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In Situ Fabrication of Freestanding Single-Atom-Thick 2D
Metal/Metallene and 2D Metal/ Metallene Oxide
Membranes: Recent Developments

Huy Q. Ta, Rafael G. Mendes, Yu Liu, Xiaoqin Yang, Jingping Luo, Alicja Bachmatiuk,
Thomas Gemming, Mengqi Zeng, Lei Fu, Lijun Liu, and Mark H. Rümmeli*

In recent years, two-dimensional (2D) materials have attracted a lot of
research interest as they exhibit several fascinating properties. However,
outside of 2D materials derived from van der Waals layered bulk materials
only a few other such materials are realized, and it remains difficult to confirm
their 2D freestanding structure. Despite that, many metals are predicted to
exist as 2D systems. In this review, the authors summarize the recent
progress made in the synthesis and characterization of these 2D metals, so
called metallenes, and their oxide forms, metallene oxides as free standing 2D
structures formed in situ through the use of transmission electron microscopy
(TEM) and scanning TEM (STEM) to synthesize these materials. Two primary
approaches for forming freestanding monoatomic metallic membranes are
identified. In the first, graphene pores as a means to suspend the metallene or
metallene oxide and in the second, electron-beam sputtering for the selective
etching of metal alloys or thick complex initial materials is employed to obtain
freestanding single-atom-thick 2D metal. The data show a growing number of
2D metals/metallenes and 2D metal/ metallene oxides having been confirmed
and point to a bright future for further discoveries of these 2D materials.
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1. Introduction

1.1. New 2D Materials and Their Freestand-
ing Structure

2D materials can exhibit exceptional
surface-related properties because their
atomic-scale thickness leads to surface
and quantum confinement effects, such
as the quantum Hall effect,[1,2] as well as
very high electron mobility[3,4] and thermal
conductivity.[5] Hence, they have been
studied intensively in the last decade. 2D
materials such as graphene, h-BN, and
transition metal dichalcogenides (TMD),
which are used widely, are known to exhibit
strong intralayer covalent bonding and
weak interlayer van der Waals bonding.
Thus, they can be exfoliated with ease to
form atom-thick layers. On the other hand,
metals with metallic bonding (isotropic)
preferentially exhibit 3D close-packed
structures, which presumably cannot be
exfoliated to form 2D structures. Therefore,
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currently, research on 2D materials is mostly limited to van der
Waals structures.

Research on 2D metals was initiated with reports of the exis-
tence of single[6] and few-layer materials.[7,8] For instance, mem-
branes of potassium on graphene, single-atom-thick layers of Pb
and In on Si(111),[9] Hf layers on Ir(111),[10] Rh nanosheets on
poly(vinylpyrrolidone),[11] and Ga layers on different substrates
have been reported.[12] Hence, the term “metallene” is being
used to refer to metals, which do not show a layered structure
in the bulk form and can exist as a 2D layered structure. An ex-
ample would be silicene (the 2D form of silicon).[13] Similarly,
tin can yield stanene,[14,15] while germanene is the 2D form of
germanium.[16] In addition, antimonene[17] and plumbene have
also been reported.[18] As 2D materials, 2D metals/metallenes are
assumed to be sufficiently stable in their freestanding form (as
is the case for graphene, h-BN, and TMD, among other materi-
als). However, this has not yet been demonstrated experimentally.
The first freestanding iron membrane with single-atom thick-
ness was successfully fabricated by Rümmeli et al.,[19] in 2014,
using an electron beam (e-beam). This confirmed the existence
of 2D metals/metallenes as a new class of 2D materials. In keep-
ing with previous approaches, such as the epitaxial growth of a
2D metals/metallene using a small-lattice-mismatch substrate,
Rümmeli et al. used the e-beam of a TEM system to drive the
formation of Fe surface atoms and nanoparticles (NPs) into Fe
2D membranes suspended in graphene pores. This increased re-
search interest in freestanding 2D metals/metallenes as well as
the possibility using e-beams to form novel 2D materials.

Inspired by the discovery of Rümmeli et al., there have been
several theoretical efforts to predict the existence of other free-
standing 2D metals/metallenes, such as those of Au,[20] Ag,[21]

and Cu.[22] In a systematic investigative study by Nevalaita et
al.,[23] the 2D structures of 45 different metals were analyzed
through density functional theory (DFT) simulations. The calcu-
lations showed that most of the 2D metals are more stable in the
hexagonal- and honeycomb-structured forms than in the square-
lattice-structured form. The cohesive energy plays an important
role in the formation of 2D metals. A stable 2D metal must exhibit
a balance between the 2D cohesion, which must be sufficiently
high, and the 3D bulk cohesion, which must be sufficiently low.
The 2D structure will be unstable if the 2D cohesion is too low,
while a 3D structure is formed if the 3D bulk cohesion is too high.
Hence, both theoretical and early experimental studies suggest
the existence of a new class of 2D elemental metals in the form
of freestanding structures.

1.2. Electron Beam–Specimen Interactions

As discussed in the previous section, TEM is not merely a sim-
ple tool for characterizing 2D materials. During observations, its
e-beam also interacts with the test specimen. For instance, in the
case of Fe NPs, it can drive the NPs to form a monoatomic Fe
membrane. This is a typical example highlighting the power and
versatility of advanced high-resolution TEM (HRTEM) systems
in materials science, physics, and chemistry. The energetic elec-
trons can not only yield morphologic, compositional, and crystal-
lographic information regarding the test specimen but can also
drive in-situ reactions with the specimen (i.e., e-beam–specimen

interactions) at the atomic level.[19,24–30] Various types of interac-
tions can occur during TEM[31] when the energetic electrons pen-
etrate the test specimen. The incident electrons lose their energy
(or experience a change in their momentum), and this energy is
transferred to the specimen atoms, resulting either in the heating
of the specimen or the breakage and rearrangement of the chem-
ical bonds between its atoms. On the other hand, a few electrons
can travel through the specimen without any (or very little) loss
in energy. These two events can be categorized as corresponding
to two different types of electron interactions, namely, inelastic
and elastic interactions.[31]

In the case of inelastic interactions, the incident electrons
transfer a certain amount of energy to the atomic electrons in
the specimen. This transferred energy can generate different sig-
nals, such as Auger or secondary electrons, X-rays, plasmons,
and phonons.[31,32] The signals produced by inelastic interactions
are mainly employed in analytical electron microscopy methods,
such as electron energy loss spectroscopy (EELS) and energy-
dispersion X-ray spectroscopy. In addition, such inelastic interac-
tions may also cause various effects, such as specimen heating,
ionization-induced damage (radiolysis), and hydrocarbon con-
tamination. In the case of elastic interactions, the electrons do
not transfer any energy (or only a negligible amount of energy)
to the specimen. Such electrons are used in the case of TEM
and electron diffraction analysis methods. In addition, these
elastically scattering electrons may induce various phenomena
such as electrostatic charging, atomic displacement, and e-beam
sputtering.[31,32] These e-beam-induced phenomena can be ex-
ploited for the in-situ TEM analysis of 2D materials.

1.3. In Situ (S)TEM Analysis of New 2D Materials

High-resolution (scanning) TEM (HR(S)TEM) with advanced up-
graded spherical aberration (Cs) correction and reduced chro-
matic aberration (particularly for low acceleration voltages) has
emerged as an ideal technique for studying the lattice structure
of advanced materials and, in particular, 2D materials, which be-
come reactive under an e-beam. The subatomic spatial resolu-
tion of advanced HR(S)TEM allows one to visualize the atomic
structure and bonding configuration of materials and track the
movement of their atoms with high temporal resolution. Fur-
thermore, the elastic and inelastic interactions of the electrons
with the specimen, which may induce radiolysis, hydrocarbon
contamination, atomic displacement or sputtering, bonding re-
arrangement, and crystallization, can be usefully exploited for
the in-situ (S)TEM e-beam-driven chemical reaction studies of
(e-beam-reactive) 2D materials,[29,30,33–35] such as those related to
their growth, etching, and reduction/oxidation. During such in-
situ (S)TEM studies, the e-beam plays the dual role of inducing
the reactions while simultaneously recording them. This is ex-
tremely important because the synthesis of 2D materials requires
a comprehensive understanding of their characteristics, and in-
situ observations of their growth process at the atomic level can
provide this information. In other words, (S)TEM can elucidate
the growth mechanism of 2D materials. In addition, while in
the case of other methods for synthesizing 2D metals/metal ox-
ides, it may be challenging to demonstrate the freestanding struc-
ture of the synthesized material; this difficulty can be overcome
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Figure 1. Elastic and inelastic e-beam–specimen interactions during in
situ (S)TEM induce formation of freestanding 2D metal/metal oxide mem-
brane. Electron beam (semi-transparent orange shading) interacts with
specimen atoms (red, blue, black balls) to form a 2D free-standing mem-
brane (blue stick and ball lattice) from 3D NPs (clusters of red, blue, black
atoms) in the graphene hole (black stick and ball honeycomb lattice indi-
cating graphene). Reproduced with permission.[36] Copyright 2020, Amer-
ican Chemical Society.

using in-situ (S)TEM (Figure 1) and graphene pores as
templates[19,24,36–40] or e-beam-based thinning methods.[41–44] In
this review, we summarize the recent progress made in the in
situ e-beam-driven synthesis of freestanding 2D metal/metal ox-
ide membranes using(S)TEM and highlight the importance of in
situ (S)TEM in the development of freestanding 2D materials.

