessary to construct active sites with high intrinsic activity or 

expose more active sites, which puts forward higher demands for 

the design and synthesis of novel LDHs 249. With the 

development of synthetic techniques, more effective methods 

have been developed in addition to conventional methods, 

providing wider options in promoting the synthesis and 

application of LDHs. 

The coprecipitation method is one of the most used methods 

for preparing LDH-based materials, however, the thickness and 

microstructure of the obtained material cannot be precisely 

controlled, which prevents the full exposure of the active sites. 

Thus, it is necessary to update the synthetic conditions of 

coprecipitation to obtain more exposed active sites. Li et al. 

synthesized ultrathin Ga doped CuZn-LDH nanosheets via the 

aqueous miscible organic solvent treatment method and applied 

the products as catalyst precursors for the further synthesis of 

other active materials 250. This ultra-thin structure is conducive 

to the full exposure of active sites. Intercalating large-size 

molecules between the LDH layers can increase the layer 

spacing, promote the mass transfer, and even bring other useful 

functions. Up to date, various guest species, including inorganic 

and organic molecules, have been successfully intercalated into 

LDHs, which usually requires a separate interlayer anion 

exchange process. Calhau et al. incorporated a kind of 

photoactivatable CO-releasing molecule into the ZnAl-LDH 

host by a one-pot coprecipitation method, which simplified the 

synthesis process 251. Doping is another effective way to improve 

the intrinsic activity of LDH-based materials. A variety of metal 

elements have been introduced into the LDH laminate via 

hydrothermal coprecipitation method, such as highly charged 

metal ions (V4+ and Mn4+) and precious metal ions. The doped 

sites can modify the electronic structure of LDHs, thereby 

enhance the electrochemical properties 252,253. Other modified 

coprecipitation methods have also been reported, such as 

separate nucleation and aging method 254. 

In the past few years, electrodeposition method was developed 

to fabricate LDHs facilely on conductive matrices, using nitrate 

or sulfate solutions which contained appropriate metal ions at 

negative potential. Li et al. has successfully fabricated various 

ultrathin LDH nanosheet arrays (200–300 nm in lateral length 

and 8–12 nm in thickness) on various macro/micro conductive 

substrates via electrodeposition method 255. To further expand 

the types of elements suitable for the synthesis of LDHs, the 

lanthanides (La3+) was introduced and NiLa-LDH with 

adjustable Ni/La ratio were prepared 256. Owing to the 

advantages of simplicity, electrodeposition can combine with 

other methods to controllably prepare composite materials with 

complex structures 257,258. 

Exfoliation(-reassembling) strategy allows us to obtain LDHs 

with few layers or even single layer with maximal exposure of 

active sites. It also allows to further assemble LDHs with other 

guest species to produce LDH-based multi-functional 

nanomaterials. During this process, exfoliating bulk LDHs into 

uniform monolithic layers is a critical step. However, 

conventional exfoliation methods that require toxic organic 

solvents are time-consuming and less controllable, and the 

resulting monolithic layer is easily reunited during applications. 

To overcome this, Wang et al. developed a “dry exfoliation” 

method that uses Ar plasma to etch bulk CoFe LDHs into 

ultrathin LDH nanosheets with multiple vacancies 259. Zhao et 

al. successfully explored an electrostatic layer-by-layer 

technique to assemble the exfoliated LDH nanosheets with 

commercial conductive polymer into a superlattice 

heterostructure without accumulation 260. In this heterostructure, 

LDH can provide a restricted microenvironment for the 

accommodation of the conductive polymer, allowing the high 

 
Fig. 5  Illustration, synthesis and applications of LDHs. 
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charge carrier mobility. 

In addition, LDHs can be used as precursors for synthesizing 

various 2D transition metal compounds via topological 

transformation 261. Until now, various transition metal oxides, 

sulfides, nitrides, phosphides and selenides have been prepared 

by Shao’s and Wei’s groups and have demonstrated excellent 

electrocatalytic activity 262–266. In addition, they recently 

reported a new strategy for constructing Co single atom-based 

integrated electrodes through topological transformation of 

organic molecules intercalated LDHs, which further expanded 

the choices of materials that can be prepared using LDH 267. 

Apart from topological transformation from LDHs to transition 

metal compounds, the resulted compounds can be reversibly 

transformed back to LDHs owing to the unique memory 

effect 268. Taking advantage of the memory effect of LDH, Yuan 

et al. synthesized NiFe-LDH with multiple vacancy defects that 

significantly improved the electrical conductivity and 

electrochemical surface area, which exhibits enhanced 

performance toward water splitting 269. 

2.4.3  2D metal-organic framework 

During the last decade, a series of methods have been developed 

to prepare 2D metal-organic framework (MOF) nanosheets, which 

can be categorized into bottom-up synthesis (e.g., modulated 

synthesis 270,271, sonication-assisted synthesis 272,273, surfactant-

assisted synthesis 274–276, three-layer synthesis 277,278, and 

interfacial synthesis 279,280) and top-down exfoliation (e.g., 

sonication exfoliation 281–283, chemical exfoliation 179, and Li-

intercalation exfoliation 284). These methods have been 

summarized in some review articles 77,285–287. Here, we only 

introduce some recent progress in the preparation of 2D MOF 

nanosheets. 

Recent reports demonstrated that 2D metal oxide/hydroxide 

nanosheets could be used as hard sacrificial templates for the 

bottom-up synthesis of 2D MOF nanosheets 288,289. In this 

method, metal ions are leached in a controllable manner under 

hydrothermal/solvothermal conditions. Therefore, metal ions are 

enriched near the surface of metal oxide nanosheets, which 

induces the confined growth of 2D MOF nanosheets. In a typical 

work, aqueous dispersions of monometallic (Ni, Fe, Co and Cu) 

and bimetallic (FeCo, NiFe, CoCu) oxide nanosheets, prepared 

by the reduction of corresponding metal nitrates with sodium 

borohydride, were added into an DMF-water-ethanol solution of 

H4DOBDC (DOBDC = 2,5-dihydroxyterephthalate) ligand, 

respectively, and corresponding 2D MOF-74 (M2DOBDC, M = 

Fe, Co, Ni, Cu or their combination) nanosheets were formed 

after keeping the mixtures at 100 °C for 24 h (Fig. 6a) 289. 

In another report, carbon dioxide has been used as a capping 

agent to control the growth of MOF nanosheets. For example, 

CuBDC (BDC = terephthalate) nanosheets were prepared via 

solvothermal treatment of the methanol solution of Cu(NO3)2, 

H2BDC and triethylamine under CO2 atmosphere. As nano-sized 

CuBDC building blocks initially formed, CO2 molecules were 

preferably adsorbed on ( 201 ) plane, thereby selectively 

eliminating (201) crystal facets stacking along [201] axis (Fig. 

6b). As a result, the growth of (110) plane was much faster than 

that of (201) plane, thus enabling the formation of 2D CuBDC 

nanosheets. Meanwhile, the dissolution of CO2 caused liquid 

volume expansion and viscosity reduction, which accelerated the 

growth of MOF crystal; hence, a higher pressure of CO2 led to a 

smaller size and a higher yield of the resultant CuBDC 

nanosheets 290. 

For the top-down synthesis of MOF nanosheets, alkali etching 

route has been proposed for exfoliating 3D MOFs into 2D 

nanosheets. Generally, as for certain metal cations (e.g., Mn, Co, 

Ni, Cu, and Zn), the coordinative bonding with nitrogen-based 

ligands is more stable than that with carboxylate ligands in alkali 

media. Based on this, when multivariant MOFs containing both 

nitrogen-based linkers and carboxylate linkers are treated with 

alkali, the carboxylate linkers can be selectively removed (Fig. 

6c). In a typical study, Zn-TRZ-TDA (TDA = 2,5-thiophene-

dicarboxylic acid, TRZ = 1,2,4-triazole), a 3D bulk MOF 

consisting of Zn-TRZ layers connected with each other by TDA, 

was etched with sodium hydroxide in methanol-water system, 

and Zn-TRZ nanosheets were obtained as expected 291. In 

 
Fig. 6  (a) 2D oxide sacrifice preparation of MOF-74 nanosheets; 

reproduced with permission from Ref. 289, Copyright 2019 John Wiley 

and Sons. (b) Structural units of CuBDC and CO2 along [201] axis 

(left) and (201) plane (right) 290. (c) Alkali etching exfoliation for the 

preparation of MOF nanosheets; reproduced with permission from 

Ref. 291, Copyright 2019 American Chemical Society. (d) Stepwise 

expansion and exfoliation of layered kgmSMe MOF; reproduced with 

permission from Ref. 292, Copyright 2018 American Chemical Society. 
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addition, stepwise expansion has been observed in some layered 

MOFs, which enables the exfoliation of MOFs in a layer-

number-controlled fashion. For example, kgmSMe, a layered 

MOF fabricated with 5-methylthioisophthalate and Cu2+ in a 

kagomé lattice, underwent a stepwise expansion that formed 

bilayer or monolayer expanded structures when being immersed 

in certain solvents, and a gentle agitation led to the exfoliation 

into bilayer or monolayer nanosheets accordingly. The layer 

number of nanosheets depends on the type of solvents (Fig. 6d). 

For example, methyltetrahydrofuran and cyclopentanone tend to 

the formation of bilayer nanosheets, while tetrahydrofuran, 

dioxane and DMF favor monolayer nanosheets 292. 

2.4.4  Xenes 

Elemental 2D materials, often referred to as Xenes, are 

elemental materials with layered or sheet-like structures 

(Fig. 7a) 293. The name Xenes derives from graphene, the first 

and most studied 2D material. Beyond graphene and its 

derivatives, over a dozen emerging Xenes, including 

antimonene, arsenene, bismuthine, borophene, BP, gallenene, 

germanene, silicene, and tellurene, have been experimentally 

realized, while others like aluminene and indiene are still in 

theoretically prediction, as summarized in Table 1 90,199,294–308. 

Xenes have attracted a considerable amount of recent attention 

due to distinct properties and performances across various 

research fields. Xenes possess rich atomic structures, such as 

puckered structure for BP 302 and black arsenene 309 and buckled 

structure for β-antimonene 310 and grey arsenene 311, which have 

also lead to structural anisotropicity. In addition, Xenes possess 

various electronic structures from metallic to semiconductors. 

For example, different from other 2D semiconductors like 

TMDs, Xenes such as BP and arsenene often exhibits direct 

bandgap and high mobility 311–313. Their distinct properties 

render extensive applications in diverse research fields, 

including (opto-) electronics and many energy storage and 

conversion applications 64,314–316. 

Despite significant synthetic challenges, many Xenes were 

successfully prepared and characterized with controlled crystal 

structure and morphologies in recent years. The synthetic 

strategies can be generally categorized into top-down and 

bottom-up methods. Top-down methods mainly include various 

exfoliation techniques such as mechanical exfoliation, liquid-

phase exfoliation and electrochemical exfoliation, which break 

the van der Waals (vdW) interaction between the atomic layers 

in source crystals. Top-down approaches are straightforward and 

relatively cost-effective, however also limited by the dependence 

on the source materials, low yield and inhomogeneity. Xenes 

including BP, antimonene, arsenene and bismuthene have been 

obtained via facile liquid exfoliation method. On the other hand, 

electrochemical exfoliation strategy is highly efficient, 

controllable and productive, showing excellent results in BP, 

antimonene and bismuthene. Unfortunately, electrochemical 

intercalation is not suitable for most Xenes due to either the 

difference in intercalation kinetics or the lack of layered source 

crystals. 

Bottom-up methods refer to the direct synthesis of monolayer 

to few-layer Xenes through chemical reactions in either liquid 

(wet chemistry) or gas (CVD and molecular beam epitaxy). 

“Bottom-up” methods generally show good yield and does not 

require source crystals. However, the most used methods like 

MBE and CVD rely on the chemical interaction/bonding 

between precursors and substrates and largely limited by their 

lattice parameters. Currently, MBE is conveniently used in the 

synthesis of Xenes in IIIA and IVA groups, such as borophene 294, 

silicene 320 and germanene 321 with fine-tuned combination of 

chemical composition, substrate lattice and deposition 

conditions. Meanwhile, wet-chemical methods generally 

produce Xenes with limited control in chemical composition and 

morphologies. And they are incapable of producing self-support 

monolayer Xenes. And the surfactants resulted from the 

synthesis process are undesirable in the consequence 

applications. Currently, only a few Xene members have been 

obtained in wet-chemical processes, such as silicene 317, 

 
Fig. 7  (a) Schematic model of one example of Xenes (borophene). (b) The synthesis process of Si nanosheets through chemical etching.  

Reproduced with permission from Ref. 317, Copyright 2017 John Wiley and Sons. (c) HAADF-STEM image and (d) AFM image of Bi2O2Se  

nanosheets. Reproduced with permission from Ref. 318, Copyright 2019 American Chemical Society. (e) TEM images of PtSe2 nanosheets 319. 
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tellurene 89, antimonene 322 and bismuthene 323. The 2D Si 

nanomaterials show novel properties and have plenty of 

applications towards optical, electronic devices and energy 

storage and conversion. As shown in Fig. 7b, Lang et al. 

prepared ultrathin Si nanosheets by chemical leaching of Li13Si4 

using ethyl alcohol 317. Group VI tellurium displays distinct in-

plane anisotropic properties due to the unique chiral-chain vdW 

crystal structure. Te nanostructures tend to adopt the 1D form 

because of the chain structure. Inspiringly, Wang et al. 

synthesized 2D Te nanosheets using sodium tellurite as precursor 

and hydrazine hydrate as reducing agent with the presence of 

polyvinylpyrrolidone 89. Layered materials black arsenic, which 

is the analogue of black phosphorus with the orthorhombic 

structure, shows the tunable bandgap and great potential in 

optical properties. Besides mechanical and liquid exfoliation 

method, Antonatos et al. prepared the black arsenic through 

crystallization of amorphous arsenic using mercury vapors 324. 

Up until now, it is still very challenging to realize general, 

effective, high-yield and low-cost synthesis of Xenes. 

2.4.5  2D covalent organic framework 

Besides MOFs, 2D covalent organic frameworks (COFs) are 

another important class of organic crystalline porous materials 

due to their charming advantages including the pre-designable 

structure, manageable function, small mass density and good 

chemical stability (Fig. 8a). Since the first COF appeared in year 

2005 325, a large number of 2D/3D COFs materials have been 

designed and synthesized for broad applications in gas storage 

and separation 326,327, drug delivery 328,329, catalysis 330–332, 

photoelectronic devices 333,334, supercapacitors 335,336, and 

batteries 337–339. Normally, 2D COFs can be prepared through the 

polycondensation reactions or coupling reactions, and their 

structures are confirmed through the structural simulation 

together with the powder X-ray diffraction (PXRD) pattern 

matching. More recently, their single crystal structures can be 

determined by electron diffraction or single-crystal XRD 337,339. 

In principle, AA and AB stacking modes can be adopted. In order 

to further evaluate the structures and compositions of 2D COFs, 

other general methods for characterization could also be applied, 

such as solid-state nuclear magnetic resonance (ssNMR), 

Fourier transform infrared spectroscopy (FT-IR), and so on. 

Herein, the recent progress, design strategies, and future 

perspectives of 2D COFs regarding their luminescence, 

stimulus-responsive ability, and electrochemical properties will 

be briefly discussed. 

Until now, numerous luminescent 2D COFs have been 

designed and prepared through introducing various 

luminophores into the skeleton 338, and their luminescent 

mechanisms involve excimers, aggregation-induced emission 

(AIE), excited state intramolecular proton transfer (ESIPT), 

intramolecular charge transfer (ICT), two-photon induced (TPI) 

emission, and phosphorescence. In one pioneering work, Wan et 

al. developed the first luminescent boronated-linked 2D COF 

through the condensation reaction, which exhibits strong blue 

fluorescence peaks at 474 nm originating from the excimer 

emission of pyrene 340. Later on, these excimers emission 

properties in 2D COFs can be tuned by changing building 

blocks, linkage types, or stacking distances. Besides, the 

introduction of AIE luminogens (such as tetraphenylethene) into 

skeleton can also construct the luminescent 2D COFs because 

the π–π stacking in COFs can restrict the rotation of the four 

phenyl groups and obtain high luminescence quantum yield 341. 

Moreover, choosing different linkages can effectively change 

their stacked rhombic topology together with π–π stacking, thus 

leading to different fluorescent behaviors. By introducing 

Table 1  Overview of elemental 2D materials explored by  

experimental and theoretical methods. 
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Fig. 8  Schematic models of examples of (a) 2D covalent organic frameworks (COFs), (b) 2D perovskite and (c) 2D Mxenes (Ti3C2Tx). 
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resorcinol units with ESIPT property into COFs system 342, a 

kind of luminescent COFs with dual emission properties are 

developed, in which the dual emission of COFs originates from 

the enol state and ESIPT emission, respectively. When these 

COFs are dissolved in different polar solvents, their emission 

colors can be tunned because the equilibrium of keto and enol 

forms is broken. However, these polar solvents also could 

influence their chemical stabilities. Furthermore, combining the 

large π-conjugation area with strong charge transfer character, 

COFs with TPI emission can be realized 343. Note that the larger 

conjugation extension and strong charge transfer between 

electron acceptors and donors are vital for TPI emission. 

Recently, several phosphorescent 2D COFs have been reported 

by introducing organic phosphors as building units 344, but so far, 

none of them shows persistent RTP behavior under ambient 

conditions. 

The physicochemical properties of COFs could be 

dynamically varied under external stimuli, which are defined as 

stimulus-responsive 2D COFs 345. Generally, stimulus-

responsive 2D COFs consist of physical and chemical-

responsive COFs, depending on the different stimuli manners. 

Since the first nitro explosives responsive 2D COF was reported 

in 2013 346, more stimulus-responsive 2D COFs materials have 

been widely developed 347–349. Such stimulus can be metal ions, 

pH values, gas molecules, solvents, temperature, light, 

electricity, and so on. In general, stimulus-responsive 2D COFs 

are prepared by rational incorporation of functional groups into 

the conjugated skeletons or the active sites that can capture 

different guest molecules. The responsive performances of 

functional monomers and linkers endow these resulting 2D 

COFs with dynamically controlled optical or electrical 

properties. Moreover, the ordered and porous structures of COFs 

make real-time responses possible. Nevertheless, the responsive 

behaviors of most smart 2D COFs always occur in the presence 

of structure changes or solvents 181,350, leading to possible 

structure collapses and shortened lifetime of COFs. Therefore, 

suitable stimulus types with no solvent contact or structure 

variations are necessary. In order to achieve smart 2D COFs with 

good durability, two key countermeasures should be adopted in 

the future: one is to develop more and new electrochromic COFs, 

in which the red-shifted absorption is triggered by new formation 

of the stable cation radical without structure changes, and the 

other is to introduce photoinduced radical molecules into COFs, 

where radical can bring improved optical properties upon light 

excitation. 

Besides, 2D COFs materials attract increasing attention in 

extensive electrochemical applications (e.g., fuel cells 351, 

supercapacitors 352, batteries 353 and so on) due to the following 

reasons: (1) the well-defined active sites and controllable 

porosities in COFs favor electrocatalytic processes and efficient 

mass transport; (2) various redox-active sites can be rationally 

introduced into COFs, which endows them with the enhanced 

pseudocapacitive performance; (3) the mass transport, electrical 

conductivity and mechanical stability of COFs materials can be 

improved by compositing other materials, such as poly(3,4-

ethylenedioxythiophene) and 3D graphene. Although many 

efforts have been paid to the development of COF-based 

materials for electrocatalytic applications, they still suffer from 

several challenges, such as low chemical stabilities, limited 

durability, and the poor processability. Therefore, it is desirable 

to construct novel COFs materials with good stability and 

processability through synthetic approaches and processing 

methodologies. Particularly, new cyanovinylene- or olefin-

linked COFs should be developed due to its good recyclability 

(robustness) and superior charge transport properties under 

strong aqueous acidic/alkaline electrolytes. 

2.4.6  Other emerging 2D materials 

In addition to the abovementioned 2D materials, new 

promising 2D materials are rapidly expanding the family of 2D 

materials. This section briefly discusses a few representative 

examples. 

Layered bismuth oxychalcogenide (Bi2O2Se) has appeared as 

a compelling 2D material with high carrier mobility and 

thickness-dependent bandgap 354. As shown in Fig. 7c, d, Ghosh 

et al. relied on the electrostatic interactions between oppositely 

charged alternating layers to assemble the single crystalline 

Bi2O2Se nanosheets by a wet chemical method 318. Because the 

nearly full occupation of d orbitals brings unique interlayer 

vibration, 2D noble-transition-metal dichalcogenides have 

emerged as a more attractive materials compared with other 

transition metal dichalcogenides. Therein, straightforward 

aqueous-phase reaction method with thermal annealing were 

developed by Umar et al. to acquire mesoporous PtSe2 

nanosheets (Fig. 7e) 319. 

2D halide perovskites (Fig. 8b) have arisen as the next-

generation halide perovskites with intriguing physical properties 

and improved performances in optoelectronics 355. Particularly, 

2D perovskites and their hybrids demonstrated great potentials 

in outperforming conventional 3D perovskites in terms of 

stability and conversion efficiency 356,357. As a result, 

engineering the phase and heterostructures of 2D halide 

perovskite and integrating them with other 2D materials have 

become an effective strategy to expand the possibility of future 

perovskite-based applications 358. The preparation of 2D 

perovskites can be realized by solution-based synthesis, 

mechanical exfoliation, epitaxial growth, as well as space-

confined growth 359. Recently, the direct growth of atomically 

thin, square-shape (C4H9NH3)2PbBr4 perovskite has been 

achieved in a solution based method 80. The growth solution 

containing precursors of the perovskite was drop-casted directly 

on the substrate and majority of the products were molecularly 

thin with n = 1. In another work, solution-based crystallization 

method was applied to synthesize a series of 2D organic-

inorganic hybrid perovskites 360. The authors made use of 

different types of bulky ligands to sterically prevent the 

intermolecular aggregation and thickening during the crystal 



物理化学学报 Acta Phys. -Chim. Sin. 2021, 37 (12), 2108017 (17 of 151) 

growth, resulting in the formation of nanometer-thick 2D 

perovskites. 

MXenes are another group of 2D nanocrystals composed of 

transition metal carbides, nitrides, or carbonitrides. MXenes 

adopts a general formula of Mn+1XnTx (n = 1–3), where M is the 

transition metal, X represents carbon and/or nitrogen, and Tx is 

the surface terminations (a typical example of MXenes, Ti3C2Tx, 

is shown in Fig. 8c). Thanks to the conductive layered structure 

and tuneable surface properties 361, MXenes have demonstrated 

excellent performances in applications such as energy 

storage 362,363, sensing 364, and catalysis 365,366. The synthesis of 

MXenes can be realized via the high-temperature molten-salt 

approach, as well as wet etching 362. Particularly, the most used 

method is selective wet etching from a layered precursor 

followed by delamination. To date, different strategies have been 

employed in the etching and/or delamination processes to 

modulate the structure and composition of the resultant MXenes 

towards desired properties and functions. Examples include edge 

functionalization 367, single metal atom substitution 366,368, 

controlled self-assembly of MXenes 369, and so on. 

2.5  Phase engineering of 2D materials 

2.5.1  Overview of phase engineering in 2D materials 

Phase engineering of nanomaterials (PEN) focuses on the 

significant impact of the distinct atomic arrangement on the 

physiochemical properties of nanomaterials, and its 

incorporation towards unique properties and applications 105. 

PEN has gradually become a powerful strategy to engineer the 

property and performance of nanomaterials in applications 

across a multitude of research fields such as photonics, 

electronics, condensed matter and energy applications 106,370. 

The concept of PEN has deep root in 2D materials, showing 

intriguing development in TMDs, noble metals, metal oxides, 

MOFs, COFs and perovskites. In addition, amorphous 2D 

materials which lack long-range atomic ordering is a new 

development in PEN, showing enhanced performance in many 

energy applications. In this section, we will elaborate on the 

PEN-related studies in 2D materials with a particular focus on 

TMDs. 

2.5.2  Phase engineering of transition metal 

dichalcogenides 

TMDs are among the most studied nanomaterials in the field 

of PEN. The early attempt of phase engineering in TMDs could 

date back to the 1980s when the phase transition was observed 

during the Li intercalation of MoS2 371. Phase engineering of 

TMDs gains significant tracking in the last decade and finds 

importance in both fundamental science 101 and practical 

applications 370,372,373. Polymorphism is one of the key 

characteristics that defines TMDs and their applications in 

various research fields 145,374,375. In general, layered TMDs can 

be categorized into different phases based on their atomic 

arrangement of chalcogen atom and transition metal atom, 

including 2H, 3R, 1T, 1T' and 1Td. The importance and 

effectiveness of phase engineering in TMDs is largely attributed 

to the unique band-structure modulation upon phase 

transformation. Specifically, group VIB TMDs, such as MoS2 

and WSe2, in their conventional phase (hexagonal, 2H) are 

semiconductors, with large bandgaps range from ~1 to ~2 eV, 

which are intensively studied in next-generation electronics 113. 

However, their unconventional phases (octahedral, 1T and 1T') 

are semi-metals with metallic charge transport, demonstrating 

extensive application in energy storage and conversion 

applications 154,370. Such dramatic change in electronic 

properties is a result of the change in the filling state of the d 

orbitals of the transition metal upon change of the crystal 

phases 375. Although various PEN strategies have been 

developed in the past decade, the continuous progress of this 

field is largely limited by the difficulty to obtain metastable 

TMDs with high phase-purity and high yield, due to the unstable 

nature of these unconventional-phase materials. There are 

currently two main PEN strategies in obtained metastable-phase 

TMDs, phase transition and direct chemical synthesis. The 

former refers to the various methods to tune the TMDs materials 

from their thermodynamically stable phases to metastable 

phases, while the later refers to the more recent development in 

the CVD and solid-gas phase reactions. In this section, we will 

elaborate on the synthetic success of metastable TMD materials. 

More comprehensive review of the phase engineering of TMDs 

and their application in specific fields can be found in these 

recent reviews 105,370,375. 

2.5.2.1  Phase transition of TMDs 

Phase transformation from thermodynamically stable phase to 

metastable phase is the most studied strategy to obtain 

metastable phases of TMDs. The various phase transformation 

methods not only provide convenient and effective approaches 

readily applicable in many applications, but also play critical 

roles in understanding the fundamentals of how crystal phases 

impact the properties. Early discovery of phase transition of 

TMDs is a byproduct of Li intercalation process as a general 

route to exfoliate TMDs into colloid suspensions 371. However, 

the extensive studies of phase transition process in the recent 

decade show its true potential in many applications including 

electronics and catalysis. Based on the difference in transition 

mechanism, phase transition in TMDs can be roughly divided 

into two categories, those based on the direct injection of 

electrons into the lattice and the ones based on thermal activation 

of the lattice. 

2.5.2.1.1  Phase transition via direct electron injection 

The direct injection of electrons into TMDs can be achieved 

by lithium intercalation process which simultaneously induces 

phase transition. Most chemical intercalation methods roughly 

follow the similar procedures where 2H TMDs can be 

chemically intercalation with Li ions by immersed TMD flake or 

powders into the n-butyllithium solution under various reaction 

conditions. As shown in Fig. 9a, the intercalation of alkyli ions 

(in most case Li+) results in electron injection into the TMDs 

which induces phase transition from hexagonal (2H) to 
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octahedral (1T) or distorted octahedral (1T'). Although very 

convenient and widely adopted, chemical intercalation methods 

generally lack control over the intercalation and phase transition 

processes and show excess damage over of integrity of 2D 

structures. Such defect-rich morphology is often favored in 

catalytic applications such as electrocatalytic hydrogen 

evolution (HER) 154, due to its richness in active sites combined 

with the enhanced charge transport from the semi-metallic 

metastable phases 155. 

Inspired by the electrochemical cells used in Li-ion battery, 

the electrochemical intercalation was development in 2011 to 

overcome these disadvantages 152. It not only assures a fine 

control over the whole intercalation processes, but also enable 

diverse intercalant ions for different applications such as various 

alkali metal-ion (Li, Na, and K) and organic intercalants 93,376. 

Till now, various metal ions and organic cations have been used 

to intercalate TMD crystals to produce high-quality suspension 

of nanosheets in large quantity. Electrochemical intercalation has 

found extensive utilization in thin-film applications in both 

electronics and catalysis. More importantly, it is a highly 

versatile method that can be easily integrated with various in situ 

characterization techniques to monitor the intercalation process, 

as well as study the evolution of the structure and properties. 

Aside from the intercalation methods, there are other means 

to directly inject electron into TMD lattice such as electron beam 

irradiation 377 and hot electrons injection from plasmonic metal 

nanostructrure 378. However, such processes generally produce 

localized phase transition at the contact area, therefore are 

unfavored in practical applications. Notably, it is also possible to 

reverse the phase transition process by extract electron from 

1T/1T' TMDs via electrochemical reduction 379. In a more 

recently and rather unique study, field-induce phase transition 

was observed in MoTe2 nanosheet when a high magnitude of 

gate modulation was applied via ionic gating in ionic liquid 380. 

The phase transition is induced by the ultrahigh carrier (electron) 

injection under high electrostatic doping, and only occurs at the 

first layer of MoTe2 that directly contacts the electrolyte. 

2.5.2.1.2  Phase transition via thermal activation 

In addition to the electron injection approaches, thermal 

activation is another viable and widely used strategy to induce 

phase transition in TMDs. Both thermodynamically stable and 

metastable phases of TMDs could undergo phase transition upon 

absorption of various forms of thermal energy in crystal lattice. 

The simplest form in this category is the phase transition of 

TMDs upon thermal annealing at elevated temperature. For 

example, metastable TMDs spontaneously transfer back to their 

thermodynamically stable phase upon thermal annealing with a 

clear transition temperature, as experimentally observed in the 

TGA experiments in high-purity metastable TMD crystals 101,372. 

On the other hand, due to the extremely small energy difference 

(tens of meV) between 2H- and 1T'-MoTe2, reversible phase 

transition between these two phases was observed upon thermal 

treatment (Fig. 9b) 381. Alternatively, the thermal energy from 

laser irradiation could induce localized phase transition on TMD 

nanosheets, which is much favored in electronic devices 381. It is 

however worth mentioning that laser irradiation often induces 

structural defects and thinning effect 372,381, suggesting 

undesirable burning of the materials to a certain degree. 

Other examples of phase transition in TMDs that cannot be 

generally categorized include mechanical strain applied via 

AFM tips 382 or in a diamond avil cell 383, plasma treatment 384, 

and surface functionalization 385. 

2.5.2.2  Direct synthesis of metastable-phase TMDs 

Compared with phase transition methods, the direct synthesis 

of metastable TMDs is more favored to achieve phase purity for 

exploration in important fundamental properties. Although 

several wet-chemical syntheses of metastable TMDs have been 

reported 386,387, the products generally lack well-defined 

morphologies and is highly dependent on the underlying 

substrates which is not ideal for practical applications. On the 

other hand, the direct synthesis of metastable TMDs crystals has 

gaining increasing attention due to the high quality of products, 

representing an important breakthrough in 2D material 

synthesis. The earliest success in of direct synthesis of 

metastable TMD crystals dated back to 1992, when Wypych et 

 
Fig. 9  (a) Schematic illustration of the intercalation of TMD crystals 

with alkali metal to exfoliate 2D nanosheets while induce phase 

transition. Reproduced with permission from Ref. 105, Copyright 2020 

Springer Nature. (b) Schematic illustration of laser-induced phase 

transition of MoTe2 at the top layer. Reproduced with permission from 

Ref. 381, Copyright 2015 Association for the Advancement of Science.  

(c) Schematic illustration of the gas-solid reaction for the synthesis  

of 1T'-WS2 crystals. Reproduced with permission from Ref. 101,  

Copyright 2021 Springer Nature. 
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al. obtained 1T-MoS2 (the detail crystal phase is unclear due to 

the limitation in TEM techniques at the time) by synthesizing 

KMoS2 and consequently removing the K+ from the 

compound 388. Upon further improvement on the strategy of 

solid-state reaction, the synthesis1T'-MoS2 and 1T'-MoSe2 with 

high phase purity were recently reported 372. The high phase-

purity enables the resolution of the critical role of crystal phases 

in electrocatalysis. More recently, Lai et al. further reported a 

general method for the large-scale synthesis of metastable 1T'-

phase group-VIB TMDs, using a modified solid-gas phase 

reaction, as shown in Fig. 9c 101. More importantly, the high 

quality of the 1T'-TMD crystals makes it possible to clearly 

solve the crystal structures of 1T'-MoS2, 1T'-WS2, 1T'-MoSe2 

and 1T'-WSe2 with single-crystal X-ray diffraction. 

2.5.3  Phase engineering of other 2D nanosheets 

Although the vast majority of PEN-related studies in 2D 

materials focus on TMDs, the concept is expending to other 2D 

materials such as 2D noble metal nanosheets, metal oxides 389, 

Mexene 390 and perovskites 391. Take noble metal nanosheets for 

example. The vast majority of noble metals nanomaterials 

crystalize into face-centered cubit (fcc) phase, same as their bulk 

counterparts. However, it was found that some thermo-

dynamically unstable phases, such as hexagonal close-packed 

(hcp) phase (2 h or 4 h type) of gold can be stabilized in 2D gold 

nanosheets and ribbons obtained by phase-controlled wet-

chemical synthesis 392–396. Phase transformation from fcc to hcp 

can be realized via ligand exchange process 393 and electron-

beam irradiation 394. Fig. 10a elaborates the phase transition from 

unconventional hcp Au square sheet (2 h) to conventional fcc 

phase via ligand exchange process 393. In addition, the 4H Au 

nanosheets or ribbons can be used as template to epitaxially 

grow the other metals in 4H phase such as Pt, Pd, Ag, Ir, and 

Cu 395,397. More recently, a general one-pot wet-chemical method 

was reported to prepare ultrathin Pd alloy nanosheets with a 

novel face-centered tetragonal (fct) phase 398. 

2.5.4  Amorphous 2D materials 

Distinctive from crystalline materials with long-range 

periodicity, amorphous 2D materials refer to a specific type of 

nanomaterials with 2D morphology, showing no long-range 

atomic order. Currently studies in this aspect mainly focused on 

metal, metal oxides/hydroxides 399 and TMDs. Various top-down 

and bottom-up methods have been utilized in the controlled 

synthesis of amorphous 2D materials such as supercritical CO2-

assisted exfoliation in TMDs and wet-chemical synthesis in 

noble-metal nanosheets. However, the research in this area is still 

in its infancy and most of the synthetic successes are case 

specific. Recently, a relatively general synthetic approach was 

reported for the synthesis of noble metal nanosheets (Ir, Rh and 

Ru) 226. In this work, the amorphization is achieved via direct 

annealing of metal acetylacetonates with alkali salt at elevated 

temperature in air, as shown in Fig. 10b. The amorphous 

nanosheets show much enhanced performance in electrocatalytic 

OER compared to their crystalline counterpart. In a more recent 

study, amorphous domains were introduced into Pd nanosheets 

in a one-pot wet-chemical method to create amorphous/ 

crystalline phase heterostructures as heterogeneous catalyst in 

hydrogenation of 4-nitrostyrene 400. It was found that the 

amorphous-phase rich Pd nanosheets exhibit high chemo-

selectivity while the crystalline-rich ones exhibit high catalytic 

activity. 

2.5.5  X-ray based characterizations on phase 

engineering in 2D materials 

In principle, controlling the phase of a material is 

accompanied by initial atomic structure, chemical or electronic 

make-up. Notably, various X-ray-based techniques have been 

employed to provide edges in understanding phase engineering 

of 2D materials. Among the plethora, synchrotron-based X-ray 

absorption spectroscopy (XAS) and angle-resolved photo-

emission spectroscopy (ARPES) are often employed to probe the 

local atomic environment, electronic states and band structure of 

2D materials. Thus, we will mainly focus on XAS and ARPES 

characterizations herein. 

2.5.5.1  XAS study on phase engineering in 2D materials 

XAS is the X-ray absorption coefficient of an incident X-ray 

with an energy range of the absorption edge of a target element 

in a material, thus becomes a valuable tool in studying the local 

structure near a particular atom of interest 401. In principle, XAS 

can be distinguished into the X-ray absorption near edge 

structure (XANES) and the extended X-ray absorption fine 

structure (EXAFS), from which structural information such as 

the chemical bonding, coordination number, site symmetry, and 

interatomic distances can be extracted 402. As shown in Fig. 11a, 

the XANES and EXAFS spectra are demonstrated to provide 

detailed information on the oxidation state and coordination 

environment of Mn atom 403, implying that XAS analysis can 

 
Fig. 10  (a) Schematic illustration of ligand exchange induced  

phase transformation of Au square sheets from hcp to fcc.  

Reproduced with permission from Ref. 393, Copyright 2015  

Springer Nature. (b) Schematic illustration of the general  

synthetic process for amorphous noble metal nanosheets.  

M.T.: the melting point of metal acetylacetonate 226. 



物理化学学报 Acta Phys. -Chim. Sin. 2021, 37 (12), 2108017 (20 of 151) 

reveal the nature of interaction sites and the structural changes 

cause by the intercalation or doping process in 2D materials. In 

fact, XAS can focus on various atomic sites of different atoms in 

the same compounds with independent absorption signals 404. 

For examples, Jin et al. utilized XAS to investigate the local 

coordination of nitrogen vacancies in 2D W2N3, as shown in Fig. 

11b 405. Both the pristine and nitrogen vacant samples show the 

prominent coordination peak at 2.8 Å (1 Å = 0.1 nm), which 

corresponds to a W―W bonding 405. Moreover, there is a 

weakening in the intensity at the W―N bond, with the peak at 

1.8 Å of the vacancy-induced sample compared to the pristine 

sample. This weakening in the W―N bonding intensity shows 

decreased coordination between W and N and an increase in N 

vacancies. Chen et al. investigated the local bonding 

environment in Li and Pt intercalated MoS2 using EXAFS, as 

shown in Fig. 11c 406. The EXAFS spectrum of the pristine MoS2 

is consistent with the trigonal prismatic phase; in the spectrum 

of the LixMoS2 sample, the Mo―S and Mo―Mo bonds peaks 

appear much weaker in comparison to the pristine. This suggests 

a change in the site symmetry caused by a phase transition from 

2H to 1T' phase. In the PtxMoS2, the K-edge EXAFS spectrum 

indicates the structure is consistent with the 2H phase 406. To 

probe the influence of the Se dopant in the ZrTe2, Zahir et al. 

studied the XANES spectra of ZrTe2(1–x)Se2x single crystals, as 

shown in Fig. 11d 407. The Zr K-edges were found to shift to 

higher energies with an increase in the amount of dopant, 

showing an increase in the oxidation number of the dopant. 

2.5.5.2  ARPES study on phase engineering in 2D 

materials 

ARPES is one of the most essential experimental techniques 

used to study the electronic bands of solids 408. Demonstrating 

the change of phase from a metal to insulator, Han et al. report 

the surface doped 2H-MoTe2 409. As shown in Fig. 12a, they used 

ARPES to show the emergence of gapped phase indicating a 

phase transition from metal to an insulator. Zahir et al. 

intercalated Cu atoms into ZrSe2. The introduction of copper into 

the material facilitated electron doping into the system and 

induced a phase transition from semiconducting to a metallic 

phase 410. As shown in Fig. 12b, the ARPES results in the 

intercalated samples reveal a conduction band crossing the 

Fermi level around L high symmetry point in Fig. 12b(iv). Zia et 

al. also demonstrated the use of ARPES to study the phase 

transition of 2D material from semiconducting to a metallic 

characteristics 411. 

3  Physical properties 
3.1  Optical properties 

In this part, we will review recent progresses on how various 

2D materials interact with light and the related spectroscopic 

features and optoelectronic functionalities, encompassing a 

broad range of research topics: absorption, reflection, scattering, 

emission, light-matter strong coupling and nonlinear optical 

properties. 

3.1.1  Optical absorption 

Absorption and reflection spectroscopy have been well-

established to probe inter-electronic band transition, exitonic 

fine structures and lattice anisotropy down to the monolayer 

limit. For instance, the evolution of electronic band structure 

(Fig. 13a, b) 412,413 and 1s and 2s exciton states of E11 transition 

(Fig. 13c) 414 from bulk BP to its monolayer counterpart have 

been investigated using reflection and IR extinction spectra. 

Other intriguing properties of excitons like valley effect 415, 

optical Stark effect 416,417, exciton-phonon coupling 418, 

linewidth and lifetime coherence 419, transport behavior 420 and 

 
Fig. 11  (a) The Mn K-edge XANES and EXAFS spectra. Inset (top left) the X-ray absorption spectrum from a sample showing the XANES and 

EXAFS regions of the spectrum. The enlargements show the Mn K-edge XANES and the k-space EXAFS data with the corresponding Fourier 

transform (shown on the right) 403. (b) The FT-EXFAS plots of NV-W2N3 and W2N3. Reproduced with permission from the Ref. 405, Copyright 2019 

John Wiley and Sons. (c) k2-weighted Mo K-edge EXAFS spectra of Pt-MoS2 in comparison to Mo foil, bulk MoS2 and LixMoS2 406. (d) Zr K-edge 

XANES spectra of ZrTe2(1−x)Se2x single crystals 407. 
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interlayer exciton absorptions 421–423, are extensively studied. 

The lattice anisotropy induced polarization dependent optical 

responses are observed in BP 412,414 and other anisotropic 2D 

materials 416,424–429. Furthermore, absorption spectroscopy is a 

powerful tool to reveal unique excitonic properties modulated by 

external fields, including dielectric environment 430, electrical 

filed 421,431,432, and optomechanical fields 433. There are also 

continuous efforts and progresses on 2D materials with tailored 

optical functionalities, such as optical absorbers with tunable 

polarization 434, wavelength 435–438, and efficiency 439. 

3.1.2  Raman scattering 

Raman spectroscopy reveals abundant information on spin-

phonon couplings, phonon-fingerprints, electron-photon 

interactions, interlayer couplings, etc. For instance, Huang et al. 

reported extraordinarily large magneto-optical Raman effects of 

A1g phonon 2D magnet CrI3 due to spin-phonon coupling (Fig. 

13d, e) 440,441. Deep insights are needed on the observation of 

forbidden Raman modes, including new edge modes related to 

electromagnetic field distortion of incident and scattered light 442, 

acoustic phonons under double-resonance excitation 443 and 

cross-dimensional electron-phonon coupling between 3D 

phonons and 2D excitons 444. 

Exotic electron-phonon coupling effects attract significant 

research interest for 2D matters in a strain/electric/plasmonic 

field. Huang et al. investigated size-dependent G-band 

oscillations originated from optical standing waves of a 

graphene bubble 123. Gate-dependent electronic Raman 

scattering 449 and phonon polarization 450 have been studied. To 

improve the sensitivity and spatial resolution, tip-enhanced 

Raman spectroscopy (TERS) are often exploited to study local 

lattice vibrations 451,452. 

3.1.3  Optical emission 

Group VIB TMDs are the most attractive 2D semiconductors 

owing to their extraordinary properties and great potential in 

novel optoelectronic and photonic applications. With a direct 

bandgap and strong excitonic effects at the ultimate 2D limit, 

monolayer TMDs are expected to show high photoluminescence 

quantum yield (PLQY). However, the PLQY was greatly 

 
Fig. 12  (a) Doping evolutions of Fermi surface and band structure in the surface-doped 2H-MoTe2. (i–iv) Fermi surface mapping taken in the  

as-grown sample. (v–vi) the energy-momentum cut taken along the G-K direction in the as-grown sample. (ii) and (vi), (iii) and (vii), (iv) and  

(vii) are the same as (i) and (v). Reproduced with permission from Ref. 409, Copyright 2021 American Physical Society. (b) (i) and (ii) shows the 

photoemission intensity plots along the G-M direction in the pristine ZrSe2 and Cu intercalated ZrSe2 single crystals, respectively. (b) (iii) and (iv) 

shows the photoemission intensity plots along the A-L direction in the pristine ZrSe2 and Cu intercalated ZrSe2 single crystals, respectively 410. 
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constrained below 1% at room temperature by the non-radiative 

recombination owing to trap states from defects or impurities and 

inherently enhanced Auger-type exciton-exciton interaction 453,454. 

Tremendous research efforts have been devoted to improving the 

PLQY of TMDs 453–456. 

Meanwhile, 2D semiconductors are becoming a unique 

platform to study many-body physics of excitons. Coulomb 

interactions among excitons or between excitons and free 

carriers could facilitate the formation of excitonic complexes, 

such as charged exciton (trion), biexciton and charged biexciton 

(or exciton-trion). Several research groups 457–460 have 

demonstrated independently that individual emission peaks of 

excitonic complexes can be observed in monolayer WSe2, and 

their resonance energy and PLQY can be substantially 

modulated by applying gate voltages or magnetic fields. 

Moreover, when excitons are strongly localized in a point 

defect or strain field in TMDs, they can serve as quantum light 

sources to emit single photons 445,461–463. Fig. 13f, g show that 

extremely sharp emission peaks of excitons are observed at 10 

K in both PL and electroluminescence spectra of monolayer 

WSe2. Photon correlation measurements are employed to justify 

the single-photon nature of these sharp emission. Klein et al. 461 

show that point defects as single-photon emitters can be 

controllably introduced into monolayer MoS2 by irradiating He2+ 

beams. He et al. 462 reported that strongly localized biexcitons 

leads to an emission cascade of single photons. Most 

interestingly, Chen et al. 464 proposed that the entanglement 

between chiral phonons and single photons. These intriguing 

results render TMDs as potential candidates for developing next-

generation quantum-optic devices. 

Because of the valley degree of freedom in monolayer TMDs, 

excitons at the K and K′ points in the Brillouin zone are 

energetically degenerate, but inequivalent, as shown in Fig. 13h, 

which can directly couple with σ+ and σ− circularly polarized 

light 446,465,466. Valley-polarized excitons have finite Berry 

curvatures in Fig. 13i, and therefore are expected to show 

quantum transport phenomenon analogue to those of spin degree 

of freedom. Indeed, Onga et al. 465 investigated exciton Hall 

effect in monolayer MoS2. Excitons at K and K′ valleys after 

diffusing over a distance of several microns accumulate at 

opposite directions as evident from polarization-resolved PL 

mapping. Such transverse splitting indicates the occurrence of 

the exciton Hall effect in monolayer MoS2 and are promising for 

novel valleytronic application in 2D semiconductors. 

However, exciton valley coherence time is only on a time 

scale of ~100 fs which is a tradeoff for strong excitonic effect in 

monolayer TMDs. The prominent Coulomb force between 

electrons and holes inevitably lead to a strong intervalley 

electron-hole exchange effect and ultrashort exciton 

lifetimes 466–468. A promising strategy for overcoming this 

constraint is to construct heterostructures with two TMD 

monolayers. As a result of a type-II band alignment, electrons 

and holes can accumulate in different monolayers. 

Consequently, they can bound together through Coulomb force 

 
Fig. 13  Reflection contrast spectra of monolayer (a) and bilayer (b) BP 413. (c) 1s and 2s exciton states of E11 Exciton absorption spectra for  

bilayer BP 414. (d, e) Extraordinarily large magneto-optical Raman effects of A1g phonon due to spin-phonon coupling 441. Single photon emission (f) 

and photon correlation measurements (g) 445. Schematics of valley polarization of excitons (h) and the exciton Hall effect in monolayer MoS2 (i) 446.  

(j) Fluorescence blinking effect in a WS2/MoSe2 heterobilyer 447. (k) Schematics of the moiré superlattice and moiré excitons formed in a  

heterobilayer 448. (h, i) reproduced with permission from Ref. 446, Copyright 2018 John Wiley and Sons. 
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to form interlayer excitons (IEs) carrying valley information 469. 

IEs show long PL lifetime and valley coherence time on a 

timescale of ns. In addition, optical properties of IE can be 

effectively modulated by applying gate voltages or magnetic 

fields since they have an out-of-plane electric dipole 

moment 469,470. With such a long lifetime, IE condensation is 

experimentally observed with distinct electroluminescence 

signatures in MoSe2/WSe2 heterobilayers 471. 

Over the past few years, tremendous progress and significant 

breakthroughs has been made in understanding and controlling 

the interlayer coupling in TMD heterobilayers 447,472–475. 

Fluorescence blinking effect was observed in a weakly coupled 

WS2/MoSe2 heterobilayer with limited overlap of electronic 

wavefunctions (Fig. 13j) 447. Periodic superlattices, known as 

moiré patterns, will form as two monolayers with 

incommensurate lattice constant or a twist are stacked vertically, 

as shown in Fig. 13k 448. For both intralayer and interlayer 

excitons, their optical properties are substantially influenced by 

the periodic potential of moiré patterns 472–477. These so-called 

moiré excitons show distinct PL emission with valley 

polarization functionalities and can be fine-tuned by changing 

the twist angles. For example, Lui et al. 478 demonstrated moiré 

trion in a WSe2/MoSe2 heterobilayer recently. 

3.1.4  Light-matter strong coupling and exciton polaritons 

Excitons can strongly couple with photons to form new 

quasiparticles, known as exciton-polaritons, in a hybrid structure 

of semiconductors and optical cavities. Exciton-polaritons are 

half-matter and half-light bosonic quasiparticles. They can 

condense to a single quantum state at high temperature and low 

density, which can bring quantum effects to a macroscopic scale 

and provide great opportunities for developing all-optical 

devices. Thanks to the 2D confinement and large exciton 

bonding energies with giant oscillator strength, exciton-

polaritons based on monolayer TMDs are stable at room 

temperature promising for practical optoelectronic and 

valleytronic devices 479. Zhao et al. 480 reported the observation 

of polariton condensation and lasing with ultralow thresholds in 

monolayer WS2 microcavity at room temperature (Fig. 14a–d). 

