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Recent advances in the fabrication
of 2D metal oxides
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SUMMARY

Atomically thin two-dimensional (2D) metal oxides exhibit unique optical, electri-
cal, magnetic, and chemical properties, rendering them a bright application pros-
pect in high-performance smart devices. Given the large variety of both layered
and non-layered 2D metal oxides, the controllable synthesis is the critical prereq-
uisite for enabling the exploration of their great potentials. In this review, recent
progress in the synthesis of 2D metal oxides is summarized and categorized.
Particularly, a brief overview of categories and crystal structures of 2D metal
oxides is firstly introduced, followed by a critical discussion of various synthesis
methods regarding the growth mechanisms, advantages, and limitations. Finally,
the existing challenges are presented to provide possible future research direc-
tions regarding the synthesis of 2D metal oxides. This work can provide useful
guidance on developing innovative approaches for producing both 2D layered
and non-layered nanostructures and assist with the acceleration of the research
of 2D metal oxides.
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INTRODUCTION

In 2004, Novoselov et al. used scotch tape to successfully exfoliate graphene from graphite (Novoselov

et al., 2004). Since then, two-dimensional (2D) materials have been developed rapidly owing to their inter-

esting traits of atomically thin crystals, which brought in unique optoelectronic properties, ultrahigh surface

volume ratio, excellent mechanical properties, and rich surface chemical activity as compared to their bulk

counterparts (Zhang, 2015). So far, various 2D nanomaterials have been widely reported, from the original

graphene to the later transition metal dichalcogenides (TMDs including WS2, MoS2, WSe2, MoSe2, ReS2,

TaS2, etc.) (Lv et al., 2015; Manzeli et al., 2017; Saeed et al., 2020), noble metal dichalcogenides (NMDs:

PtS2, PtSe, PdSe, etc.) (Pi et al., 2019), elemental 2D materials (e.g. black phosphorus (BP), silicone, tellu-

rium, etc.) (Lin et al., 2020; Mannix et al., 2018; Si et al., 2021), layered double hydroxides (LDHs) (Lv

et al., 2019), Mxenes (Anasori et al., 2017), graphitic carbon nitride (g-C3N4) (Wang et al., 2021b), metal-

organic frameworks (MOFs) (Chen et al., 2021b), covalent-organic frameworks (COFs) (Chen et al.,

2021a) and metal oxides (MOXs) (Mahmood et al., 2019), etc. In particular, 2D MOXs present excellent per-

formance in electronics, optoelectronics, electrochemistry, sensors, energy storage, catalysis, and other

fields, thus gaining extensive research and concern globally.

Generally, 2D MOXs can be divided into two categories according to their crystal structure: layered and

non-layered. There are several layered MOXs materials assembled from M-O (M: V, Mo, or Mn) octahedral

(Apte et al., 2020; Haque et al., 2018; Nagyné-Kovács et al., 2020; Ren et al., 2020; Rui et al., 2013; Zhang

et al., 2018), in which the in-plane atoms are connected via strong chemical bonding, and the stacking

layers are combined via weak van der Waals (vdW) interaction. Recently, a layered crystal structure with

the unique planar hexagonal coordination is found across various oxides of Ti, Mn, Fe, Co, Ni, Cu, Al,

Gd, and Ge, which is distinctly different from their conventional non-polarized crystal structures seen at

room temperature (Zhang et al., 2021a). Such a crystal structure is similar to those of layered hexagonal

transition metal chalcogenides (TMCs), greatly enriching the 2D layered family of metal oxides. On the

other hand, the crystal structures of most MOXs in the ultrathin 2D morphology are not layered as all

the atoms are connected by the strong chemical bonding, resulting in abundant unsaturated dangling

bonds on the surface or along the edges, thus inducing a high activity and high-energy surfaces, such as

In2O3 (Cho and Huh, 2010), TiO2 (Tao et al., 2011), SnO2 (Lv et al., 2021), ZnO (Mahmood et al., 2021),

and WO3 (Yao et al., 2019). In addition, it is worth mentioning that lamellar metal oxides with foreign
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ions being accommodated in the gaps between atomic layers also attracted extensive research (Ding et al.,

2017; Kalantar-Zadeh et al., 2016), of which perovskite (Ma et al., 2018) is the typical example.

Although the group of 2D metal oxide nanomaterials has abundant members and many of them have been

successfully prepared, it is still a critical challenge to develop a scalable, simple, effective, and economical

approach for their synthesis. Therefore, in recent years, great progress has beenmade in the preparation of

2D MOXs, which can be roughly divided into top-down exfoliation, bottom-up synthesis, and liquid metal

strategy. The top-down exfoliation is achieved by layering the main crystal precursors of MOXs (generally

layered oxides) into the element layers. The bottom-up synthesis is to obtain the atoms/molecules of the

required metal and oxygen and limit their growth in the 2D direction under specific conditions. The liquid

metal strategy is to synthesize the ultrathin 2DMOXs upon the surface of liquid metals or alloys through the

self-limiting reaction.

In general, owing to their intriguing properties, 2D MOXs are attracting rapid interest and great progress has

been made in synthetic strategies. Although several articles have already described parts of synthesis methods

for 2DMOXs (Dou et al., 2017; Mei et al., 2017; Zavabeti et al., 2020; Zhou et al., 2019; Zhuang et al., 2020), there

have been a number of emerging highlights including hexagonal layered MOXs, 2D large-area non-layered

MOXs, ultrathin amorphous MOXs, and 2D rare-earth oxides (REO). Their associate synthesis methods, such

as metal-gas interfacial limited reaction, orientation-driven crystalline cleavage, gas-assisted exfoliation, and

liquid metal-derived fabrication, also demonstrate significant advancement in achieving the 2D ultrathin

morphology. Therefore, in this review, we focused on the aforementioned highlights along with the recent

achievements of producing 2D MOXs using conventional top-down and bottom-up approaches to provide a

timely summary and critical discussion of the state-of-the-art synthetic strategies of the fast-moving field of

2DMOXs. To commence with, we outline the categories and crystal structures of 2DMOXs and then summarize

the emerging synthetic strategies as well as the new improvements of traditional methods. Finally, challenges,

perspectives, and future research focus of 2D MOXs are also provided.
BASICS OF 2D METAL OXIDES

According to the distinction of structural characteristics, 2D MOXs can be divided into three categories,

which are layered, lamellar, and non-layered MOXs. The layered MOXs include the traditional layered

MOXs, emerging hexagonal MOXs, and LDHs. MoO3 and V2O5 are representative of traditional layered

MOXs. As the crystal structures shown in Figure 1A and 1B, MoO3 possesses a layered structure in which

each layer is predominantly composed of distorted MoO6 octahedral in an orthorhombic crystal (Yang

et al., 2017a) and 2D V2O5 generally has an orthorhombic crystal structure, consisting of zigzag double

chains of square-based VO5 pyramids, bonded together with corner-shared bridge oxygen atoms (Rui

et al., 2013). Zhang et al. first reported the exfoliated method to obtain layered planar hexagonal metal ox-

ide, including mono- and few-layered hexagonal TiO2 (Figure 1C), Fe2O3, Ni2O3, etc., derived from the

metal-gas interface (Zhang et al., 2021a). Similar to those of layered hexagonal TMCs (Wang et al.,

2021e), each atomic layer is composed of a hexagonal ring that accommodates both the metal and oxygen

atoms. In the vertical view, a layer of metal atoms is sandwiched by two layers of oxygen atoms, forming a

typical ‘‘sandwich’’ structure. Figure 1D shows the typical crystal structure of LDHs, with metal cations occu-

pying the center of the octahedron and the vertices containing hydroxide shared ions to form 2D layers (Ou

et al., 2021). Moreover, charge-balancing anion or solvation molecules (CO3
2�, Cl�, and SO4

2�) are located

in the gap of the hydrated interlayer. In contrast, in the lamellar MOXs, atoms or ions are bonded to the

oxide layer by weak electrostatic forces. For instance, Bi2O2Se (Chen et al., 2018) consists of planar

covalently bonded oxide layers (Bi2O2) sandwiched by Se square arrays with relatively weak electrostatic

interactions as shown in Figure 1E (Luo et al., 2021). As another example of inorganic perovskites, CaTiO3

possesses a similar structure (Li et al., 2013).

Non-layer structuredMOXs are reformed via chemical bonding in three dimensions. Examples of non-layer

structured MOXs are CeO2, SnO2, WO3, and In2O3, which do not have a general formula and their crystal

structures could be different from one another. As shown in Figure 1F, CeO2 is one typical example of non-

layered structured MOXs whose structure is formed by a face-centered cubic unit cell of cations and the

anions occupying the space of the octahedral (Song et al., 2017).

Ultrathin 2D MOXs can be electrically insulating, conductive, or semiconducting, depending on their band

structure and doping level, making them the ideal materials for designing new types of electronic devices.
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Figure 1. Crystal structure diagram of various 2D MOXs

(A) MoO3 (Yang et al., 2017a) Copyright 2017, Wiley-Blackwell.

(B) V2O5 (Tan et al., 2017) Copyright 2017, American Chemical Society.

(C) h-TiO2 (Zhang et al., 2021a) Copyright 2021, Springer Nature.

(D) LDHs. M,metal cations; O, hydroxide ions; A, charge-balancing anion or solvationmolecule (Tan et al., 2017) Copyright 2017, American Chemical Society.

(E) Bi2O2Se (Chen et al., 2018) Copyright 2018, American Association for the Advancement of Science.

(F) CeO2 (Tan et al., 2017) Copyright 2017, American Chemical Society.
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The fine thickness at the atomic scale gives 2D MOXs interesting properties, such as optical transparency

and mechanical flexibility, which can also be used in flexible electronics and new optoelectronic devices.

Other attractive features include high theoretical capacitance, large surface area, and the potential for

oxidation-reduction reactions, making 2D MOXs ideal for high energy density supercapacitors and batte-

ries. In addition, their excellent photoelectric properties and high surface chemical reactivity make them

suitable for use as photocatalysts as well as gas and biosensors (Dral and ten Elshof, 2018; Fine et al.,

2010; Haque et al., 2018; Khan et al., 2021; Kumbhakar et al., 2021; Li et al., 2021c; Shangguan et al., 2021).