2. Graphene Holes: Suspension System for In Situ
Fabrication of Freestanding Single-Atom-Thick 2D
Metals/Metallenes and 2D Metals/Metallenes
Oxides

In addition to exhibiting several desirable properties, graphene
shows preferential in-plane adsorption[45,46] at its edges instead of
on-top adsorption;[47] this results in exothermic interactions (in
the suitable direction) between the atoms of a metal layer formed
on it and the pore edges of graphene, which, in turn, help sta-
bilize the 2D membranes formed within the graphene pores.[48]

Owing to this phenomenon of stabilization of 2D metal/metal ox-
ide membranes, the use of graphene pores as growth templates is
an extremely promising approach for the growth of freestanding
2D metal/metal oxide membranes.

2.1. Electron-Beam-Driven Formation of Suspended 2D
Metals/Metallene Membranes

As discussed previously, a single-atom-thick 2D Fe mem-
brane was the first freestanding 2D metals/metallene grown in
graphene pores using an e-beam[19] (Figure 2 (Panel I)). For this,
an 80-kV e-beam of a low-voltage spherical-aberration-corrected
TEM (LVACTEM) system was used to drive the formation of
Fe nanocrystals to produce a single-atom-thick 2D crystalline
Fe membrane. The pure Fe atoms, clusters (or NPs) residing
near graphene holes could be observed readily. These holes were
formed using a Cu etchant (FeCl3)[49] during the transfer process
or intentionally using a condensed electron beam. Under e-beam
irradiation, the Fe nanocrystals located near the graphene pores
started to collapse into a disordered structure. The Fe atoms that
were freely mobile on the graphene substrate under the e-beam
were attracted by the graphene hole edges and moved toward the
holes, recrystallizing into a square lattice and forming a mono-
layer 2D Fe membrane suspended within the graphene pores.
The results of DFT calculations were consistent with this find-
ing, in that they also indicated that the formation of a single-
layer 2D square lattice Fe membrane is energetically favored in-
stead of the other possible 2D structures, such as tetragonal and
hexagonal ones. The experimentally measured lattice constant
for this membrane (2.65 ± 0.05 Å) was larger than that of the
(200) face-centered cubic phase or the (110) body-centered cubic
(bcc) phase of 3D bulk Fe. This increase in the lattice constant
(near the membrane center) is attributable to the lattice align-
ment and mismatch between the graphene substrate and the 2D
Fe monolayer, which results in a strain. In addition, the calcu-
lations also showed that the magnetic moment of single-atom-
thick Fe membranes (3.08 𝜇B) is significantly higher than that
for bulk bcc Fe (2.1 𝜇B). The largest stable membrane as per the
experimental data and DFT calculation results was 10–12 atoms
in width.

In another experimental study, Ta et al. reported the in-situ syn-
thesis of a freestanding single-atom-thick 2D metals/metallene
using an e-beam.[36] A single-layer 2D antiferromagnetic Cr
membrane was formed (Figure 2 (Panel II)) using the same
graphene-pores-as-template approach. The Cr source was de-
posited on graphene through sublimation. The subsequent de-
composition of Cr acetyl acetonate (acac) occurred at an elevated
temperature, resulting in C, Cr, and O species, which were de-
posited and formed a thin composite film on the graphene sur-
face. The in-situ formation of the freestanding 2D Cr membrane
using an e-beam was a two-step process: i) the deposited Cr-O-C
amorphous composite film was subjected to electron irradiation
to preferentially sputter C, producing chromium oxide (CrxOy)
crystals. ii) O was then preferentially sputtered from the oxide
nanocrystals under continued e-beam irradiation, leading to the
formation of a freestanding 2D single-atom-thick Cr membrane,
which was suspended within the graphene pores. The local EELS
profiles were measured to confirm that the membrane comprised
pure Cr. In addition, the EELS spectra of the Cr-L2,3 edges from
different Cr based forms (amorphous Cr/O/C composite, CrxOy
NPs, bulk Cr and 2D Cr membrane) were studied further. The Cr-
L3/L2 white-line intensity ratio from the 2D Cr membrane (<1)
was found to be significantly smaller than that compared to other
structures reflecting the different bonding configuration of the
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Figure 2. E-beam-driven formation of 2D metals/metallene membrane. Panel I: Freestanding monoatomic 2D Fe layer. A) HRTEM image of freestanding
single-atom-thick 2D Fe membrane with square unit cell in graphene pore. Interatomic spacing of square unit cell is highlighted in inset. B) Filtered
HRTEM image from (A). C) Simulation image of single-atom-thick 2D membrane Fe. D) Fast Fourier transform (FFT) of image of structure in (A) showing
relationship between lattices of graphene substrate (red) and monoatomic Fe layer (white). E). Matching intensity profiles (i.e., normalized intensity
profiles from simulation image (black line) and experimental image (red line) corresponding to marked profiles represented by red dashed lines in
(B) and (C)) confirming that Fe membrane is single-atom thick. F) Stick-and-ball model showing atomic structure of monoatomic 2D Fe membrane
suspended within graphene pore. All scale bars: 0.6 nm. Reproduced with permission.[19] Copyright 2014, American Association for the Advancement
of Science. Panel II: Characterization of monatomic 2D Cr membrane between graphene and CrO NPs. a) HRTEM micrograph showing freestanding
single-layer 2D Cr membrane with square lattice between CrO NP and graphene. Inset STEM image obtained at same position as HRTEM image; red and
blue dots highlight positions where local EELS profiles were acquired. b,c) Local EELS profiles of CrO NP (red) and 2D Cr membrane (blue) measured at
areas represented by red and blue dots, respectively, in (a). Inset EELS profiles, which does not contain C signal, corresponds to membrane, indicating
2D membrane is freestanding. d,e) Simulation image and stick-and-ball model for structures in TEM image in panel (a) for comparison. Interatomic
spacing of square unit cell is highlighted in inset. f). Matching normalized intensity profiles (normalized with respect to graphene) from TEM image
(red curve) and simulation image (blue curve) corresponding to red and blue dashed lines in (a) and (d), respectively). Profiles indicate Cr membrane
is one-atom thick. All scale bars: 2 nm. Reproduced with permission.[36] Copyright 2020, American Chemical Society.
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Figure 3. E-beam-driven formation of 2D metals: Nanoribbons/clusters. Panel I: E-beam-driven transformation of Pt cluster embedded in graphene into
planar structure in graphene pore. Stick-and-ball model and corresponding simulation image of highlighted region are shown in insets. Scale bars: 2 nm.
Reproduced with permission.[37] Copyright 2013, The American Society of Mechanical Engineers. Panel II: Example of in-plane single-atom-thick 2D Sn
patches embedded within graphene pores under e-beam irradiation. From top to bottom: HRTEM images, simulation images, top-view stick-and-ball
models, and side-view stick-and-ball models for different types of clusters. Reproduced with permission.[38] Copyright 2020, Springer Nature. Panel III:
Formation of freestanding 2D Au nanoribbon within graphene pore under e-beam irradiation. a,b) HRTEM image and simulation image, respectively,
showing single-atom-thick 2D Au nanoribbon suspended between two graphene edges. c,e) Top view and 3D view of stick-and-ball model of freestanding
2D Au nanoribbon. d) Matching intensity profiles (normalized intensity profiles from simulation image (red line) and experimental image (black line))
corresponding to profiles marked by dashed orange lines in (a, b), indicating that Au nanoribbon is single-atom thick. Reproduced with permission.[39]

Copyright 2020, Wiley-VCH.

2D single atom thick Cr membrane as compared to the other Cr
forms. DFT calculations indicated that the ground state of the
2D Cr membrane was antiferromagnetic, making it suitable for
spintronic applications and further highlighting the existence of
a new class of 2D metals/metallenes.