3.1.5  Nonlinear optical properties 

Nonlinear optics examines the behavior of light in nonlinear 

media. The photoelectric field generated by irradiation of light 

will produce optical linear and nonlinear polarization 

properties 449,450. Generally, since the intensity of natural light 

is relatively weak, the resulting nonlinear properties are much 

smaller than linear optical properties, and the nonlinear optical 

properties can be ignored at this time. When the light source is 

changed to a higher intensity laser, the nonlinear optical 

properties will be observed obviously. Nonlinear absorption and 

refraction are distinct properties of nonlinear materials 479,481,482, 

which are widely used in lasers 483, saturable absorbers 484, 

optical switch, photovoltaic cell 485,486, and many other 

applications 487–491. 

Borophene is a promising nonlinear optical material with both 

nonmetallic and metallic properties which can facilitate 

polymorphism in low-dimensional structures. Ma et al. 492 

studied intriguing nonlinear properties of borophene prepared 

with the liquid-phase exfoliation method and their potential 

applications. The broadband nonlinear photonic characteristics 

of borophene are shown in the Fig. 14. The fundamental mode-

locked spectrum in Fig. 14e reveals that the 3 dB bandwidth and 

central wavelength are 4.2 and 1560.76 nm, respectively and the 

output power is 1.1 mW. Fig. 14f shows a pulse train within the 

span of 500 ns with a pulse interval of ~101 ns. The radio 

frequency spectrum with a resolution of 100 Hz is shown in the 

Fig. 14g and a strong peak with a signal-to-noise ratio of 63 dB 

can be observed at 10.09 MHz. Furthermore, Fig. 14h presents 

the single pulse duration measured by the intensity 

autocorrelation and fitted by the hyperbolicsecant function, and 

 
Fig. 14  (a–d) Exciton-polariton condensation and lasing of monolayer WS2 480: (a) Sample structure of monolayer WS2 embedded in an optical  

cavity formed by two DBRs; (b) Angle-resolved reflectivity map of the polariton in a monolayer WS2; (c) Above-threshold angle-resolved PL map;  

(d) Real space PL spectrum. (e–h) Pulse Q-switching characteristics when the pump power is 263.1 mW 492: (e) The mode-locked spectrum of 

borophene; (f) Typical oscilloscope pulse trains of mode-locking; (g) Autocorrelation race fitted by a sech2 profile;  

(h) RF spectrum of the mode-locked pulses. 
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the full width at half-maxima of the pulse is 693 fs. 

In the meantime, a variety of emerging materials has been 

demonstrated with remarkable nonolinear optical properties and 

applications recently. Shi et al. 493 applied black arsenic-

phosphorus saturable absorber to passively Q-switched erbium-

doped fiber laser for the first time. Tian et al. 494 studied the mid-

infrared ultra-wideband saturable absorber made of Bi2O2Se. Wu 

et al. 495 synthesized a new infrared material, Na2BaMQ4, and 

studied its nonlinear optical properties. Guo et al. 496 grew Se on 

Te nanotubes to construct a Te@Se heterostructure by making 

use of the instability of light absorption. Saouma et al. 497 and 

several research teams 498,499 studied the nonlinear optical 

properties of 2D perovskite materials. In addition, MOFs, COFs 

and graphyne also exhibit excellent nonlinear optical 

properties 500–504. 2D layered NMDs have been attracting 

extensive attention because of their unique nonlinear optical 

properties 505–508. Tsang et al. 509 studied the nonlinear absorption 

properties of PtS2 and demonstrated that it can be used in optical 

limiters and biosensors. The nonlinear optical properties of 

MXenes include saturable absorption, nonlinear refractive 

index, and so on are also comprehensively investigated 510,511. 

3.2  Magnetic properties 

The discovery of magnetic vdW 2D materials (i.e. 

Cr2Ge2Te6 512,513 and CrI3 514) in 2017 successfully added the 

fundamental physics — magnetism — into 2D materials. The 

emergent 2D magnets 513,515,516 not only provide ideal platforms 

for the experimental study of 2D spin and magnon physics 192,517, 

but also can couple with disparate electronic, photonic, 

superconducting and topological materials to create a large 

influx of new designer heterostructures 518–522. These new 

materials and heterostructures have been enabling superior 

device performances such as the very large tunneling 

magnetoresistance in graphite-CrI3-graphite tunneling 

junctions 523–526. 

Due to the strong thermal fluctuations in 2D magnetic systems 

according to Mermin-Wagner theorem 527, many researchers had 

long believed that it was unlikely to experimentally realize 2D 

magnets. Efforts on seeking 2D magnetism have started since the 

advent of graphene in 2004 and they can be primarily classified 

into three categories. Firstly, defects including structural 

imperfections (i.e., vacancies, edges and grain boundaries) and 

foreign atoms (e.g., adatoms and substitutional doping) 528–532 

have been widely applied to create local magnetic moments. Yet, 

it poses severe challenges to align these local moments to make 

long-range magnetic order. Secondly, magnetic proximity 

effect 533,534 has been leveraged by integrating non-magnetic 2D 

materials with conventional magnetic substrates (e.g., yttrium 

iron garnet and europium sulfide). This approach can effectively 

spin polarize the wavefunction of 2D materials 535. Yet, such 

extrinsically induced magnetic responses in 2D materials 

primarily rely on the properties of the non-vdW magnetic 

substrates, and any potential device developments have to 

include the proximitized heterogeneous materials as a whole. 

Thirdly, flat bands 536,537 have been actively sought in new 

materials by theoreticians, since the extraordinarily large density 

of states (DOS) at van Hove singularity potentially causes Stoner 

instability and itinerant ferromagnetism. However, it leaves 

great challenges for experimentalists to prepare the required 

materials at atomic precision or under extreme conditions (e.g., 

high p-doping in deep valence bands 537). It is worthwhile to 

highlight that such flat band related ferromagnetism was recently 

observed in twisted bilayer graphene and graphene/hBN Moire 

heterostructures 538,539. 

It is always instructive to reflect on the challenges confronted 

during the course of finding and observing intrinsic 2D magnets. 

A few important causes couple together. Firstly, there have been 

no mature theoretical calculation methods to predict Curie 

temperatures of 2D ferromagnets accurately 512,536. Even if a 

first-principles calculation predicted the ground state of a 2D 

material is ferromagnetic, the absence of precise knowledge on 

the Curie temperature sets hurdles for experimental exploration. 

Secondly, many 2D materials in atomic-thinness region are 

unstable in the air 512,514,540, leading to the substantially degraded 

properties if samples are not carefully protected. Thirdly, it is 

difficult to characterize the small amount of magnetization from 

the atomic-thin micrometer-size magnets. The commonly 

adopted electrical characterizations of magnetism based on 

anomalous Hall effect cannot be applied on many 2D magnets 

that are electrically insulating 541. Meanwhile, the commonly 

used bulk characterization techniques such as vibrating sample 

magnetometry (VSM) is not reliable for 2D flake 

characterization, since small amount of magnetic impurities or 

defects in the bulk could bury the true magnetic signal from the 

2D flake if any. In contrast, magneto-optical effects 512,514 (e.g., 

magneto-optical Kerr effect and magnetic circular dichroism) 

could enable the convenient magnetic characterization of as-

exfoliated micrometer-size 2D flakes, no matter samples are 

electrically conductive or insulating. 

The original discovery of 2D magnets were carried out by 

magneto-optical Kerr microscopy on two magnetic insulators, 

Cr2Ge2Te6 512 and CrI3 514. Afterwards, metallic 2D magnets such 

as FexGeTe2 (x = 3, 4, 5, or some non-integer numbers) have been 

reported 542–547. Generally, metallic 2D magnets have higher Curie 

temperatures than insulating 2D magnets. Intrinsic magnetic 

topological insulators such as MnBi2Te4 and MnBi2Se4 548,549 are 

another intriguing class of layered magnets that closely link 2D 

magnetism with topological physics. Though many new 2D 

magnets were claimed to be synthesized by molecular beam 

epitaxy or CVD, the adopted VSM-based characterizations are 

unable to reliably distinguish 2D flakes from bulk substrates. 

Magnetism lays the foundation for spintronics and so it is 

important to develop the electrical control, which means either 

voltage or current control. In voltage control scheme 542,550–556, 

one can use voltage to cause electric field or electrostatic doping 

in 2D magnets. In current control scheme 518,557,558, one usually 

aims to utilize electrical current to switch magnetization via spin 
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orbit torque. Besides electrical control, many other stimuli have 

been attempted to control 2D magnetism, including pressure 559–563, 

chemical synthesis 545, light incidence 564, to name a few. For 

example, pressure can artificially change the lattice constants of 

vdW magnets, chemical synthesis 545 can easily modify the 

elemental concentration and stoichiometry, and optical incidence 

can cause photo-induced doping in 2D magnets 565, all of which 

could lead to the effective control of magnetic properties. 

There has also been a surge of interest in 2D antiferromagnets. 

Due to the absence of net magnetization, it is hard to utilize 

magneto-optical Kerr effect, magnetic circular dichroism and 

anomalous Hall effect to directly probe antiferromagnetism. 

Indirect evidence based on the spin-phonon coupling or spin-

photon interaction can be acquired. For example, temperature-

dependent Raman spectroscopy 566 shows observable changes in 

peak frequency, intensity or linewidth across the Néel 

temperatures. Exciton emission 567–569 or second harmonic 

generation 570,571 may have linear polarization with a certain 

direction relative to the spin ordering orientation in layered 

antiferromagnets. 

2D magnetic heterostructure is a vital direction that still leaves 

vast room unexplored. Magnetic proximity effects have been 

reported when 2D magnets interface with 2D semiconductors 519 

or topological insulators 521. More attentions were paid to the 

induced effect on the non-magnetic side but not the opposite way 

(i.e., how the magnetic properties are affected by adjacent 

materials). When 2D magnets interface with other low-

symmetry materials, the proximitized materials 518,519 with 

further reduced symmetry hold the possibility to generate exotic 

particles. These prospects appear looming on the horizon and we 

have many reasons to believe a superlative range of exotic 

physics and phenomena will be discovered in numerous 2D 

magnetic heterostructures 572,573. 

3.3  Thermoelectric properties 

Due to the increasing demand for clean energy and net-zero 

CO2 emissions goal, the development of renewable energy 

technology has never been more critical. Thermoelectric (TE) 

technology, which enables the direct conversion between heat 

and electricity, provides a promising approach to achieving 

sustainable energy production, as shown in Fig. 15a 574. The TE 

conversion efficiency is determined by the figure of merit ZT = 

σS2T/κ, where σ, S, κ, T are the electrical conductivity, Seebeck 

coefficient, thermal conductivity and absolute temperature 

respectively. These parameters are all governed by the electronic 

structure and phonon scattering properties which counteract each 

other. Great progress has been achieved in 2D materials since 

Hicks and Dresselhaus predicted that superlattices may show 

high TE performance based on quantum mechanics 575. 

The initial TE superlattice enhancement contains two main 

strategies 576,577: (1) the quantum-confinement forms a unique 

step-like shape DOS which contributes to S enhancement and 

decoupling between S and σ; (2) a new kind of Umklapp process, 

which is confined in a small Brillouin zone due to the finite 

thickness and large superlattice constant, is introduced by 

quantum-confinement, creating preferential interface scattering 

for phonons than electrons. The development of these concepts 

has successfully promoted ZT of superlattice above 2. However, 

the complex fabrication technology limits the superlattice’s 

application. To address this problem, researchers start to pay 

attention to bulk materials with superlattice-like 2D structures, 

as shown in Fig. 15b. 

Like superlattice, TE materials with 2D structures possess 

superior charge and phonon transport compared with 

conventional bulk materials with 3D structures (such as cubic 

structure), i.e., high S and low κ. However, the underlying 

mechanisms are very different from superlattices. Since bulk 

materials with 2D structures are macroscopically 3D and 

microscopically 2D, quantum confinement is no longer 

applicable. Instead, complex band structure (none-single 

parabolic band edges) and strong anharmonicity play critical 

roles in charge and phonon transport, as shown in Fig. 15c. The 

complex band structure derives from the anisotropic bonding 

conditions, leading to anisotropic effective mass (m*) along 

different crystallographic directions. Generally, the in-plane 

direction has smaller m* than the out-of-plane direction, 

indicating higher carrier mobility (μ) along the in-plane 

direction. More importantly, complex band structures projected 

by 2D crystal structures enable an effective approach to 

enhancing S, because the multiple band edges with a small 

energy offset of several kBT could simultaneously participate in 

 
Fig. 15  Schematic of (a) thermoelectric module, (b) electrical and thermal transports in a given superlattice structure;  

(c) advanced thermoelectric parameters are also elucidated in the bulk materials with a layered structure. 
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the charge transport 578,579. As for the phonon transport, due to 

the different anisotropic chemical bondings between the in-plane 

and out-of-plane, 2D structures can be regarded as adjacent 

layers with different electromagnetic properties. Accordingly, 

low κ could be obtained in the in-plane direction due to the 

strong anharmonicity, which has been extensively observed in 

2D materials, originating from lone pair electrons 580, resonant 

bonding 581, rattling model 582, etc. Moreover, phonons with high 

frequency are also severely scattered along the out-of-plane 

direction than the in-plane direction, leading to lower κ. 

Here we choose SnSe as an example to give a brief review of 

advanced TE performance in 2D materials. SnSe crystal has a 

distorted rock-salt structure, as shown in Fig. 16a. Each Sn atom 

is bonded with seven Se atoms to form a highly distorted SnSe7 

coordination polyhedral with strong Sn―Se bonding within a 

and b axis and weak Sn―Se bonding along the c axis. 

Additionally, a lone electron pair of Sn2+ is sterically 

accommodated between the weak Sn―Se bonds. The unique 

chemical bonding conditions lead to a 2D structure with two-

atom-thick SnSe slabs, which is the foundation of the 

outstanding TE performance in SnSe with low κ and high σS2. 

The low κ in SnSe originates from the strong anharmonicity due 

to the ferroelectric-like lattice instability 583. The DFT calculated 

Grüneisen parameters (γ), an indicator of anharmonicity, are all 

very high, reaching 4.1, 2.1, 2.3 along the a, b, c axis, 

respectively. Inelastic neutron scattering measurements also 

reveal significant phonon dispersion softening in both transverse 

acoustic and transverse optical phonons propagation (Fig. 16b), 

in accordance with high γ. TA modes are considerably softer 

along the Γ–X direction than that along Γ–Y, in line with the 

weaker bonding along the out-of-plane direction and the 

corresponding highest Grüneisen parameter. As a result, low κ is 

expected according to the relation κ ∝ γ−2 584. On the other 

side, the anisotropic crystal structure leads to the complex 

electronic band structure in SnSe, as shown in Fig. 16c. The first 

valence band maximum (VBM1) lies in the Γ–Z direction, 

alongside which lies another VBM2. Moreover, VBM3 lies in 

the U–X direction within a narrow energy offset of ~0.13 eV 578. 

As for the conduction band minimum (CBM), there are also two 

CBM with an energy offset of ~0.1 eV 585. The complex band 

structure in valence/conduction bands facilitate multiple-bands 

transport when Fermi level is pushed toward CBM or VBM, 

leading to enhanced m* and thus high S. Moreover, the energy 

offset even exhibits complex temperature-dependent 

behaviors 579, as shown in Fig. 16d. The dynamic band structure 

enables the wide-range optimization of μm*3/2, therefore high 

σS2. The complex band structure has been confirmed by angle-

resolved photoemission spectroscopy (ARPES) 586, Fig. 16e 

reveals two distinct VBMs along Γ–Z and Γ–Y direction, 

corresponding to VBM1 and VBM2 in DFT calculations. By 

fitting the dispersion slope, the effective mass can be extracted. 

It can be seen that dispersions along Γ–Z are flatter than Γ–Y, 

indicating larger m along the out-of-plane direction than the in-

plane direction. 

Besides SnSe, many other TE materials, such as Bi2Te3 587, 

BiCuSeO 588 and NaCoO2 582, also exhibit excellent TE 

performance, benefiting from theoretical and experimental 

achievements in 2D structures. Even though different crystal 

structures need to be taken into consideration when it comes to 

a specific 2D material, the common features of 2D materials, 

complex band structure and strong anharmonicity, are the most 

fundamental aspects contributing to the high TE performance. It 

is very likely that continued investigations on 2D materials will 

further improve their TE performance, including intercalation, 

bilayer mismatch, vacancy and so forth. 

3.4  Ferroelectric properties 

The research topics of 2D ferroelectricity have been explored 

on the theoretical predictions and experimental developments in 

 
Fig. 16  (a) Crystal structure of SnSe. (b) Phonon dispersions measured by inelastic neutron scattering; reproduced with permission from Ref. 583, 

Copyright 2015 Springer Nature. (c) Band structure of SnSe, green arrows (1, 2) indicate the conduction bands, red arrows (1, 2, 3) indicate the 

valence bands. (d) Temperature-dependent energy offset in the valence band and conduction band, which enable the high electrical performance 

through reasonable manipulating band structures. (e) Valence band structure measured by angle-resolved photoemission spectroscopy.  

Reproduced with permission from Ref. 586, Copyright 2016 American Physical Society. 
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many systems since last century, including the ultrathin 

inorganic perovskite oxide and organic fluoride-based polymer 

systems 589,590. The key scientific question of 2D ferroelectricity 

is to reduce the influence of the suppression for spontaneous 

polarization from depolarization fields, thus raising a 

fundamental question whether there is a critical thickness for all 

of ferroelectric behaviors 591. As the rapid development of 

various growth technologies, the critical thickness has been 

pushing towards the thickness of sing-unit cell limit in the 

PVDF, BiFeO3 and YMnO3 films, which indicate the upcoming 

bloom future of 2D ferroelectricity 589,590,592,593. Very recently, 

the discovery of emerging 2D ferroelectrics have experimentally 

and theoretically demonstrated that the stable and switchable 

electrical polarization could be observed in a lot of atomically-

thin layered and non-layered films, thus giving the possibility of 

fabricating polarization-dependent electronic and optoelectronic 

devices even at monolayer limit 593. The low-density dangling 

bonds and defects density at the surfaces of vdW materials 

render a rise of 2D ferroelectricity, which could provide 

relatively inert and stable surfaces to stabilize the electric 

polarizations. Essentially the chemical bonds of 2D 

ferroelectrics are normally shown with local covalent bonds 

other than the long-range interactions for the traditional 

perovskite oxides, therefore the surface charge accumulated 

depolarization fields have been confirmed with rather weaker 

strength that are not enough to suppress the electric polarization. 

Layered group IV-VI materials, especially for the group IV 

monochalcogenides MX (M = Sn, Ge; X = S/Se) and tellurides 

(MTe), have been predicted to possess intrinsic in-plane 

ferroelectricity in the monolayer limit, due to their low-level 

crystal symmetry 594–596. In 2016, Chang et al. discovered 

unconventional ferroelectricity in the molecular beam epitaxial 

grown atomic-thick SnTe, in which the Currie temperature of 

one-unit cell SnTe film are 270 K and much higher than that of 

the bulk states (98 K) (Fig. 17a–c) 597. Nagashio et al. reported 

the purely in-plane 2D ferroelectricity for monolayer SnS 

obtained from physical vapor deposition, in which the odd-even 

effects are distinguished and the critical thickness are explored 

with 15 layers 598. The clear ferroelectric switching phenomena 

is founded in the in-plane few-layered SnS nanoflakes 

devices 598. More interestingly, Bao et al. observed the gate 

tunable ferroelectricity in the MBE grown few-layered SnS 

nanoflakes (Fig. 17d–f) 599. Some more intriguing theoretical 

calculations give out the interesting physical properties such as 

 
Fig. 17  (a) Schematics of the SnTe crystal structure (upper) and the SnTe film (lower). (b) The stripe domain of a1-UC SnTe film (imaging 

conditions: −0.2 V, 30 pA, 4.7 K). The arrows in each domain indicate the direction of lattice distortion. (Upper inset) Topography image across a 

domain boundary (−0.2 V, 100 pA). (Lower inset) The graphene substrate (−0.1 V, 200 pA). (c) Temperature dependence of the distortion angle for the 

1- to 4-UC SnTe films. (Inset) The distortion angle near Tc = 270 K for the 1-UC film exhibiting the behavior of a second-order phase transition.  

(d) Schematic side view of a bilayer SnS structure. Each SnS layer is ferroelectrically polarized with a net dipole moment aligned with the x-axis. 

Adjacent SnS layers are anti-ferroelectrically coupled due to the inversion symmetry in the AB-stacked structure (top panel); Schematic view of the 

wedding-cake morphology of MBE-grown SnS crystals, which are inversion-symmetry broken with non-zero net polarizations at the terraces (bottom 

panel). (e) (left) STM image of one ML SnS island with the nanoripple pattern. The in-plane armchair and zigzag directions are determined from the 

lattice constants and marked by the black arrows. The net ferroelectric polarization of this island, determined by the LCPD measurements, is marked 

by the white arrow. (right) Frequency shift measured as a function of the voltage, collected above the two edges marked by red and blue triangles 

respectively. Measurements are performed in constant-height mode after compensating the surface tilting and thermal drifting effects. Parabolic fits 

and corresponding parabola peaks are indicated. (f) The corresponding P-V hysteresis curves of the memory device at different gate voltages. 

(a–c) Reproduced with permission from Ref. 597, Copyright 2016 American Association for the Advancement of Science. (d–f) Reproduced with 

permission from Ref. 599, Copyright 2019 American Chemical Society. 
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photostriction induced by an inverse piezoelectric effect, 

selective valley excitation and persistent spin currents 594,596,600. 

Chang et al. also observed the robust ferroelectricity with 

microscopic domain structure and a critical temperature of 400 

K in SnSe monolayer by the scanning tunneling microscopy 601. 

The large-scale synthesis of high-quality monolayer group IV 

monochalcogenides MX is still very difficult for multiple 

applications due to the strong interlayer interaction that could 

benefit the growth in the vertical direction 602. Meantime 

multiferroic states of monolayer group IV monochalcogenides 

also have been predicted by the theoretical calculations. 

Bulk layered metal thio- and seleno-phosphates (MTPs) 

originally crystallize in the crystal structures with inversion 

symmetry, in which metal cations and the framework of 

[P2S(Se)6]4− bonds in the in-plane layers and form VDH 

structures 603. These family materials are discovered in the late 

1800s by Friedel and Ferrand, which have later been extensively 

explored with ferroic ordering including ferromagnetic, 

antiferromagnetic and ferroelectric properties. Very recently, 

size-effect in one of layered MTP material, CuInP2S6, has been 

discussed for the possible ferroelectricity under the monolayer 

limit. Both Maksymovych and Kalinin groups reported the 

switchable polarization could be suppressed below the thickness 

of 50 nm, in which the ferroelectricity disappears at the thickness 

of 10 nm 604,605. On the contrary, Liu et al. reported the 

nanoflakes show clear hysteresis loops down to the thickness of 

4 nm, in which the polarization dependent diodes are shown the 

superior performance with the current on/off ratio ~100 606. 

Furthermore, Deng et al. found the critical thickness for in-plane 

ferroelectricity of CuInP2S6 should be between 90 and 100 nm 607. 

The out-of-plane ferroelectricity of ultrathin CuInP2S6 

nanoflakes seems like still under debate, in which the key 

questions are from polarization screening and interfacial 

chemistry. However, from the views of the device’s application, 

it is clear that the ferroelectric fields of ultrathin MTPs plays an 

important role in affecting the carriers’ transport. 

Wu et al. reported the tunable barrier height by the 

ferroelectric polarization in the asymmetric chromium-

CuInP2S6-graphene devices could be high as 1 eV, thus achieving 

the tunneling electro-resistance of above 107 608. Wang et al. 

reported a negative capacitance transistor based on the 

multilayer MoS2 and ferroelectric CuInP2S6 (20 nm) 

heterostructures, which shows with a minimum subthreshold 

swing of 28 mV·dec−1 and negligible hysteresis thanks to the NC 

effect of CIPS that strongly correlated to interface ferroelectric 

domain switching 609. Niu et al. also presents the pyroelectricity 

of CIPS could be clearly seen at bilayer samples, where the 

pyroelectric nanogenerators also has been fabricated to convert 

the thermal induced charges into electric currents 610. 

Ding et al. firstly predicted the intrinsic in-plane and out-of-

plane ferroelectricity for the zincblende and wurtzite structured 

In2Se3 (α-phase) and other III2-VI3 VDH materials (Al2S3, 

Al2Se3, Al2Te3, Ga2S3, Ga2Se3, Ga2Te3, In2S3 and In2Te3) by the 

first-principles DFT calculations 611. The origin of 

ferroelectricity has been interpreted as the Se atom’s 

displacement in the vertical direction, which also could arouse 

the intercorrelated lock-in in-plane switchable polarization 612. 

Based on the exfoliated and vapor-phase grown α-In2Se3 

nanoflakes, Zhou et al. have clarified the vertical displacement 

of Se atoms by the atomically-resolution TEM imaging and 

revealed its space group as R3m for the first time, and confirmed 

the noncentral-symmetry by second Harmonic generation and 

switchable electrical polarizations by piezoelectric force 

microscopy 612. Subsequently, several groups independently 

reported the layer-dependent ferroelectricity on In2Se3 

nanoflakes even at the monolayer limit, in which the Curie 

temperature Tc, the coercive filed Ec and the piezoelectric 

coefficient were determined with 700 K and 200 kV·cm−1, 0.34 

pm·V−1, respectively 613. Then the ferroelectricity of α-In2Se3 

nanoflakes has applied in the ferroelectric semiconductor field-

effect transistor (FET), tunneling electro-resistance junction 

devices, neuromorphic computing devices and strain sensing 

devices 614–616. Other groups also reported either in-plane 

ferroelectricity or antiferroelectricity on the other polymorphs 

of In2Se3 nanoflakes 617–620. 

The first prediction for 2D ferroelectricity was proposed in 

the Td phase MoS2 monolayer 621. Traditionally only insulators 

could be considered as the ferroelectrics and the ferroelectric 

metal are very rare, because the high concertation of electrons in 

metals or semimetals should screen the external electric fields 

and the polarization between ions. However, it is quite 

interesting that the direct evidence of switchable electrical 

polarization has been confirmed in the semi-metallic and 

metallic 2D materials 622,623. Fei et al. has differentiated the 

polarization switching of two or three-layer WTe2 by the 

 
Fig. 18  (a, b) Top-view and side-view of charge density difference 

between ferroelectric MoTe2 d1T and paraelectric 1T phases (green, 

purple, cyan, orange, and pink colors denote negative charge, positive 

charge, Mo atom, Te atom, and polarization, respectively); (c) PFM 

phase hysteretic and butterfly loops of monolayer d1T-MoTe2; (d) I–V 

characteristic of monolayer d1T-MoTe2 on Pt and inset shows the 

energy diagram of ferroelectric tunneling junction devices 616. 
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conductivity measurements using graphene as an electric gate 

electrode, while the monolayer WTe2 nanoflakes does not 

observed the electric hysteresis loops due to the nonpolar crystal 

structure 622. All of the above results confirm that the electric 

field could penetrate through the ultrathin 2D polar metal to 

switch the electrical polarization and indicate the possibility for 

the integration of ferroelectricity into other physical properties 

and multiple functional devices 622. As shown in Fig. 18, in the 

meantime, Yuan et al. discovered the out-of-plane ferro-

electricity in single-layer 1T' MoTe2 at the room temperature 

(Fig. 18c), in which the origin of symmetry breaking is from the 

relative atom’s displacement of Mo and Te atoms 624. Recently, 

unconventional 2D bilayer Bernal-stacked graphene and boron 

nitride moiré heterostructures were explored with switchable 

ferroelectricity, which is attributed by the introducing 

superlattice potential from the moiré patterns and shows the 

hysteretic resistance behaviors 625. The new ferroelectricity 

mechanism of unconventional, odd-parity electronic ordering in 

the bilayer graphene/boron nitride moiré system has been clearly 

understood 625. The emerging of 2D ferroelectric materials not 

only show us much more rich physical pictures, but also give us 

the potential opportunities for the high-density polarization 

controlled functional devices, therefore which apparently raise 

the important requirements for the large-scale ferroelectric 

phase-controlled synthesis 626–628. 

3.5  Superconductivity 

The emergence of superconductivity in 2D materials has 

attracted tremendous research interests because of the presence 

of unprecedented physical properties. With the first discovery of 

superconductivity in Hg at 4.15 K, the intriguing phenomenon 

has been observed in many other systems. At extremely low 

temperature (less than 40 K), the superconductivity can be well 

explained by the Bardeen-Cooper-Schrieffer (BCS) theory 629, in 

which the famous “Cooper pair” plays an essential role. 

However, this theory fails to explain the high-temperature 

superconductivity (higher than 40 K). Owing to the emerging 2D 

superconductors, researchers can study the intriguing 

superconductivity at the 2D limit with possible tunability, both 

experimentally and theoretically, which could provide new clues 

in high-temperature superconductor research. In this section, we 

review recent advances in the field of 2D superconductors with 

unique characteristics. We first discuss the 2D superconductors 

that can be explained by BCS theory, in which some 

distinguishing properties such as Berezinskii-Kosterlitz-

Thouless (BKT) transition 630, charge density wave (CDW) 

phase 631, and Ising superconductivity 632 will be introduced. 

Next, we review the field of 2D high-temperature 

superconductors, including Fe-based and Cu-based 2D 

superconductors. Finally, we review the unconventional 

superconductivity in moiré superlattices. 

3.5.1  BCS 2D superconductors 

BCS theory 629 describes the “Cooper pair”, paired electrons 

through the electron–phonon interactions, which can be used to 

explain superconductivity below the McMillan limit. With 

advances in fabrication techniques, such as MBE and 

mechanical exfoliation, researchers can now access the 

superconductivity in 2D materials. Fortunately, the BCS theory 

is still applicable in many 2D superconductors, such as metallic 

thin films and TMDs materials. Nevertheless, there are still 

many unique properties emerging in these 2D BCS 

superconductors. In particular, the BKT transition, a topological 

phase transition derived from symmetry broken in terms of the 

vortex, can be treated as the signature of a 2D superconducting 

transition 630. It is worth noting, apart from the superconducting 

phase, that there are many other phases observed with the 

variation of physical parameters in 2D superconductors. Among 

them, the CDW phase, a periodic modulation of electronic 

densities induced by the lattice distortion, is one of the most 

investigated in 2D superconducting systems. Prototypical 

systems include NbSe2 and TaS2 materials 631,633. Understanding 

the relationship between the superconducting phase and CDW 

phase is important for understanding the underlying mechanism 

of superconductivity. However, there are still debates about their 

relationship 634, i.e., whether it is cooperative, co-existing, or 

competitive. Thus, further experiments and theoretical 

calculations are still needed. 

Considering that the time reversal and spatial inversion 

symmetries are preserved in BCS theory, new superconducting 

properties can emerge by breaking inversion symmetry. 

Particularly, in a non-centrosymmetric superconductor with 

strong spin–orbit coupling (SOC), a unique Ising 

superconductivity has been proposed and experimentally 

verified in the NbSe2 system 632. Furthermore, type-II Ising 

superconductivity was recently proposed without the 

participation of inversion symmetry breaking, where spin-orbit 

locking is suggested to play a critical role 635. This type-II Ising 

superconductivity has been verified 636 in few-layer stanene in 

2020. It is important to mention that the quantum transition 

phases 637–639, i.e., quantum metallic ground state, quantum 

Griffith singularity phase and enhancement of the Pauli limit, 

have also been intensively investigated at extreme conditions, 

such as at extremely low temperature and large magnetic field. 

3.5.2  2D high-temperature superconductors 

Extremely low temperatures are required in BCS 

superconductors, which poses the main obstacle for device 

applications. Thus, the search for high-temperature 

superconductors is definitely important. Since the discovery of 

Cu-based high-temperature superconductors in 1986 and Fe-

based superconductors in 2008, this field has received much 

research attention. However, conventional BCS theory fails to 

explain the high-temperature superconductivity. In this case, 

high-temperature superconductors at the 2D limit could function 

as a new platform with fine tunability to investigate the 

underlying mechanism of superconductivity. 

As for Fe-based 2D high-temperature superconductors, FeSe 

on SrTiO3 heterostructure is one of the most investigated 
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systems 640. Notably, only MBE-grown FeSe monolayer on 

SrTiO3 substrates displays high-temperature superconductivity 

with a transition temperature (Tc) of 60–100 K, in which the 

interfacial electron-phonon interaction between the monolayer 

FeSe and the underlying SrTiO3 substrate plays an import role in 

this unique high-temperature superconductivity. However, with 

the increasing number of layers, the Tc drops rapidly and no 

longer behaves as a high-temperature superconductor. Thus, it is 

believed that the monolayer FeSe/SrTiO3 heterostructure system 

is significantly different from previously investigated bulk Fe-

based high superconductors. 

To date, most bulk Cu-based high-temperature super-

conductors are limited to the Bi2Sr2CaCu2O8+x, La2−xSrxCuO4 

and YBa2Cu3O7−x systems. Previous studies demonstrated that 

the high-temperature superconductivity is lifted when the bulk 

materials were exfoliated down to few monolayers. In fact, it is 

caused by the degradation of the exfoliated samples under 

ambient conditions. Recently, monolayer Bi-2212 with good 

conditions 641 (here, the monolayer refers to a half unit cell that 

contains two CuO2 planes) has been successfully prepared on a 

cold stage, which was kept at −40 °C, inside an Ar-filled glove 

box with water and oxygen content below 0.1 ppm. Most 

importantly, monolayer Bi-2212 features all the fundamental 

physical attributes of a high-temperature superconductor, e.g., 

pseudogap, charge order and the Mott insulating state. 

Therefore, the monolayer Bi-2212 can serve as an ideal platform 

to study its high-temperature superconductivity and other 

strongly correlated phenomena. 

In this section, we have given a short and simple under-

standing of the recent developments in 2D superconductors, 

which may stimulate further studies in the area and other 

strongly correlated systems. 

3.6  Magic-angle 2D superlattices 

As the thickness of graphene increases, the electronic band 

structure of graphene would be modified under the influence of 

interlayer coupling. When two graphene layers are stacked 

together, rotation between layers would enable the production of 

moiré superlattices, and the moiré pattern period would be 

determined by the rotation angle. Therefore, by altering the 

periodicity of moiré superlattices accordingly, the rotation angle 

can produce a significant impact on the electronic band 

structures and properties of twisted bilayer graphene 642. In this 

aspect, in the presence of a small twist angle, the strong 

interlayer coupling will induce the dramatic changes in the low-

energy spectrum. As predicted theoretically in 2011 642, when the 

twist angle is close to a discrete set of magic angles (1.05°, 0.5°, 

0.35°, 0.24°, and 0.2°), the Fermi velocity vanishes at the Dirac 

cones, and the lowest moiré band flattens with an enhanced 

counterflow conductivity (Fig. 19a). With slow movement, 

electrons would be localized in the superlattices, which would 

cause the strong correlation in magic-angle superlattice. 

However, after its initial prediction, it was not until the 

sensational discovery by Cao et al. in 2018 107,108 that the 

experimental observation of strongly correlated physics in 

magic-angle twisted bilayer graphene (MATBG) was achieved. 

The fabrication of MATBG devices with uniform twist angle is 

an important issue that needed to be addressed before the real 

experimental progress in MATBG. The accurate control over 

twist angle is the prerequisite to fabricate MATBG devices, 

which was achieved by the “tear and stack” approach, reported 

by Kim et al. and later Cao et al. 643,644. In detail, after tearing a 

monolayer graphene single crystal into two pieces using h-BN 

stamping method, the stamp with one piece of graphene would 

be subsequently used to pick up the other piece on the substrate 

after rotating the substrate by 1.1° (Fig. 19b). Another issue is 

how to avoid the further interlayer rotation of MATBG to form 

the most energetically stable configuration, AB-stacked bilayer 

graphene (zero-twist angle stacking of bilayer structure). To 

achieve this, the fabrication of MATBG devices should avoid 

high temperature, the formation of bubble between two graphene 

layers, and the additional strains. Note that, CVD approach, 

which is suitable for the production of graphene films on a large 

scale, is also capable of growing twist bilayer graphene 645. 

However, it remains difficult to produce twist bilayer graphene 

with fine control over twist angle, especially the magic angle 

near zero, owing to the overwhelming stability of AB-stack 

bilayer graphene. Recent progress in the synthesis of wafer-sized 

graphene single crystals by CVD approaches also provides an 

alternative route to fabricate MATBG on large scale, the vertical 

stacking of wafer-sized single crystals with a controllable 

rotation angle (magic angle) 209. 

By successfully fabricating the MATBG devices, Cao et al. 

experimentally confirmed that when the twisted angle is close to 

the magic angle, the band structure near the Fermi level would 

become flat, as theoretically predicted 107,108. At around 4 K, 

metal-insulator transition was also observed at half filling of the 

flat moiré band, indicating the Mott-like insulator behavior and 

the presence of strong interlayer electrons coupling in MATBG 

(Fig. 19c). Surprisingly, in the temperature-carrier density phase 

diagram, there exists superconducting domes flanking the Mott 

insulator states at low temperature (< 2 K), when tuning the 

Fermi level away from the charge neutrality to be near half-

filling of the moiré band (Fig. 19d). The superconducting states 

were observed both in the MATBG devices with twist angle of 

1.05° and 1.16°, in which the critical temperature of 1.05° 

MATBG device (1.7 K) is higher than that of 1.16° MATBG 

device (0.5 K). The phase diagram is similar with the 

superconducting states that flanks Mott states in the 

unconventional superconductors. The other evidence confirming 

the similarities between MATBG and unconventional 

superconductor is the observed linear-in-temperature resistance 

at higher temperature 648. The superconducting behavior occurs 

in low carrier densities, which is significantly lower than those 

of other 2D superconductors. This makes the MATBG promising 

for the investigation of strongly correlated physics. It should be 

also noted that, the nature of the superconducting states remains 
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unresolved and needs further investigations.  

Afterwards, through the investigation of MATBG by STM and 

STS 649, the changes in DOS caused by the formation of 

superlattices and charge distribution at different filling of moiré 

band were clearly visualized. In detail, a pseudo-gap phase was 

observed at partial-filling of the flat band, which is consistent 

with high-temperature superconductors. In addition, without the 

formation of a perfect twist angle, it is still possible to achieve 

the superconducting states by applying hydrostatic pressure, 

which can reduce the interlayer spacing 650. 

Beyond the twisted bilayer graphene, superconducting states 

and correlated insulator were also observed in ABC-trilayer-

hBN moiré superlattices, in which a vertical displacement field 

enabled the formation of flat band by breaking the inversion 

symmetry and isolating the moiré band 651,652. In twisted AB-

stacked bilayer structure with magic angle, the similar correlated 

insulating states were achieved by several research groups 653,654, 

and in contrast with MATBG, there was residual resistance after 

the superconducting-like transition. Recently, displacement 

field-tunable superconductivity with a maximum critical 

temperature of 2.1 K was realized in the heterostructure 

composed of three graphene layers that were stacked with 

alternating twist angles of 1.56° 655. 

After the observation of the superconducting states in 

MATBG, Sharpe and coworkers 538 reported the observation of 

stable ferromagnetism in MATBG when the moiré unite cell is 

three-quarters filled. The longitudinal and Hall resistance as 

functions of carrier densities or vertical displacement field 

exhibited several additional resistance peaks at the filling of 1/4, 

1/2 and 3/4 (Fig. 19e). Only at the three-quarters filling region, 

in the magneto-transport results, the resistance exhibited a 

hysteretic behavior under the external magnetic field (Fig. 19f). 

Although the hysteresis can be observed over a wide range of 

displacement field, it should be noted that, it only appears near 

 
Fig. 19  (a) The moiré patterns formed in the twisted bilayer graphene (left). The calculated band energy of the twisted bilayer graphene with  

twist angle of 1.05° using an ab initio tight-binding method (right) 646. (b) Schematic illustration of the “tear and stack” approach for fabricating  

the MATBG; (c) measured conductance of MATBG device with a twist angle of 1.08° at the temperature of 0.3 K, the lighter-shaded regions  

denote the locations of superlattice gaps, while the darker-shaded regions highlight the half-filling states; (d) measured Resistance as  

function of temperature and carrier densities of the MATBG device with twist angle of 1.08°; (e) measured Rxx as function of carrier density and 

perpendicular displacement field (D) (Top), inset: the OM image of as-fabricated MATBG device, line cut of Rxx as function of carrier density at  

D/D0 = −0.22 V·nm−1 (bottom); (f) magnetic field dependence of Rxx and Rxy with n/ns = 0.746 (three-quarter filling) and D/D0 = −0.62 V·nm−1 at  

30 mK, the solid and dash line correspond to the results measured while sweeping the magnetic field up and down, respectively 647. 
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the three-quarters filling of the conduction moiré band. In 

addition, this ferromagnetism is sensitive to the current 

direction, enabling the formation of hysteresis loop between ±50 

nA dc bias. Later, well-developed quantum anomalous Hall 

effects was observed in the MATBG system, in which the 

quantum anomalous Hall effects should be the result of 

ferromagnetic topological insulator (Chern insulator) 656. 

The advent of MATBG-based research has already brought 

many exciting breakthroughs and discoveries in the scientific 

community. The future research might focus on the construction 

of theories to understand the nature of superconducting 

behaviors of MATBG. It would also be promising that we can 

produce new superlattice using other emerging 2D materials, 

including 2D superconductors and 2D magnetic materials. 

3.7  Chirality 

3.7.1  General concepts of 2D chirality 

Chirality is a basic property of nature and exists at various 

scales from subatom to molecule, supramolecule, nanoscale, 

macroscale and even to the galaxy 657. The chirality at a 

molecular level is strongly related to the biological structures 

and functions which controls the DNA duplication and protein 

folding as well as enzymatic catalysis. Thus, the synthesis of 

chiral molecules, drug discovery and the understanding of their 

interaction with the biological systems has long been the main 

topic of chirality research. On the other hand, chiral molecules 

can rotate the polarization plane of light when the light passes 

through the substance, thus leading in a series of unique new 

properties in materials. Therefore, a deep understanding of 

chirality at the molecular to nanoscale level will add new values 

of chirality to the materials. For example, the chirality of the 

carbon nanotube determines their metallic or semi-metallic 

properties. Accordingly, when chirality meets 2D materials, 

many new chirality-related issues would emerge. The integration 

of chirality will endow 2D materials with advanced chiroptical 

properties including electronic/vibration circular dichroism 

(ECD/VCD), Raman optical activity (ROA), circularly polarized 

luminescence (CPL) and so on. These properties not only 

provide new insights into the material chirality but also afford 

potential functional applications. This has been well exemplified 

by the recent achievements in the syntheses of chiral 2D 

materials and application developments in the fields of chiral 

recognition/sensing, asymmetric catalysis, enantioselective 

separation, pharmaceutical chemistry, biological application, 

optics, and electric and spintronic devices and so on. As an 

emergent class of 2D materials, many topics have been 

documented. For example, Dong et al. 658 reviewed the 

construction, optical properties, and electronic properties of 

novel chiral perovskites and Long et al. 659 provided a 

comprehensive summary of the optoelectronic activities and 

applications. Dang et al. and Ma et al. supplemented informative 

discussions on recent advances of chiral perovskites with an 

emphasis on crystal structures and underlying chirality transfer 

mechanism, respectively 660,661. Zhao et al. reviewed the 

structures, properties and applications of chiral graphene hybrid 

materials 662. Fig. 20 summarizes the main topics related to the 

chiral 2D materials. Here, we just address some basic issues 

covering the origin of chirality and some typical functional 

applications of chiral 2D materials with the application focus on 

chiral 2D perovskites. 

So far, many types of 2D materials have been fabricated into 

chiral ones, including the 2D perovskites 302,663–670, graphene 671–673, 

TMDs 674–677, 2D organic nanoassemblies 678 and many more. A 

key scientific issue is how the chirality is originated and how to 

endow the 2D materials with chirality. Essentially, the synthesis 

of chiral 2D materials can be produced with or without the 

introduction of chiral species. When chiral species are 

participated in generating chiral 2D materials, these chiral 

molecules can be covalently, non-covalently or coordinated to 

the surface or inserting into the layers of 2D nanomaterial. 

Depending on the types of 2D nanomaterials, different ways of 

synthesis can be used. For 2D perovskites, the introduction of 

chiral amines, either on the surface on inserting into the layers is 

efficient inducing the chirality. In this case, amines are used one 

of coordination components and play important role in inducing 

chirality as well as their chiroptical performances. Till now, 

various types of chiral amines have been used 666,679–681. For 

chiral TMDs, the surface modification by chiral molecules is 

frequently used. L- or D-cysteine and related sulfur-containing 

chiral molecules are mostly used as the chiral modifiers 676,677. 

For graphene and its analogues, GO and rGO, the modification 

by chiral species is frequently used and a large number of chiral 

molecules can be selected 682–684. Besides typical inorganic 

nanomaterials, supramolecular chiral 2D materials have also 

attracting great interest. Using Bottom-up strategy and the 

elegant design of the starting building blocks, supramolecular 

2D nanosheet, 2D COFs have been fabricated and unique 

properties are shown 685. 

 
Fig. 20  Main topics related to the chiral 2D nanomaterials. 

ORD: optical rotatory dispersion; ECD: electronic circular  

dichroism; CPL: circularly polarized luminescence;  

VCD: vibration circular dichroism; ROA: Raman optical  

activity; SHG: Second-harmonic generation. 
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However, upon interaction of the chiral molecules and the 

achiral 2D materials, the chirality is not always produced. Four 

different induction mechanisms of chirality generation in chiral 

2D materials can be summarized as follows: (i) chiral molecules 

induce crystallization into individual chiral structure; (ii) 

electronic interactions induced by the large dipole moments 

between the chiral molecules and achiral structure; (iii) an 

achiral core and a chiral surface induced by chiral distortion or 

chiral ligand aggregation; and (iv) achiral nanomaterials-based 

chiral self-assembly 686–690. These formation mechanisms of 

chirality are essential for the future designs and performance 

improvements of chiral 2D materials. 

3.7.2  Some typical application of chiral 2D materials 

3.7.2.1  Chiral graphene 

Graphene is the most famous 2D materials. Although twisted 

stacking and buckling can cause intrinsic chirality into 

graphene 691–693, direct introduction or post modification of 

chiral small molecules or chiral macromolecules is the most 

powerful way of fabricating 2D graphene and its analogy (e.g., 

GO and rGO) 672. The 2D graphene are more investigated in their 

chemical and biological applications rather than photonics. The 

structures, properties, and chirality of graphene-based chiral 

materials have recently been reviewed 662. It appears that the 

chiral hybrid materials can demonstrate promising applications 

in nearly all specific areas related to chirality, including 

asymmetric catalysis, enantio-differentiating detection, and 

enantioselective crystallization, biological applications and 

luminescent materials. It should be addressed that many of 

properties of 2D graphene can be rather like a larger pi-conjugate 

and many functional materials can be developed. 

3.7.2.2  Chiral TMDs 

TMD semiconductors have shown a wide range of 

applications in spintronics and electronic devices. Among the 

family of TMDs, MoS2 is particular interest as a chiral material. 

For example, Purcell-Milton et al. reported the fabrication of 

chiral MoS2 nanosheets based on sonication-assisted exfoliation 

using the chiral ligands like cysteine and penicillamine 676. 

Combined with the theoretical calculation, they showed that 

circular dichroism (CD) of 2D nanosheets arises from folding in 

preferential direction induced by chiral ligands. Additionally, 

Lin et al. demonstrated circularly polarized (CP) photolumine-

scence from the atomic layers of WSe2, which was precisely 

controlled with chiral metamolecules (MMs) and results in 4-

times enhancement in optical chirality 675. Both the enhanced 

and reversed CD had been achieved. However, in comparison 

with the other system, there are still fewer reports on TMDs. 

3.7.2.3  Chiral 2D perovskites 

Chirality can be introduced from chiral molecules into halide 

perovskites, leading to a series of physical features, including 

CD, CPL, nonlinear optics, ferroelectricity, photovoltaic effects, 

spintronics and ferromagnetism (Fig. 21). Billing and Lemmerer 

first reported chiral 1D hybrid inorganic-organic perovskites in 

as early as 2003 and gave insight into the crystalline structure of 

a series of chiral perovskites in 2006 and 2013 694–696. 

In 2017, the CD optical behavior of chiral 2D perovskite films 

were explored 686. Subsequent studies further demonstrated that 

the chiroptical properties of chiral perovskites can be generated 

by the incorporation of organic cations and be manipulated by 

changing the chemical compositions, crystal orientations, film 

thicknesses, and electronic band structure 666,679,686. Based on the 

chiroptical properties, chiral perovskites-based circularly 

polarized light detection was achieved without requiring extra 

optical elements, and thus is promising for integrated and flexible 

devices 697,701–705. Besides the differential absorption of left- 

handed and right-handed circularly polarized lights (LCPL and 

RCPL), the differential emission of LCPL and RCPL in chiral 

HOIPs have been also widespread realized without an external 

magnetic field 688,697,701,706,707. Since the mole fraction of the 

chiral ligands was positively associated with chirality in chiral 2D 

perovskites, pure chiral 2D perovskites exhibit the largest 

chiroptical activity and circularly polarized electroluminescence 

enable room-temperature spin-polarized light-emitting diode 

(LED) 698. In addition, the incorporation of chiral cation can result 

in broadband white-light emission, which can be ascribed to the 

synergetic effects of the organic component and self-trapped 

excitons induced by the incorporation of organic molecules 708. 

The non-centrosymmetric chemical structure of chiral 

perovskites implies their potential in nonlinear optics 

applications. Second-harmonic generation (SHG), a special type 

of the second-order nonlinear optics response, was first 

performed in chiral 2D perovskite nanowires (R- and S-

MPEA)1.5PbBr3.5(DMSO)0.5 and thereafter in various chiral 

perovskites 699,709–714. Those studies shown that SHG signals 

always depend on polarization, particle size, temperature or 

 
Fig. 21  Physical properties of chiral perovskites. 

Top left panel reproduced from Ref. 697. Top right panel reproduced 

with permission from Ref. 698, Copyright 2021 American Association 

for the Advancement of Science. Bottom left panel reproduced with 

permission from Ref. 699, Copyright 2019 John Wiley and Sons. Bottom 

right penal reproduced with permission from Ref. 700, Copyright 2020 

American Chemical Society. 
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wavelength. Therefore, inherent non-centrosymmetric crystal 

structure renders chiral perovskites promising candidates for 

nonlinear optics-associated applications. 

