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a b s t r a c t

As a newcomer to the family of two-dimensional (2D) material, 2D metals and alloys have seen rapid
development in recent years because of their unique physical and chemical properties. Unlike free-
standing atomistically thin 2D materials, such as graphene, the synthesis of 2D metals and alloys has
been focused on either atomistically thin films under nanoscale geometric confinements or freestanding
ultrathin films with a thickness ranging from a few to tens of nanometers. In this article, we will first
review the recent theoretical works that aimed to understand the thermodynamic stability of 2D metals
with or without geometrical confinements. After that, we will focus on the variety of methods that were
developed to synthesize 2D metals and/or alloys. Finally, we will briefly discuss some state-of-the-art
applications of 2D metals in bioimaging, photothermal therapy, sensing, nanodevices, and catalysis.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Low-dimensional materials have drawn tremendous attention
since the first discovery of graphene [1]. The family of monolayer or
two-dimensional (2D) materials has experienced an explosive
expansion not only because of the importance of understanding
their very existence, but also because of their unprecedented
physical and chemical properties as well as a multitude of potential
applications [2e5]. Unlike graphene or MoS2 that has intrinsic
layered structures, the morphology of metals and alloys are usually
considered energetically favored in three-dimension (3D) rather
than in 2D because of their non-directional atomic bonding.
Despite this apparent difficulty, researchers already found ways to
make 2D metals by different means. To date, a number of metallic
nanosheets or nanoplates with well-defined shape and size have
been successfully synthesized, which were also known as 2D
metals and considered as an important kind of 2D materials. Here,
it is worth noting that the meaning of ‘two-dimensional’ is not just
restricted to monolayer or atomistically thin materials, but
extended to include freestanding ultrathin metallic nanosheets,
whose properties depend mostly on their surface [6,7].

Many theoretical works predicted the existence of stable
monolayer 2D metals; however, only a few of them were obtained
through experiments, either by epitaxially grown on substrates or
by confined growth inside the nanopores of 2D templates, such as
2D Fe grown inside nanopores of graphene [8], Ga on Si(111) [9],
Sn on Bi2Te3(111) [10], Sb(111) [11], InSb(111) [12], Cu(111) [13],
Ag(111) [13], Pb on Pd(111) [14], Bi on SiC(0001) [15], 1T-TaS2 [16],
HOPG [17], and Bi2Te3(111) substrates [18]. On the other hand,
various methods for the controlled fabrication of freestanding 2D
metallic nanosheets were developed in recent years. The solution-
based chemical synthesis has been widely used to fabricate
various kinds of noble metal nanosheets, nanoplates, or nano-
prisms, with well-defined shapes. In addition, new synthesis
methods of a pure mechanical origin, such as the polymer surface
enabled exfoliation, were also developed, which allows the syn-
thesis of freestanding metallic nanosheets with a much larger
lateral scale and a higher degree of chemical complexity. The 2D
metals so produced showed excellent performance in catalysis
[19,20], bioimaging [21,22], thermal therapy [23], sensing [24], and
so on, because of their extended surface area, large lateral-to-
thickness aspect ratio, and well-controlled geometry. In this re-
view article, we will start with the discussion of the thermody-
namics governing the stability of 2D metals, then proceed to their
synthesis and finally to their current applications.
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2. Thermodynamic stability

Since the first synthesis of monolayer graphene from graphite
through mechanical exfoliation in 2004 [1], 2D materials have
achieved rapid development in synthesis, characterization, and
various novel applications [7,25e28]. For bulk materials with a
layered structure, such as graphite, hexagonal boron nitride, tran-
sition metal oxides, and transition metal dichalcogenides, the
chemical bonding within a layer is covalent, whereas the interlayer
bonding is of a weak van der Waals interaction. As a result, the
individual atomic layers can be easily separated [1,29e31]. By
comparison, for bulk metals with a non-layered atomic structure, at
first glance, the strong non-directional metallic bonding in 3D
makes it difficult to form 2D metals, especially in a freestanding
geometry that contains excessive dangling bonds and, thus, was
once considered to be thermodynamically unstable. However,
recently, Nevalaita and Koskinen [32] systematically investigated
the energetic stability of 45 elemental 2D metal patches using the
liquid-drop model, and found that a few metals exhibit an intrinsic
2D stability although their sizes are very small containing only a
few atoms. According to the liquid-drop model, the formation en-
ergy of an N-atom 3D cluster in the gas-phasewithout any template
is defined as

EðNÞ¼aVðNÞ þ sAðNÞ þ EcðNÞ (1)

where V is the volume; A is the surface area; a and s are the bulk
and surface energy density, respectively; and Ec is the energy
arising from the surface curvature. For simplicity, the closely
packed, spherical clusters with radius R are selected and the third
curvature energy term is neglected. The formation energy per atom
for an N-atom 3D cluster in the gas-phase without any template is
defined as

ε
gas
3D ¼ � ε

3D
coh þ sAðNÞ

.

N (2)

and for a disc-shaped 2D patch is

ε
gas
2D ¼ � ε

2D
coh þ lLðNÞ

.

N (3)

where ε
3D
coh

and ε
2D
coh

are the 3D and 2D bulk cohesion, respectively;

AðNÞ ¼ c3Dd
2
3DN

2=3, c3D ¼ ð18pÞ1=3z3:84, l ¼ the edge energy,

LðNÞð¼ c2Dd2DN
1=2Þ ¼ the length of the edge, c2D ¼ ð12p2Þ1=4z

3:3， and d3D and d2D denote, respectively, the 3D and 2D bond
length. For most metals, 3D clusters are always more stable than 2D
patches and their relative stability increaseswith increasing N, such
as Ir (Fig. 1a), whereas for a fewmetals, such as Cu, crossover occurs
from 2D to 3D at very small N (Fig. 1b), implying the intrinsic 2D
stability of certain metal clusters.

To evaluate the relative stability of freestanding 2D and 3D
clusters for 45 metals, a dimensionless parameter (D) is proposed,
the smallness of which represents greater intrinsic 2D stability
(Fig. 1c). Most metals with a tendency to form small 2D structures
are located at the end of the transition metal series, such as Au, Zn,
and Cd. A large number of theoretical studies [33e36] confirmed
that small neutral and anionic Au clusters up to a size of 13 atoms
prefer to have 2D planar ground-state structures than 3D clusters
because of the relativistic effects. Gas-phase ion mobility mea-
surements also revealed the transition of anionic Au clusters from
the planar to 3D structures at a size of 12 atoms [37]. In 2004,
Rümmeli et al. [8] first reported an experimental synthesis of
single-atomic-layer Fe membranes suspended in graphene nano-
pores (Fig. 2a). These monolayer membranes were made only of Fe

atomswith a 2D square lattice structure. Further density-functional
theory (DFT) calculations predicted the largest thermodynamically
stable Fe membranes to be ~12 atoms wide (3 � 3 nm2). Later,
Pennycook et al. [38] also reported themonolayerMoSe2-stabilized
2D Mo patches, which were small with a size up to 25 nm2 and
retained the close-packed structure of the sandwiched Mo layer in
MoSe2 films (Fig. 2bed). Using molecular dynamics simulations,
Koskinen and Korhonen [39] not only found a stable solid 2D Au
membrane formed in a graphene nanopore, but also predicted the
existence of an unusual 2D liquid Au membranes. All these findings
indicate the great potential of perforated 2D materials, especially
graphene nanopore, as support to fabricate small-sized 2D metals.

To identify the most stable 2Dmetal patches grown in graphene
nanopores, Nevalaita and Koskinen [32] further investigated the
stabilities of 2D patches of 45 metals interacting with a graphene
pore. Compared to the gas-phase clusters, the interactions between
metal atoms and graphene must be introduced for the 3D cluster
within a graphene template, thus the liquid-drop model for the
formation energy per atom is

ε3D ¼ � ε
3D
coh þ sAðNÞ

.