2.2. Electron-Beam-Driven Formation of 2D Metals/Metallenes
as Nanoribbons and Planar Clusters

2D metals do not always form a crystalline freestanding mem-
brane under e-beam irradiation. Freestanding 2D metal clusters
have also been observed. For example, 2D metal nanoclusters
suspended within graphene holes were first reported by Dong et

al.[37] They observed small Pt clusters embedded within graphene
pores. Under e-beam irradiation, these clusters gradually trans-
formed into a planar structure, as shown in Figure 3 (Panel I).
Owing to edge reconstruction, the configuration of the Pt clus-
ters changed constantly during the e-beam irradiation process.
The catalytic effect of the low-coordinated Pt clusters aided this
phenomenon. Under prolonged irradiation, a Pt–graphene com-
posite structure was formed by the intermixing of the carbon
and Pt atoms (Panel I(c)). Since the carbon atoms in the Pt clus-
ters were sputtered, the resulting pure Pt clusters changed into a
planar structure, with the holes increasing in size continuously
(Panel I(e)). Under e-beam irradiation, the carbon atoms were
constantly sputtered from the graphene lattice, leading to the ex-
pansion of the graphene pores (Panel I(f)). The planar Pt clusters
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finally collapsed into a 3D structure once the hole size was larger
than the maximum extendibility of the Pt clusters.

Yang et al.[38] also reported observing not a 2D met-
als/metallene (i.e., stanene) but novel 2D single-atom-thick Sn
membranes suspended within graphene pores, as shown in Fig-
ure 3 (Panel (II)). The Sn atoms were deposited on graphene from
Sn acac (this approach was similar to that employed by Ta et al.[36])
under irradiation from the e-beam (80 kV) of an LVACTEM sys-
tem. This resulted in novel single-atom thick 2D planar clus-
ters/membranes with sizes of 1–8 atoms embedded within the
graphene pores. A star-like or close-packed structural configu-
ration was observed in the case of the patches of three or more
atoms.

The team also employed DFT studies to look at the cluster con-
figurations and energetics. The results deviated from experimen-
tal observations for membranes larger than five atoms and this
was attributed to the interfacial forces between the graphene pore
edges and Sn atoms not having been including in the calcula-
tions. However, in initial interfacial study looking at the adsorp-
tion energetics of a Sn atom adsorbed on graphene or within a C
vacancy was conducted and the study confirmed that pores can
stabilize Sn atoms through interactions with the graphene pore
edges.

In a further study, freestanding single-atom-thick 2D Au
nanoribbons, which are another form of freestanding single-
atom-thick 2D metal structures, were reported by Zhao et al.[39]

Under e-beam irradiation, the shape of the underlying graphene
pores change, leading to the dynamic transformation of the Au
nanoclusters into freestanding 2D membranes, which subse-
quently turn into freestanding 2D nanoribbon with a ribbon
width of 4–7 atoms. The Au ribbon structures match that of the
top monolayer of bulk Au (111), viz, a hexagonal close-packed lat-
tice matching very well with previous theoretical predictions.[45]

Moreover, the theoretical predictions suggest 2D single-atom-
thick Au structures are metallic and diamagnetic with metallic
bonds holding the gold atoms together in the 2D plane. Exper-
imentally, these freestanding 2D Au nanoribbons showed good
stability under irradiation with an 80-kV e-beam.

2.3. Electron-Beam-Driven Formation of Suspended 2D
Metals/Metallene Oxides

In addition to being suitable for growing freestanding 2D met-
als/metallenes, e-beam irradiation over graphene pores as tem-
plates can also be used to grow 2D metal oxides. Ta et al.[24]

reported the e-beam-driven in-situ formation of freestanding
graphene-like ZnO (g-ZnO) mono- and bilayer membranes in
graphene pores from ZnO NPs using an LVACTEM system at
80 kV. Theoretical calculations and experimental studies have
shown that the bulk structure of ZnO (wurtzite) with a thickness
of a few atoms can transform into a supported graphene-like pla-
nar structure.[50,51] However, freestanding 2D membranes of g-
ZnO had not been realized until first reported by Ta et al.[24] The
lattice constant of the transformed g-ZnO membranes from the
membrane center towards the graphene–membrane interface at
the outer membrane edges was higher by 1.6% (a = 3.303 Å).
This increase can be attributed to the lattice mismatch between
the graphene substrate and the 2D g-ZnO membrane. ZnO was

obtained by the thermal decomposition of Zn acac under high
vacuum, which led to the formation of ZnO (wurtzite) NPs over
the graphene substrate. Under e-beam irradiation, the small ZnO
NPs (outer diameter of ≈1–2 nm) formed on the graphene sub-
strate were highly reactive, and their crystal structure changed
readily to an amorphous one, in which the Zn and O atoms
were highly mobile. Under extended irradiation, the dynamic Zn
and O atoms recrystallized, forming a single-layer graphene-like
structure (Figure 4 Panel (I)). The measured d-spacing was 2.85–
2.86 (±0.05) Å and in keeping with the results of previous theo-
retical and experimental studies.[50,51] The freestanding nature of
the 2D g-ZnO membrane in the graphene pores was confirmed
by subjecting the TEM images of the membrane to FFT filtering.
The g-ZnO membrane was also relatively stable during the irradi-
ation process, similar to the previously mentioned Fe membrane.

Figure 4 (Panel (II)) shows another example of the forma-
tion of a freestanding 2D membrane in graphene pores under
e-beam irradiation using TEM in the scanning mode.[40] A single-
atom-thick copper oxide membrane with a square lattice was
formed from a copper oxide nanocrystal under e-beam irradia-
tion in the STEM mode at 60 kV. Small clusters of copper oxide
(<2 nm in diameter) were attached to the step edges of multilay-
ered graphene flakes (Panel II(a)). Driven by a scanning focused
e-beam (60 kV) used in the STEM mode, these clusters moved
around the graphene edges, and their morphology changed con-
tinuously. At the critical point, they transformed into a crystalline
single-layer structure, with the Cu atoms forming a square sub-
lattice. The experimentally measured value of the lattice constant,
dCu-Cu, was 2.69 ± 0.05 Å and in agreement with the results of
the DFT calculations for CuO (dCu-Cu of 2.67 Å). The small cop-
per oxide clusters close to the graphene holes also transformed
into a monolayer freestanding membrane under low-dose-rate e-
beam irradiation. A suspended monolayer with a square Cu sub-
lattice is displayed in the STEM-annular dark-field (ADF) image
in Panel II(b)), and the FFT of the image is shown in Panel II(c).
The experimentally measured dCu-Cu value is 2.65 Å, which is also
close to the DFT-calculated value of 2.7 Å for freestanding mono-
layer CuO in graphene pores (Panel II(d)).

3. In-Situ Electron-Beam-Driven Thinning and
Restructuring as Means of Forming Suspended 2D
Metals/Metallenes

A strong understanding of the underlying theory and pre-
cision in the manipulation of materials are essential for
achieving the desired control over material properties. The
manipulation and engineering of materials at the atomic scale
can be achieved through different methods, such as e-beam
irradiation,[52,53] ion-beam irradiation,[54–57] laser irradiation,[58]

plasma treatment,[59,60] scanning electron microscopy (SEM),[61]

and chemical[62] and thermal treatments.[63,64] Herein, we focus
on approaches that use TEM in the conventional and scanning
(STEM) modes to etch or thin 2D materials in a layer-by-
layer manner to form atomically thin regions as well as novel
materials.