It is worth noticing that amorphous 2DMOXs as a class of disordered structures with many dangling bonds,

activity sites, and ion channels have also attracted extensive attention in recent years due to their superior

performance in energy storage, catalysis (Jia et al., 2020). As compared to their crystalline counterparts,

amorphous 2D MOXs are isotropic with no grain boundaries, and thus possess more dangling bonds

and reactive sites exhibiting more special physical and chemical properties (Haque et al., 2019; Yan

et al., 2021). For example, amorphous 2DNiO and SnOx usually present higher photocatalytic performance

than those with crystalline structures (Yuan et al., 2020). In addition, the basis of obtaining high-quality 2D

MOXs by various preparation methods, heterogeneous structure design, doping, introducing defects, and

other strategies can greatly optimize the intrinsic character of these materials and expand their application

scope. Examples include the generation of enhanced surface plasmon resonance across the entire visible

light and part of the near-infrared region in 2D MoOx enabled by ions and/or oxygen vacancies. Among
iScience 25, 103598, January 21, 2022 3
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them, the localized manipulation of d-electron states is the major factor for transition MOXs to achieve

abundant high free electron concentration and mobility to generate plasmon resonances in the visible

and near-infrared regions (Alsaif et al., 2021). In addition, similar plasmonic properties have appeared in

2D amorphousMoO3 quantum dots and are expected to be used for Raman spectroscopy detection (Alsaif

et al., 2016; Ge et al., 2021; Guo et al., 2019; Li et al., 2018; Liu and Xu, 2018; Ren et al., 2019; Yin et al., 2021;

Shangguan et al., 2021). Further, it has been proved that 2D heterostructures, constructed from vdW stack-

ing (2D vertical heterostructures) or edge covalent bonding (2D lateral heterostructures) of different 2Dma-

terials, can not only address the problem of insufficient performance of a single 2D material in applications

such as photodetectors and gas sensing but also generate many peculiar properties through the synergis-

tic advantages of individual 2D materials. For example, the large area heterostructures of atomically thin

p-SnO/n-In2O3 exhibit both outstanding photodetectivity and photoresponsivity under the illumination

of the 280 nm light. This excellent performance is due to the narrow bandgap of the staggered band at

the p-n junction formed by the high-quality SnO/In2O3 heterostructure (Alsaif et al., 2019a). Low-dimen-

sional magnetic materials (including 2D oxides, etc.) possess excellent magnetic properties which originate

from the defects such as vacancy, doping, adatom, and dangling bonds, which can be important in

advancing electronics, data storage, and even biomedical fields. For example, MoO3 can be induced mag-

netic ordering through hydrogenation or external strain; besides, monolayer MnO2 is reported to be inher-

ently ferromagnetic, which is a potential candidate for the next-generation devices with faster processing

and large data storage capacity (Sethulakshmi et al., 2019). Compared with other 2D materials (such as

telluride (Siddique et al., 2021)), 2DMOXs take on stable, adjustable, excellent physical and chemical prop-

erties, and enjoy an enviable position in future various applications. Therefore, the preparation of 2DMOXs

has become a more important section in scientific research and practical applications.
FABRICATION METHODS OF 2D METAL OXIDES

With fascinating properties and numerous potential applications, 2D MOXs have gained growing atten-

tion, which promotes synthetic methods to be developed rapidly. Up to now, these methods can be

divided into three main following strategies including top-down, bottom-up, and the liquid metals-assis-

ted approach (Sun et al., 2017). Usually, the top-down approach is applicable for 2D layered MOXs, while

bottom-up synthesis is not limited to the oxide crystal structures (Kalantar-Zadeh et al., 2016). The former

covers 3D layered crystals into large numbers of mono- and few-layered 2DMOXs through an energy input

such as mechanical force, sonication, ion intercalation or exchange, and electrochemical methods.

Meanwhile, in the latter, the atoms or molecules are grown or assembled along the lateral direction on

the suitable substrate or template in a specific environment, finally forming ultrathin 2D MOXs. As for

the emerging liquid metal strategy, the oxide layer formed on the surface of liquid metal or alloy is often

exfoliated through printing and other processes.
Top-down exfoliation

After successfully exfoliating graphene from graphite through the adhesive tape, many types of 2D metal

oxide nanosheets have been prepared through the top-down approach. This method is not only relatively

simple and scalable but also capable of maintaining high crystallinity. However, the thickness and lateral

size of nanosheets obtained by this method are uncontrollable. Moreover, there is an obvious restriction

for the layered host crystal, which greatly limits its application range. The top-down approaches mainly

include mechanical force-assisted exfoliation, soft chemical exfoliation, and electrochemical exfoliation.

Mechanical force-assisted method

Because researchers obtained graphene by mechanical exfoliation, mechanical exfoliation has become

demanding to obtain 2D materials. However, there are only a few reports on obtaining mono- and few-

layered planar MOXs by mechanical exfoliation in recent progress. Zhang et al. achieved uniform growth

of layered hexagonal metal oxide at the metal-gas interface within a specific condition, in which bulk metal

surface was polished into the nanoscale roughness to minimize the roughness and the defect-driven

promotion of oxidation, and an oxygen-deficient environment was applied to slow down the oxygen pene-

tration into metal lattices (Zhang et al., 2021a). Upon the formation of the layered oxide structure, single

and few atomic layers were mechanically exfoliated by stamping the polished metal face onto the desired

substrate. Such an exfoliation is highly reproducible and the lateral size of 2D oxide sheets is strongly

dependent on the metal surface roughness. The complete synthesis process is shown in Figure 2A. At
4 iScience 25, 103598, January 21, 2022



Figure 2. The schematic diagram of various top-down exfoliation methods

(A) The schematic diagram of layered growth and subsequent mechanical exfoliation (Zhang et al., 2021a) Copyright 2021,

Springer Nature.

(B) The schematic diagram of ultrasonic-assisted liquid-phase exfoliation (Xiong et al., 2020) Copyright 2020, World

Scientific Publishing Co. Pte Ltd.

(C) The schematic of the liquid-phase exfoliation of bulk ilmenite in DMF to ilmenene (Puthirath Balan et al., 2018a)

Copyright 2018 American Chemical Society.
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Figure 2. Continued

(D) The schematic diagram of ion intercalation-assisted exfoliation (Xiong et al., 2020) Copyright 2020, World Scientific

Publishing Co. Pte Ltd.

(E) The schematic diagram of ion exchange-assisted exfoliation (Xiong et al., 2020) Copyright 2020, World Scientific

Publishing Co. Pte Ltd.

(F) Apparatus for reagent-free electrophoretic synthesis for the formation of metal oxide nanosheets (Hou et al., 2017)

Copyright 2017, American Chemical Society.
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present, nine types of 2D hexagonal metal oxidemonolayers (TiO2, MnO, Fe2O3, CoO, Ni2O3, Cu2O, Al2O3,

GeO2, and Gd2O3) have been successfully prepared.

As compared to the traditional mechanical exfoliation method, Huang et al. reported an improved

exfoliation method that introduced two steps (oxygen plasma cleaning and heat treatment) to enhance

and homogenize the adhesion between the outermost sheet and the contacted substrate (Huang et al.,

2015). The environmental adsorbents can be effectively removed from the substrate by oxygen plasma

cleaning before the exfoliation stage. Further additional heat treatment can maximize the uniform contact

area at the interface between the source crystal and the substrate. These simple process steps have

increased the yield and the area of the transferred flakes by more than 50 times compared to the estab-

lished exfoliation. Furthermore, Bayazit et al. reported an interesting microwave-modulated solid-state

approach that not only rapidly exfoliated graphite but also self-healed the defects on the graphene (Bayazit

et al., 2021). This fast and green microwave exfoliation process is predicted to yield monolayered high-

quality 2D materials. Although there have been no reports of 2D MOXs prepared by the above methods,

they are still an important complement to the exfoliating method of MOXs.

In addition to the atmospheric environment, MOXs can also be exfoliated in a liquid environment. Liquid-

phase exfoliation usually involves sonicating the layered crystals in certain stabilizing liquids. Ultrasonic

waves are usually used to break the vdW forces between the layers, while the applied forces do not affect

the strong in-plane covalent bond interactions in layers (Figure 2B). Ultrasonic-assisted liquid-phase exfo-

liation has led to the synthesis of layered 2D MOXs, such as MoO3 (Hanlon et al., 2014) and V2O5 (Tan et al.,

2017). The fundamental principle is based on the mechanical energy of an ultrasonic wave which generates

a large number of cavitation bubbles around the bulk material. The micro-jet and vibration waves gener-

ated at the bubble burst increase the interlayer distance under the non-uniform pressure to promote

the interlayer separation of layered materials and finally obtain the dispersion liquid containing 2D nano-

sheets (Huo et al., 2015). Here, the selection of solvent is a key factor affecting the stability of the exfoliated

nanosheets (Alsaif et al., 2016). Specifically, the stabilized liquids can be certain solvents, surfactants, or

polymer solutions. For surfactants or polymers, the repulsive forces between the adjacent surfactants (or

polymers) and the nanosheets remain stable. In addition, the vdW interaction strengths between the sol-

vents with appropriate surface-energy or solubility parameters and the 2D nanosheets are similar to those

of binding strength between nanosheets, thus preventing the aggregation of nanosheets (Hanlon et al.,

2014). More importantly, the relatively high compatibility of surface energy between layered materials

and solvents can effectively reduce the corresponding exfoliation energy, thus improving the exfoliation

efficiency (Fujihara et al., 2004). Taking the Hansen solubility parameters into account, Coleman et al. found

thatN-methy1-2-pyrrolidone (NMP),N,N-dimethylformamide (DMF), andN-cyclohexy1-2-pyrrolidone are

the best solvents (Hanlon et al., 2014). However, the high boiling point (>150�C) of these dispersions re-

stricts their usage in flexible devices along with the toxic nature of the exfoliation solvents. Finding suitable

solvents, especially with the features of low boiling point, non-toxic, and pollution-free, has become an

important direction of developing economical and green preparation methods. Kim et al. reported a direct

exfoliation of 2D materials in deionized water via temperature control, without using any chemicals or sur-

factants (Kim et al., 2015). The results show that 2Dmaterials with good dispersion stabilities in water can be

synthesized by ultrasonic treatment at high temperatures. This use of deionized water not only enables

cost-effective industrial and commercial applications but also facilitates research that is required for

water-based experiments. Recently, combined with the characteristics of the self-limiting reaction of liquid

gallium metal, the liquid gallium was ultrasonic treated in deionized water and then through a centrifuga-

tion and annealing process to obtain the ultrathin 2D Ga2O3 nanosheets (Syed et al., 2017).