N þ Eads=N (4)

analogously, the formation energy for 2D cluster is

ε2D ¼ � ε
2D
coh þ

�

l� lif

�

LðNÞ=N (5)

where Eads is the cluster adsorption energy and lif is the metal-
graphene interface energy. By comparing the relative stability of
2D and 3D clusters in three different interaction geometries
(Fig. 2e), graphene pores significantly improve the stability of 2D
metal patches. For example, 2D patches are more energetically
favored than 3D clusters with N< 45 for Ir (Fig. 2f) andwith N< 125
for Cu (Fig. 2g), demonstrating the ability of perforated graphene to
stabilize the 2D metal patches in respectable sizes. Further DFT
calculation validated the predictions of the liquid-drop model. Of
course, not every element can form a graphene-pore-stabilized 2D
structure, several aspects beyond pure energetics need to be
considered simultaneously, such as intrinsic relative stability of the
2D metal, commensurability and the resulting strain at the inter-
face, the possibility of carbide formation, and the chemical bonding
at the interface. After integrating all these competing viewpoints
into a single summative figure of merit, the authors ranked the
metals to determine the most stable 2D metal patches and found
Cu, Zn, Ag, and Au to be the best candidates (Fig. 2h).

In addition to these small 2D metal patches, many theoretical
investigations revealed that if the monolayer metallic atoms are
rearranged into a layered crystal structure, that is, away from their
corresponding stable 3D bulk structures, to lower the surface en-
ergy, freestanding 2D metals may become thermodynamically
favorable from both a cohesion energy and lattice dynamics point
of view [9,40e54]. The bonding characteristic of these 2D metals,
meanwhile, may change accordingly to stabilize these unique 2D
structures. Nevalaita and Koskinen [55] systematically investigated
the changes in electron density between different structures and
found that their chemical bonding characteristic changed from
metallic bonds in densely packed hexagonal lattices to covalent
bonding as in the honeycomb structure. Fig. 3a shows the typical
examples of theoretically proposed stable 2D allotropes of pure
metals, including Ag, Au, Cu, Al, Ga, In, Sn, Pb, and Bi, some of which
have already been experimentally confirmed, although only on
substrates and not in the freestanding form [9e15,17,18,48,56e59].
For example, based on the ab initio molecular dynamics simula-
tions, Yang et al. predicted the existence of energetically favorable
freestanding 2D Ag [44], Au [45], and Cu [46] monolayer with
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hexagonal close-packed structure instead of 3D bulk face-centered
cubic structures (Fig. 3a). The phonon spectra were further calcu-
lated to judge the dynamic stability, and the results showed that no
imaginary phonon mode was observed, indicating their good dy-
namic stabilities. Moreover, molecular dynamic annealing simula-
tions revealed that these freestanding 2D metal monolayer films
have good thermal stability and preserve their structural integrity
at high temperatures.

For the post-transition metals from group III to V in the periodic
table (except for the planar honeycomb geometry of graphene),
such as Al, Ga, In, Sn, Pb, and Bi, single-atom-thick 2Dmetals with a
buckled honeycomb structure were always predicted to be ther-
modynamically stable [10,40,41,49e52,61e63], and their 2D ge-
ometries were normally termed as aluminene, gallenene, indiene,
stanene, plumbene, and bismuthine, respectively. A stable planar
honeycomb 2D structure was also predicted for aluminene [47],
indiene [61], and bismuthine [43] (Fig. 3a). Ajayan et al. [48] pre-
dicted two thermodynamically favored gallenene polymorphs, one
with the relaxed planar honeycomb structure obtained from the a-
Ga (100) plane and the other with a distorted rhombic lattice
directly cleaved along a-Ga (010) direction, which were experi-
mentally confirmed on the SiO2/Si substrate (Fig. 3aec). Tao et al.
[9] also confirmed the stable hexagonal honeycomb gallenene
epitaxially grown on Si(111) experimentally and theoretically.
Another two possible stanene allotropes were also proposed, one
with dumbbell units [53] and the other with a resemblance to a
single MoS2 [54] (Fig. 3a), both of which were energetically and
dynamically stable from the perspective of their cohesive energy
and phonon dispersion relations. In 2015, monolayer stanene was
successfully epitaxially grown on a Bi2Te3 substrate (Fig. 3def),

which for the first time verified the existence of the theoretically
predicted buckled stanene [10]. Afterward, the similar buckled
stanene films were synthesized on InSb [12], Sb [11], Au [58], Cu
[13], and Ag [59] substrates, all with (111) surfaces. Strong coupling
with the Cu and Ag substrates resulted in a nearly flat surface in a
honeycomb arrangement. The planar honeycomb plumbene
nanosheets were also reported by Yuhara et al. [14] on the Pd (1-x)
Pbx (111) substrate (Fig. 3gei). Bi is a special metal because of its
bulk layered rhombohedral structure, which is thus expected to be
exfoliated easily to form the 2D structure or bismuthine. Unfortu-
nately, no freestanding monolayer bismuthine was experimentally
realized up to date. Theoretically, Zhang et al. [41] found that many
2D bismuthene allotropes were all thermodynamically stable, but
only a and b configurations have been experimentally proved
[16e18,56,57,64], which exhibits a puckered black-phosphorus-like
structure and a buckled rhombohedral structure, respectively
(Fig. 3a). Ab initio molecular dynamics simulations [63] confirmed
that both geometries could keep stable up to 700 K. Apart from a
stable monolayer buckled bismuthene grown on a Bi2Te3 [18,56]
and HOPG substrates [17], a monolayer bismuthene in the fully
planar honeycomb geometry has also been experimentally re-
ported on SiC(0001) surface [15] (Fig. 3j and k), which is energet-
ically stable according to theoretical predictions [43]. So far, only
one recent experiment reported the synthesis of self-stabilized,
freestanding single-atom-layer Pd nanosheets, however, their
thermodynamic stabilities have not been identified yet [65].

If the single or few-nanometer-thick quasi-2D materials with a
high aspect ratio are regarded as one type of 2D material, a variety
of freestanding and template-supported 2D metals as well as their
2D multimetallic materials have been reported, which exhibit the

Fig. 1. The relative stability of 2D and 3D clusters in the gas-phase, without the template. Energy per atom for 2D and 3D clusters of (a) Ir and (b) Cu according to the liquid-drop
model [Eqs. (2) and (3)]. (c) Dimensionless parameter D visualized across the periodic table; the smaller value stands for greater intrinsic 2D stability. Reproduced with permission
from Ref. [32]. Copyright © 2019, The Royal Society of Chemistry.
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fascinating properties and promising applications in catalysis
[27,65e75], sensing [7,25,27,76,77], biomedicine [21,22,27,78,79],
surface plasmon resonance [73,80e82], and battery [27,83]. Owing
to the large surface energies and the potential strain energy caused
by defects [84e86], these ultrathin 2D metallic materials are
intrinsically thermodynamically unfavorable and may display sin-
gle crystal, polycrystal, or even amorphous structure [71,73,87e92].
Thus, to synthesize 2D metallic materials, many strategies in terms
of both thermodynamics and kinetics are proposed, such as,
through surface-capping [73,80,93e104] or chemical reactions
confined in the interlayer space of layered materials [65,71,81,105]
or by template-assisted growth [72,75,87,88,106,107]. However, the
fundamental issue of the thermodynamic stability of 2D metallic
materials remains unclear. Research in the field of 2D metals,
including 2D multimetallic materials, is still in its infancy, and
systematic studies on the thermodynamic stability of single or a
few-atom-layer 2D metals and 2D multicomponent metallic ma-
terials are still urgent.