Chiral perovskites have also gained tremendous research 

attention in electronic properties such as ferroelectrics, 

photovoltaic effects and spintronics. Recent studies have shown 

that the ferroelectric behaviors in chiral perovskites are 

originated from the broken of spatial-inversion symmetry. Yang 

et al. synthesized the first homochiral chiral 2D perovskite 

ferroelectric (R- and S-CMBA)2PbI4 with a high Curie 

temperature of 333 K, which exhibited multiaxial ferroelectric 

characteristics 699. The substitution strategy was applied to 

obtain chiral 1D perovskite ferroelectric with a higher Curie 

temperature 715,716. The utilization of chiral molecules facilitates 

the materials crystallized in the special point groups, allowing 

ferroelectric performance. Moreover, chiral perovskites 

combine polarity and chirality together and thus drive bulk 

photovoltaic effects (BPVE), which can generate a steady-state 

photocurrent without a bias voltage. In 2019, BPVE in a pair of 

chiral-polar perovskites altered by chirality of the assembled 

organic cations has been demonstrated 717. The chiral 

components defined the direction of electric polarization 

produced by the alignment of electric dipole moments in a 

crystal. Later, spin-dependent photovoltaic and photogalvanic 

responses of optoelectronic devices based on chiral 2D 

perovskites were further achieved, leading to the potential 

applications in optoelectronic devices that are sensitive to the 

helicity of the circularly polarized light 718. In those devices, 

chiral molecules break the inversion symmetry and further give 

rise to the chiral-induced spin selectivity (CISS) effect and the 

circular photogalvanic effect (CPGE) response, which result in 

light-helicity-sensitive photovoltaic devices. 

Symmetry breaking in chiral perovskites also contributes to 

spin polarization and subsequent spintronics. It had been verified 

that spin-related CPL emission could be modulated by magnetic 

field 706 and the CISS effect can directly control spin-polarized 

properties in chiral perovskites, which are essential for chiral 

spintronic applications 666,719. Furthermore, the high spin 

polarizations enable chiral perovskites to manipulate the valley 

polarization (average valley polarization surpassing 10%) of 

monolayer TMDs in chiral 2D perovskite/monolayer TMD 

heterostructures via efficient spin injection (average spin-

injection efficiency of 78%) without external magnetic fields 663,670. 

In addition, regulating spin injection in chiral perovskites/ 

monolayer TMD heterostructures by applying an external 

electric and magnetic fields would be expected to greatly 

promote the development of chiral perovskite-based spintronic 

and valleytronic devices. 

CISS effect also plays an important role in the opto-spintronic 

response of chiral perovskites. Recently, magneto-optical 

detection of photoinduced magnetism via CISS in chiral 2D 

perovskites/ferromagnetic NiFe heterostructures has been 

investigated, which laid a foundation for the primary exploration 

of magneto-optical and spintronic applications 720. Afterwards, 

the breakthrough of the first chiral 2D perovskite ferromagnets 

(R-/S-MPEA)2CuCl4 with clear ferromagnetic behaviors further 

revealed the potential of chiral perovskites for opto-spintronic 

applications 700. Undoubtedly, the outstanding physical 

properties of chiral perovskites offer an advantage in various 

applications especially in next-generation optoelectronic and 

spintronic devices. 

3.7.2.4  Other chiral 2D materials 

g-C3N4 is also a well-developed 2D materials that 

demonstrates chirality. Chen et al. fabricated a mesoporous 

chiral nematic g-C3N4 for efficient hydrogen evolution, which 

could be modulated by polarized light 721. It was found that the 

mesoporous nematic chiral g-C3N4 shows a high enhancement 

factor of 55 in hydrogen evolution in nematic chiral g-C3N4 than 

that in the bulk g-C3N4. Most interestingly, the chiral g-C3N4 

material shows unique photocatalytic activity, which is 

modulated by CPL within the absorption region. Besides, the 

self-assembled organic 2D materials have also attracting great 

interest. Shen et al. have reviewed the recent progress in 

supramolecular 2D materials 678. The easy design of the building 

blocks and the unique structural properties of the chiral 2D 

materials open new avenue in broad applications such as 

enantiomeric separation, asymmetric catalysis, and 

optoelectronic devices. 

4  Potential applications 
4.1  Electronics 

4.1.1  Fabrication and architecture of 2d field-effect 

transistors 

The metal-oxide-semiconductor field-effect transistor 

(MOSFET) is widely used in both analog and digital circuits. 

Depending on the channel polarity of MOSFETs, they can be 

divided into n-channel type with most electrons and p-channel 

type with most holes, which are usually called n-MOSFETs and 

p-MOSFETs, respectively. Moore’s law has supported the 

global information technology industry to nearly double the 

performance and functionality of integrated circuit every two 

years within a fixed cost and area. However, with the 

development of Moore’s law, the decreasing trend of node series 

and size becomes slower. Traditional silicon-based semicon-

ductors are difficult to meet the requirements of International 

Technology Roadmap for Semiconductors (ITRS). Because of 

atomic-scale thickness, 2D materials benefit from dangling-

bond-free surfaces and from good gate control ability in 

electronics application. Black phosphorus, like other 2D 

semiconductors, exhibits the steep subthreshold swings due to 

the suitable band gap. Moreover, black phosphorus holds a 

reasonably high mobility (exceed 1000 cm2·V−1·s−1). Taking 

advantage of these exotic features, 2D semiconductors have 

received significant attention in the post-Moore era. Particularly, 

owing to natural passivation and gate electrostatics, 2D field-

effect transistors (FETs) have great potential for next-generation 
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integrated electronics applications. 

4.1.1.1  Status of n-FET and p-FET 

Different from traditional silicon-based FETs, the channel 

material of 2D FETs is usually 2D semiconductors at the atomic 

level. The metal-oxide-semiconductor capacitor locates in the 

center of the device is the core of the FETs. Metal electrodes are 

usually used for the source and drain, such as Au, Pt, Cu, etc. 

Utilizing the application of a gate voltage that passes through the 

2D channel, the current is controlled between the source and 

drain electrodes. On the one hand, the gate voltage can generate 

a transverse electric field that depletes the carrier channel. Then, 

there is no current flow between the source and drain electrodes, 

namely off-state. On the other hand, the transverse electric field 

also can enhance the concentration of carriers to allow current to 

flow in the channel region, namely on-state. Usually, the off-

state current is as small as possible, and the on-state current is 

larger than 104–105 compared with the off-state current. 

For n-MOSFETs based on monolayer TMDs, the electrons in 

the conduction bands of TMD are the transport carriers in the 

channel region. Analogously, the holes in the valance bands of 

TMD are the transport carriers in the channel region of p-

MOSFETs. Experimentally, the carrier types of 2D channel 

materials can be controlled by doping, passivation, and surface 

modification. When a positive voltage is applied to the gate, the 

negatively charged electrons are attracted to the surface, forming 

channels that allow most of the n-type semiconductor’s carrier 

electrons to flow from the source to the drain. If this voltage is 

removed, the channel cannot form and carriers cannot flow 

between the source and drain, which is the gate voltage that can 

be used to switch the channel on and off. When a negative 

voltage is applied to the gate of p-MOSFET, the holes in the 

semiconductor are attracted to the surface to form channels, and 

most of the carrier holes in the semiconductor can flow from the 

source to the drain. If this negative voltage is removed, or if a 

positive voltage is applied, then no channel can be formed and 

carriers cannot flow between the source and drain. 

Usually, the performance of a FET can be assessed in two 

forms: the output characteristics and transfer characteristics. 

Transfer characteristics, or transfer curves can be obtained by 

plotting drain current (Id) as a function of the gate voltage (Vg), 

often refer to as the Id–Vg curve. At a fixed drain voltage, the 

different gate voltage could change the energy levels, which are 

filled at the injection point of the source electrode. On-state and 

off-state current (Ion and Ioff, respectively) are obtained from 

transfer characteristics. Additionally, the subthreshold slope 

(SS), often used to evaluate the switching speed of the FET, can 

be extracted from the transfer curve. In general, the SS of 

MOSFET can not be lower than 60 mV·dec−1 at room 

temperature (300 K). Output characteristics are obtained by 

drawing drain current (Id) as a function of drain-source voltage 

(Vds). A FET should present Id saturation above certain Vds. In an 

integrated circuit, the constant saturation current with Vds is 

important because devices are interconnected. As a result, even 

when the Vds being supplied to individual device is different, the 

current from each device will remains the same 722. 

4.1.1.2  CMOS demonstration 

n-type MOSFETs and p-type MOSFETs are basic 

components that can be produced on a silicon wafer template. 

Because n-MOS and p-MOS are complementary in physical 

properties, it is called Complementary Metal-Oxide-Semi-

conductor (CMOS). CMOS has the advantage of consuming 

energy only when the transistor needs to be switched on and off. 

Therefore, it saves power and generates less heat, and it is also 

the most basic and commonly used semiconductor device in 

terms of technology. Low static power consumption and high 

noise immunity are two important characteristics of CMOS 

devices. Since one transistor of the MOSFET pair is always at 

off state, the series combination only draws significant power 

momentarily during switching phase between on and off states. 

As a result, CMOS does not generate as much waste heat as other 

forms of logic devices like transistor logic and NMOS logic, 

which usually involves some constant current even outside of the 

switching phase. These features allow CMOS to integrate with 

high-density on a chip. Consequently, CMOS is without doubt 

the most widely used technology in very large-scale integration 

(VLSI) chips. 

4.1.2  Key challenges for 2D electronics 

4.1.2.1  Contact issue 

As the size of transistors continues to shrink, the influence of 

contact resistance (Rc) on the performance of transistors 

becomes increasingly critical, especially the current density 

improvement at the limiting channel size. The main cause of Rc 

is the energy barrier (Schottky barrier) formed between the 

contact metal and semiconductor, owing to the energy difference 

between the work function of the metal and the electron affinity 

of the semiconductor 723. Low Rc is essential in device operation, 

and can be generally achieved via two approaches: (1) reduce the 

Schottky barrier width using highly doped contact; (2) minimize 

the energy barriers for charge carrier transport (Schottky-Mott 

rule) via choosing appropriate metals with work functions 

matching the semiconductor band edges 724,725. In advanced 

microelectronics industry, silicon based devices realize low 

contact resistance (Rc < 0.1 kΩ·μm) and high current density (Ion > 

1 mA·μm−1) by doping the contact region with ion 

implementation. However, 2D materials do not have good 

compatibility with ion implementation because the high energy 

of ion beam will easily destroy the atomically thin lattice 

structure of 2D materials. Although some methods of chemically 

doping the contact region have been developed to reduce the Rc, 

these methods have the disadvantage of being unstable 726. In 

order to achieve Ohmic contact, many metals matched with the 

electron affinity energy of 2D materials are used as the 

source/drain electrodes of the devices 727. However, it is difficult 

to reduce the Schottky barrier and Rc to the ideal level because 

of the unavoidable chemical disorder and Fermi-level pinning 

effect at metal-semiconductor interfaces 728. 
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To address this challenge, many approaches have been 

developed to reduce the Rc of devices. For example, phase 

engineering to create lateral metal-semiconductor-metal hetero-

junctions 373; formation of clean interfaces via vdW contacts 

using graphene and low-melting-point metal 729–732; mechanical 

transfer of metal films and using h-BN as the tunnel barrier 733–735. 

These methods can effectively reduce the Rc, but which are still 

far from the level of silicon-based devices. Recently, researchers 

from MIT and TSMC reported the Ohmic contact between 

semimetal Bi and semiconducting monolayer TMDs where the 

Femi-level pining effect are sufficiently suppressed and the 

degenerate states in TMDs are spontaneously formed in contact 

with Bi (Fig. 22a, b). In this work, they achieved a zero Schottky 

barrier height (Fig. 22c), a Rc of 123 Ω·μm (Fig. 22d) and an on-

state current density of 1135 μA·μm−1 (Fig. 22e) on monolayer 

MoS2, which is a hallmark breakthrough in the field of 2D 

electronics (Fig. 22f) 736. Due to the low melting temperature, the 

issue of reliability and process compatibility of Bi still need to be 

further considered. Nevertheless, achieving similar contact 

resistance with Si CMOS significantly boosts the potential of 

TMDs as channel materials for sub-2 nm technology node. 

4.1.2.2  Doping of 2D semiconductors 

In general, doping of semiconductors has two important 

functions for electronic devices. One is to heavy-doping the 

contact region to reduce the Rc of the device; the other is to 

realize n-type and p-type material features to construct 

complementary circuits. For example, in the 22 nm node Si 

CMOS, the well-designed doping concentration with a relatively 

high value (> 1020 cm−3) under the contact regions and a 

moderate value (~1018 cm−3) within the channel is carefully 

realized using the advanced implementation technique with 

ultra-steep doping profiles 737. Nevertheless, conventional 

doping by ion implantation is not suitable for 2D materials due 

to their atomic thickness 722. Hence, sophisticated doping 

techniques are required to preserve the structure and intrinsic 

properties of 2D materials as well as modulate them according 

 
Fig. 22  (a) Schematic of a 2D FET with a monolayer semiconductor (MoS2) channel and semimetal (Bi) contacts. The degenerate part of  

Bi-contacted MoS2 due to gap-state saturation (GSS) is marked in orange colour. (b) The DOS of semimetal and semiconductor contact.  

Because the Fermi level of the semimetal aligns with the conduction band of the semiconductor, and the DOS at the Fermi level of the semimetal is 

near-zero, conduction-band contributed metal-induced gap states (MIGS) are suppressed and the branching point is elevated into the conduction 

band. The MIGS, now mostly contributed by the valence band, are saturated, leading to gap-state saturation. (c) Arrhenius plots of the Ohmic  

Bi-MoS2 (blue) and Schottky Ni-MoS2 (red) FETs at a carrier density (n2D) of 1.5 × 1012
 cm−2 and VDS of 1 V. A 30-meV and negligible barrier for  

Ni-MoS2 and Bi-MoS2 FETs, respectively, are extracted. (d) Contact resistance (Rc) extraction using the transfer-length method (TLM) for  

Bi-MoS2 FETs on 100-nm-thick SiNx dielectrics. Blue squares and black circles are total resistance vs. channel length at carrier densities of  

5.6 × 1012 and 1.5 × 1013 cm−2, respectively. Inset, False colour SEM image of the TLM structure. Scale bar, 1 μm. (e) IDS–VDS curves of a 35 nm  

LCH Bi-MoS2 FET. VGS changes from −10 V to 30 V with steps of 10 V. Inset, SEM image of the 35 nm LCH device. (f) State-of-the-art contact 

technology for MoS2 transistors plotted as a function of carrier density, showing the respective Rc of various semiconductor technologies  

(Si, III–Vs, and MoS2). The black line represents the quantum limit of Rc 736. 
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to required applications. n-type or p-type doping can be realized 

by substitution depending on the number of valence electrons in 

the dopant atom 738. However, due to the reduced screening in 

atomically thin materials, the ionization energy is much higher 

than in bulk semiconductors, leading to low doping 

efficiency 739. Novel synthetic methods have been developed to 

confront this challenge. For example, the surface doping takes 

advantage of the charge transfer interaction between the host 

material and surface adatoms 726,740, gas molecules and 

supporting substrates 741. Since the dopants lie out of the 

transport pathways of the charge carriers, such modulated 

doping successfully avoid lattice distortion, resulting in high 

carrier mobility. Among them, doping by surface adatoms and 

gas molecules may lead to ideal performance however is not 

practical due to the poor stability. To this end, a promising 

solution would be the incorporation of high-κ dielectrics through 

industrially friendly atomic layer deposition to transfer charge 

from the solid dopants 742. 

4.1.2.3  Mobility engineering 

Carrier mobility is the most important figure of merit for the 

performance of semiconductor devices. Taking monolayer MoS2 

and WS2 as examples, the theoretical phonon limiting mobility 

at room temperature is about 410 cm2·V−1·s−1 743 and 1100 

cm2·V−1·s−1 744, respectively, which are much higher than the 

value of silicon on insulator at the same thickness (Fig. 23c). 

This is a clear advantage of 2D materials for transistor dimension 

scaling and continuation of Moore’s Law. But the experimentally 

measured results are often much lower than the theoretical 

values, which is in practice limited by disorder and the presence 

of scattering sources 745. The intrinsic charged point defects or 

other defects at the semiconductor/dielectric interface or the 

surrounding dielectric media can trap charges or scatter mobile 

charge carriers. At close to room temperature, the intrinsic and 

remote optical phonons in the 2D semiconductor environment 

can further limit the mobility 55. 

In order to improve the mobility of 2D materials, the carrier 

transport process of 2D materials has been analyzed in detail by 

the theoretical model 746. It has been found that the factors 

limiting carrier transmission mainly include intrinsic electron-

phonon scattering 743,747, surface optical phonon 743, coulomb 

impurities 748,749, atomic defect scattering 750 and charge trap 751 

(Fig. 23a). Many approaches have been attempted to improve the 

performance of 2D transistors (Fig. 23c). For example, reducing 

the atomic defects in 2D materials by optimized synthetic 

methods 98,752,753 and by defect repairing 745; in situ annealing in 

vacuum to eliminate the impurities originating from the 

fabrication process or adsorbates from the atmosphere 754; using 

interface engineering (such as high-κ dielectrics 113,755, h-BN 

encapsulation 749,756 and self-assembled monolayer 745) to reduce 

the coulomb scattering by dielectric screening 755. Especially the 

room temperature mobility of monolayer MoS2 can reach ~150 

cm2·V−1·s−1 combining with sulfur vacancy repairing and high-κ 

substrate (Fig. 23b), which is close to the theoretical value 

considering remote optical phonon scattering 757. At present, 

high performance single transistors have been experimentally 

verified, but most of them are based on the preparation of 

 
Fig. 23  (a) Electron transport mechanism in MoS2 channel devices, including electron-phonon scattering, remote phonon scattering, charge 

impurity scattering, defection scattering and electron trap. Reproduced with permission from Ref. 758, Copyright 2017 Acta Physica Sinica.  

(b) Field-effect mobility as a function of temperature for two monolayer MoS2 FETs on HfO2 substrate with thiol treatment under n = 10.5 × 1012 cm−2 

(symbols), together with the best theoretical fittings (solid lines), the calculated CI-limited mobility (dashed lines), and the calculated phonon-limited 

mobility (black dotted line). Reproduced with permission from Ref. 757, Copyright 2018 John Wiley and Sons. (c) Mobility vs. semiconductor channel 

thickness, covering silicon on insulator, some promising 2D materials 5. 
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mechanically exfoliated samples 736,757. How to achieve the 

performance of large-area thin film transistor arrays is urgently 

need to be considered by optimizing CVD or MOCVD growth 

processes 742. 

4.1.2.4  Gate dielectrics 

The dielectric-semiconductor interface has been a central 

topic not only for conventional Si but also for the emerging 2D 

semiconductors. The utilization of high-κ dielectrics on thin 2D 

layers is critical to the application of 2D FETs in advanced 

technology nodes, where the criteria of the high-κ dielectrics are 

similar to the Si FETs, such as good dielectric integrity and 

wafer-scale uniformity, ultrathin electrical thickness for 

avoiding short-channel” effects, scalable deposition for top-gate 

devices, and low defects density in 2D-dielectric interfaces. To 

achieve high electrical performance in either planar FETs, 

FinFETs or stacked nanosheet FETs 759, it is critical to have the 

top-gate or gate-all-around process compatibility. Therefore, 

high-κ oxides based on atomic layer deposition (ALD) are still 

the most promising dielectrics for 2D FET applications. 

The surface of 2D semiconductors such as TMDs is in 

principle free-of dangling bonds, which makes the seeding of 

ALD oxides challenging. Various approaches have been 

proposed to overcome the issue. Treatment on surfaces to 

generate reactive sites and improve precursor wetting on 2D 

layers: A variety of surface treatment methods have been 

reported, including UV-ozone 760 and exposure with different 

plasma gases (H2, O2, H2 etc.) 761,762. However, these methods 

typically introduce damages to the 2D lattices, leading to 

deterioration in electrical quality. Extended studies involve the 

modification of conventional ALD process to improve the high-

κ deposition. Low-temperature physical adsorption of H2O and 

ALD precursors was used for nucleation and a continuous Al2O3 

gate oxide with a thickness of less 10 nm on WS2 was achieved 763 

as shown in Fig. 24a. Adding a buffer layer to promote seeding 

and avoid damages on 2D: There has been demonstration on the 

deposition of thin metal seed layer on 2D followed by mild 

oxidation to form a seeding oxide layer 764 and the potential 

damages of 2D were likely related to the initial metal deposition 

step. Other approaches using organic film or molecules have led 

to success to avoid damages on 2D layers owing to their low-

temperature processes 765 although there might be concerns on 

the controllability of the molecular deposition. A recent work by 

Li et al. has demonstrated the use of the vapor-phase-deposited 

PTCDA molecules as the seeding layer followed by ALD HfO2 

to achieve a high-κ oxide with an EOT of ~1 nm film (Fig. 24b) 766. 

The reliability of the ultrathin oxides by this approach has also 

been demonstrated promising 767 if it can be reproduced more 

broadly. 

4.1.3  Emerging computing technology based on 2D 

materials 

With many unique electronic and optoelectronic 

properties 768,769, 2D materials are promising for emerging 

computing technologies. In this section, we will provide a brief 

overview of recent progress in 2D material-based logic circuits, 

neuromorphic computing. 

4.1.3.1  Logic circuits 

The excellent electrostatic control of electrical field over the 

atomically-thin channel enables 2D materials to be useful not 

only for ultra-scaled FET 770 and logic circuits 94,771–776, but also 

in drastically simplifying the complex design of conventional 

silicon-based circuits 777–787. Most of semiconducting TMDs are 

intrinsically n-type doped and can be used for the fabrication of 

 
Fig. 24  (a) Schematic layer structure, AFM topography image and the TEM cross-sectional image of the Al2O3 nucleation layer grown on  

WS2 layers with 20 ALD cycles at 50 °C with a short N2 purge time of 1 s. Reproduced with permission from Ref. 763, Copyright 2020 American 

Chemical Society. (b) Schematic of using evaporated PTCDA molecular layer as the seeding layer for growing ultrathin HfO2 ALD oxides as  

shown on the cross-sectional TEM images. Reproduced with permission from Ref. 766, Copyright 2019 Springer Nature. 
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n-type FET (Fig. 25a). Integrating a large number of n-type FETs 

allows for the realization of logic circuits with complex 

functions 94,771–774. As shown in Fig. 25b, a 1-bit microprocessor 

consisting of 115 CVD-grown MoS2 film transistors was 

successfully demonstrated 773. With further advances in the CVD 

synthesis of wafer-scale 2D materials, higher density integration 

of MoS2 transistors (i.e. 1518 devices per cm2) has been 

demonstrated for flexible integrated logic circuits applications 

including five-stage ring oscillators 774. In addition to the widely 

used CVD method, solution-processable 2D semiconductor 

nanosheets have been used for high-performance large-area 

logic circuits, opening up an alternative way for scalable 

fabrication of large-area arrays of 2D FETs 94. Alternative to 

conventional size downscaling, improving area-efficiency may 

offer another promising solution to improve the performance of 

logic circuits. By using two surface channels of individual 2D 

semiconductors, dual-gate single devices can serve as distinct 

logic gates with higher area-efficiency than silicon-based 

circuits (Fig. 25c) 785,787. Changing the dual-gate geometry into 

splitting gate architecture, 8 different switching states can be 

realized in the ambipolar WSe2 material based electrically-

tunable homojunction devices (Fig. 25d), which is desirable for 

constructing reconfigurable multifunctional logic circuits in a 

high area-efficiency manner 783. Similarly, 2D semiconductor 

heterostructure based multifunctional logic circuit (i.e. three-

value logic inverter) was reported by using gate-tunable band 

alignment, showing great potential for future logic 

applications 778,788. 

4.1.3.2  Neuromorphic computing 

Nonvolatile memory devices are the building block for in-

memory computing and neuromorphic computing 788–790, which 

hold promise in solving the challenges associated with the von 

Neumann bottleneck. As one typical nonvolatile memory, 

silicon-based flash memory devices have been commercialized, 

but suffering from the issues of slow writing/erasing speed. By 

employing the high-quality interface and suitable band offset of 

vdW heterostructures (vdWHs), around 20 ns writing/erasing 

speed has been recently achieved in the vdWH based floating 

gate transistors (FGT), which is orders of magnitude faster than 

that of the traditional silicon-based floating gate devices (Fig. 

26a) 791–793. When such atomically thin 2D materials based 

floating gate transistor is used as the memory element, it is 

suitable for designing a programmable inverter and 

implementing more complex programmable logic circuits for 

future low-power electronics 794. Thermal stability is critical to 

the robust operation of the nonvolatile memory devices. 

Traditional silicon-device cannot be operated above 200 °C 

without any cooling, limiting their applications in high-

temperature electronics. Wang et al. for the first time fabricated 

the graphene/MoS2−xOx/graphene vdWH robust memristor with 

operating temperature up to 340 °C (Fig. 26b) 795, by 

exploiting superior thermal and chemical stabilities of graphene 

 
Fig. 25  Logic circuits based on 2D materials. (a) The schematic of a typical n-type FET. (b) A 1-bit microprocessor based on 115 CVD-grown MoS2 

transistors 773. (c) High-efficiency logic gate circuit based on 2D materials 787. (d) Reconfigurable logic circuit based on 2D ambipolar transistors 783. 

 
Fig. 26  Neuromorphic computing based on 2D materials. (a) The schematic of a typical floating gate transistor 791.  

(b) Robust memristor based on graphene/MoS2−xOx/graphene vdWH 795. (c) Atomristor based on monolayer MoS2;  

reproduced with permission from Ref. 799, Copyright 2018 American Chemical Society. 
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and MoS2. The memristive behavior was also observed in few-

layer 2D insulator h-BN, which had been used to emulate 

synaptic behaviors 796,797. By further reducing down to 

monolayer, the memristive behaviors have been recently 

demonstrated in many 2D semiconducting materials and 

vdWHs, which are attributed to different working mechanisms 

(Fig. 26c) 798,799. Besides the reported field-driven ionic 

migration mechanism, field-driven lateral migration of grain 

boundary in the polycrystalline 2D semiconducting materials 800 

and field-driven structural phase transition in 2D thin films 801 

have also been utilized for the implementation of memristive 

devices for neuromorphic computing. 

4.2  Optoelectronics 

4.2.1  Categorization and figure of merit for 

optoelectronics 

4.2.1.1  Categorization of optoelectronics 

4.2.1.1.1  Photodetectors 

The photodetector is a type of device which converts a light 

signal into an electrical signal and plays an important role in 

various applications, such as imaging, temperature measurement 

and fire alarm. According to the wavelength of the incident light, 

photodetectors include ultraviolet, visible, and infrared 

detectors. On the other hand, due to different photocurrent 

generation mechanisms, two kinds of photodetectors are 

introduced. One is a photon detector, in which the photon makes 

free carriers in semiconductors transit, including the 

photoconductive effect, photovoltaic effect, and photogating 

effect. The other is related to the thermal effect, including the 

photothermoelectric and bolometric effect 802. 

For example, Lv et al. reported 2D homojunction diodes and 

multifunctional devices based on the spatially controlled 

ferroelectric domains 803. A MoS2 lateral homojunction device 

was obtained by a probe technique. MoS2 homojunction 

photodetector exhibits an obvious photoresponse under 520 nm 

laser illumination. The open-circuit voltage is over 0.6 V. 

Atomically thin 2D heterojunctions with vdW heterointerfaces 

are fabricated. However, due to serious interlayer Shockley-

Read-Hall (SRH) and Langevin recombination, thin 2D 

heterojunction devices don’t meet the requirements of electronic 

and optoelectronic applications 804. Tan et al. also demonstrated 

a WSe2/PtS2 vdW tunneling heterojunction because PtS2 is 

narrow-bandgap 2D material with high mobility 805. The reverse 

rectification ratio of WSe2/PtS2 is over 108. Compared to 

conventional semiconductors-based backward diodes, vdW 

tunneling diodes exhibit a higher rectification ratio and show 

great potential in high-speed and low-power devices 806,807. On 

the other hand, Wu et al. designed a unilateral depletion structure 

based on AsP and MoS2. A unilateral depletion can effectively 

reduce the severe interface recombination. Furthermore, a 

narrow bandgap AsP is an excellent contact layer. Finally, a high 

external quantum efficiency of 71% and a fast response time of 

9 μs are obtained 808. It is noteworthy that Chen et al. design a 

novel vdW nBn structure 809. A thick h-BN is inserted and used 

to block the major carriers. nBn WS2/h-BN/PdSe2 devices with 

perfect interfaces are achieved. Since a large conduction band 

barrier of h-BN exists, the major carrier-electrons in WSe2 and 

PdSe2 do not transport. Therefore, the dark-current of WS2/h-

BN/PdSe2 photodetector is severely suppressed in contrast to 

that of vdW junction devices. Further, WS2/h-BN/PdSe2 exhibits 

an obvious superiority in light on/off ratio. 

4.2.1.1.2  Photovoltaic devices 

Photovoltaic processes mainly occur in the junction (p-n 

junction or Schottky junction) 810,811. During irradiation, 

electron-hole pairs (photogenerated carriers) are generated from 

incident photons with energy equal to or higher than the 

semiconductor bandgap. Due to the internal electric field of the 

junction, electron-hole pairs are separated and can be collected 

by the electrodes to generate electricity, so the device’s I–V curve 

will be shifted vertically when exposed to light. Under the 

working condition, the maximum output voltage generated by 

the device in the open circuit state is called the open circuit 

voltage, and the maximum output current of the device when the 

external circuit load is zero is called the short-circuit current. In 

order to make a quantitative performance evaluation of 

photovoltaic devices, one of the important characteristic quality 

factors is the filling factor (FF), which is defined as the ratio of 

the maximum available power and the product of the open-

circuit voltage VOC and short-circuit current ISC. FF represents 

the ratio of the maximum power output by the device to the 

theoretical power. The formula is expressed as 

FF = Pmax/VOCISC 

where, Pmax is the maximum power obtained. The shunt 

resistance RSH = dV/dI is mainly related to carrier compound 

loss, and the device characteristic resistance is RCH = VOC/ISC. FF 

can be further improved by lowering the parameter of RCH/RSH. 

In addition, the power conversion efficiency (PCE), which is the 

percentage of the power of the incident photon converted to 

electrical power, can also be used as a device performance 

criterion. PCE can be calculated by the following formula: 

PCE = Pmax/Pin 

where Pin is the input power. In fact, the atomic thickness of 2D 

crystals makes them extremely sensitive to the surroundings 

environments. In photovoltaic devices, the defects and unwanted 

interface states can not only significantly limit carrier mobility, 

but also act as recombination centers for the photogenerated 

electrons and holes, seriously affecting the device’s internal 

quantum efficiency and overall performance 812,813. 

4.2.1.1.3  Optical modulator and lasers 

Optical modulator is a key functional device in optical fiber 

communication network and optical interconnection. At present, 

people have put forward higher requirements for such devices in 

terms of speed, volume, power consumption, integration and so 

on. When 2D materials are used to make modulator, the 

absorbance of the material is controlled by electric field: the 

absorption characteristics of 2D materials are changed by using 

different voltages to achieve the purpose of modulation 814. The 
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refractive index of a material can usually be written in the form 

of a complex refractive index: 

n = nr + ini 

where nr represents the real part of the refractive index and ni 

represents the imaginary part of the refractive index. Both the 

real part and the imaginary part are changed by voltage 

regulation. If the voltage is used to change the real part of the 

refractive index, the phase of light transmission in the medium 

will change to some extent, and a phase-type modulator can be 

made. In addition, a better modulation effect can be obtained by 

enhancing the interaction between the light field and the 2D 

material. The integrated optical modulator with high modulation 

speed, small size and large bandwidth is expected to be a low 

power device for optical interconnection. By integration of 

modulator and photodetector into waveguide or fiber laser 

system, high performance ultrafast laser can be realized to 

produce ultrashort, low loss and wide-band laser. The 

modulation part can control the laser stability by active mode 

locking, while the detection part can provide feedback of the 

laser stability. 

In fact, the fundamental cause of modulator operation depends 

on the nonlinear optical properties of the material which 

originates from the non-resonant motion of bound electrons 

under the applied electric field 815. Thus, the formulas for 

simulating the linear and nonlinear responses under the applied 

electric field, E, can be expressed as: 
(1) (2) (3)

0 ( : )P E E E            

where ε0 is vacuum permittivity, the main factor that concerns 

the optical nonlinearity of materials is the third-order 

susceptibility χ(3). The real part of χ(3) is related to the nonlinear 

phase transition of incident light field caused by material, which 

is known as Kerr effect. 

The laser mainly consists of a gain medium which can 

produce photons, an optical resonator which can make photons 

get feedback and can resonate and amplify in the gain medium, 

and a pump source device which can make the medium in the 

excited state. Due to the strong exciton-photon interaction, the 

thin layer 2D semiconductor material can be used as the gain 

medium, and different resonator structures can be designed to 

obtain ultra-low threshold and ultra-fast optical/electrically 

modulated lasers 816–820. The laser also can be controlled by 

passive mode-locking without adding a modulator in the fiber. 

Its basic principle is to use of optical fiber nonlinear effect on the 

dependence of the intensity of the input pulse, and the effect can 

be equivalent to a saturated absorber effect. It is equivalent to a 

special material that has a smaller absorption coefficient for a 

larger light intensity and a larger absorption coefficient for a 

smaller light intensity. Thus, the optical pulse can be narrowed. 

Therefore, it is modeled as 

s
ns

sat

 = +
1+ /

α
α α

I I
 

where αns is non-saturable loss and αs is modulation depth 

(saturable loss), Isat is the saturation intensity. 

4.2.1.2  Figure of merit of optoelectronics based on 

photocurrent generation mechanisms 

4.2.1.2.1  Photoconductive effect 

For the photoconductive effect, the photogenerated excess 

carriers make free carrier concentration in semiconductors 

increase, as illustrated in Fig. 27. The excess carriers are driven 

and collected under the applied bias thus forming the 

photocurrent. For instance, the device possesses a small dark 

current in dark conditions. When the device is illuminated, 

electron-hole pairs produced by the absorbed photons are 

separated by the applied bias and collected by the electrodes, 

respectively. The photocurrent of the device is larger than the 

dark current. It is worth noting that the photocurrent of 

 
Fig. 27  (a) Schematic image of PC detector. (b) The energy band structure of PC devices with and (c) without illumination.  

(c) Typical output characteristic (I–V) curves of PC device in dark and light states and photogenerated current Ip as a function of bias voltage.  

(d) Typical transfer characteristic (I–Vg) curves of PC devices in dark and light states. (e) Two key parameters (Responsivity and  

Detectivity) of a detector as a function of wavelength. (f) A key parameter (Response speed) of a detector with two typical presentations. 
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photoconductive effect has to be produced with an applied bias 

voltage. 

4.2.1.2.2  Photovoltaic effect 

The photogenerated electron-hole pairs are separated and 

accelerated by the built-in electric field of a Schottky or p-n 

junction. The direction of the junction determines the direction 

of the photocurrent. The junctional devices have a low dark 

current and fast response speed due to the built-in electric field. 

Thus, this kind of device often works under zero or reverse bias. 

Meanwhile, a higher quantum efficiency could be realized. By 

fabricating heavily doped p-n junctions, the avalanche 

photodiodes can be obtained, which are used to detect weak 

light, even down to single photon.  

4.2.1.2.3  Photogating effect 

It is actually a special case of the photoconductive effect. The 

corresponding devices are considered photoconductive 

photodetectors. Since low-dimensional materials have a higher 

defect concentration, this effect is introduced. Generally, the e-h 

pairs are produced under illumination. If the photogenerated 

electrons or holes are trapped in the defects or the adjacent 

semiconductor layer. These charged defects could act as an 

external and local gate, which would change the channel 

conductance. The devices usually possess higher responsivity 

and gain due to a long carrier lifetime. 

4.2.1.2.4  Photothermoelectric effect 

It is a thermal effect caused by the localized lighting that 

results in a temperature gradient across the device, when the spot 

of the illumination is smaller than the size of the channel. This 

temperature difference would result in a thermoelectric voltage. 

Alternatively, temperature gradient on the channel could also be 

induced under a globe lighting when the light absorption at 

different parts of the device varies. The produced thermoelectric 

voltage is often small and changes from µV to mV. It is closely 

related to the Seebeck coefficient of semiconductors and metals 821. 

4.2.1.2.5  Bolometric effect 

The bolometric effect refers to the phenomenon that the 

resistivity of a temperature-sensitive material increases or 

decreases when the materials are illuminated and heated by a 

uniform light. The photocurrent caused by the bolometric effect 

changes linearly with the applied bias voltage. The key 

difference between PTE and PBE is that the PTE photocurrent is 

self-driven, which is similar to that in photovoltaic devices, 

while PBE photocurrent could be only observed under applying 

external bias. 

4.2.2  Key challenges for optoelectronics 

4.2.2.1  Wide and narrow bandgap 

Although 2D optoelectronics have been developed rapidly in 

recent years, there are still several key challenges for 2D 

optoelectronics. Among 2D materials, those 2D materials with 

wide bandgaps (3 eV) and narrow bandgaps (< 1 eV) usually 

exhibit more attractive optical properties. Taking photodetection 

as an example, 2D semiconductor materials (Fig. 28a) with wide 

bandgaps can be used for ultraviolet (UV) photodetection due to 

the band-absorption cut-off wavelength. Yang et al. reported UV 

photodetection under 325 nm based on 2D GeS2 with a bandgap 

of 3.71 eV (Fig. 28b) 822. Furthermore, Wei et al. reported a new 

2D material (GaPS4) with an ultralarge bandgap of 4.5 eV at 

monolayer condition in Fig. 28c, showing high responsivity 

(4.89 A·W−1), high detectivity (1.98 × 1012 Jones), and high 

quantum efficiency (2390%) in the solar-blind ultraviolet 

region 823. There are more and more 2D materials with wide 

bandgaps are discovered recently 824–827, which is meaningful for 

the missile tracking and national security. On the other hand, 2D 

materials with narrow bandgaps are also important especially for 

infrared photodetection. Narrow-bandgap semiconductors have 

been studied intensively such as black phosphorous (0.3 eV for 

bulk to 2.0 eV for monolayer) 828 for near-wave infrared (NWIR) 

and mid-wave infrared (MWIR) photodetection 829,830, AsP (0.3–

0.15 eV with varying stoichiometric ratio) for MWIR 

photodetection 831–833, and noble metal chalgenides for MWIR 

photodetection 834,835, and so on 836–839. However, most reported 

2D semiconductors with narrow bandgaps exhibit poor gate-

modulated carrier-transportation characteristics, resulting in 

uncontrollable optoelectrical properties. Recently, the electrical 

and optical properties of Te have been simulated indicating that 

its effective charge carriers masses are three to four times smaller 

than that of MoS2 840, and the optical bandgap has been proved 

to be ~0.3 eV 841. Thus, it is promising for gate-tunable MWIR 

photodetection. Recently Furukawa et al. synthesized ultrathin 

Te flakes (Fig. 28d) 842, which exhibit air-stable performance at 

room temperature for more than 2 months, on/off ratios on the 

order of 106, and field-effect mobilities of about 700 cm2·V−1·s−1 89. 

Then Hu et al. reported high performance MWIR photodetection 

based on 2D Te flakes under 3 μm 840. Thus, 2D Te quickly 

became one of the most promising candidates for NWIR and 

MWIR photodetection. However, 2D semiconductors are much 

 
Fig. 28  (a, e, f) Schematics of band structure of semiconductor and 

semimetal. Calculated band structures of GeS2 (b), monolayer  

GaPS4 (c), Te (d); (b) reproduced with permission from Ref. 822, 

Copyright 2019 John Wiley and Sons; (c) reproduced with  

permission from Ref. 823, Copyright 2021 John Wiley and Sons.  

(d) Schematic band structure of trigonal tellurium 842. 
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difficult for further long-wave infrared (LWIR) detection due to 

the intrinsic bandedge-absorption. 2D semimetals are promising 

for LWIR even terahertz photodetection due to the nearly zero 

bandgaps (Fig. 28b). 

On the other hand, graphene is a typical Dirac semimetal with 

zero-bandgap or small bandgap induced by chemical doping, 

shows great promise in LWIR and terahertz photodetectors 843. 

However, the high dark current and low photoabsorption of 

grapheme photodetectors result in high noise, lower responsivity 

and low detectivity, which are not ideal in practical 

application 844–846. Recently, 2D metallic TMDs, such as PdTe2 

and PtTe2 have been discovered as topological semimetals 

showing exotic band structure such as type-II Dirac cone 847,848. 

Without Lorentz invariance, type-II Weyl fermions can also be 

realized when inversion symmetry or time-reversal is broken, 

and possibly exhibit chiral-related transport, such as quantized 

photogalvanic effect, anomalous thermoelectric, and chiral 

anomaly. Chen et al. reported a PdTe2-based photodetector with 

large photogalvanic effects and high anisotropy at terahertz 

frequency. A responsivity of 10 A·W−1 and a noise-equivalent 

power lower than 2 pW·Hz−0.5 is achieved at room temperature 847. 

2D Weyl semimetals (Fig. 28c) are a new family of 2D family 

such as TaIrTe4 849, Td-WTe2 850, Td-MoTe2 851, and so on, which 

have exhibited much attractive exotic optoelectronic 

phenomena. For example, under 4-μm excitation at room 

temperature, TaIrTe4 shows a large photoresponsivity of 130.2 

mA·W−1, arising from the third-order nonlinear optical response, 

which approaches the performance of commercial low-

temperature detectors 852. In another example, robust edge 

photocurrent response was demonstrated on layered type II Weyl 

semimetal WTe2, mainly due to crystalline-symmetry breaking 

along certain crystal fracture directions 853. 

4.2.2.2  2D heterostructures for optoelectronics 

vdWHs fabricated by stacking 2D materials one by one 

artificially, but open unprecedented possibilities of combining 

them for technological use. Due to the lack of lattice matching 

at the interfaces, such stacking is very different from the 

traditional bulk semiconductor heterostructures. What’s more, 

the charge transfers between the layers could be very large which 

induces large electric fields at the interface and offers 

possibilities in band-structure engineering, which will affect the 

optoelectrical properties significantly 854,855. For example, 

infrared photodetectors based on single 2D material usually 

exhibit photoconductive or photogating effect, resulting in slow 

response rates from milliseconds to minutes, and high dark 

currents or low detectivity 856. This can be solved by fabricating 

heterostructures with strong built-in electric fields easily. Hu et 

al. reported that PdSe2/MoS2 based photodetector shows a fast 

response rate of 51.3 μs and a high detectivity as 109 Jones even 

for 10.6 μm LWIR detection 856. Also, the ballistic avalanche 

phenomenon was observed in vertical InSe/BP heterostructures 

with suitable thickness. In contrast to the conventional avalanche 

behavior, the ionization collision coefficient per primary carrier 

is equal to one in the ballistic avalanche effect, resulting in a 

small avalanche breakdown voltage, a lower avalanche noise, 

and positive temperature coefficients with an almost constant 

multiplication factor. Thus, the device are impact-ionization 

transistors with a steep subthreshold swing (< 0.25 mV·dec−1) 

and sensitive mid-infrared light detection (4 μm wavelength) 857. 

In another example, an infrared photodetector was realized by 

the interlayer excitons (ILEs) generated between tungsten and 

hafnium disulfide. Peak responsivities of 8.2 × 102 and 9.5 × 102 

A·W−1 were observed for 3L = WS2/HfS2 heterostrucrure on 

laser illuminations of λ = 4.7 and 4.3 μm, respectively 858. 

2D semiconductors with strong exciton binding energies are 

promising for room-temperature excitonic. However, single 2D 

semiconductors usually show short exciton diffusion length. To 

this end, taking advantage of of the spatial separation of e-h pairs 

in adjacent layers of vdWHs, it is possible to overcome this 

limitation and enable the operation of mesoscale devices at 

room-temperature. For example, Lukman et al. realized the 

electrical control of exciton flux in a vdWH based on 

WSe2/MoS2 at room temperature, the long-lived nature of the 

interlayer excitons in these devices result in diffusing over a 

distance of five micrometres 858. Except for electrical control of 

excitons diffusion, it is also important for control of valley-

polarized excitons for next-generation encoding data and 

information processing. Kis et al. show the generation and 

transport over mesoscopic distances of valley-polarized excitons 

in a type-II heterostructure based on WSe2/hBN/MoS2. 

Engineering of the interlayer coupling can enhance the diffusion 

of valley-polarized excitons, which can be controlled 

electrically. The exciton concentration can be further increased 

by an order of magnitude using electrostatic traps, opening the 

way for achieving a coherent quantum state of valleypolarized 

excitons via Bose-Einstein condensation 859. 

4.2.3  Unique applications of 2D functional 

optoelectronics 

With the increasing unique applications of 2D functional 

optoelectronics, devices that can cover multi-band wide 

spectrum are demanded. In addition, the research of polarized-

sensitive photodetector adapted to new applications is also 

important. 2D materials have been considered to be able to 

improve the performance of devices and have been widely 

studied 860,861. The neural network, which is based on the 

development of 2D materials, can simultaneously complete the 

two major tasks of photosensitive behavior and processing 

images without delay. 

4.2.3.1  Wide-spectrum photodetectors 

The wide-spectrum 2D photodetectors show great potential in 

solving the problem of improving the device integration while 

controlling the cost. In the family of 2D materials, graphene is a 

promising broadband photodetector material 862. However, the 

zero gap, large dark current and low absorption limited its 

application in photodetectors. Researchers are gradually 

studying other low-dimensional materials 863. From the first-



物理化学学报 Acta Phys. -Chim. Sin. 2021, 37 (12), 2108017 (44 of 151) 

principles calculations, the theoretical photoabsorption region of 

different 2D materials can be obtained. The 2D semiconductor 

materials with narrow band gap are the favorable candidates for 

wide spectral detection 864. For example, photodetector based on 

Sb2Se3 exhibited the ultrafast response speed, while the wide 

absorption spectrum of Sb2Se3 from ultraviolet to near-infrared 

(300–1000 nm) 865. However, the narrow band gap materials 

have disadvantages of low infrared band gain and low quantum 

efficiency. The polarized photodetection based on 2D materials 

can also achieved by defect engineering or building of 

heterojunctions. For instance, In2Se3 is a natural defect crystal 

material, therefore the photodetector based on In2Se3 has a wide-

spectrum response 866. A self-driven photodetector based on 

WS2/ GaAs heterojunction broke the limitation of bandgap and 

achieves a rapid response from 200 to 1550 nm. It also has strong 

weak light detection ability 867. The 2D/3D MoTe2/Si photodiode 

also can achieve the ultrafast-wide-spectrum photodetection 

from 300–1800 nm 868. The advantages of silicon compatibility 

of such devices have enable the development of the 2D broad-

spectrum photodetector in the commercial application, which are 

expected to achieve large-scale integration 869. 

4.2.3.2  2D polarization-sensitive photodetectors 

Due to the ever-increasing requirements for the devices and 

device size, 2D materials with natural anisotropic structure have 

been well developed in the field of polarization photodetection. 

In addition to studying the circular polarization information of 

the incident light 870, the linear polarization of light can also be 

further studied. In 2015, the polarized-sensitive device based on 

BP/MoS2 heterojunction was developed for the first time 871. In 

2019, a batch of 2D materials that may have polarization 

sensitivity can be obtained through first-principles 

calculations 872. In 2021, photodetectors based on SiP and 

Ta2NiSe5 materials have polarization sensitivity, which are able 

to quickly response in visible light 532 nm and near-infrared 

1064 nm with the anisotropic current ratio of 2.3 and 3.3 

respectively 873,874. Currently, the 2D materials with triangular, 

tetragonal, rhombic, monoclinic and triclinic crystal structures 

are reported, which can cover ultraviolet to infrared band 875. 

Some of the 2D materials can be used for both broad-spectrum 

polarization detection, Fig. 29 shows some polarized-sensitive 

photodetectors with broad-spectrum. The photodetector based 

on (BA)2(GA)Pb2I7 (Fig. 29a) has obvious anisotropic 

photocurrent in some different wavelengths of the visible band 876. 

The PdSe2-based device, shown in Fig. 29b, has obvious light 

absorption in visible and near infrared bands, and has obvious 

polarization sensitivity 877. In addition to the single materials, 

heterostructures are also applied to polarization detection. As 

shown in Fig. 29c, the device based on the Gr/PdSe2/Ge 

heterojunction has a quick response in the deep ultraviolet to the 

infrared band, while the anisotropic photocurrent ratio of the 

device at 650 nm is about 112.2 878. Polarization images of targets 

can be obtained by the polarized-sensitive photodetectors 840,879. 

Fig. 29d shows the polarization imaging of the GeSe-based 

device in near-infrared band. The diagram is clear, and the 

patterns obtained by different polarization directions have 

significantly different 879. 

4.2.3.3  2D neural network image sensors 

In order to obtain higher quality image, it is necessary to 

fabricate an array and integrated a 2D single photodetector. An 

array device based on MoS2/Graphene heterojunction were 

reported, which can be directly obtained under different lighting 

conditions 880. Further integration of 2D materials and CMOS 

transistors can be used to complete the information collection at 

once with the read out integrated circuit, but it also be affected 

by the response time of the single device 104. In practice, the 

imaging system that mimics the neural biology architecture can 

minimize the impact of device response. There is still a lot of 

work to be done to develop imaging system that imitates mimic 

the function of the human eyes 881–883. The biomimetic human 

eyes, composed of multiple imaging sensors, are highly similar 

to the human eye. And the high image resolution can be achieved 

through electrical addressing 884. The lens of the derived machine 

vision technology is its eyes, which can be passed to the 

processing unit and realized various visual capabilities after 

obtaining rich visual information. The construction of artificial 

neural network (ANN), and some clear images are presented 885,886. 