The thinning of materials through e-beam irradiation can oc-
cur through elastic and inelastic scattering. These scattering pro-
cesses are governed by different factors, such as the nature of the
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Figure 4. E-beam-driven formation of freestanding 2D metal oxides. Panel I: HRTEM images showing in-situ e-beam-driven formation of freestanding
2D g-ZnO in graphene pore. a) Small ZnO nanocrystal (≈1–2 nm) on graphene substrate. b) ZnO nanocrystal changes into amorphous structure
under e-beam irradiation. c) E-beam-driven recrystallization, resulting in single layer of g-ZnO; inset shows FFT of TEM image of 2D g-ZnO crystal.
d–f) Extended e-beam irradiation leads to collapse of g-ZnO structure. All scale bars: 1 nm. Reproduced with permission.[24] Copyright 2015, American
Chemical Society. Panel II: E-beam-driven formation of freestanding monolayer 2D CuO in graphene pore. a) CuO cluster at edge of graphene pore.
b) Freestanding monolayer 2D CuO formed in graphene pore. c) FFT of image of 2D CuO membrane and graphene in (b). d) Theoretical stick-and-
ball model of 2D single-layer CuO membrane suspended in graphene pore. Scale bars: 1 nm. Reproduced with permission.[40] Copyright, 2016 IOP
Publishing.

material in question and the energy/dose of the incident e-beam.
Furthermore, these processes can give rise to different phenom-
ena, such as charging, atom displacement, sputtering, heating,
and radiolysis. These phenomena may induce damage in the ir-
radiated material.[65,66] However, e-beam irradiation, when used
with precision in an assisted manner, can be employed advanta-
geously to engineer materials in a controllable manner. For in-
stance, material engineering can be performed with precision
using a TEM system. This is because TEM allows for the simul-
taneous high-resolution imaging and monitoring of the in situ
dynamic transformations that occur during the e-beam irradia-
tion process. The real-time monitoring of the material transfor-
mations also allows for the irradiation parameters to be changed.
Thus, the desired results can be achieved with a high degree of
control.

The aim of such manipulations is to ultimately fabricate mate-
rials with specific properties that can be used in next-generation
technologies. For example, Dyck et al.[66] showed that by varying
the electron beam acceleration voltage it is possible to control-
lably cut and thin graphene monolayers using a focused elec-
tron beam. Figure 5 Panel I presents their results to obtain
graphene nanoribbons using multiple electron beam energies.
Tseng et al.[67] reported that they were able to thin a few layers of
tungsten disulfide (WS2) using TEM and STEM. They demon-
strated that an e-beam produced using an acceleration voltage
of 200 kV caused the local thinning of WS2. Furthermore, the
changes in the structure could be monitored, yielding insights
into the development of new techniques for the nanoscale modi-
fication of 2D WS2 as depicted in different snapshots of Figure 5
Panel II during the irradiation of 6 min.

Mono- and bilayer phosphorene could be produced through
the layer-by-layer etching of black phosphorus (BP) using an e-
beam as shown in Figure 5 Panel (III).[68] To control the dam-
age caused by the irradiated electrons and consequently control
the number of phosphorene layers with precision, the authors
used graphene as a protective layer for the multilayered BP. The
graphene layer acted as a barrier to prevent radiolysis damage
and increase the stability of the BP. The authors also tested differ-
ent configurations of the graphene/BP heterostructure, namely,
graphene on the top of the BP, graphene at the bottom of the BP,
and graphene as an encapsulating layer for the BP. The presence
of graphene on only one side (top or bottom) of the BP layers al-
lowed for controllable thinning under e-beam irradiation. On the
other hand, in the case of the encapsulated BP configuration, the
amorphization of the BP layers was observed. The higher stability
of the graphene/BP heterostructure allowed the etching mecha-
nisms in play during the e-beam irradiation process to be inves-
tigated. Thus, it was shown that graphene can be used to aid the
e-beam thinning of 2D materials as well as for detailed investi-
gations of the defects of such materials and their effects on the
material properties.

Sutter et al.[69] demonstrated that it is possible to controllably
remove S and Se atoms from 2D tin dichalcogenides (SnS2 and
SnSe2) using an e-beam, (Figure 5 Panel IV). The electron irra-
diation process initially induces the local amorphization of SnS2
and SnSe2; this is followed by the formation of SnS and SnSe
domains. Their results could be reproduced using a heat source,
which increased the homogeneity of the formed domains. More-
over, the entire process of the removal of S and Se could be mon-
itored using electron diffraction while the transformations in the
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Figure 5. E-beam thinning of 2D materials. Panel I: Fabrication of a 1 nm wide arm-chair graphene nanoribbon. a) STEM image of the first mill at 100 kV.
b) STEM image after both cuts were made through the graphene. c) Higher magnification image of the formed nanoribbon. d) Further thinning of the
central section of the nanoribbon was performed by scanning with the 100 kV beam, one frame of which is shown here. e) STEM image showing the
nanoribbon state after milling and thinning. Many defects are present in the thinnest portion of the nanoribbon. The microscope was then switched to
60 kV and the nanoribbon irradiated with the defocused probe during microscope realignment. After alignment the image shown in (f) was acquired.
Defects in the nanoribbon healed under the gentler 60 kV irradiation and a pristine arm-chair nanoribbon was successfully formed. Reproduced with
permission.[66] Copyright 2020, Elsevier B.V. Panel II: Comparison of the etching speeds of the remaining bilayer and monolayer. a–c) Time series of the
STEM images of the expansion of the localized thin area by etching the upper layer. d–g) Time series of the STEM images followed by (a–c), which reveal
the layer that had been rapidly etched and soon became a large void. Reproduced with permission.[67] Copyright 2020, American Chemical Society. Panel
III: Controlled etching of phosphorene to monolayer. a) Schematic illustration of e-beam-induced etching process. b−d) Time series of HR-TEM images
showing the thinning from trilayer to bilayer. e) HR-TEM image showing bilayer and monolayer phosphorene. Color-code fire of ImageJ program was
used. f) Experimentally observed HR-TEM image and simulated image for monolayer, bilayer, trilayer. Reproduced with permission.[68] Copyright 2019,
American Chemical Society. Panel IV: Electron-beam induced thinning of SnS2 and transformation of ultrathin SnS2 to (001) SnS. a) Initial few-layer
SnS2 crystal. b) Simultaneous local thinning and transformation of thicker (001) SnS2 to off-axis (011) SnS (arrow). c) Transformation of ultrathin (001)
SnS2 to (001) SnS (arrow). Reproduced with permission.[69] Copyright 2016, American Chemical Society.

material structure were observed for different acceleration volt-
ages (80, 200, and 300 kV).

Chen et al.[70] described the etching of MoS2 monolay-
ers with zigzag edges. To accomplish this, they annealed the
MoS2 sample at 800 °C with a blanked electron beam and
then tracked the sulfur vacancies caused by electron irradia-
tion with a 60 kV beam. This atom-by-atom approach also al-
lowed the formation of MoS2 nanoribbons atom-by-atom. Tai
el al.[71] also modified the structure of MoS2 layers through
the use of an electron beam and heating, leading to the etch-
ing and sculpting of multiple MoS2 structures in the electron-
irradiated area. The in situ work showed the possibility to
etch, fold, and scroll MoS2 monolayers. Moreover, their re-
sults demonstrated the possibility to create hybrid lateral het-

erojunctions composed of 1H, 2H, 3R, 3R’, and TZ stacking
configurations.

Das et al.[72] used aberration-corrected STEM to etch a
MoS2/WS2 heterostructure in a layer-by-layer manner until the
formation of nanopores that were arranged in different arrays
across the 2D lattice. The thinning process was performed at
room temperature using a TEM system at 80 kV. By varying the
focus of the e-beam in the STEM mode, they observed that the
MoS2 layer was etched first. This was followed by the ablation of
the WS2 layer, resulting in the formation of pores/defects in the
irradiated region. The size of these pores/defects could be con-
trollable to 0.6 nm.

In another study, atomically thin freestanding Au membranes
were fabricated through the local dealloying of Au and Ag
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Figure 6. E-beam thinning of 2D materials. Panel I: E-beam-driven-formation of 2D Au membrane through thinning of Au–Ag alloy. a) Schematic of
fabrication of monolayer Au membrane by in-situ dealloying of Au−Ag alloy. Au and Ag atoms are shown as yellow and blue spheres, respectively.
b) HRTEM image of typical monolayer Au membrane with hcp coordinate lattice framed in bulk Au−Ag alloy along ⟨011⟩ zone axis. c) HRSTEM image
of monolayer Au membrane framed in bulk Au−Ag along ⟨001⟩ zone axis. d) HRTEM image of monolayer Au membrane and bulk Au−Ag alloy as
viewed along ⟨111⟩ zone axis. e) Line profile of HRSTEM image intensity showing monolayer (yellow-shaded) and bulk (blue-shaded) regions along
black dashed box in (c). f) Histogram of HRSTEM image intensities corresponding to atom columns. Peaks are shown as differently colored Gaussian
curves fitted from histogram. g) Top view of atomic map of Au membrane. Atom positions and intensities were measured from image in (c). Scale
bars: 1 nm in (b) and (c) and 0.5 nm in (d). Reproduced with permission.[41] Copyright 2019, American Chemical Society. Panel II: E-beam thinning of
Mo2Ti2C3 monolayers. h–i) FFT-filtered high-resolution TEM images of N-doped graphene membrane exhibiting structural changes induced by e-beam
irradiation. Defective structure composed of pentagons, hexagons, and heptagons can be seen. h’–i’). Simulation images based on stick-and-ball model,
confirming presence of N-doped graphene membrane undergoing structural changes during e-beam irradiation. j–m) Depict structural changes in Mo
nanoribbons upon electron beam irradiation until the formation of a single atom Mo chain. Reproduced with permission.[42] Copyright 2020,Wiley-
VCH. Panel III: Characterization of freestanding ultrathin Mo membrane with low-symmetry rectangular lattice structure. n) TEM image of rectangular
lattice structure of ultrathin Mo membrane. Inset shows corresponding Fourier-transformed image. o) Simulated HRTEM image of two-atom-thick layer
of Mo (110). Inset shows corresponding Fourier-transformed image. Reproduced with permission.[43] Copyright 2020, Wiley-VCH. Panel IV: e-beam
fabrication of monolayer Mo membranes. p) Schematic illustration of fabrication of monolayer Mo membrane from freestanding monolayer MoSe2
film. q) STEM-ADF image of Mo membrane embedded in monolayer MoSe2 film. Mo membrane regions are highlighted in false green. r–s) STEM-ADF
images showing r) monolayer MoSe2 film and s) monolayer Mo membrane. Atomic models of monolayer MoSe2 film and Mo membrane are shown in
(t) and (u), respectively. Scale bars: 2 nm in (q) and 0.5 nm in (r) and (s). Reproduced with permission.[44] Copyright 2018, Wiley-VCH.