3. Synthesis

Since the first report of the successful fabrication of Au nano-
particles [149], the field of low-dimensional metals has been
growing tremendously. To date, chemical syntheses still constitute
the major type of methods for making 2D metals. Because of their
‘bottom-up’ nature, these chemical methods are able to produce 2D
metals with controllable geometry and crystalline structure. To be
specific, capping agents are usually introduced in these methods in
a solution such that the growth of a metallic membrane can be

suppressed in the thickness direction while promoted in lateral
directions [27], therefore leading to the formation of single-
crystalline nanoplates, nanoprism, or nanosheets with well-
defined shapes, such as triangle or hexagon. Through these
methods, people already synthesized a variety of 2D elemental
metals, such as 2D Au [81,88,93,100,105,109,111,121,128,138,
140,150e165], 2D Ag [98,104,112,116,122,129,164,166e177], 2D Pd
[73,127,130,131,133,139,178e180], and so on. More recently,
monolayer 2D non-metals, such as graphene, graphene oxides
(GOs), graphite, and MoS2, were also used as templates for the
confined growth of 2D metals [139,181,182]. However, the short-
comings of the chemical methods are also evident: (1) assembling
atoms to build up a 2D membrane has a rather low efficiency of
synthesis and also limits the lateral size of the 2D metals so ob-
tained, and (2) the individual synthetic chemical processes used in
these chemical methods are usually suitable for only one or two
elemental metals. By comparison, the 2Dmetals fabricated through
the ‘top-down’ methods, such as the mechanical compression
[142,143] and polymer surface buckling enabled exfoliation (PSBEE)
[92], usually have a large lateral size. Fig. 4 compares the size and
geometry of the 2D metals obtained via different methods. The 2D
metals synthesized through the typical chemical methods, such as
ligands-assisted growth and small-molecule-mediated growth, are
usually ~1 mm inwidth and have an aspect ratio ranging from 10 to
102. In contrast, the 2D metals fabricated through the top-down
approaches exhibit an aspect ratio in the range from 102 to 106.
As of today, the reported lateral dimension of 2Dmetals could reach
the scale of bulk metals [92]. In this section, we will focus on the
different synthesis approaches for 2D metals, including both
bottom-up and top-down methods.

Fig. 2. (a) Low-voltage spherical aberration-corrected transmission electron microscopy (TEM) image of a monoatomic Fe layer with the square unit cell suspected in a graphene
pore. The inset highlights the interatomic spacing of the square unit cell. (Reproduced with permission from Ref. [8]. Copyright © 2014, American Association for the Advancement
of Science.) (b) Scanning transmission electron microscopyeannular dark field (STEM-ADF) image of as-fabricated monolayer Mo membrane embedded in the monolayer MoSe2
films. Mo membrane regions are highlighted by yellow false color. (c) STEM-ADF image and (d) atomic model of the monolayer Mo membrane, with MoeMo distances marked by
the white arrows. (Reproduced with permission from Ref. [38]. Copyright © 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.) The relative stability of 2D and 3D
clusters interacting with a graphene pore: (e) Different interaction geometries: 3D clusters with on-top (E1

ads
) and pore edge (E2

ads
) adsorption and 2D patches inside pores (E3

ads
¼

lif L). Energy per atom for the three geometries for (f) Ir (E1
ads

¼ 1 ev, E1
ads

¼ 15 ev, and lif ¼ 0:94 ev�A
�1

) and (g) Cu (E1
ads

¼ 1ev, E2
ads

¼ 15 ev, and lif ¼ 0:62 ev�A
�1

) according to Eqs.
(4) and (5). The blue/red shading denotes the 2D/3D crossover. (h) Summative figures of merit of 2D stability for the 45 metal candidates. The smallest number represents better 2D
stability; numbers are rounded to closest integers. (Reproduced with permission from Ref. [32]. Copyright © 2019, The Royal Society of Chemistry.).
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3.1. Bottom-up approach

3.1.1. Ligands-assisted growth

Capping ligands are broadly used in the synthesis of 2D metals
in a wet chemical environment. A ligand generally consists of an

active functional ‘head’ that can bind withmetal atoms or ions with
the rest being part of an inert molecule that act as a stabilizer.
Generally speaking, capping ligands with long-chain molecules as
inert parts results in better steric stabilization [7,27]. Capping
agents can either directly bind with individual metal atoms or are

Fig. 3. An atlas of (a) theoretically predicted and (bek) experimentally realized 2D metals. (a) Stable crystal structures for freestanding monolayer 2D metals predicted by DFT
calculations. Image for “hexagonal lattice (Cu, Ag, and Au)” (reproduced with permission from Ref. [45]. Copyright © 2015, the Owner Societies). Image for “8-Pmnn (Al)”
(reproduced with permission from Ref. [40]. Copyright © 2017, Elsevier B.V.). Images for “Buckled-Ga” and “Planar-Ga” (reproduced with permission from Ref. [48]. Copyright ©
2018, The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. Images for “DB Sn” (reproduced with permission from Ref. [53].
Copyright © 2014, American Physical Society). Images for “MoS2-like (Sn)” (reproduced with permission from Ref. [54]. Copyright © 2015, American Physical Society). Images for “a-
and b-form” (reproduced with permission from Ref. [60]. Copyright © 2016, American Physical Society). Gallenene (monolayer 2D Ga) via solid-melt exfoliation preparation: high-
resolution TEM (HRTEM) images for the gallenene (b) b010 and (c) a100 sheets, exhibiting a buckled and planar honeycomb structure, respectively (reproduced with permission from
Ref. [48]. Copyright © 2018, The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science). Stanene (monolayer 2D Sn) fabricated by
molecular beam epitaxy: (d) atomically resolved scanning tunneling microscope (STM) image of stanene on a Bi2Te3 substrate and the corresponding atomic structure mode viewed
from (e) top and (f) side, indicating that Sn film grows as a buckled honeycomb structure (reproduced with permission from Ref. [10]. Copyright © 2020 Springer Nature Limited).
Plumbene (monolayer 2D Pd) synthesized by the segregation of Pb atoms from Pd(1-x)Pbx(111) alloys: experimentally (g) STM image and (h) low-energy electron diffraction pattern
of plumbene on a Pd(111) substrate. (i) Structural model (top view) of a plumbene overlayer on Pd (111) forming a (√3 � √3)R30� unit cell. Red and gray balls denote Pb and Pd
atoms, respectively (reproduced with permission from Ref. [14]. Copyright © 2019, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany). Bismuthene (monolayer 2D Bi)
epitaxially grown on SiC(0001) substrates: (j) Close-up STM images and (k) structural model of bismuthene on SiC(0001) substrate, confirm the formation of a fully planar
honeycomb structure (reproduced with permission from Ref. [15]. Copyright © 2017, The Authors, some rights reserved; exclusive licensee American Association for the
Advancement of Science).
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absorbed on thermodynamically favorable crystallized planes.
During the growth of 2Dmetals, the inert parts of the metaleligand
complexes could form a 2D morphology because of a ‘soft tem-
plating’ effect [93,184]. Using this method, 2D metals with the
subnanometer thickness were synthesized. For example, Xu et al.
[180] designed a pyridinium-type surfactant with a long carbon
chain as the capping agent in the synthesis of ultrathin palladium
nanosheets (PdNSs). The PdNSs were prepared at 35 �C on a large
scale with H2PdCl4 as the precursor and ascorbic acid as the
reducing agent. As shown in Fig. 5a, the edge length of the nano-
sheets ranges from 100 to 200 nm. The AFM images and the height
profiles shown in Fig. 5bec indicate that the PdNSs are 8 Å thin, or
have a thickness of several atomic layers. With proper stimulates,
the shapes of the nanoplates could be easily controlled (Fig. 5dee).
More recently, co-reduction was frequently used to fabricate 2D
bimetallic nanosheets (Fig. 5feh) and even trimetallic nanosheets.
Note that the commonly used surfactants for the ligand-assisted
growth of 2D metals include poly (vinylpyrrolidone) (PVP)
[113,118,122,166,168,176,185], cetyltrimethylammonium bromide
(CTAB) [100,121,152], oleylamine [93,121,125], and so on.