2D non-layered nanosheets have been considered inaccessible to obtain by exfoliation due to the absence

of anisotropy in the 3D bonding network. However, many non-layered materials have perfect cleavage

planes, which are generally the closely arranged planes of atoms with the largest surface spacing and
6 iScience 25, 103598, January 21, 2022
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the least interconnection force (Xu et al., 2021). Therefore, owing to the anisotropic in-plane and out-of-

plane cleavage bonding, non-layered materials with perfect cleavage planes are easy to fracture along

the direction of cleavage, thus forming a smooth surface of atoms under certain conditions. Furthermore,

when the external energy exceeds the cleavage energy, the non-layered material with the cleavage plane

can be exfoliated into 2D nanosheets along its cleavage direction. The exfoliation of these natural minerals

has opened a new possibility for obtaining 2D non-layered natural oxides. For example, Puthirath et al. ob-

tained a new 2D non-layered material named ‘‘hematene’’, which was exfoliated via employing ultrasonic-

assisted liquid-phase exfoliation of natural iron ore hematite (a-Fe2O3) in a DMF solvent along the two

different crystallographic planes (Puthirath Balan et al., 2018b). Similarly, previous reports have also

demonstrated that ‘‘chromiteen’’ (Yadav et al., 2018) and ‘‘ilmenene’’ (Puthirath Balan et al., 2018a) can

also be obtained from chromite ore and titanate ore ilmenite (FeTiO3) (Figure 2C), respectively. Addition-

ally, Liu et al. found that the orientation of the nanosheets was consistent with the cleavage orientation of

the original material, hence for the first time successfully exfoliating a class of non-layered MOXs (Liu et al.,

2019). The non-layered a-hydroxyl iron oxide shows weaker atomic bonds along the (010) and (100)

cleavage planes. When sufficiently large ultrasonic energy was applied, the resulting shear force can

generate 2D nanosheets by cleaving crystalline materials along with the a-hydroxyl iron oxide along

(010) and (100) orientations. Such an emerging strategy for the exfoliation of non-layered metal oxide

materials provides a new train of thought, which successfully exfoliated TiO2, Al2O3. However, it should

be noted that some MOXs (Cr2O3, Sb2O4, etc.) cannot be processed without cleavage plane into 2D

morphology in this way. In summary, this method provides valuable insights and guidance for developing

a simple, universal, and pollution-free method to produce 2D materials. In addition, this method has

become highly in demand because the traditional exfoliation methods cannot provide such efficiency.

Compared with ultrasonic-assisted liquid-phase exfoliation, 2D amorphous materials can be obtained by

supercritical carbon dioxide (SC-CO2)-assisted exfoliation (Liu et al., 2017, 2020; Ren and Xu, 2018). Liu et al.

successfully obtained amorphous 2D MoO3 nanosheets, in which it combined the oxidation of MoS2 and

subsequent SC-CO2 treatment. Firstly, by annealing single or several layers of MoS2 with a complete lattice

structure, oxygen atoms can replace sulfur atoms to realize the incorporation of oxygen in MoS2. Given that

the adsorption strength of small molecules on an amorphous surface is stronger than that on a crystal sur-

face, the adsorption of CO2 can lead to the stabilization of amorphous MoO3, thus realizing the transfor-

mation to the amorphous structure (Liu et al., 2017). Although SC-CO2 shows promising prospects in the

fabrication of 2D amorphous materials, the relatedmechanism induced by SC-CO2 is still unclear. Recently,

Xu et al. revealed the amorphization mechanism by exploring the amorphization kinetics of MoO3-x

nanosheets induced by SC-CO2 under different pressures. At lower pressure, the activation energy of

amorphization is only about 0.5 eV, which mainly involves the fracture of the Mo-O bond and the formation

of oxygen vacancy. At higher pressure, the activation energy required for amorphization is three times

higher than at low pressure, mainly ascribed to the local shear-induced atomic rearrangement. It is worth

noting that the two processes are not independent of each other (i.e. the formation of oxygen vacancy is

still accompanied at high pressure) (Ge et al., 2021b). In addition to layered MOXs, ultrathin non-layered

MOXs can be also obtained by the SC-CO2-assisted exfoliation. For example, monocline (M) VO2 is a

non-layered material that can transform into rutile (R) VO2, in which both phases possess tunnel-like struc-

tures, thus providing a special structural environment for the intercalation and diffusion of CO2molecules.

Zhang et al. successfully fabricated the defect-rich 2D non-layered VO2 (M) nanosheets by the SC-CO2-as-

sisted method (Zhang et al., 2021b). The diffusion of CO2 in the M-phase channel generated shear strain

along the a-axis and induced atom rearrangement to form defects. When the temperature of the

supercritical environment was higher than the metal–insulator transition temperature, the M-phase trans-

forms into R-phase, and then the diffusion of CO2 in the swelling R-phase lattice structure produced a

strong shear strain along the c-axis. This strain contributed to the formation of many atomic defects in

the 3D V-O bonding network, and the unstable defective network then collapsed to 2D nanosheets.

Additionally, 2D oxygen-doped amorphous carbon nitride materials were prepared with the assistance

of SC-CO2, showing excellent photocatalytic activity due to increased surface area and abundant activity

(Du et al., 2021). The SC-CO2-assisted method provides a reference for the preparation of 2D amorphous

MOXs, especially non-layered materials, from a limited source of precursors.

In summary, several mechanical force-assisted exfoliation approaches have been developed but with the

following disadvantages. Firstly, the production yield of 2D MOXs by mechanical exfoliation is low.

Secondly, the 2D MOXs obtained by liquid-phase exfoliation have poor controllability of thickness and
iScience 25, 103598, January 21, 2022 7
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lateral size. Lastly, all of them are limited to the fabrication of 2D layered MOXs and only a few non-layered

MOXs can be prepared successfully.

Soft chemical method

Soft chemical exfoliation includes both ion intercalation-assisted exfoliation (Figure 2D) and ion exchange-

assisted exfoliation (Figure 2E). Given the strong negatively charged nature in MOXs (particularly lamellar

MOXs), the interaction between the atomic layers is enhanced; thus, ultrasonic waves cannot be effectively

used for delamination. Therefore, appropriate chemical force is required to overcome the strong electro-

static effect. The principle of ion intercalation is based on the transfer of molecules or ions under certain

conditions into layers, resulting in layered structured strain expansion and increased layer spacing. With

the weakening of the interlayer interaction, the main material finally forms the exfoliated dispersion in

the appropriate environment.

Many layered oxides are mixed-valence compounds containing exchangeable interlayer of cationic

counterions, thus can be exfoliated by ion exchange-assisted exfoliation. For example, lamellar crystals

of Ti oxide tend to be negatively charged (because of the presence of Ti3+ and Ti4+ ions), and thus contain

counter-ions such as Cs+ between the layers to ensure charge neutrality. By ions exchange in solutions, pro-

tons are exchanged into large volumes of organic ions (tetrabutylammonium cations), resulting in an

increasing layer space, thus completing the exfoliated process (Nicolosi et al., 2013). However, layered

MOXs, such as MoO3, occur naturally in the form of monovalent compounds. This compound cannot be

exfoliated by the ion-exchange method (Hanlon et al., 2014). Sricharan et al. reported an exfoliation of

MoO3 in a low boiling point solvent, which was carried out in 2-butanone for the first time and achieved

the highest yield (Sricharan et al., 2020). Additionally, the MoO3 dispersions in 2-butanone exhibited ultra-

high stability and did not undergo any chemical transformation even upon light exposure. The high stability

and yield can be attributed to the favorable matching of surface energy between MoO3 nanosheets and

2-butanone solvent. This further authenticates the importance of solvent selection for liquid-phase

exfoliation. Soft chemical exfoliation is often combined with ultrasonic or shear force to promote

exfoliation process, which reduces the time considerably. However, the high cost is also a disadvantage

at the same time.

Electrochemical method

In contrast to traditional exfoliation methods, electrochemical exfoliation uses an electric current as a spe-

cial driving force to carry external molecules or ions into the bulk material, thereby expanding their inter-

layer spacing. This method is eco-friendly because the electrolyte is recyclable, hence eliminating the

chemical waste. In addition, the exfoliation reaction time is usually ranged from minutes to a few hours

with very considerable yield. Electrochemical exfoliation is carried out in a typical three-electrode electro-

chemical cell which consists of three electrodes including a working electrode (WE), a counter electrode

(CE) and a reference electrode (RE), a liquid electrolyte, and an external power source. For a general prin-

ciple of electrochemical exfoliation, the electrolyte supports sufficient ion migration and provides

adequate surface tension to prevent the restacking of exfoliated flakes. Once a suitable voltage is applied

between theWE and RE, the insertion of the ionic material into the interlayer and subsequent electrolysis of

intercalants promotes the significant structural expansion of the electrode materials, thus resulting in the

delamination of the bulk material into suspended thin layers (Yang et al., 2020b).

