#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

PERSPECTIVE

The emergence of amorphous materials

i") Check for updates‘
approaching the single-layer limit

Cite this: Chem. Sci., 2025, 16, 16392

3 Al publication charges for thisartice ~ Zude Shi, 7% Haowei Get? and Yongmin He & *2°
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of Chemistry Amorphous materials with thickness thinned down to the single-layer limit have attracted increasing
interest due to their well-defined disorder and emerging unique properties, such as disorder-dominated
electronic states, high-density unsaturated coordination, enhanced quantum confinement, etc. These
features could enable innovative applications in electronics, photoelectronics, catalysis, and beyond. In
this perspective, we provide an overview of recent advances in two-dimensional (2D) amorphous
materials approaching the single-layer limit. We first introduce newly-developed key structural
descriptors for these systems, including local bonding, topological disorder, and chemical composition.
Next, we highlight fabrication breakthroughs across diverse material classes, such as amorphous carbon,
oxides/hydroxides, metals, transition metal dichalcogenides (TMDCs), and metal/covalent—organic
frameworks (MOFs/COFs). The resulting properties, spanning electrical/electrocatalytic properties,

Received 31st March 2025
Accepted 5th August 2025

DOI: 10.1039/d5sc02419f mechanical toughness, photoelectric response, and topological electronic states, are subsequently

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 03 2025. Downloaded on 04/11/25 20:19:20.

(cc)

rsc.li/chemical-science

1. Introduction

Unlike their crystalline counterparts, amorphous materials
typically exhibit unique properties, such as isotropic atomic
environments, abundant surface dangling bonds, highly-
unsaturated coordination, etc."® These unique features have
led to various promising applications in electronic devices,
energy storage, photo-electrocatalysis, and other fields.>® As
early as 1841, Liebig et al. reported that sulfur in the amorphous
state became soft and transparent, presenting distinctive
properties compared with its crystalline form.” In 1934, Kramer
et al. pioneered the systematic preparation of amorphous
metals using a vapor deposition method, through which
condensing high-temperature metal vapors on ultralow-
temperature substrates facilitates the preservation of disor-
dered structures.® In 1960, Duwez et al. reported the successful
synthesis of an amorphous Au-Si alloy through rapid quench-
ing from its molten state.” Subsequently, Marchal et al
discovered its superconducting properties, which are related to
the presence of a fixed stoichiometric amorphous alloy close to
AujSi.*?

At the turn of the 21st century, Inoue et al. found a series of
new multicomponent alloyed systems with significantly lower
critical cooling rates, and proposed three experimental
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discussed. Finally, we outline current challenges and future opportunities in this rapidly evolving field.

guidelines for their preparation. Among these systems, Zr-based
bulk amorphous alloys exhibit high mechanical strength,
remarkable fracture toughness, and good corrosion resis-
tance." In 2011, Chen et al. reported the direct observation of
local atomic order in three-dimensional metallic glass using an
electron nanoprobe combined with ab initio molecular
dynamics simulation; the findings provided compelling
evidence of local atomic order in disordered metallic glass.”
These continuing advances demonstrate that the field of
amorphous materials is both ancient and fascinating, leaving
a vast scope to explore the unique behavior of disordered
material systems.

Recently, emerging 2D materials with a single-layer thick-
ness, exemplified by graphene,”® ultra-thin oxides,"*"® and
TMDCs,"” have attracted tremendous research interest across
various fields. These 2D systems typically exhibit distinct
thickness-dependent quantum confinement effects, ultra-
strong in-plane covalent bonds, unique electronic states
induced by local structural fluctuations, etc.****>* Remarkably,
they often deliver unique and remarkable properties that are
distinct from those of their bulk counterparts, as illustrated in
Fig. 1a. These achievements in 2D materials raise an interesting
and open question: what will happen in amorphous materials
when they are thinned down to the single-layer limit (see
Fig. 1b)?

Inspired by this question, a series of atomically thin amor-
phous materials, such as carbon,**° oxides,*”*®* and TMDCs,***°
have been reported more recently. Many fascinating properties
can emerge when their thickness approaches the single-layer
limit. Taking the example of single-element amorphous

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Thinning of bulk materials to the single-layer limit. (a) Thinning of bulk layered materials to obtain a stable crystalline single-layer, with
a unit-cell thickness. (b) Thinning of bulk amorphous materials approaching the single-layer limit. In the atomically thin amorphous system, the
intrinsically disordered structure will be well preserved (stochastic atomic packing, exemplified by Zachariasen's continuous random network (Z-

CRN)).

materials, monolayer amorphous carbon (MAC) has been
successfully synthesized through a low-temperature chemical
vapor deposition (CVD) method. It demonstrates remarkable
mechanical strength and tunable electrical conductivity,
opening up new opportunities for applications in ultrathin
flexible electronics.”>*® Moreover, dozens of amorphous noble
metal nanosheets could be successfully prepared at the single-
layer limit by annealing the mixture of metal acetylacetonate
and alkali salts, some of which exhibit superior performances
for the oxygen evolution reaction (OER) in acidic media.*
Beyond this, for two- or more-element amorphous materials, 1-
nm-thick amorphous PtSe, films can be fabricated through
ultralow-temperature plasma etching, exhibiting high efficiency
in the hydrogen evolution reaction (HER).> Additionally, ultra-
thin HfO, nanosheets, which can be easily synthesized through
oxidation of liquid metal at room temperature, exhibit excellent
dielectric properties.>”?*

The achievements above encourage us to provide a timely
review, which would arouse wide attention for further devel-
opment in this amorphous field. It is noteworthy that some
excellent reviews have been presented before;"*'*2%3> unfortu-
nately, less attention has been paid to this newly-emerged 2D
amorphous system, especially for the one approaching the
single-layer limit. In this review, we will first discuss recently-
developed key structural descriptors for single-layer amor-
phous materials, including local bonding, topological disorder,
and chemical composition. Then, we will introduce represen-
tative types of well-synthesized 2D amorphous materials,
including carbon, oxides/hydroxides, TMDCs, metals, MOFs/
COFs, and other potential amorphous materials, along with
their detailed synthesis methods. Thereafter, how these disor-
dered atomic arrangements correlate with the resulting elec-
tronic, electrocatalytic, mechanical, optoelectronic, and

© 2025 The Author(s). Published by the Royal Society of Chemistry

topological properties will be discussed. Finally, we will provide
our perspectives on key challenges involving theoretical opti-
mization, fabrication mechanisms, and stability engineering, as
well as an exploration focusing on the materials library and its
implications.

2. Key structural parameters

In amorphous bulk materials, it is challenging to determine
whether their disordered structure follows Zachariasen's
continuous random network (CRN) model or the crystallites
embedded in CRN (C-CRN) framework, proposed by Lebedev in
1921.'*%¢ Fortunately, this challenge could be overcome by 2D
amorphous materials because their atomic thickness enables
atomic-scale imaging by scanning transmission electron
microscopy (STEM), offering unique advantages for resolving
those disordered structures. As a result, the local bonding,
topological disorder, and chemical composition could be clearly
identified in 2D amorphous systems. This section discusses key
structural parameters (Fig. 2) and their corresponding charac-
terization methods.

2.1. Local bonding

Local bonding in 2D amorphous materials is defined by devia-
tions from crystalline symmetry and hybridization states, which
can be described in detail by the radial distribution function
(RDF) and bond angle/length distribution (the top of Fig. 2).
Their parameters can be experimentally determined using X-ray
absorption spectroscopy (XAS), Raman spectroscopy, STEM, etc.

The RDF describes how atomic density varies as a function of
distance from a reference particle. By analyzing specific peaks
corresponding to interatomic distances, RDF reveals the degree

of short/medium/long-range order (SRO/MRO/LRO) in
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Key structural parameters of amorphous materials approaching single-layer limit
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Fig. 2 Key structural parameters of 2D amorphous materials. The key structural parameters of amorphous materials can be categorized into
three types: local bonding, topological disorder, and chemical composition. RDF: radial distribution function. DHU: disordered hyperuniformity.

a material. In MAC films, compared to the sharp peaks in the
g(r) of graphene, all MAC samples exhibit broader peaks on the
short-range scale, verifying their short-range orders.”> More-
over, their structures could be further tuned by the different
synthesis temperatures, ranging from weak orders to the
completely amorphous structure. On the other hand, bond
angle and length distributions have also been used to refine the
local bonding, which involves quantifying the equilibrium
distances between nearest-neighbor atoms and the angular
configurations formed by three consecutively bonded atoms.
For example, in MAC, bond angles span 90°-150° compared to
the rigid 120° in crystalline graphene. At the same time, bond-
length variations (0.9-1.8 A) reflect strained sp® networks in
MAC.*®

These parameters, often verified by STEM imaging and
molecular dynamics (MD) simulations, are able to quantify the
degree of disorder at the atomic scale and identify hybridization
states (sp” vs. sp°) as well.>>?