3.1.2. Small-molecule-mediated growth

The presence of small molecules or ions, which are usually
considered as additives in the solution-based synthetic process, can
play an essential role in guiding the anisotropic growth of metallic
nanocrystals. Comparing to PVP or other surfactants that consist of
long-chain molecule, small molecules or ions sometimes show
stronger adsorption capability [27]. Preferential adsorption of
different molecules or ions on different facets enables tuning the
geometry of the nanocrystal [128]. Carbon monoxides (COs) and
halide ions (Cl�, Br�, and I�) are representative additives that are
frequently used. CO is extensively used in the synthetic process of
Pd nanosheets (Fig. 6a) [73,127,130,131,133,178], accompanied by
other surfactants, such as PVP or CTAB. For instance, Zheng et al.
[73] successfully synthesized Pd nanosheets with thickness as thin

as 1.8 nm through CO-confined growth. In the synthesis process,
palladium acetylacetonate, PVP, and a halide salt were dissolved in
a solvent, such as benzyl alcohol, followed by charging of CO to
1 bar. CO was also introduced in a co-reduction synthetic process
for freestanding PdePteAg ternary alloy nanosheets (Fig. 6bed)
[134]. Different from CO, halide ions were usually used in the
mediated growth of Au [128,153] and Ag [129] nanosheets. Wei
et al. [128] concluded that Cl� are ineffective in promoting the
anisotropic growth of Au nanocrystals because of its relativelyweak
interaction with the Au surface. In contrast, Br� and I� showed
selective adsorption on Au{100} and Au{111}, respectively, modu-
lating the growth of nanoprism or nanoplates along a specific di-
rection. In general, it is considered that the degree of specific
adsorption of halide ions on low-index Au surfaces should be
ranked in the descending order as: I�>Br�>Cl�>>F�.

3.1.3. 2D templates confined growth

The recent development of single-layered 2D materials has
drawn tremendous interests because of their broad potential ap-
plications. In recent years, researchers extensively explored the
possibility of using these 2D materials as templates for the syn-
thesis of 2D metals, although synthesis of 2D metals in confined
layers itself, however, is not a new topic. Dated back to the
beginning of this century, researchers had reported the successful
synthesis of 2D Pd and Pt in the interlayers of graphite using
graphite intercalation compounds as precursor materials
[135,136,141]. Among these earliest reports of 2D-templated
growth, GO or reduced graphene oxide (rGO) was extensively used
for the synthesis of Au nanosheets along with typical surfactants,
such as PVP or CTAB, and so on. [88,140,150] (Fig. 6e). In an organic
surfactant-free synthesis process (Fig. 6f) recently developed by

Yang et al. [182], PtCl2�4 were adsorbed onto the surface of GO in
the initial stage because of the existence of the oxygen-containing
functional group. In the subsequent steps, Pt nanoparticles as
reduced by H2 aggregate on the GO surface formed Pt nanosheets
with specific shapes because of the absence of surfactants (Fig. 6g).
Apart from GO or rGO, MoS2 and indium tin oxide were also used
for the synthesis of 2D Au, 2D Ag, 2D Pt, and 2D Pd [138,186]. The
concept of the 2D template can be extended to liquid–solid [163]
interface or soft templates formed by selected surfactants [81,105].
For instance, Jin et al. [81] reported the successful synthesis of
ultrathin Au nanosheets between the confined water layers in a
lamellar structured hydrogel. The layered membranes in the
hydrogel consisted of a self-assembled non-ionic surfactant hex-
decylglyceryl maleate and a non-surfactant sodium dodecyl
sulphonate. The Au nanosheets so produced could reach a lateral
size as large as tens of micrometers with a thickness around 5 nm
(as shown in Fig. 6hei).

3.2. Top-down approach

3.2.1. Mechanical compression

Taking advantage of good ductility of some elemental metals,
researchers reported the successful fabrication of a few kinds of
freestanding metallic nanosheets through mechanical compres-
sion. Fig. 7a illustrates the formation of Bi nanosheets through the
hot pressing of small agglomerates of pristine Bi nanoparticles
[143,144]. The AFM and SEM images of the Bi nanosheets shown in
Fig. 7bec indicate a minimum thickness of 2.55 nm and a lateral
size at the micrometer scale. Following the same line of thinking,
some methods even adopted repetitive folding and rolling to form
metal nanosheets [90,142]. For example, Wu et al. [90] applied
repetitive rolling and folding on an AgeAl bilayer and obtained a
composite plate with ordered stacking of Ag and Al layers. After

Fig. 4. Comparison of the lateral size versus aspect ratio (thickness-to-lateral scale) for
the 2D metals synthesized by different methods. The data points are collected from
Refs. [108e125] (ligands-assisted growth), Refs. [73,126e134] (small-molecule-medi-
ated growth), Refs. [81,88,105,135e141] (2D template-assisted growth),
Refs. [90,142e144] (mechanical compression), Refs. [145e148] (chemical reduction
enabled exfoliation), and Refs. [92] (PSBEE). Note that h represents the thickness of the
2D metals. PSBEE, polymer surface buckling enabled exfoliation.
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selective etching of one kind of metal layers, freestanding Ag or Al
nanosheets were obtained. The obtained metal nanosheets showed
a thickness of less than 10 nm and a lateral size at the micrometer
scale. Similar rolling and folding procedures were also applied to
the Alegraphene system and resulted in the successful synthesis of
2D Al with a thickness of ~3 nm [142]. As mechanical compression
offers a plausible method to continuously reduce the thickness of
bulk materials with significant yield efficiency; however, it only
works effectively on a few elemental metals with remarkable
ductilities, such as Ag, Al, Au, Ni, Pt, In, Bi, and so on. Notably, there
is no control of the geometry of the nanosheets produced by the
current mechanical compression methods.

3.2.2. Solution-based exfoliation

Different from most metals, Sb with gray allotrope has a
graphene-like layered structure, which allows 2D Sb to be fabri-
cated through exfoliation like graphene. Recently, Yang et al. [148]
developed a fabrication method to obtain freestanding Sb nano-
sheets through liquid-phase exfoliation of bulk Sb powder in iso-
propyl alcohol (Fig. 7d). The size of the Sb nanosheets so produced
ranges from 400 nm to a few micrometers with a thickness around
4 nm. A similar method may be applied to pure metals that do not
have layered structures. Matsumoto et al. [145] reported successful
preparation of Pt nanosheets by exfoliating the layered Pt precursor
materials followed by electrochemical reduction. By adjusting the

Fig. 5. (a) High-magnification TEM image of Pd nanosheets. (b) Atomic force microscopy (AFM) image of bare Pd nanosheets. (c) Height profiles correspond to the labels① and② in
(b), respectively. Reproduced with permission from Ref. [180]. Copyright © The Royal Society of Chemistry. (d) SEM image of Au hexagonal nanoprism obtained by the plasmon-
driven synthesis after 2 h of irradiation. The insets show a high-magnification SEM image of a single hexagonal nanoprism (i) and a nanoscale secondary ion mass spectrometry
(nanoSIMS) image (ii). (e) SEM image of Au triangular nanoprisms obtained. The insets show a high-magnification SEM image of a single triangular nanoprism (i) and a nanoSIMS
image (ii). The scale bars in all insets represent 200 nm. Reproduced with permission from Ref. [111]. Copyright © 2016, Springer Nature. (f) Low-magnification TEM image of RuNi
nanosheets. (geh) High-angle annular dark-field (HAADF)-STEM and the corresponding energy dispersive spectroscopy (EDS) elemental mapping images taken from two RuNi
nanosheets (g) and the edge region of an individual RuNi nanosheet (h). Reproduced with permission from Ref. [183]. Copyright © 2019, Elsevier Ltd.
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reduction conditions, monolayer Pt nanosheets were obtained.
Through a similar method, ultrathin Ru nanosheets were also ob-
tained by reducing the exfoliated RuO2 nanosheets [147].