Electrochemical exfoliation was initially used for producing graphene, which has been then further

extended to the preparation of 2DMOXs (Aghamohammadi et al., 2020). For example, Yang et al. reported

one-pot electrochemical potential-cycles exfoliation to fabricate nonconductive 2D layered birnessite-type

manganese oxide utilizing non-layered metal as a starting precursor (Yang et al., 2021). Mono- and few-

layered birnessite sheets can be obtained through a repeated process of anodic dissolution-cathodic

deposition-cathodic exfoliation. In this method, instead of the use of insulating lamellar bulk metal oxide

solids, non-vdW manganese metal with a good electrical conductivity was used as the electrode to avoid

the incomplete stripping of the starting material and the obstruction of electrode conductivity. By control-

ling the potential scan rate, 2D layered Na-birnessite, Li-birnessite, and K- birnessite with adjustable

thickness and cation content were obtained.

Reagent-free electrophoretic synthesis of 2D MOXs is another good option that yields pure nanosheets of

oxides without the use of any additional reagents. Hou et al. reported a green method for cost-effective
8 iScience 25, 103598, January 21, 2022



Table 1. The summary of the top-down method for the fabrication of 2D MOXs

Synthesis methods Advantages Limitations Materials

Thickness

(nm) Applications Ref.

Mechanical exfoliation Simple

High quality

Low yield h-TiO2 0.55 Electronic device (Zhang et al., 2021a)

Ultrasonic-assisted

liquid-phase exfoliation

Simple

Economical

Scalable

Poor controllability Ga2O3 6 Photocatalyst (Syed et al., 2017)

MoO3 3–4 Supercapacitor (Hanlon et al., 2014)

V2O5 2.1–3.8 Lithium storage (Zhang et al., 2017)

Cleavage plane-oriented

exfoliation

Simple

Economical

Poor scalability TiO2 0.41 – (Liu et al., 2019)

SC-CO2-assisted exfoliation Amorphous

structure

High cost VO2 – – (Zhang et al., 2021b)

Soft chemical exfoliation Simple

Moderate

Low efficiency

High cost

MoO3 5 Supercapacitors (Sricharan et al., 2020)

Electrochemical exfoliation Eco-friendly

Efficiency

High yield

Poor scalability MnO2 0.73 Zinc-ion batteries (Yang et al., 2021)

ZnO 1 Gas sensor (Hou et al., 2017)
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and rapid preparation of atomic metal oxide nanosheets (Hou et al., 2017). The reagent-free synthesis

principle combined the anodic oxidation with electric-field-induced assembly (Figure 2F), in which metal

oxide grains/quantum dots (QDs) were generated from the anode by electrolysis of water. They were

charged and endowed with built-in dipoles by the applied DC electric field. As the applied electric fields

were perpendicular to the electrode plane, QDs were assembled and aligned into 2D atomic nanosheets

around the cathode with a very high transverse size to thickness ratio. The morphological studies indicated

that ZnO nanosheets possess large lateral dimensions of�10 mmalong with a typical thickness of only 1 nm

which can be produced only in 1 h under ambient conditions.

In conclusion, electrochemical exfoliation has the advantages of being environmental-friendly, econom-

ical, and efficient. However, only a small number of 2D MOXs have been prepared by this method at

present, and there are certain challenges in expanding to a wider range of MOXs. The advantages and

limitations of various top-down exfoliation methods as well as the thickness and applications of the ob-

tained 2D MOXs are summarized in Table 1.
Bottom-up synthesis

In addition to the top-down approaches, the bottom-up synthesis strategy has been also rapidly devel-

oped especially for the 2D non-layered MOXs. Owing to the intrinsic isotropic chemical bonding in 3D

directions, non-layered crystals usually exhibit particular morphologies to reach the lowest energy of the

system andmaintain excellent stability. Therefore, when the thickness of the nanostructure becomes atom-

ically thin, the unsaturated dangling bonds are exposed on the surface and further hinder the synthesis of

2D non-layered MOXs, which need to be compensated to satisfy the surface electrostatics via electron

redistribution, surface reconstruction, or adsorption of charged species. In addition, unlike the well-

matched among the layered MOXs and substrate lattice, the non-layered MOXs materials usually exhibit

completely different crystal orientations with the substrates, which increase the difficulty of preparation.

Undoubtedly, the preparation of 2D non-layered materials faces enormous difficulties and challenges

(Wang et al., 2017b).

Recently, some effective methods have been proposed to realize the synthesis of 2D non-layered MOXs

materials by restraining the growth of special crystallographic facets. In the beginning, some non-layered

2D structures (including TiO2 [Lan et al., 2018], WO3 [Wang and Liu, 2015], and MoO2 [Xiao et al., 2016])

were acquired by the wet chemical synthesis and template-assisted methods, in which surfactant agents

and hard/soft templates were used to ensure the anisotropic growth. However, the challenges of residual

organic contaminations, low crystal quality, and small size hinder the wider applications. Therefore, it is

necessary to solve the aforementioned issues by optimizing the traditional wet chemical process. In com-

parison, as another common bottom-up synthesis, the precursor vapor aggregates and grows into 2D
iScience 25, 103598, January 21, 2022 9



Figure 3. Bottom-up synthesis: hydrothermal/solvothermal synthesis of 2D MOXs

(A) The schematic diagram describing the formation process of spinel-type 2D oxide nanosheets (Yang et al., 2019)

Copyright 2019, American Chemical Society.
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Figure 3. Continued

(B) Schematic diagrams describing the formation of g-Ga2O3 nanosheets, MGa2O4 nanosheets, and their self-assembling

into nanoflowers (Yang et al., 2019) Copyright 2019, American Chemical Society.

(C) Schematic template-assisted strategy to fabricate freestanding Bi2MoO6 ultrathin nanosheet (Di et al., 2019)

Copyright 2019, Elsevier BV.
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nanomaterials on an appropriate substrate during the chemical vapor deposition (CVD) by controlling

parameters such as temperature and atmosphere. High crystallinity and limited defects of ultrathin 2D

nanomaterials are normally produced.

In summary, it is especially important to explore advanced synthetic methods to obtain emerging 2DMOXs

with desired morphology and properties. In this part, we focused on the latest advancements in the bot-

tom-up synthesis of 2D MOXs, including optimized wet chemical synthesis, template-assisted synthesis,

and vapor-phase deposition synthesis. In the wet chemical synthesis section, we specifically focus on hydro-

thermal/solvothermal synthesis and self-assembly synthesis. Moreover, in the template-assisted synthesis

section, the 2D template and salt template methods are introduced emphatically. Finally, CVD becomes

the main focus in the vapor-phase deposition synthesis section. Meanwhile, the corresponding synthetic

mechanism, advantages, and limitations of the above methods are also discussed in detail.

Wet chemical method

In this section, we discuss wet chemical synthesis including hydrothermal/solvothermal synthesis and self-

assembly synthesis. The basic principle of the above methods, the influence of the key parameters in the

preparation process on the synthesis of 2D MOXs, and the latest research progress on MOXs are intro-

duced in detail.

Hydrothermal/solvothermal synthesis is a typical wet chemical synthesis method involving the synthesis of

many 2D non-layeredMOXs. The general process of hydrothermal/solvothermal synthesis of 2DMOXs is to

select a suitable precursor in a sealed container and use water or solvent as the reaction medium.When the

reaction temperature of the closed system is above the boiling point of the solvent system, the high tem-

perature and pressure environment promotes the reaction in the system, and 2D nanosheets are con-

structed under the induction of catalysts or surfactants. Finally, ultrathin 2D metal oxide nanosheets with

good crystallization are obtained after removing surfactants by filtration and centrifugation (Alli et al.,

2020; Sun et al., 2014). Based on this generalized synthesis strategy, ultrathin 2D MOXs (TiO2 [Lan et al.,

2018], ZnO [Sahu et al., 2018], MoO3 [Alsaif et al., 2014], andWO3 [Khan et al., 2017]) have been successfully

synthesized.

Moreover, Sun et al. reported that atomically thin CeO2 sheets with surface-confined pits were prepared by

a hydrothermal method combined with the subsequent thermal annealing treatment (Sun et al., 2013).

Briefly, intermediate products (CeCO3OH sheets) were firstly synthesized from cerium chloride and the sur-

factant via the hydrothermal reaction. Then, the intermediate sheets were transformed into ultrathin CeO2

sheets with a thickness of�0.6 nm and surface-confined pits via the thermal annealing treatment. Gao et al.

also successfully synthesized a similar 2D nanostructure by employing cerium glutamic acid hexahydrate as

the precursor (Gao et al., 2021). Besides, ultrathin In2O3 porous sheets with rich oxygen vacancies can be

successfully synthesized via the similar hydrothermal method combined with the subsequent thermal

annealing process (Lei et al., 2014).

Not only the binary metal oxide nanosheets can be synthesized by the hydrothermal approach but also

ternary MOXs nanosheets can be synthesized. Yang et al. reported that the spinel-type 2D metal oxide

nanosheets (g-Ga2O3, ZnGa2O4, and MnGa2O4) can be prepared by the hydrothermal reaction process

(Yang et al., 2019). Figure 3A describes the schematic process of hydrothermal reactions for the growth

of spinel-type metal oxide nanosheets. In a typical synthetic process, Ga(NO3)3 and M(CH3COO)2 (M =

Zn and Mn) are used as a source of Ga and M anions, while H2O and ethylenediamine (EDA) with an opti-

mized volume ratio of 2/1 were employed as the solution. The whole hydrothermal reaction is carried out in

a well-sealed autoclave heated at 180�C and lasts for 24 h. It is worth noting that during the initial nucleation

of the g-Ga2O3 or M-doped g-Ga2O3 nanosheet (Figure 3B, stage I), nucleated nanosheets tend to self-

assemble into nanoflowers/clusters to decrease the large surface energy and instability induced by a large

number of dangling bonds on the surface. Di et al. firstly prepared the ultrathin layered BiOBr nanosheets

by employing the surfactant polyvinylpyrrolidone (PVP)-assisted hydrothermal method (Di et al., 2018).
iScience 25, 103598, January 21, 2022 11
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Whereafter, the ultrathin Bi2WO6 nanosheets can be obtained via the ion exchange process by using pre-

prepared atom-thick BiOBr nanosheets as the precursors (Figure 3C). Based on this strategy, 2D Bi2MoO6

nanosheets were also prepared successfully (Di et al., 2019).