2.2. Topological disorder

Topological disorder is another crucial structural parameter in
2D amorphous systems, directly reflecting structural random-
ness and local atomic density fluctuations. It consists of two
parameters: disordered hyperuniformity (DHU) and ring
statistics, where the former involves quantifying density

16394 | Chem. Sci, 2025, 16, 16392-16413

fluctuations across different length scales and the latter is
determined by non-crystalline ring configurations (the middle
of Fig. 2), that is, the fraction of pentagons, hexagons, hepta-
gons, etc. These characteristics can be analyzed by STEM,
selected area electron diffraction (SAED), and scanning
tunneling microscopy (STM).

A system with the DHU typically exhibits lower energy states
than other disordered ones, which enables unique electronic
and thermal transport properties.** For example, in the single-
layer amorphous silica, DHU could be identified through
spectral-density analysis of HRTEM images, which originates
from the continuous introduction of Stone-Wales (SW) defects
during synthesis.*> Remarkably, such silica displays metallic
behavior, a phenomenon attributed to the localization of high-
energy states induced by topological defects.*

The ring statistics is the other important parameter because
the structural disorder in amorphous materials strongly corre-
lates with deviations from crystalline ring geometries. For
instance, low-voltage STEM reveals distinct ring statistics
between MAC samples synthesized at 300 °C and 400 °C.** For
the one synthesized at 300 °C, hexagonal carbon rings account
for approximately 86% of the carbon ring structures. In these
hexagonal rings, the majority (~67%) were embedded within
nanocrystallites, with the remainder as isolated hexagons
(~19%). In contrast, MAC synthesized at 400 °C exhibits
a higher proportion of isolated hexagons (~45%) and an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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abundance of 5/7/8-membered rings (~28%), indicating
a higher degree of structural disorder. Notably, the former (300
°C) possesses electrical conductivity nine orders of magnitude
higher than that of the latter (400 °C).

2.3. Chemical composition

Compared to their crystalline counterparts with fixed stoichi-
ometry, amorphous materials exhibit more flexibility in the
chemical composition, one of the core parameters for material
design and later performance control. Chemical composition
mainly includes the species and proportions of chemical
elements (the bottom of Fig. 2), which can be characterized by
XAS, X-ray photoelectron spectroscopy (XPS), energy-dispersive
X-ray spectroscopy (EDS), and electron energy-loss spectros-
copy (EELS).
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As for the elemental species, it can effectively modulate the
structural and electronic properties of amorphous materials.
Recent studies have demonstrated that doping N single atoms
into sp” hybridized MAC enables uniform N distribution at
a concentration of approximately 9 at%, as verified by EELS.**
XAS indicates that the doped N atoms exhibit a preferential
graphitic-N configuration, with minor amounts of pyridinic and
pyrrolic N species. This N-doped modification of MAC induces
a transition from an insulating state to a p-type behavior.

On the other hand, in light of the proportions of chemical
elements in amorphous materials, we took amorphous PtSe, as
another typical example.?® XPS and XAS reveal that a decrease in
the Se/Pt atomic ratio from 2 to 1.3 induces a structural collapse
of the crystalline lattice in PtSe, films, ultimately leading to the
formation of a monolayer amorphous structure. This stoichio-
metric modification triggers an electronic transition from p-

600 ——— Graphene
—— MAC

i

Fig. 3 Synthesis and structure of amorphous carbon-based materials. (a) Schematic of monolayer amorphous carbon (MAC) growth via laser-
assisted CVD (LCVD). Reproduced with permission.3” Copyright 2014, Laser Institute of America. (b and c) Photograph (b) and high-resolution
transmission electron microscopy (HRTEM) image (c) of MAC. (d) Radial distribution function calculated by the atomic coordinates of graphene
and MAC. Reproduced with permission.2® Copyright 2020, Springer Nature. (e) Schematic of MAC growth via CVD using the cyclic aromatic
molecule as the precursor. (f) Optical microscopy image of MAC-400. (g) Denoised annular dark-field scanning TEM (ADF-STEM) image and
representative nano-beam electron diffraction (NBED) pattern of MAC-400. Reproduced with permission.?®> Copyright 2023 Springer Nature. (h)
Schematic of nitrogen-doped MAC (NMAC) synthesized by confined polymerization using solid templates and an ion exchange strategy. (i)
Atomic force microscopy (AFM) image and the corresponding height profile of the as-grown NMAC flake. (j and k) High-magnification ADF-STEM
image and the corresponding EELS map of NMAC, with N atoms highlighted by red dashed circles. Reproduced with permission.?* Copyright

2024 Springer Nature.
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type semiconducting behavior to a metallic state as well as
a significantly enhanced HER catalytic activity.

3. Fabrication strategies

This section will discuss recently-reported 2D amorphous
materials, including carbon, oxides/hydroxides, TMDCs,
metals, 2D MOFs/COFs, etc., together with their fabrication
strategies and mechanisms, morphological features, and
structural parameters. Notably, given that the 2D amorphous
materials are non-layered structures, the fabrication
approaching the single-layer limit remains a significant chal-
lenge. Taking this into consideration, we classified current
fabrication strategies into bottom-up and top-down strategies.
The former focused on how to grow 2D amorphous layers, while
the latter emphasized how to etch crystalline parent materials
to realize crystalline-to-amorphous transformation. Lastly,
other potential amorphous materials approaching the single-
layer limit will be suggested.

3.1. Amorphous carbon-based materials

Similar to the primary role of graphene in the 2D material field,
MAC has also emerged as a classic disordered material for
exploring the unique structure and properties of 2D amorphous
systems.”® Recent significant advances in the synthesis and
atomic-scale characterization of MAC position it at the forefront
of amorphous materials.>*>® A series of fabrication methods,
including CVD (bottom-up), space-confined solution synthesis
(bottom-up), and e-beam or ion-based etching (top-down), will
be introduced in the following sections.

Inspired by the CVD growth of graphene layers on metal
substrates, most MACs have been synthesized through vapor
growth methods. Unlike graphene, the nucleation and growth
of MACs require non-equilibrium kinetic conditions, and
impressively, a low-temperature condition is necessary to
suppress lattice relaxation and prevent crystallization. The first
example is that Ozyilmaz et al utilized laser-assisted CVD
(LCVD) to synthesize a centimeter-scale MAC film, as shown in
Fig. 3a and b.>**” The synthesized film shows randomly oriented
crystallites embedded within CRN. Using STEM, they revealed
that it presents broad distributions of bond length (0.9-1.8 A)
and bond angle (90°-150°), as well as a dominance of 5-, 6-, 7-,
and 8-membered rings (Fig. 3c). Furthermore, the RDF analysis
confirmed the loss of long-range periodic order in MAC, which
was distinguished from graphene (Fig. 3d). Another interesting
example is that Liu et al. synthesized the MAC film using low-
temperature CVD combined with pyrolysis of a polycyclic
heteroarene (Fig. 3e and f).>* They observed the temperature-
dependent degree of amorphization in the synthesized MAC,
with the one synthesized at 400 °C exhibiting the highest degree
of amorphization in Fig. 3g.