Such systems can process optical images without delay, and have 

completed ultra-high-speed machine vision simulations 787,887. 

4.2.3.4  Near/in-sensor computing 

Near/In-sensor computing allows for placing computational 

tasks near or in the sensory devices and can mitigate the issues 

related to time delay and power consumption suffered by 

traditional visual information processing 888. Many 2D materials 

and vdWHs with superior electronic and optoelectronic 

properties are suitable for near/in-sensor computing 

applications 883,885–887,889–896. With the weight control layer able 

to trap or de-trap electrons in vdW interface, an optical neural 

network based on WSe2/h-BN heterostructure synaptic devices 

(with distinct photoresponse to different visible wavelengths) 

has been proposed to recognize colored and color-mixed pattern 

(Fig. 30a) 883. Similarly, an optical neural network was 

implemented by integrating 1Kb in-memory sensor arrays and 

in-memory computing arrays based on MoS2 photodetectors that 

show persistent photoconductivity effect (Fig. 30b) 886. 

Compared to near-sensor computing, in-sensor computing 

enables to perform low-level computations in the sensor and 

represents a paradigm shift to realize real-time information 

processing. By using continuously tunable photoresponse of 2D 

ambipolar WSe2 semiconductors, Mennel et al. demonstrated a 

unique image sensor that can simultaneously sense and process 

optical images within 50 ns, which highlights the huge potential 

of 2D materials based in-sensor computing in future machine 

vision (Fig. 30c) 887. Human retina with a stack of distinct cell 

layers naturally integrates the functionality of sensing and 

processing and offers an ideal template for implementing in-

sensor computing. By highly mimicking the vertical structure 



物理化学学报 Acta Phys. -Chim. Sin. 2021, 37 (12), 2108017 (45 of 151) 

and biological functionality of human retina, Wang et al. 

designed a reconfigurable retinomorphic sensor based on gate-

tunable photoresponse of vdWHs and showed its promising ap 

plication in reconfigurable image processing (Fig. 30d) 885. By 

taking a further step to emulating human vision system, they 

networked the retinomorphic sensor and memristive crossbar 

array to build a proof-of-concept neuromorphic vision system, 

(Fig. 30e), which may open up a new avenue for future 

exploration of neuromorphic vision systems 891. 

4.3  Catalysis 

4.3.1  Electrocatalysis 

4.3.1.1  Oxygen reduction reaction 

Proton exchange membrane fuel cell (PEMFC) is the zero-

emission vehicle that best preserves the advantages of gasoline 

automobiles: long-distance driving, fast start-up speed and fast 

refueling 897. However, the cathode reaction of oxygen reduction 

reaction (ORR) has become the bottleneck of PEMFC 

development due to sluggish reaction kinetics 898–900. 

Consequently, the development of high-performance, stable and 

low-cost ORR catalysts is particularly urgent. Generally, the 

ORR occurs through either four proton-electron transfers (O2 + 

4H+ + 4e− → H2O) to reduce oxygen to water in acidic 

environment or a two-proton-electron pathway (O2 + 2H+ + 

2e− → H2O2) to produce hydrogen peroxide (H2O2) 249. For the fuel 

cell or metal-air batteries, the excellent efficiency, and durability 

in cathode strongly depend on 4e− reduction reaction, while the 

intermediate product H2O2 will destroy the catalyst activity and 

accelerate the aging of batteries. On the other hand, as the 

 
Fig. 29  Polarized-sensitive photodetectors with broad-spectrum. (a) Obvious anisotropic photocurrent of photodetector based on (BA)2(GA)Pb2I7, 

inset are the crystal structure of material and the image of device; reproduced with permission from Ref. 876, Copyright 2021 John Wiley and Sons. (b) 

2D absorption spectrum of PdSe2 flake from 300 to 1100 nm, and the performance of polarization-sensitive photodetector; reproduced with permission 

from Ref. 877, Copyright 2021 John Wiley and Sons. (c) Wavelength-dependent responsivity, specific detectivity and the polarimetric imaging of the 

Gr/PdSe2/Ge heterojunction device, inset is schematic diagram of the device; reproduced with permission from Ref. 878, Copyright 2019 American 

Chemical Society. (d) Schematic layout of the image scanning system and the NIR polarimetric imaging of GeSe-based image sensor; reproduced with 

permission from Ref. 879, Copyright 2021 Science China Press. 
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byproduct of 2e− pathway of ORR, H2O2 is a crucial chemical in 

the paper-bleaching and water treatment industries 901. Such side 

production could be a promising alternative strategy towards 

H2O2 production, compared to the traditional synthetic 

methods 902–904. In recent years, the application of various 2D 

materials including 2D carbon materials, metal-loaded 

graphene-based materials, noble metal nanoplatelets, 2D MOFs 

and MXenes as efficient ORR catalysts have been widely 

reported. 

Carbon electrocatalysts have been widely studied for ORR 

because of their low cost, good conductivity and high 

stability 905. As one of the most attractive 2D materials, 

graphene-derived materials have been applied as active ORR 

electrocatalysts through decorating and heteroatom doping 906,907. 

Loading metal particles or single atoms (SAs) on graphene 

substrates with huge specific surface area and excellent 

conductivity is a good strategy to obtain high ORR performance. 

Graphene flakes coupled with isolated Fe atoms 

(FeNx/graphene) exhibited high activity and durability towards 

ORR in alkaline solutions 908. Besides, Qu et al. reported metal 

SAs on graphene oxide (GO), which were obtained by mixing 

GO slurry with bulk metals (such as Cu, Fe, Co, and Ni) (Fig. 

31a) 909. Moreover, the half-wave potential (E1/2) for Fe SAs/n-

G is 0.92 V vs. reversible hydrogen electrode (RHE), 90 mV 

higher than that of commercial Pt/C catalyst (Fig. 31b). After 

10000 voltage cycles, the activity decay is negligible, illustrating 

their excellent long-term durability. Moreover, when employed 

as a cathode electrocatalyst for homemade Zn-air batteries, Fe 

SAs/N-G delivers a maximum power density up to 275 

mW·cm−2. 

As state-of-the-art electrocatalysts, the Pt-based 2D materials 

play a very important role in the development of 2D catalysts for 

ORR. Hu et al. reported the 2D coplanar Pt-carbon nanomeshes 

(NMs) which were composed of interconnected Pt networks and 

carbon (Fig. 31c) 910. The Pt/C NMs achieved current densities 

of 0.360 A·cm−2 at 0.80 V and peak power density of 1.21 

W·cm−2 in the H2/O2 cell (Fig. 31d). Furthermore, the PEMFC 

showed superior stability against aggregation after high current 

density of 1000 mA·cm−2 for 120 h in H2/O2 system. The density 

functional theory (DFT) analysis supports that the suitable 2D 

morphology and open structure with rich active edges are the 

predominant factors for the PEMFC activity and durability. 

As 2D MOF nanosheets exhibit controllable structures, more 

exposed metal sites and excellent electrical conductivity. They 

have been widely studied in the field of electrocatalysis for 

ORR 76,911,912. As shown in Fig. 31e, f, Zhong et al. developed a 

new type of PcCu-O8-Co 2D conjugated MOF mixing with 

carbon nanotubes, which shows excellent electrocatalytic ORR 

activity (E1/2 = 0.83 V vs. RHE, jL = 5.3 mA·cm−2) 913. The in situ 

Raman spectro-electrochemistry demonstrated that good activity 

is owing to the layer-stacked structures, highly ordered porous 

framework and well-defined Co-O centers of catalyst. 

Furthermore, the PcCu-O8-Co material exhibited high 

performance for air cathode in the Zn-air battery. In addition to 

metal active sites, high-valence Ni4+ active sites in lattice-

strained 2D NiFe MOF has also shown to be active catalyst for 

ORR 914. 

In recent years, MXenes have been emerging as next-

generation nanomaterials and received increasing attention 916. 

Jiang et al. utilized the iron-cluster-directed cationic Fe-N-C 

nanosheets and anionic MXenes to assemble a superlattice-like 

heterostructure with a surface area of 30 m2·g−1 and ultra-thin 

structures with repeating thickness of 0.4 and 2.1 nm (Fig. 

31g, h) 915. The synthesized Fe-N-C/MXene heterostructure has 

an excellent ORR performance, achieving the initial potential of 

0.92 V and good stability of 20 h 915. 

Besides, various LDH-based core-shell structures, such as 

CNT@CoMn-LDH (CNT, carbon nanotube) and Co3O4@NiFe-

 
Fig. 30  Near-/In-sensor computing based on 2D materials. (a) Optic-neural synaptic device based on h-BN/WSe2 heterostructure 883. (b) 1 Kb vision 

processor based on MoS2 photosensitive FET crossbar array; reproduced with permission from ref. 886, Copyright 2020 John Wiley and Sons. (c) 

Ultrafast machine vision sensor based on split-gate WSe2 transistors. (d) Reconfigurable vision sensor based on vdWHs 885. (e) A prototype 

neuromorphic vision system based on the retinomorphic sensor and the memristive crossbar array 891. 
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LDH, were reported, which exhibit superior activity for ORR. 

The cores can not only promote the uniform dispersion of LDHs, 

but also facilitate the transport of electron 917,918. 

4.3.1.2  CO2 reduction reaction 

CO2 reduction reaction (CO2RR) could not only put a positive 

role in reducing greenhouse gas emissions but also serve as an 

efficient route to directly synthesize high value-added chemicals 

and energy storage molecules for energy conversion and 

utilization 919. In recent years, CO2RR has become a continuous 

research hot-spot in energy- and material-related fields. 

However, there are still many challenges in the large-scale 

application of CO2RR, including improving conversion 

efficiency (reducing overpotential, increasing current density, 

etc.), regulating selectivity (especially for higher-order 

hydrocarbons and oxygenates products, etc.) and optimization of 

related materials and catalytic mechanism study 920. The 

properties of 2D catalysts can be readily adjusted by variations 

in their thickness, heteroatom modification, and/or external sti-

mulation (electric field, strain, light, etc.), which provides a new 

route for engineering nanosheets for CO2 electrocatalysis 921. 

Accordingly, 2D electrocatalysts, including metals and metal 

oxides, 2D carbon-based materials, crystalline porous 2D 

materials and TMDs, have been intensively investigated. 

Compared to their bulk materials, 2D metal nanosheets have 

shown positive results in electrocatalytic performances. Liu et 

al. successfully synthesized triangular Ag nanoplates (Tri-Ag-

NPs), which have yielded one of the excellent performances for 

aqueous CO2 reduction to CO (Fig. 32a) 922. Compared with Ag 

 
Fig. 32  (a) Proposed mechanism for CO2RR to CO on Tri-Ag-NPs. (b) Faradaic efficiencies of CO at various applied potentials (the inset shows the 

CO, CH4 and H2 overall FE for Tri-Ag-NPs); reproduced with permission from Ref. 922, Copyright 2017 American Chemical Society. (c) Schematic 

illustration of holey NF-C layers. (d) CO FEs over N-C and NF-C; reproduced with permission from Ref. 925, Copyright 2019 American Chemical 

Society. (e) Illustration of prepared Cu2O@CuHHTP. (f) Faradaic efficiencies of different products for Cu2O@CuHHTP. (g) Comparison of  

CH4 faradaic efficiencies between Cu2O@CuHHTP, Cu2O@CCB, and commercial Cu2O; reproduced with permission from Ref. 926, Copyright 2020 

John Wiley and Sons. (h) Calculated free energy diagrams for CO2 electroreduction to CO on Ag(111), Ag55 nanoplates, MoS2, WS2, MoSe2, and  

WSe2 nanoflakes at 0 V vs. RHE; reproduced with permission from Ref. 931, Copyright 2016 Association for the Advancement of Science. 

 
Fig. 31  (a) Schematic illustration for the preparation and (b) the rotating ring-disk electrode polarization curves in 0.1 mol·L−1 KOH of Fe SAs/GO; 

reproduced with permission from Ref. 909, Copyright 2019 John Wiley and Sons. (c) Schematic illustration of 2D coplanar Pt-C nanomeshes.  

(d) H2-O2 fuel cell i–V polarization and power density plots recorded under different O2 pressure with the cathode Pt loading of 0.10 mg·cm−2 for 

coplanar Pt/C NMs; reproduced with permission from Ref. 910, Copyright 2020 John Wiley and Sons. (e) Schematic structure of PcCu-O8-M,  

(f) ORR polarization curves of PcCu-O8-Co/CNT in 0.1 mol·L−1 KOH; reproduced with permission from Ref. 913, Copyright 2019 John Wiley and 

Sons. (g) Schematic illustration and (h) LSV plots at the scan rate of 5 mV·s−1 in O2-saturated in 0.1 mol·L−1 KOH electrolyte for Fe-N-C/MXene 

superlattice-like heterostructure; reproduced with permission from Ref. 915, Copyright 2020 American Chemical Society. 
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NPs, the Ag nanoplates exhibit a significantly enhanced current 

density and Faradaic efficiencies (FEs) for CO formation at a 

low overpotential of 0.746 V, suggesting that the CO2RR 

catalytic efficiency in connection with the morphology of 

catalyst (Fig. 32b). A cheaper, leaf-shaped Bi nanosheet catalyst 

was reported to catalyze the electrochemical reduction of CO2 to 

formic acid (HCOOH) in 1 mol·L−1 KHCO3 or KOH solution 

with a much higher FE (over 85% or 90%) by the flow cell 

configuration 923. 

Nitrogen-doped graphene has proven to be a promising metal-

free catalyst for electrocatalytic production of CO, HCOO− and 

CH4 921,924. Pan et al. developed an N, F-co-doped 2D holey 

carbon nanostructure (NF-C) (Fig. 32c, d) 925. After 40 h of 

testing, the CO2RR performance of NF-C reached CO faradaic 

efficiencies of 90% and the overpotential as low as 490 mV. The 

performance is far superior to the comparative n-doped 2D holey 

carbon nanostructure (N-C) and most of the carbon-free catalysts 

that have been reported. A large number of pyridinic N provides 

rich ultrahigh active and selective sites and the high surface area 

makes these active sites fully accessible. 

Crystalline porous 2D materials, such as MOFs and COFs, are 

promising candidates for electrocatalytic reduction of CO2 due 

to their porous crystalline structures and periodically arranged 

isolated active sites. As shown in Fig. 32e–g, Yi et al. reported 

that Cu2O(111) quantum dots synthesized in situ on a porous 

conductive 2D MOF and it can be served as a single type of 

active sites for electroreduction of CO2 to produce CH4 with high 

selectivity of 73%, outperforming most of the reported catalysts 

(especially MOF-based catalysts) 926. In some other works, 

phthalocyanine molecules as active sites were implanted into 2D 

conductive MOFs for efficiently CO2 electroreduction reaction 

to CO 927,928. Donor-acceptor heterojunctions or tetrathiaful-

valene units were integrated into 2D COFs to increase the 

electron transfer rate, resulting in good catalytic performance 

towards CO 929,930. 

In addition, TMDs have been found to significantly improve 

CO2 reduction for CO generation in ionic liquids, and the 

selenides appear to be the more effective 921. On a series of TMD 

nanoflakes (WSe2, MoSe2, WS2, and MoS2), the formation of 

CO* from CO2 is kinetically more favorable than on Ag 

(Fig. 32h), resulting in high current densities and high CO 

selectivity 931. In addition, LDH-based materials are also 

reported for catalyzing CO2RR. With NiZnAl-LDH/rGO (rGO, 

reduced graphene oxide) as precursor, Li et al. reported the 

synthesis of rGO/Al2O3 supported NiO/ZnO which could 

effectively electrocatalyze CO2 reduction to CO with a high 

Faradaic efficiency of 92% 932. 

4.3.1.3  Nitrogen reduction reaction 

Ammonia (NH3) is an important industrial raw material 933,934. 

However, the conventional Haber-Bosch method is a low 

efficiency and high energy consumption process under the 

conditions of high temperatures (400–600 °C) and high 

pressures (150–350 atm, 1 atm =1.01325 × 105 Pa) 935,936. 

Therefore, a sustainable and low-energy consumption method to 

generate NH3 is urgently needed. Electrochemical nitrogen 

reduction reaction (NRR) is an advanced method for sustainable 

NH3 synthesis without carbon emission under ambient 

conditions 937,938. But the NRR process needs suitable 

electrocatalysts due to the difficult to break strong N≡N triple 

bond 939,940. 

4.3.1.3.1  2D metal-based NRR catalysts 

Great efforts have been made to explore novel catalysts that 

can efficiently promote NRR while simultaneously limit the 

HER. To this end, different methods like constructing 

superhydrophobic surface layer, alloying, and Li+ incorporation 

have been developed 941–943. To date, NRR electrocatalysts based 

on 2D materials are very rare, but already showing great promise 

in theoretical studies. DFT simulations suggested that individual 

Mo atoms supported on the defect-rich boron nitride (BN) 

monolayers could be used as a promising electrocatalyst for 

NRR, in which the well dispersed Mo SAs coordinated to the N 

atoms would contribute good performances in activating the 

inert N2 molecules, stabilizing the N2H intermediate and 

destabilizing the NH2 species 944. Han et al. prepared and 

optimized Mo SAs supported on the n-doped porous carbon (SA-

Mo/NPC) as a low-cost catalyst (Fig. 33) for the 

electrochemically catalyzed NRR. Because of the hierarchically 

porous carbon frameworks and high density of catalytically 

active sites, SA-Mo/NPC delivers a large NH3 yield rate of 34.0 ± 

3.6 µg·h−1·mg−1 in 0.1 mol·L−1 KOH aqueous solution at ambient 

conditions, which is much higher than that of the other non-

precious-metal NRR electrocatalysts. Furthermore, SA-

Mo/NPC also possesses excellent catalytic durability. No 

obvious current decrease was observed during the N2 electrolysis 

for 50000 s. These results indicate that the rational design and 

synthesis of non-precious-metal SA catalysts could favor the 

electrocatalytic NRR 945. 

MXenes have been widely investigated because of their 

important applications in lithium batteries, electrocatalysis, 

membrane separation, and photocatalysis 134,946–950. Theoretical 

studies revealed that MXenes with M atoms exposing on the 

surface can effectively activate the adsorbed N2 molecules, and 

thus favor the reduction of N2 to NH3 951. Actually, the basal 

planes of MXenes are typically terminated by OH*, O* and F*, 

which are bonded with surface M atoms 72,952. Note that MXenes 

with surface terminated by O* would favor the hydrogen 

evolution rather than NRR due to their relatively weak binding 

ability toward N2 molecules 953. Bearing this in mind, great 

research efforts have been devoted to exposing the active sites of 

MXenes for N2 adsorption and the subsequent activation and 

reduction. Peng et al. reported a single-atomic Ru modified 

Mo2CTX MXene nanosheets (SA Ru-Mo2CTX) for high-

performance electrocatalytic NRR under ambient conditions 

(Fig. 34). The obtained SA Ru-Mo2CTX shows a high FE of 

25.77%, and large NH3 yield rate of 40.57 µg·h−1·mg−1 at the 

potential of −0.3 V (vs. RHE). DFT calculations and operando 
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X-ray absorption spectroscopy investigations suggested that Ru 

SAs supported on the Mo2CTX MXene nanosheets serve as 

essential electron back-donation centers for the activation of N2 

molecules, which could favor the N2 adsorption and activation 

behaviors of SA Ru-Mo2CTX, as well as decrease the energy 

barriers of the first hydrogenation reaction. This study provides 

an important atomic-level engineering strategy of modulating 

the NRR performance of catalysts 954. 

To better understand the reaction mechanism of NRR, it is 

essential to design transition metal nitrides (TMNs) with simple 

structure and durable surface vacancy for the correlation of real-

world catalysts and theoretical models. 2D materials possess 

onefold and entirely exposed crystal surfaces, which have been 

extensively utilized as a platform for both practical application 

and theoretical calculation in electrocatalysis 955–958. 

Simultaneously, various studies reveal that 2D materials possess 

surface distortions, which could greatly increase the structural 

stability of both 2D materials as well as their surface 

vacancies 959–961. As a result, vacancy engineering of 2D TMNs 

is an effective strategy to prepare advanced NRR catalysts. Liu 

et al. synthesized atomically ultrathin Rh nanosheet 

nanoassemblies (Rh NNs), which were used as an electrocatalyst 

for NRR. The obtained Rh NNs exhibit an outstanding catalytic 

performance toward NRR, with a large NH3 yield rate of 23.88 

μg·h−1·mg−1 and excellent catalytic selectivity (no N2H4 was 

observed) at a very low potential of −0.2 V (vs. RHE), which is 

much better than most of present NRR electrocatalysts 962. The 

superior NRR performance of Rh NNs is attributed to their 

extremely large specific surface area as well as the modulated 

electronic structure. He et al. fabricated 2D mosaic bismuth 

nanosheets (Bi NSs) by using an in situ electrochemical method. 

Notably, the obtained Bi NSs showed a large NH3 yield rate of 

about 13.23 μg·h−1·mg−1 and FE of 10.46% ± 1.45% at the 

potential of −0.8 V (vs. RHE), which is much better than the Bi 

NPs. It was proposed that the exposure of abundant edge sites 

and the decreased Bi–Bi interlayer distance in Bi NSs could 

contribute to their enhanced NRR performance in comparison 

with the Bi NPs 963. 

4.3.1.3.2  Graphene-based NRR catalysts 

Graphene is a classic 2D material with superior electronic 

transport and excellent catalytic performance of many 

electrocatalytic reactions and its functionalization can improve 

its pristine properties 964–966. Through the functionalization of 

graphene, it is expected graphene could be an excellent NRR 

electrocatalysts for effective N2 to NH3 conversion 967. Here, we 

will discuss the recent works of nanohybrids and heteroatom 

doped graphene for electrochemical NRR. 

The noble metal catalysts are excellent for NRR, but the low 

abundance and high costs greatly restrict the large-scale 

applications. Meanwhile, nanomaterials have faced the problem 

of serious aggregation. To address this problem, the hybrid 

catalysts consisting of metal NPs and graphene are proposed. As 

shown in Fig. 35a, the metal precursors mixed with reductants, 

and then formed a highly dispersed PdCu NPs/rGO composites, 

where the rGO sheets are highly desirable for loading the metal 

NPs and promote the mass transfer of reactants on the surface of 

catalyst 941. Au is a well-known excellent material for NRR. Li 

et al. reported an amorphous Au NPs anchored on rGO 

material 968. The N2 molecule shows stronger binding with 

amorphous Au NPs, which possess high catalytic activity. Due 

to the high price of noble metals, replacing it with non-noble 

metals is the rational strategy. A series of materials, i.e., TiO2 

NPs/rGO 969, CuO/rGo 970, Mn3O4 NPs/rGO 971, MoP 

NPs/rGO 972, and MoS2 nanosheet/rGO 973 composites, etc., are 

reported to exhibit high NH3 yields. From the viewpoint of size, 

the NPs and nanosheets are too large to weak the properties of 

high surface area and conductivity of 2D graphene. To enlarge 

the advantage of non-noble metal oxide/graphene composites, 

the QDs/graphene composites have been widely studied for 

NRR. The metal oxide QDs show exceptional NRR performance 

equal to and even higher than those of noble metal-based 

catalysts. The NRR activity of CoO QDs/rGO 974, NiO 

QDs/rGO 975, and SnO2 QDs/rGO 967 could efficiently and stably 

 
Fig. 33  (a) An illustration of SA-Mo/NPC and its corresponding 

atomic structure model. (b) A TEM image of SA-Mo/NPC. (c) Mo EDS 

mapping reveals the homogeneous distribution of Mo on the carbon 

support; the figure inset is the corresponding HAADF-STEM image.  

(d) Atomic-resolution HAADF-STEM image. (e) EELS spectra from 

areas A and B in the atomic-resolution HAADF-STEM image of the 

inset; area A does contain single Mo atoms whereas area B does not. 

The two orange arrows point to the signals of the Mo M4,5 and M2,3 

edges, respectively. Reproduced with permission from Ref. 945, 

Copyright 2019 John Wiley and Sons. 
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catalyze the NRR at ambient conditions. 

Compared to the heterogeneous composite catalysts, 

graphene delivers high conductivity, tunable structure and com 

position, and strong tolerance to acidic/alkaline. The theoretical 

and experimental studies suggest that heteroatoms doping of 

graphene leads to effective enhanced of the electrocatalytic 

 
Fig. 34  Fabrication and structure characteristics of SA Ru-Mo2CTX. (a) Schematic illustration of the fabrication mechanism. (b) HAADF-STEM 

image of SA Ru-Mo2CTX, insert is the corresponding SAED pattern. (c) The magnified HAADF STEM image of SA Ru-Mo2CTX. (d) The STEM-EDS 

elemental mapping of SA Ru-Mo2CTX. (e) XPS spectra of SA Ru-Mo2CTX and commercial Ru/C in Ru 3p regions. (f) The normalized XANES spectra 

at the Ru K-edge of RuO2, RuCl3, Ru foil and SA Ru-Mo2CTX. (g) The FT-EXAFS spectra derived from EXAFS of Ru K-edge of RuO2, RuCl3, Ru foil 

and SA Ru-Mo2CTX. Scale bars: (b) 5 nm, (c) 1 nm, (d) 50 nm. Reproduced with permission from Ref. 954, Copyright 2020 John Wiley and Sons. 

 
Fig. 35  (a) Schematic illustration of the preparation of PdCu NPs/rGO composites; reproduced with permission from Ref. 941, Copyright 2018 John 

Wiley and Sons. (b) Optimized structure of FeN3-graphene, (c) moieties of the Fe―N＝NH2 intermediate; reproduced with permission from Ref. 978, 

Copyright 2016 American Chemical Society. (d) Schematic of the atomic orbital of BC3 for binding N2 and LUMO and HOMO of undoped graphene 

and B-doped graphene, (e) the NH3 production rates and FE of B-doped graphene, the error bars represent the average of three measurements 983. 
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properties 976,977. For example, embedding Fe atom in N3-

graphene can well capture the N2 molecules (Fig. 35b). Through 

the first-principles calculations, the superior N2 fixation activity 

can be attributed to the high-spin polarization of the FeN3 center 

(Fig. 35c) 978. Xia et al. reported an S-doped graphene which 

possessed superior activity and stability for electrocatalytic 

NRR 979. Further, Tian et al. reported an N, S co-doped graphene 

which could effectively boost the activity of NRR due to the 

enhanced N2 adsorption and N≡N bond elongation 980. Some 

recent studies show that doping oxygen atom is also effective to 

enhance the NRR performance. Usually, introducing O atom on 

carbon catalysts is via acid oxidation 389. But Wang et al. adopted 

an Ar anneal method of sodium gluconate to obtain O-doped 

graphene (O-G). Under ambient condition, the O-G catalyst 

showed high catalytic activity with large NH3 yield of 21.3 

g·h−1·mg−1 and high FE of 12.6% 981. The key to design an 

effective NRR electrocatalyst is to build an active center which 

can effectively adsorb and activate the N2 molecules. As N2 is a 

Lewis base, it is ideal to create Lewis acid active center to bind 

N2. Boron (B) is a natural Lewis acid due to the electron 

deficiency so the B is an important element to induce electron 

deficiency in graphene 982. The B-doped graphene is synthesized 

by anneal H3BO3 and GO in H2/Ar gas (Fig. 35d). When the 

amount of B doping is 6.2%, such a catalyst showed an excellent 

yield of NH3 and high FE of 10.8% (Fig. 35e). With the further 

theoretical investigations, the B-C centers play a key role in N2 

adsorption and NH3 production 983. In addition, the defect-rich 

graphene can also as high efficiency NRR catalyst, but this has 

only a few reports before 984. 

Although the research of electrochemical NRR have made 

some progress, there are still many problems and challenges that 

the yield and FE are far below the application level. How to 

improve the energy efficiency and to repress the side reaction of 

hydrogen evolution reaction (HER) by optimizing the physical 

and chemical properties of 2D catalysts remain the main 

direction to be explored. In addition, the research on the catalytic 

mechanism with 2D catalysts is still in its infancy and needs 

more in-depth research through more experiment and theoretical 

calculation to guide the design of NRR electrocatalysts in future. 

4.3.1.4  Methanol oxidation reaction/ethanol oxidation 

reaction 

Direct methanol fuel cells (DMFC) and direct ethanol fuel 

cells (DEFC) have received extensive interest because of the 

distinct advantages of ethanol and methanol fuels, such as low 

cost, easy availability, high energy density, abundance, safety for 

transportation and storage, etc. Therefore, DMFC and DEFC 

have been considered as promising power conversion devices 

and utilization technology in the future 985–987. The anode half 

reactions of DMFC and DEFC correspond to methanol oxidation 

reaction (MOR) and ethanol oxidation reaction (EOR), 

respectively. Currently, noble metals Pt and Pd usually used as 

the electrocatalysts. In order to further enhance the reaction 

activity of the catalysts, while reducing the amounts of precious 

metals, researchers have developed a series of Pt-based and Pd-

based nanomaterials with ultra-thin 2D structures as high-

efficiency MOR or EOR catalysts. Yang et al. found that the rGO 

can promote the generation of 2D Pt nanosheet with thickness of 

about 9.8 nm in a eutectic molten salt mixture of KNO3 and 

LiNO3. The growth mechanism study revealed that the 

aggregation and subsequent sintering of individual NPs along 

rGO surface were involved in the growth process of Pt 

nanosheets. The electrochemical measurements showed that the 

obtained composite possess an improved durability and activity 

toward MOR in comparison with commercial Pt/C catalyst 988. 

Bu et al. synthesized PtPb/Pt core/shell hexagonal nanoplates 

(Fig. 36), which show excellent catalytic performance toward 

alcohol oxidation because of the large internal biaxial tensile 

strain. They can largely outperform the catalytic performances 

of PtPb nanoplates and commercial Pt/C in terms of MOR and 

EOR 989. Luo et al. showed that spin control of Pd-Fe-Pt 

nanomeshes (NMs) could realize great enhancement for the 

electrooxidation of fuels. It was revealed that Pd59Fe27Pt14 NMs 

possess the largest number of polarized spins, which can 

facilitate the adsorption of OHads and thus favor the oxidation of 

COads. As a result, the optimized Pd59Fe27Pt14 NMs show 

superior MOR stability and activity over those of Pt/C and 

PtRu/C. Furthermore, the optimized Pd59Fe27Pt14 NMs also 

exhibit excellent catalytic performances toward both EOR and 

FAOR 990. 

Recently, Saleem et al. reported the successful synthesis of 

free-standing ultrathin Pt-Cu nanosheets with controllable lateral 

size in the range of 10–50 nm. Benefit from its larger specific 

surface area (62.8 m2·g−1) and the alloying effect produced by 

the introduction of Cu, The Pt-Cu alloy nanosheets exhibit 

excellent catalytic activity in EOR. Electrochemical test results 

show that the mass activity of PtCu nanosheets is 19 and 2.7 

times larger than that of Pt black and Pt/C catalysts, respectively. 

In addition, the catalytic performance of PtCu alloy nanosheets 

is also significantly higher than that of PtCu alloy nanocones 

with the same composition, which fully proves the advantages 

of 2D structure in MOR catalysis 991. Hong et al. prepared 

ultrathin Pd-Pt-Ag nanosheets with thickness of around 3 nm. 

Because of their specific compositional and structural 

characteristics, the obtained Pd-Pt-Ag nanosheets demonstrated 

much enhanced electrocatalytic performance toward EOR in 

comparison with their NP counterparts and the commercial Pd/C 

and Pt/C catalysts 992. Hong et al. synthesized hexagonal close 

packed (hcp) structure PtBi nanoplatelets (NPLs) with the 

average thickness of 6 nm. The mass activity for PtBi NPL/XC-

72 is 470 mA·mg−1, which is much higher than 250 mA·mg−1 of 

commercial Pt/C. Furthermore, The Pt-Pt bond in the PtBi alloy 

phase becomes longer due to the insertion of Bi atoms, which 

weakens its combination with the CO intermediate species, and 

therefore exhibits better resistance to CO poisoning and catalytic 

stability than pure Pt. Compared with methanol, ethanol is less 

toxic and safer in transportation and operation. However, since 
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the complete oxidation process of ethanol involves the breaking 

of C―C bonds, it has a higher reaction energy barrier 993–995. 

4.3.1.5  Formic acid oxidation reaction 

Direct formic acid fuel cell (DFAFC) has been considered as 

one of the most promising power supply for next-generation 

electronic equipments 996. Pt and Pd are ordinarily known as 

efficient formic acid oxidation reaction (FAOR) catalysts, and 

have been investigated intensively 997–999. However, the poor 

poisoning resistance as well as low mass activity of DFAFC limit 

their practical application. Recently, great efforts have been 

devoted to improving the stability and activity of the FAOR 

electrocatalysts. Lv et al. reported a new class of 2D PdIr 

bimetallenes with an average thickness of only ca. 1.0 nm for the 

FAOR (Fig. 37). The obtained PdIr bimetallenes possess an 

extremely large electrochemical active area of 127.5 ± 10.8 

m2·g−1, and also demonstrate an ultrahigh activity, quite low 

overpotential and enhanced stability toward the FAOR. 

Theoretical calculations reveal the generation of concave-convex 

type electro-active areas via the effect of surface strain 1000. 

4.3.1.6  Hydrogen evolution reaction 

Hydrogen evolution reaction (HER) is the cathodic reaction 

of electrocatalytic water splitting, producing high-purity 

hydrogen, a promising type of clean and renewable energy 1001. 

Many 2D materials are excellent HER catalysts, even showing 

comparable performance to the conventional noble metal 

catalysts. 

4.3.1.6.1  Transition metal chalcogenides 

Transition metal chalcogenides (TMCs) have been widely 

recognized as promising electrocatalysts due to their predicated 

low GH values 1002, low cost, and high stability 1003. Various 2D 

TMCs have been prepared and studied for the HER, including 

Co3S4 1004, Ni3S2 1005,1006, NiS 1007, NiCo2S4 1008, NiSe2 1009,1010, 

and so on 1011,1012. Among which, transition metal sulfides have 

been identified as the most promising ones. 2D MS2 is a type of 

TMD materials, and similar to graphene, a vdW materials. The 

vdW gaps lead to a poor transmission of electrons between layers 

and weakens the overall conductivity of the materials 1013. 

Tributsch et al. studied the electrocatalytic hydrogen production 

 
Fig. 37  (a) CVs of PdIr bimetallene/C, PdIr NP/C and Pd/C for  

FAOR in 0.1 mol·L−1 HClO4 containing 0.5 mol·L−1 HCOOH at the  

scan rate of 50 mV·s−1; (b) mass activities of different catalysts at the 

potential of 0.5 V vs. RHE; (c) chronoamperometric curves of the  

PdIr bimetallene/C, PdIr NP/C and Pd/C catalysts at 0.5 V vs. RHE;  

(d) CO stripping tests of PdIr bimetallene/C, PdIr NP/C and Pd/C 

catalysts conducted in 0.1 mol·L−1 HClO4 at the scan rate of 50 mV·s−1; 

(e) free energy pathway (ΔG) for FAOR under acidic conditions;  

(f) chemisorption of H and CO2 on the surface (111) 1000. 

 
Fig. 36  Morphology and structure characterization of PtPb hexagonal nanoplates. Representative (a) HAADF-STEM image, (b) TEM image,  

(c) TEM-EDX, and (d) PXRD pattern of PtPb hexagonal nanoplates. (e) SAED and (f) HRTEM of one single hexagonal nanoplate; insets in  

(f) are the FFT patterns from the white squares at the edge of and inside the nanoplate, respectively. (g) STEM-EELS elemental  

mapping of PtPb hexagonal nanoplates: HAADF-STEM image, Pt mapping in green, Pb mapping in red, and integrated mapping of Pt and  

Pb are shown. The compositional ratio between Pt/Pb is 55.9/44.1, as revealed by ICP-AES. Reproduced with permission from Ref. 989,  

Copyright 2015 Association for the Advancement of Science. 
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of bulk MoS2 and confirmed its poor activity due to both its low 

conductivity and less active sites 1014. Therefore, TMDs were not 

regarded as promising candidates for electrocatalysis. In 2005, 

Hinnemann et al. predicted the high catalytic activity of the edge 

sites of MoS2 by using density function calculations, and point 

out the potential HER performance of this material 1015. Later, 

Jaramillo et al. experimentally proved the high catalytic activity 

of the edge sites of MoS2 nanoplates. A linear relationship 

between catalytic activity and the number of edge sites were 

observed 1002. These new findings demonstrate the huge potential 

of novel HER catalysts based on 2D materials 1016–1020. 

Currently, the key development in this field is mainly built 

around the strategies to increase active sites such as the highly 

active edge sites, grain boundaries 1021, and sulfur vacancy 1022. 

The various defect engineering strategies are built on the fact 

that defects inside or on the surface of the materials can change 

the coordination environment of the adjacent atoms, and 

consequently affect the electronic structure and surface 

properties 1016,1021–1025. In an typical example, Li et al. study the 

Sulphur (S) vacancies and strain on the effect of the basal plane 

of monolayer 2H-phase MoS2 for HER 1022. The experimental 

and theoretical studies indicate that S-vacancies act as the new 

catalytic sites in MoS2 basal plane. Hydrogen can bind directly 

to expose Mo atoms. The formation of S-vacancies in the basal 

plane can produce new bands in the gap near Fermi level. The 

new gap state is responsible for the hydrogen adsorption on S-

vacancies. With the increasement of S-vacancies, the bands of 

MoS2 move closer to Fermi level, and further enhance the H 

binding. When the concentration of S-vacancies is 12.5%, the 

free energy of hydrogen adsorption reached the optimum value 

and near zero. More than this, the adsorption of hydrogen atoms 

can be further modulated by strain. The positions of these new 

bands further shift towards the Fermi level as tensile strain is 

applied. 

Designing 2D materials with heterostructures is another effective 

strategy towards enhanced HER performance 206,548,1026–1030. The 

synergistic effect of composite materials along with and the 

enhanced charge transport property can improve the catalytic 

activity. Shah et al. prepared a nickel@nitrogen-doped 

carbon@MoS2 nanosheets (Ni@NC@MoS2) by a simple 

hydrothermal process for HER 1026. The catalyst has shown an 

onset overpotential with 18 mV and Tafel slope with 47.5 

mV·s−1. The excellent performance can be ascribed to the 

synergistic effect between different composite materials, which 

including the dense catalytic sites with exposed edges on MoS2 

and the fast electron transfer from the substrate to MoS2 

nanosheets. Liu et al. also prepared a MoS2/Ti3C2Tx hierarchical 

“nanoroll” 1027. The hierarchical electrocatalyst was synthesized 

by combining liquid nitrogen-freezing and subsequent 

annealing. The Ti3C2Tx nanosheets with rolled structure and the 

vertically aligned MoS2 crystallites can afford more active sites 

and facilitate the charge transfer process. The substrate can also 

influence the electrocatalysis 965. Zhang et al. developed a 

unique two-zone CVD technique and successfully grow 2D TaS2 

on different substrates like carbon fibers, Mo foil, glassy carbon, 

and Au foil. They studied the catalyst-substrate interaction and 

found TaS2 on Au foils own the best performance with smallest 

overpotential and lowest charge transfer resistance. They 

ascribed the good performance to the charge injection and 

suitable lattice mismatch between Au and TaS2 211. 

Metal-support interaction is a key role in heterogeneous 

catalysis. Turning the metal-support interaction is a feasible way 

to adjust the catalytic activity and electronic structure of 

supported metal catalyst. Shi et al. prepared four types of SA Pt 

catalysts on various TMDs supports by using a site-specific 

electro-deposition technique. They found that the electronic 

metal-support interaction can activate the acidic and alkaline 

HER by tailoring the oxidation state of single-atom Pt. They 

correlate the alkaline/acidic HER activity with Pt-H/Pt-OH 

interaction and average oxidation states of SA Pt 1031. 

4.3.1.6.2  Xenes 

As a typical 2D material, graphene is inert toward HER with 

a large GH* (1.85 eV) 1003. However, various modifications of 

materials can change the properties and enhance the 

electrocatalytic performance. Heteroatomic doping into the 

graphene matrix can induce the redistribution of charge/spin to 

graphene layer, which has been confirmed a useful way to 

improve the HER activity. For instance, the B-doped 

graphene 1032 and n-doped graphene 1033,1034 all exhibit 

remarkable activity in electrocatalysis. Moreover, the co-doping 

strategy are increasing being used to achieve high HER 

performance. For example, N and S co-doped nonporous 

graphene has shown extremely high catalytic activity in HER, 

showing comparable performance to the best Pt-free HER 

catalyst 1035. In another example, N and P co-doped graphene 

demonstrated greatly enhanced electrochemical performance in 

comparison with single doped counterparts 1036. In order to 

explain the effectiveness of co-doping, they explored various 

nonmetallic elements doped graphene models using DFT 

calculations. It shows that the co-doping of P and N would 

decrease the GH* value to increase the original H* adsorption, 

resulted in the highest HER activity. Experimentally, the 

incorporating of both P and N heteroatoms to graphene matrix 

was realized via the chemical doping process. The co-doped 

graphene catalysts exhibited much higher exchange current 

density and lower HER overpotential than pure and doped 

samples. In addition, the synergistic effects of co-doping N and 

P heteroatoms favor the proton adsorption and reduction, further 

enhanced the electrocatalytic performance. 

Combing 2D heterostructure with other components can 

providing large surface area and more exposed active sites, 

leading to high-efficiency HER activities. Zhang et al. developed 

a 2D NiS/graphene heterostructure composites using a novel 

deep eutectic solvents (DESs) as precursors. The homogeneous 

system can provide enough contact of different components and 

contribute the coupling of NiS nanosheets and graphene. The 
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compound exhibits high electrocatalytic efficiency and stability 

for HER and OER 1037. In another example, the heterostructure 

of LDH nanosheet and defective graphene also show high 

activity for overall water splitting 1038. Deng et al. designed a 

hierarchical architecture that composes of ultrathin graphene 

shell that encapsulates a uniform CoNi nanoalloy to boost its 

HER activity in acidic media. Base on the theoretical analysis in 

Fig. 38, it shows that the electron penetration from CoNi 

nanoalloy to graphene surface was greatly promoted due to the 

ultrathin graphene shells. By decreasing the number of graphene 

layer and increasing the amount of N dopant, the electron density 

in graphene shells were significantly increased, which further 

enhanced the HER activity 1039. 

4.3.1.6.3  MXenes 

MXenes with unique structure and electronic properties are 

regarded as promising electrocatalyst for HER. Among which, 

molybdenum carbide (Mo2C) has attracted most attention due to 

its high electrical conductivity and optimal hydrogen-adsorption 

properties. Jia et al. prepared the ultrathin n-doped Mo2C 

nanosheets (n-Mo2C NSs) for the HER 1040. The prepared 

materials own a single-crystal structure with a thickness of 1.0 

nm. The Mo2C NSs with large electrochemical area is beneficial 

to the diffusion of electrolyte, electrocatalyst, and gas. Besides, 

the surface of the n-Mo2C NSs are encompass by apical Mo 

atoms, exposing more Mo active sites. The prepared n-Mo2C 

NSs has shown high activity for HER, under the cathodic current 

density of 10 mA·cm−2, with an onset potential of −48.3 mV vs. 

RHE, Tafel slope of 44.5 mV·s−1 and overpotential of 99 mV. 

The catalyst also shown excellent long-term stability. 

Designing MXenes materials with hybrid structure can 

remarkably improve the catalytic activity 548,1027,1041–1044. Du et 

al. prepared a nickel-based bimetal phosphorus trisulfide 

(Ni1−xFexPS3) 0D-2D nanohybrids 1041. Different Ni : Fe 

compositions can be obtained by turning the ratio of Ni and Fe 

during the preparation. The lateral size of NFPS decreases from 

50 to ca. 15 nm with the increasement Fe content. By changing 

the Ni : Fe ratio to 9 : 1, the obtained Ni0.9Fe0.1PS3@MXene 

showed low overpotential (196 mV) for the HER in 1 mol·L−1 

KOH solution. Besides, the Ni0.7Fe0.3PS3@MXene || 

Ni0.9Fe0.1PS3@MXene couples show a low onset potential of 

1.42 V and requires just 1.65 V to achieve a current density of 

10 mA·cm−2, which is much better than that of noble metal IrO2 

|| Pt/C electrocatalyst (1.71 mV@10 mA·cm−2). Li et al. prepared 

a ternary PMo12-PPy/rGO nanocomposite and studied the PMo12 

content and carbonization temperature on the HER activity 1044. 

The rGO-supported Mo-based catalysts may effectively hinder 

Mo sources and graphene from aggregating during the 

preparation process. In addition, the theoretical and experimental 

results show that the small size of Mo2C NPs can exposure more 

active sites. And the introduction of heteroatoms (N, P) to the 

carbon structure leads to charge density distribution and 

asymmetry spin. During the carbonization process, rGO can 

improve the dispersion of PMo12 and further get highly dispersed 

Mo2C. rGO with outstanding electrical conductivity can also 

promote the charge transport process. The conjugation between 

Mo2C and NPC/NPrGO could favor fast electron transfer. These 

synergistic effects contribute the potent HER activity for 

Mo2C@NPC/NPrGO. 

4.3.1.6.4  Layered double hydroxides 

LDH-based materials also have important applications in 

HER. As a typical work, Liu et al. synthesized the 

heterostructures composed of (Ni, Fe)S2 nanobox and MoS2 

nanoarray based on NiFe-LDH precursors, which show greatly 

improved activity (10 = 130 mV) and durability toward HER 1045. 

The obtained (Ni, Fe)S2@MoS2 with abundant active sites offer 

favorable chemisorption of hydrogen, which account for the easy 

generation of S-Hads in the alkaline environment. In addition, 

LDHs can also be used as an excellent carrier to load other active 

materials to achieve synergistically enhanced HER performance. 

For example, Guo et al. found that anchoring Pd nanoparticles 

on the surface of NiFe-LDH nanosheet can improve HER 

performance 1046. The introduction of Pd induces the defects and 

lattice distortion as additional active sites, facilitates charge 

transfer, and adjusted the electronic state of active sites, thus 

enhancing the adsorption capacity toward H and accelerating the 

reaction kinetics than NiFe-LDH. 

4.3.1.7  Oxygen evolution reaction 

Oxygen evolution reaction (OER) is the anode reaction of 

electrocatalytic water splitting 1047. Typically, the OER half 

reaction significantly restricts the overall water splitting 

efficiency due to its sluggish reaction kinetics related to a 

complex four-electron redox process 1048–1050. Great efforts have 

been made to solve this problem. Improving the catalytic activity 

and increasing the number of active sites are two common 

strategies to improve the OER performance. 2D materials with 

unique structures, facile surface reaction, fast electron transfer 

 
Fig. 38  (a) Diagram of CoNi alloy encapsulated by graphene with 

three-layer. (b) Plots of G(H*) (red line) and electronic potential (blue 

line) vs. the graphene layers. (c) Electron density redistribution of 

CoNi covered by one to three layers of graphene. Reproduced with 

permission from Ref. 1039, Copyright 2015 John Wiley and Sons. 
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and mass transport, have shown excellent performance in the 

OER 1051,1052. 

4.3.1.7.1  Metal organic frameworks 

Metal organic frameworks (MOFs) have shown excellent 

electrocatalytic activity for OER 1053–1057. MOFs are consisted 

of metal atom node and organic ligand with periodic units’ 

structures. However, the poor mass permeability, low 

conductivity and blockage of active sites by organic ligands have 

limited their applications. On the other hand, the electron 

transfer and mass transport properties can be greatly improved 

by adopting 2D MOF structures 1058. Ge et al. designed a simple 

way to prepare 2D MOF-Fe/Co nanosheets by stirring the 

mixture of Fe/Co salts and 1,4-BDC 1058. Water and TEA are 

important additives to stabilize the MOF nanosheets. The 

obtained 2D MOF-Fe/Co nanosheets exhibit excellent 

performance for OER, which is better than the bulk and 3D 

MOF-Fe/Co samples. Both experiments and DFT calculation 

were employed to study the reaction mechanism. The 

introduction of Fe into MOF changes the electronic properties of 

Co, and reduces the free energy of rate-determining step. 

Besides, the coordinatively unsaturated sites are favorable for 

adsorption 1059,1060. Zhao et al. developed an ultrathin NiCo 

bimetal-organic framework nanosheet through a simple 

ultrasound approach for OER electrocatalysis 1059. In 1 mol·L−1 

KOH solution with O2-saturated and scan rate of 5 mV·s−1, the 

NiCo-UMOFNs electrode exhibits a quite low overpotential of 

250 mV at 10 mA·cm−2, much less than Co MOF nanosheets 

(371 mV), Ni MOF nanosheets (321 mV), bulky NiCo MOF 

nanosheets (317 mV), and the commercial RuO2 (279 mV). The 

experiments results combined with the DFT calculations indicate 

that the exposed coordinatively unsaturated metal atoms act as 

the active centers for OER. The XPS results revealed that partial 

electron is transferred from Ni2+ to Co2+ via the ligands oxygen. 

As shown in Fig. 39, the charge transfer processes can be well 

explained in terms of the electronic structures. The coupling 

effects between Co and Ni contribute to the OER enhancement. 

All these results indicate that turning MOFs with 2D structure 

can be an effective strategy to construct highly active 

electrocatalysts. 

4.3.1.7.2  Transition metal chalcogenides 

TMCs have excellent conductivity, which could be used as 

active electrocatalysts for water splitting both in HER and OER 

process 949,1061–1065. Some TMCs materials can maintain stability 

during the OER process without damage. Others could be 

oxidized into the corresponding metal oxides/hydroxides under 

the strong oxidizing environments, forming an in situ 

heterostructure 317,1066,1067. Modulate the spin states in uniquely 

exposed active planes can be an effective way for promoting the 

OER performance. Liu et al. prepared the Co3S4 nanosheets for 

high-efficient water oxidation in both alkaline and neutral 

environment 1061. The HAADF image confirmed the exposed 

Jahn-Teller-distorted octahedra structure of the Co3S4 

nanosheets. Moreover, as the nanosheet thins to atomic 

thickness, the spin state of Co3+ in the exposed octahedron adapts 

from the low spin state to the high spin state. The synergistic 

effect and electronic configuration contribute the high activity of 

Co3S4 nanosheets. The electrocatalyst exhibits an onset 

overpotential of 0.31 V and polarization current of 3.97 mA·cm−2
 

at neutral pH with overpotential of 0.7 V. The superior 

performance of Co3S4 have exceeded most other inorganic non-

noble metal catalysts.  