In summary, the hydrothermal/solvothermal synthesis method is a simple, low-cost, and scalable method

for the synthesis of ultrathin 2D MOXs. However, it is hard to figure out the growth mechanism of the hy-

drothermal/solvothermal synthesis process as the reactions take place in a sealed autoclave. This makes it

difficult to design experimental schemes for synthesizing other 2D MOXs. In addition, the hydrothermal/

solvothermal synthesis is sensitive to experimental conditions such as the concentration of precursors,

solvent systems, employed surfactants or polymers, and temperature, thus making it difficult to precisely

control the structure or morphology repeatedly. Furthermore, most of the 2D nanosheets synthesized by

the hydrothermal/solvothermal synthesis method were few-layer or few-unit-cell thick while single-layer

or single-unit-cell thick was rarely found (Liu et al., 2015).

Self-assembly is often combined with the hydrothermal/solvothermal synthesis of 2D MOXs. In this

method, surfactants are often used as structure-directing agents to confine the stacking and growth of

metal oxide along with selected directions. Figure 4A shows a schematic diagram of the self-assembly syn-

thesis of ultrathin 2DMOXs. Themetal oxide oligomers are strategically and collaboratively self-assembled

into lamellar structures with polymer surfactant molecules before they are condensed, polymerized, and

crystallized into atomically thin 2Dmetal oxide nanosheets. Whereafter, removing the surfactant templates

is an essential step to obtain high-quality 2D nanosheets through intensive centrifugal filtration and subse-

quent washing. Based on the above surfactant self-assembly method, 2D nanostructures of some typical

transition MOXs such as TiO2, ZnO, Co3O4, WO3, Fe3O4, and MnO2 have been successfully prepared

(Sun et al., 2014).

Recently, Zhang et al. reported a general and facile strategy for the synthesis of 2Dmetal oxide nanosheets

induced by nonionic surfactant micelles (Zhang et al., 2019). The precursor solution for this strategy only

consisted of the deionized water solvent, metal salts, and P123 (polyethylene oxide-polypropylene

oxide-polyethylene oxide) nonionic surfactants, while the synthesis process was mainly based on the

thermo-regulated phase transition of the micelles. Specifically, when the temperature of the surfactant

solution rises, the surfactants can transform into monodisperse molecules, spherical micelles, and lamellar

micelles along with the temperature of the surfactant solution ranging from 0�C to 50�C (Figure 4B). The

formed lamellar micelles constituted a quasi-2D confined space, which can be filled with an aqueous solu-

tion containing metal ions, thus forming layered metal hydroxides through rapid hydrolysis. Furthermore,

high-temperature treatment not only led to the growth and crystallization of metal hydroxides but also con-

verted themetal hydroxides to the corresponding 2DMOXs nanosheets. With this method, various kinds of

high-quality 2D MOXs were successfully synthesized, which include six transition metal elements from VIIB

to IIB (Mn3O4, Fe2O3, CuO, NiO, and ZnO) and two main groups of elements (SnO2 and Sb2O3). Owing to

the high specific surface area and enhanced surface activity, 2D mesoporous metal oxide presented

excellent potentials in catalysts, batteries, sensing, and energy-related applications. Lan et al. successfully

synthesized a new type of 2D single-layer mesoporous TiO2 nanosheets with very uniform size and thick-

ness as well as ordered mesostructure via a hydrothermal-induced solvent-limited assembly method

(Lan et al., 2018). In particular, the prepared precursor solution contained the solvent tetrahydrofuran

(THF), which evaporated at a low temperature of �45�C, resulting in the precursor solution turning into

a viscous gel. The gel was then dispersed in mixed solvents of ethanol and glycerol, followed by hydrother-

mal treatment at 100�C. It is worth noting that the assembly process of mono micelles takes place entirely

under the guidance of surrounding glycerol in a spatially confined 2D direction without using any solid in-

terfaces. In conclusion, self-assembly is a general method to synthesize many 2DMOXs, which presents the

advantages of simplicity and efficiency. However, there are challenges in accurately controlling the thick-

ness and lateral size of the nanosheets, which are similar to those faced by the hydrothermal/solvothermal

approaches.

Template-assisted method

Template-assisted synthesis is an effective strategy for the growth of anisotropic nanostructures, which re-

fers to the use of pre-synthesized nanomaterials or bulk substrates as templates to confine/direct the

growth of specific nanostructures. For the synthesis of 2D MOXs, the selection of the template is of crucial

importance as the assembly of nanocrystals should be limited within a 2D confined space and the growth
12 iScience 25, 103598, January 21, 2022



Figure 4. Bottom-up synthesis: self-assembly synthesis of 2D MOXs

(A) Schematic illustration for the self-assembly of 2D metal oxide nanosheets (Lei et al., 2021) Copyright 2021, Elsevier.

(B) Schematic illustration for the synthesis of 2D metal oxide nanosheets based on the thermo-regulated phase transition

(Zhang et al., 2019) Copyright 2019, Royal Society of Chemistry.
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along the third dimension must be retarded. Hereinto, alternative 2D templates can be classified into soft

and hard colloidal templates. The soft template method, which uses surfactant micelles as the structure-

directing agents, has already been included in self-assembly, oriented attachment, and lamellar interme-

diate-assisted exfoliationmethods. Therefore, this section is primarily focused on the synthesis of 2DMOXs

using 2D hard templates (such as graphene oxide (Cao et al., 2015), graphitic carbon nitride nanosheets (Xu

et al., 2019), Li2O2 nanosheets (Xue et al., 2020), and salt templates (water-soluble salts)) as the growth

templates. Moreover, the latest studies will be summarized and the basic composition strategies,

fundamentals, advantages, and challenges of the template-assisted synthesis will be also reviewed.

Graphene oxide (GO) is a typical 2D template as it possesses a large amount of oxygen-containing func-

tional groups and shows a strong affinity towards inorganic materials (Takenaka et al., 2015). In addition,
iScience 25, 103598, January 21, 2022 13



Figure 5. Bottom-up synthesis: template-assisted synthesis of 2D MOXs

(A) The strategy for the synthesis of large-size ultrathin 2D MOXs by GO template (Zhao et al., 2021a) Copyright 2021,

John Wiley and Sons Ltd.

(B) Schematic diagram of 2DMOXs synthesis by salt template method (Xiao et al., 2016) Copyright 2016, Springer Nature.
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it is highly dispersible in the solvent that could direct the growth of ultrathin nanosheets with high

throughput. Huang et al. successfully synthesized g-Al2O3 nanosheets (�4 nm) by duplicating the shape

of GO (Huang et al., 2016). In detail, a continuous and uniform amorphous basic aluminum sulfate (BAS)

layer was firstly coated on the surface of GO through precipitation from a homogeneous solution. After cal-

cinating at 800�C, GO was removed from the composite while the BAS layer was converted into a 2D Al2O3

nanosheet, which presented the lateral size of tens of microns and thickness of about 4 nm.

By using GO as the template in a wet chemical system, Zhao et al. reported a generalized and facile strat-

egy to synthesize the large-size ultrathin 2D MOXs with the thickness at several nanometers (Zhao et al.,

2017). As the schematic is shown in Figure 5A, the large p bond on the GO surface and the electrostatic
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adsorption of metal cations can make the metal cations firmly adsorb on the GO surface. Then, by precisely

controlling the temperature and pH of the liquid-phase reaction, the controlled hydrolysis of the metal

cation was promoted to achieve a balance between the nucleation and growth of the metal cation on

the GO surface. Finally, the GO@MO precursor composites were thermally treated (650�C for 2 h), during

which GOwas removed and ultrathin 2DMOXs were obtained. Notably, such a strategymainly relies on the

accurate control of the balance between the heterogeneous growth and nucleation of MOXs on the surface

of GO, which was independent of the individual character of the metal elements. Therefore, ultrathin

nanosheets of various MOXs, including those from both main-group (MgO, Al2O3, SnO2, and Sb2O5)

and transition elements (ZrO2 and TiO2) were successfully synthesized that demonstrated the strong

universality of this method. Besides, as the lateral size of the ultrathin 2D metal oxide nanosheets is deter-

mined by that of GO, this approach is also a feasible way to synthesize large-size metal oxide nanosheets as

GO can be easily produced up to dozens of micrometers. More importantly, the thickness of the 2D MOXs

can be also adjusted by controlling the concentration of the metal salts in the solutions.

In addition to the 2D templates, the salt crystal surface can also provide a template for the growth of 2D

MOXs. In most cases, the salt is water-soluble and can be easily removed by the subsequent process.

Xiao et al. reported a general strategy that used the surface of water-soluble salt crystals as growth

templates and it was not only applied to the layered MOXs but also various non-layered MOXs (including

hexagonal MoO3, MoO2, MnO, and hexagonal WO3) (Xiao et al., 2016). Taking the synthesis of MoO3 or

WO3 as an example, a molecular precursor solution was firstly prepared (Mo powder or W powder was

dispersed in ethanol and added to H2O2) and mixed with a large volume of inorganic salt (NaCl or KCl)

to form precursor@salt. Next, the solution was dried and the mixture was annealed at an elevated temper-

ature. Finally, after washing and filtration, 2D MoO3 or WO3 nanomaterial was obtained with a large lateral

size (up to 100 mm) (Figure 5B). Generally, the growth of 2D MOXs was promoted by the lattice matching

between the salt surface and target production. The thickness of the 2D MOXs was controlled by mixing a

limited volume of the dilute oxide precursor solution with a large number of salt microcrystals. Based on the

above standard strategy, a-Fe2O3 (Mohiuddin et al., 2020) and SnO2 (Gu et al., 2019) have been also suc-

cessfully synthesized.

In summary, both the 2D template method and salt template method have advantages of low cost, high

yield, and controllable morphology. At the same time, the method is universal and can be extended to

other non-layered 2D MOXs also. Nevertheless, there are still several challenges, such as the relatively

high cost of templates, efficient template removal, and the recycling of templates.