The spatial confinement strategy can effectively enhance the
in-plane arrangement and assembly, facilitating the growth
process of 2D amorphous materials. Most recently, Guo et al.
employed layered double hydroxide (LDH) templates to
orchestrate the radical polymerization of pyrrole monomers

16396 | Chem. Sci,, 2025, 16, 16392-16413
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within sub-nanometer interlayer cavities, as shown in Fig. 3h.**
The resulting nitrogen-doped MAC (NMAC) nanosheet exhibi-
ted a single-layer thickness (Fig. 3i). Using Raman spectroscopy
and XAS, they revealed the extended in-plane m-conjugation of
NMAC. Systematic STEM characterizations confirmed that this
material features unique topological motifs, dominated by di-
storted 5-6-7-membered ring configurations. Spatially averaged
EELS also quantified the nitrogen content in the NAMC sample
at approximately 9 at%, confirming successful nitrogen incor-
poration (Fig. 3j and k). Notably, the spatial confinement
strategy induced a threefold reduction in the SW trans-
formation activation energy, enabling the thermodynamic
stabilization of the amorphous structure through space-
confined solution synthesis. In addition, there are also other
excellent examples of bottom-up strategies, such as solution-
based approaches on non-catalytic substrates,*® substrate-
lattice-mismatched growth, etc.*

The top-down etching strategy was also used to fabricate
MAC by gradually damaging the lattice structure of the parent
graphene. For example, Eom et al. investigated graphene's
structural and electrical evolution under electron beam irradi-
ation.” Increasing irradiation doses generated more defects in
graphene samples, which would evolve from nanocrystalline to
amorphous. Similarly, Kotakoski et al.** also investigated how
disorders occur in monolayer graphene under low-energy argon
ion irradiation and employed convolutional neural networks for
STEM image analysis. The authors demonstrated that graphene
is gradually amorphized through the formation of non-
hexagonal carbon rings, in sharp contrast to stable h-BN,
which preserves its crystalline structure. To further explore
how the graphene changes into an amorphous state, Zhuang
et al. discovered a topological transition in the 2D disordered
network of MAC, which preserves DHU through the continuous
introduction of SW defects.? Moreover, their theoretical struc-
tural model, at a specific defect concentration (0.06), was
successfully aligned with both the local topological order and
the large-scale spatial correlations observed in experimental
MAC films.

The unique characteristics of the above MAC hold great
potential applications in mechanics, electronics, and energy
storage. For example, its CRN guides crack propagation along
tortuous paths under external stress, thereby enhancing the
material's toughness. This crack-propagation behavior makes
MAC ideal for protective coatings in harsh environments.>**>*
In electronics, the degree-of-disorder-tuned conductivity of
MAC enables the realization of conductive patterns that
spatially control conductivity within a single layer, which is
highly desirable for flexible electronic devices.** Furthermore,
based on its high density of atomic-scale defects (specifically 8-
carbon rings), it exhibits selective permeability, allowing effi-
cient transport of protons (about three orders of magnitude
higher than that of defect-free graphene) and Li ions while
completely blocking gases and liquids.*® This molecular/ionic
selectivity makes it highly suitable for hydrogen technologies
(e.g., proton-exchange membranes) and Li-ion batteries (e.g.,
advanced separators or protective barriers).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.2. Amorphous oxide/hydroxide layers
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amorphous structure of the HfO, nanosheets (Fig. 4c), likely

attributed to the short residence time of bubbles in the liquid
metal and rapid oxidation kinetics, which limited the time
available for crystallization. This finding offers a novel strategy for
synthesizing oxides that approach the single-layer limit.

On the amorphous-hydroxide side, Osada et al. developed
a solid-state surfactant templating strategy to synthesize

With respect to the bottom-up synthesis strategy of 2D amor-
phous oxides/hydroxides, Daeneke et al. developed a gas injection
method to synthesize amorphous oxide nanosheets (HfO,, Al,O3,
and Gd,O;) approaching single-layer thickness by oxidizing
liquid metals through an air injection method,”® as shown in
Fig. 4a and b. TEM and SAED characterizations revealed the

2D sheets
in liquid

Substrate S gm
ML suspension 7 1

1 pm
)
Air inlet Drop-cast

2D sheets

UV-lamp w
1185 nm + 254 nm o

Precursors -0,

—
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Fig. 4 Synthesis and structure of amorphous oxides/hydroxides. (a) Schematic of air oxidation of liquid metal for synthesizing single-layer-limit
oxides (left) and optical image of the nanosheets drop-cast onto the SiO,/Si substrate (right). (b) AFM image and the corresponding height profile
of single-layer-limit HfO,. (c) TEM image, selected-area electron diffraction (SAED) (top inset) and HRTEM image (bottom inset) of single-layer-
limit HfO,. Reproduced with permission.2® Copyright 2017 the American Association for the Advancement of Science. (d) Schematic of single-
layer-limit MoOs growth via UV-ozone-driven oxidation. (e) Comparison of optical microscope images of single-layer MoS, grown on 2-inch
sapphire substrates before (left) and after oxidation (right). (f) ADF-STEM image of single-layer-limit MoOs. Inset: the corresponding high-
magnification ADF-STEM image. Reproduced with permission.*¢ Copyright 2022 American Chemical Society. (g) Schematic of the electro-
chemical conversion strategy for synthesizing single-layer-limit amorphous Ni(OH),. (h) AFM image and the corresponding height profiles of the
as-converted single-layer-limit amorphous Ni(OH), nanosheets. (i) High-angle ADF-STEM (HAADF-STEM) image and the corresponding fast
Fourier transform (FFT) pattern of the as-converted single-layer-limit amorphous Ni(OH), nanosheets. Reproduced with permission.*” Copyright
2022 American Chemical Society. (j) Schematic of solid-state surfactant-templated synthesis of single-layer-limit amorphous oxide/oxy-
hydroxide nanosheets. (k and |) AFM image, the corresponding height profiles (k), TEM image and SAED pattern () of the single-layer-limit
amorphous gallium oxide/oxyhydroxide nanosheets. Reproduced with permission.*® Copyright 2024 Springer Nature.
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amorphous 2D oxide/oxyhydroxide nanosheets with controlled
thicknesses (0.7-5.5 nm) and diverse compositions, including
APP", s¢*', Mn*', Fe’', Co*", Ga®*, In**, and Rh*' (Fig. 4j-1).** In
this approach, metal ions are arranged within the interlayer
spaces of solid-state surfactant crystals. Subsequent hydrolysis
of these ions induces limited condensation reactions, resulting
in the formation of isolated clusters within the surfactant
framework. To achieve 2D layers, the authors immersed the
surfactant crystals in formamide, which promotes the self-
assembly of clusters by templating the surfactant crystal
morphologies.

In the top-down fabrication of amorphous oxides, Akin-
wande et al. demonstrated an ultraviolet-ozone (UV-O;) oxida-
tion to convert wafer-scale monolayer MoS, into an amorphous
MoO; layer (~0.7 nm) (Fig. 4d).*® Optical microscopy revealed
a stark contrast between the pristine MoS, and the transparent
oxidized film (Fig. 4e). Atomic-resolution STEM (Fig. 4f)
confirmed the absence of long-range order, a characteristic of
amorphous structures. On the other hand, for amorphous
hydroxides, Guo et al. synthesized amorphous Ni(OH), nano-
sheets through an in situ electrochemical conversion strategy
(Fig. 4g).*” The atomic force microscopy (AFM) characterization
revealed the single-layer limit of the resulting material, with
a uniform thickness of approximately 0.8 nm (Fig. 4h). The
HAADF-STEM image and the corresponding fast Fourier trans-
form (FFT) pattern show the disordered atomic arrangement of
Ni atoms (Fig. 4i).

In both aforementioned synthesis strategies, the amorphous
oxides and hydroxides obtained at the single-layer limit offer
distinct advantages over their crystalline counterparts in
various applications. In electrocatalysis, single-layer amor-
phous hydroxide nanosheets, such as Ni(OH), and Co(OH),,
have demonstrated enhanced energy storage and OER activity
due to their high density of defective sites and improved charge/
ion transfer capabilities.*”** In electronic and optoelectronic
devices, single-layer amorphous oxides with atomic-scale
uniformity and high dielectric constants, such as amorphous
HfO,, can be used for gate dielectrics in field-effect transistors,
benefiting from their low leakage currents and conformal
coverage.”® Moreover, their large optical bandgaps and trans-
parency enable their integration into flexible and transparent
electronic devices.”>**

3.3. Amorphous metal layers

Top-down approaches offer the potential for controllable
fabrication of amorphous metal films with tailored coordina-
tions; however, thinning them down to a single layer remains
challenging.?>** Alternatively, bottom-up approaches, which
benefit from operational flexibility and scalable production,
exhibit significant advantages in precisely controlling key
parameters, such as monolayer thickness, amorphous struc-
tural stability, and atomic coordination environment.** To date,
a large number of bottom-up approaches have been developed
for synthesizing amorphous metals approaching the monolayer
limit, such as alkali metal salt-assisted growth,** template-

16398 | Chem. Sci., 2025, 16, 16392-16413

View Article Online

Perspective

based methods,* hydrothermal/solvothermal methods,” and
surfactant assembly approaches,*® among others.