3.2.3. PSBEE

Surface instability on a stressed soft substrate with metallic
coatings was extensively studied for surface patterning [187e189].
Recently,Wang et al. [92] developed a newmethod based on PSBEE,
which enables the fabrication of large-scale freestanding 2Dmetals
and alloys. As shown in Fig. 8a, the typical fabrication process of
PSBEE includes the following steps: (1) preparation of a Polyvinyl
Alcohol (PVA) substrate, (2) film deposition on the PVA, and (3)

peeling off of the film from the PVA substrate. This method was
proved applicable not only to elemental metals, but also to chem-
ically complex alloys such as metallic glass and high entropy alloys
such as ZrCuAlNi and FeCoNiCrNb0.5 (Fig. 8bec). Meanwhile, it
could be well extended to fabricating ceramic nanosheets, such as
TiO2 and SiC. The lateral size of the 2D metals so produced could
reach the centimeter scale with the thickness around tens of
nanometers (Fig. 8d). The fabrication is mainly based on a pure
mechanical process, which involves crack initiation and propaga-
tion at the film–PVA interface. Once immersed in water, the dry
PVA substrate would absorb water and start to swell, which,
however, is constrained by the upper metal/ceramic film. The

Fig. 6. (a) TEM image of the palladium nanosheets. Insets: TEM image of the assembly of palladium nanosheets perpendicular to the TEM grid, thickness distribution of the
palladium nanosheets, and photograph of an ethanol dispersion of the as-prepared palladium nanosheets in a curvette. Reproduced with permission from Ref. [73]. Copyright ©
2010, Springer Nature. (b) Low- and (c) high-magnification TEM images of the PdePteAg nanosheets (the inset shows the visible lattice fringes). (d) HAADF-STEM image and
corresponding EDS elemental maps of a PdePteAg nanosheet. Scale bar: 20 nm. Reproduced with permission from Ref. [134]. Copyright © 2016, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim, Germany. (e) TEM image of ~2.4-nm-thick Au square nanosheets (AuSSs) synthesized on a GO surface (scale bar, 500 nm). Inset: crystallographic models for a
typical AuSSs with its basal plane along the [110] h zone axis. Reproduced with permission from Ref. [88]. Copyright © 2011, Springer Nature. (f) The growth mechanism of the Pt
nanosheets on the surface of RGO. (g) TEM images of the Pt nanosheets after 60-min growth on RGO. Reproduced with permission from Ref. [182]. Copyright © 2014, Elsevier Ltd. All
rights reserved. (h) SEM image (scale bar, 1 mm) and (i) topological AFM image (scale bar, 1 mm). The inset of (i) is the height profile of a typical Au membrane showing the thickness
of 5.1 nm. Reproduced with permission from Ref. [105]. Copyright © 2014, Springer Nature.
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constraint from the film imposes compression stress on the PVA
substrate and leads to surface wrinkling and ultimately to interfa-
cial fracture [92].

In principle, the thickness of the 2D metals/ceramics fabricated
via PSBEE is governed by the thermodynamics of film deposition.
For magnetron sputtering, according to Zhang et al. [190], both
sputtering parameters and target compositions affect whether a
deposited film is formed by adatoms or by atomic clusters. In such a
case, the minimum thickness of the 2D metals obtained through
PSBEE could be related to the typical size of the individual ‘patches’
or ‘islands’ formed by the accumulation of atoms or atomic clusters
right after they ‘land’ on the PVA substrate [191]. In theory, a
complete solid film is formed once these ‘patches’ or ‘islands’ grow
into contact. According to the literature [192,193], if the PSBEE
method was based on magnetron sputtering, we would estimate
that the minimum thickness of non-porous 2D metals formed via
adatom deposition, mostly for elemental metals, should be less

than 10 nm; by comparison, this minimum thickness increases
to ~10 nm or even more for 2D non-porous chemically complex
alloys formed via cluster deposition [194,195]. If the deposited film
thickness is less than the minimum thickness because of insuffi-
cient deposition time, excessive porosities or vacancies may appear
in the 2D metals and alloys fabricated through PSBEE.

Aside from regular planar nanosheets, PSBEE allows the fabri-
cation of nanosheets with controlled shape and size through the
use of deposition masks. In Ref. [92], Wang et al. successfully
fabricated 2D metals with the shape of circle, square, and hexagon,
as shown in Fig. 8eeg. In addition, our recent results show that the
PSBEE method is capable of fabricating multilayered nanosheets
with patterned interlayers, as seen in Fig. 9. These new interesting
results could bring new applications in ultrathin flexible
electronics.

The current results revealed that the ‘bottom-up’ approaches,
such as the wet-chemical methods, are versatile in synthesizing

Fig. 7. (a) A schematic diagram illustrating the fabrication process of Bi nanosheets (BiNSs) using pristine Bi nanoparticles via the facile hot-pressing method. (b) AFM image of a
large area BiNSs on Si/SiO2 substrate. The inset shows the height profile diagram of a Bi nanosheet marked by ‘AeB’. (c) SEM images of BiNSs transferred to carbon tape directly from
Si/SiO2 substrate. Reproduced with permission from Ref. [143]. Copyright © 2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany. (d) Schematic illustration of the
fabrication process of Sb nanosheets-graphene (SbNS-G) film. (e) Typical TEM images of Sb nanosheets. Reproduced with permission from Ref. [148]. Copyright © 2017, Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim, Germany.
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single-crystalline nanosheets of elemental metals. However, most
of the results were obtained mainly for laboratory use and the
capability of mass production is yet to be demonstrated for in-
dustrial applications. Although it seems that the top-down ap-
proaches may have a higher yield than the bottom-up approaches
in the fabrication of 2D metals, further research efforts are needed
for the mass production of 2D metals.

4. Properties and applications

In recent years, 2D metals have attracted tremendous interest
because of their novel optical, physical, and chemical properties
[196]. It is the high surface-to-volume ratio, sheet-like structure,
and high electronmobility that contribute to the distinct properties
of 2D metals, making them promising candidates in future appli-
cations. First, sheet-like structures facilitate the coupling between
2D metals and an electromagnetic field, thereby leading to local-
ized surface plasmon resonance (LSPR). In general, LSPR indicates
collective oscillation of free electrons in resonance with the elec-
tromagnetic radiation at a certain excitation frequency, which is
determined by shape, size, and component of metallic

nanostructures. Given some special sheet-like structure and a
relatively large lateral size, 2D metals showed broad plasmon ab-
sorption in the near-infrared (NIR) region, which is distinct from 0D
and 1Dmetallic nanostructures [27]. As NIR lights have an excellent
tissue penetration ability, 2D metals with NIR LSPR are attractive
for bioengineering, such as photothermal therapy [23,73,162,197]
and bioimaging [21e23,198e200]. In addition, the lateral size of 2D
metals could be easily altered by changing the synthesis details
[23,162]. As the LSPR absorption peak changes with the size of
metal nanostructures, 2D metals usually possess a tunable LSPR
absorption peak by changing their lateral size. For example, Fuente
et al. [162] reported that the LSPR band of Au nanoprisms was
tuned in the NIR region as the size of the nanoprisms changes,
enabling the tailoring of LSPR.