Vapor-phase deposition method

The vapor-phase deposition is another option for the controllable preparation of high-quality ultrathin 2D

MOXs. In this section, various vapor-phase deposition for the preparation of 2DMOXs are discussed, those

include chemical vapor deposition (CVD), pulsed laser deposition (PLD), and atomic layer deposition (ALD).

Among the aforementioned vapor-phase deposition synthesis methods, CVD has been continuously

developed and recognized as one of the most reliable and powerful techniques for producing a large num-

ber of ultrathin 2D nanomaterials (Zhao et al., 2019; Tong et al., 2019). In general, the CVD method to grow

the 2D nanomaterials involves three essential steps, which include evaporation and thermal decomposition

of precursors, transport and migration of reactants, as well as the nucleation and growth of crystals on the

substrate. By fine-tuning, the involved experimental parameters, such as precursors, substrates, catalysts,

temperature, and atmospheres, the controllable growth of 2D nanomaterials with tunable layer number (or

thickness), crystallinity, and exposed crystal facets can be achieved (Qin et al., 2020; Yu et al., 2015).

Guo et al. reported that the 2D vertical heterostructures of MoO3-MoS2 were successfully synthesized on

SiO2/Si substrates via a one-step CVD process (Figure 6A) (Guo et al., 2021). At the fixed reaction temper-

ature (720�C), different products can be obtained by changing the location of the sulfur source to adjust the

concentration of sulfur vapor. The MoS2 nanosheets can be synthesized when S powder is 15 cm away from

MoO3 precursors, while MoO3 nanosheets can be synthesized due to the shortage of sulfur atoms when S

power is more than 19 cm away from MoO3 precursors, and its thickness increased with temperature. In

addition, the vertical heterostructures can be synthesized in the middle-state. Kim et al. successfully syn-

thesized wafer-level a-MoO3 on a Si/SiO2 at a low temperature of 150�C by using an inductively coupled

plasma-enhanced CVD system (Kim et al., 2017). The mechanism for the synthesis of wafer-scale MoO3
iScience 25, 103598, January 21, 2022 15



Figure 6. Bottom-up synthesis: CVD synthesis of 2D MOXs

(A) The set-up diagram for the synthesis of MoO3-MoS2 heterostructures (Guo et al., 2021) Copyright 2021, IOP Publishing

Ltd.

(B) Schematic for the synthesis of MoO3 on Si/SiO2 (Kim et al., 2017) Copyright 2017, IOP Publishing Ltd.

(C) The schematic of three growth models of 2DMoO2 and their corresponding atomic structure was constructed with the

thinnest plane (020) (Luo et al., 2020) Copyright 2020, Elsevier BV.
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is illustrated in Figure 6B. During the plasma activation, the Ar gas in the chamber was ionized. Herein, the

specific reason to use Ar is to produce more oxygen ions in the sheath area of plasma, thus assisting the

penetration of O2 plasma into the 30 nm thick e-beam evaporator-deposited Mo film to produce the 2D

MoO3.

By employing the CVD technique, not only layered 2DMOXs but also non-layered 2DMOXs can be facilely

prepared. For example, Lee et al. successfully synthesized 2D TiO2 nanosheets with high-density anatase

via a CVD process, in which TiCl4 was employed as the precursor and the mixture gas of oxygen and argon

are used as the reaction gases (Lee and Sung, 2012). This method yielded TiO2 nanosheets on a silica sub-

strate, which possessed high-energetic exposed facets of (001), thus presented more active characteristics

thermodynamically and making it highly suitable for various applications. Recently, Luo et al. reported that

the micrometers-scale 2D MoO2 single crystals with a thickness of�3.8 nm can be synthesized by reducing

the MoO3 via hydrogen in the atmospheric pressure CVD (Luo et al., 2020). It is worth mentioning here that

the shape of 2D MoO2 single crystals had three types, including the standard parallelogram, the parallelo-

gram with two angles missed, and the hexagonal. Here, a similar growth velocity along the x-axis is the

same (Figure 6C), while the growth velocity along the y-axis is different. Therefore, the difference in growth

velocity between the y-axis and the x-axis is the key factor that decides the final shape of 2D MoO2.

In general, 2D nanomaterials synthesized by the CVDmethod are based on stiff solid substrates with a large

number of crystal defects randomly distributed on the surface, resulting in the stochastic nucleation of 2D

nanomaterials and relatively low mass transfer efficiency. Moreover, because the subsequent growth of 2D

nanomaterials after nucleation continues at the fixed initial nucleation sites, the self-assembly of grains

grown on solid substrates is almost impossible. The resulting material usually exhibits an inhomogeneous

number of layers and is composed of small domains and massive grain boundaries, resulting in large var-

iations from theoretical expectations (Zhang and Fu, 2018). In recent years, the liquid metal CVD strategy

for the controllable fabrication of 2D nanomaterials is proposed. The self-limited growth of 2D nanomate-

rials can be triggered by utilizing the phase transition of liquid metals, leading to the synthesis of a strictly

uniform monolayer. In addition, excellent rheological properties of liquid metal can be used to effectively

achieve artful self-assembly (Zeng and Fu, 2018).

Yang et al. presented an approach to synthesize high-quality ultrathin antimony oxide single crystals via a

substrate-buffer-controlled CVD strategy (Yang et al., 2020a). Firstly, a high-temperature (1000�C) anneal-
ing process was employed to prepare a resolidified Ag (111) substrate. Then, antimony powder was used as

the antimony source to provide antimony vapor and carried downstream by the mixture of Ar, H2, and O2.

Subsequently, Sb atoms react with O2 to grow ultrathin antimony oxide single crystals on the substrate (Fig-

ure 7A). Owing to the reaction, Gibbs free energy of Sb with O2 (�110.97 kJ$mol�1) is much lower than that

of Ag (�7.84 kJ$mol�1), Sb reacts preferentially with oxygen. However, the amount of O2 must be limited to

avoid oxidation of the Ag substrate while the amount of elementary Sb should be controlled to achieve the

complete oxidation of Sb to form an ultrathin antimony oxide single crystal. Here, the Ag substrate served

as a buffer to achieve a modest supply of Sb. When excessive Sb was present on the substrate, the buffer

effect of the Ag substrate kept Sb at a constant throughout the Ag substrate, which was essential for the

complete oxidation of antimony and the subsequent growth of ultrathin antimony oxide crystals. In addi-

tion, Li et al. successfully synthesized 2D rare-earth oxides (REO) single crystal by using the above strategy

(Li et al., 2021b). Besides, it is still a great challenge to obtain 2D single crystals with specific crystal facets for

REO due to their intrinsic non-layered structure and disparate thermodynamic stability of different facets.

During the CVD growth process of 2D REO single crystal, the strong interaction between the introduced

facet-controlling assistor (FCA. By employing NH4X (X� = Cl�, Br�, I�) as FCA, it is easy to provide active

assistor X ions (base) to assist single crystal growth) and the REO surface greatly manipulates the growth

mode and direction of non-layered REO. The introduction of FCA not only suppresses isotropic growth

along the 3D direction and impedes the thickening of 2D REO but also causes the relative surface energy

(g) of each facet to change with increasing concentration of FCA (Figure 7B). This strategy can be extended

to a series of planar controlled syntheses of 2D REO single crystals, including light REO (CeO2 and Nd2O3),

middle REO (Sm2O3 and Eu2O3), and heavy REO (Dy2O3, Ho2O3, and Y2O3).

In summary, CVD is still mainly used for the preparation of layered chalcogenide, graphene, boron nitride,

etc. while there are still few cases for 2DMOXs (both layered and non-layered) (Yang et al., 2017b; Yu et al.,

2015). The successful synthesis of a high-quality single crystal of REO by liquid CVD strategy is not only an
iScience 25, 103598, January 21, 2022 17



Figure 7. Bottom-up synthesis: liquid metal-assisted CVD strategy and ALD synthesis of 2D MOXs

(A) The schematic for the growth of ultrathin antimony oxide on the resolidified Ag substrate and related optical

microscope image (Yang et al., 2020a) Copyright 2020, Springer Nature.

(B) Schematic illustration of the facet-controllable synthesis strategy assisted by the FCA (blue atoms, RE atoms; white

atoms, O atoms; red atoms, X ions) (Li et al., 2021b) Copyright 2021, Oxford University Press.

(C) The schematic to prepare the 2D a-MoO3 nanofilms via the ALD method (Wei et al., 2018) Copyright 2018, Elsevier.
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important supplement to CVD but also of great significance for the application of REO. Additionally, space-

confined CVD is another potential strategy for preparing 2D MOXs, in which growth space is constrained

into 2D or 3D form to improve the controllability of the synthesis process and reduce the thickness of the

products and the nucleation density on the substrate. Therefore, the large area growth of high-quality and

homogeneous 2D materials is conducive (Zhou et al., 2018).
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Table 2. The summary of the bottom-up synthesis for the fabrication of 2D MOXs

Synthesis methods Advantages Limitations Materials

Thickness

(nm) Applications Ref.

Hydrothermal/Solvothermal

synthesis

Simple

Low cost

Scalable

Poor

repeatability

CeO2 0.6 Photocatalyst (Gao et al., 2021)

Self-assembly Low cost

Scalable

Residual WO3 2.1 Photodetector (Sun et al., 2014)

TiO2 0.62 Photodetector (Sun et al., 2014)

Template-assisted High yield

Low cost

Residual Al2O3 4 Catalyst (Huang et al., 2016)

MgO 3.6 Electronic devices. (Zhao et al., 2017)

CVD High controllability

High quality

High cost MoO2 3.8 Electronic device (Luo et al., 2020)

SbO2 1.8 – (Yang et al., 2020a)

PLD High quality High cost a-MoO3 6 Gas sensor (Bisht et al., 2021)

ALD High controllability

High quality

High yield

High cost MoO3 4.9 Electrochemical

sensor

(Wei et al., 2018)
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In addition to CVD, the preparation of 2D MOXs by PLD and ALD has also made important progress.