As a pioneering work, Li et al. developed an alkali salt-
assisted annealing method to fabricate amorphous metal
nanosheets with tunable thickness and controllable composi-
tion (Fig. 5a).*' This method can achieve micrometer-scale
amorphous nanosheets, approaching the single-layer thick-
ness, as illustrated in Fig. 5b. These nanosheets exhibit amor-
phous features, with disordered atomic arrangement, loosely
bonded structures, and high-density defect sites. Further char-
acterization via HAADF-STEM and SAED techniques reveals
a disordered atomic arrangement of Ir metal atoms (Fig. 5¢). In
a subsequent study, Liu et al. proposed a DNA-templated rapid
synthesis protocol at room temperature, allowing for the
controlled preparation of amorphous copper nanosheets with
large lateral dimensions (Fig. 5d).”* Small-angle X-ray diffrac-
tion reveals nanoscale periodicity coexisting with atomic-level
disorder in the nanosheets (Fig. 5e¢). Notably, the sample still
exhibited typical amorphous halos through TEM/SAED analysis,
even at areas exceeding 150 pm®. On the other hand, Zhang and
colleagues reported a thiol ligand-exchange-induced amorph-
ization strategy, synthesizing stable amorphous Pd NSs at
ambient temperature (Fig. 5g).*> Using HRTEM, the authors
could capture the phase evolution from crystalline to
crystalline/amorphous composite and finally to fully amor-
phous states (Fig. 5i), suggesting that this method is extendable
to fabricate crystalline-amorphous heterojunctions. Later, using
a similar approach, Zhang and co-workers demonstrated
a surfactant-free wet-chemical approach to synthesize
amorphous/crystalline rhodium nanosheets (a/c-Rh NSs)
approaching the single-layer limit.>* The complementary char-
acterizations confirmed that the heterostructure exhibits
atomic-level structural disorder, characterized by abundant
phase boundaries and low coordination numbers.

Towards applications of amorphous metal layers, amor-
phous Ir nanosheets exhibit 2.5 times higher acidic oxygen
evolution activity than crystalline Ir in catalysis, attributed to
their abundant coordination defects. Similarly, amorphous Pd
nanosheets achieve an ultralow HER Tafel slope of merely
30 mV dec' due to elongated Pd-Pd bonds that optimize
hydrogen adsorption energy.”® In optoelectronics, DNA-
templated amorphous Cu nanosheets show 62-fold enhanced
fluorescence intensity with superior stability, where elevated
conduction/valence bands promote carrier separation.*® For
chemical synthesis, amorphous/crystalline heterophase RhCu
nanosheets catalyze indole formation with 100% conversion
and >99.9% selectivity, where phase interfaces accelerate nitro
reduction and Cu alloying suppresses side reactions.>

3.4. Amorphous transition metal dichalcogenides

Significant efforts have also been devoted to top-down fabrica-
tion strategies of amorphous TMDCs at the single-layer limit,
such as supercritical strain engineering,”” low-temperature ion
etching,* and low-energy glancing-angle ion beam irradiation.*®
For example, Xu's group recently demonstrated a supercritical
carbon dioxide-assisted approach with precise pressure

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Synthesis and structure of amorphous metals. (a) General synthesis schematic for amorphous noble metal nanosheets (NSs), where M. T.
denotes the melting temperature of metal acetylacetonate precursors. (b) TEM image of amorphous iridium NSs reveals their morphology
approaching the single-layer limit. (c) Aberration-corrected HAADF-STEM image of amorphous Ir NSs. Inset: characteristic diffuse-ring SAED
patterns indicative of long-range disorder. Reproduced with permission.®* Copyright 2019 Springer Nature. (d) DNA nanosheet (DNS)-templated
synthesis strategy for amorphous copper nanosheets (DNS/CuNSs). (e) Small-angle X-ray diffraction (XRD) plots of DNS/CuNSs, DNS, and
dsDNA. (f) TEM micrograph of 2D amorphous DNS/CuNSs approaching the single-layer limit. Inset: SAED patterns. Reproduced with permis-
sion.>* Copyright 2023 American Chemical Society. (g) Chemical bath deposition protocol for synthesizing amorphous Pd NSs. Reproduced with
permission. Copyright 2018 Springer International Publishing AG. (h) TEM image of bismuth thiol |-capped amorphous Pd NSs reacted for 24 h
(Pd NSs-Bis-24 h). Insets: molecular structure of the bismuthiol | ligand (top) and corresponding SAED pattern (bottom). (i) HRTEM image of Pd

nano-island-Bis-24 h, demonstrating the absence of lattice fringes. Reproduced with permission.>* Copyright 2020 John Wiley & Sons.

regulation (20 MPa) and temperature gradients (40-80 °C) to
achieve controlled amorphization of VS, nanosheets in a water/
NMP solvent system (Fig. 6a). This approach enables estab-
lishing a new paradigm for precision engineering of functional
amorphous materials.>” Microscopic characterization revealed
a high specific surface area and the absence of crystalline lattice
fringes (Fig. 6b). STEM elemental mapping (V/S) combined with
SAED diffuse rings (Fig. 6¢) collectively confirmed the amor-
phous atomic structures of these VS, nanostructures.

More recently, He et al. developed a low-temperature plasma
etching strategy to fabricate amorphous PtSe, single-layer-limit
(~1 nm) catalysts (Fig. 6d), exhibiting platinum-like catalytic
activity with exceptional atomic utilization efficiency.” Cross-
sectional HAADF-STEM identified surface amorphization
(demarcated by white dashed lines), with intensity profile
inhomogeneity (Fig. 6e) and atomic spacing fluctuations

© 2025 The Author(s). Published by the Royal Society of Chemistry

together suggesting significant in-plane Pt displacements.
Atomic-resolution HAADF imaging revealed random Pt distri-
bution (Fig. 6f), complemented by broad FFT halos (the inset of
Fig. 6f), providing sufficient evidence for large-area complete
amorphization. Most recently, Valerius et al. implemented
a low-energy grazing-incidence ion irradiation technique. The
authors utilized 500 eV Xe" ions at a 75° incidence to selectively
sputter top-layer sulfur atoms, thereby amorphizing single-layer
MoS, on graphene/Ir(111) substrates (Fig. 6g).® STM analysis
showed a tenfold increase in surface roughness (0.01 — 0.1
nm), and the disappearance of the LEED pattern verified the
destruction of long-range order.

On the other hand, the bottom-up synthesis of amorphous
TMDCs approaching the single-layer limit mainly involves
atomic layer deposition (ALD),* physical vapor deposition
(PVD),** CVD,* and a melt-and-quench process.®> For instance,

Chem. Sci., 2025, 16, 16392-16413 | 16399
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fabrication. (b) HRTEM image confirming the amorphous phase and morphology of VS, nanosheets, approaching the single-layer limit. (c) STEM
image with elemental mapping (V/S) and corresponding SAED patterns, demonstrating long-range structural disorder. Reproduced with
permission.’” Copyright 2020 John Wiley & Sons. (d) Wafer-scale production of amorphous PtSe, films: amorphization process using deep
reactive-ion etching (DRIE) under low-energy Ar plasma at —30 °C. (e) Cross-sectional HAADF-STEM image of the amorphous PtSe, layer. (f)
Atomic-resolution HAADF-STEM image of the amorphous PtSe, film over large areas. Inset: FFT pattern showing diffuse scattering charac-
teristics. Reproduced with permission.?® Copyright 2022, Springer Nature. (g) Strategy for synthesizing amorphous MoS, using a low-energy
grazing-incidence ion irradiation technique: Xe* ion (500 eV) bombardment on MoS,/Gr/Ir (111) at polar (§ = 75°) and azimuthal (¢ = 27.5°)
angles. (h) Post-irradiation surface analysis: scanning tunneling microscopy (STM) topography (left), height profile and LEED pattern (right) of
MoS, after 1.5 x 10* ions/cm? Xe" irradiation at 500 eV. The arrow indicates ion beam projection. Reproduced with permission.*® Copyright

2024 |OP publishing.