Second, the high surface-to-volume ratio results in a high sur-
face energy of 2D metals. Owing to the high density of coor-
dinatively unsaturated atoms and the corresponding large surface
area, 2Dmetals are highly favorable for surface-related applications
[201]. Particularly, 2D noble metals were widely studied as a
catalyst in various reactions, including hydrogen evolution reaction
(HER), oxygen evolution reaction (OER), and so on. Third, shape

Fig. 8. (a) Schematic illustration of the fabrication process of 2D metals based on PSBEE, (b) SEM, (c) high-resolution TEM, and (d) AFM images of 2D FeCoNiCrNb obtained via
PSBEE. The insets of (c) and (d) are the FFT pattern of the corresponding HRTEM image and the line-scan profile across the edge. (eeg) SEM images of the round, square, and
hexagon-shaped 2D FeCoNiCrNb fabricated via the masked deposition. Reproduced with permission from Ref. [92]. Copyright © 2020, Elsevier Ltd. All rights reserved.
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anisotropies can easily come along with 2D structures, which was
found to enhance the magnetic anisotropy feature of metal nano-
structures [202]. As anisotropic magnetic properties are the pre-
requisite for ferromagnetic hysteresis of metals, which could be
used in magnetic memory devices [27], 2D nanostructures of
magnetic metals (Fe, Co, and Ni) were demonstrated to possess an
enhanced magnetic anisotropy, while their isotropic nanoparticles
and bulks are usually superparamagnetic at room temperature
[203].

4.1. Biomedical engineering

4.1.1. Photothermal therapy

Photothermal therapy is a treatment that generates local hy-
perthermia in vivo to selectively kill targeted cancer cells. The
photothermal therapy uses phototherapeutic agents to generate
hyperthermia from electromagnetic waves, preferably from
NIR lights, which have an excellent tissue penetration ability. 2D
metals, such as 2D Au [23,162], were demonstrated to be an
excellent candidate material because of their biocompatibilities
and strong LSPR absorption in the NIR region. For example, Fuente
et al. [162] reported the synthesis and modification of Au nano-
prisms (NPRs) with photothermal functions. The LSPR band was
altered along the NIR region by tuning the size of the Au NPRs
(Fig. 10aee). The biocompatibility and photothermal stability of the
Au NPRs were enhanced after functionalization with hetero-
bifunctional PEG and 4-aminophenyl b-D-glucopyranoside chains,
which made the Au NPRs a promising photothermal agent. Zhou

et al. [23] reported an effective method to tailor the plasmon mode
of Au triangular nanoprisms by tuning their shape (Fig. 10f). By
tuning the plasmon band into one resonant with incident light, the
Au triangular nanoprisms exhibited better performance in killing
Hela cancer cells, compared to Au nanoprisms without tuning.

Besides 2D Au, 2D Pd also displayed excellent photothermal
properties, such as biocompatibilities and photothermal stability.
Zheng et al. [73] reported a facile synthesis method for hexagonal
Pd nanosheets (NSs) and examined its photothermal performance.
Under 10 min NIR laser irradiation, the temperature of the palla-
dium solutionwith a concentration of 27 ppm increased from 28 �C
to 48.7 �C (Fig. 10g). The Pd NSs maintained its sheet-like
morphology after 30 min irradiation of 2 W, 808 nm laser,
demonstrating an excellent photothermal stability. Impressively,
~100% of liver cancer cells were killed via the photothermal effect
caused by the Pd NSs after 5 min of irradiation with an 808-nm
laser, indicative of an excellent cell-killing efficiency (Fig. 10hei).
The same group [197] also altered the morphology feature of the Pd
NSs by coating them with silica, to promote their entrance into
cells. With the increased sheet thickness and positive charges on
the sheet surface, the photothermal cell-killing efficiency of the Pd
NSs was highly improved.

4.1.2. Bioimaging

According to the literature [21e23,198e200], the sensitivity and
selectivity of various bioimaging techniques could be enhanced by
the use of 2D metals, which enables tunable light absorption and
easy surface modification. Noble metals, such as Ag, Au, and Pd

Fig. 9. (aeb) Photos of multilayered nanosheets with patterned interlayer floating on the water surface. (ced) Optical images of the multilayered nanosheets transferred onto the Si
surface.
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[21e23,198e200], were extensively studied as a potential contrast
agent for bioimaging, particularly for photoacoustic (PA) imaging,
inwhich acoustic waves are generated by a photothermal effect and
converted into imaging signals.

Emelianov et al. [21] synthesized Ag nanoplates (NPs) using the
biocompatiblemethods and introduced them as a novel PA imaging
contrast agent. Antibody-conjugated Ag nanoplates showed a sig-
nificant accumulation in pancreatic cancer cells in vitro due to
receptor-mediated endocytosis. Furthermore, the antibody-
conjugated Ag NPs could be visualized in the PA imaging of a
mouse with orthotopic pancreatic cancer. The imaging contrast of
the tumor region was enhanced (Fig. 10jek), demonstrating the
ability of Ag NPs to selectively enhance the contrast of a specific
region. The same group [198] also reported silica-coated Au NPs as
a potential PA contrast agent, displaying a sustained and strong PA
signal in a sentinel lymph node mapping in vivo.

Besides PA imaging, 2D metals were also used in other bio-
imaging techniques, such as computed tomography (CT) imaging
[199], optoacoustic tomography [200], optical coherence imaging
[23], and two-photon-induced luminescence [22]. Zheng et al.
[199] demonstrated the potential application of core-shell Pd@Au

NPs for both PA and CT imaging. Enhancement of signal intensity
was observed 24 h after the injection of Pd@Au NPs during
in vivo PA imaging and CT imaging (Fig. 10l). Cui et al. [200] used
PEGylated Au nanoprisms as signal amplifiers in multispectral
optoacoustic tomography. These results indicated that the PEGy-
lated Au nanoprisms were able to provide high-resolution imaging
signals, with more fitting light absorption profiles and fewer
toxicity than other plasmonic materials.

4.1.3. Sensing

In general, the LSPR absorption peak of metal nanostructures or
2D metals changes when the dielectric constant (refractive index
RI) of their surrounding environment is altered. LSPR-based sensing
is thus achieved by combining this attribute of 2D metals with
complementary molecular identification techniques. In LSPR-based
sensing, biological or chemical species are sensed by monitoring
the plasmon band shift of 2D metals when the target analyte binds
to its surface. Ag- and Au-based metal nanostructures have been
most studied in their sensing ability for various biological mole-
cules [24,119,165,204e207].

Fig. 10. (a) UVeviseNIR spectra of the resulting preparations as the volume of the second addition of reductant increases, that is, 0.2�, 0.3�, 0.4�, and 0.5�. (bee) SEM images of
NPRs with an increasing average edge length corresponding to the preparations where the volume of the second addition of reductant was 0.2� (b), 0.3� (c), 0.4� (d), and 0.5� (e);
scale bar is 500 nm in all cases. Adapted with permission from Ref. [162]. Copyright © 2012, American Chemical Society. (f) Time-dependent UVevis extinction spectra of GTNPs
when exposed to O3 (75 ppm) for different periods. The dipole plasmon mode of GTNPs blue-shifts from 1,004 nm to 790 nm in the NIR region (as shown as the red region). The
insets show the shape transformation of the gold triangular nanoprism (GTNPs) with the shift of their plasmon mode. Adapted with permission from Ref. [23]. Copyright © 2015,
The Royal Society of Chemistry. (g) The plot of temperature vs. time recorded at different concentrations of Pd nanosheets under laser irradiation. (h and i) Micrographs of human
hepatoma cells after (h) 2 min and (i) 5 min of irradiation by a 1-W laser. Dead cells are stained in blue. Adapted with permission from Ref. [73]. Copyright © 2011, Nature Publishing
Group. (j and k) 2D cross-sections of an orthotopic pancreatic tumor in a nude mouse model. The ultrasound (US) image (j) shows the anatomical features, whereas the ultrasound
and photoacoustic (USPA) image (k) shows the molecular accumulation of a-(EGFR) epidermal growth factor receptor conjugated nanoplates (yellow), oxygenated blood (red), and
deoxygenated blood (blue). Image dimensions are 14.5 � 11.8 mm. Adapted with permission from Ref. [21]. Copyright © 2011, American Chemical Society. (l) In vivo cross-sectional
CT images of mice before and after Pd@Au-(PEG) polyethylene glyc. Adapted with permission from Ref. [199]. Copyright © 2014, John Wiley & Sons, Inc.
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Zamborini et al. [24] reported a highly sensitive detecting ability
of Au nanoplates for human IgG. Au nanoplates showed a red-shift
of 22 nm up to 68 nm when they were edge-functionalized with
human anti-IgG, which was 4e8 times greater than the shift of Au
nanospheres. The human antieIgG-functionalized Au nanoplates
successfully detected 10 pg/mL of human IgG by showing a large
red-shift (45 nm) of the LSPR peak, when they were exposed to IgG
solution. Kim et al. [208] reported that Ag nanoplates showed a
color change induced by LSPR shift when they were aged with
styrene-4-sulfonate at room temperature. In addition, color
changes of Ag nanoplate solution were found when the Ag nano-
plate was aged with potassium persulfate. The degree of blue-shift
of final colors was dependent on external temperatures, indicating
that the Ag nanoplates could be applied to colorimetric sensing of
the temperature.