Recently, Bisht et al. successfully fabricated 2D a-MoO3 by PLD using laser energy to deposit sintered solid

MoO3 on a substrate (Bisht et al., 2021). The thickness of obtained 2D a-MoO3 was thinner than previously

reported by the CVD method, but its lateral size was less than 1 mm, which greatly limited its application

especially in high-performance electronic devices. Furthermore, Wei et al. successfully prepared 2D

a-MoO3 nanosheets with a thickness of �4.9 nm by ALD as a variant of CVD (Wei et al., 2018). In this

work, a cross-flow reactor was firstly used with (NtBuN)2 (NMe2)2Mo and oxygen plasma gases as molybde-

num precursor and oxygen precursor, respectively. 2D a-MoO3 nanofilms after the optimizing deposition

temperature, pulse duration, and purge time parameters were then obtained on SiO2/Si wafers as shown in

Figure 7C. ALD technology is a surface-controlled layer-by-layer process based on self-limiting chemical

reactions and has the advantage of depositing large-scale conformal dense nanofilms with precise thick-

ness and component control at relatively low temperatures (less than 350�C). However, the lateral size of

nanosheets obtained by this method is relatively small and there are challenges in preparing non-layered

2D MOXs.

At the end of the bottom-up synthesis section, the listed Table 2 not only summarizes the advantages and

limitations of various synthesis methods but also summarizes the thickness and application of the

synthesized 2D MOXs.

Liquid metal strategy

Although several methods can synthesize the 2D MOXs, their large-scale production under the require-

ments of low cost, high yield, and maneuverable are still full of challenges. Recently, the emerging liquid

metal method provided an effective solution to the above problems. More importantly, such methods are

particularly suitable for the synthesis of non-layered MOXs.

Liquid metals have traditionally been defined as metals and alloys whose melting points are close to or

below room temperature (Zhang et al., 2014, 2015). Mercury (Hg) and gallium (Ga) are two typical liquid

metals at room temperature, while the potential hazards of mercury make it unusable in many applications.

In addition, some metals such as indium (156�C) or tin (231�C) have significantly lower melting points than

ordinary metals, which are also considered to be within the category of liquid metals. Moreover, some

eutectic alloys with low melting points are also included, such as gallium-based eutectic alloys (EGaIn -

eutectic gallium-indium binary alloy [Wang et al., 2020]), galinstan (i.e. gallium-indium-tin ternary alloy),

and doped metals (e.g. the In-Sn alloys with Sn concentrations between 0 and 20 at %) (Kalantar-Zadeh

et al., 2019).

Owing to amorphous structure, electron-rich "sea" and abundant vacancies within the bulk, liquid metals pre-

sent special properties, including good solubility, chemical reactivity, and weak interfacial forces, which are the
iScience 25, 103598, January 21, 2022 19



Figure 8. Liquid metal strategy: the schematic to prepare 2D MOXs by three generations liquid metal methods

(A) The schematic to prepare the ultrathin 2D MOXs by touch printing on the liquid metal or alloy surface (Zavabeti et al.,

2018) Copyright 2018, American Chemical Society.

(B) The schematic of the gas injection method (Zhao et al., 2021b) Copyright 2021, Tsinghua University Press.
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Figure 8. Continued

(C) The growth mechanism of an oxide skin that described by the Cabrera–Mott model (Goff et al., 2021) Copyright 2021,

Royal Society of Chemistry.

(D) The formation process of the hydrated MnO2 on the surface of EGaIn in an aqueous KMnO4 solution (Ghasemian

et al., 2019) Copyright 2019, Wiley-VCH Verlag.

(E) Schematic illustration of ternary oxide growing on the liquid alloy surface.

(F) Schematic illustration of the squeeze printing process (Shi et al., 2021) Copyright 2021, Springer Nature.
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theoretical basis as the host for the synthesized 2DMOXs (Zhao et al., 2021b). The presenceof vacancies endows

liquidmetals with the ability to accommodate heteroatoms. For example, Ga with a small radius can diffuse into

the lattices of other metals. In addition, due to the wide melting range of liquid metals, they can dissolve or

disperse most metals to form eutectic alloys or doped metals. Thereinto, the eutectic alloys or doped liquid

metals are prepared by combining two or moremetals in a specific composition at a certain temperature, which

usually exhibits lowermeltingpoints than that ofmonoelementalmetal. Comparedwith thebulk, the interatomic

interaction near the surface of liquid metals is more active, resulting in unique properties and hence providing

opportunities for chemical reaction at the interfaces between the liquid metals and the surrounding environ-

ments. Liquid metals possess chemically active surfaces due to their low potential, in which the simplest and

the most widespread reaction occurs with oxygen to form an ultrathin and native oxide skin on the metal sur-

faces. In addition, the feature of high electrical conductivity makes them suitable for the electrochemical redox

process, presenting another approach for fabricating 2D nanostructure derived from the liquid metal host (Ler-

tanantawong et al., 2018). In the specific atmosphere, the liquidmetal owns an ultrathin skin formed at themetal-

air interface, constituting a natural 2D planar structure. It is worth noting that this 2D ultrathin skin coheres to the

parent liquid metal weakly, resulting in the high possibility of the delamination of the skin from the liquid metal

surfaces.

Based on recent reports, we classify the liquid metal-based synthesis approaches of 2D MOXs into three

generations, which are based on monoelemental metals, eutectic alloys, and doped metals. When the

melted monoelemental metal is exposed to an oxygen-containing atmosphere as low as a few ppm, the

surface of the liquid metal rapidly forms an oxide skin, which is considered to be a natural ultrathin 2D oxide

layer. Owing to the weaker interactions between the liquid metal and its skin than that between the sub-

strate and the skin, the ultrathin oxide skin can be exfoliated by contacting the liquid metal droplet with

a target substrate (Figure 8A). Another method involves the gas injection into the liquid metal, where

the interfacial oxides form at the bubble interface and the density gradients carry the oxide nanosheets

into the solvent reservoir (DI water) that is placed above the molten metal (Figure 8B) (Hu et al., 2021).

And then, the obtained aqueous suspension is drop-casted onto the substrate for subsequent treatment

steps. Moreover, the transient growth process of oxide skin can be described by the Cabrera–Mott model

(Goff et al., 2021), as shown in Figure 8C. On the one hand, owing to the electron tunneling effect, electrons

escape from the liquid core and transfer to the adsorbed oxygen, thus ionizing the adsorbed oxygen and

generating an electrostatic potential (Mott potential) among the interface of the oxidant-oxide and the

oxide metal. The generated electric field significantly reduces the energy barrier of metal ion diffusion

toward the free interface and promotes the growth of the oxide skin. On the other hand, with the prolonged

oxidation time, the thickness of the oxide skin reaches a critical value (typically less than a few nanometers)

and then the subsequent growth is inhibited, leading to self-limiting oxidation. For example, liquid Ga es-

tablishes a uniform and relatively dense atomically thin oxide layer in a self-limiting reaction when exposed

to an oxygen-containing atmosphere (Carey et al., 2017; Li et al., 2021a). Nevertheless, some other liquid

metals (e.g. tin, indium, and bismuth) exhibit a non-self-limiting oxidation process, as the formation of a

porous oxide layer on the surface does not prevent further oxidation of the liquid metal. For instance,

SnO is initially formed on the surface of Sn and SnO2 begins to appear as oxidation continues (Atkin

et al., 2018). However, 2D SnO nanosheets with a thickness of �0.6 nm were synthesized at a low

oxygen environment (e.g. 10–100 ppm of O2) (Daeneke et al., 2017). Therefore, for the liquid metal with

a non-self-limiting reaction, precisely controlling the oxygen content and adjusting the oxidation time of

the liquid metal may lead to a surface layer with a specific thickness and surface composition. Various

2D MOXs (Bi2O3 (Messalea et al., 2018), In2O3 (Alsaif et al., 2019a), ZnO (Mahmood et al., 2021), and

PbO (Ghasemian et al., 2020)) were successfully obtained based on the Cabrera–Mott model and the exfo-

liation technique by printing or gas injection method.

Furthermore, a wider range of 2D MOXs synthesized from liquid eutectic alloys (e.g. EGaIn and Galinstan)

can be defined as the second generation of the liquid metal method. Owing to the active chemical
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reactivity on the surface of the liquid EGaIn (Hoshyargar et al., 2017; Wang et al., 2021d), Ghasemian et al.

generated monolayer-hydrated MnO2 using a galvanic replacement reaction between permanganate ions

and liquid EGaIn (Ghasemian et al., 2019). As for the electrochemical mechanism of the galvanic replace-

ment reactions, the sacrificial metal templates (Ga) are oxidized in the presence of cations of another metal

(Mn) with a higher standard reduction potential. An overview of the process is provided in Figure 8D. Based

on thermodynamic considerations, the oxide with the greatest reduction of Gibbs free energy (DGf) dom-

inates the surface. For galinstan, despite the presence of In and Sn, the self-limiting oxide layer is exclu-

sively composed of Ga oxide (Wang et al., 2021c). In addition, galinstan can be used as a reaction solvent

due to its good solubility. Zavabeti et al. alloyed�1 wt % of elemental Hf, Al, or Gd into the liquid galinstan,

which served as the precursors for the formation of their respective oxides (Zavabeti et al., 2017). These ox-

ides satisfied the requirement of featuring a lower DGf than gallium oxide, thus forming surface oxides

(HfO2, Al2O3, and Gd2O3) on their respective alloys, which are then exfoliated by printing or gas injection

method to obtain the ultrathin 2D oxide layer (Zavabeti et al., 2018).