4.3.1.7.3  Layered double hydroxides 

In recent years, LDHs, especially transition metal based 

LDHs, are regarded as one of ideal electrocatalysts toward water 

splitting because of their excellent OER activity, low cost and 

high stability in the basic condition 1068. Li et al. firstly reported 

hierarchical MFe-LDHs (M = Ni, Co and Li) nanoplatelet array 

via a facile electrodeposition method 255. Among them, the NiFe-

LDH shows optimal activity (10 = 224 mV) and long-term 

durability for OER. Ordered nanoplatelet array structure 

facilitates electron transport and electrolyte diffusion, while the 

good combination with the substrate enhances the stability of 

NiFe-LDH. However, the inferior electrical conductivity of pure 

LDHs restricts its further application to some extent. In view of 

this, Zhou et al. reported the CoMP (M = Fe, Ni and Mg) 

ultrathin nanosheet arrays by using CoM-LDH as precursors 

through an in situ phosphidation transformation 265. The FeCoP 

exhibits significantly promoted activity toward water splitting 

with a cell potential of 1.60 V (at 10 mA cm−2) benefitting from 

the modified electronic structure of active sites and enhanced 

electronic conductivity. In addition to water oxidation, LDH-

based materials are also widely applied in the oxidation reaction 

of organic small molecules. Zhou et al. reported a synthesis of 

CoNi-alloy@CoNi-sulfide with hierarchical nanostructure by 

topotransformation of CoNi-LDH arrays, which displays 

excellent electrocatalytic activity and durability for hydrazine 

electrooxidation 264. DFT calculation reveals that the enhanced 

activity is resulting from facile dehydrogenation process, 

increased electronic conductivity and ion transport on the 

surface of CoNi-sulfide. Liu et al. demonstrated NiFe-LDH can 

efficiently electrocatalyze the oxidation of 5-hydroxy-

methylfurfural (HMF) to 2,5-furandicarboxylic acid with a 
 

Fig. 39  Illustration of electronic coupling between Co and Ni 1059. 
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Faradaic efficiency of 99.4% 1069. HMF oxidation on NiFe-LDH 

is kinetically more favorable than OER, which can replace OER 

in water splitting cells to promote H2 evolution, as well as 

produce high-value chemicals. 

4.3.2  Photocatalysis 

Modern society remain highly dependent on fossil fuels for 

electricity generation and transportation, creating environmental 

problems (global warming) through the release of CO2 into the 

atmosphere 1070. Clean and sustainable renewable energy 

technologies must be found to allow a transition away from 

fossil fuel energy 1071, with semiconductor photocatalysis having 

long been considered a potential route towards alternative fuels, 

as well as environmental governance (Fig. 40) 1072,1073. Whilst 

considerable fundamental advances have been made in recent 

years related to photocatalysis, many obstacles (especially the 

low solar conversion efficiency) need to be overcome 1074. In an 

attempt to achieve step-change improvements in photocatalytic 

property for the energy and environmental sectors, researchers 

are increasingly turning to 2D photocatalysts as a strategy 

towards enhancing photocatalytic performance 1075. Benefitting 

from the high specific surface area, tunable bandgap energies 

(band edge positions) and superior charge transfer performance, 

2D photocatalysts have been shown to demonstrate remarkable 

performance (relative to traditional 3D photocatalysts) in a wide 

range of energy and environmental applications, including water 

splitting, CO2 reduction and removal of organic pollutants, 

amongst others. In this section, we summarize recent 

advancements in the smart design of 2D photocatalysts for 

environmental (e.g., removal of organic pollutants or toxic 

chemicals, bacteria disinfection, antibiotic degradation) and 

energy applications (such as water splitting, CO2 

photoreduction, nitrogen photofixation and organic synthesis). 

2D photocatalyst discovery, performance optimization and 

superiority in photocatalysis are prominently emphasized. It is 

expected to pave a novel avenue to rationally design and develop 

high-performance 2D photocatalysts for environmental 

pollution control and sustainable energy development. 

4.3.2.1  Water splitting 

The direct route of splitting pure water to H2 and O2 

(including the reduction/oxidation process) H2O using solar 

energy was considered as one of the most valuable 

photochemical reactions. To realize overall water splitting, 

semiconductors need to have an appropriate position of the 

valence band and conduction (H+/H2O 0 V vs. NHE at pH = 0 

and H2O/O2 + 1.23 V vs. NHE at pH = 0) 1076. Accordingly, the 

bandgap of the semiconductor must exceed 1.23 eV to initiate 

this reaction. Under photoexcitation, the excited electrons and 

holes can produce hydrogen and oxygen from water, also 

accompanied by the transportation and recombination of 

electrons and holes that are the main bottleneck, resulting in poor 

photocatalytic efficiency. Therefore, it is imperative to design 

and develop semiconductors with appropriate bandgap for 

efficient water splitting. 

Recently, a range of 2D building blocks, e.g., graphene-

based photocatalysts 1077,1078, 2D oxides 1079,1080, 2D 

chalcogenides 1081,1082, g-C3N4 1083,1084, LDHs 1085,1086, and other 

2D semiconductors 1087,1088 have been developed for 

photocatalytic water splitting. Further, a variety of strategies 

(such as doping, crystal facet/defect/strain engineering and 

modification) began to be widely utilized to boost the 

photocatalytic activity in terms of bandgap, photoinduced 

carriers’ migration rate, recombination of electron-hole pairs, 

etc. For instance, Li et al. observed that the X (X = P, S, N, B, F, 

Br, C) is more favorable to substitute Cl in [Cl] layers 1089, rather 

than [Bi3O4] layers of constructed X-doped Bi3O4Cl models 

through the substitution energy calculations (Fig. 41a). The 

corresponding charge density contour plots demonstrated that C-

doping intensified the nonuniform distribution of charge 

between [Cl] and [Bi3O4] slices to the most extent. Moreover, 

the electrostatic potential difference (ΔE) between [Cl] and 

[Bi3O4] slices of all constructed models revealed that carbon-

doped Bi3O4Cl with the highest ΔE value of 7.36 eV than that of 

other samples, confirming carbon doping might be the best 

choice to enhance charge separation efficiency. Inspired by 

theoretical simulation results, they also synthesized carbon-

doped Bi3O4Cl with different C-doped concentration for 

photocatalytic water oxidation. The pristine Bi3O4Cl is inactive 

for O2 evolution, while the carbon-doped Bi3O4Cl achieved 

outstanding O2-evolving activity originated from the enhanced 

charge separation efficiency by the carbon doping. In addition, 

owing to the special superiorities of 2D-2D coupled interfaces, 

the as-prepared interfaces/engineering have drawn great 

attention in photocatalysis when compared with 0D-1D, 0D-2D, 

1D-1D, and 1D-2D interfaces 1076. The generated 2D 

heterojunctions in recent years have been employed as high-

performance photocatalysts toward photocatalytic water 

splitting. In 2016, Li et al. successfully designed 2D Janus (Cl2)-

(Bi12O17)-(MoS2) bilayer junctions, which were confirmed by 

AFM analysis and the advanced aberration-corrected high-angle 

annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) (Fig. 41b–f) 1090. The as-prepared Janus 

bilayers possessed an ultra-long carrier lifetime (3446 ns), 

leading to an advanced rate of photocatalytic hydrogen evolution 

(33 mmol·h−1·g−1) under visible-light irradiation. In recent years, 

 
Fig. 40  Schematic illustration of the basic principles of photocatalysis 

(Eg: bandgap, CB: conduction band, VB: valence band). 
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Zhao et al. synthesized boron-doped nitrogen-deficient carbon 

nitride-based Z-scheme heterostructure using the electrostatic 

self-assembly strategy 1091. The obtained 2D-2D polymeric 

heterostructure exhibited an obvious increased photocatalytic 

performance for overall water splitting and the solar-to hydrogen 

efficiency with the presence of Pt and Co(OH)2 co-catalysts can 

reach 1.16% under one-sun illumination conditions (AM 1.5G). 

This work presented a practical strategy for constructing 

efficient Z-scheme photocatalysts to boost solar conversion 

efficiency. Photocatalytic water splitting with 2D 

semiconductors offers ameliorative rates, though most of these 

works still focused on the semi reaction with the sacrificial 

agent, rather than for photocatalytic overall water splitting. 

Therefore, the solar-to-chemical efficiency is still too low to 

meet industrial requirements. 

4.3.2.2  CO2 photoreduction 

CO2 photoreduction to CO, CH4, CH3OH, HCOOH and other 

high value-added multi-carbon products has been considered as 

a clean and sustainable technique for CO2 utilization and 

reclamation. However, chemical inertness of CO2 molecule due 

to stable C＝O bond (ca. 750 kJ·mol−1) causes high reaction 

barrier and difficult to activation, so CO2 photoreduction is still 

in its infancy. Meanwhile, the efficient generation, separation 

and migration of photogenerated electron-hole pairs in 

photocatalysis are extremely challenging. To break these 

obstacles, numerous modification strategies (doping, noble 

metal loading, crystal facet control and defect construction, etc.) 

and novel photocatalysts 1092, have been extensively 

investigated. Among these state-of-the-art photocatalysts, 2D 

photocatalytic materials attracted much attention due to their 

unique 2D confined structure and inherent physicochemical 

property, especially the shorter path for migration of electron and 

hole to the surface 329,1075,1092–1096. Herein, we divide them into 

metal-containing 2D photocatalysts (e.g., LDHs 275,1097–1105, 

TMDs 1098,1106–1109, MXenes-based catalysts 1098,1110,1111, 2D 

metal oxides 1098,1112–1118, etc.) and metal-free 2D photocatalysts 

(g-C3N4 1098,1106,1119–1123, graphene 1098,1106,1120,1124,1125, 

BP 1093,1098,1119,1120,1126–1131, h-BN 1098,1120, etc.) for simplicity. 

As representative 2D metal-containing materials, LDHs have 

received extensive interest for the selectivity regulation of CO2 

photoreduction as photocatalysts or precursor due to their 

controllable components 1102. Xiong et al. synthesized a series of 

ZnM-LDH photocatalysts with different trivalent and tetravalent 

metal cations (M = Ti4+, Fe3+, Co3+, Ga3+, Al3+), investigating the 

influence of controllable components on CO2 reduction 

selectivity 1100. The selectivity of CO2 hydrogeneration can be 

further regulated via the design of catalyst. Chen et al. prepared 

a series of novel CoFe-based catalysts by the hydrogen reduction 

of CoFeAl-LDH nanosheets at the range of 300–700 °C 1097. 

When the reduction temperature was increased, the catalytic 

selectivity of CoFe-x catalysts showed a shift from CO to CH4, 

and eventually to high-value hydrocarbons (C2+) (Fig. 42a). As 

for the improvement of activity, LDHs as alkaline photocatalysts 

also perform a promoted CO2 photoreduction activity on account 

of the strong CO2 adsorption capacity of mass alkaline OH 

groups on the surface of LDHs. For example, CoAl-LDH 

exhibited a twice capacity for CO2 adsorption (2.95 cm3·g−1) 

than that of P25, leading to a 13 times higher CH4 formation rate 

(4.2 mmol·g−1·h−1) than that of P25 (0.3 mmol·g−1·h−1) 1104. 

Generally, the CO2 adsorption capacity of LDHs can be 

modulated using different synthesis methods 1105. Besides, the 

effect of external alkaline OH groups was also generalized in BP. 

Through the in situ modification by OH groups, Zhu et al. 

achieved a stable visible-light-driven photocatalytic CO 

 
Fig. 41  (a) The constructed X-doped Bi3O4Cl crystal structure and corresponding electrostatic potential diagrams of X-doped Bi3O4Cl  

(X = P, S, N, B, F, Br, C); reproduced with permission from Ref. 1089, Copyright 2016 John Wiley and Sons. (b) Side-view 3D AFM images and  

(c) corresponding height profiles along the lines in (b); (d, e) the average measured thicknesses and theoretical thicknesses of mono-layered Bi12O17Cl2 

and MoS2 in 2D Janus; (f) the corresponding EELS elemental maps of 2D Janus (Cl2)-(Bi12O17)-(MoS2) bilayer junctions; scale bar is 10 nm 1090. 
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production rate of 112.6 μmol·h−1·g−1 on BP nanosheets (4 times 

higher than that of bulk BP) 1131. In addition to surface treatment, 

the construction of effective heterojunction structures (0D/2D, 

1D/2D or 2D/2D) is another effective strategy for retarding the 

recombination of photogenerated electrons/holes, further 

promoting the CO2 photoreduction activity. Luo et al. reported 

that 0D/2D materials of g-C3N4 nanosheets and CdSe QDs can 

reduce the diffusion length of charge carriers, then enhancing the 

activity of CO2 reduction 1121. CdSe QDs with different sizes 

possessed the tunable energy level of the photogenerated 

electrons, which altered the selectivity of CO2 (Fig. 42b). 

A similar enhancement of activity in 1D/2D heterojunction 

material can be accomplished (Fig. 42c) 1132. Moreover, a stable 

2D/2D heterostructure of BP/bismuth tungstate (BP/Bi2WO6) 

with oxygen vacancy was reported for CO2 photoreduction to 

syngas (Fig. 42d), whose generation rates of carbon monoxide 

and hydrogen (20.5 and 16.8 μmol·g−1·h−1) were remarkably 

higher than the reported BP-based materials 1126. The 

construction of S-scheme 2D/2D heterostructure with coupled 

oxygen defects widely facilitates the charge transfer efficiency 

and photocatalytic activity. Although tremendous studies on the 

flourishing of CO2 photoreduction of 2D materials have been 

concerned, there still are many unknown tracks to dig out. It is 

an emergency to develop novel in situ detection technologies to 

realize a visual observation on the migration of photo-

electrons/holes or the variation of reaction intermediates, which 

is beneficial for a deep understanding of CO2 photocatalysis, 

making a breakthrough on the activity and selectivity of CO2 

photoconversion. 

4.3.2.3  Nitrogen reduction reaction 

Photocatalytic NRR utilizing solar light under mild conditions 

is a green avenue for ammonia synthesis. Efficient 

photocatalytic NH3 synthesis relies on a highly active catalytic 

site for N2 activation and high-efficiency electrons transfer from 

photocatalyst into N2 molecule to accomplish N2 reduction 1133–1138. 

As a kind of alternative photocatalysts for high-efficiency NRR, 

2D semiconductor materials process atomic-level thickness with 

large lateral dimension, thereby resulting in the short path for 

migration of photogenerated carriers to surface and abundant 

surface active sites. In recent years, 2D materials such as bismuth 

oxyhalides (BiOX) 1139, g-C3N4 1140, LDHs 1141, and BP 1142 have 

been widely reported for photocatalytic nitrogen fixation 

through various design strategies. 

Recent progress indicated that O, N, and S vacancies exhibited 

promoting photocatalytic N2 activation on account of their 

excess electrons and coordinately unsaturated metal sites 1143–1145. 

Benefited from high surface atom exposure of 2D materials, 

anion vacancies could be simply constructed and adjusted on 

surface by the design of crystal facet, doping and strain 1146–1148. 

Researchers reported that efficient activation and reduction of 

adsorbed N2 to produce NH3 were realized on oxygen vacancies 

(Vo) of BiOBr nanosheets (Fig. 43a, b) 1149–1151. Furthermore, the 

distinct structures of Vo on {001} and {010} facets resulted in 

different ammonia synthesis pathways by altering the adsorption 

structure of N2 1152. Unlike the 2D BiOX materials whose 

component modulation is restricted to a small scope, the 

tunability of cations within the layers of LDHs provide wide 

spaces for the design of defects. In 2017, ultrathin 2D MIIMIII-

 
Fig. 42  (a) Illustration of the different CoFe-x catalysts formed by hydrogen reduction of a CoFeAl-LDH nanosheet precursor at  

different temperatures and the CO2 hydrogenation selectivity of each CoFe-x catalyst; reproduced with permission from Ref. 1097,  

Copyright 2017 John Wiley and Sons. (b) Illustration of the variation tendencies of different polymeric C3N4/CdSe QDs; reproduced with  

permission from Ref. 1121, Copyright 2019 John Wiley and Sons. (c) Schematic illustration of TiO2 and MoS2 heterojunction: charge  

transfer and separation under UV-visible light irradiation for CO2 reduction. Reproduced with permission from Ref. 1132, Copyright 2018  

John Wiley and Sons. (d) Mechanism diagram of the photocatalytic CO2 reduction reaction over a Pt/BP-Bi2WO6 heterojunction under  

solar light irradiation. Reproduced with permission from Ref. 1126, Copyright 2021 American Chemical Society. 
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LDH (MII = Zn, Ni, Cu; MIII = Al, Cr) nanosheets with abundant 

Vo were designed and exhibited superior photocatalytic activity 

for NRR than the bulk counterparts. Particularly, severely 

distorted structure and compressive strain caused by plentiful Vo 

was observed in ultrathin CuCr-LDH, leading to remarkable 

performance compared with other several LDHs (Fig. 43c). 

Furthermore, the doping of Cu2+ into ZnAl-LDH could introduce 

electron-rich Cuδ+ and surrounding Vo (Cu-Vo) at surface 1153. 

The abundant Cu-Vo sites promoted N2 activation and injection 

of photogenerated electron 1154, resulting in remarkable NRR 

performance of 110 µmol·g−1·h−1. 

In addition to the construction of intrinsic vacancy defects, 

surface modification of 2D materials for photocatalytic NRR has 

also been widely reported in recent years 1155–1157. For example, 

Zheng et al. decorated a series of single transition-metal atoms 

(Mn, Fe, Co, and Ni) onto MoS2, prolonging the lifetime of 

photogenerated carriers, suggesting the single metal 

modification enhanced charge separation by trapping excited 

electrons 1158. Anchoring single-atom onto carbon nitride can 

also construct new catalytic active centers and efficiently capture 

photogenerated electrons 1159,1160. Huang et al. demonstrated a 

valence-electron cloud of single Cu atom on g-C3N4 isolated 

from the conjugated π electron of g-C3N4, thereby easily exciting 

to generate electrons with high energy level 1161. Guo et al. 

reported coordinatively unsaturated single-atom Mo on g-C3N4 

exhibited strong adsorption to N2 molecule with a stretched 

length of N≡N bond from 1.11 to 1.15 Å 1162. Besides, special 

bonding mode and topological structure enable 2D materials to 

construct hybrids with a variety of materials (Cu2O, BiO, Ni2P, 

etc.), achieving improved stable bonding and carrier separation 

efficiency 1163–1168. For Ni2P/BP, the Ni-P bond between BP and 

Ni2P could act as atomic level channels for charge transfer at the 

interface to supply photogenerated electron efficiently for N2 

reduction 1169. Alike Ni2P/BP photocatalysts, uniformly sized 

sub-3 nm Cu2O platelets loaded on LDH nanosheets could be 

obtained via a simple in situ reduction of CuZnAl-LDH (Fig. 

43d), exhibiting considerable performance and stability for 

visible-light-driven NRR 1170. 

In spite of the rapid development of photocatalytic nitrogen 

reduction, there are still some bottlenecks restricting 

improvement of performance for ammonia production. Special 

optical and electrical properties of 2D materials are expected to 

provide new approaches to overcome these challenges in the 

future. Considering that most of current photocatalysts with low 

solar efficiency were excited by ultraviolet light 1169,1170, rational 

design of 2D materials with unique optical properties and wide 

absorption (up to visible or near-infrared light) is prime 

important to achieve remarkable nitrogen fixation performance. 

In addition, inspired by thermal catalytic ammonia synthesis, the 

enriching electron density of surface defects is a key to promote 

nitrogen activation 1171–1174. Therefore, the construction of 

electron-rich structures at the surface of 2D materials in virtue 

of the confined electron in layered structure may be one of the 

avenues to high-performance photocatalyst for NRR. 

4.3.2.4  Photocatalytic environmental treatment 

Among these environmental treatment technologies employed 

thus far, the semiconductor photocatalysis as a new pollution 

control technology demonstrates the great potential of degrading 

and eliminating various emerging pollutants via advanced 

oxidation processes (AOPs) 1175. In recent years, a large number 

of studies have confirmed that dyes, surfactants, organic halides, 

pesticides, oils, cyanides, etc. can be effectively removed 

 
Fig. 43  (a) Side and top view of (001) surface of BiOBr with a Vo. (b) The adsorption geometry of N2 on the Vo of BiOBr (001) surface and 

corresponding charge density distribution; the yellow and blue contour represent charge accumulation and depletion in the space respectively 1149.  

(c) Schematic polyhedral representation of the ultrathin LDH structure with defective MO6 octahedra at the nanosheet edge or surface and the 

distortion structure induced by Vo (Vo marked by the yellow dot); reproduced with permission from Ref. 1153, Copyright 2017 John Wiley and Sons.  

(d) Schematic illustration and HRTEM images of the supported ultrafine Cu2O prepared through in situ reduction of LDH using different 

concentrations of ascorbic acid; reproduced with permission from Ref. 1170, Copyright 2020 John Wiley and Sons. 
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through photocatalytic decolourization, detoxification, and 

mineralization into inorganic small molecular substances (e.g., 

CO2, H2O and inorganic ions or acids), thereby eliminating 

environmental pollution 1176,1177. Photocatalysis involving O2 

and H2O as reaction species converted into high-reactivity 

oxygen species (ROS) 1178, i.e., hydrogen peroxide (H2O2), 

superoxide anion radical (·O2
−), singlet oxygen (1O2) and 

hydroxyl radical (·OH) in photocatalysis (Fig. 44). 

Since the synthesis of ROS is the initial rate-limiting step for 

photocatalytic environmental pollutant treatment, designing 

catalyst for enhancing ROS generation is crucial. 2D 

photocatalysts emerge with great potential for settling this matter 

as they can convert solar energy to ROS efficiently 1179. Nitric 

oxide and nitrogen dioxide (collectively referred to as NOx) as 

one of the typical outdoor and indoor air pollutants, have 

attracted extensive environmental concern 1180. In particular, the 

removal of indoor air pollutants at a realistic concentration (ppb 

level) is technically challenging with reasons for economic 

infeasibility 1181. Dong et al. developed a novel in situ method 

for the synthesis of g-C3N4 on structured ceramic foam. The 

optimized supported g-C3N4 with a remarkable NO removal ratio 

of 77.1% can be obtained under real indoor illumination 1182. 

Through EPR characterization, the reaction mechanism and 

ROS of photocatalytic NO oxidation were revealed. Further, 

owing to enough stable g-C3N4 on the structured ceramic foam 

with special chemical interaction, photocatalysts can be 

employed under the continuous airflow to promote the practical 

environmental application. Alike NO removal, photocatalysis 

was considered a presumably critical important technology for 

the removal of ammonia, which acted as a typical environmental 

pollutant in water originate from industry, agriculture and 

domestic sewage effluent 1183,1184. Ultrathin g-C3N4 with 2.7 eV 

bandgap and suitable position of CB and VB was fabricated as a 

metal-free photocatalyst for ammonia removal from water 1185. 

Compared with bulk g-C3N4, the ultrathin g-C3N4 can obviously 

improve photocatalytic performance. It attributed to the 2D 

ultrathin structure that shortened the photoinduced carriers’ 

migration distance and accelerated separation efficiency to 

generate more hydroxyl radical for ammonia oxidation 1186. 

Among these 2D photocatalysts studies, catalyst design and 

screening are especially crucial in terms of extending the lifetime 

and understanding the kinetic synthesis of ROS in future 

photocatalytic applications for pollutants removal. 

4.3.2.5  Photocatalytic organic synthesis 

Photocatalytic organic synthesis is the valorization of small 

molecules beyond H2O, CO2, and N2, and it has received 

growing interest and attention recently, albeit an emerging field. 

Within a few years, a number of systems were explored, 

including controlled photooxidation (e.g., oxidation of alcohols, 

amines, and cyclohexane; hydroxylation of benzene; 

epoxidation of alkenes) or photoreduction (e.g., reduction of 

nitroaromatics, unsaturated aldehydes, alkenes, and alkynes) of 

organic molecules. The outstanding electronic characteristics 

and versatility for structural modifications of 2D materials (g-

C3N4, 2D COFs, graphene, BiOX, LDHs, etc.) project them into 

the field of heterogeneous photocatalytic organic synthesis 1187. 

In a seminal report, graphene-supported copper NPs are 

feasible for igniting the coupling reaction of aromatic nitro 

compounds to corresponding azo- and azoxy-aromatic 

compounds under visible-light irradiation at 60 °C 1188. The 

ignition is primarily ascribed to excited energetic electrons, 

which is originated from the localized surface Plasmon 

resonance effect of Cu and photoexcitation of the bound 

electrons, facilitating the cleavage of N―O bonds in the 

aromatic nitro compounds. Whereas Cu and graphene are 

expensive, many low-cost and metal-free materials have been 

exploring. For example, Chen et al. reported that a 2D 

porphyrin-based sp2 carbon-conjugated COF can induce aerobic 

oxidation of amines to imines under visible light, and the COF 

is highly stable even under harsh pH condition 1189. Dai et al. 

demonstrated that g-C3N4 can also selectively synthesize various 

azo- and azoxy-aromatic compounds from the corresponding 

nitroaromatics with isopropanol serving as electron donor, and 

the selectivity can be controlled by different irradiation 

wavelength 1190. Since the oxygen removal process by two H 

atoms through the generation of H2O is the key step of 

nitrobenzene reduction, photogenerated electrons and adsorbed 

hydrogen atoms (Hads) of g-C3N4 are pivotal. In situ mass 

spectrometry ca. remaining O2 after the deaerated conditions 

showed that g-C3N4 possesses the fastest O2 depletion rates (Fig. 

45a), hence the most efficient utilization of photogenerated 

electrons. Besides, the post-mortem temperature-programmed 

desorption suggested weak adsorption of Hads on the g-C3N4 

surface, thereby reacting rapidly with the surface absorbed 

nitrobenzene to azo- or azoxy-benzene (Fig. 45b–d). Xiao et al. 

demonstrated oxidative couplings of amines to imines by porous 

few-layer g-C3N4 with 2–15 nm pores (Fig. 45e, f) whereby 

diffusion of reactants and products are facilitating 1191. However, 

g-C3N4 alone is unsuitable for selective oxidation of 5-

hydroxymethylfurfural (HMF) because hydroxyl radicals 

generated over g-C3N4 are detrimental to the oxidation process 

via oxidizing HMF directly to CO2 and H2O 1192. Xu et al. 

reported that C3N4/H2O2 adduct can acquire comparable HMF 

 
Fig. 44  High-reactivity oxygen species generated in  

photocatalysis. Reproduced with permission from Ref. 1178,  

Copyright 2017 American Chemical Society. 
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conversion and higher selectivity of 2,5-furandicarboxaldehyde. 

Additionally, composite is an efficacious means to change 

properties of C3N4 and heavily improve catalytic conversion and 

selectivity as well. For instance, the strong interaction between 

cobalt thioporphyrazine (CoPz) and g-C3N4 in CoPz/g-C3N4 

composite not only enhances the accessibility of the CoPz sites, 

but also boosts 1O2 instead of hydroxyl radical generation, thus 

obviously promoting selective oxidation of HMF to 2,5-

furandicarboxylic acid 1192. Considering photocatalytic organic 

conversion involving the hydrogen transfer step is attractive 

while selectivity and efficiency driven by visible-light are still 

unsatisfactory. Dai et al. developed a basic-site engineered 

bismuth oxybromide [Bi24O31Br10(OH)δ] that performs 

remarkably in photocatalytic redox reactions (e.g., thiones to 

thiols, quinones to quinols, nitrobenzene to azo/azoxybenzene, 

and alcohols to ketones) involving hydrogen transfer step 1193. 

Such basic sites (OH and undercoordinated O atoms) on catalyst 

surface can favor the oxidation of alcohols (R―OH), then being 

donated protons (H*) through oxidative dehydrogenation of 

alcohols (Fig. 45g). The donated protons further accept the 

conduction band electrons to generate metastable Hads under 

irradiation, which can then be rapidly scavenged by hydrogen 

acceptors (A) to form valuable organic compounds, rather than 

H2 gas. Moreover, joint utilization of basic surface sites and 

active lattice oxygen in Bi24O31Br10(OH)δ is a promising way to 

selectively oxidize aliphatic and aromatic alcohols to the 

corresponding aldehydes/ketones due to boosted dehydrogena-

tion in photooxidation of alcohols 1194. Defect engineering in 

LDHs also play a vital role in the hydroxylation of benzene 1195, 

selective oxidation of aromatic alcohols 1196, and hydroxylation 

of phenol 1197. While photocatalytic organic synthesis has 

achieved huge advances in recent years, most of these works 

involved sacrificial agents, which make them far from energy 

economical and practical application. Coupling cathodic and 

anodic conversion is likely a promising route to efficiently 

utilize electron-hole pairs. 

Demands for higher energy efficiency, coupled with 

environmentally-friendly premises provide growing impetus to 

explore new alternative green energy. Over the next 5–20 years, 

it is anticipated that photocatalysis combined with 2D materials 

will be widely adopted for practical energy and environmental 

applications owing to its technological advantages. 

Opportunities exist for the discovery of new photocatalytic 

systems and alternative methods with effective 2D materials. 

Certainly, how to fully strengthen the 2D photocatalysts’ 

advantages (high surface area with the exposed active site, 

excellent charge transferability and tunable bandgap structure) is 

the key to promote solar-to-chemical conversion efficiency. 

4.4  Energy storage 

2D materials are widely employed for electrochemical energy 

storage applications due to their layered crystal structure for ion 

intercalation and diffusion, rich surface functional groups and 

high redox reactivity, tuneable conductivity as well as structural 

flexibility. A wide diversity of 2D materials have been studied 

for energy storage (see examples in Fig. 46), spanning from 

graphene, graphene analogues, COFs, to TMDs, MXenes, BP 

and 2D metal oxides 33,1198. 2D materials are applied in both 

cathode, anode and electrolyte. More specifically, they can be 

electrochemical active materials (for bulk intercalation or 

surface adsorption), conductive additives (forming composites 

 
Fig. 45  (a) The consumption of dissolved O2 under irradiation using various photocatalysts determined by in situ MS. (b) Post-mortem TPD  

spectra revealing the desorption of Hads from the g-C3N4 and A-g-C3N4 surfaces. (c) Scheme of the suggested reaction pathway; the reduction  

reaction will be hindered if Hads binds strongly to the catalyst. (d) Reaction path for the photoconversion of nitroaromatic compounds to azoxy-,  

azo-aromatic compounds, and amines. NBS = Nitrosobenzene, NPH = N-phenylhydroxylamine 1190. (e) AFM and (f) TEM image of the few-layer  

C3N4; reproduced with permission from Ref. 1191, Copyright 2019 American Chemical Society. (g) Working principle of the Bi24O31Br10(OH)δ 1193. 
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with transition metal oxides or sulphides) and surface protectors 

(to suppress dendrites or pulverization). In this section, we will 

highlight with examples the application of typical 2D materials 

in secondary batteries, supercapacitors and micro-

supercapacitors. 

4.4.1  Batteries 

According to the type of charge carriers (Li+, Na+, K+, Mg2+, 

Al3+, and non-metal cations) and storage mechanisms, electrodes 

of batteries can be divided into two major types: conversion-type 

and intercalation-type. Examples for the former are Li-S, Li-Se, 

Na-S, Li-O2, Zn-O2 battery cathodes and the corresponding 

metal anodes; and examples for the later are the most common 

Li-ion, Na-ion, K-ion, Zn-ion battery cathodes or anodes. In the 

following, we will discuss the application of 2D materials in 

intercalation-type electrode, conversion-type additive, metal 

anode protection, and solid-state electrolyte (Fig. 46, left panel). 

In the intercalation-type batteries, 2D materials with an open 

structure and weak interlayer bonding and adjustable interlayer 

distance provide more active sites for ions storage and easier ions 

transfer compared to bulk counterparts. Typical 2D organic 

materials employed for intercalation-type electrodes include 

graphene and derivatives, 2D polymers, 2D COFs and 2D 

MOFs 1199,1200. The inorganic type is represented by TMDs, but 

other 2D graphene-analogous (Si, Ge, Sn, Sb, Bi, B3P, ZnN, ZnP, 

LDHs, etc.) and are being attempted either experimentally or 

theoretically 1201–1204. 

Graphene has been widely applied in the anode for insertion-

type batteries. Li+, Na+, and K+ can be inserted between the 

carbon layers and form metal carbides 1205,1206. In Li-ion battery, 

reactive sites generated by the exposed graphene edges exhibit 

high binding energies between C and Li+, rendering a high 

specific capacity around 1500 mAh·g−1 with the formation of 

LiC6 1207. Heteroatom doping can further improve the 

conductivity and enhance the interaction between charge carriers 

and graphene layers, leading to improved activity 1208,1209. 

Following the success of graphene, TMDs are widely 

employed as the anode host for alkane metal ions. Taking MoS2 

as an example, because of the weak vdW interaction between the 

interlayers, it suffers less volume expansion during the 

accommodation of metal cations than that of other alloying type 

anodes, such as 2D BP and bulk TMDs 1210. However, the pitfall 

of most TMDs is that they usually have lower electrical 

conductivity than graphene, thus requires hybridization with 

conductive agents or creation of atomic vacancies 1211–1213. 

Introducing guest ions or molecules to expand the interlayer 

distance of TMDs is beneficial to ion diffusion 1214. In 

macroscopic level, engineering the porous or hierarchical 

structures is a widely employed method to shorten the mass 

transport pathway and also to alleviate the re-stacking and 

aggregation during the cycling process 1215. Attention should be 

paid that most TMD semiconductors may experience a 

decomposition reaction at a lower discharge potential than the 

potential for intercalation reaction, and this decomposition could 

be irreversible 1216. 

LDH-based materials have also been successfully applied in 

the field of energy storage like batteries. As a typical work, Li et 

al. reported a series of activated LDHs (CoFe, CoNi and CoAl-

LDH) nanoarrays as cation supercapacitor materials through a 

facile electrochemical activation (ECA) method 1217. The ECA 

process results in the generation of hydrogen vacancies (VH) on 

LDH host layers, which can provide a 2D open channel for the 

reversible intercalation of metal cations. These activated LDH- 

VH exhibits remarkable storage capacities for a wide range of 

metal cations (monovalent Li+, Na+ and K+ and divalent Ca2+, 

Mg2+ and Zn2+) compared with pristine LDHs. Furthermore, 

both DFT calculations and experimental studies indicate that the 

VH in the activated LDH plays an important role in the 

intercalation chemistry as well as energy storage performances. 

The ultrathin CoFe-LDH with active-oxygen-rich surface 

(ULDH-O) was further developed by Li et al. to modulate the 

 
Fig. 46  Classification of 2D materials and modification strategies in application for rechargeable batteries. 
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deposition/dissolution of Li metal anode for Li-metal batteries 1218. 

The active oxygen on the lithiophilic surface of ULDH-O is 

thermodynamically favorable for Li atom adsorption and thus 

promotes the homogeneous nucleation and deposition of Li 

metal to suppress dendrite formation. Moreover, the ultrathin 

structures also promote the sufficient exposure of Li nucleation 

active site and guarantee efficient electron transfer between 

ULDH-O and conductive substrate. Furthermore, LDHs with 

inert metal ions (such as Mg2+, Zn2+, and Al3+) have attracted 

widespread interest by assembling into the ultrathin film to 

suppress the “shuttle effect” of polysulfides because of the 

ultrathin nanosheet structures with positive charges 1219. Cui et 

al. successfully fabricated an ultrathin separator by the assembly 

of MgAl-LDH nanosheets and GO on a commercial 

polypropylene separator ((LDH/GO)n) and could effectively act 

as both a polysulfide barrier and Li+ rectifier in the lithium-sulfur 

battery 1220. The experimental results demonstrate that the 

(LDH/GO)20-assembled lithium-sulfur battery exhibits excellent 

performance with a large initial discharge capacity, cycle 

stability and good heat resistance performance. The restricted 

pathways on the (LDH/GO)n film could effectively block 

polysulfides to stabilize the sulfur cathode but promote the 

uniform dispersion of Li+ to inhibit the generation of Li dendrites 

on the Li-metal anode. 

MXenes with high conductivity are being extensively studied 

for energy applications include battery anode 1221–1223. Charge 

carriers are stored in the Ti2C3 layers. However, the remaining 

OH and F groups on Ti2C3 layers may lower the ions transfer, 

thus some guest dopants (N, Sn, S, P) are often introduced to 

modify the surface 1224–1227. Similar to 2D MoS2, the interlayer 

distance of MXenes can also be effectively expanded by filling 

with nano-structured materials such as CNT, polymers and large-

sized metal ions to facilitate the ion intercalation 1228–1230. 

For the conversion-type batteries, such as metal-sulfur, metal-

selenium, metal-O2 and metal-CO2 batteries, 2D materials are 

often applied as a host, an additive to the cathode, or a coating 

layer on the separator. An important function of 2D materials is 

to catalyze the active species conversion or reduce the side 

reactions during the cycling 1231,1232. 

In the metal-sulfur system, taking lithium-sulfur battery as an 

example, it suffers the shuttle effect of soluble intermediates-

lithium polysulfides, low conductivity of sulfur and final 

products (Li2S), and the large volume fluctuation during the 

cycling process (~76%). 2D materials with good conductivity 

such as graphene and g-C3N4 are often employed as the host for 

sulfur 1233. The high porosity of such flexible sheet-like material 

can efficiently accommodate the volume expansion during the 

cycling. The non-polar carbon-based materials cannot 

thoroughly prevent the polysulfides shuttling. To enhance the 

immobilization of intermediates on the cathode, TMDs or 

MXenes with higher polarity and large exposed planar surface 

provide a better function owing to the strong Lewis-acid based 

interaction between the metal ions and polysulfides 1234,1235. 

Vacancies and single atoms modification introduced into the 2D 

materials are proven useful to enhance the polysulfides 

conversion kinetics 1236,1237. Because of low conductivity, a 

hybridization and a possible synergistic effect between the 

porous carbon and polar 2D metal compounds are beneficial to 

mitigate the issue of volume change and polysulfides shuttling 1238. 

The role played by 2D materials in the metal-air batteries is 

similar to the metal sulfur batteries. Specifically, they may 

accelerate the electrocatalytic ORR and OER process and reduce 

the polarization during the cycling process 1239. For example, 

graphene with homogeneous sp2 hybridized electrons and high 

specific area can efficiently accommodate and regulate the 

distribution of insulating products Li2O2/LiO2, avoid the 

blocking of O2 in the cathode and facilitate the ORR and OER 

process 1240–1243. To optimize the nucleation of LiO2, graphene 

surface may be modified by noble metal or compounds with a 

similar crystallographic lattice to LiO2, which further reduces the 

charge overpotential 1244. In addition, 2D oxides and LDHs with 

exposed surface atoms, atomic steps and kinks can facilitate the 

chemical bonds breaking, and thus boost the OER/ORR 

process 1245,1246. 

Generally speaking, for the conversion-type batteries, 2D 

materials are applied based on the unique interaction between 

their surface and the unstable or soluble active species since the 

active species will not be stored inside the crystalline 

framework. Thus, the anchoring sites for active species (e.g., 

edge sites, heteroatoms dopant or vacancies) and the transport of 

active species (generated by rational design of hierarchical 

structures) are both significant factors of 2D materials. 

In the metal anode research area, prominent issues of dendrite 

growth and side reactions need to be solved. 2D materials are 

widely studied for anode protection because of their outstanding 

conductivity and mechanical flexibility 1247. For example, the 

basal plane of graphene can serve as the nucleation template to 

guide the horizontal growth of the zinc metal which is effective 

in suppressing the Zn dendrite growth in Zn-ion battery 1248. 

Apart from the nucleation template, graphene can also serve as 

physical confinement to reduce the dendrite formation by 

reducing the current density and enhancing the affinity of charge 

carriers on the surface 1249,1250. MXenes with heteroatoms doping 

or modification are served as the host for Li, Na, Zn and K 

metal 1251,1252. Other strategies are ex-situ artificial SEI layer on 

metal anode to induce uniform metal deposition 1253, or coating 

on separator to reduce the number of hotspots 1254. These are both 

effective in preventing dendrites from piercing the separator. 

In addition to the application as electrodes, 2D materials, 

especially when surface functionalized have also been added 

into the electrolyte (solid polymer electrolyte or gel electrolyte) 

to facilitate the dissociation of the metal salts 1247. For example, 

in the solid lithium-ion battery, 2D graphene nanosheet modified 

by poly(ethylene glycol) and branched-graft copolymer could 

efficiently enhance the ionic conductivity by constructing Lewis 

acid-base interaction with lithium salts 1255. Similarly, 2D 
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vermiculite sheets with the substitution of surface Si atoms by 

Al atoms bring about a negative surface charge state, 

corresponding to improved ability to dissociate Li salt by 

absorbing Li+ 1256. 2D COFs and h-BN can also be applied in this 

area to dissociate the ion pairing of the metal salts and enhance 

ion mobility 1257–1259. 

In summary, this section highlights the application of 2D 

materials in different parts of electrochemical batteries. Typical 

strategies such as doping, hierarchical structures or 

heterostructures, and vacancies are discussed with respect to the 

charge storage mechanisms (Fig. 46). Typical strategies in 

enhancing the redox kinetics, reaction reversibility and electrode 

stability are presented. 

4.4.2  Supercapacitors 

Different from battery systems, supercapacitors (SCs) store 

energy via kinetically faster physisorptions or faradaic reactions 

on the electrode (near) surface, which are capable of achieving 

high power density and long cycle life. On the basis of the charge 

storage behaviours, SCs can are generally classified to 

electrochemical double-layer capacitors (EDLC) and pseudo-

capacitors. The former stores charges at the “Helmholtz layer” 

formed through electrostatic interaction between 

electrode/electrolyte interface; while the latter stores by 

(near)surface-confined faradaic reactions. It is not surprising that 

2D materials can be useful for both types because of much larger 

surface ratios than bulk 1260–1265, as illustrated in Fig. 47a, b. 

Their reactive basal planes or edges, tunable surface chemistry, 

and interlayer spacing are desirable features to accommodate 

Faradaic reactions and insertion pseudo-capacitance. 

In terms of EDLC, the capacitance is calculated solely 

according to a material’s surface area. Hence graphene with 

extraordinarily high surface area of up to 2630 m2·g−1 can 

theoretically achieve an EDL capacitance as high as ~550 

F·g−1 1266. As reported, single-layer graphene achieved a high 

capacitance of ~21 μF·cm−2 superior to other carbon-based 

materials 1267. Subsequently, explosion of publication on 

preparations of GO and rGO especially for large-scale or more 

facile fabrication has been observed. Defects and surface 

modification can enhance the capacitance by modulating 

graphene electronic structure and electrochemical properties. 

For example, an ~150% enhancement (~50 µF·cm−2) in 

measurable capacitance of few-layer graphene has been 

observed by defect incorporation 1268. The great success of 

graphene in supercapacitors has intrigued attentions in other 2D 

single-elemental materials, such as borophene- 1269,1270, 

silicene- 1271–1273, and germanene-based 1274 materials. So far, 

silicene/germanene are mainly synthesized on substrates due to 

the lack of thermodynamic stability, so an in-depth study remains 

at a theoretical stage and advanced synthesis strategies are 

needed. As for EDL capacitive 2D materials like BP, h-BN, and 

g-C3N4, the reduction of their large electronic bandgap can be 

realized through a controlled doping process or forming 

heterostructures with graphene to mitigate the poor conductivity 

and restacking issues effectively 1275–1277. 

 
Fig. 47  Supercapacitors based on 2D material electrodes: (a) electrochemical double layer mechanism and (b) pseudocapacitance.  

(c) Various strategies to enhance the electrochemical properties of 2D materials. (d) Unique mechanical properties of 2D  

materials compared to bulk electrode materials. 
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In the domain of pseudocapacitor, we will exclude some 2D 

transition metal oxides such as LDHs as their pseudo-capacitive 

behavior is generally not intrinsic 1278,1279. On the other hand, 

layered TMDs show strong pseudocapacitance behavior because 

of their large surface area and variable oxidation states. The most 

interesting attribute of TMDs is their different polymorphs 

structures (e.g., 1T and 2H phases) (Fig. 47b) 370. Acerce et al. 

demonstrated that the high electrical conductivity and intrinsic 

hydrophilicity imparted 1T-phase MoS2 the ability to intercalate 

various cations and interesting electrochemical properties for 

aqueous/organic supercapacitor devices 156. Likewise, the 

exfoliated “distorted” 1T-phase (1T′) WTe2 was reported to show 

good electrical conductivities and deliver a mass capacitance of 

221 F·g−1 1280. 2H-phase MoS2 and layered oxides (δ-MnO2 and 

α-MoO3) face some issues in common, namely, the poor 

electronic conductivity and inferior structural stability 32. 

Previous works have tried to mitigate these two issues by foreign 

ion doping to narrow down the bandgap and improve electron 

transfer 1281.1282. Of course, the most common strategy by 

hybridizing layered TMDs or oxides with conductive 

carbonaceous materials is always useful to facilitate charge 

transport, increase ion-accessible sites, enlarge interlayer space 

and impede restacking, thus giving rise to improved rate 

capability and cycling stability. 

MXenes, particularly the conductive Ti3C2Tx, with high 

metallic conductivity and volumetric capacitance are widely 

explored in supercapacitors 1283. In 2013, Lukatskaya et al. 

demonstrated that various cations (Li+, Na+, Mg2+, K+, NH4+, and 

Al3+ ions) could readily intercalate between 2D Ti3C2Tx layers 

from aqueous solutions. Among which, binder-free Ti3C2Tx 

paper in basic solutions exhibited the best performance and 

yielded volumetric capacitance of up to 350 F·cm−3 948. 

Subsequently, they continued to study the capacitive behavior of 

Ti3C2Tx in organic electrolyte aiming at an extended voltage 

window and thus a larger energy density. It’s found that solvated 

or desolvated Li+ can be intercalated when different organic 

solvents were used, which delivered significantly different 

capacitance 1284. The development of Ti3C2Tx in SCs also 

inspires the research of other MXenes like Ti2CTx 1285 and 

V2NTx 1286. 

Beyond inorganic ones, 2D organic materials offer chemical 

and structural tunability and physicochemical properties toward 

application in SCs (Fig. 47b). Typical examples are conductive 

polymers, MOFs, and COFs. In general, these organic materials 

or functionalized organic materials 1287,1288 exhibit 

pseudocapacitive behaviour via redox reactions. However, by 

virtue of their large compositional diversity, some 2D organic 

materials can store charge through EDL capacitive 1289–1291 and 

insertion pseudo-capacitive behaviour as well 1292. Furthermore, 

2D MOFs and COFs as a novel class of porous crystalline 

organic materials can be directly applied for capacitive energy 

storage 1293, or as sacrificial templates for resulting sulfide/ 

carbon CoSNC 1294 and porous carbon 1295 for supercapacitor 

electrodes. 

As above, a variety of 2D materials have emerged as 

favourable and competitive candidates in the application of 

supercapacitors. Modulation strategies, such as defect 

introduction, surface functionalization, and materials 

hybridization, are effective in enhancing the performance (Fig. 

47c). In addition, architecture engineering also has profound 

effect on electrochemical properties by exposing more reactive 

sites and regulating charge transports, e.g., vertical alignment of 

2D materials 1296, and restacking of exfoliated nanosheets into a 

3D sponge 1297 or hydrogel electrodes 1298. 

Finally, the high mechanical strength and flexibility of 2D 

materials at atomic dimensions make them promising for the 

preparation of electrodes that are stretchable, flexible and 

tailorable (Fig. 47d) 1283. Research on that has proliferated over 

the recent years, like stretchable MXene/rGO-based 

supercapacitor (i.e., up to 300% uniaxial and 200% × 200% 

biaxial strain) 1299, and flexible BP-CNTs-based supercapacitor 

(can withstand bending, rotating, twisting and folding 

deformation) 1300. This will be a promising direction for 2D 

materials based electrodes in the study of device with both high 

mechanical robustness and electrochemical performance. 

4.4.3  2D materials for micro-supercapacitors 

The trend of miniaturizing electronic devices has pushed the 

development of integrated self-powered systems. The race to 

pack energy storage units with high energy, power density, low 

mass, and small volume into tiny devices is very competitive. 

While micro-batteries are undisputed in terms of energy density, 

the slow speed of charge-discharge and short cycling lifetime has 

limited the application in high-rate and cycling-intensive 

situations. This void has been filled by micro-supercapacitors 

(MSCs). The popularity of 2D materials as MSC electrode was 

not serendipitous; instead, their large specific surface area, high 

conductivity and inherent out-of-plane flexibility are essential 

for attaining high power density, decent energy density and 

robust mechanical properties of overall device. Moreover, 

stacked nanosheets are ideal high-rate electrodes for planar 

MSCs with interdigitated fingers since they feature more 

accessible surface and fast in-plane ion transport unhindered by 

separators used in typical sandwich MSCs, resulting in high 

power density 1301. 

For MSCs, four classes of 2D materials have been extensively 

researched with great success. These include graphene, 

transition metal oxides (TMOs), TMDs and MXenes. Each of 

these has specific advantages and disadvantages which decides 

the target application. For example, graphene is highly 

conductive but exhibits only EDLC. This makes it suitable for 

high-rate applications like AC-line filtering over frequency 

range of 1–10000 Hz, retaining EDLC behaviour even at scan 

rates of 1000 V·s−1 1302,1303. MXene-based MSCs exhibit 

capacitance as high as hundreds or thousands of farads per unit 

volume 1304. In the following, we briefly discuss the suitability 

and challenges of 2D materials for MSCs without going to 
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details of examples (Fig. 48). 

The performance of MSCs is evaluated by three metrics of 

areal/volumetric capacitance, energy density and power density. 