atoms using e-beam irradiation.[41] Continuous electron irradi-
ation resulted in the formation of ferromagnetic nanoribbons
with widths of 0.65–0.9 nm. Figure 6a shows an illustration of
the process used for the fabrication of Au membranes, wherein
the e-beam causes the removal of Ag atoms. The remaining Au
atoms form a monolayer with a hexagonal close-packed lattice.
High-resolution TEM and STEM images of a thus-formed Au
membrane are shown in Figure 6b–c. The lattice parameters (R2,
R3, and R4) of the Au membranes were calculated from the high-
resolution TEM images, as shown in Figure 6d, and were found
to be 0.267 (±0.004), 0.268 (±0.005), and 0.267 (±0.004) nm, re-
spectively. The line profile of the Au membrane was also deter-
mined, as shown in Figure 6e, highlighting the clear differences
in the image intensities for the membrane and bulk regions. The
number of atomic layers can be seen in the color scale images in

Figure 6f–g. It is clear that the central region presents a mono-
layer Au membrane.

The thinning of 2D materials can result in the formation of
novel materials such as N-doped graphene and Mo nanoribbons.
Mendes et al.[42] subjected 2D Mo2Ti2C3 monolayers to e-beam ir-
radiation in the TEM mode at 300 kV. The freestanding monolay-
ers were irradiated for 6 min, and the thinning process was mon-
itored. EELS showed that the irradiated areas of the Mo2Ti2C3
monolayers remained stable for the first 2 min. However, this was
followed by the formation of sites with a high Mo content and
regions with a high C content. These sites and regions evolved
during the remaining 4 min of irradiation. In the first case, e-
beam irradiation led to the constant removal of Mo atoms until a
network of Mo nanoribbons was formed. Continuous irradiation
meant that the Mo nanoribbons were thinned continuously until
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a single-atom chain formed and ruptured. In the second case, Ti
and Mo were removed gradually. The thinning process resulted
in the formation of monoatomic N-doped graphene areas, as
shown in Figure 6h–j. These regions have an average size of 3 nm
and also contain N. The doping of these graphene regions with N
can be attributed to the decomposition of tetrabutylammonium
(TBA+) during the e-beam irradiation process. The presence of
TBA+, in turn, can be ascribed to the delamination process used
for forming the Mo2Ti2C3 monolayers. Figure 6h’–j’ presents a
simulated TEM image of the N-doped graphene regions formed
by the thinning of the Mo2Ti2C3 monolayers. Figure 6j–m shows
FFT-filtered snapshots of Mo nanoribbons over time. The yel-
low arrow indicates the point where Mo ribbon was bound to an
amorphous-like area indicated by the red arrow. Upon exposure
to the electron beam, the Mo nanoribbon is thinned forming a
single-atom chain prior to its breakage.

Similarly, Liu et al.[73] were able to form Mo5S4 nanoribbons
by thinning MoS2 monolayers through e-beam irradiation. They
found that the irradiation of the MoS2 monolayers using a TEM
system at 80 kV caused the formation of defects, which evolved
into holes with a diameter of 3–6 nm. Under continuous irradia-
tion, the connecting regions between the holes narrowed to form
nanoribbons with a width of 0.35 nm and bandgap of 0.77 eV. The
authors claimed that, given the ease of controlling the formation
of these nanoribbons and their high stability, they can be used in
various functional devices.

The development of controllable methods for tuning the prop-
erties of 2D materials by either reducing their size or creating
new nanostructured materials is pivotal to the realization of next-
generation functional devices. Si et al.[43] used an aberration-
corrected TEM system operating at voltages higher than 80 kV
to preferentially remove C from 2D 𝛼-Mo2C crystals. The irradi-
ation process led to the formation of thin rectangular Mo struc-
tures with lattice parameters of 0.233 and 0.167 nm, as shown in
Figure 6n and having the (110) crystal orientation. Simulation im-
ages (see Figure 6o) confirmed the formation of a two-atom-thick
layer. Furthermore, while 2D Mo membranes could be formed
under irradiation at 200 and 300 kV, they were not formed when
the voltage used was 80 kV. This strongly suggests that it is possi-
ble to control the formation of ultrathin 2D Mo membranes with
unique properties from 2D 𝛼-Mo2C crystals by tuning the energy
of the incident e-beam.

2D Mo membranes have also been fabricated by selectively re-
moving Se atoms from monolayer MoSe2 using a focused beam
in the STEM mode.[44] The weak nature of the Mo–Se bond

makes the formation of 2D Mo membranes embedded within the
MoSe2 lattice easy. Figure 6p shows an illustration of the method
used to fabricate 2D Mo with a focused e-beam at 80 kV. The fo-
cused e-beam is scanned across different regions of the MoSe2
lattice, leading to the formation of 2D Mo membranes in selected
regions of the initial MoSe2 crystal, as indicated by the green-
shaded areas in Figure 6q. Figure 6r shows an atomic-resolution
STEM image of a MoS2 film with a lattice parameter of 0.33 nm.
For comparison, Figure 6s shows a high-resolution STEM image
of a 2D Mo site with a lattice parameter of 0.27 nm. The authors
thoroughly characterized the 2D Mo membrane as well as the
various types of vacancies formed by the sputtering of S atoms.
They also determined that the 2D Mo membranes were stable
under electron irradiation and that this top-down thinning ap-
proach, which uses a focused e-beam, is very efficient and can be
extended to fabricate other types of 2D metal membranes as well.
Moreover, the use of the appropriate acceleration voltage can aid
the formation of novel 2D materials.

4. Summary of the Experimental Parameters

There are several important parameters in the fabrication of 2D
metal/metallene or 2D metal/ metallene oxides using electron
beams as the driving mechanism for their fabrication. Typically
these include the electron acceleration voltage, the electron beam
dose (current, irradiation time) etc. These key parameters of
course vary depending on the specimen composition and they
are summarized in the tables presented below. The tables are
arranged in two fabrication approaches, namely, growth in sup-
ports such as a graphene pore or hole and layer thinning through
electron beam irradiation.

In the case of forming 2D membranes (nanoribbon, clusters)
in a graphene pore (Table 1), most of the experiments were car-
ried out using a parallel electron beam mode (TEM), with the ex-
ception of a 2D CuO membrane being formed. Because graphene
pores serve as the lateral support system, these fabrication ex-
periments were performed with low acceleration voltages (i.e., at
or <80 kV) and relatively low electron beam doses were imple-
mented. The irradiation time significantly depends on the reac-
tivity of the material to the electron beam. At times, the formation
process can be fast (≈3 s in case of an Fe 2D membrane) or rel-
atively slow (≈316 s for a Au 2D nanoribbon). In these instance
no additional heating was implemented.

The main parameters governing the thinning of 2D nano-
materials to form freestanding single atom thick 2D metals/

Table 1. Summary of the main electron beam parameters for the in-situ fabrication of freestanding single atom thick 2D metals/metallenes and 2D
metals/metallenes oxides suspended in graphene holes.

Initial materials Final materials Electron beam mode Acceleration voltage Electron beam dose/ current Irradiation time Heating Refs.