Kim et al.* successfully prepared amorphous MoS, films by
ALD using Mo(CO)s and H,S as precursor materials. By opti-
mizing the deposition parameters within a narrow temperature
window of 155-175 °C, the authors could suppress the aniso-
tropic growth behavior during the deposition of large-area
amorphous films. Furthermore, Bayer et al. prepared amor-
phous MoS, films on monolayer graphene via PVD and induced
in situ crystallization using STEM electron-beam energy. This
method establishes a real-time observation platform for inves-
tigating phase-transition dynamics at the atomic scale.®® He
et al. developed a nanodroplet-driven nanoribbon-to-film
strategy that enables the direct wafer-scale growth of single-
layer amorphous metal chalcogenide films from metal nano-
clusters.® This method utilizes sub-2-nm liquid droplets
formed at low temperatures to guide the in-plane growth of

16400 | Chem. Sci, 2025, 16, 16392-16413

amorphous nanoribbons, which subsequently merge into
uniform films. The work presents a non-equilibrium kinetic
mechanism applicable to a range of metal chalcogenides,
including PtSe,, IrSe,, PdSe,, and RhSe,. Moreover, Pu and
colleagues developed a melt-quenching approach to fabricate
amorphous MoS,. Using MD simulations, they systematically
analyzed structural transformations under tribological stimuli
(temperature, load, and sliding velocity). Their combined
experimental and theoretical results elucidate dynamic recon-
struction mechanisms at amorphous/crystalline interfaces,
providing fundamental insights for designing stimuli-
responsive materials.®> These advancements in amorphous-to-
crystalline phase transformation have also opened new
avenues for understanding nanoscale structural evolution
mechanisms.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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With the above-mentioned unique characteristics, amor- 3.5.
phous TMDCs exhibit great potential for a series of applica-
tions. In electrocatalysis, the single-layer amorphous PtSe, films
(~1 nm) exhibit Pt-like activity (Tafel slope: 39 mV dec ') in
acidic HER, enabling high-flux hydrogen production through
their wafer-scale fabrication.”® Similarly, amorphous PtTe,
nanosheets, featuring abundant Pt active sites and optimized
hydrogen intermediate binding strength, exhibit excellent
activity and stability in alkaline HER.®® In the photothermal
applications, the amorphous VS, nanosheets (~0.5 nm) simul-
taneously exhibit strong photoluminescence and 78.8% pho-
tothermal conversion efficiency, making them suitable for
photothermal therapy and solar energy conversion.”” These
advances highlight the practical potential of amorphous
TMDCs for energy conversion and optoelectronic applications.

Amorphous transition metal/covalent-organic
frameworks

For MOFs/COFs, we note that top-down strategies are rarely
employed in their fabrication, as they approach the single-layer
limit, due to their structures being susceptible to environmental
conditions during physical or chemical processing. Alterna-
tively, a large number of bottom-up synthesis strategies are
employed, primarily relying on molecular self-assembly. The
coordination reactions, assisted by templates or external fields,
were considered the core framework for their synthesis.®*-¢
For example, Sun and colleagues pioneered a mask-assisted
molecular assembly technique to synthesize 2D amorphous
MOFs with tunable pore architectures via precise control of dual-
ligand stoichiometry and annealing conditions (Fig. 7a).*” Using in
situ STM, they directly visualized the disordered network, and
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Fig. 7 Synthesis and structure of amorphous MOFs/COFs. (a) Schematic of shadow mask-assisted MOF synthesis, illustrating sequential
molecular deposition for bicomponent framework engineering. The right panel details the secondary molecule deposition process enabling
stoichiometric control.¥” Copyright 2022 American Chemical Society. (b) STM image of an amorphous MOF synthesized at a 1: 1 ratio of linker at
a 500 K annealing temperature. (c) Structural analysis of amorphous MOFs: (left) RDF quantifying short-range molecular order; inset: Pore
diameter distribution within the disordered network.®® Copyright 2023 American Chemical Society. (d) Dynamic evolution from PDBA monomers
to 2D amorphous COFs, captured via in situ STM at 1-caprylic acid/HOPG interfaces. (e) STM topography of amorphous COF domains on HOPG.
Inset: FFT pattern. (f) Structural models correlating with experimental STM observations, depicting molecular packing variations in amorphous
COFs.”° Copyright 2022, Springer Nature. (g) Solvent-modulated continuous deposition strategy for metal-organic coordination network
(MOCN) fabrication. (h) Large-area STM image of TPT-Pd(i1) MOCN demonstrating domain-selective amorphous growth at room temperature. (i)
Thermal evolution of TPT-Pd(i1) MOCN: STM comparison between the as-synthesized (room temperature) and annealed (50 °C, 5 min) states,
with color-coded domains illustrating crystallization progression.” Copyright 2025 American Chemical Society.
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further confirmed the absence of periodic peaks through 2D
Fourier transform (2D-FFT) analysis (Fig. 7b). Moreover, RDF
analysis of structural segments (Fig. 7c) revealed their character-
istics of shortrange order and long-range disorder.®® Statistical
analysis further confirmed random stacking of 5-8-membered
polygonal pores with a broad size distribution. In a parallel
advancement, Mu's group reported a stabilization strategy based
on a high-entropy oxide to synthesize amorphous Ru-Mo dual-
atom high-entropy MOF nanosheets (1.5 nm) approaching the

View Article Online

Perspective

single-layer limit. Their amorphous nature was firmly verified by
HRTEM lattice-free imaging, XRD broadened peaks, and SAED
diffuse rings. Notably, this high-entropy-driven approach stabi-
lizes metastable configurations, providing new pathways for the
controlled synthesis of amorphous MOFs that approach the
single-layer limit.*

Interestingly, recent studies on reversible amorphous-
crystalline phase transitions have unveiled new avenues for
dynamically engineering the structure of 2D amorphous

Polymer

100 1

200
100 1

Fig.8 Potentialamorphous materials approaching the single-layer limit. (a) AFM image and the corresponding height profile of single-layer-limit
fluoride-rich polymers. (b) TEM image and the corresponding FFT pattern (inset) of single-layer-limit fluoride-rich polymers. Reproduced with
permission.”? Copyright 2024 Springer Nature. (c) Si-Si (top) and O-O (bottom) pair distance histograms of the amorphous silica film. (d) STM
images of the bilayer of vitreous silica. In the left panel, the structure of the Si atoms is visible, whereas the right panel reveals the arrangement of
the O atoms. Reproduced with permission.”? Copyright 2012 American Chemical Society. (e) Cross-sectional TEM image of Co/3-nm-thick
amorphous-BN/Si interfaces after annealing. (f) High-resolution TEM image (left) and the corresponding FFT pattern (right) of the amorphous BN
film grown by low-temperature remote inductively coupled plasma-CVD (ICP-CVD). Reproduced with permission.” Copyright 2020 Springer
Nature.
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materials. Feyter et al engineered a 2D amorphous boroxine
polymer at solid-liquid interfaces via dynamic covalent chemistry
(Fig. 7d), with in situ STM providing real-time visualization of
polymerization kinetics and amorphous-to-crystalline phase
evolution.” Quantitative analysis revealed that the pyrene-2, 7-
diboronic acid (PDBA) disordered phase formed at 1-octanoic
acid/highly oriented pyrolytic graphite (HOPG) interfaces (Fig. 7e)
exhibits an amorphous characteristic, as evidenced by diffuse
halos in FFT patterns (the inset of Fig. 7e). Structural modeling of
intermediate states during surface polymerization and depoly-
merization (Fig. 7f) systematically elucidates how the dynamic
equilibrium governs amorphous-crystalline
Another interesting example in Feyter's group is that they also
investigated a sequential deposition-thermal annealing strategy
to precisely modulate crystallinity in metal-organic coordination
networks (MOCNs) through temperature control (20-50 °C,
Fig. 7g).”* The STM studies quantified the amorphous surface
coverage at 98% + 0.8% in non-annealed samples (Fig. 7h), which
decreased to 74% =+ 2.7% upon heating (Fig. 7i), thereby estab-
lishing a temperature-dependent crystallization mechanism in
MOCNS.

For applications, amorphous MOFs/COFs with dynamic
bonding facilitate intrinsic self-healing capabilities in flexible
electronic devices, and their tunable pore geometries (e.g., from
pentagonal to heptagonal structures) could serve as efficient
molecular sieving platforms.®® On the other hand, open metal
sites in amorphous MOFs/COFs (e.g., Pd(u)) provide exceptional
catalytic and molecular sensing performances.” Notably, highly
efficient amorphous MOF/COF catalysts with synergistic atomic
sites have been developed via high-entropy design, showing
transformative potential for hydrogen production from both
freshwater/industrial wastewater, as well as for CO, reduction.®®

interconversion.

3.6. Potential amorphous materials approaching the single-
layer limit

In addition to the representative materials introduced above, we
next discussed other promising amorphous materials that can
be fabricated with a thickness close to the single-layer limit
(Fig. 8). Even if they are currently unachievable, the effort will be
worthwhile in the near future.