At the microscopic scale we need be creative to achieve trade-

offs. Conductive 2D materials readily overcome two bottlenecks 

of both the surface area and resistance. Typically, graphene is 

one of the most ideal materials to achieve this, and there has been 

significant related research into graphene 1305,1306. Even 

graphene synthesized using simple laser-induced reduction of 

graphene oxide or polymer could achieve capacitance in the 

range of 10 mF·cm−2 and up to 32 mF·cm−2 using KOH 

activation 1307–1309. Graphene’s capacitance can be improved 

further by doping with electron donors or acceptors like N, S, B, 

which engineers its bandgap for better charge transfer/storage 

and enriches its surface chemistry by introducing defects and 

pseudocapacitance, thus increasing the activity 1310–1312. Despite 

several other elemental nanosheets have been isolated, 

phosphorene is the only one that has been applied in MSCs due 

to the large interlayer space (5.3 Å) between its puckered 

lamellar structure allowing fast ion diffusion 1275. Because of 

such unique advantages from 2D structure, it can achieve high 

power density of around 10 W·cm−3 and retain capacitive 

performance at 100 V·s−1 1275,1313. Most of its applications for 

MSCs hybridize it with other materials that offer protection from 

environment, improve inter-lamellar conduction and prevent 

reaggregation 1300,1314,1315. 

The energy output of EDLC materials does not scale well into 

miniaturized devices. Therefore, it is necessary to employ 

pseudocapacitive materials (MXenes, metal oxides, etc.) 

functioning on Faradic reactions at electrode/electrolyte 

interface. These combine the structural advantage of 2D 

materials with rich electrochemistry. As discussed above, TMD 

and TMO nanosheets are attractive pseudocapacitive materials. 

The 1T phase TMDs have conductivity orders of magnitudes 

higher than 2H phase ones in addition to larger interlayer spacing 

and number of active sites 1316. However, TMD nanosheets tend 

to be less flexible due to their multilayer structure and may easily 

crack if applied to MSC electrodes. Also, TMOs usually employ 

additional conductive fillers to compensate the poor 

conductivity. In addition, they are both prone to reaggregation 

which cuts off both electronic transport and access to active sites. 

To tackle this challenge, forming composites is an effective 

solution. Compositing with graphene preserves the active sites 

and provides fast electronic transport channel which is essential 

for exploiting their excellent pseudocapacitance. Very recently, 

an ultrafast photonic reduction technique was reported which 

could manufacture 30000 graphene/MnO2 electrodes in 1 min, 

with high areal capacitance 128 mF·cm−2 1317. MXenes 

overcome the chemical inertness of graphene and low 

conductivity of TMO/TMDs, thus it is an ideal material for 

smaller, multifunctional and self-sufficient MSCs packing high 

energy and power 1221,1318–1320. But this superstar material still 

face shortcomings of moisture-related degradation and 

brittleness. For instance, nanocellulose additive offers incredible 

mechanical strength (341 MPa with 20% nanocellulose) 1321, 

carbon or sodium ascorbate coating provides resistance against 

 
Fig. 48  Factors of 2D materials that are suitable micro-supercapacitors. High conductivity and fast ionic diffusion are essential for high power 

performance. The inherently large surface area and engineerable pores increase the possibility to pack high energy density. The mechanical  

strength and out-of-plane flexibility are attractive for all-weather, wearable MSCs for integrated electronics. Doping, composites, and or 

heterostructures are general and effective strategies to render high-performance and multifunctional MSC electrodes. 
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oxidation 1322,1323, and compositing with graphene makes 

MXene-based electrodes stretchable (300% under uniaxial 

strain) 1299. Such enhancements are important to achieve all-

weather MSCs that deliver desired electrochemical performance. 

Incorporation of new materials into MXene-framework may also 

impart unique functions like pressure sensing 1324 and self-

healing 1325 which may not only reduce the footprint of 

integrated devices but also extend the usable life of such devices. 

Finally, 2D materials provide a way for addressing the issue 

of close approach of ions to active material surface in the form 

of pore engineering 1326. Through theoretical and in situ 

investigations the dependence of capacitive mechanism on pore 

size distribution through desolvation of electrolyte’s ion 

hydration shell has been adequately established 1327–1329. Porous 

nanosheets could be the essential building blocks for hierarchical 

porous structures with nano- and meso-pores that could provide 

a trade-off between diffusion and charge storage capacity, 

enabling highly tuneable performance in MSCs by simply 

changing some synthesis parameters. In this regard, ordered bulk 

materials with hierarchical porosity could act as source or 

templates for obtaining nanosheets that inherit the parent 

porosity 1330–1332. For example, Lin et al. has made great progress 

in fabricating well-defined porous graphene from polyimide 

films using the cost-effective, high throughput laser-scribing 

method 1309. This method can also be used for boron doping 

which increases capacitance by three times to 16.5 mF·cm−2 1333. 

The pore size can be tuned by controlling the laser power 1334. 

Pore engineering of 2D materials is a superb strategy to activate 

intercalation pseudocapacitance in materials that may exhibit 

inherent redox activity and thus improve suitability of some 

materials for MSCs which were otherwise overlooked 1273,1335. 

Despite the large number of reports, it is unlikely that a single 

2D material will remove all the obstacles in the path of industry-

level fabrication of MSCs. As human needs evolve, so will the 

demand for specific types of MSCs. For such situations we must 

build a repository of detailed information on protocols for 

rational hybridization of 2D materials and their mechanisms. 

4.5  Solar cells 

Solar cells, which directly convert the solar energy into 

electrical energy via photovoltaic effect, are multilayered 

devices, in which the light harvesting layer is sandwiched 

between the anode and cathode. In general, charge transport 

layers in terms of hole transport layer (HTL) and electron 

transport layer (ETL) are inserted between the photoactive layer 

and the anode or cathode, respectively, to facilitate the efficient 

collection of photogenerated charge carriers at respective 

electrodes. With the development trends in the community of 

solar cells stepping toward high flexibility, low cost and light 

weight, the unique mechanical and optoelectronic properties of 

2D materials enabled them promising candidates in designing 

the next generation solar cells. These atomically thin 2D 

materials have exhibited very large light-matter interaction, 

unique electrical and structural properties, and controllable 

optical bandgap structures, making it possible to obtain a high 

conversion efficiency of solar energy using a minimal amount of 

active absorber materials 1336. The structural properties of 2D 

materials, including the number of layers, defects and dopants, 

phase, strain, and composition, could greatly change their 

properties and thus affect the overall performance of solar 

devices 1337. Recently, 2D materials have been widely explored 

in the fabrication of high-performance solar cells as electrodes, 

charge transport layers and photoactive layers (Fig. 49), 

respectively. 

4.5.1  Electrodes 

In general, indium-doped tin oxide (ITO) and fluorine-doped 

tin oxide (FTO) are frequently used transparent electrodes in 

solar cells, but their expensive price, time-consuming processing 

and brittle nature restricted their applications. In contrast, owing 

to the cost-effective manufacturing, ambipolar conductivities 

and robust mechanical properties, electrically conductive 2D 

materials in terms of graphene 1338 2D MOFs with π-d 

conjugated coordination 1339 and MXenes 1340 etc., are promising 

candidates to replace the traditional ITO and FTO. It was noted 

that both the transmittance and conductivity of 2D materials vary 

with the number of layers. A compromise must be reached 

between the conductivity and transmittance of the transparent 

electrodes based on 2D materials, and chemical modifications 

and heteroatom doping have been realized as efficient strategies 

to reduce their sheet resistance while maintaining the high 

transmittance 1341,1342. For examples, a single layer of chemically 

doped graphene was employed as transparent electrode in 

flexible perovskite solar cells, resulting in an efficiency up to 

18% with excellent bending durability. Furthermore, 2D 

materials, especially graphene, can also be used as top electrode 

to replace the traditional metals (Au, Ag, Cu etc.), and some 

promising benefits can be obtained. For examples, graphene 

 
Fig. 49  Device structure and work mechanism of solar cells, and the application of 2D materials in solar cells. 
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electrodes enabled the fabrication of HTL-free perovskite solar 

cells 1343 and semitransparent solar cells 1344, which open new 

applications in power generating windows or tandem solar cells. 

Moreover, the application of 2D materials as electrode in solar 

cells can boost the device stability compared to the metal 

counterparts, because the carbon based materials are not 

diffusive into the neighboring layers and the thick and 

hydrophobic carbon materials can act as good encapsulating 

layers to prevent the moisture permeation 1345. 

4.5.2  Charge transport layers 

It is well established that the 2D materials are composed of a 

monolayer or multilayered nanosheets bonded via van der Walls 

forces. The dangling bonds and defect states are generally absent 

at the 2D thin film surface and their optoelectronic properties are 

adjustable by varying the number of layers 127. Moreover, as-

formed 2D thin films exhibit atomic-level smoothness, enabling 

fast charge transport and a good compatibility with the 

deposition of upper layers. Therefore, 2D materials can be 

functioned as charge transport layers in solar cells. For 

examples, TMDs, such as SnS2 1346, TiS2 1347 and MoS2 1348, are 

recently used as efficient electron and hole transport layers in 

solar cells. The electronic properties of the TMDs can be tuned 

by modifying the transition metals or chalcogens according to 

the properties of the photoactive layers, thus resulting in 

improved stability and efficiency. MXenes such as Ti3C2Tx are 

another type of 2D materials based on transition metals with high 

versatile chemistry and metallic conductivity. After appropriate 

treatments, MXenes can be used as charge transport materials to 

improve the interface property between the MXene and 

photoactive layer with improved contact intimacy and well 

aligned energy level 1349. And also, 2D metal oxide nanosheets 

made from conventional charge transport materials such as TiO2 

were also employed as ETL in perovskite solar cells. Compared 

to crystalline TiO2, the multilayered 2D TiO2 nanosheets 

prepared at low-temperature process exhibited excellent 

flexibility and good coverage on a variety of substrates, and also 

greatly inhibited the photoinduced performance degradation 

because of the low oxygen vacancy 1350. In addition, some 2D 

materials such as MXenes 1351, BP 1352,1353, graphene 1354 and 

their derivatives were also considered to be incorporated into or 

combined with the conventional charge transporting layers to 

enhance their conductivity or optimize the electronic properties. 

Therefore, the application of 2D charge transport layers in solar 

cells can bring in synergistic effects with smoothened interface 

contact, well matched energy level, low defect density and high 

intrinsic conduction, thus resulting in reduced non-radiative 

charge recombination at the interface and hence improved device 

performance. 

4.5.3  Photoactive layer 

2D materials can principally be used as solely photoactive 

layers in ultrathin solar cells because of their good light 

absorbing ability and direct bandgap characters at the monolayer 

level. Particularly, 2D perovskites such as Ruddlesden-Popper 

(RP) phase and Dion-Jacobson (DJ) phase, have attracted 

extensive investigation because of their excellent operational 

stability compared to 3D perovskites 356. In order to improve the 

efficiency of the 2D perovskite solar cells and make them 

competitive with their 3D counterparts, recent efforts have been 

focused on the understanding of the interlayer interaction 

between neighboring perovskite sheets, which can be 

strengthened via compositional modification on the 2D 

perovskites to introduce some additional high-energy bonds 

besides the Coulombic and hydrogen bonds 1355. In addition, 

reducing the quantum well width distribution 1356 or even 

fabricating phase-pure quantum well films 1357 are another 

strategies to further enhance the device performance. As a result, 

efficiency up to 18% with significantly enhanced stability can be 

obtained in 2D perovskite solar cells. And also, 2D materials can 

be combined with other light harvesting materials to form Si/2D 

or “all 2D” heterojunction solar cells 1358. In particular, a solar 

cell based on a monolayer MoS2/monolayer WSe2 can obtain an 

efficiency up to 2.56% 1359. Even though the “all 2D” solar cells 

are not as effective as conventional solar cells because of the 

ultrathin layer thickness, the unique properties such as extremely 

high ratio of watt-per-gram, flexibility and transparency 

rendered them promising applications in the next-generation 

photovoltaics. Similarly, 2D materials including GO 1360, BP 1361, 

g-C3N4 1362, 2D perovskites 1363, etc., can also be incorporated 

into the photoactive layer or used as interface engineer to 

regulate the crystallization, passivate defect states or encapsulate 

the photoactive layer, and hence simultaneously improve the 

device efficiency and operational stability. 

4.6  Biomedical applications 

Graphene was first demonstrated as an efficient nanocarrier 

for a water-insoluble aromatic anticancer drug delivery in 2008 1364. 

Since then, 2D materials have been investigated extensively for 

various biomedical applications, such as drug delivery, 

biosensors, wearable/implantable devices, bio-imaging, 

diagnosis, therapeutics and regenerative medicine to surmount 

the limitations found in traditional modalities of diagnosis and 

treatment, owing to their unusual structure and properties 

deriving from the ultrathin atom-thick planar surfaces. To data, 

2D materials have attained remarkable accomplishments and 

progresses in biomedical fields. 

Some family members of 2D biomaterials have been exploited 

as cutting-edge tools for a host of biomedical utilizations, 

attributing to their following distinct characteristics, such as (i) 

the desirable atomic thickness for biosensing and gene-sequence 

detection; (ii) high near-infrared (NIR) absorption for 

photothermal therapy (PTT) and photoacoustic (PA) imaging at 

both the first and second biological window; (iii) substantial 

generation of reactive oxygen species (ROS) under the 

activation of endogenous chemical activators (e.g., H2O2) or 

external physical triggers (e.g., light, ultrasound and X-ray) for 

nanodynamic therapy (e.g., chemodynamic therapy (CDT), 

photodynamic therapy (PDT), sonodynamic therapy (SDT) and 
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radiodynamic therapy (RDT)); (iv) high atomic number 

elements allowing them as the contrast agents for precise 

computed tomography (CT) imaging; (v) effect on the proton 

relaxation of water enabling magnetic resonance (MR) imaging; 

(vi) ultrahigh specific surface area for utilization as drug delivery 

system with the capability of encapsulating plentiful guest 

molecules (e.g., small molecular drugs, genes, 

biomacromolecules and fluorescent dyes), controlling on-

demand drug release and integrating other functional moieties 

(e.g., contrast agents) for implementing specific disease 

theragnostic. 

As a typical type known for cancer treatment that utilizes 

drugs to eliminate tumor cells, chemotherapy has made a 

dramatic impact in prolonging survival of millions of 

patients 1365. There exist three major challenges during cancer 

therapy, namely the early detection, tumor metastasis and 

multidrug resistance (MDR). Moreover, successful treatment 

cannot be implemented without precise diagnosis. To achieve 

effective utilization of delivered drugs, the augmented 

diagnostic imaging-guided and on-demand drug delivery is 

essential to maximize the use of drugs. Taking graphene for 

example, graphene modified with functional nanoparticles has 

been fabricated to provide additional properties and functions for 

tumor imaging and treatments. In 2014, Chen et al. successfully 

designed a multifunctional stimuli-responsive doxorubicin 

(DOX)-loaded nanosystem by co-integration of Fe3O4 and MnOx 

onto GO using a double redox strategy (Fig. 50a) 1366. MnOx 

could realize the pH-/reduction-activated T1-weighted magnetic 

resonance (MR) imaging. After Fe3O4 integration, this 

nanosystem was not only used for contrast-enhanced T2-MRI, 

but also acted as a magnetic-hyperthermia nanoagent. By 

combined treatment with DOX-enabled chemotherapy, such a 

theranostic planar nanoplatform significantly inhibited the 

cancer metastasis and reversed the MDR of cancer cells. 

Notably, the strong and broad optical absorption in NIR region 

makes 2D materials possible to convert the light energy into heat 

energy for PTT. Beyond chemotherapy, PTT, PDT, radiotherapy 

(RT), magnetic hyperthermia and immunotherapy are the major 

types of monotherapies. 

In view of the setbacks of monotherapy, combined therapy 

could offer superior advantages by making the best of the 

cooperative enhancement of each individual treatment. Dai et al. 

reported on the integration of graphene with TiO2 and MnOx, 

forming MnOx/TiO2-graphene nanocomposites, which could 

serve as constrast agents for pH-responsive T1-weighed MRI and 

nanosonosensitizers for PTT-enhanced sonodynamic therapy on 

synergistically combating cancer 1368. Encouraged by the success 

of graphene, monoelement 2D nanostructures, such as BP, are 

distinguished from other 2D materials by its easy and 

controllable degradation, and its degradation rate mainly relies 

on the oxygen content and thickness. In consideration of the 

degradation products such as phosphate anions those are 

essential for human health, Yang et al. constructed the 

multifunctional BP-integrated robust 3D-printed bioactive glass 

scaffold for therapeutic tissue engineering, which could be 

highlighted as the desirable countermeasure for the efficient 

topical treatment of osteosarcoma and simultaneous bone 

regeneration (Fig. 50b) 1367. Hereafter, research indicates that the 

degradation behavior of BP in tumor cells is different from that 

in normal cells, which induces phosphate anions acute 

accumulation in cancer cells for selective chemotherapy 1369. 

Through continuous exploration and innovation, we have 

witnessed enormous strides in biomedical application of 2D 

materials. Higher expectations are inevitably followed by more 

 
Fig. 50  Biomedical applications of 2D biomaterials. (a) Multifunctional GO-based stimuli-responsive nanotheranostics. (a1) The scheme of double 

redox strategy to fabricate Fe3O4/MnOx-GO composite nanosystems. (a2) The scheme of MnOx decomposition and Mn2+ release under either mild 

acidic or redox environment. (b) Schematic representation of the synthesis regarding BP-BG scaffold and the therapeutic countermeasure for 

osteosarcoma based on osteogenesis by BP-BG. (a) Reproduced with permission from Ref. 1366, Copyright 2014 John Wiley and Sons. (b) Reproduced 

with permission from Ref. 1367, Copyright 2018 John Wiley and Sons. 
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stringent standards. Obviously, each 2D material possess its own 

unique advantages and disadvantages. Although bold steps have 

been made toward 2D biomaterials up to now, they still 

encounter substantial hurdles for clinical translation. For 

example, the inextricable issues including difficult batch 

production, lacking reproducibility, uncontrollable number of 

layers, indisciplinable morphology and wide size distributions 

present the benchmarks of 2D materials in clinical trials. The 

dispersibility and stability of 2D materials in aqueous solutions 

are of both scientific and technological significance for 

biomedicine. Furthermore, the potential long-term side effects 

and cumulative toxicity remain the most important concerns for 

2D materials and its derivatives, especially for inorganic 2D 

materials. According to the current findings, both surface 

chemistry and size effect play key roles in influencing the 

biological behaviors, fate and toxicity of 2D materials. However, 

at this point, much remains unknown regarding whether or not 

and how 2D materials could be biologically degraded or 

metabolized in living organism. 

4.7  Sensing applications 

Since the successful application of graphene in the 

construction of sensing platforms for chemical and biological 

molecules detection, 2D materials including TMDs (e.g., MoS2 

and WS2), MXenes, BP, g-C3N4, graphyne, NMDs, h-BN and 

transition metal oxides (e.g., WO3 and MnO2) have been 

considered as powerful materials for the design of sensing 

platforms 49,1370–1373. Combined with fluorescence, surface-

enhanced Raman scattering (SERS), surface plasmon resonance 

(SPR), FET, electrochemistry and colorimetry, the 2D material-

based sensing platforms have been employed to detect heavy 

metal ions, organic compounds, pesticides residues, antibiotics, 

nucleic acids, proteins, bacteria and cells 1374,1375. 

4.7.1  Fluorescence sensing platforms 

Since the theoretical and experimental evidence of the 

fluorescence quenching ability of graphene and its derivatives, 

hundreds of works have proved that 2D materials have this ability 

to efficiently quench the fluorescence of fluorophores 1376–1379. 

As a proof of the concept, He et al. found that GO efficiently 

quenched the fluorescence of three dyes-labelled single-strand 

DNA (ssDNA) probes. With the addition of p 16, p 21 and p 53 

genes, the corresponding fluorescence of carboxy fluorescein 

(FAM), cyanine 5 (Cy5) and 6-carboxy-X-rhodamine (ROX) 

were recovered. According to this phenomenon, this graphene-

based sensing platform was used to simultaneously analyze three 

genes 1380. Inspired by this interesting finding, Zhu et al. firstly 

reported a MoS2-based fluorescence sensor. As we know, MoS2 

nanosheet has different affinity towards ssDNA and double-

strand DNA (dsDNA), leading to the fluorescence intensity of 

dsDNA recovering after the addition of target DNA. As a result, 

the designed fluorescence biosensor can efficiently determine 

DNA and other biomolecules 1381. Similarly, Ti3C2 nanosheets 1382, 

MXenes 1383, BP 1384 and MOFs 1385 have been successful used 

to construct fluorescence sensing platforms for HPV, bacteria, 

ctDNA and cyanide detection, respectively. 

Besides in vitro analysis, 2D material-based sensing platforms 

have been also used to analyze intracellular molecules. Li et al. 

immobilized FAM-labelled peptide onto polydopamine and PEG 

co-functionalized MoS2 nanosheet to construct an intracellular 

sensing platform for the detection of caspase-3 activity. Taking 

human cervical carcinoma (HeLa) cells as a model, the designed 

MoS2-based sensing platform can efficiently analyze 

intracellular caspase-3 activity, which was proved by confocal 

laser scanning microscopy and flow cytometry 1386. To enhance 

the performance of 2D material-based sensing platforms, Zhu et 

al. introduced signal amplification strategy into MoS2-based 

sensing platform. As shown in Fig. 51, three Cy3-labelled 

molecular beacons co-absorbed on the surface of MoS2 

nanosheet. With the addition of microRNA-21 (miRNA-21), 

“Y”-shaped three-branched duplex nanostructure was formed 

and released from MoS2 surface, making the fluorescence 

recover. With the help of catalyzed hairpin assembly (CHA) 

reaction, the detection limit of this sensing platform was down 

to 75.6 amol·L−1, which is much lower than other similar 

detection strategies 1387. 

4.7.2  SPR sensing platforms 

The introduction of 2D materials into SPR sensors can 

efficiently improve their sensitivity. A typical example was given 

by Wu et al., who found that the sensitivity of SPR sensor 

improved with the increasing the graphene layer 1388. This 

exciting work pave a way for application of 2D materials in SPR 

sensing platforms. According to this concept, Kumar et al. 

systematically studied the performance of SPR sensors based on 

WS2, MoS2 and graphene, respectively. The experimental results 

showed that monolayer WS2-constructed SPR sensor has better 

sensitivity (180 (°)·RIU−1) than those constructed by monolayer 

MoS2 (174 (°)·RIU−1) and graphene (157 (°)·RIU−1), 

respectively. Unexpectedly, monolayer graphene-constructed 

SPR sensor has smaller full width at half maxima (FWHM), 

higher quality parameter and detection accuracy 1389. In 2019, 

Xue et al. employed antimonene to develop a SPR sensing 

platform for ultrasensitive microRNA detection due to the strong 

 
Fig. 51  Scheme of the MoS2-based fluorescence sensing platform for 

detection and imaging of miRNA-21 in cells. Reproduced with 

permission from Ref. 1387, Copyright 2019 American Chemical Society. 
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affinity between antimonene and ssDNA (Fig. 52). More 

delocalized 5s/5p orbitals in antimonene led to lower detection 

limit (10 amol·L−1) of this SPR sensor, which is much lower than 

those of published miRNA sensors 1390. 

2D material-based SPR sensing platforms were also used to 

detect proteins and bacteria. For example, a SPR sensor was 

constructed for recognizing and detecting BSA protein based on 

carboxyl-MoS2 nanosheet. Under the same detection condition, 

the SPR angle signal of carboxyl-MoS2-based sensor was 3.1 

folds than that of MoS2-based sensor 1391. Kaushik et al. 

developed a label-free SPR immunosensor for Escherichia coli 

detection based on biofunctionalized MoS2 nanosheets. Under 

optimal condition, this SPR immunosensor exhibited low 

detection limit (94 CFU·mL−1) and high sensitivity (2.9 nm/1000 

CFU·mL−1) for Escherichia coli detection 1392. Construction of 

2D materials-based nanoprobes is a popular way to improve the 

analytical performance of SPR sensing platforms. For example, 

Nie et al. developed a SPR sensing platform for ultrasensitive 

detection of miRNA-141 by using gold nanoparticles-decorated 

MoS2 nanocomposites (AuNPs-MoS2) as nanoprobes. Once the 

formation of a classical “sandwich” DNA structure, resonance 

angle of this SPR sensor obviously shifted. Therefore, this SPR 

sensing platform can detect as low as 0.5 fmol·L−1 miRNA-141 

with the amplification effect of AuNPs-MoS2 nanoprobe 1393. 

4.7.3  Surface-enhanced Raman scattering sensing 

platforms 

Compared with noble metal nanostructures, 2D materials have 

weaker Raman enhancement due to the chemical enhancement 

mechanism, which was proved Lin et al. 1394. Subsequently, h-

BN, WS2, MoS2 and MXene have been reported as SERS-active 

substrates with small Raman enhancement factors ranging from 

10 to 100 1395–1397. Unfortunately, these small enhancement fact-

ors limited the application of 2D materials in SERS sensors 1370. 

To improve the Raman enhancement, hybridization of 2D 

materials with noble metal nanostructures is a useful way. It is 

well known that 2D materials possess large surface area, which 

can load a large number of noble metal nanostructures. As a 

result, the Raman enhancement of these 2D nanocomposites are 

much stronger than 2D materials. These exciting findings 

accelerated the development 2D material-based SERS sensors. 

For example, gold nanoparticles supported on the surface of 

MoS2 nanosheet to form MoS2-based nanocomposites (MoS2-

AuNPs), which exhibited stronger Raman enhancement than 

MoS2 nanosheet 1398. Similarly, Singha et al. reported the in situ 

growth of AuNPs on the surface of three-dimensional MoS2 

nanoflowers to construct SERS-active substrate for bilirubin 

detection. It should be noted that the enhancement factor of this 

nanocomposite is 109 1399. Xie et al. developed a SERS-active 

sensing platform for organic pollutants detection based on gold 

nanorods (AuNRs)-MXene (Ti3C2Tx) nanocomposites. Large 

amounts of AuNRs supported on the surface of MXene 

generated abundant “hot spot”, making the detection limits of 

this sensing platform for rhodamine 6G, crystal violet, and 

malachite green detection are down to 1, 1, and 100 pmol·L−1, 

respectively (Fig. 53) 1400. For improving the detection 

selectivity, Shorie et al. combined aptamer with AuNPs-

decorated WS2 nanocomposite (WS2-AuNPs) to construct a 

SERS sensing platform for cardiac marker myoglobin (Mb) 

analysis. Expectedly, this proposed sensing platform showed 

high detection performance included wide detection range (10 

fg·mL−1 to 0.1 μg·mL−1), which was ascribed to the high Raman 

enhancement generated from the synergistic effect of WS2-

AuNPs nanocomposites 1401. 

2D materials are also promising candidates to construct 

Raman probes for signal amplification. For instance, Fu et al. 

constructed a SERS immunosensor for cardiac troponin I (cTnI) 

detection by using GO loaded with large amounts of 

antibody/Raman reporter-labeled AuNPs as SERS nanotags. 

With the signal amplification of GO-based SERS nanotags, this 

designed SERS sensing platform has a wide linear range (0.01–

1000 ng·mL−1) and a low detection limit (5 pg·mL−1) for the 

 
Fig. 53  Schematic illustration of SERS sensing platform for organic pollutants detection based on the MXene/AuNR composite.  

Reproduced with permission from Ref. 1400, Copyright 2019 American Chemical Society. 

 
Fig. 52  Fabrication of antimonene-based SPR sensor for  

miRNA detection 1390. 
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detection of cTnI 1402. Similarly, Achadu et al. group used GO as 

a SERS-active substrate and molybdenum trioxide nanocube as 

a SERS nanotag to construct an immunosensor for norovirus 

detection. Due to the synergistic effect of SERS substrate and 

nanotag, this proposed immunosensor obtained a ~109-fold 

signal amplification, resulting in an ultralow detection limit for 

norovirus detection (~5.2 fg·mL−1). It should be noted that this 

immunosensor can determine as low as ~60 RNA copy·mL−1 in 

human fecal samples, which is much lower than that of a 

commercial kit 1403. 

4.7.4  Field-effect transistor sensing platforms 

FET is considered as a promising sensing platform for the 

analysis of chemical/biological molecules due to its rapid 

sensing capability and readable electrical signals. Since the 

discovery of graphene, 2D materials are extensively employed 

as ideal channel materials to construct FET sensing platform due 

to their high surface area, large transconductance and 

exceptional chemical stability and biocompatibility. Graphene 

has become the main focal point of 2D FET-based chemical and 

biological sensing, delivering excellent performance in at both 

single-nanosheet and thin-film level in various chemical and 

biological sensing 1404,1405. Seo et al. utilized graphene to design 

FET sensing platform for severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) detection due to its high carrier 

mobility (15000 cm2·V−1·s−1) and large surface area. As shown 

in Fig. 54, an obvious signal was observed when SARS-CoV-2 

protein specifically bound with the corresponding spike 

antibody. This proposed FET sensing platform could determine 

100 fg·mL−1 SARS-CoV-2 protein and 2.42 × 102 copy·mL−1 

SARS-CoV-2 in clinical samples 1406, respectively. To improve 

the selectivity, Xu et al. immobilized aptamer on the surface of 

graphene to selectively recognize and detect adenosine 

triphosphate (ATP). Due to the special binding effect between 

aptamer and ATP, this FET sensing platform can selectively 

analyze 0.5 pmol·L−1 ATP, which is several orders lower than 

some published works 1407. In 2021, the same group developed 

graphene-based FET sensing platform to monitor interactions 

between drug imatinib and Abl1 protein 1408. Formation of noble 

metal nanostructures-supported graphene nanocomposites can 

efficiently improve the analytical performance of FET sensing 

platform. For example, Zhang and co-worker designed a label-

free FET sensor for brain natriuretic peptide (BNP) detection 

based on platinum nanoparticles (PtNPs)-decorated graphene 

nanocomposites. Experimental results suggested that this 

sensing platform could determine BNP in whole blood 

sample 1409. 

Compared with graphene, MoS2 possessed thickness-tunable 

bandgaps and excellent electrical properties, which is considered 

as an ideal channel material to construct next-generation of FET 

devices 1410. In 2019, Gong et al. utilized MoS2 nanosheet to 

design a label-free FET sensor for high-sensitive detection of 

fibroblast growth factor 21 (FGF21). As expected, this MoS2-

based FET sensing platform can analyze as low as 10 fg·mL−1 

FGF21 without the assistance of additional adsorption layers. 

Moreover, this sensing platform can determine FGF21 in 

complex real samples 1411. In the same year, Liu et al. developed 

a MoS2-based FET sensing platform for screening of Down 

syndrome. The experimental test suggested that this proposed 

FET sensor has low detection limit of 100 amol·L−1, high 

selectivity and high signal response for chromosome 21 

detection. The real-time test further proved that this sensing 

platform could analyze chromosome 21 in the peripheral blood 

of pregnant women 1412. Besides graphene and MoS2, other 2D 

materials are also suitable for construction of FET sensing 

platform, such as MXene 1413 and BP 1414. 

4.7.5  Electrochemical sensors 

Since Zhou et al. successfully employed graphene to construct 

electrochemical sensing platforms for biological molecules 

detection 1415, 2D materials have attracted more and more 

attentions in sensing field because of their excellent physical and 

chemical properties, such as fast electron transfer kinetics, high 

electrical conductivity, large surface area and so on 1416. 

Nowadays, constructing high-performance sensing platforms 

with new 2D materials is one of the hot research directions. 

Generally, 2D materials are often employed as electrode 

modifiers to construct sensing platforms. For example, Su et al. 

decorated AuNPs on the surface of MoS2 nanosheet to obtain 

high-performance nanocomposites. Such nanocomposites 

modified electrodes have been proved as excellent sensing 

ability for dopamine, uric acid and glucose detection 1417–1419. 

 
Fig. 54  Schematic of graphene-based FET sensor for COVID-19 detection 1406. 
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The further study suggested that MoS2-based nanocomposites 

could efficiently load hemoglobin to construct an electro-

chemical sensing platform for hydrogen peroxide (H2O2) 

detection due to their good biocompatibility 1420. Besides MoS2, 

black phosphorene and WS2 were also employed to construct 

enzymatic sensing platforms 1421,1422. These exciting findings 

attracted more researchers to develop 2D materials-based 

electrochemical sensing platforms with high-performance, 

accelerating the application of 2D materials in sensing field. 

The introduction of 2D materials into electrochemical sensing 

platforms often bring high sensitivity, high selectivity and high 

stability. For example, Cai et al. fabricated an immunosensor for 

leptin detection based on porous graphene-black phosphorus 

nanocomposites. The conductive capability and protein loading 

capacity of this sensing platform were improved after the 

immobilization of nanocomposites. As a result, the analytical 

performance of this immunosensor was improved, which can 

detect 0.036 pg·mL−1 leptin with a wide linear range (0.150–

2500 pg·mL−1) 1423. Su et al. combined methylene blue with 

MoS2 nanosheet to construct a multifunctional electrochemical 

sensing platform for the label-free detection of miRNA-21. More 

interestingly, this designed sensing platform also possesses 

excellent electrocatalytic ability, which can be used to 

individually and simultaneously determine dopamine (DA) and 

uric acid (UA) with satisfactory results 1424. Mahmoudian et al. 

synthesized a Pt/g-C3N4/polythiophene nanocomposite (Pt/g-

C3N4/PTh NCs) and used it to construct electrochemical sensing 

platform for mercury ion detection. From electrochemical 

impedance spectroscopy (EIS) measurements, they found the 

introduction of g-C3N4 could efficiently improve the Pt 

adsorption, resulting in the electron transfer facilitating. As a 

result, introduction of g-C3N4 can efficiently improve the 

sensing performance, making the detection limit of this sensing 

platform down to 0.009 nmol·L−1 for Hg2+ detection 1425. 

2D materials and their nanocomposites are also considered as 

promising candidates to construct nanoprobes, which can 

efficiently amplify electrochemical signals of sensing platforms. 

Su et al. assembled horseradish peroxidase (HRP)-labelled 

carcinoembryonic monoclonal antibody (anti-CEA) on the 

surface of MoS2-AuNPs nanocomposites to construct nano-

probes. Then, they used HRP instead of bovine serum albumin 

(BSA) to block the remaining active sites. With the assistance of 

enzymatic catalytic reaction, this nanoprobe efficiently 

amplified electrochemical responses of the designed immune-

sensor for carcinoembryonic antigen (CEA) analysis due to the 

triple signal amplification strategy. It should be noted that MoS2-

AuNPs nanocomposite not only used as a substrate to load 

abundant anti-CEA and HRP, but also used as a nanocatalyst to 

amplify electrochemical signal 1426. Two years later, the same 

group developed a multilayer nanoprobe (MLNP) for miRNA-

21 detection based on MoS2-AuNPs nanocomposites. Experi-

mental data suggested MoS2-based MLNPs brought the 

proposed sensing platform ultrawide dynamic range (10 

amol·L−1–1 μmol·L−1) and ultralow detection limit (38 amol·L−1) 

for miRNA-21 detection compared with single-layer nanoprobe 

(SLNP). Moreover, this sensing platform could analyze miRNA-

21 in 100 HeLa cell lysates (Fig. 55) 1427. 

4.7.6  Colorimetric sensors 

Since the intrinsic enzyme mimetic activity of magnetite 

(Fe3O4) was discovered by Yan and co-worker, “nanoenzyme” 

have been received more and more scientists’ recognition 1428. 

The intrinsic peroxidase-like activity of carboxyl-modified 

graphene oxide (GO-COOH) was firstly reported by Song et 

al. 1429, 2D materials with peroxidase-like, glucose oxidase-like 

catalytic activities have aroused the interest of researchers in the 

construction of colorimetric sensors, including MoS2, WS2, Rh 

and g-C3N4 1430–1433. A typical example was offered by Lee et al. 

They combined G-quadruplex DNAzyme with GO to design a 

simple sensing platform for visual detection of microRNA. The 

application of GO concentrates the G-quadruplex DNAzyme, 

enhancing the analytical performance of this colorimetric 

sensing platform for 1 nmol·L−1 microRNA detection 1434. Lan et 

al. investigated the analytical performance of WS2-based 

colorimetric sensing platforms for DNA detection. Combined 

the different affinity of WS2 towards ssDNA and dsDNA with 

the ion-induced aggregation, this proposed sensing platform can 

detect as low as 1.54 nmol·L−1 target DNA with high selectivity. 

After introduction of HCR amplification strategy, the detection 

limit of WS2-based colorimetric sensing platforms was down to 

0.23 nmol·L−1 1435. 

To improve the sensitivity of colorimetric sensing platforms, 

formation of 2D materials-based nanocomposites becomes a 

popular method. Generally, 2D materials-based nanocomposites 

bring better performances due to the synergistic effect of 2D 

materials and functionalized groups. For example, Wan et al. 

decorated high catalytic activity of gold@platinum (Au@Pt) 

bimetallic nanoparticles on MoS2 surface to form MoS2-based 

nanocomposites (MoS2-Au@Pt). The proposed nanocomposites 

exhibited high peroxidase-mimicking activity towards 3,3',5,5'-

 
Fig. 55  Construction of electrochemical sensing platform for the 

detection of miRNA-21 based on MoS2-based nanoprobes 1427. 
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tetramethylbenzidine (TMB) oxidation in the presence of H2O2. 

The added cysteine inhibited this catalytic reaction, making the 

solution change from blue to colorless. According to this 

phenomenon, they constructed a simple and label-free 

colorimetric sensing platform for cysteine detection with high 

sensitivity based on MoS2-Au@Pt nanocomposites. More 

importantly, this sensing platform showed excellent selectivity, 

which can efficiently distinguish cysteine from homocysteine 

and 19 other amino acids 1436. Similarly, Xiao et al. reported a 

colorimetric immunosensor for CEA detection based on the 

catalytic activity of AuNPs-supported Bi2Se3 (Au/Bi2Se3) 

nanocomposites. As shown in Fig. 56, the catalytic activity of 

Au/Bi2Se3 nanocomposites towards the reduction of 4-

nitrophenol (4-NP) by sodium borohydride was inhibited after 

the immobilization of anti-CEA. The reason was ascribed to the 

catalytic sites of the nanocomposites were blocked by anti-CEA. 

When CEA added into the detection strategy, the catalytic 

activity of Au/Bi2Se3 nanocomposites recovered and made the 

solution changed from yellow to colorless. Under optimal 

condition, this colorimetric sensing platform can detect 160 

pg·mL−1 CEA with high selectivity 1437. Inspired by these exciting 

works, Zr-MOFs 1438, MoS2-AuNPs nanocomposites 1439, 

Prussian blue (PB)-Ti3C2Tx hybrid composites 1440, Pt-deposited 

NiCo-LDH 1441 and copper hydroxide nitrate 1442 have been 

employed to construct colorimetric sensing platforms for 

chemical/biological molecules detection. 

4.8  Flexible electronics 

In the recent 5 years, 2D materials for flexible electronics has 

been transited from the initial stage of demonstration into deeper 

understanding and real applications. Herein, we discuss the 

recent progress of 2D materials for flexible electronics from two 

aspects: graphene and other semiconducting 2D materials, and 

outlooked their future. 

Due to the superior optoelectronic properties of graphene and 

the great success in synthesizing large-area graphene, it has 

attracted tremendous attention for flexible electronics, ranging 

from the flexible logic circuits 1443,1444, displays 1445,1446, energy 

storage and conversion 1447,1448 devices to wearable healthcare 

sensors 1449,1450. As for the application of high-speed graphene 

FETs and RF devices, low contact resistance between graphene 

and metal electrode has been regarded as the prerequisite. 

Several works have been focused on optimizing the contact 

resistance by forming various types of graphene-metal 

geometries, such as bottom-, edge-, and top-contact 1451,1452. Liu 

et al. developed a bottom-contact strategy by transferring CVD 

grown monolayer graphene onto Au electrode and achieved an 

ultralow contact resistance (65 Ω·µm) without harsh thermal 

annealing process (Fig. 57a), which is suitable for flexible 

electronics 1453. 

Stretchable electronics, which require the devices to withstand 

a certain mechanical stress, is more challenging and particularly 

useful in wearable healthcare. Liu et al. achieved stretchable 

graphene electrodes by utilizing naturally CVD grown graphene 

to form graphene/graphene scrolls structure, and demonstrated 

all-carbon transistors which can function very well even up to 

120% strain (Fig. 57b, c) 1454. It is believed that graphene scrolls 

take the role of connecting cracked domains and increasing the 

interlayer sliding upon strain. Taking the advantage of this idea, 

Qiu et al. reported graphene-based epidermal electrodes that are 

able to endure the stretching of skin and sense weak 

electrophysiological signals such as electrocardiograms (ECG), 

electromyograms (EMG), and electroencephalograms (EEG) 1455. 

By semi-embedding the graphene/graphene fibers into an 

elastomeric substrate, the entire electrode is similar to the 

structure of bird nest, and can be repetitively used for recording 

the electrophysiological signals (Fig. 57d). The semi-embedding 

design and 2D/1D hybrid structure enabled the “robustness” of 

graphene electrodes, pushing CVD graphene further for real 

applications in wearable healthcare. Although monolayer 

graphene grown by CVD on Cu foil features in high-

conductivity and optical transparency, few-layer graphene 

obtained by solution-processing and laser-fabrication have been 

widely studied for flexible electronics due to the easy 

fabrication 1456. They mostly start with GO and employ chemical 

or physical methods to reduce GO to be rGO for higher 

conductivity. Taking laser-fabrication graphene as an example, 

versatile flexible devices have been demonstrated, such as 

generators 1457,1458, supercapacitors 1459–1461, sensors 1462,1463, 

optoelectronic devices 1464,1465, electro-actuators 1466,1467 and 

integrated devices 1468,1469. Sun et al. fabricated 3D patterned and 

porous graphene/elastomer sponges by laser induced technique, 

and demonstrated a gas-permeable and multi-functional device 

that can sense electrophysiological, hydration, temperature, 

joule-heating signals at the same time (Fig. 57e) 1462. Compared 

with CVD monolayer graphene, laser-fabrication based 

graphene flexible electronics are advantageous in sensors and 

supercapacitors, which require massive production. But in terms 

of optical transparency and smooth surface of the electrode, 

CVD monolayer graphene show great strengths in 

optoelectronics, such as OLEDs 1470,1471, photodetectors 436,1465, 

 
Fig. 56  Construction of colorimetric sensor for CEA detection  

based on Au/Bi2Se3 nanocomposites. Reproduced with permission from 

Ref. 1437, Copyright 2017 American Chemical Society. 
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and tattoo-based epidermal electronics 1469,1472. 

Many TMDs (e.g., MoS2, WS2, MoSe2, WSe2, etc.) are 

semiconductor with unique optoelectronic properties, such as 

layer-dependent bandgap and high charge mobility 2,1475. When 

the layer number decreases to be monolayer, they exhibit strong 

photoluminescence due to large exciton binding energy by the 

nanoconfinement effect 1476, thus many monolayer 2D materials 

are very attractive in optoelectronic devices, such as 

transistors 1477,1478, photodetectors 1479,1480, light emitting 

diodes 1481,1482 and solar cells 1483,1484. MoS2 is the most studied 

2D semiconducting material. The contact energy barrier between 

MoS2 and metal contacts under stretching or bending was also 

investigated. Pak et al. fabricated two-terminal flexible MoS2 

devices and studied the contact barrier by kelvin probe force 

microscope 1473. The observation is that tensile strain can 

increase electron affinity and lower the contact barrier, which 

will be beneficial to the optoelectronic performance (Fig. 57f). 

However, the biggest challenges for semiconducting 2D 

materials to be really applicable in flexible electronics are a 

feasible synthetic strategy of large-area and high-quality 

materials, and a mature technique for processing these materials 

into devices on plastic or elastomeric substrates 1476,1485–1487. 

Although MoS2 ranks the most studied TMDs, achieving centi-

meter scale and uniform monolayer MoS2 by CVD and transfer 

on to flexible substrates is still not easy. Li et al. recently 

reported a modified CVD process to grow wafer-scale MoS2 and 

transferred it onto a PET substrate, demonstrating large-scale 

flexible and transparent logic circuits based on MoS2 FETs 774. 

The FETs exhibited high mobilities (~55 cm2·V−1·s−1), on-off 

ratios (1010), current densities (35 µA·µm−1) and flexibility, with 

combinational performances superior than other candidates in 

semi-conductor industry 774. Artificial intelligence and human-

machine interfacing recently attract extensive attention. 

Integration another device structure such as pressure sensor or 

photodetector with MoS2 FETs to form mechano-, photo- or 

sound- receptors is a very effective way to obtain high speed and 

sensitive detection, which are potential in artificial intelligence 

and human-machine interfacing 1488. Naqi et al. reported an 

 
Fig. 57  (a) Scheme of the concept of graphene-metal bottom contacts to achieve ultralow contact resistance; reproduced with permission from  

Ref. 1453, Copyright 2019 American Chemistry Society. (b) Scheme of all-carbon stretchable transistor, with graphene/graphene scrolls as source and 

drain electrodes and single-walled carbon nanotubes (SWNTs) as channel, (c) transfer curves, on and off current, on/off ratio, and mobility of such  

all-carbon transistor at different strains 1454. (d) Left: scheme of fabrication of non-disposable graphene-based skin-electrodes by semi-embedding 

graphitized electrospun fiber/monolayer graphene into SEBS elastomer; right: such electrode as a robust and non-disposable skin-electrode for sEMG, 

ECG, and EEG detection; reproduced with permission from Ref. 1455, Copyright 2020 American Chemistry Society. (e) Optical images of the on-skin 

bioelectronic sensing systems, including electrophysiological sensors, hydration sensors, and temperature sensors; reproduced with permission from 

Ref. 1462, Copyright 2018 John Wiley and Sons. (f) Scheme of the MoS2 /Au junction measured using Kelvin probe force microscope (KPFM); 

reproduced with permission from Ref. 1473, Copyright 2020 John Wiley and Sons. (g) Left: a schematic layout of the ultrasound detector  

combined with the flexible MoS2 FET and piezoelectric device based on P(VDF-TrFE); right: the pulsed-gate switching responses of the  

ultrasound detector under the applied frequencies of 10 kHz; reproduced with permission from Ref. 1474, Copyright 2021 John Wiley and Sons. 



物理化学学报 Acta Phys. -Chim. Sin. 2021, 37 (12), 2108017 (76 of 151) 

ultrasonic detector by combining the flexible MoS2 FETs with 

polyvinylidene fluoride trifluoro ethylene (PVDF-TrFE)) 

piezoelectric sensor on a polyimide substrate (Fig. 57g). Such 

detector is highly sensitive (Fig. 57g) to the ultrasound wave by 

shifting threshold voltage, showing pulsed gate switching 1474. 

Besides, TMDs are layered materials with big surface area, 

attracting a lot of attention in flexible capacitive energy storage, 

such as battery 1489,1490 and supercapacitors 1280,1491. 

Overall, 2D materials for flexible electronic devices is a rapidly 

expanding area, widely applicable in wearable logic circuits, 

energy storage and healthcare 1443,1444,1447,1448,1455,1469,1472,1483,1484. 

However, their future largely depends on the development of 

material synthesis and technological processing for 2D devices 

on plastic or elastomeric substrates, requiring a lot of scientific 

understanding and material engineering. 

4.9  Environmental applications 

The family of 2D materials has attracted increasing attention 

in numerous environmental applications, ranging from the 

utilization of natural sources to exhaust treatments and pollution 

remediations 1264. Owing to the intriguing physical and chemical 

properties, 2D materials and their assemblies have shown 

significant advantages over other dimensional materials. Firstly, 

the large surface area of 2D materials (e.g., 2630 cm2·g−1 for 

monolayer graphene 1492, 5900 cm2·g−1 for a 2D MOF called 

MIL-101 1493, 2060 m2·g−1 for an imine-linked 2D COF) 1494 

endow them with large molecular adsorption capacity, making 

them ideal candidates in the gas, ion, and organic pollute 

adsorption. Additionally, a proper chemical modification of 2D 

materials can provide the host-guest recognition, and selectively 

separate the desired source from a mixture 1495. The second 

advantage of 2D materials for environmental applications is the 

ultrahigh mass transport and size-exclusive selectivity in the 

confined space assembled by nanosheets. Nair et al. first 

reported the unimpeded permeation of water through the 2D 

capillary made by graphene oxide (GO) 1496, inspiring the 

applications of 2D materials in water treatments 1497. Moreover, 

the ultrafast mass transport and molecular sieving properties in 

assembled 2D materials provide new opportunities to break 

through the “trade-off” limits between the selectivity and 

permeation, opening a new avenue for highly efficient 

membrane separation technology 1498. Thirdly, the unique 

properties of 2D materials provide new opportunities to utilize 

green and economic energy sources in environmental 

applications. For instance, Li et al. fabricated a GO lamellar 

structure to generate portable water by the solar-thermal 

energy 1499. Additionally, these semiconducting 2D materials 

can be also used in the electrochemical and photoelectro-

chemical degradation of organic pollutes 1500. Taking of the 

above advantages in enormous adsorption, highly efficient 

separation, and diverse driven energy sources, 2D materials play 

a rising role in the environmental protection of the aquatic, 

atmospheric and terrestrial ecosystems. 

4.9.1  Water treatments 

To satisfy the increasing demand for civil and industrial water 

consumption, it is highly desired to develop economic and green 

technologies for water treatments. Recently, 2D materials have 

been used to adsorb, separate, or degrade hazardous compounds 

(e.g., salts, leaking oil, organic pollutes) to supply clean water. 