4.2. Catalysis

4.2.1. Oxygen reduction reaction

Oxygen reduction reaction (ORR) is important for the
commercialization of fuel cells and metal-air batteries. Develop-
ment of ORR, however, has been hindered by its sluggish reaction
kinetics, and high cost and poor durability of present commercial
catalysts. 2D metal/alloy nanostructures were found to have good
performance as ORR catalysts. Ding et al. [209] synthesized ultra-
thin core-shell Pd@Pt monolayer. The core-shell Pd@Pt monolayer
exhibited an activity of 0.438 A/cmPt

2 and a mass activity of 0.717 A/
mgPt at the potential of 0.9 V (vs. reversible hydrogen electrode
[RHE]) in O2-saturated 0.1 M HClO4 aqueous solution, reaching 3.4
and 6.6 times that of the commercial Pt/C (Fig. 11a). Bard et al. [212]
discovered that elastic strain affects the ORR activity of Pt, that is,
compressive strains improved the ORR activity. Huang et al. [20]
reported that biaxially strained PtPb@Pt core-shell nanoplates
supported on the commercial carbon displayed excellent ORR

performance in aqueous solution. The specific activity could be 33.9
times that of the commercial Pt/C. According to their DFT calcula-
tions, the stable Pt (110) facets exposed on the surface of PtPb@Pt
core-shell nanoplates had large tensile strains, which were bene-
ficial for optimizing the PteO bond strength. Shaojun et al. [213]
prepared intermetallic Pd3Pb square nanoplates (SNP) with a
tunable crystalline orientation. The dependence of catalytic activity
on crystalline orientation was noticed. Mass activity of the inter-
metallic Pd3Pb SNPwas 0.78 A/mg at 0.9 V versus RHE in an alkaline
condition, which was 7.1 times larger than that of the commercial
Pt/C. Recently, Chen et al. [214] synthesized wrinkled PtePd
nanosheets and found that the freestanding Pd19Pt1 nanosheet
had superior activity toward ORR. The half-wave potential of
Pd19Pt1was 0.949 V (vs. RHE), which was 72mVmore positive than
that of Pt/C.

4.2.2. Hydrogen evolution reaction

H2 is a highly efficient and environmentally friendly fuel source.
Water splitting is considered as one of the most promising tech-
niques to generate H2. Hydrogen evolution reaction (HER) occurs at
cathode of the water splitting process. To date, Pt is considered as
the most promising catalyst for HER reaction. But its high cost and
scarcity have hindered its widespread application in HER. A great
deal of effort has been performed to alloy Pt with cheap metals, or
to develop a non-precious metal catalyst. Zheng et al. [210] tested
the HER catalytic performance of PtCu alloy nanosheets and found
that the PtCu alloy nanosheets needed smaller overpotential for
HER than PtCu nanoparticles or Pt black. PtCu alloy nanosheets
needed overpotential of 55 mV to reach the current density of
100 mA/cm2, whereas the PtCu nanoparticles and Pt black needed
an overpotential of 72 and 111 mV (Fig. 11b). Nanfeng et al. [19]
prepared a 3D PdCu structure made up of numerous PdCu nano-
sheets, and the 3D PdCu nanosheet built structure was found to
have exceptional catalytic properties for both HER and the

Fig. 11. (a) The area-specific kinetic current densities (jk) for Pd@Ptmonolayer and commercial Pt/C. Adapted with permission from Ref. [209]. Copyright © 2015, The Royal Society of
Chemistry. (b) Tafel plots obtained with PtCu nanosheets (NS), PtCu nanoparticles (NP), and Pt black catalysts as indicated without IR correction . Adapted with permission from Ref.
[210]. Copyright © 2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany. (c) Faradaic efficiencies of formate at each given potential for 4 h. The error bars in (c) represent
the standard deviations of five independent measurements of the same sample. Adapted with permission from Ref. [94]. Copyright © 2016, Springer Nature. (d) The CV curves were
recorded in an aqueous solution containing 0.5 M H2SO4 and 0.25 M HCOOH at a scan rate of 50 mV/s-. Edge size of palladium nanosheets, 41 nm; palladium black from Aldrich (47
m2/g). Adapted with permission from Ref. [73]. Copyright © 2010, Springer Nature. (e) PdCu NSs samples peak current densities of ethylenediamine-treated samples 1e5 for FAO.
Adapted with permission from Ref. [117]. Copyright © 2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany). (f) Graphical charts of the specific activities of all the
catalysts. Adapted with permission from Ref. [211]. Copyright © 2013, American Chemical Society.
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oxidation of alcohol. In a basic medium in 1 M KOH, the over-
potential of PdCu nanosheets to reach a current density of 10 mA/
cm2 is 106 mV, which is lower than that of PdCu nanoparticles, Pd
nanosheets, and Pd black. Wang et al. [215] reported that the tri-
metallic PtAgCo ultrathin nanosheets had higher electrocatalytic
activity and durability for HER than the commercial Pt/C catalyst.
Very recently, Feng et al. [216] synthesized trimetallic PtRhCo petal-
assembled alloyed nanoflowers (PtRhCo PAANFs) with a one-pot
solvothermal method, which exhibited superior activity and
durability for HER reaction in the alkaline electrolyte. The Tafel
slope of the PtRhCo PAANFs (48 mV/dec) is smaller than that of the
commercial Pt/C (61 mV/dec), and the normalized chro-
noamperometric plot at �0.07 V only shows a smaller attenuation
of 7.6% after testing for 12 h under alkaline conditions, demon-
strating that suitable content of Rh in the PtRhCo alloy would
significantly boost the catalytic durability.

4.2.3. Oxygen evolution reaction

Oxygen evolution reaction (OER) plays an important role in both
water splitting process and greenhouse gas (CO2) reduction. With
the increasing concerns in environmental issues and clean energy
sources, a highly efficient OER reaction is desired nowadays.
However, the sluggish kinetics has been limiting the reaction rate of
OER. A great deal of efforts have been dedicated to synthesizing or
preparing more efficient OER catalysts [94,217e219]. Huang et al.
[218] prepared 3D Ir superstructures made up of ultrathin Ir
nanosheets, who had 3D accessible active sites, large surface area,
and proper layer distance. The obtained 3D Ir superstructures
possess unexceptional OER catalytic properties in both alkaline and
acidic conditions, which is better than the Ir nanoparticles. On the
other hand, the development of CO2 reduction catalysts focuses
mainly on the Faradaic efficiency and selectivity toward value-
added carbon compounds. Freestanding Co nanosheets with four
atomic layers were prepared by Xie et al. [94], who found that
partially oxidized Co nanosheets had excellent activity and selec-
tivity for the CO2 reduction reaction (Fig. 11c). The OER perfor-
mance of the partially oxidized Co nanosheets was better than that
of pure Co nanosheets, the partially oxidized bulk Co, and the bulk
Co metal.