For polymers, ultrathin fluoride-rich 2D polymer (2DP-F)
films can be synthesized using solvent-free CVD, with a thick-
ness of only 2 nm (Fig. 8a).”” The TEM image and the corre-
sponding FFT pattern further corroborated their uniform
surface and disordered structure (Fig. 8b). It is worth noting
here that this method could be applied to various substrates,
including SiO,, sapphire, mica, quartz, gold, and even plastics.
Notably, due to its ultralow dielectric constant and high Young's
modulus, the amorphous 2DP thin films grown on arbitrary
substrates can be used as dielectric substrates in high-
performance 2D electronic devices.

For silica, a bilayer of amorphous silica was formed by
oxidizing and rapidly cooling pre-deposited silicon on Ru
(0001). Noncontact AFM (nc-AFM) and STM confirmed the
absence of long-range atomic arrangement of Si and O atoms in
bilayer amorphous silica films, as shown in Fig. 8c.” Moreover,

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

it can be observed that amorphous silica consists of substantial
randomly-arranged, irregular 8-18-membered rings (Fig. 8d).
The amorphous 2D silica films exhibit high pore density and
well-defined ring dimensions (typically within a few angstroms),
which enables excellent permselectivity toward small mole-
cules.” These structural characteristics enable pristine films to
function as molecular sieves, spatially confining molecules in
nanocatalytic applications.”*”®

For boron nitride, a 3-nm-thick amorphous film was
successfully synthesized using low-temperature remote induc-
tively coupled plasma-CVD (Fig. 8e and f).” Besides the afore-
mentioned materials, MD simulations predicted the
spontaneous formation of single-layer amorphous clathrate
hydrates on superhydrophilic surfaces without conventional
nanoconfinement.”” Similar to the above amorphous polymer
films, the amorphous boron nitride film also exhibits an
ultralow dielectric constant, robust mechanical strength, and
high optical transparency.” Impressively, the amorphous boron
nitride film enables direct wafer-scale growth at significantly
lower temperatures.”*”® These properties position amorphous
boron nitride as an emerging dielectric material for electronic
and photonic devices, such as substrates, encapsulation layers,
and gate insulators.*

Beyond materials, other fabrication strategies for amor-
phous materials approaching the single-layer limit will also be
discussed here. Regarding the bottom-up strategy, ALD stands
out due to its exceptional thickness control through carefully
controlled sequential precursor dosing cycles, enabling the
growth of sub-nanometer amorphous Al,O; films.** On the
other hand, for the top-down strategy, some emerging methods,
including but not limited to mechanical exfoliation techniques
and electrically driven solid-state amorphization, also have the
potential to yield ultrathin nanosheets of amorphous metal
oxides.*** Taken together, these diverse routes will expand the
toolbox for researchers to explore the unique properties of more
amorphous materials approaching the single-layer limit.

4. Unique properties

On the basis of these fabrication achievements above, it is
compelling to see how 2D amorphous materials present unique
properties and offer fantastic applications across a wide range
of fields. Remarkably, such a material system is highly desirable
because it inherits the disordered behavior from the amor-
phous bulk and quantum confinement effects from layered
materials, offering unique functionalities beyond those avail-
able in crystalline 2D materials. This section will discuss the
electrical, electrochemical, mechanical, optoelectronic, and
topological properties observed in these amorphous materials.

4.1. Electrical properties

Compared with layered crystalline materials, it was found that
2D amorphous materials exhibit distinctive electrical properties
spanning semiconductor behavior,”® insulating behavior,>*>*%*
memristive behavior,” and metalloid behavior.*® These

Chem. Sci., 2025, 16, 16392-16413 | 16403
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properties are mainly attributed to their long-range disordered
atomic arrangements and short-range ordered configurations.>

For the semiconductor behavior, Guo and co-workers
demonstrated that nitrogen-doped amorphous monolayer
carbon (NAMC) exhibits p-type semiconductor behavior
(Fig. 9a).>* Through electrostatic force microscopy (EFM) char-
acterization, they observed that hole accumulation under
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negative bias enhances EFM signals, while near-insulating
behavior usually occurs at zero or positive biases (Fig. 9b and
¢). The high sheet resistance (on the order of hundreds of GQ/
sq) arises from electronic localization and disrupted long-range
ordering induced by 5-7-membered ring configurations. An
optical bandgap of 1.92 eV, with an absorption tail extending to
0.9 eV, was observed, indicating the presence of localized
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Fig. 9 Electrical properties of 2D amorphous materials. (a) Schematic illustration of the electrical characterization setup for NAMC on a SiO,
substrate via electrostatic force microscopy (EFM) and spectroscopy. (b) Topographic image of the NAMC flake. Scale bar: 200 nm. Corre-
sponding EFM-2w images under tip biases (V) of =4V, 0V, and 4 V, with identical color scales applied. (c) Representative EFM-2w versus Vq ..
Spectra acquired on NAMC and bare SiO, substrate, along with the EFM-2w contrast between NAMC and SiO, extracted from mapping mode.
Error bars represent the standard deviation of the mapping data. Reproduced with permission.?* Copyright 2024, Springer Nature. (d) Device
schematic diagram of a 2D GaO,/B-Ga,Os metal-insulator-semiconductor field-effect transistor (MISFET) with contact terminals. (€) Conductive
AFM (C-AFM) analysis: left-leakage current mapping of the GaOj bilayer; inset: C-AFM measurement schematic. Reproduced with permission.®
Copyright 2023 American Chemical Society. (f) Dielectric constant as a function of bias voltage derived from capacitance measurements
performed at frequencies ranging from 1 kHz to 1 MHz. Inset: schematic of the parallel-plate capacitor device structure under testing and optical
micrograph of the fabricated capacitor. Reproduced with permission.>® Copyright 2024, Springer Nature. (g) Nonvolatile resistive switching
(NVRS) in single-layer MoOs: device schematic with a 15 x 15 pm? top electrode. BE: bottom electrode. TE: top electrode. (h) Representative
bipolar |-V hysteresis demonstrating NVRS behavior. Reproduced with permission.*¢ Copyright 2022 American Chemical Society. (i) Schematic
of STM. Reproduced with permission.®* Copyright 2015 American Physical Society. (j) Evolution of MoS, electronic structure after irradiation.
Pristine MoS; (bottom) and Xe* irradiation (1.5 x 10** ions cm™2, 500 eV). Reproduced with permission.®® Copyright 2020 IOP Publishing Ltd.
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electronic states and a variable-range hopping mechanism- magnitude.”® Similarly, Kim's group examined the dielectric
governed charge transport. properties of amorphous GaO, synthesized by liquid gallium

For the insulation behavior, Ozyilmaz et al. demonstrated extrusion (Fig. 9d), which gives a dielectric constant of ~6.5 and
that MAC-based devices exhibit a room-temperature sheet a breakdown voltage of +6 V (Fig. 9¢), demonstrating excellent
resistance of ~100 GQ, surpassing graphene by ten orders of high-temperature stability for power device applications.** More
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permission.®® Copyright 2023 American Chemical. () Comparative oxygen evolution reaction (OER) performance of amorphous Ir nanosheets
(NSs): polarization curves against crystalline Ir NSs and commercial RuO,/IrO, benchmarks. (f) Comparison of periplasmic sites and mass
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composite electrodes, revealing dual redox peaks indicative of Ni?*/Ni** transitions. (i) Specific capacity and magnification capability analysis.
Reproduced with permission.*” Copyright 2022 American Chemical Society.
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recently, Yi et al. advanced this paradigm by integrating amor-
phous Ga,0; onto MoS, via interfacial engineering, achieving
a high « (approximately 30) at an equivalent oxide thickness of
0.4 nm and a low leakage current (~4 x 1077 A cm ?) at
a breakdown field of 11 MV cm ™" (Fig. 9f).* Broadband capac-
itance-voltage measurements (1 kHz-1 MHz) further confirmed
frequency-independent dielectric stability.

For the memristive behavior, wafer-scale amorphous MoO;
synthesized via UV-ozone oxidation of single-layer MoS, could
serve as an active layer in resistive random-access memory
(RRAM) devices (Fig. 9g).* These devices demonstrate superior
performance, with low operating voltage (<1 V), high switching
ratio (>10”), and cycling endurance (Fig. 9h). Theoretical
calculations revealed that the atomic homogeneity of ultrathin
amorphous architectures (~0.7 nm) effectively suppresses grain
boundary defects and minimizes leakage currents as well.