The first route is to use the 2D materials as adsorbents. 2D 

materials can be used to adsorb organic pollutant 205,1501–1505 and 

metal ions 1506–1509 due to the large surface area and their diverse 

functional groups. Jiang et al. reported few-layered GO could 

remove 17β-Estradiol (E2) efficiently from aqueous solutions 

with the maximum adsorption capacity of 149.4 mg·g−1 at 298 

K 1510. There are π-electron-rich regions on the GO surfaces 

which will interact with the π electrons of E2 — it comes to a π–

π interaction to adsorption E2 onto GO. Besides, bountiful 

surface oxygen-containing groups of GO can also construct 

hydrogen bonds with E2. To remove toxic dyes such as 

methylene blue (MB), 3D rGO aerogels with different C/O ratios 

were prepared by grafting neutral, positive and negative redox 

mediator (Fig. 58a) 1511. The neutral and cationic redox mediator 

were selectively adsorbed on rGO through π–π and non-covalent 

electrostatic interactions, respectively. On the contrary, the 

anionic redox mediator would not be adsorbed in the 3D rGO 

aerogel due to the repulsive force. High surface area porous h-

BN nanosheets, synthesized by heating boron trioxide (B2O3) 

and guanidine hydrochloride under a cover of H2 and N2, have 

been used to remove pharmaceuticals such as antibiotics 

tetracycline, chlortetracycline hydrochloride, ciprofloxacin, and 

a

  

b

 
Fig. 58  (a) Schematic illustration of adsorption mechanisms by GO; reproduced with permission from Ref. 1511, Copyright 2020 American Chemical 

Society. (b) Schematic showing the formation of GA-500, inset: snapshots of stepwise fabrication process; reproduced with permission from Ref. 1513, 

Copyright 2018 John Wiley and Sons. 
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norfloxacin from aqueous solution 1512. Ge et al. developed a 

Joule-heated graphene-wrapped sponge (GWS) to clean viscous 

crude-oil spill 1502. The graphene is coated onto the skeletons of 

the sponge substrates to improve hydrophobic and conductive 

properties so that the GWS can selectively adsorb spilled oil and 

a voltage can be applied to generate Joule heat to accelerate the 

adsorption process. Liu’s group reported a simple method about 

using melamine foam as a sacrificial framework to create a 

graphene aerogel with arbitrary shape, super elasticity and 

durability 1513. The as-prepared graphene aerogel was applied to 

absorb various organic solvents depending on the type and 

density of the solvent (Fig. 58b). Graphene/δ-MnO2 aerogels 

with interconnected 3D network microstructure that possesses 

abundant MnO2 nanosheets are homogeneously deposited on the 

graphene framework show excellent adsorption capacity toward 

heavy metal ions such as Pb2+, Cd2+, Cu2+ and others 1514. It 

expands the adsorption capacity by intercalating metal ions into 

the interlayer gaps of MnO2 compared to GO which only adsorb 

ions on the surface. Yoon et al. reported the preparation of 

magnetite/non-oxidative graphene (M-nOG) for arsenic 

removal 1515. M-nOG was found to retain 94.5% of the capacity 

for As3+ removal and 92% for As5+ compared to the first cycle 

after 5 consecutive reuses, which indicate its regeneration and 

re-usability. The low-cost 2D g-C3N4 nanosheets are also a kind 

of absorbent for both cationic and anionic heavy metals. Xiao et 

al. reported convenient one-step calcination to synthesize the g-

C3N4 nanosheets as absorbents 1509. They found besides the lone 

electrons on nitrogen, the tri-s-triazine units, terminal N-

containing groups, and surface amino take part in the adsorption 

positively. Hazardous salts, such as Hg2+, Cd2+, AsO5
3−, can be 

also adsorbed by 3D foams based on 2D materials 1516. 

Furthermore, proper assembly and interface modification are 

able to enhance the adsorption capacity of 2D materials, e.g., 

MXenes, MOFs, COFs, etc. 1517–1520. 

Another route is to generate clean water by steam generation 

or membrane separation technologies. Researcher developed the 

GO and 2D MOF membrane or their aerogel with highly 

efficient solar steam generation (Fig. 59a, b) 1499,1521,1522. 

Recently, along with the understanding of ultrafast water 

transport in the 2D capillary (Fig. 59c, d) 1497,1523,1524, the 

 
Fig. 59  (a) Schematic illustration of solar-thermal steam generator based on GO film; reproduced with permission from Ref. 1499, Copyright 2016 

National Academy of Sciences. (b) The temperature raise for various solar-thermal steam generation materials under solar irradiation of 0.1 W·cm−2; 

reproduced with permission from Ref. 1522, Copyright 2021 John Wiley and Sons. (c) Schematic illustrations of the separation mechanism of 2D 

material membranes; reproduced with permission from Ref. 1524, Copyright 2020 John Wiley and Sons. (d) The size-dependent molecular sieve based 

on GO lamellar; reproduced with permission from Ref. 1497, Copyright 2014 Association for the Advancement of Science. (e) Comparison of the long-

term operation times for state-of-the-art two-dimensional material membranes applied in water separation; reproduced with permission from Ref. 1529, 

Copyright 2020 John Wiley and Sons. (f) CNT-assisted plasma perforation on CVD-growth graphene can provide a desalination membrane with high 

salt rejection and fast water permeation; reproduced with permission from Ref. 1532, Copyright 2019 Association for the Advancement of Science. 
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lamellar membranes made by 2D materials have attracted 

increasing attention in desalination, reverse osmosis, and 

nanofiltration 1525,1526. Numerous chemical modification and 

cross-linking strategies have been developed to promote the 

permeation and lifetime of desalination and nanofiltration mem-

branes based on the GO (Fig. 59e) 1527–1529, MoS2 1530, MOF 1531, 

and COF 848. Perforation on the 2D membrane can also enhance 

the water permeation, and meanwhile, maintain the ion sieving 

performance (Fig. 59f) 159,1532. 

Photocatalysis based on semiconducting 2D materials is 

another effective route to utilize economic solar energy to 

thoroughly degrade pollutants in an aquatic system, taking 

advantage of the enormous surface area and rational designed 

electronic band structures. For instance, 2D materials with 

bandgap absorption at near UV or visible region, such as g-

C3N4 1533, MOF 1534 and MoS2 1535, have been developed, and 

they can generate the radicals for photochemically or 

electrochemically driven degradation of organic pollutes 1536. 

Furthermore, the membrane based on photocatalytic 2D 

materials was applied to capture the organic pollutes by their 

size-exclusion properties, and meanwhile convert them into 

innocuous compounds 1537. 

4.9.2  Carbon neutralization and exhaust gas treatment 

Due to increasing human activity, the emission of hazardous 

and greenhouse gases is becoming a topical issue of global 

climate change. For instance, CO2 from the combustion of fossil 

fuels in the carbon cycle is contributing to the increasing 

greenhouse effect. Thus, it is urgent to develop efficient and 

economic CO2 capture and separation technologies. 2D 

materials, such as GO, MOF, and LDHs, can be made into 

molecular sieves with low transport resistance and high 

permeation fluxes for gas separation, inspiring their applications 

in carbon neutralization and exhaust gas treatments. 

Recently, a great deal of work has been reported in the area of 

CO2 gas separation. In 2016, Shen et al. fabricated GO channels 

with an ordered height of 0.4 nm by designing external forces 

applied to the inside and outside of the GO sheet (Fig. 60a) 1538. 

As shown in Fig. 60b, this sub-nano channel can provide 2–3 

 
Fig. 60  (a) External force driven assembly approach for fabricating 2D channels, (b) H2 /CO2 separation performance of EFDA-GO membranes 

compared with state-of-the-art gas separation membranes; reproduced with permission from Ref. 1538, Copyright 2016 American Chemical Society.  

(c) Influence of temperature on GO-piperazine (GOP) hollow fiber membrane performance for mixed gas (CO2 : N2 =15% : 85%, volume fraction) 

separation under the wet condition 1539. (d) H2 /CO2 separation performance of the MXene membrane compared with state-of-the-art gas separation 

membranes; the black line indicates the Robeson 2008 upper bound of polymeric membranes for H2/CO2 separation, and the orange dashed line 

represents the 2017 upper bound of the best current membranes for H2 /CO2 separation 1540. (e) Schematic of the organic/water (butanol/water) 

separation process using the synergistic effect of a hydrophilic polymer and GO laminates, (f) comparison of GO membranes and the  

CS@GO membrane with state-of-the-art membranes for water/butanol dehydration; reproduced with permission from Ref. 1547,  

Copyright 2015 John Wiley and Sons. 
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orders of magnitude higher H2 permeability and 3 times higher 

H2/CO2 selectivity compared to commercial membranes. Zhou 

et al. introduced CO2-philic piperazine as a crosslinking agent 

into the GO interlayer 1539, the membrane shows excellent CO2 

permeability of 1020 GPU and a CO2/N2 selectivity bursting up 

to about 680 (Fig. 60c). MXenes with nonporous 2D structure 

also show excellent performance in gas separation. Ding et al. 

reported that lamellar stacked MXene membranes exhibit 

excellent gas performance with H2 permeability above 2200 

Barrer and H2/CO2 selectivity more than 160, better than many 

advanced membranes (Fig. 60d) 1540. In previous work, it was 

discovered that LDHs have excellent gas barrier properties 1541–1544. 

Comparing the permeation rates of a variety of gas molecules, it 

was found that there is a significant difference in the magnitude 

of the barrier effect of LDHs on different gas molecules. Some 

acidic gas molecules (e.g., CO2) are subject to a higher 

permeation. Later on, they constructed LDH-based gas-selective 

barrier layers on microporous substrates to achieve efficient 

separation of CO2 gas 1545. Apart from nonporous 2D materials, 

there are also a significant amount of works devoted to the 

development of MOFs and COFs to capture CO2. For example, 

Huang et al. constructed a Cu-based 2D MOF, FJI-H14, from 

2,5-di(1H-1,2,4-triazol-1-yl) terephthalic acid (H2BTTA) 1546. 

The results show that the FJI-H14 exhibits an extremely high 

CO2 capacity of 171 cm3·cm−3 at 1 atm and 298 K, with a CO2/N2 

selectivity of up to 51 for CO2/N2 gases mixed at a ratio of 15/85. 

The separation membranes based on 2D materials are also 

applied in biomass utilization, which can significantly reduce the 

consumption of fossil fuels and promote economic carbon 

neutralization. Huang et al. reported a polymer-coated GO 

laminate that can separate n-butanol from the mixture of n-

butanol and water 1547. Fig. 60e illustrates the organic/water 

(butanol/water) separation process based on the chitin-decorated 

GO membrane. With the ultrathin hydrophilic polymeric layer 

(< 10 nm), the water flux can reach 12 kg·m−2·h−1, and the 

separation factor can be enhanced up to 1523 for n-butanol/water 

mixture. (Fig. 60f) The surface modification strategy is also 

applicable to MXenes. Liu et al. inserted hyperbranched 

polyethyleneimine into Ti2CTx MXene nanosheets to form 

regular stacked structures, and then the interfacial 

polymerization with triformylchloride was applied to recover the 

potential defects 1548. Owing to the highly ordered 2D 

nanochannels, it exhibits excellent separation performance: 

water content was enriched to > 99% (w) from a 10% (w) 

isopropanol aqueous. 

Additionally, 2D materials play a rising role in the treatment 

of atmospheric pollution. Volatile organic compounds (VOCs) 

from industrial activities and transportation are generally 

considered to be one of the culprits of atmospheric pollution. 

VOCs, such as aromatic species, are extremely hazardous to 

living creatures, so it is important to develop efficient 

technologies and materials for the removal of VOCs. Xie et al. 

constructed two Zr-MOFs named BUT-66 and BUT-67 as 

adsorbents, which showed the excellent performance to remove 

trace amounts of benzene in air 1549. Furthermore, the 

combination of MOFs with carbon nanomaterials, such as 

carbon nanotubes and GO can improve their stability and 

adaptability, which makes 2D MOF composites more suitable to 

be operated in practical applications 1550. 

4.9.3  Rare earth enrichments and soil remediation 

Rare earth elements have been considered as one of the most 

important strategic resources. However, owing to their similar 

physical and chemical properties, it is a great challenge to 

achieve their selective separation and purification. The present 

industrial technologies for rare earth separation suffer from high 

energy consumption and pollutions from byproducts 1551. 

Membrane separation technology has been considered as an 

ideal alternative way due to its simplicity, absence of energy 

consumption from phase change, low carbon emissions, ease of 

operation, and suitability for industrial automation 

applications 1527,1552,1553. GO membranes are an emerging class 

of membranes with nanometer-scale pore sizes that can be used 

for precise ion and molecular sieving 1497,1527,1554. However, the 

limitation of interlayer spacing in GO membranes leads to low 

ion penetration. In order to solve this problem, Tan et al. used 

confinement combustion to synthesize nitrogen-doped 

nanoporous graphene (NDNG) with adjustable pore size and 

controlled nitrogen content 1555. The NDNG membranes exhibit 

good separation selectivity (~3.7) for Sc3+ from other rare-earth 

ions and ~1.7 for Tm3+/Sm3+. MOFs, as a group of emerging 

porous crystalline materials, are size-selective and can be used 

for the selective separation of rare earth elements (Fig. 61a, b). 

Recently, Wu et al. prepared Zn-BTC MOF/nanoporous 

graphene composites, showing selectivity of 10,000 for Ce/Lu 

and up to 9.8 between adjacent rare earth elements (e.g., Nd/Pr) 

(Fig. 61c, d) 1556. 

Due to the industrial and agricultural developments, highly 

toxic organic pollutants and heavy metals have been released 

into the soil ecosphere and consequently entered the biosphere 

through the food chain. They are potentially mutagenic, 

teratogenic, and carcinogenic to living creatures 1557. In recent 

years, nanomaterials have become a hot spot in the area of soil 

remediation due to their huge specific surface area and good 

catalytic reaction activity. The graphene with a huge surface area 

can act as an excellent adsorbent for organic pollutants owing to 

the π–π or steric interaction 1558. Qi et al. found that 5.3–20.2 

mg·L−1 GO significantly enhanced the migration-assistant 

recycling of 1-naphthol, an initiator to human colorectal tumors 

(Fig. 61e, f) 1559. Among the families of 2D materials, MoS2 

nanosheets exhibit high adsorption capacity of both Hg(0) 1560 

and Hg2+ 1561, providing a potential solution against the mercury 

pollution. 

4.10  Proton permeation 

It had long been assumed that despite of their mono-atomic-

layer thickness, perfect graphene and related 2D materials are 

impermeable to all atoms and molecules at ambient conditions: 
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even the smallest of atoms hydrogen is expected to take billions 

of years to penetrate through the dense electron cloud of 

graphene lattice 1562–1564. On the other hand, it is well known that 

they are permeable to electrons either by conduction or 

tunneling. This raises a fundamental question: what about sub-

atomic particles, i.e. protons, the nucleus of hydrogen atoms, 

permeation through these one-atom-thick crystals? 

In 2014, Hu et al., first demonstrated that protons are 

permeable through 2D materials 1565. Surprisingly, protons pass 

through so easily with a remarkable proton conductance that at 

odds with the large energy barrier predicted by previous theories. 

Following that, considerable efforts have been devoted to the 

investigation of both related mechanisms and potential 

applications. To emphasize its contribution to the understanding 

of intrinsic properties of 2D materials, Pulizzi et al. list proton 

permeation as one of the 25 key discoveries that shaped the 

graphene field 1566. 

4.10.1  Origin of the proton permeation 

The origin of proton transport through 2D materials involves 

two essential steps (Fig. 62a). The first one is proton approaching 

the 2D surface, i.e. entry before jumping through the lattice. The 

zero point vibration of protons prior to permeation effectively 

reduces the activation barrier that leads to fast proton transport. 

For example, in the original experiments 1567, the initial state of 

protons is transiently bonded to oxygen-containing chemical 

groups. The zero point energies of these hydrogen-oxygen bonds 

lift the protons in energy with respect to vacuum by 0.2 eV. It is 

quite remarkable that the zero point oscillation, a pure quantum 

behavior, is reserved even at room temperature, but seems 

reconcile with the discrepancy of the lower proton transport 

barrier found experimentally compared to that from simulations. 

The second step is proton translocation, during which proton 

interacts with the electrons in the 2D lattice and its conductance 

is highly affected by the electron cloud density in the lattice pore. 

For example, h-BN with its valence electrons localized near the 

N atoms is more “porous” compare to graphene with delocalized 

π electrons 1565. Due to its strong electric polarity, proton attracts 

electrons easily and are indistinguishable to hydrogen atoms 

when translocation. From this perspective, it is not difficult to 

understand the slow albeit detectable hydrogen atoms 

penetration through 2D materials 1571. The interlayer stacking of 

2D materials also affect the proton transport. The AB stacked 

bilayer graphene completely blocked the proton transport 

because, intuitively, the atoms in the second layer locates in the 

center of the hexagonal ring in the first one, while the AA' 

stacked bilayer h-BN remains permeable to protons 1565. 

Despite the above discussed general processes, however, the 

detailed proton transport scenario is still under debate. Water and 

 
Fig. 61  (a) Effect of pH on the separation for NDNG-1 membrane, (b) permeation flux of REEs as a function of the NDNG-1 membrane  

thickness 1555. (c) Schematic diagram Zn-BTC MOF/nanoporous graphene in the separation of REEs, (d) adsorption of ZnO/NG, MOF, and  

MOF/NG to RE3+ (Ce) at the same time (160 min) and pH (2.03); reproduced with permission from Ref. 1556, Copyright 2021 American Chemical 

Society. (e) Effect of concentration on the separation for GO nanoparticles (GONPs), (f) effect of solution chemistry on the separation for  

GO nanoparticles (GONPs); reproduced with permission from Ref. 1559, Copyright 2014 American Chemical Society. 
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hydrogenation assisted proton transport models describe the 

proton-electron and proton-material interactions, though predict 

a considerably higher proton transport barrier compare to that 

observed in the experiments 1572,1573. In addition, although the 

proton transport is thermally activated 1565, the contribution of 

possible proton tunneling through one-atom-thick membranes is 

unclear 1574,1575. Recently, a few characterization techniques have 

been developed for the in situ observation of proton 

transport 1576,1577, which provides possible route for the 

understanding of the origin of proton permeation. 

4.10.2  Applications of proton transport 

Membranes that allow selective proton transport with high 

conductivities are at the core in some industrial applications, and 

proton permeable 2D materials should certainly offer a radically 

new direction for their development. The most commonly 

appeared such membrane is the proton exchange membranes 

(PEMs) in fuel cells. As a proof of concept, PEMs made of few 

layer h-BN and graphene have been demonstrated in the 

prototype of fuel cell 1568,1578 (Fig. 62b) and flow battery 

systems 1579. Compared to conventional polymer-based PEMs, 

one of the advantages of using 2D materials is their stability at 

humid oxygen atmosphere at elevated temperature up to a few 

hundred degrees Celsius and thus they extend the devices 

operation temperature 1565,1580, yielding extremely high proton 

conductivities > 103 S·cm−2. 

An alternative but seemly promising application is to use 2D 

materials for the separation of hydrogen isotopes. It has been 

shown that monolayer h-BN and graphene is able to separate 

protons (H) from deuterons (D) 1567. The origin of the isotope 

effect is attributed to that the energy barrier posed by 2D 

materials is affected by the zero point oscillation of nucleon, and 

thus is highly sensitive to its mass. The isotope separation factor 

between H and D is close to 10, almost one order of magnitude 

higher than several conventional methods, while with energy 

consumption being reduced by at least 50% (Fig. 62c) 1569,1581, 

importantly, the 2D materials-based electrochemical pump 

method is operable at room temperature without adding or 

producing any harmful chemical products. It has been estimated 

that a 2D membrane with an area of 30 m2 produces 40 tons of 

heavy water per year, comparable with a typical annul output of 

existing heavy water production plants. 

Proton permeation has also been utilized to tune the 

interaction between monolayer 2D materials and their substrates 

by proton penetration into the interlayer spacing. A direct 

outcome is protons/hydrogen atoms encapsulation between 2D 

materials and substrates (Fig. 62d), which offers a route for the 

application of isolating hydrogen gases 1570. Reversibly 

switching the surface properties, e.g., stiction and adhesion to 

liquids, of 2D materials is also possible when hydrogen atoms 

present or absent in the space between 2D materials and 

substrates 1582. In addition, such space provides a confined 

environment for chemical reactions 1583, where protons has been 

found to decouple the vdW interaction between substrate and 2D 

materials and assist the growth of ultra-flat 2D crystals 352. 

 
Fig. 62  (a) Schematic of proton transport mechanism. Bottom right: proton conductivity through varies 2D materials with distinct electron  

density in their lattice 1565. Typical applications of proton transport: (b) proton exchange membrane fuel cells made by few-layer h-BN,  

reproduced with permission from Ref. 1568, Copyright 2018 American Chemical Society; (c) comparison of 2D material-based H/D  

separation membrane performance with other techniques for heavy water separation 1569; (d) isolating hydrogen gas using h-BN 1570. 
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4.10.3  Various approaches to enhance proton 

conductance 

Improving the proton conductance through 2D materials is not 

only important in terms of highly efficient applications 

especially in membrane areas as mentioned above, but provides 

insights to the proton transport mechanism from fundamental 

level point of view. One strategy is to tune the electrons 

distribution on 2D materials using proton-binding metal 

nanoparticles decorated on 2D materials to form 

heterostructures 1565. The built-in electric field at the material-

nanoparticle interface can be further enhanced if illuminated 

with visible light, leading to a graphene areal proton 

conductance above 2 S·cm−2 at room temperature 1584. 

Design of novel 2D materials is another approach of 

promoting proton transport. Atomically thin micas with proton 

areal conductivity exceeding that of defect-free graphene and h-

BN by two orders of magnitudes is merely one of the 

examples 1580. Theoretical simulations have predicted more 

than 10 novel 2D crystals being promising candidates for proton 

permeation 1572,1573,1585. It is worth noting that “defect-free” may 

not necessarily be important when considering materials’ proton 

transport properties 1586. Recently, atomically thin carbon films 

with eight-atom-ring defects has been fabricated, showing a 103 

times higher proton permeability than that of pristine 

graphene 1587. Apart from enlarging the effective pore size for 

proton conduction, defects also play a positive role by 

accumulating high concentration of protons as proton source, as 

exemplified by Cd vacancies in CdPS3 nanosheets 1588. As a 

result, a record-high proton conductivity of 0.95 S·cm−1 has been 

achieved. 

Proton permeation provides 2D crystal lattice as a novel 

subatomic sieve. However, there is still a long path towards the 

real applications. Scalable production of high quality 2D 

materials 1589, their wafer-scale transfer techniques and 

compatibility with support proton conductive substrate would be 

logical future investigation directions here. 

4.11  Other applications 

Besides various applications mentioned above, 2D materials 

also show application potentials in reinforcing filler, corrosion 

protection, pollutant adsorption, desalination and so on due to 

their layered structure, ultrahigh specific surface and excellent 

mechanical strength. These applications will be discussed in 

detail in this part. 

Ultrathin 2D materials are competent as reinforcing filler 1590–1592, 

conductive filler 1593–1595 and anticorrosion filler 1596,1597 in 

polymer matrix composites. Liu et al. developed two fraction 

methods to prepare layered and scrolled nanocomposites with 

high-quality graphene 1598. They prepared planar stacking 

composites of graphene and polycarbonate (PC) by repetition of 

quadrant fold or segmentation (Fig. 63a), and an Archimedean 

spiral fiber was fabricated with similar a method (Fig. 63b). 

These nanocomposites display substantial mechanical reinforce-

ment and still retain high electrical conductivity and optical 

transmittance even at very low loadings. Graphene/nanofiller 

nanocomposites are further developed to avoid graphene 

agglomeration 1599. Song et al. reported the preparation of 

graphene wrapped B4C nanowires (B4C-NWs) which can 

strengthen the interfacial interaction between the B4C-NWs and 

matrix 1600. They directly synthesized B4C-NWs@graphene by 

shear mixing the mixture of graphite powders and B4C-NWs and 

found the graphene was successfully exfoliated then crumpled 

and self-assembled onto the B4C-NWs (Fig. 63c, d). The three-

point bending tests of the epoxy resin with a different fraction of 

B4C-NWs@graphene indicate the flexural strength and elastic 

modulus increased with increasing nanofillers (Fig. 63e). 2D h-

BN nanosheets are an acceptable solution when devices require 

both great electric insulation and thermal conduction. Cho et al. 

prepared polysiloxane/h-BN nanocomposite films by 

introducing 15% (volume percentage) h-BN nanosheets into a 

poly(dimethylsiloxane) elastomer whose thermal conductivity 

are 15 times that the polysiloxane matrix itself, and the 

composite can still maintain the electrically insulating nature 

because of the wide bandgap of h-BN 1601. 

Many 2D materials such as graphene and h-BN are almost 

impermeable to all molecules with excellent chemical stability. 

Therefore, 2D materials can be used to cover the surface of the 

metal to protect them from corrosion. But sometimes pure 2D 

materials coating like graphene could not protect the metals 

effectively, or even accelerate the corrosion in a long term, due 

to the defects of graphene which may trap corrosive media such 

as H2O and O2 1602, and the defective area behaves as a cathode 

 
Fig. 63  (a, b) Schematic illustration of the method for planar stacking 

composites and the transverse shear method for scrolled nanocomposite 

fiber; reproduced with permission from Ref. 1598, Copyright 2016 

Association for the Advancement of Science. (c, d) The TEM image of 

B4C-NWs@graphene, (e) flexural stress-strain curves of epoxy and  

B4C-NWs@graphene (0.1%, 0.2%, and 0.3%, volume percentage) 

reinforced composites 1600. 
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that accelerates the corrosion 1603. The graphene composites are 

developed to solve the problems above instead of pure graphene 

coating. A nonconductive graphene composite through the Diels-

Alder reaction between the exfoliated graphene and a bio-based 

epoxy monomer can work as a long-term anticorrosive 

coating 1604. The insulating h-BN is also a good choice for 

anticorrosion which can suppress the galvanic corrosion under 

the ambient environment 1605. 

Non-toxic 2D inorganic nanosheets can be used for food 

packaging films for the reason of their high aspect ratio platelet 

structures which can construct circuitous pathways to impede the 

diffusion of gas molecules 1606. A platelet morphology sample of 

Mg2Al-CO3-LDH was calcined in the air and then put into the 

aqueous glycine solution to regenerate and exfoliate the LDH. 

Bilayer LDH nanosheets with well define shapes were obtained. 

The LDH nanosheets coating on the polyethylene terephthalate 

(PET) film show extremely excellent oxygen barrier 

performance (Fig. 64a) and water vapor barrier performance 

(Fig. 64b). 

Hybrid GO/graphene with a large mechanical strength can 

withstand osmotic pressure and shear stress for desalination 1607. 

Morelos-Gomez et al. reported a preparation of hybrid 

GO/graphene layered membranes deposited onto the 

polysulfone support membrane modified with polyvinyl alcohol 

(PVA), followed by the thermal treatment and Ca2+ crosslinking 

to enhance the mechanical strength furthermore 1608. Water can 

flow within nanochannels adjacent to the edges of few-layered 

graphene and the NaCl will be rejected due to the Gibbs-Donnan 

exclusion. They found the PVA interfacial adhesive layers were 

the key to enhance the mechanical strength that the membranes 

with PVA would exhibit any observable peel-off under a strong 

1000 mL·min−1 cross flow, meanwhile, the membranes without 

PVA started to peel up at 400 mL·min−1 after 120 h. 

Besides the above discussions, there are also some interesting 

applications based on 2D materials due to the promising 

properties of 2D materials. For example, Luo et al. even 

developed a unique graphene hair dye 1609. The GO or rGO are 

used to coat on the hair substituting the toxic small molecules 

which are added in common hair dyes. They found graphene hair 

dye could improve comfort by enhancing antistatic performance 

and heat dissipation because of the good electrical conductivity 

and thermal conductivity of graphene. Also, we believe that the 

killer applications of 2D materials will be explored in the future 

and 2D materials will play more important roles in different 

applications. 

5  Theoretical calculations and simulations 
In parallel to the experimental investigations, tremendous 

efforts have also been dedicated into the development of 2D 

materials by adopting computational strategies, including DFT 

calculations, molecular dynamic (MD) simulations, Monte Carlo 

(MC) methods, machine learning (ML) algorithms, etc. On this 

basis, extraordinary progress has been made in various aspects 

of 2D materials, such as growth mechanism, stability, property 

and application. In this section, we will summarize recent 

advances in theoretical calculations and simulations of 2D 

materials, with an emphasis on the growth mechanism, surface 

reactivity and magnetism. 

5.1  Growth mechanism of 2D materials via bottom-

up synthesis 

In history, most of the extensively explored 2D materials are 

first synthesized via the top-down approaches, such as the 

mechanical exfoliation method 1,128,1610,1611. The top-down 

approaches generally produce very high quality 2D materials 

which are suitable for the exploration of their properties, 

prototype device fabrications and tests and, sometimes, also can 

produce 2D materials in large scale, such as graphene. While 

most of the top-down approaches suffer some acritical 

drawbacks. For example, 2D materials produced by top-down 

approaches are generally in small size and small quality. So, 

most of the top-down approaches do not fit the requirements for 

industrial applications of 2D materials, especially for integrated 

device fabrications 111,1612–1614. In contrast, the bottom-up 

approaches, such as the PVD 1615–1617, CVD 1618–1620, and 

molecule beam epitaxy 1621–1623, can produce large area films of 

various 2D materials of different thickness, sometimes in the 

form of wafer-scale 2D single-crystalline thin films. During 

more than one decade of extensive study of 2D materials, the 

 
Fig. 64  (a) The oxygen transmission rate (OTR) plot against coating gap, (b) the water vapor transmission  

rate (WVTR) plot against PET, 10% (w) PVA-C, and 10%–60%LDH-C 1606. 
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bottom-up synthesis gradually becomes the main steam 

approach for synthesis of various 2D materials. 

In contrast to the relatively simple top-down approaches, 

achieving growth of high quality 2D materials by the bottom-up 

synthesis requires the reactions of various precursors on a 

suitable substrate at an appropriate experiential condition, and 

thus many tunable experimental parameters determine the 

quality of the product 1624,1625. To optimize the bottom-up 

experimental synthesis of 2D materials, a deep understanding on 

the growth mechanisms of various 2D materials is essential. In 

the past decade, great theoretical efforts have been dedicated to 

the theoretical study of the mechanism of 2D materials bottom-

up synthesis. Here we will mainly summarize the recent 

achievements on the theoretical studies on the growth 

mechanisms of various 2D materials, including a general theory 

of 2D materials epitaxy; the mechanisms of graphene and h-BN 

epitaxial growth, the current understanding on growth of TMDs 

and the mechanism of graphene growth on insulating substrates. 

5.1.1  Role of substrate in bottom-up synthesis of 2D 

materials 

As shown in Fig. 65, the transitional epitaxial growth of thin 

film is significantly different from the bottom-up growth of 2D 

materials because of their interactions with the substrate is 

significantly different. For thin film grown on a substrate, the 

strong chemical bonding ensures an epitaxial relationship 

between the crystalline lattice of the overlayer material and that 

of the substrate (Fig. 65a) 1626,1627. So, when the growth of 2D 

materials covering a polycrystalline substrate grain boundary, 

the 2D thin film have to change its crystallographic orientation 

to match its lattice orientation with the substrate 1626. Therefore, 

a polycrystalline substrate cannot be used as the template for the 

growth of a single-crystalline thin film (Fig. 65b). In contrast, a 

stable 2D material generally interacts with most substrates thr-

ough weak vdW interaction 1628–1632, which is not sensitive to the 

crystallographic orientation of 2D material (Fig. 65c) 1633,1634. 

For example, DFT study has proved that the binding energy 

difference of graphene on a Cu surface for epitaxial growth is 

only a few meV different from the non-epitaxial growth. Such 

value is more than two orders of magnitudes lower than the 

chemical binding energy. Such a small driving force cannot 

ensure the epitaxial growth of a 2D material on a substrate. 

Therefore, graphene can pass through substrate grain boundaries 

easily without changing its crystalline orientation during growth 

(Fig. 65d) 1634,1635. Besides, such phenomena have also been 

observed during the growth of many 2D materials 1636,1637, 

offering a possibility for synthesizing wafer-scale single-

crystalline 2D materials on polycrystalline substrates 1638,1639. 

The nucleation control for wafer-scale 2D single crystal 

growth requires the nucleation only one seed on a wafer scale 

substrate in a period of a few hours or longer, which is very 

challenging and, even it is possible, the productivity is generally 

very low. In comparison, the strategy of seamless stitching a 

mass of parallelly aligned 2D islands on a substrate is more 

practical and efficient. Therefore, it is very important to gain a 

deep understanding on the epitaxial growth mechanisms of 2D 

materials on various substrates in order to achieve the parallel 

alignment of millions of 2D islands on a wafer scale substrate. 

Recently, numerous DFT calculations have revealed that the 

alignment of 2D material on a substrate is determined by a 

simple principle that a high symmetric direction of the 2D 

material’s crystallographic lattice tends to along a high 

symmetric direction of the lattice of the substrate 195,1640,1641. Fig. 

66 shows an example of graphene on the Cu(111) surface, the 

strongest binding energy between edge of the graphene and the 

Cu substrate appears when a high symmetric zigzag edge of 

graphene is along a high symmetric <110> direction of the Cu 

surface. From the charge density difference, we can clearly see 

that all the edge atoms are well passivated with such a 

configuration (Fig. 66b). In comparison, when the edge is not 

parallel to a high symmetric direction of the substrate, some 

 
Fig. 65  The epitaxial growth of thin films vs. 2D materials. (a) Schematic of the chemical binding between a thin film and a substrate.  

(b) Illustration of a polycrystalline thin film growth on a polycrystalline substrate. (c) Schematic of the weak vdW interaction  

between a 2D material and a substrate. (d) Illustration of the growth of a single crystalline 2D material on a polycrystalline  

substrate via nucleation control. (d) Reproduced with permission from Ref. 1633. Copyright 2012 American Chemical Society. 
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atoms at edges are poorly passivated (Fig. 66c). This clearly 

shows that the high symmetric direction of a substrate is very 

beneficial for passivating the high symmetric edges of a 2D 

material. More extensive calculations prove that the principle is 

also applicable for other 2D materials on various substrates. 

Based on the epitaxial relationship, Dong et al. reported that 

the equivalent but different alignment number of 2D materials 

on a substrate can be obtained via simple formula 1640 

N2D@sub = sub

2D@sub

G

G
 (1) 

where |Gsub|  denotes the number of symmetric operations of 

the substrate and G2D@sub   denotes that of the 2D material 

system on the substrate. 

Fig. 67 presents the possible alignments of 2D materials with 

various symmetries on several high symmetric substrates, 

including the h-BN(0001) surface and three low index facets of 

face-centered cubic (FCC) crystal. The number of equivalent but 

different directions of these 2D materials on substrates are 

strikingly in consistent with numerous experimental observations 

in 2D materials’ epitaxial growth 99,213,908,924,1641–1654. It can be 

clearly seen that the more symmetry operations will give rise to 

a greater number of equivalent but different directions of the 

grown 2D materials on the substrate. This implies that substrates 

with lower symmetries, such as high-index surfaces, are more 

promising for templating the epitaxial growth of 2D materials. 

As illustrated in Fig. 68, due to the existence of step edges, a 

high-index surface owns very low C1 or Cs symmetry 1640,1655. 

On such a substrate, the energetically most preferred orientations 

of a 2D material are not degenerated and, thus, uniformly aligned 

2D islands may be grown under the optimized experimental 

condition. 

5.1.2  Epitaxy of 2D materials on low-symmetry 

substrates 

Recently, the alignment mechanisms of two most explored 

examples of 2D materials, graphene and h-BN, on various 

substrates containing step edges have been extensively studied. 

Both theoretical and experimental studies reveal that nucleation 

 
Fig. 66  The interaction between a 2D material and a substrate. (a) Model of a graphene zigzag edge on a Cu(111) surface and the binding  

energy of the edge on the substrate as a function of the alignment angle, θ. (b) Charge density differences with isovalue of 0.01 Bohr−3 of graphene on 

the Cu(111) surface with misorientation angles of 0° and 15.3°, where electron accumulation and depletion are denoted by Blue and red colors 1640. 

 
Fig. 67  Alignment of 2D islands with various symmetries on the three low-index FCC crystal surfaces and the hBN (0001) surface. The high-

symmetry crystallographic orientations of substrates are denoted by green lines. The symmetry groups of the 2D materials, substrates, and the  

systems of 2D islands on substrates are provided. Reproduced with permission from Ref. 1625. Copyright 2021 American Chemical Society. 
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of a 2D material near a step edge is superior to that on a terrace, 

because of strong adhesion between the active step edges and the 

edge of 2D materials 1654,1656–1659. 

Near a step edge, the alignment of a 2D material is determined 

by the interaction between the edge of the 2D material and the 

step edge of the substrate, or the interfacial formation 

energy 1655,1660. Fig. 69a shows interfacial formation energy of 

various graphene edges on a <110> step edge of Cu(111) surface 

as a function of the tilt angle of the graphene edge 1660. It can be 

seen that the global minimum corresponds to a configuration of 

a graphene zigzag edge attaching to the <110> step edge. This 

explains the broadly observed unidirectional alignment of 

graphene islands on near-Cu(111) surfaces, as illustrated in Fig. 

69b. Ge(110) surface is a promising candidate for graphene 

synthesis on semiconductor compatible substrates 1661,1663. 

Under the optimized experimental condition, high-quality wafer-

scale single-crystalline graphene film was recently synthesized 

on a high index Ge surface which is 15° from the Ge(001) 

surface and the existence of step edges is critical for the success 

of the growth of unidirectionally aligned graphene islands, 

which further proves the effectiveness of using substrates with 

lower symmetry for single crystalline 2D materials 

synthesis 1664. 

Besides the epitaxial growth of graphene, the h-BN epitaxial 

growth on high-index surfaces has also been studied extensively. 

As exhibited in Fig. 70a, on a high-index surface, which can be 

constructed by many low-index terraces and step edges, the 

alignment of h-BN islands highly depends on the types of the 

terrace and step edges 1655. Zhao et al. investigated the 

alignments of triangular h-BN clusters on the (111) surface of 

FCC metals and the (0001) surface of hexagonal close packed 

(HCP) metals, respectively (Fig. 70b–e) 1665. It is revealed that, 

due to equivalence of ABC… and BCA… configurations of the 

neighboring terraces of a vicinal FCC(111) surface, h-BN islands 

tend to align parallelly on neighboring terraces of a vicinal 

FCC(111) surface. In contrast, the AB… and BA… 

configurations of the neighboring HCP(0001) surfaces are 

equivalent after a mirror symmetric operation, so the orientations 

of h-BN islands on neighboring terraces of a HCP(0001) surface 

are anti-parallel (Fig. 70b–e). 

Both experimental and theoretical studies have showed that, 

the nucleation of 2D materials near a step edge of a high-index 

surface is energetically more preferred than that on a low index 

terrace 1658,1659,1666. Generally, step edges of a high index surfaces 

may along any direction and can be classified into straight step 

edges and tilted ones 1655. In general, a straight h-BN edge, such 

as armchair or zigzag, attaching to a straight step edge, such as 

the <110>, <100> or <211> step edge of a surface of a FCC 

crystal, is energetically most preferred. For example, Wang et al. 

synthesized vicinal Cu(110) substrates with straight Cu<211> 

step edges and observed the growth of unidirectional aligned h-

BN islands (Fig. 70f, g) 214. Combining DFT calculations and 

atomic-resolution STM image, nitrogen-terminated zigzag edge 

of h-BN attaching to the straight Cu<211> step edges was seen 

clearly. Chen et al. reported the epitaxial growth of h-BN single 

crystals on Cu(111) substrates with abundant step edges trending 

up and down (Fig. 70h, i) 99. These step edges are highly curved 

and locally rugged. Atomically, a curved step edge can be 

constructed by using two types of straight <110> segments and 

the h-BN islands nucleation on them are antiparallelly aligned 

(Fig. 70h). To explain the unidirectional alignment of the h-BN, 

the authors used DFT calculations to reveal that the binding 

energy difference of h-BN islands attaching to the two types of 

step edges is large enough to drive the dominating nucleation of 

h-BN near one type only. Therefore, h-BN islands with one 

orientation will be suppressed under the optimized experimental 

condition. 

In reality, high-index surfaces with straight step edges are rare 

and most high-index surfaces own tilted step edges and 

 
Fig. 68  Schematic of parallelly aligned 2D materials with different 

symmetries grown on a high-index substrate with steps 1640. 

 
Fig. 69  Alignment of graphene on high-index substrates. (a) Formation energies of various graphene edges attaching to a Cu<110> step  

edge as a function of the graphene edge’s tilt angle, θ, where θ = 0 and 30 degrees represent zigzag and armchair edges, respectively. (b) On a  

vicinal Cu(111) surface, all the nucleated graphene islands, either nucleated on the Cu(111) terrace or nearby the possible step edges,  

could be parallelly aligned. Reproduced with permission from Ref. 1660. Copyright 2014 American Chemical Society. 
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sometimes even highly curved ones. By using DFT calculations, 

Z  hang et al. revealed that a tilted step edge is preferred to be 

attached by a tilted h-BN edge 1655, as illustrated in Fig. 70j. In 

this case, a misalignment angle, γ, between the high symmetric 

directions of the 2D materials and the substrate is no longer zero 

and its value can be calculated by: 

γ = γ2 – γ1 = 2 1asin asin
d d

l l
  (2) 

The calculated misalignment angles of h-BN grown on 

various Cu high-index surfaces are in perfect agreement with the 

experimentally observations shown in Fig. 70k–m. Similarly, 

Bets et al. propose that tilted step edges having similar kink size 

with the tilted edge of a 2D material are preferred the epitaxy 

growth of the 2D material (Fig. 70n) 1667. 

Moreover, recent theoretical study also reveal that high-index 

surfaces with larger miscut angles or larger step densities are 

more robust in guiding the epitaxy growth of 2D materials than 

those with small miscut angles 1655. Fig. 70o–p show examples 

of two high-index surfaces with same surface roughness but 

different miscut angles. Clearly, the direction of step edges of the 

Cu(5 5 6) surface varies a lot, resulting in two possible h-BN 

orientations. In contrast, those step edges of the Cu(10 10 17) 

surface, which has a very larger step edge density than the Cu(5 

5 6) surface, the variation step edges direction is very small and 

the unidirectional alignment of hBN islands is ensured. 

5.1.3  Growth mechanisms of TMDs on gold substrates 

TMDs have the same 3-fold symmetries with h-BN, and thus 

the alignments of TMDs on various substrates should be similar 

with those of h-BN. Inspired by the success of h-BN on vicinal 

Cu(111) surface 99, centimeter-scale single-crystalline MoS2 

monolayer has been recently successfully realized on vicinal 

Au(111) surfaces 924. Soon after, the growth of centimeter-scale 

single-crystalline TMD monolayers, including WS2, WSe2, 

MoS2, MoSe2/WSe2 heterostructure, and even W1−xMoxS2 alloy, 

on various high-index Au surfaces was reported 1668. These 

experimental successes confirm the effectiveness of using low-

 
Fig. 70  Alignment of h-BN on high-index metal substrates. (a) Schematic of hBN on various Cu surfaces and the configurations of various vicinal 

FCC(100) surfaces. (b–c) Schematic and experimental observation of triangular h-BN clusters on different terraces of the Ni(111) substrate.  

(d–e) Schematic and experimental observation of triangular h-BN clusters on different terraces of the Ru(0001) substrate. (f–g) Model of a h-BN  

zigzag edge attaching to the Cu<211> step of a vicinal Cu(110) surface and the experimental observation of h-BN epitaxial growth on vicinal  

Cu (110) surface with <211> step edges. (h–i) Model of h-BN clusters attaching to Cu<110> steps of a vicinal Cu(111) surface and the experimental 

observation of h-BN epitaxial growth. (j) Schematic of a tilted hBN edge attaching to a tilted step edge, where the kink heights of the h-BN edge and 

the step edge are shown. (k–m) Illustration of experimentally observed h-BN orientations on various high-index Cu surfaces, which agree well with 

theoretical predictions. (n) Schematic of h-BN alignment along a tilted step edge. (o–p) The alignment of h-BN islands on various high-index Cu  

surface under the same surface roughness. (a, j–m, o–p) Reproduced with permission from Ref. 1655, Copyright 2021 John Wiley and Sons.  

(b–e) Reproduced from Ref. 1665. (f–g) Reproduced from Ref. 214. (h–i) Reproduced from Ref. 99. (n) Reproduced with permission from Ref. 1667, 

Copyright 2019 American Chemical Society. 
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symmetry substrate to template 2D materials epitaxy. So, here 

we briefly introduce the recent understanding of TMD growth 

on Au surfaces. 

In compare with the one-atomic-thick graphene and h-BN, the 

three-atomic-thick TMDs present various metastable phases, and 

their growth mechanisms are more complicated 1669–1671. DFT-

based molecular dynamic (MD) simulations provides an intuitive 

picture of MoS2 growth on Au(111) surface (Fig. 71a) 1672. 

Theoretical study reveals that the surface of Au(111) tends to be 

passivated by sulfurs atoms. Under a sulfur-rich environment, 

the metal precursor, MoO3 molecules, can be gradually 

transformed into a MoS3 molecule by reactions with the surface 

sulfur atoms. Then the reactions of MoS3 molecules on the 

Au(111) surface firstly lead to a T-phase MoS2 nucleus. As the 

growth continues, the T-phase MoS2 nucleus will transform into 

an H-phase MoS2 island when the size is large enough. 

Sulfurization of pre-deposited transition metal containing 

films offers another strategy for synthesis of TMDs 1673–1676. Fig. 

71b presents an atomic-level mechanism for the initial 

sulfidation of a MoO3 surface 1677. In this study, a three-steps 

reaction process is proposed, which includes (i) the self-

reduction of the MoO3 surface, (ii) followed by SO/SO2 

formation and S2-assisted reduction, and (iii) then the sulfidation 

of the reduced surface and formation of Mo―S bonds. In Fig. 

71c, typical Mo―S termination and Mo―S―Mo bridge formed 

during the simulation are shown. It is worth noting that the 

synthesized TMDs are generally multilayer and polycrystalline 

by this method. 

5.1.4  Growth of polycrystalline 2D materials on liquid 

substrates 

Liquid metal surfaces have also been widely used to grow 2D 

materials. Geng et al. reported the randomly aligned hexagonal 

graphene flakes at the initial stage of graphene growth on liquid 

Cu surface and, with the increasing of the graphene coverage, 

these islands become unidirectional aligned gradually 1678. The 

parallel alignment of h-BN islands on liquid Au surfaces was 

also reported 1651. However, the underlying mechanisms of the 

unidirectional alignment of 2D islands on liquid substrates is still 

unclear. Besides single-crystalline 2D materials, polycrystalline 

2D materials with controlled misalignment angles or lattice 

orientations is also of great interests for both fundamental studies 

and practical applications. 

In 2019, Dong et al. studied the formation mechanisms of 

polycrystalline graphene grown on liquid Cu surfaces 1679. The 

grown graphene islands on liquid Cu surfaces are randomly 

aligned but can rotate freely because of the high mobility of the 

liquid substrate 1680. The curve of the formation energy of grain 

boundary (GB) in graphene vs. the misalignment angle of the GB 

have two minima, zero degree corresponds a perfect single 

crystal and ~30° corresponds a highly stable GB with the 

 
Fig. 71  Growth mechanism of TMD on various substrates. (a) First principal molecular dynamic (MD) simulations showing that the nucleation of  

T-phase MoS2 on the Au(111) surface is preferred and the transformation from T-phase to H-phase will occur during the further growth process.  

(b) Schematic of the sulfidation of a MoO3 surface to synthesize a MoS2 film. (c) Close-up of Mo―S termination and Mo―S―Mo bridge  

structures created during reactive MD simulation. (a) Reproduced with permission from Ref. 1672, Copyright 2021 American Chemical  

Society. (b, c) Reproduced with permission from Ref. 1677, Copyright 2017 American Chemical Society. 
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formation of pentagon-heptagon lines. So, the coalescence of 

two graphene islands either leads to the seamless stitching of 

them or a polycrystal with ~30° GB, as shown in Fig. 72a, b. If 

many graphene islands coalescence together on a liquid surface, 

30 types of graphene polycrystals with 30° GBs could be formed. 

As shown in Fig. 72c, 27 of 30 predicted graphene polycrystals 

are observed experimentally. 

5.1.5  Growth mechanism of graphene on insulating 

substrates 

For high performance device applications, it is of great 

important for synthesizing 2D materials directly on an insulating 

substrate. In experiments, great effort has been devoted to 

synthesizing graphene on various insulating substrates, such as 

SiO2, Al2O3, and h-BN, to avoid the wrinkles and contaminations 

in graphene films formed during the transfer process 1623,1681–1685. 

However, comparing with the growth of graphene on metal 

substrates, the growth mechanism of graphene on insulating 

substrates is still poorly understood, especially at the atomic 

scale. 

As shown in Fig. 73a, the graphene growth rate on typical 

insulating substrates are about 3–5 orders of magnitude slower 

than that of on metal substrates. Besides, the type of insulating 

substrates has little impact on the growth behaviors of graphene, 

such as the growth rate and the shape 1686. Recently, through 

extensive DFT calculations and modeling, Cheng et al. have 

successfully explained the slow growth rate and morphology of 

graphene grown on various insulating substrates 1686. They 

unveiled that the CH3 molecules in the gas phase are the key 

carbon precursors, and there are three typical main reactions 

during the addition of new hexagons onto a graphene edge: 

(i) feed the graphene growth by attaching a CH3 radicles; 

(ii) remove the excessive H atoms of CH3 via reaction of CH3 + 

H → CH4, and (iii) form a new hexagonal carbon ring, as 

illustrated in Fig. 73b. Therefore, the growth process on an 

insulating substrate can be attributed to a vapor-solid growth, 

which is different from the vapor-surface-solid growth on metal 

substrates. Besides, the type (ii) reaction is the threshold step that 

limits the growth rate. Fig. 73c exhibits the energy profiles of 

threshold step reactions for a graphene zigzag and armchair 

edge. The threshold reaction barrier are 1.94 and 3.00 eV, 

respectively and the growth rate of the armchair edge is slower 

than that of the zigzag edge. Based on the kinetic Wulff 

construction theory, the slowly growing armchair edge gradually 

dominate the circumference of a graphene island (Fig. 73d), 

which is similar to the experimental observations of graphene 

growth on the insulating substrates 1687–1689. Based on such 

theory, the growth rate of a graphene edge could be estimated by  
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Fig. 72  Growth of graphene polycrystals on liquid Cu surface. (a) Formation energy of graphene grain boundary as a function of the misalignment 

angle of the two graphene grains. (b) Schematic showing two routes of graphene coalescence on liquid Cu surface, a single crystal via seamless 

stitching of two aligned graphene islands or a graphene polycrystal with a 30-degree GB. (c) The prediction and corresponding experimental 

observation of graphene polycrystals via coalescence of multi graphene islands on liquid Cu surfaces. Reproduced with permission from Ref. 1679, 

Copyright 2019 John Wiley and Sons. 
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where, ∆L = 0.142 nm is the carbon-carbon bond length of 

graphene, Eb is the threshold barrier of growing graphene, Ef is 

the formation energy of a CH3 attached at the edge, and Cp d  

enotes the collision rate of a CH3 to the growth site. Fig. 73e 

plots the calculated graphene growth rates at different 

experimental conditions and a perfect agreement is clearly seen 

when comparing with the experimental results 1686. 