Fe clusters 2D Fe membrane TEM 80 kV 0. 625 × 106 - 6.25 × 106 e/s nm2 ≈3 s No [19]

Amorphous of C, Cr, O 2D Cr membrane TEM 80 kV ≈4.06 × 106 e/s nm2 ≈20 s No [36]

ZnO nanoparticles 2D ZnO membrane TEM 80 kV ≈107e/s nm2 ≈180 s No [24]

CuO clusters 2D CuO membrane STEM 60 kV 12.5 × 107 e/s nm2 (Probe current) N/A No [40]

Au nanoparticles 2DAu Nanoribbon TEM 80 kV ≈2.38 × 106 e/s nm2 ≈316 s No [39]

Pt nanoparticles 2D Pt cluster TEM 60 kV ≈107e/s nm2 N/A No [37]

Sn Acetylacetonate 2D Sn cluster TEM 80 kV ≈2.38 × 106 e/s nm2 N/A No [38]
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Table 2. Summary of main electron beam parameters and techniques for thinning 2D nanomaterials for the formation of freestanding single atom thick
2D metals/metallenes and 2D metals/metallenes oxides.

Initial materials Final materials Electron beam
mode

Acceleration voltage Electron beam dose/ current Irradiation time Heating Refs.

Au25Ag75 alloy Au membranes and
nanoribbons

TEM 200, 300 kV 3.125 × 106 - 25 × 106 e/s
nm²

0 - 24 s No [41]

Mo2Ti2C3 N-doped graphene, Mo
nanoribbons

TEM 80, 300 kV N/A 360 s No [42]

𝛼-MoC2 2D Mo (@ 200 and 300 kV) TEM 80, 200, 300 kV N/A 360 s No [43]

Black phosphorus Layer thinning with
protective graphene layer

TEM 80 kV 1.5 × 107 - 2.5 × 108 e/s nm² Based on
deposited dose

No [68]

SnS2 and SnSe2 Layer thinning TEM 80, 200, 300 kV 12.5 × 107 e/s nm2 N/A 20–400 °C [69]

WS2 Layer thinning TEM/STEM 200 kV N/A 360 s 800 °C [67]

MoS2 MoS2 nanoribbons TEM/STEM 60 kV 27.5 × 107 e/s nm2 (probe
current)

N/A 800 °C [70]

MoS2 Multiple new MoS2

structures and phases
TEM/STEM 200 kV 56.25 × 107 e/s nm2 (probe

current)
N/A 850 °C [71]

MoSe2 2D Mo membrane STEM 80 kV 1 × 106 - 7.4 × 107 e/s nm²
(probe current)

5–140 s No [44]

Monolayer graphene Graphene etching forming
nanoribbons

STEM 100, 60 kV 10.6 × 107 e/s nm² (probe
current)

N/A No [66]

MoS2 / WS2 vertical
heterostructure

Controlled formation of
pores

STEM 80 kV 4 × 104 - 2 × 108 e/s nm² 10 and 20 s No [72]

Table 3. Summary of alternate techniques for thinning 2D nanomaterials.

Technique Initial material Final material Main controlling parameter Refs.

Ion irradiation Graphene and MoS2 on Si/SiO2 substrate Track defect formation
in the lattice

He+, Ar+ and Ne+ ion beams
Energy: 1 - 30 kV

[55]

Ion irradiation Multi-layer MoS2 on Si/SiO2 substrate Layer thinning Ga+ ion beam
Energy: 10 kV

[56]

Ion irradiation Multi-layer Black phosphorus on Si/SiO2

substrate
Layer thinning Ar+ ion beam

Energy: 5 - 80 eV
[57]

Laser irradiation Multi-layer MoS2 on Si/SiO2 substrate Layer thinning 532 nm laser
Power: 1.5 mW

Time: 0.2 s scan−1

[58]

Plasma treatment Multi-layer MoS2 on Si/SiO2 substrate Layer thinning Ar+ plasma
Power: 50 W

Pressure: 40 Pa
Time: 0 - 115 s

[59]

Plasma treatment Multi-layer MoSe2 on Si/SiO2 substrate Layer thinning SF6 (4.5 sccm) + N2 plasma (1.0 sccm)
Power density: 0.8 and 1.2 mW cm−³

Time: 80 and 40 s steps

[60]

SEM (ice lithography) Monolayer MoS2 on Si/SiO2 substrate Patterning by etching
of monolayer

Electron beam
Amorphous ice deposition at 130 K

Energy: 10 kV
Pressure: 10-6 mbar

[61]

Chemical treatment Monolayer hexagonal boron nitride on
Si/SiO2 substrate

Patterning by etching
of monolayer

Electron beam
Water vapor as etch precursor

Energy: 25 and 15 kV
Time: 0–500 s

Temperature range: 25–325 °C

[62]

Thermal treatment Multi-layer Black phosphorus on Si/SiO2

substrate
Layer thinning Annealing in flow of air and N2/H2 mixture

Temperature: 330–360 °C
Time: 120 s

[63]

Thermal treatment Multilayer Bi2Se3 and Sb2Te3 Layer thinning Annealing
Temperature: 510 °C for Bi2Se3,

490 °C for Sb2Te3

Time: 10 min

[64]
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metallenes and 2D metals/metallenes oxides presented in this
review using an electron beam are provided in Table 2. The
most relevant parameters when thinning multi-layer materials
or binary alloys in TEM and STEM modes are the acceleration
voltage in combination with the irradiation time and total dose
that the material is exposed to. Again, as mentioned above, these
parameters are intrinsically connected with the nature of the
material studied. When localized thinning and etching using
electron beams are investigated (e.g., to create point defects or
pores) using a condensed beam (STEM) appears to be the most
successful technique. It is also important to mention that in-situ
heating is also often used to help thin 2D materials both alone
and in combination with electron beam to enhance the desired
thinning process.

Table 3 also summarizes other techniques apart from electron
beam that have been utilized to thin 2D nanomaterials. There are
many parameters involved in the thinning process and each tech-
nique pursues its own control parameters, which are also mate-
rial dependent. Unlike the S/TEM experiments, these other tech-
niques require that the 2D nanomaterial is supported (typically
on Si/SiO2), making it harder and in many cases preventing a
direct real-time observation of the thinning process.

5. Outlook

Although the list of predicted 2D materials[74] has been in-
creasing steadily in the last few years, it remains a significant
challenge to even observe these materials experimentally. For
example, only a limited number of freestanding 2D met-
als/metallenes have been synthesized so far (Figure 7). In addi-
tion, only a few elements have been synthesized in the form of
freestanding structures, and the periodic table remains to be fully
explored with the expectation that even more novel materials that
exhibit unique properties will be discovered. Various types of bi-
nary 2D structures can be formed at the small scale (e.g., nanorib-
bons). These materials can, in turn, serve as templates for the
fabrication of novel 2D materials (e.g., 2D metals/metallenes).

TEM and STEM have immense potential in the controlled fab-
rication of novel 2D materials that can be incorporated in next-
generation devices that can revolutionize the current state of tech-
nology. For example, they can lead to the development of more
efficient electronic devices and improve the energy storage capa-
bility of existing ones. Both techniques can be used for the con-
trollable engineering of 2D materials, which can be accomplished
through both bottom-up and top-down approaches. In both cases,
it is possible to form new materials. We would also like to high-
light our vision of electron engineering as a mass production
method that can be realized through the development of next-
generation multi-beam systems, automation and artificial intel-
ligence techniques. We have described this view in greater detail
in a recently published report.[30]

It is also important to point out that the usage of electron
beams goes beyond the investigation and manipulation of 2D
materials and it reaches applications in a number of fields. Apart
from being a standard method used in the characterization of
nanomaterials with high spatial and temporal resolution, elec-
trons are also used to obtain spectroscopic information about
specimens,[75,76] as well as trigger catalytic processes.[77] Electron
beams also find application in the use of additive manufactur-

Figure 7. In situ (S)TEM e-beam-driven reactions are an ideal ap-
proach for forming single-atom-thick freestanding 2D metals mem-
branes. A,B,F) Reproduced with permission.[19] Copyright 2014, Amer-
ican Association for the Advancement of Science. C) Reproduced with
permission.[41] Copyright 2019, American Chemical Society. D) Repro-
duced with permission.[37] Copyright 2013, The American Society of Me-
chanical Engineers. E) Reproduced with permission.[44] Copyright 2018,
Wiley-VCH. G) Reproduced with permission.[36] Copyright 2020, Ameri-
can Chemical Society. H) Reproduced with permission.[24] Copyright 2015,
American Chemical Society. I) Reproduced with permission.[40] Copy-
right 2016, IOP Publishing. J) Reproduced with permission.[39] Copyright
2020, Wiley-VCH. K,L) Reproduced with permission.[42] Copyright 2020,
Wiley-VCH. M) Reproduced with permission.[38] Copyright 2020, Springer
Nature.