For the metalloid behavior, using constant-current mode
scanning tunneling spectroscopy (STS) measurements
combined with averaging over 20 single-point spectra, Valerius
et al. revealed that crystalline MoS, exhibits a semiconductor
bandgap ranging from —1.8 V to +0.8 V, with the sharp band
edges and low density of states within the gap. In stark contrast,
after grazing Xe" ion irradiation at 500 eV, the resulting amor-
phous sample demonstrates complete bandgap closure,
accompanied by a continuous density of states distribution near
the Fermi level (—0.5 V ~ +0.5 V).>** These STS results verified
a semiconductor-to-metal transition. Moreover, a new localized
density-of-states peak at —2.25 V was observed, along with an
increase in the apparent STM height (0.4-0.7 nm), further
corroborating the enhanced metallic conductivity arising from
sulfur deficiency and structural disorder in the amorphous
structure (Fig. 9i and j).

4.2. Electrochemical properties

2D amorphous materials exhibit remarkable advantages in the
electrochemical field because their atomic thickness potentially
exposes them to the electrolyte as an interface. With a consid-
erable number of unsaturated sites in their structure, 2D
amorphous materials have the potential to make their entire
surface active in the reaction process, thereby achieving high
efficiencies.

For the HER, He et al. used a micro-electrochemical cell to
precisely examine the catalytic activity of an atomically thin
amorphous PtSe, catalyst (Fig. 10a).>* It is compelling to see that
the amorphous PtSe, presents an onset potential of ~0 V vs.
RHE, Tafel slope of 37 mV dec ', and current density of 25 mA
cm 2 at 50 mV vs. RHE (Fig. 10b and c). These excellent
performances are attributed to the exposure of a high density of
three-coordinated Pt sites in the amorphous structure, resulting
in an optimized hydrogen adsorption free energy (AGy = 0 eV)
that can achieve a current density of nearly 100% relative to
a pure Pt surface (Fig. 10c). These findings verified a Pt single-
atom-layer catalyst with high atom utilization efficiency
(~26 wt%). To further ensure the stability and scalability of
hydrogen production using this amorphous catalyst, they
fabricated a two-electrode electrolytic cell for overall water
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splitting, achieving a high current density of 250 mA cm™ > at
1.7 V. Furthermore, chrono-potentiometric tests (overpotential
versus time) conducted over 100 h demonstrated the long-term
stability of this amorphous PtSe,, also at low and high current
densities of 20 and 140 mA ecm™>, respectively.

For the OER, amorphous Ir nanosheets studied by Li and
colleagues (Fig. 10d) exhibited remarkable OER performance in
acidic media, with a mass activity of 221.8 A g~ surpassing
crystalline Ir nanosheets and commercial IrO, by factors of 2.5
and 17.6, respectively.** This enhanced activity is attributed to
the unique disordered atomic structure of amorphous mate-
rials, which introduces abundant coordination-unsaturated
defect sites, thereby optimizing reactive intermediates’ surface
adsorption/desorption Kkinetics. Notably, the significantly
reduced Tafel slope (40 mV dec ') further indicates accelerated
reaction kinetics, as the defect-rich architecture facilitates effi-
cient electron transfer pathways (Fig. 10e and f). Additionally,
the amorphous structure exhibits robust stability under opera-
tional conditions, as evidenced by the post-reaction structural
integrity and minimal valence state fluctuation of Ir (<+4)
during catalysis.

For pseudocapacitive energy storage, Guo et al. achieved
a dual-electron redox reaction (Ni2" < Ni4') in single-layer
amorphous Ni(OH), nanosheets (Fig. 10g), thereby over-
coming the kinetic limitations of layered materials.*” The
disordered atomic arrangement and fully-exposed hydrogen
atoms in the amorphous structure eliminated interlayer
hydrogen bonding and Jahn-Teller distortions that typically
impede multielectron transfer in their bulk counterparts. Cyclic
voltammetry measurements unveiled distinct biphasic redox
peaks at a scan rate of 10 mV s ' (Fig. 10h), indicative of
sequential electron-proton coupling reactions. Remarkably, it
achieved a near-theoretical specific capacity of 576 mAh g™ ' at
a high current density of 12.5 A g~ (Fig. 10i), superior to most
reported nickel-based hydroxides.

4.3. Other properties

When amorphous materials approach the single-layer limit,
beyond the aforementioned ones, other fantastic properties,*”
such as mechanical, optoelectronic, and topological properties,
can emerge, which distinguish them from their crystalline
counterparts.*

For mechanical properties, the MAC film exhibits intrinsic
toughening due to its hybrid amorphous-nanocrystalline
structure.***»® JIn situ uniaxial tensile testing using a micro-
fabricated microelectromechanical system (MEMS) device
(Fig. 11a) demonstrated exceptional fracture resistance, with
crack deflection and branching observed in the MAC
(Fig. 11b).”* The energy release rate and significantly improved
fracture strain contrast sharply with other crystalline 2D mate-
rials like graphene, MoSe, and h-BN (Fig. 11c). These
enhancements result from the interplay between the soft
amorphous matrix and the hard nanocrystalline domains,
which dissipate energy during crack propagation, highlighting
their potential for robust, flexible electronic applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Mechanical, optoelectronic and topological properties of 2D amorphous materials. (@) SEM image of an in situ uniaxial tensile testing
microdevice of a MAC film. (b) Schematic of crack deflection by nanocrystalline domains in an amorphous matrix (left); SEM images of fracture
branches (red arrows, right). (c) Comparison of the fracture energy of graphene, MoSe,, h-BN, and MAC. It indicates the improved fracture strain
and crack stability of MAC. Reproduced with permission.*? Copyright 2025 Elsevier Ltd. (d) Schematic of the metal-MAC-metal junction. This
localization leads to different couplings with the left (I't) and right (I's) electrodes. (e) Laser pulse (upper panel) triggers charge-transfer dynamics
in MAC under varying amplitudes (lower panel). (f) Electronic state population increases with Eg, involving more states in the current generation.
Reproduced with permission.®® Copyright 2022 American Chemical Society. (g) Schematic of the topological insulator properties of amorphous
hydrogen half-functionalized bismuthene systems approaching the single-layer limit. (h) Electronic two-terminal conductance, showing the
quantization plateau within the topological gap (gray). (i) Wave function spectral weight of one midgap state (purple circle), demonstrating edge-
localized topological conductance channels. Reproduced with permission.®® Copyright 2019 American Chemical Society.

Emergent optoelectronic properties also highlight the
versatility of single-layer-limit amorphous materials.**** For
example, Simine et al. simulated a metal-MAC-metal junction
using a semiempirical Pariser-Parr-Pople (PPP) Hamiltonian
combined with first-principles time-dependent quantum
transport theory (Fig. 11d). They observed spatially asymmetric
coupling between the amorphous structure and metal elec-
trodes (I'y vs. I'g), originating from the localized electronic
states in the amorphous material.* This unique electronic
configuration enables the generation of directional electronic
currents in unbiased nanojunctions under femtosecond laser

© 2025 The Author(s). Published by the Royal Society of Chemistry

irradiation (Fig. 11e). At the same time, the net charge transfer
increases with laser intensity, as the higher photon flux at
elevated intensities enhances resonant photoexcitation and
amplifies orbital population redistribution, as shown in
Fig. 11f. This phenomenon is attributed to the inherent
disorder-induced orbital localization, suggesting its potential
applications in ultrafast optoelectronic devices and optical
actuators.

Amorphous materials approaching the single-layer limit can
also exhibit topological insulator properties. For instance,
hydrogen-functionalized bismuthine, fabricated through the

Chem. Sci., 2025, 16, 16392-16413 | 16407


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc02419f

Open Access Article. Published on 03 2025. Downloaded on 04/11/25 20:19:20.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

bond-flipping amorphization protocol (Fig. 11g), exhibits
a quantized conductance plateau within the energy gap region
(Fig. 11h), revealing a quantum spin Hall (QSH) insulating
phase.®® Specifically, the site projection of these midgap states
evidences two conductive channels located at the edges of the
topological material, as shown in Fig. 11i. This finding paves the
way for designing topological materials with disordered archi-
tectures included, thereby enriching the toolbox for fault-
tolerant quantum devices.

5. Conclusion and outlook

The advent of 2D materials and their advanced characterization
technologies has enabled the development of amorphous mate-
rials with a thickness approaching the single-layer limit,
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attracting increasing research interest. Interestingly, these
atomically thin amorphous systems exhibit unique properties
that distinguish them from both their crystalline counterparts
and bulk amorphous materials, while retaining the specific
characteristics of each. Table 1 summarizes the current achieve-
ments in this emerging field, focusing on three aspects: structural
parameters, synthesis strategies, and unique properties.