Based on the mechanism, using more active carbon source to 

lower the barrier of removing excess H atoms or growing 

graphene at a higher growth temperature (> 1600 K) were 

proposed as effective strategies for fast graphene growth on 

insulating substrates. 

5.1.6  Summary 

Although the growth mechanisms of 2D materials have been 

explored extensively in last decade, the deep understanding 

especially at the atomic level, is still very poor and many of the 

theoretical results are not in consistent with experimental 

observation. There are still many experimental puzzles, such as 

why the less active Cu is the best catalyst for graphene growth, 

how oxygen help the growth of graphene on Cu surface, are not 

properly explained. Besides, the lack of deep understanding on 

the atomic processes of 2D materials growth greatly hinders the 

applications of theory in experimental design and, thus, most of 

the experimental progresses of bottom-up synthesis of 2D 

materials are still based on a huge number of experimental tries. 

To realize true rational experimental design of 2D materials 

growth, developing new theoretical methods, such as machine 

learning force fields, to explore the atomic details of 2D 

materials growth with a high accuracy and with a longer 

simulation time simulation is critical. On the other hand, the 

current theory of 2D materials epitaxy based on the symmetry 

analysis and some simple theoretical calculations are very 

successful and, based on it, experimental scientists can grow 

quite a few types of single-crystalline 2D materials in wafer 

scale. We believe that, in a long term before the theoretical 

methods allow us to simulate real and complicated experimental 

systems in a long term, the close collaborations between 

theoreticians and experimentalists are crucial for the further 

development of the theory and experimental approaches on the 

synthesis of 2D materials. 

5.2  Surface reactivity of 2D materials 

A distinctive feature of 2D materials is their atomic-thin 

thickness, which endows them unique physical and chemical 

properties 1690–1692. However, the atomic-thin thickness also 

leads to the relatively high surface reactivity of 2D materials, 

leading to their environmental instability, as they may be 

corroded, decomposed, oxidized, segregated and so forth 1693. In 

particular, the few-layer BP show visible surface oxidation 

within a few hours, resulting in the invalidity of the fabricated 

devices 1694. Apart from BP, many other 2D materials also suffer 

from oxidation and degradation, such as metal chalcogenides 

(e.g., InSe and GaSe) and TMDs (e.g., WS2 and HfS2) 55,1695–1697. 

In addition, the existence of surface defects can also lead to the 

further increase of surface reactivity, leading to the degradation 

of the stability, charge carrier mobility and optical properties. On 

the other hand, the increase of surface reactivity can significantly 

 
Fig. 73  The mechanism of graphene growth on insulating substrates. (a) Summary of the experimental data (growth rates and sizes of grown 

graphene islands) of graphene growth on the insulating substrates and metal substrates. (b) Schematic of vapor-solid growth of graphene on 

insulating substrates. (c) Energy profile and reaction geometries of the threshold step for a graphene zigzag and armchair edge. (d) Morphology of a 

growing graphene island on the insulating substrates obtained by the kinetic Wulff plots in theory. (e) Comparison of the graphene growth rate 

between experimental results and calculated results based on the experimental conditions and Eq. (3). Reproduced with permission from Ref. 1686, 

Copyright 2021 American Chemical Society. 
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affect their properties, offering new opportunities for their 

applications. For instance, surface vacancies can activate the 

inert basal planes of 2H-phase MoS2 for HER 1022; surface 

defects endow the carbon materials the capability of trapping the 

single metal atoms to form single atom catalysts (SACs) with 

enhanced activity 1698; etc. Therefore, a fundamental 

understanding of the surface reactivity will help to identify the 

key factors that effecting the stability, property and performance 

for certain applications, as well as the corresponding strategies 

to enhance the stability and performance 1699. In this section, we 

will summarize the surface reactivity of 2D materials at atomic 

level, with an emphasis on the oxidation/degradation 

mechanisms, role of surface vacancies on the properties and 

activities, as well as theoretical insights into the 2D materials 

supported SACs (SACs@2D). 

5.2.1  Oxidation and degradation mechanisms 

5.2.1.1  Light-induced oxidation 

Based on the active species in air and the possible energy 

source, Zhou et al. firstly established a “three-step” mechanism 

of light induced BP degradation (Fig. 74a) 1700. Specifically, 

superoxide (O2
−) can be generated under light illumination on the 

surface of few-layer BP; the active superoxide then directly 

reacts with the surface P atoms to form phosphorus oxides; the 

H2O molecules decompose the hydrophilic phosphorus oxides 

and finally causes the breakdown of BP layer. It should be noted 

that  the generation of superoxide is highly depending on the 

electronic structures of the system. As the energy levels of BP 

changes with the number of layers, which is also known as 

quantum confinement, the generation of superoxide can be 

limited and thus the photooxidation takes much longer for multi-

layer BP than the thinner ones 1701. 

5.2.1.2  Water catalyzed oxidation 

In addition, the concentration of water is proven to play an 

important role in the oxidation of 2D materials. Hu et al. found 

that when the water molecules with high polarity gradually 

approached oxygen, the energy levels of π*2p of O2 decrease and 

get close to the valence bands of BP (Fig. 74b) 1702 Consequently, 

the electrons from BP surface can be transferred to O2 molecules 

with the assistance of water molecules, O2
− anions are thus 

expected to be formed even without light irradiation. The 

theoretical results explain the experimental findings that both 

hole and electron motilities of the BP-based device decreased 

significantly after 19.5 h exposure in dark environment. 

5.2.1.3  Defect induced oxidation 

The pristine surfaces of TMDs and metal chalcogenides 

present higher stability than BP, the reported oxidation 

phenomenon can be attributed to defective sites such as surface 

vacancies and edges 1703,1707. For the defective sites, metals and 

transitional metals can be exposed to air and react with either 

water or oxygen molecules. The reaction and the formation of 

 
Fig. 74  (a) Light induced oxidation: the light-induced ambient degradation process of BP and the electronic structures of BP with the redox  

potential of O2/O2
−; reproduced with permission from Ref. 1700, Copyright 2016 John Wiley and Sons. (b) Water catalyzed oxidation: the polarization 

effect of H2O on O2 illustrated by theoretical calculations; reproduced with permission from Ref. 1702, Copyright 2017 John Wiley and Sons.  

(c) Defect induced oxidation: schematic of the degradation mechanism for InSe; reproduced with permission from Ref. 1703, Copyright 2017  

American Chemical Society. (d) Several proposed protection strategies by theoretical calculations and simulations; reproduced with permission from 

Ref. 1700,1704–1706, Copyright 2016 John Wiley and Sons, Copyright 2016 American Chemical Society, Copyright 2017 Royal Society of Chemistry. 
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oxides leads to local deformation of the crystal lattice around the 

defective sites, and the insertion of oxygen atoms can activate 

surrounding metal-chalcogenide bonds (Fig. 74c). The high 

energy barrier required for the step-by-step intercalation of O2 

leads to a slow oxidation process that is observed from 

experiments. 

To increase the stability, a direct and most commonly used 

approach is encapsulation or coating with other materials, 

include polymer, Al2O3, and h-BN 1708–1710. Based on the 

understanding of oxidation mechanisms for many 2D systems, 

alternative approaches can be adopted to slow down the 

oxidation processes. For example, the electronic structures of BP 

layers can be modulated by several approaches, such as 

heteroatom doping, chemical modification, interface 

engineering by small molecule intercalation, covalent 

modification of polymers (Fig. 74d) 1705,1706,1711,1712. These 

methods intend to decrease the energy level of the CBM so that 

superoxide generation can be restricted, thus the environmental 

stability of black phosphorus is improved. Combining with 

experiments, these modification methods are proven to be 

effective to increase the stability of BP to a large extent 1711–1713. 

5.2.2  Surface vacancies and performance control 

In the practical applications of 2D materials, the properties 

and performance can be largely affected by many kinds of 

defective sites, including vacancies, grain boundaries, edges, and 

substitutional impurities, in which surface vacancies are the most 

abundant and investigated type 1714. It can be noticed in the 

reported literatures that many novel characters are attributed to 

the presence of defect sites, such as high catalytic activity, 

quantum states, and color centers 1715,1716. With the help of first-

principle methods, theoretical studies often get insights into the 

electronic structures and the modulation mechanisms of the 

defects, thus providing new perspectives for the experiments. 

On the one hand, the defects can bring negative effects on the 

stability (as we discussed in the former section), charge carrier 

mobility and optical properties of 2D materials. For example, 

Qiu et al. proposed that the sulfur vacancy defect is the key 

factor of low mobility of MoS2, and a charge hopping transport 

scheme mediated by localized defect states is established 750. As 

shown in Fig. 75a, the existing sulfur vacancies introduces 

localized donor states inside the band gap. At low carrier 

concentration, the electron transport can only be realized by the 

transition between the induced gap states, which limits the 

intrinsic mobility of MoS2 considerably; with the increase of 

carrier concentration, the gap states are filled and band-like 

transport is expected (Fig. 75b). The transport model is further 

validated by transmission electron microscopy and transport 

experiments. It is, therefore, explained that the actual device 

mobility is far lower than the theoretical value, which has been 

a long-standing problem in the field. In addition, thiol chemistry 

is introduced to the repair of the vacancy-sites based on the 

calculated reaction mechanisms 745. Following the theoretical 

guidance, the carrier mobility of the repaired MoS2-based device 

increased by 2–3 times, which further proved the transport 

model. Similarly, Jiang et al. demonstrated that defect 

engineering via molecule decoration can be used to efficiently 

modulate the trap states induced by vacancies in 2D ReS2. The 

defects are then passivated and shallow traps and recombination 

centers dominate the photo-response, which show much 

improved response than the as-prepared device 1717. By the listed 

examples, it can be noted that the thiol molecules are widely used 

to modify the properties of 2D materials, but the corresponding 

reaction mechanism is still unclear and controversial in 

experiments 1718. One is that thiol molecules fill the vacancy, 

which leads to the significant improvement of mobility and 

optical absorption properties 1719; another one is that the 

 
Fig. 75  (a) Band structure and partial density of states for single-layer MoS2 with an SV. The localized states are highlighted by red lines; (b) 

schematics of electron transport mechanism in perfect and defective MoS2 750. (c) Two competing Reaction mechanisms between a thiol molecule and 

SV-MoS2, energy units are in kJ·mol−1 and the distances are in Å; reproduced with permission from Ref. 1722, Copyright 2017 John Wiley and Sons. 
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molecules adsorb on the surfaces to realize the surface 

functionalization 1720–1721. Accordingly, Li et al. performed 

detailed theoretical calculations on the reaction mechanisms 

between the defective MoS2 and thiol molecules and found that 

the vacancies can catalyze the cleavage of S―H bond in thiol 

molecules with two competitive reaction mechanisms: the 

cleavage of S―C bond, which can repair defects, and the 

formation of Mo―S bond to modify the surface of MoS2 

(Fig. 75c). Further calculation shows that the two competitive 

reactions can be effectively controlled by the modification of 

functional groups (such as electron withdrawing group and 

electron donating group) and the control of reaction 

temperature 1722. 

On the other hand, the high activity of the defective sites can 

be applied to modulate the properties of the system for specific 

applications such as sensors and catalysis. For instance, Nan et 

al. reported that defect engineering by oxygen bonding can be 

used as an effective strategy to enhance the photoluminescence 

(PL) of monolayer MoS2 1723. The calculated band structure clear 

shows that that the existence of sulfur vacancy defects has n-type 

doping effect on MoS2, which leads the neutral excitations into 

negative trions and the decreased PL efficiency. However, the 

defect sites can chemisorb oxygen molecules to form Mo―O 

bond and the defective states are thus removed. Moreover, 

oxygen molecules can extract electrons from MoS2 to form p-

type doping, which leads to the transition from charged 

excitation to neutral exciton, thus the luminescence efficiency 

can be improved. The utilization of defective sites as reactive 

centers for heterogeneous catalysis has been widely 

investigated 1724. The theoretical studies can identify the 

reactive centers for certain reactions and thus can promote the 

improvement of the activity and the design of new catalysts. 

Ouyang et al. systematically evaluated the catalytic activity of 

hydrogen evolution by 16 intrinsic defects on basal planes of 

MoS2, including point defects and grain boundaries 1725. The 

results show that six of them (Vs, VMoS3, MoS2 PDs; 4|8a, S 

bridge, and Mo―Mo bond GBs) can achieve promising HER 

performance. Furthermore, an amendatory band-center model is 

established to accounts for the different HER activities of 

defects, and can be applicable to a wide range of systems with 

localized defect states. 

5.2.3  2D materials supported single atom catalysts 

2D materials as the substrates for single atom catalysts (SACs) 

have several advantages as compared to 3D substrates: (1) single 

metal atoms supported on 2D materials could be more 

coordinatively unsaturated, which may lead to higher catalytic 

performance; (2) a more expedited mass-transfer process on 

SACs@2D, which maximizes the reaction rates; (3) well-

defined structures of SACs@2D that can be accurately probed 

experimentally, which benefit the investigations on the reaction 

mechanisms and effect of geometric and electronic structures on 

the catalytic performance both the experimentally and 

theoretically 1726. Therefore, SACs@2D has drawn great 

attentions during the past years. Here we will focus on the 

computational investigations on SACs@2D, including the 

activity descriptors and strategies for the discovery of 

SACs@2D. 

5.2.3.1  Activity descriptors 

For SACs@2D, the single metal atom is usually the active 

center. Therefore, the inherent electronic structure of the 

supported single metal atom is found to be the determining factor 

that governs the binding strength with the reaction 

intermediates 1727–1729. On this basis, the d band center (ɛd) of the 

supported single atom has been widely used as the activity 

descriptor of SACs@2D for various reactions. Ling et al. 

proposed that the OER activity of β12 boron monolayer (β12-BM) 

supported SACs (SACs@β12-BM) depend closely on the energy 

level of the ɛd. Specifically, the binding strength of all the 

reaction intermediates during the OER process (*OH, *O and 

*OOH) present good linear relation against the corresponding ɛd 

and the lowest overpotential for OER of SACs@β12-BM can be 

obtained when the energy level of ɛd is about −2.82 eV (Fig. 

76a) 1730. Gao et al. reported that binding strengths of 

intermediates on n-doped graphene (N-G) supported SACs (Mn, 

Fe, Co, Ni, and Cu) will be weakened with the decrease of ɛd and 

Co@N-G possesses an optimal ɛd that leads to the appropriate 

binding strength with *OOH. As a result, the Co@N-G can 

present better ORR activity than the other four systems, which 

has also been confirmed by their experimental measurements 901. 

Except for ɛd, some other activity descriptors based on the 

inherent electronic structure of single metal atom have also been 

developed. By using single Au (neutral, negatively and 

positively charged) embedding into C3N as examples, Fu et al. 

demonstrated that spatial structures of frontier d orbitals 

determine the chemical and catalytic activities of Au@C3N 

SACs 1727. Liu et al. proposed that bonding/antibonding orbital 

population can well describe the binding strength of *N (key 

intermediate for NRR) on different nitrogen-doped carbon 

substrates supported SACs 1729. Fu et al. found that the ORR and 

OER activity of Ti3C2O2-based SACs is actually determined by 

the d electrons near the Fermi level instead of all the occupied d 

electrons (Fig. 76b) 1728. 

In addition to the electronic structure of the single metal atom, 

the coordination environment of the single metal atom is another 

determining factor for the activity of the SACs 1731. Using 

graphene-based SACs as examples, Xu et al. developed an 

activity descriptor for HER, OER and ORR, which takes both 

the intrinsic properties of metal center and coordination 

environment into account. This descriptor is defined as 
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 , where the θd is 

the number of the d electrons; EM, EN, EC, EO and EH are the 

electronegativity of metal, N, C, O and H atom, respectively; nN 

and nC are the number of coordinated N and C atoms, 

respectively 1732. Moreover, all the parameters involved in this 

equation are the intrinsic properties of the metal/coordination 
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atoms (electronegativity) and the structure feature (coordination 

nu  mber), which can be directly obtained and allow us to 

predict the activity without performing any DFT calculations. 

5.2.3.2  Strategies for materials discovery 

The large number of 2D materials, the diversity of metal 

center and coordination environment make the number of 

possible candidates for SACs@2D enormous. Therefore, it is 

very hard to synthesize and investigate the entire possible 

SACs@2D experimentally. Under this circumstance, 

computational discovery of SACs@2D has drawn great 

attention, owing to its advantages of low cost and short 

development period as compared to the experimental means. In 

this section, we will summarize recent computational strategies 

for the discovery of SACs@2D. 

The first strategy is the rational design of SACs@2D for 

certain applications based on the basic chemical and physical 

concepts. For instance, strong binding strength and sufficient 

activation of N2 is the prerequisite of efficient catalysts for 

NRR 976. Some certain transition metal-based materials can bind 

N2 at low temperatures, which can be ascribed to the co-

existence of unoccupied and occupied d orbitals. The 

unoccupied d orbital can accept the lone-pair electrons, while the 

d electrons can be donated into antibonding orbitals of N2 (π 

back donation, which can weaken the N≡N triple bond and 

simultaneously strengthen the metal-N bond). According to this 

concept, Ling and coworkers proposed that two-coordinated B 

atom with sp3 hybridization possesses one occupied and one 

empty orbitals, thus can also bind and activate N2 molecule (Fig. 

76c). Moreover, they further designed g-C3N4 supported single 

B atom catalyst, which can catalyze NRR with a very low onset 

potential 1733. The ability of B atom center to catalyze NRR has 

been confirmed by a series of experiments 955,983. 

The second one is high-throughput screening, which can give 

a full assessment of the catalytic performance of a class of 

materials. Graphene-based SACs have been reported to have 

potential application in various electrochemical reactions. To 

fully understand the activity of this class of materials, a series of 

works by using high-throughput screening strategy have been 

done. Specifically, Choi et al. studied the stability and HER 

activity of 300 kinds of B, C, N, O and S coordinated SACs and 

19 materials were selected with |ΔGH| (free energy for H 

adsorption) lower than 0.2 eV 1734. Back et al. systematically 

investigated the stability, activity, mechanism and selectivity for 

CO2RR of 12 metals embedded into the single- and double-C 

vacancy site of graphene (labeled as sv-G and dv-G, 

respectively), where Ni@dv-G/Pt@dv-G and Os@dv-

G/Ru@dv-G were found to be highly active for CH3OH and CH4 

production, respectively 1735. Ling and coworkers developed a 

general two-step strategy for the high-throughput screening of 

catalysts for NRR and on this basis, they extracted 10 promising 

 
Fig. 76  (a) Calculated free energy change for each reaction of OER on different SACs@β12-BM as a function of the d band center;  

reproduced with permission from Ref. 1730, Copyright 2017 American Chemical Society. (b) Calculated ΔGO−ΔGOH on Ti3C2O2-based SACs  

catalysts as a function of the corresponding DF (defined as  =  
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, where D(E) and E are the DOS and energy of d  

states of transition metal atoms, and W(E) is the weight factor 1728. (c) Simplified schematic of N2 bonding to transition metals and  

B atom with sp3 hybridization; reproduced with permission from Ref. 1733, Copyright 2018 American Chemical Society. 
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candidates from 270 kinds of graphene-based SACs 1736. 

Moreover, the activity for certain reactions of some the predicted 

systems have been confirmed by available experimental reports, 

such as Co@G 1737 and Pt@G for HER 1738, Mo@G for NRR 945, 

etc. 

The third one is the machine learning-aided catalysts 

screening, which can significantly reduce the computation cost 

and time bypassing complicated quantum mechanics 1739. Wu et 

al. proved that machine learning-based screening of SACs for 

ORR is 130000 times faster than using DFT-based approach 1740. 

Besides, machine learning-based prediction can also achieve 

high accuracy in addition to the high efficiency. Lin et al. built 

machine learning models to predict the limiting potentials of 

graphene-based SACs for ORR, OER and HER, where the mean 

square errors are only 0.027, 0.021 and 0.035 V, respectively, as 

compared to the DFT calculations 1741. In general, high 

efficiency and accuracy make machine learning a powerful 

technique for materials discovery 1742. With the development of 

machine learning algorithms and database, this technique will 

unquestionably draw growing attention. 

5.3  2D magnetic materials 

2D magnetic materials with abundant magnetic, electronic 

and optical properties promise the development of new 

magnetoelectronic and magneto-optical applications 1743. First-

principle calculations have been proven to be one of the most 

useful methods to investigate novel 2D magnetic materials, and 

provide valuable guidelines for experimental synthesis of high 

performance devices in spintronics 1744. In this section, we will 

comprehensively review some of the key roles of theoretic 

calculations and simulations in 2D magnetic materials, including 

determination of magnetic ground state, Curie temperature 

calculation, interlayer magnetic coupling, external field 

modulation, topological magnets and high throughput searching. 

5.3.1  Magnetic ground state determination 

The magnetic ground state plays a significant role in 

determining the fundamental magnetic properties of 2D 

magnetisms. As in magnetic materials, there are two competing 

energies in electronic states, one is the hopping energy of 

electrons between atoms, the other is electrostatic Coulomb 

energy between electrons, which can be descripted by a Hubbard 

model 

† † †

,
i j i j i i i i

i j i

H t c c U c c c c


   
 

    


  (4) 

where the hopping tij is often restricted to nearest-neighbor sites. 

The operator †
ic   creates an electron with spin σ on atom i and 

the operator †
ic   annihilates an electron with spin σ on atom i. 

An interesting example is CrI3, intriguing layer-dependent 

magnetic order was reported in atomically thin CrI3 films. 

Monolayer and trilayer CrI3 remain ferromagnetic, whereas 

bilayer CrI3 becomes antiferromagnetic (AFM) with FM 

monolayers coupled antiferromagnetically 514. There are two 

phases of bilayer CrI3, namely, rhombohedral structure with 

3R  symmetry at low temperature (LT phase), and monoclinic 

structure with C2/m space group symmetry at 210–220 K (HT 

phase). As shown in Fig. 77a, Jiang et al. investigated that the 

interlayer FM state is always kept under different U values 1745, 

indicating the preferred FM ground state in the LT phase, while 

HT phase is AFM under U larger than 2.1 eV, such a 

phenomenon is also obtained in other works 1746,1747. Therefore, 

the interlayer AFM coupling of bilayer CrI3 could be maintained 

 

Fig. 77  Energy difference between AFM and FM spin configurations of bilayer CrI3 as a function of (a) on-site U, (b) interlayer stacking  

orders and (c) vdW functional corrections. (a) Reproduced with permission from Ref. 1745, Copyright 2019 American Physical Society.  

(b) Reproduced with permission from Ref. 1748, Copyright 2018 American Chemical Society. (c) Reproduced with permission from Ref. 1750,  

Copyright 2019 American Physical Society. 
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in the HT phase, rather than the presumed LT phase, even at low 

temperatures. Such a phenomenon may be ascribed to structural 

quenching under rapid cooling rates and/or vertical confinement 

of the capping layers in measurements. 

The magnetic ground state of 2D magnetic materials can also 

be influenced by interlayer stacking because the superexchange 

interaction between magnetic atoms in different layers can be 

changed through interlayer translation. Sivadas et al. performed 

first-principle calculations for bilayer CrI3 and found that the 

magnetic ground state is defined by stacking order (Fig. 77b) 1748. 

This stacking-dependent magnetism stems from a competition 

between interlayer AFM super-superexchange (SSE) and 

interlayer FM SSE. The interlayer exchange interaction between 

AFM and FM can be tuned by changing the interlayer stacking 

order. The interlayer stacking order can also influence the inter-

layer magnetic coupling of 2D vdWHs. Shang et al. found that 

the preferred magnetic order and electronic properties are largely 

influenced by interlayer stacking in CrI3/CrGeTe3 heterostruc-

ture, which is caused by the competition between the nearest-

neighbor and second nearest-neighbor superexchange 1749. In 

addition, the relative energy is reliable to the choice of vdW 

functional (Fig. 77c) 1750–1752. 

5.3.2  Curie temperature calculation 

The most important feature of FM materials is the phase 

transition temperature, i.e., Curie temperature (Tc), which 

defines many intrinsic macroscopic mechanisms of magnetic 

materials. The exchange interaction parameters, Jij, are 

determined by the basic Heisenberg Hamiltonian as 

ij i j
ij

H J S S  (5) 

where i and j are lattice sites of local magnetic moment, and S 

and J denote the spin operator and exchange interactions, 

respectively. Usually, it is enough to consider the exchange 

interactions between the nearest-neighbor magnetic atoms. In 

theoretical calculations, Jij can be extracted from the energies of 

various spin configurations, such as FM, AF-Neel, AF-zigzag 

and AF-Stripy, and so on 1753. Using Monte Carlo (MC) methods, 

one can obtain the Tc according to the relation between 

thermodynamic specific heat or magnetic moment and 

temperature. Moreover, a simpler method to roughly estimate Tc 

is the mean-field approximation of kBTc = 2J/3 (kB is the 

Boltzmann constant), which, however, usually overestimates Tc. 

Other theories, such as Stoner, Hubbard and Ruderman-Kittel-

Kasuya-Yosida (RKKY) mechanism, were also applied to deal 

with more complicated electron-electron exchange interactions 

in 2D magnetic materials. As CrI3 monolayer is one of the most 

typical 2D ferromagnetisms, its Tc has been extensively studied. 

An overrated Tc of 80 K was predicted using the Ising model for 

the overestimation of anisotropic interactions 1754. Researcher 

calculated the Tc of 40 K by MC simulations, which is close to 

the experimental value of 45 K 552,1746. Lu et al. calculated Tc is 

42 K using XXZ Heisenberg model and MC simulations 1755. 

More importantly, it is found that within a wide range of 

parameter space, Tc shows a linear relationship with magnetic 

interaction coefficients. As a consequence, Tc of 2D Heisenberg-

type magnets can be predicted by the magnetic interactions 

rather than performing time-consuming MC simulations. 

Moreover, the selection of U also affects the calculated Tc, for a 

smaller U value corresponds to larger exchange parameters J 

since J ~ t2/U 1756. 

In such a manner, one can predict 2D FM materials with Tc 

over room temperature to develop high-performance spintronic 

devices. Zheng et al. identified an ideal FM Fe3P monolayer, 

whose Tc reaches ~420 K 1757. Furthermore, it was reported that 

a new 2D pentagon-based monolayer, penta-MnN2 displays a 

high Tc of 913 K that can be further improved to 956 K by biaxial 

tensile strain 1758. 

5.3.3  Interlayer magnetic coupling 

Interlayer coupling is of paramount importance in modulating 

physical properties of 2D materials. The layer-dependent 

magnetic coupling of 2D magnetisms originates from the strong 

wavefunction overlap in the vdW gap, which can form bonding 

and antibonding states to modulate the electronic and magnetic 

properties. Such orbital hybridization could lead to charge 

redistribution of both layers and thus may influence the intra- 

and interlayer magnetic coupling. As seen from the layer-

dependent magnetism in CrI3 1745,1747,1748, the interlayer magnetic 

coupling might regulate the magnetic properties of 2D 

magnetisms. Wang et al. reported a Bethe-Slater-curve (BSC)-

like phenomenon of energy difference between AFM and FM 

spin configurations in bilayer TMDs (MX2, M = V, Cr, Mn; X = 

S, Se, Te) and set up the interlayer exchange coupling 

mechanism at the vdW spacing (Fig. 78a) 1759. In addition, the 

in-plane magnetic orders of mono and few layers CrS2 can be 

largely tuned between striped AFM and FM coupling by the 

charge transfer of Cr eg and t2g orbitals 1760. In experiment, such 

an interlayer magnetic coupling can be tuned via pressure. Song 

et al. demonstrated that vdW engineering by hydrostatic pressure 

can modify the stacking order of CrI3, which shows AFM-to-FM 

phase transition under a certain pressure 559. 

With the stacking-dependence of interlayer coupling of vdW 

layers, it can also be expected that integration of 2D vdW 

magnets to form heterostructures could provide an efficient 

platform for spin control and novel physical phenomena. 

Combining a FM monolayer supported on a AFM substrate, 

Tong et al. demonstrated a new skyrmions origin in the 2D 

magnets by different atomic locations in moiré (Fig. 78b) 1761. 

The moiré skyrmions strongly relies on the strength of interlayer 

magnetic coupling and can be largely modulated by strain and 

interlayer translation. They also investigated the magnetic 

proximity effect in a 2D vdW monolayer semiconductor/ 

ferromagnet heterostructure with a moiré pattern by the lattice 

mismatch and interlayer twisting 1762. The heterostructure is mo-

deled by a slab consisting of a 2 × 2 supercell of BAs on a 1 × 1 

unit cell of CrI3 with a lattice mismatch of 1.3%. The different 

spatial variations lead to lateral modulation of magnetic 
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proximity effect, which shows a miniband spin splitting strongly 

depending on the moiré periodicity. 

 2D vdWHs provide an ideal platform to combine materials 

with totally different electronic or magnetic properties together, 

such as multiferroics with both ferroelectric (FE) and FM 

properties, which possess potential abilities of regulating 

magnetism with electric polarization and vice versa 1764. Gong et 

al. proposed the 2D heterostructure multiferroics by stacking 2D 

FM CrGeTe3-1 × 1 on FE In2Se3- 3  × 3 , leading to all-

atomic multiferroicity (Fig. 78c) 572. The magnetism of CrGeTe3 

is switched as the polarization of In2Se3 reversed, which can be 

achieved via lateral displacement of the middle most Se layer. 

The corresponding In2Se3 exhibits a tunable magnetic 

semiconductor for the proximity effect of CrGeTe3. They chose 

U = 0.5 eV, J = 0.0 eV to reproduce the ferromagnetic ground 

state and small band gap of CrGeTe3, which is consistent with 

experimental results 512. Moreover, the interlayer magnetic 

coupling of 2D FM materials is tuned by changing electric 

polarization direction of 2D FE, which results from the dramatic 

band alignment changing by the strong built-in electric field in 

FE materials 1765. 

The magnetic proximity effect of 2D ferromagnetisms could 

also be applied to manipulate the valley of TMDs by forming 

vdWHs for the strong charge transfer across the interface and 

spin-orbital coupling. The coupling between valley spin and the 

magnetic field of 2D FM substrates dominate the total valley 

splitting, which can be tuned by twisting, gating 1766 and 

interfacial superposition (Fig. 78d) 1763. Zhang et al. reported 

large valley splitting of MoTe2/CrBr3, band inversion in 

WSe2/CrBr3 and MoTe2/CrBr3, and valley-polarized quantum 

anomalous Hall effect in WSe2/CrBr3 using first-principles 

calculations and the kp model 1767. The generalized gradient 

approximation (GGA) + U method was employed to better 

describe transition metals. Therefore, integration of TMDs with 

2D FM materials can deepen the understanding of the magnetic 

proximity effect on the valley degeneracy lifting in TMD-based 

heterostructures, and provide valuable guidelines in valleytronic 

applications. In addition, the introduced extra superexchange 

paths can vastly increase the intralayer FM coupling of 2D 

ferromagnets 1768. 

5.3.4  External field modulation 

The magnetic ground state and exchange coupling strength of 

2D magnetic materials are very sensitive to Fermi level, charge 

distribution, orbital occupation, symmetry, energy level, and etc. 

There have been theoretically proposed many strategies to 

modulate these parameters, including strain engineering, 

external electric/magnetic field and optical controlling. 

After 2D layered magnets are exfoliated from their bulk forms 

or grown by MBE/CVD methods in experiments, they will be 

transferred on substrates, such as SiO2 or other materials for 

further electric/magnetic measurement. The lattice mismatch 

between 2D magnets and substrates is thus inevitable and will 

introduce strain effect into 2D magnets. From the structural 

view, increasing biaxial tensile strain can be used as an effective 

strategy to increase the bond length and bond angle between 

magnetic atoms, while increasing compression strain will have 

the opposite effect. Therefore, the strain effect undoubtedly 

changes the orbital hybridization and determines the magnetic 

exchange parameters, which could cause FM and AFM phase 

transition. In this regard, it was theoretically reported that the 

biaxial tensile strain can lead to FM character in NbS2 and NbSe2 

and the predicted Tc is above room temperature (Fig. 79a) 1769. 

In addition, the tensile strain can significantly enhance the 

induced magnetic moments, resulting to a half-metallic character 

and a strong spin polarization near Fermi level. On the contrary, 

applying a compressive strain causes FM to AFM transition in 

 

Fig. 78  (a) Bethe-Slater-curve-like behavior in bilayer CrSe2; reproduced with permission from Ref. 1759, Copyright 2020 American Physical Society. 

(b) Skyrmions in the Moiré of vdW 2D Magnets composed by a FM monolayer on an AFM substrate; reproduced with permission from Ref. 1761, 

Copyright 2018 American Chemical Society. (c) 2D multiferroicity in vdW CrGeTe3/In2Se3 heterostructure 572. (d) Evolution of total valley splitting 

(ΔK'K, upper panels) and valance and conduction band valley splitting (ΔVB and ΔCB, bottom panels) for different displacements along lattice a of 

CrI3/WSe2 heterostructure; reproduced with permission from Ref. 1763, Copyright 2019 American Physical Society. 
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monolayer CrX3 (X = Cl, Br, I) and the magnetic anisotropy 

energy (MAE) can also be altered 1770. 

In practice, it is essential to electrically control magnetism by 

electrostatic doping/ion liquid gating. The atomic thin 2D 

magnets provide a platform for electrostatic manipulating 

magnetic properties by changing orbital hopping, exchange 

splitting, crystalline splitting and carrier densities (Fig. 

79b) 1771,1772. Both electron and hole doping would render 

monolayer CrI3 itinerant half-metallic, and steadily enhance the 

FM stability with Tc above 300 K 1773. In addition, Wang et al. 

theoretically investigated that MAE of Fe3GeTe2 monolayer 

shows strongly oscillating behavior upon electron doping, totally 

different with hole-doping, which is caused by the great changes 

in the band structure around Fermi energy under electron doping. 

The Te(pz)―Fe(dz2) bond states occupation and splitting play a 

critical role in modulating MAE 1774. Using MC simulations and 

mean-field solutions, Lei et al. predicted that vdW AFM bilayers 

with weak interlayer and strong intralyer FM coupling possess 

strong magnetoelectric response, which can be detected in dual-

gated devices 1775. Moreover, electric field can also induce half-

metallicity in magnetic vdW CrI3/CrGeTe3 heterostructures by 

electric-controlled band alignment in the asymmetric band 

structures 1776. 

It is natural to use magnetic field to control the magnetism in 

2D magnets. On one hand, the Zeeman spin splitting induced by 

external magnetic field usually induces magnetic ordering. On 

the other hand, the external magnetic field can also make spin 

reoriented and thus determines the magnetic ground state. Jiang 

et al. theoretically demonstrated a direct-to-indirect bandgap 

transition by rotating the spin order of CrI3 from out-of-plane to 

in-plane (Fig. 79c), and the Fermi surface can be significantly 

changed with different magnetic directions, leading to giant 

anisotropic magnetoresistance 1777. Using an optical-excited 

double-band-edge transition model, Guo et al. proposed that 

reversing the magnetization can switch the band alignment of 

CrBr3/CrCl3 heterostruction, which realizes the interlayer 

magnetic order and spin polarized band structure coupling 1778. 

Optically modulating magnetic properties is also a promising 

strategy for its no destruction of geometrical and electronic 

structures and easily control. Based on first-principles 

calculations, Tian et al. predicted that the coupling between light 

and magnetism in monolayer RuCl3 is strong, and in turn 

modulates its magnetic order (Fig. 79d). Both of the 

ferromagnetism and Tc are significantly enhanced with optical 

doping e-h pair density increasing, and particularly, Tc is close to 

room temperature as e-h concentration reaches 3 × 1013 cm−2 565. 

Using real-time time-dependent density functional theory (DFT) 

simulations, He and coworkers demonstrated that ultrafast spin-

selective charge transfer between magnetic sublattices can be 

directly induced by laser pulses in a few femtoseconds in 2D 

MXenes 1021. The magnetic structures show dramatic changes 

under laser excitation. In addition, they also studied that laser 

pulses can also induce significant spin injection from Fe3GeTe2 

to 2D nonmagnetic layers within a few femtoseconds 1779. 

5.3.5  2D topological magnets 

2D materials with coexisting quantum phases provide exciting 

platforms for exploring novel physic phenomena induced by the 

interplay between topology and magnetism. Intrinsic topological 

magnets offer a promising platform for both exploring 

fundamental physical mechanism and developing next-

generation technologies based on topological quantum states. 

Otrokov et al. predicted by ab initio calculations and further 

 

Fig. 79  (a) Tensile strain switched ferromagnetism in layered NbS2 and NbSe2; reproduced with permission from Ref. 1769, Copyright 2012  

American Chemical Society. (b) Bilayer CrI3 based spin field-effect transistor with generation of spin-polarized current controlled by an  

electric field; reproduced with permission from Ref. 1771, Copyright 2020 American Chemical Society. (c) Band structures of monolayer  

CrI3 with magnetic moment along the out-of-plane and in-plane, respectively; reproduced with permission from Ref. 1777, Copyright 2018  

American Chemical Society. (d) Schematic plot of optically modulated magnetism in RuCl3 monolayer; reproduced with  

permission from Ref. 565, Copyright 2019 American Chemical Society. 
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confirm in experiments the realization of an AFM topological 

insulator (TI) in the layered vdW compound MnBi2Te4 1780. Li et 

al. also predicted a series of vdW layered MnBi2Te4-related 

materials showing intralayer FM and interlayer AFM exchange 

interactions 548. Moreover, the electronic, magnetic and 

topological transitions in MnBi2Te4 are thickness dependent and 

can be magnetically controlled 1030. 

5.3.6  High throughput search magnetism 

According to the above reviews, there are tremendous 

excellent magnetic and electronic properties in 2D magnetic 

materials, which, however, always possess low Curie 

temperature, hindering further development of magnetic 

materials in spintronic applications. Currently, it is still an 

expensive process for the discovery of magnetic materials in 

experiment. Therefore, searching 2D ferromagnetic materials 

with Tc approaching room temperature is thus an urgent and 

challenging task. Theoretical simulation offers a more effective 

way to explore 2D intrinsic FM materials. The recent emergence 

of first-principle high-throughput calculations and machine 

learning (ML) techniques greatly accelerate such a process 1781,1782. 

Zhu et al. performed a systematic search for 2D FM materials in 

the Inorganic Crystal Structure Database (ICSD) 1783. From 

187,093 entries in the ICSD, they identified eight 2D FM 

materials (Fig. 80a), including three known structural prototypes 

and two 2D experimentally-discovered FM materials. More 

importantly, they found two new prototypes of 2D ferromagnets 

and one promising candidate Cr3Te4 with the predicted Tc much 

higher than other 2D FM materials. In addition, Liu and co-

authors carried out high-throughput first-principles screening to 

yield 89 magnetic monolayers including 56 FM and 33 AFM 

materials 1784. Interestingly, 2D FM monolayers with high Tc and 

fascinating electronic phases were identified, including 

coexisting quantum anomalous Hall and valley Hall effect in 

single materials and half-metals (Fig. 80b). In the later studies, 

combining advanced ML technologies with high-throughput 

DFT calculations, Lu et al. developed an adaptive framework to 

accelerate the search of 2D intrinsic ferromagnets 1785. They 

screened out about 90 FM materials with both satisfactory 

bandgap and outstanding thermodynamic stability, and further 

set up a database containing 1459 2D magnets. 

Beyond 2D FM materials, the discovery of MnBi2Te4, a 

typical intrinsic magnetic topological material, has motivates the 

exploring of systems with coexisting magnetism and topology. 

Frey et al. computed 27000 different magnetic orderings for 

more than 3000 transition metal oxides, and determined the 

ground states to estimate the effective exchange parameters and 

Tc 1786. After performing high-throughput band topology analysis 

of centrosymmetric magnetic materials and calculating 

topological invariants, they identified 18 new potential FM 

topological semimetals (spinel CuCr2O4), axion insulators 

(spinel CdNi2O4), and AFM topological insulators (e.g., 

tetragonal Ca2MnO3) (Fig. 80c). 

6  Conclusions and outlooks 
Since 2004, it has been witnessed the development of 2D 

materials from springing up to prosperity not only in 

fundamental scientific research but also in promising 

technological innovation in various disciplines including 

condensed matter physics, materials science, chemistry and 

electronic engineering. The unique properties and striking 

applications of 2D materials have revolutionized our 

understanding on how they will make a big difference as 

compared to the bulk materials and 0D/1D nanomaterials. It is 

worth pointing out that on the basis of previous studies, some 

major breakthroughs have been made in this promising field 

from all aspects. In this Review, we have summarized the recent 

 

Fig. 80  (a) Schematic diagram of the search procedure for 2D FM materials; reproduced with permission from Ref. 1783, Copyright 2018 American 

Physical Society. (b) Quantum anomalous Hall state in FM monolayer RuCl3, including atomic structure (upper left) and band structure with (blue 

line) and without spin orbital coupling (gray line) (upper right) of monolayer RuCl3, Berry curvature in first Brillouin zone (left lower), and band 

structure of RuCl3 nanoribbon with a width of 386 Å (low right); reproduced with permission from Ref. 1784, Copyright 2018 American Chemical 

Society. (c) Magnetic topological materials 1786. 
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progress in the field of 2D materials with a particular emphasis 

on that in the last five years. We have categorized the recent 

progress on 2D materials in the following sections: synthetic 

methods, properties, potential applications and theoretical 

calculations/simulations. 

Although significant progress has been made in the field of 

2D materials in the last decade, it is no doubt that this rapidly 

growing field still faces some challenges. First, one of the big 

challenges is how to synthesize 2D materials with desired 

structural characteristics in a highly controllable manner since 

the properties and applications of 2D materials are highly related 

to all these structural characteristics, such as size, layer number, 

doping, defects, vacancies, inter layer spacing, crystallinity and 

phase. For example, the phase of 2D materials has been 

considered as one of the critical parameters to affect their 

properties and application performance in recent years. 

However, it is still difficult to precisely engineer the purity of 

certain phase, the ratio of different phases, or phase patterning of 

2D materials, i.e., the research topics on phase engineering of 

nanomaterials (PEN), which are believed to be important for 

their further applications in catalysis and electronics. Second, 

another big challenge in 2D materials is how to realize the 

massive production of 2D materials or wafer-scale growth of 

high-quality 2D thin films for practical applications. The current 

wet-chemical synthesis and liquid exfoliation methods can 

produce 2D materials with promising performances in catalysis 

or batteries, but their production still cannot meet the 

requirement for practical industrial applications. In addition, the 

large lateral size and atomic thickness of 2D materials endow 

them with many excellent properties but also inevitably make 

them very easy to stack together during the storage and further 

usage, which will dramatically deactivate their advantages. 

Therefore, the third big challenge is how to prevent the stacking 

or aggregation of 2D nanosheets in storage and application 

processes and thus avoid the degradation of the excellent 

properties and performances of 2D materials. Considering that 

2D materials have been widely explored for a wide range of 

applications, challenges still exist for each specific application. 

Although 2D materials indeed have the great potential to exceed 

the Moore’s law by making shorter-channel transistor or 

constructing monolithic 3D integrated CMOS circuits based on 

2D materials, the more realistic goal is to integrate 2D materials 

with silicon chips rather than to replace silicon. Fourthly, one of 

the big challenges for the application of 2D materials in 

electronics is to make the 2D materials processing processes 

compatible with current silicon semiconductor production 

technology. Although 2D materials have been demonstrated to 

be promising in construction of next-generation high-

performance photodetectors, most of 2D materials have large 

bandgap and only can be used for fabrication of photodetectors 

to detect visible to near infrared light. Fifth, one of the big 

challenges for the application of 2D materials in optoelectronics 

is to design and synthesize narrow bandgap 2D semiconductors 

for fabrication of photodetectors to detect infrared light, 

especially for the long-wave infrared light. Although 2D 

materials have been demonstrated to be excellent 

electrocatalysts in a number of reactions, such as HER, OER and 

CO2RR, the performance of most of the 2D material-based 

electrocatalysts degrades fast in long term stability test, which is 

one of the major limitations for their practical applications in 

electrocatalysis. Sixth, one of the big challenges for the 

application of 2D materials in catalysis is to achieve long term 

stability in catalytic reactions. Although 2D materials have been 

extensively explored for energy storage, the understanding of the 

storage mechanisms is still insufficient and the energy storage 

devices normally are not very stable for long-term operation. 

Seventh, the challenge for the application of 2D materials in 

energy storage lies in how to understand and control of the 

storage mechanisms and achieive long-term electrochemical 

stability. Eeighth, although 2D materials have been widely used 

for solar cells, one of the major challenges for the application of 

2D materials in solar cells is to syntehesize diverse 2D materials 

with functional agents to bring in synergistic effects with 

eliminated nonradiative charge recombination and good 

compatibility with neighboring layers. Although 2D materials 

have shown promising application in biomedicine, the 

biomedical applications of 2D biomaterials still suffers from the 

critical issue of precise structure/composition control of 2D 

nanosystems for the strict biomedical utilization. Ninth, one of 

the big challenges for 2D materials in biologoical applciaiton is 

to precisely engeer the structure and compsotion of 2D materials 

for specific biologoical applciaiton. 2D material-based sensing 

platforms have been successfully applied in environmental 

monitoring, biochemical analysis, disease diagnosis, food safety, 

public health safety, and even homeland security due to their 

charming properties, such as excellent sensitivity, selectivity, 

stability and reproducibility. With the increasing practical 

detection need, 2D material-based sensing platforms face 

challenges. Tenth, one of the big challenges for the application 

of 2D materials in sensing platforms is to understand the 

interaction mechanism between target molecules and 2D 

materials, which is important for constructing high-performance 

sensing platforms. Eleventh, for the application of 2D materials 

in flexible electronics, one of the major challenges is how to 

achieve the processing compatibility of 2D materials with plastic 

substrates. Twelfth, for 2D materials in environmental 

application is how to reduce the interferences in the operation 

process, e.g., swelling, fouling and degradation, to maintain the 

long-term performance of the 2D materials in practical 

applications. Proton permeation provides 2D crystal lattice as a 

novel subatomic sieve. However, there is still a long path 

towards the real applications. Last but not least, one of the big 

challenges for the application of 2D materials in proton 

permeation is how to realize the scalable production of high 

quality 2D materials, their wafer-scale transfer techniques and 

compatibility with support proton conductive substrate. 
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Although research on 2D materials has been exponentially 

growing in last seventeen years, the history of 2D materials is 

still relatively short in comparison with conventional bulk 

materials and 0D/1D nanomaterials. Therefore, studies on 2D 

materials are still far from mature. Without a doubt, there are 

many opportunities in this bright research field on various 

aspects and thus lots of works can be carried out in the near 

future. First, the most straightforward direction in this field is to 

prepare and explore novel 2D materials despite the fact that a 

large number of 2D materials have been reported so far. Given 

that 2D materials are defined by the dimension, it is reasonable 

to predict that all of the existing materials have the possibility to 

be grown as 2D materials once proper synthetic methods are 

established. New 2D materials may exhibit unusual but 

important properties and innovative functionalities. Secondly, 

the growth of high-quality wafer-scale 2D thin films with 

controllable layer number is another promising research 

direction in this field. The ability to grow high-quality wafer-

scale 2D thin films is critically important for their future 

applications in the large-area integration of 2D materials in 

electronics, optoelectronics and flexible electronics. Recent 

studies have successfully demonstrated the growth of high-

quality wafer-scale 2D thin films, such as graphene, h-BN and 

MoS2, by properly optimizing the synthetic conditions of the 

CVD technique. As a consequence, it is believed that many other 

2D materials could also be grown into wafer-scale 2D thin films 

with high quality in the future. Third, another promising 

direction in this field is to precisely control or engineer the phase 

of novel 2D materials, i.e., an important research topic of PEN. 

The crystal phase of 2D materials has been proven to play an 

important role in determining their properties and applications. 

Although some 2D materials with unconventional phases have 

been synthesized and explored in recent years, the study on 

phase of 2D materials is still in its early stage. To this end, more 

2D materials with new phases would be synthesized in the near 

future. Fourth, exploring new properties and applications for 2D 

materials is one of the promising directions. For example, 2D 

materials have been found to show unexpected appealing 

magnetic properties in recent years. Most current research on 2D 

materials only focuses on studying certain properties or 

applications. Therefore, many new properties and innovative 

applications of 2D materials are still waiting to be explored in 

the near future. Last but not least, given that many 2D materials 

have been demonstrated to be promising in a given application 

in laboratory, one of the promising directions in this field is to 

push forward the replacement of some key commercialized 

materials by 2D materials in real products or by integrating 2D 

materials with existing technologies or products to further 

optimize their performances. For example, wafer-scale 

semiconducting 2D thin films have been used as active channel 

materials to fabricate integrated circuits. Therefore, wafer-scale 

high-quality 2D thin films could be used as active materials in 

the construction of next-generation monolithic 3D integrated 

CMOS circuits and high-performance room-temperature 

infrared imaging sensor systems in the near future. 
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