ing, also known as electron beam melting or 3D printing with
electrons.[78–80] The fabrication of precise nanoparticle arrays and
electric circuits are also possible using electron lithography.[81–84]

The manipulation of polymers has also been accomplished with
electron beams and finds most of its applications to crosslink
polymers.[85–87]

6. Conclusion

Novel 2D metals and metal oxides show unique properties and
hence have significant potential for use in a range of applications,
making them both interesting and challenging research subjects.
Several approaches have been reported for synthesizing these
materials and confirming their existence. However, given the re-
cent advancements in reducing chromatic and spherical aberra-
tions, which allow for the use of low acceleration voltages while
maintaining a high atomic resolution—this is particularly im-
portant with respect to low-dimensional materials—HRTEM has
emerged as an ideal approach for studying 2D metals/metallenes
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and 2D metals/metallene oxides and confirming their existence.
During HRTEM, the irradiation of the e-beam leads to in-situ re-
actions involving the test specimen, resulting in novel 2D materi-
als. In this review, we summarized the recent achievements made
with regard to the use of in situ (S)TEM for studying the free-
standing configurations of 2D metals/metal oxides, which has
remained challenging till now. With respect to in situ (S)TEM,
there are two primary approaches for forming freestanding
monoatomic membranes. The first is using graphene pores as
templates, so that the e-beam causes the metal/metal oxide atoms
to fill the graphene pores and crystallize and thus form a free-
standing 2D crystal membrane. The second is e-beam sputtering
or the selective etching of metal alloys (e.g., Au–Ag alloys) or thick
complex initial materials (e.g., Mo2Ti2C3, MoSe2, Mo2C, or MoS2)
to obtain freestanding single-atom-thick 2D metal membranes.
The data show a growing number of 2D metals/metallenes and
2D metals/metallene oxides having been confirmed and point to
a bright future for further discoveries of these 2D materials.

Acknowledgements
This work was financially supported by the National Science Foun-
dation of China (Grant Nos. 52071225 and 51676154), the National
Science Center, and the Czech Republic under the ERDF program
“Institute of Environmental Technology—Excellent Research” (No.
CZ.02.1.01/0.0/0.0/16_019/0000853). M.H.R. and L.F. thank the Sino–
German Research Institute for support (Project No. GZ 1400). H.Q.T.
is grateful for financial support from the Alexander von Humboldt-
Foundation.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
2D metals/metallenes, freestanding single-atom-thick membrane, in situ
TEM, single-element 2D materials

Received: February 16, 2021
Revised: June 23, 2021

Published online: August 30, 2021

[1] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, M. I. Katsnelson,
I. V. Grigorieva, S. V. Dubonos, A. A. Firsov, Nature 2005, 438, 197.

[2] Y. B. Zhang, Y. W. Tan, H. L. Stormer, P. Kim, Nature 2005, 438, 201.
[3] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V.

Dubonos, I. V. Grigorieva, A. A. Firsov, Science 2004, 306, 666.
[4] X. Wang, Y. Ouyang, X. Li, H. Wang, J. Guo, H. Dai, Phys. Rev. Lett.

2008, 100, 206803.
[5] A. A. Balandin, Nat. Mater. 2011, 10, 569.
[6] F. Yin, J. Akola, P. Koskinen, M. Manninen, R. E. Palmer, Phys. Rev.

Lett. 2009, 102, 106102.
[7] F. Yin, P. Koskinen, S. Kulju, J. Akola, R. E. Palmer, Sci. Rep. 2015, 5,

8276.
[8] F. Yin, S. Kulju, P. Koskinen, J. Akola, R. E. Palmer, Sci. Rep. 2015, 5,

10065.

[9] T. Zhang, P. Cheng, W.-J. Li, Y.-J. Sun, G. Wang, X.-G. Zhu, K. He, L.
Wang, X. Ma, X. Chen, Y. Wang, Y. Liu, H.-Q. Lin, J.-F. Jia, Q.i-K. Xue,
Nat. Phys. 2010, 6, 104.

[10] L. Li, Y. Wang, S. Xie, X.-B. Li, Y.-Q. Wang, R. Wu, H. Sun, S. Zhang,
H.-J. Gao, Nano Lett. 2013, 13, 4671.

[11] H. Duan, N. Yan, R. Yu, C.-R. Chang, G. Zhou, H.-S. Hu, H. Rong,
Z. Niu, J. Mao, H. Asakura, T. Tanaka, P. J. Dyson, J. Li, Y. Li, Nat.
Commun. 2014, 5, 3093.

[12] V. Kochat, A. Samanta, Y. Zhang, S. Bhowmick, P. Manimunda, S. A.
S. Asif, A. Stender, R. Vajtai, A. K. Singh, C. S. Tiwary, P. M. Ajayan,
Sci. Adv. 2018, 4, e1701373.

[13] M. Houssa, A. Dimoulas, A. Molle, J. Phys.: Condens. Matter 2015, 27,
253002.

[14] F.-f. Zhu, W.-j. Chen, Y. Xu, C.-l. Gao, D.-d. Guan, C.-h. Liu, D. Qian,
S.-C. Zhang, J.-f. Jia, Nat. Mater. 2015, 14, 1020.

[15] J. Deng, B. Xia, X. Ma, H. Chen, H. Shan, X. Zhai, B. Li, A. Zhao, Y.
Xu, W. Duan, S.-C. Zhang, B. Wang, J. G. Hou, Nat. Mater. 2018, 17,
1081.

[16] J. Yuhara, H. Shimazu, K. Ito, A. Ohta, M. Araidai, M. Kurosawa, M.
Nakatake, G. L.e Lay, ACS Nano 2018, 12, 11632.

[17] M. Fortin- Deschênes, O. Waller, T. O. Mentes ̧, A. Locatelli, S.
Mukherjee, F. Genuzio, P. L. Levesque, A. Héibert, R. Martel, O.
Moutanabbir, Nano Lett. 2017, 17, 4970.

[18] J. Yuhara, B. He, N. Matsunami, M. Nakatake, G. L.e Lay, Adv. Mater.
2019, 31, 1901017.

[19] J. Zhao, Q. Deng, A. Bachmatiuk, G. Sandeep, A. Popov, J. Eckert, M.
H. Rümmeli, Science 2014, 343, 1228.

[20] L.-M. Yang, M. Dornfeld, T. Frauenheim, E. Ganz, Phys. Chem. Chem.
Phys. 2015, 17, 26036.

[21] L.-M. Yang, T. Frauenheim, E. Ganz, Phys. Chem. Chem. Phys. 2015,
17, 19695.

[22] L.-M. Yang, T. Frauenheim, E. Ganz, J. Nanomater. 2016, 2016,
8429510.

[23] J. Nevalaita, P. Koskinen, Phys. Rev. B: Condens. Matter Mater. Phys.
2018, 97, 035411.

[24] H. Q. Ta, A. Bachmatiuk, A. Dianat, F. Ortmann, J. Zhao, J. H. Warner,
J. Eckert, G. Cunniberti, M. H. Rümmeli, ACS Nano 2015, 9, 11408.

[25] H. Q. Ta, A. Bachmatiuk, J. H. Warner, L. Zhao, Y. Sun, J. Zhao, T.
Gemming, B. Trzebicka, Z. Liu, D. Pribat, M. H. Rümmeli, ACS Nano
2016, 10, 6323.

[26] H. Q. Ta, L. Zhao, W. Yin, D. Pohl, B. Rellinghaus, T. Gemming, B.
Trzebicka, J. Palisaitis, G. Jing, P. O. A. Persson, Z. Liu, A. Bachmatiuk,
M. H. Rümmeli, Nano Res. 2018, 11, 2405.

[27] L. Zhao, H. Q. Ta, A. Dianat, A. Soni, A. Fediai, W. Yin, T. Gemming, B.
Trzebicka, G. Cuniberti, Z. Liu, A. Bachmatiuk, M. H. Rümmeli, Nano
Lett. 2017, 17, 4725.

[28] M. H. Rümmeli, Y. Pan, L. Zhao, J. Gao, H. Q. Ta, I. G. Martinez, R. G.
Mendes, T. Gemming, L. Fu, A. Bachmatiuk, Z. Liu, Materials 2018,
11, 896.