Finally, 2D MOXs derived from the doped liquid metals are considered as the third-generation liquid metal

method, which not only further expands the range of MOXs but also creates a facile synthesis method of 2D

ternary MOXs. The dopants in doped liquid metals can be both from metals and non-metals (e.g. Se), which

can effectively reduce the melting point and create conditions for the synthesis of some 2D MOXs. Alkatiri

et al. proposed alloying 1 wt % of micron-sized Ti powder with 30 g of liquid Ga metal by mechanical grinding

(Alkathiri et al., 2020). The whole process was carried out inside an Ar glove box with very low oxygen content

(<10 ppm) to reduce oxidation during the handing. When the prepared Ga-Ti alloy is exposed to air, Ti in the

alloy dominates the surface oxide due to the greater oxidation energy of Ti (�944 kJ mol�1) than that of Ga

(�544.55 kJ mol�1). The colloidal suspension containing a large number of 2D oxide nanosheets was obtained

by the previously mentioned gas injection method. However, the lateral size of 2D TiO2 is generally less than

1 mm, which limits the application range and requires further optimization. Moreover, tellurium is a metalloid

of the chalcogen family with amelting point of 452�C. The interfacial oxidation of liquid Te is expected to enable

the synthesis of ultrathin TeO2 according to the Cabrera–Mott growth model. However, the required b-TeO2

phase forms only at temperatures below 350�C,which is below themeltingpoint of its parentmetal andprevents

the direct synthesis of this polymorph form. To solve these problems, the p-type b-TeO2 nanosheets were ob-

tained using a dopedmetal formed from the alloying of Te with Se (Zavabeti et al., 2021). The eutectic melt con-

tains 5 wt % Te and 95 wt % Se and exhibits a melting point much lower than 200�C. Moreover, although the

eutectic mixture was rich in selenium, the deposition 2D layer was predominantly TeO2, which can be attributed

that the Te is more oxophilic than Se, resulting in a greater reduction of the DGf.

In addition to the oxides from the targetmetal, ternaryMOXsmay also be obtainedwhen doped liquidmetal as

the precursor. In most cases, the surface oxides of low melting point liquid alloys (e.g. EGaIn) are mainly binary.

However, Datta et al. found that In-Sn alloys were an exception and their surface oxides turned out to be In-Sn

ternary compounds (Datta et al., 2020). The high solubility of Sn ions in the indiumoxide hostmost likely explains

the formation of indium tin oxide (ITO) on the surfaces of these doped liquidmetals, as shown in Figure 8E. This

study also found that the concentration of Sn affects the conductivity of the resulting 2D ITO. The process em-

ployed entails placing small droplets of liquid alloy onto the desired substrate, followed by squeezingwith a sec-

ond substrate from the top, spreading evenly the droplets to cover the entire desired area. When the two sub-

strates are separated, the liquid droplet reverts into spherical-shapeddroplets due to the high surface tension of

the liquid metals, resulting in highly transparent oxide sheets on various substrates such as glasses, wafers, and

polymers (Figure 8F). In this way, the lateral size of the printed ultrathin layer is controlled by changing the diam-

eter of the doped liquid metal droplet. The electronic band structure of the In2O3 host is greatly changed by Sn

doping, making ITO with excellent electrical conductivity and high optical transparency. Nevertheless, its elec-

tronic mobility is only one-third of that of the intrinsic In2O3, which greatly limits its application in the new gen-

eration of transparent electronic devices. Recently, Jannat et al. selected Zn as a dopant to prepare doped liquid

metals withdifferent concentrations (between 0 and 5 atomic%), achieving large-area 2D indium zinc oxide (IZO)

by utilizing the same squeeze-printing method mentioned above (Jannat et al., 2021). The optimum electron

mobility is realized in the sample with lower Zn dopant concentrations, presenting an almost 20 times improve-

ment compared to that of pure 2D In2O3. On the other hand, a higher level of Zn doping may lead to the domi-

nation of the ionized impurities over grain boundary scattering, thus limiting electron transportation.

The sulfidation, nitridation, and phosphorization of 2DMOXs obtained by the liquid metal method can also

transform into ultrathin metal sulfides, nitrides, and phosphides. Compared to traditional one-step
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Table 3. The summary of the liquid metal strategy for the fabrication of 2D MOXs

Synthesis

methods Materials

Thickness

(nm)

Lateral

size

(mm) Applications Ref.

First-generation In2O3 4.5 >10 Electron devices (Alsaif et al., 2019a)

Ga2O3 �1.5 >100 Field effect transistors (Carey et al., 2017)

SnO 1.1 >40 Gas sensor (Daeneke et al., 2017)

Bi2O3 0.75 >10 Photodetector (Messalea et al., 2018)

ZnO 1.1 >100 Piezoelectric filed (Mahmood et al., 2021)

PbO 1 >100 Piezoelectric filed (Ghasemian et al., 2020)

Second-generation MnO2 1 <1 Photocatalysis (Ghasemian et al., 2019)

HfO2 0.64 >20 – (Zavabeti et al., 2017)

Gd2O3 0.51 >40 – (Zavabeti et al., 2017)

Al2O3 1.1 >20 – (Zavabeti et al., 2018)

Third-generation TiO2 3 <1 – (Alkathiri et al., 2020)

TeO2 1.5 >100 Transparent electronics

devices

(Zavabeti et al., 2021)

ITO �1.5 >30 Flexible electronic devices (Datta et al., 2020)

IZO �1.59 >30 Flexible electronic devices (Jannat et al., 2021)
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methods, such strategies feature higher yields, lower reaction temperatures, and larger lateral sizes.

Nguyen et al. reported a two-step process combining the liquid metal method and low temperature wet

chemical reaction to obtain 2D indium oxysulfide from In2O3 (Nguyen et al., 2021). The transformation

was carried out in a solution of polysulfide radical anions, in which the replacement of oxygen atoms by

sulfur atoms was promoted by highly reactive trisulfur radical anions. Compared to the liquid phase, the

transformation occurs more conventionally in the vapor phase, in which In2S3 (Jannat et al., 2020), Bi2S3
(Messalea et al., 2020), Ga2S3 (Alsaif et al., 2019b), GaN (Syed et al., 2019), InN (Syed et al., 2019), and

GaPO4 (Syed et al., 2018) are successfully prepared.

In summary, the unique reaction conditions at the liquidmetal interface allow the growth of 2D layered and non-

layered MOXs (Table 3), which overcomes the limitations of traditional exfoliation methods. In addition, the

method based on liquidmetal does not require careful control of the growth conditions and has obvious advan-

tages compared with the traditional bottom-up method. However, the liquid metal method also has some lim-

itations. Currently, only 2D MOXs that are thermodynamically stable with liquid metal can be synthesized. In

addition, the degree of crystallinity is relatively low in resulted 2DMOXs with significant portions of amorphous

features and structural defects. Furthermore, 2D layers normally come with residuals of liquid metal nanopar-

ticles, making them difficult to be implemented in practical optical and electronic devices.
PERSPECTIVE AND OUTLOOK

In summary, the synthesis approaches of various 2D MOXs were summarized and classified into the top-

down, bottom-up, and as well as liquid metal-derived methods. As shown in Figure 9, the production yield

and environmental impacts of the aforementioned synthetic processes are compared, in which the stability

and repeatability of produced 2D oxides by each method vary greatly. Therefore, synthetic methods need

to be carefully selected according to particular applications. Themechanism for each synthesis process was

discussed and the corresponding advantages and limitations were concluded. While the majority of re-

ports currently focused on non-layered 2D MOXs, the recent discovery of hexagonal layered structures

in a certain number of MOXs might divert significant attention in exploring layered MOXs in the planar

2D morphology specifically using top-down approaches. In addition, the emerging liquid metal-derived

synthesis method was based on the particularity of liquid metal-based chemistry, in which a variety of

ultrathin 2DMOXs was realized through printing and other mechanical processes regardless of their crystal

structures. However, despite the recent rapid development, critical challenges on the synthesis of 2D

MOXs are presented. Firstly, the controllability of the thickness and lateral size for 2D MOXs is related

low for both current top-down and bottom-up approaches. Although the liquid metal synthesis method

demonstrates great potentials in producing centimeter-scale 2D MOXs with precise controlled thickness
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Figure 9. A comparative figure comparing the yield/environmental impacts of all synthetic processes

The numbers in the figure represent various synthesis methods, as shown below. 1, CVD; 2, PLD; 3, ALD; 4, Liquid metal

strategy; 5, Template-assisted; 6, Soft chemical exfoliation; 7, Electrochemical exfoliation; 8, Ultrasonic-assisted liquid-

phase exfoliation; 9, Cleavage plane-oriented exfoliation; 10, Mechanical exfoliation; 11, SC-CO2-assisted exfoliation; 12,

Hydrothermal/solvothermal synthesis; 13, Self-assembly.
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owing to the self-limited oxidation behavior, the low yield, poor crystallinity, and metal contamination fea-

tures hinder the practical implementation in current industries. Secondly, the emerging hexagonal layered

structure is considered as the game-changer in the research field of 2D MOXs. However, its related

research is still in the early stage, and the corresponding formation mechanism has not been supported

by solid experimental evidence. Thirdly, to a further extent, the growth mechanisms of 2D MOXs through

bottom-up approaches need to be revealed through extensive theoretical calculation and experimental

supports. Particular attention should be paid to the in-depth understanding of the kinetics and directions

of the 2D confined growth. Fourthly, the defect and oxygen vacancy engineering of MOXs. Fifthly, 2Dmulti-

anionic oxygenated compound materials, including single metal oxychalcogenides (e.g. Bi2O2Se) (Hong

et al., 2020; Wang et al., 2021a; Wei et al., 2019; Wu et al., 2017), bication oxychalcogenides (e.g.

Y2Ti2O5S2) (Wang et al., 2019), bication oxyhalides (e.g. Bi4NbO8Cl, Bi4NbO8Br, Bi2GdO4Cl, Bi2GdO4Br,

SrBiO2Cl, and PbBiO2Br) (Fujito et al., 2016; Kato et al., 2017; Wang et al., 2017a), bication oxynitrides

(e.g. SrTaO2N and Ca3Nb2N2O5) (Gou et al., 2020; Wei and Xu, 2018), quinary oxychalcogenides (e.g. Ba2-
CoO2Ag2Te2) (Matsumoto et al., 2020), and quinary oxynitrides (e.g. Li2LaTa2O6N and K2LaTa2O6N) (Osh-

ima et al., 2018, 2020), enrich and develop the applications of 2D MOXs, especially in the field of photoca-

talysis. However, the exploration of such materials is still in their initial stage and developing controllable,

facile, and low-cost preparation methods have become one of the biggest challenges.
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