They have brought two key advantages to the current field: (i)
fundamental structural insights. Their atomic-scale thickness
makes it achievable to extract their key structural parameters—
including local bonding configurations and topological
disorder—through advanced technologies like STEM imaging.
The ability to directly visualize and quantify these parameters at
the atomic level provides new opportunities to establish

Table1 Summary of recently-reported 2D amorphous materials, including methods, mechanisms, and properties. Abbreviations: LCVD: laser-
assisted CVD. UV: ultraviolet. PDBA: pyrene-2,7-diboronic acid. HE: high-entropy. BP: black phosphorus. ICP-CVD: inductively coupled plasma-

CvD
Systems Materials Methods Mechanisms Properties Ref.
Carbon Carbon E-beam irradiation Lattice damage Decreasing mobility 40
Carbon CVD Pyrolysis temperature Disorder-tuned conductivity 25
Carbon LCVD Non-thermodynamic High breaking strength 26
equilibrium
Carbon CVD Lattice mismatch Large negative 39
magnetoresistance
N-doped carbon Solid templating Confined polymerization p-type semiconductor 24
Oxides/ MoO; UV-ozone oxidation Low temperature Nonvolatile resistive switching 46
hydroxides Ni(OH), Electrochemical Jahn-Teller distortion High capacity 47
conversion
HfO,, Gd,03, Al,O3 Oxidation of liquid Self-limiting interfacial Ultrathin insulator dielectrics 28
metal oxidation
GaO,H,, CoO,H,, Surfactant templating Confined hydrolysis Robust stability 48
RhO,H,, etc.
Metals Ir, Rh, Ru, etc. CVD Alkaline salts and low High-performance OER 31
temperature
Pd Wet chemical synthesis Ligand exchange induction High HER activity and 55
durability
Rh; Rh alloy Wet chemical synthesis Phase engineering High selectivity to indole 56
Cu DNA template Limited area growth Stronger photoemission and 54
photostability
TMDCs VS, Superecritical pressure Strain engineering High photoluminescence and 57
photothermal conversion
efficiency
PtSe, Deep reactive ion Low-temperature etching High atom-utilization 29
etching efficiency in the HER
MoS, Grazing ion irradiation Lattice damage Metallic electronic properties 58
MOFs/COFs HE-MOF (Ru, Mo) One-pot synthesis Inducing electron Enhanced OER 69
redistribution
MOF (Cu, Au, Co) Self-assembly Stoichiometric ratio and Angularly changeable 68
annealing temperature intermolecular links
MOF (Pd) Sequential deposition Solvent regulation Good chemical stability 71
PDBA Solution Dynamic step-by-step Dynamic structural fluctuation 70
polymerization aggregation
Potential BP Pulsed laser deposition Low-temperature laser High hole mobility 92
deposition
Se-alloyed Te-TeO, Thermal evaporation Embeddedness and High-performance stable p- 33
dispersion channel
BN Remote ICP-CVD Plasma enhancement Ultralow dielectric constant 74
SiO, Surfactant templating Interlayer molecular High specific surface areas 93
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Fig. 12 Challenges and prospects of amorphous materials when approaching the single-layer limit. The five promising directions in this
emergent field: (i) expansion of the library of the single-layer-limit amorphous materials; (ii) encapsulation and interface design for the stability;
(iii) growth mechanistic analysis through in situ characterization and thermodynamic simulation; (iv) optimization of modeling and theoretical
calculations; (v) exploration of applications in flexible electronics and neuromorphic computing.

structure-property relationships in disordered systems. This
represents a significant advancement over bulk amorphous
materials; (ii) unique and tunable properties, beyond those of
their crystalline counterparts. Electrically, they can span a wide
range across insulating, semiconducting, and metallic states,
with the ability to undergo smooth transitions between these
states through compositional and structural modifications.
Electrochemically, they also demonstrate superior catalytic
activities for the HER and OER, attributed to abundant unsat-
urated coordination sites and optimized surface reaction
kinetics. Furthermore, other fantastic properties, exemplified
by enhanced robustness, novel optoelectronic characteristics,
and emergent quantum phenomena, have been evidenced,
fundamentally arising from their disordered structure.
Although remarkable progress has been achieved in single-
layer-limit amorphous materials, the field remains in its early
stages. We here provide our personal views on the current

© 2025 The Author(s). Published by the Royal Society of Chemistry

challenges and possible prospects in this emerging field, as
shown in Fig. 12.

5.1. Challenges

5.1.1 Theory. Current theoretical calculations for single-
layer-limit amorphous materials face limitations in accurately
characterizing their disordered atomic configurations and
dynamic heterogeneity. For example, density functional theory
(DFT) struggles with system-size constraints, while MD simula-
tions are limited by timescale gaps and empirical force fields.
Although machine learning (ML) shows promise, it requires
improved interpretability and generalizability across different
temperatures and compositions.*>** Future directions should
focus on integrating physics-informed ML models with advanced
sampling techniques to bridge the gap between atomic-scale
dynamics and mesoscale phenomena. Furthermore, developing
hybrid frameworks that combine DFT, MD, and ML together
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could accelerate the rational design of amorphous materials at
the single-layer limit, enabling precise control over their elec-
tronic, mechanical, and kinetic properties.*>*

5.1.2 Fabrication. The fabrication of atomically thin amor-
phous materials remains another critical challenge. The key
factor is that their thermodynamically favorable structures are
neither 2D nor layered. Although two strategies—top-down
etching and bottom-up growth—have been intensively di-
scussed above, the fabrication mechanisms of amorphous
materials approaching the single-layer limit remain poorly
understood. For the top-down strategy, current studies predomi-
nantly focus on the analysis of defect-induced lattice collapse,
lacking insights into how the structure evolves from crystalline to
defective to fully amorphous states. On the other hand, for the
bottom-up strategy, how the amorphous structure initially
nucleates and subsequently grows is still poorly understood.
Particularly for the well-controllable CVD method widely used for
2D crystalline materials, few amorphous materials have been
successfully synthesized using this method beyond MAC. There-
fore, promising research may focus on in situ characterization,
such as 4D-STEM***® and STM”® imaging techniques, and XANES
spectroscopy,” through which atomic-scale dynamics, interfacial
interactions, and local structural evolution during the growth of
amorphous materials can be uncovered.

5.1.3 Stability. Structural stability is a long-standing
problem for conventional bulk amorphous materials, which
becomes even more pronounced at the single-layer limit. When
thinned down to the single-layer limit, the structural relaxation
and oxidation of amorphous materials will significantly deteri-
orate, challenging their stability in liquid or ambient condi-
tions. On the other hand, temperatures also significantly affect
the structural stability, giving rise to their crystallization. These
factors present major obstacles to studying their structure-
property relationships, hindering various applications. To
mitigate this issue, several stabilization strategies are sug-
gested, including encapsulation (e.g., molecular confinement,*”
self-limiting oxide layers®), doping® or strain modulation.*

5.2. Opportunities

5.2.1 Library. Current efforts remain largely limited to
amorphous carbon and oxides, highlighting the need to expand
research capabilities to other systems for constructing
a comprehensive materials library. Regarding this, it is impor-
tant to explore new fabrication strategies for both single-
element systems (e.g., amorphous black phosphorus®»*°®t
and Te*) and multi-element compounds (including chalco-
genides,**'** nitrides,”***'** and high-entropy systems®°>1°¢),
Given the inherent structural complexity and compositional
variability in amorphous systems, it is equally important to
clarify or develop a series of characteristic parameters for new
2D amorphous systems, including, but not limited to, local
bonding, topological disorder, and chemical composition, as
well as structural homogeneity and stability.

5.2.2 Applications. As discussed above, atomically thin
amorphous materials inherit key features from both 2D crystal-
line materials (eg, out-of-plane quantum confinement
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effect'®”'®®) and bulk amorphous materials (low-degree short/
medium-range orders'®”), emerging with unique properties. The
fantastic properties introduced above, such as electronic,
electrocatalytic, mechanical, optoelectronic, and topological
properties, will encourage us to explore a wide range of applica-
tions. For example, the isotropic nature and defect tolerance of
single-layer-limit amorphous materials position them as ideal
candidates for next-generation flexible electronics (e.g., wearable
sensors," foldable displays®'"') and neuromorphic computing
(e.g., memristive synapses''>'*®). Therefore, great endeavors are
expected to bring their tantalizing properties to fruition in
photonics, spintronics, and topological devices in the near future.
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