4.2.4. Oxidation reaction of organic molecules

Direct liquid fuel cells are promising energy devices that have a
lower operating temperature and less pollution than conventional
energy devices. Among various oxidation reactions of organic
molecules, formic acid oxidation reaction (FAO) is regarded as a
representative energy source because of its efficient and clean en-
ergy supply. 2D metals were demonstrated to have outstanding
catalytic properties toward FAO. Particularly, noble metals such as

Pd and Pt and their alloys are widely used as a catalyst for FAO.
Wang et al. [220] synthesized one-atom-thick multimetallic PtCu
nanosheets with an outer Pd-based alloy shell with doping of other
metals. All these PtCu nanosheets unfolded higher catalytic activity
for FAO than commercial Pd/C. PtCu@PdIr showed the highest
specific activity (1.46 mA/cm2), which was 8.6 times that of com-
mercial Pd/C (0.17 mA/cm2). In another research of Wang's group
[221], 2D PteAg ultrathin NSs were fabricated, and also showed a
high specific activity (1.8 mA/cm2) and mass activity toward FAO. In
Zheng's work [73], Pd nanosheets have revealed excellent catalytic
activity for FAO as compared to the commercial Pd black. Pd
nanosheets showed a maximum current density of 1,380 mA/
mgPd at the peak potential of 0.14 V (vs. saturated calomel elec-
trode) for FAO, which is 1.5 times higher than that of commercial Pd
black (Fig. 11d). Zhang et al. [117] prepared a series of PdCu alloy
NSs with tunable Cu/Pd atomic ratios. They all showed highly
enhanced catalytic activity for FAO after the post-treatment with
ethylenediamine as compared to other Pd-based catalysts. Partic-
ularly, the PdCu alloy nanosheets with Cu/Pd atomic ratio of 0.19
unfolded the highest current density, reaching 1,656 mA/mgPd at
the peak potential of 0.12 V (vs. Ag/AgCl) in the FAO (Fig. 11e).

Besides FAO, 2D metals and alloys also demonstrated excellent
catalytic properties of the oxidation reaction of alcohols, such as
ethanol oxidation reaction (EOR) and methanol oxidation reaction
(MOR). For example, Wang's group [211] fabricated PtCu nanocones
and nanosheets and used them as catalysts for EOR. PtCu nano-
cones exhibited superior catalytic activity, which is about 22 and 14
times higher than that of Pt black and Pt/C, respectively. PtCu
nanosheets also showed catalytic activity, which is almost 14 and 9
times higher than that of Pt black and Pt/C (Fig. 11f). Zheng et al.
[19] demonstrated that the 3D PdCu alloy nanosheets have superior
activity and stability for the EOR when the molar ratio between Pd
and Cu is 45/55. Catalytic stability of 3D Pd45Cu55 alloy nanosheets
was also demonstrated, retaining 96% of the initial activity after 2 h
of stability test at 0.7 V (vs. RHE).

4.3. Nanodevice and electronics

Magnetic properties of 2D metals highly depend on their
thickness, shape, and nanostructure [202]. Ferromagnetic 2D
metals or metallic nanomaterials have a potential application in
magnetic memory devices (Fig. 12a). 2D metals, such as Fe, Co, and
Ni, with shape anisotropy have been demonstrated to have
enhanced magnetic anisotropy, which could finally enhance the
ferromagnetic hysteresis [125,132,203,223e225]. For example, Li
et al. [203] reported that Co and Ni nanoplatelets with a shape
anisotropy exhibited enhanced coercivities and blocking tempera-
ture. The coercivity of Co nanoplatelets was 218 Oe (or 176 Oe) with

Fig. 12. (a) Schematic of a perpendicular magnetic recording media with ferromagnets. Adapted with permission from Ref. [222]. Copyright © 2015, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim, Germany. (b) The hysteresis loops of the cobalt nanoplatelets with the magnetic field applied parallel and perpendicular to the nanoplatelets at 300 K,
respectively. M/Ms indicates the magnetization (M) normalized by the saturated magnetization (Ms). Adapted with permission from Ref. [203]. Copyright © 2007, American
Chemical Society. (c) low-voltage spherical aberration-corrected transmission electron microscope (LVACTEM) micrograph of a monoatomic Fe layer with the square unit cell. The
inset highlights the interatomic spacing of the square unit cell. Scale bar, 0.6 nm. Adapted with permission from Ref. [8]. Copyright © 2014, American Association for the
Advancement of Science.
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the applied magnetic fields parallel (or perpendicular) to the
nanoplatelets at 300 K, which is significantly larger than that of
bulk Co and the Co spheres (Fig. 12b). Ni nanoplatelets also showed
an enhanced coercive force, reaching 120 Oe at 300 K. These results
demonstrate the ability of these 2D metallic nanostructures to
serve as ferromagnets in memory devices. Single-atom layers of
metals also received considerable attention because of their novel
magnetic properties. The unsaturated coordination of the atoms of
single-atom layers leads to the enhancement of the magnetic
moment [226]. Rümmeli et al. [8] reported the formation of the
crystalline single-atom layer of Fe, which was suspended across
perforations in the graphene (Fig. 12c). The first-
principle calculations showed that the magnetic moment of single-
atom-layer Fe is ~50% higher than that of bulk BCC Fe. In addition, a
large perpendicular magnetic anisotropy arises from the different
spin-orbit coupling in the ferromagnetic layer [227]. Application of
single-atom-layer metals with such magnetic characteristics is
promising for reducing the size of magnetic memory devices and
increasing the data-storage density.

Because of the excellent electrical properties of the 2D metals, it
is reasonable to consider that the 2D metals could have great use in
various kinds of electronics, especially the flexible electronics that
have seen rapid development in the past few years. In general, one
may adopt the elastomeric stamp printing technique [228] and use
the solution mixed with 2D metals as ink to print the circuits. Ahn
et al. have demonstrated the feasibility of fabricating arrays of high-
electron-mobility transistors and metaleoxideesemiconductor
field-effect transistors with the use of GaN bars and Si nanoribbons,
respectively [229]. Recent first-principle DFT calculation indicates
that it is possible to replace the Si nanoribbons with antimonene
[230] and tinene [51].

5. Summary

In summary, according to the liquid-drop energy model [32],
only a fewmetals possess intrinsic 2D stability under the gas-phase
condition but their in-plane size is limited. Further atomistic cal-
culations showed that the stability of 2D metals could be signifi-
cantly improved if confined within the pores in a graphene, which
agreed with the experimental results [8,38]. Atomistic simulations
also showed that the formation of freestanding 2D metals is
possible with a rearranged crystal structure distinct from the cor-
responding bulk structure [9,40e54], which was also validated by
experiments [10e13,58,59].

Aside from atomistic thin 2D metals, various bottom-up and
top-down methods were developed to synthesize freestanding
ultrathin 2D metal and alloys. At the present time, the chemistry-
based synthesis method plays a major role in making 2D metals
owing to its good control of the shape of the 2Dmetals so produced.
However, it has several shortcomings, including the low production
efficiency, limited lateral size, and restricted chemical composition
of the 2D metals. By comparison, the physics-based method, such
as the PSBEE [92], enables the fabrication of large-sized 2D metals
and alloys with complex chemical compositions.

Benefiting from their novel chemical and physical properties, 2D
metals were already used in a few applications, from biomedical
engineering, catalysis, to memory devices. However, challenges still
remain, including an in-depth understanding of thermodynamic
stability of 2D metals and alloys as their chemical compositions
become more complicated, and a better control of the thickness,
morphology, and shape of 2D metals and alloys such that their
applications can be broadened in the years to come. Overall, we
believe that, with the development of new processing methods for
2D metals, those capable of mass-producing 2D metals with

tunable size, shape, and chemical compositionwill become popular
in the future research and applications.
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