[29] M. H. Rümmeli, H. Q. Ta, R. G. Mendes, I. G. Gonzalez-Martinez, L.
Zhao, J. Gao, L. Fu, T. Gemming, A. Bachmatiuk, Z. Liu, Adv. Mater.
2018, 30, 1800715.

[30] R. G. Mendes, J. Pang, A. Bachmatiuk, H. Q. Ta, L. Zhao, T. Gemming,
L. Fu, Z. Liu, M. H. Rümmeli, ACS Nano 2019, 13, 978.

[31] R. F. Egerton, P. Li, M. Malac, Micron 2004, 35, 399.
[32] J. I. Goldstein, in Practical Scanning Electron Microscopy, (Eds: J. I.

Goldstein, H. Yakowitz), Springer, Boston, MA 1975, Ch. 3.
[33] Y. Zhu, D. Yuan, H. Zhang, T. Xu, L. Sun, Nano Res. 2021, 14, 1650.
[34] X. Zhao, K. P. Loh, S. J. Pennycook, J. Phys.: Condens. Matter 2021, 33,

063001.
[35] C. Luo, C. Wang, X. Wu, J. Zhang, J. Chu, Small 2017, 13, 1604259.
[36] H. Q. Ta, Q. X. Yang, S. Liu, A. Bachmatiuk, R. G. Mendes, T. Gem-

ming, Y. Liu, L. Liu, K. Tokarska, R. B. Patel, J. H. Choi, M. H. Rummeli,
Nano Lett. 2020, 20, 4354.

Adv. Sci. 2021, 8, 2100619 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2100619 (13 of 15)



www.advancedsciencenews.com www.advancedscience.com

[37] C. Dong, W. Zhu, S. Zhao, P. Wang, H. Wang, W. Yang, J. Appl. Mech.
2013, 80, 040904.

[38] X. Yang, H. Q. Ta, W. Li, R. G. Mendes, Y. Liu, Q. Shi, S. Ullah, A.
Bachmatiuk, J. Luo, L. Liu, J. H. Choi, M. H. Rummeli, Nano Res. 2021,
14, 747.

[39] L. Zhao, H. Q. Ta, R. G. Mendes, A. Bachmatiuk, M. H. Rummeli, Adv.
Mater. Interfaces 2020, 7, 2000436.

[40] K. Yin, Y. Y. Zhang, Y. Zhou, L. Sun, M. F. Chisholm, S. T. Pantelides,
W. Zhou, 2D Mater. 2017, 4, 011001.

[41] X. Wang, C. Wang, C. Chen, H. Duan, K. Du, Nano Lett. 2019, 19,
4560.

[42] R. G. Mendes, H. Q. Ta, X. Yang, W. Li, A. Bachmatiuk, J. H. Choi,
T. Gemming, B. Anasori, L. Liu, L. Fu, Z. Liu, M. H. Rümmeli, Small
2020, 16, 1907115.

[43] J. Si, M. Zeng, H. Q. Ta, S. Zheng, J. Liao, X. Yang, M. H. Rümmeli, L.
Fu, Small 2020, 16, 2001325.

[44] X. Zhao, J. Dan, J. Chen, Z. Ding, W. Zhou, K. P. Loh, S. J. Pennycook,
Adv. Mater. 2018, 30, 1707281.

[45] S. Antikainen, P. Koskinen, Comput. Mater. Sci. 2017, 131, 120.
[46] S. Malola, H. Häkkinen, P. Koskinen, Appl. Phys. Lett. 2009, 94,

043106.
[47] L. Pastewka, S. Malola, M. Moseler, P. Koskinen, J. Power Sources

2013, 239, 321.
[48] J. Nevalaita, P. Koskinen, Nanoscale 2019, 11, 22019.
[49] H. Q. Ta, D. J. Perello, D. L. Duong, G. H. Han, S. Gorantla, V. L.

Nguyen, A. Bachmatiuk, S. V. Rotkin, Y. H. Lee, M. H. Rümmeli, Nano
Lett. 2016, 16, 6403.

[50] F. Claeyssens, C. L. Freeman, N. L. Allan, Y. Sun, M. N. R. Ashfolda,
J. H. Harding, J. Mater. Chem. 2005, 15, 139.

[51] C. Tusche, H. L. Meyerheim, J. Kirschner, Phys. Rev. Lett. 2007, 99,
026102.

[52] J. Jiang, T. Xu, J. Lu, L. Sun, Z. Ni, Research 2019, 2019, 4641739.
[53] M. Schleberger, J. Kotakoski, Materials 2018, 11, 1885.
[54] Z. Li, F. Chen, Appl. Phys. Rev. 2017, 4, 011103.
[55] S. Kretschmer, M. Maslov, S. Ghaderzadeh, M. Ghorbani-Asl, G.

Hlawacek, A. V. Krasheninnikov, ACS Appl. Mater. Interfaces 2018, 10,
30827.

[56] D. Wang, Y. Wang, X. Chen, Y. Zhu, K. Zhan, H. Cheng, X. Wang,
Nanoscale 2016, 8, 4107.

[57] J. W. Park, S. K. Jang, D. H. Kang, D. S. Kim, M. H. Jeon, W. O. Lee,
K. S. Kim, S. J. Lee, J. H. Park, K. N. Kim, G. Y. Yeom, J. Mater. Chem.
C 2017, 5, 10888.

[58] L. Hu, X. Shan, Y. Wu, J. Zhao, X. Lu, Sci. Rep. 2017, 7, 15538.
[59] Y. Liu, H. Nan, X. Wu, W. Pan, W. Wang, J. Bai, W. Zhao, L. Sun, X.

Wang, Z. Ni, ACS Nano 2013, 7, 4202.
[60] Y. Sha, S. Xiao, X. Zhang, F. Qin, X. Gu, Appl. Surf. Sci. 2017, 411,

182.
[61] G. Yao, D. Zhao, Y. Hong, S. Wu, D. Liu, M. Qiu, Nanoscale 2020, 12,

22473.

[62] C. Elbadawi, T. T. Tran, M. Kolíbal, T. Šikola, J. Scott, Q. Cai, L. H. Li, T.
Taniguchi, K. Watanabe, M. Toth, I. Aharonovich, C. Lobo, Nanoscale
2016, 8, 16182.

[63] S. Fan, H. Hei, C. An, W. Pang, D. Zhang, X. Hu, S. Wu, J. Liu, J. Mater.
Chem. C 2017, 5, 10638.

[64] Y. K. Huang, J. D. Cain, L. Peng, S. Hao, T. Chasapis, M. G. Kanatzidis,
C. Wolverton, M. Grayson, V. P. Dravid, ACS Nano 2014, 8, 10851.

[65] R. C. Walker, II, T. Shi, E. C. Silva, I. Jovanovic, J. A. Robinson, Phys.
Status Solidi A 2016, 213, 3065.

[66] O. Dyck, S. Jesse, N. Delby, S. V. Kalinin, A. R. Lupini, Ultramicroscopy
2020, 211, 112949.

[67] Y. T. Tseng, K. L. Tai, C. W. Huang, C. Y. Huang, W. W. Wu, J. Phys.
Chem. C 2020, 124, 14935.

[68] Y. Lee, S. Lee, J. Y. Yoon, J. Cheon, H. Y. Jeong, K. Kim, Nano Lett.
2020, 20, 559.

[69] E. Sutter, Y. Huang, H. P. Komsa, M. Ghorbani-Asl, A. V. Krashenin-
nikov, P. Sutter, Nano Lett. 2016, 16, 4410.

[70] Q. Chen, H. Li, W. Xu, S. Wang, H. Sawada, C. S. Allen, A. I. Kirkland,
J. C. Grossman, J. H. Warner, Nano Lett. 2017, 17, 5502.

[71] K. L. Tai, C. W. Huang, R. F. Cai, G. M. Huang, Y. T. Tseng, J. Chen, W.
W. Wu, Small 2019, 16, 1905516.

[72] P. M. Das, J. P. Thiruraman, M. Q. Zhao, S. V. Mandyam, A. T. C.
Johnson, M. Drndíc, Nanotechnology 2020, 31, 105302.

[73] X. Liu, T. Xu, X. Wu, Z. Zhang, J. Yu, H. Qiu, J. H. Hong, C. H. Jin, J.
X. Li, X. R. Wang, L. T. Sun, W. Guo, Nat. Comm. 2013, 4, 1776.

[74] P. Miró, M. Audiffred, T. Heine, Chem. Soc. Rev. 2014, 43, 6537.
[75] A. Polman, M. Kociak, F. J. G. Abajo, Nat. Mater. 2019, 18, 1158.
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