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that crystalline materials lack. In short, amorphous nanomaterials
only have short-range order at the atomic scale, and their atomic
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outstanding performance in various applications. Given their
intriguing characteristics, we herein present a series of
representative works to elaborate on the structural advantages of amorphous nanomaterials as well as their enhanced electrocatalytic,
surface-enhanced Raman scattering (SERS), and mechanical properties, thereby elucidating the underlying structure—function
relationship. We hope that this proposed relationship will be universally applicable, thus encouraging future work in the design of
amorphous materials that show promising performance in a wide range of fields.
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studied empirical laws are still urgently required to gain an in-
depth understanding of the novel properties of these materials.

Amorphous nanomaterials combine the unique features of
nanostructures and amorphous structures, which can bring
many interesting properties and are considered to be a greatly
significant research direction.””” Compared with traditional
nanomaterials with large specific surface area, amorphous
nanomaterials with disordered atomic structure could further

According to the definition of materials science, an amorphous
material is a type of solid that lacks the long-range order
characteristic of crystals and has only short-range order at the
atomic length scale due to unique intermolecular chemical
bonding. The definition of amorphous materials is derived from
their crystalline counterparts, leading to their delayed develop-

ment. In crystals, the ordered atomic arrangement and regular improve the exposed surface, resulting in a high concentration of
morphology greatly simplify the process of experimental surficial active sites, which provides a new perspective for
observation and theoretical analysis of the materials.' > Due exhibiting the intrinsic properties of materials.'*~"* In addition
to advanced knowledge and techniques from other disciplines, to pure amorphous nanomaterials, some partially amorphous
such as point groups and space groups based on mathematics, nanomaterials also deserve close study."’ Typically, in reduced-
and X-ray diffraction based on physics, crystallography has size crystalline nanomaterials, surface relaxation and interfacial
gradually become a mature and comprehensive subject.4 effects can alter the position of certain atoms on the surface, thus

However, this is not the case for amorphous materials, as they

only retain the chemical unit over a short-range, which makes July 28, 2023
experimental characterization more challenging.>® Of note, September 18, 2023
since the atomic arrangements in the amorphous materials are September 20, 2023
not constrained by fundamental atomic groups, the specific October 8, 2023

positions and orientations of atomic groups remain elusive.
Amorphous materials are still in their infancy, and extensively
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Figure 1. Schematic illustration of the unique structural features of amorphous nanomaterials in electrocatalytic, SERS, and mechanical aspects.

affecting the structural order and creating amorphous shells or
amorphous domains. This partially amorphous structure also
shows the particular advantages of enhanced performance due to
a particular disordered atomic arrangement and interfacial
microstructure. Apart from this, it has been determined by
Ostwald’s rule that the amorphous solid phase has a high
solubility and is always the first to precipitate out of solution,' "
which endows amorphous nanomaterials with an irreplaceable
role in deepening the principles of solid growth in liquids."*'” In
this regard, unraveling the relationship between the amorphous
structures and their specific properties is also of great
significance for the development of crystalline materials.
Amorphous nanomaterials possess unique structural features
that crystalline materials lack, which may lead to their distinct
electrocatalytic, surface-enhanced Raman scattering (SERS),
and mechanical properties. The performance of these three areas
shares many general relationships with the specific structures of
amorphous nanomaterials (Figure 1). For example, the
coordinatively unsaturated surface produces more active sites
in electrocatalysis which enhances the catalytic performance. At
the same time, it also makes it easier for amorphous substrates to
bind the adsorbed molecules and form surface complexes in the
SRES effect. In addition, the coordinatively unsaturated surface
also makes it easier for amorphous nanomaterials to recombine
with other surrounding units, forming new superstrong
interfacial interactions in mechanical performance. In addition
to a specific atomic structure, the specific electron states of the
amorphous nanomaterial can optimize the reaction pathways
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and enhance the intrinsic activity of electrocatalytic active sites.
It can also realize tunable energy levels and facilitate charge
transfer process in the SRES effect. Therefore, a unified
discussion in different fields may lead to new directions for
further tuning the properties of amorphous nanomaterials and
create exciting research fields. In this Perspective, we first
summarize the plentiful active sites and flexible structure
induced by the long-range disordered atomic structure of
amorphous nanomaterials to promote electrochemical activ-
ity."™*' Then, the modulated electronic state of amorphous
nanomaterials (band structure of amorphous semiconductor
substrate, charge transfer pathway and vibrational coupling of
probe molecules, etc.) are elucidated to enhance Raman signal of
absorbed molecules.”””>* We also present the intrinsic
mechanical properties of amorphous nanomaterials in terms of
their atomic isotropic characteristics, where unsaturated
dangling bonds stimulate superstrong interfacial interactions
with other surrounding components.”*~>” Finally, challenges
and suggestions for future research on amorphous nanomaterials
are also provided. We hope that the initial elucidation of the
structure—function relationship of amorphous nanomaterials
will encourage the future design of applicable amorphous
nanomaterials that exhibit promising performance in a wide

range of fields.
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Figure 2. Morphology and electrocatalytic performance of different amorphous nanocages. (a) Morphology of different amorphous metal hydroxide
nanocages (from left to right: Mn, Fe, Co, Ni, Zn) and corresponding metal oxides. (b, c) Transmission electron microscopy (TEM) image and OER
performance of amorphous Co(OH), nanocages. (d) Schematic diagram of the photocorrosion engineering strategy and the OER enhancement
mechanism of amorphous CuNiFe hydroxide nanocage. (e, f) TEM images (top panels) and selected area electron diffraction (SAED) patterns
(bottom panels) of the amorphous CuNiFe sample before and after photocorrosion. (g) Formation process of ternary amorphous nanocages by the
SHEP method. Panel (a) is adapted with permission from ref 30. Copyright 2013 American Chemical Society. Panels (b, c) are adapted with
permission from ref 19. Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Panels (d—f) are adapted with permission from ref 33.
Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Panel (g) is adapted with permission from ref 34. Copyright 2019 Science China

Press and Springer-Verlag GmbH Germany, part of Springer Nature.

The development of sustainable and clean energy sources such
as solar, wind, and hydrogen to meet the huge energy demands
of the future is gaining momentum. In recent years, particular
attention has been paid to the development of electrochemical
energy conversion and storage devices to balance power
generation and consumption and effectively store energy for
future use. In enhancing the efficiency of energy conversion
devices, the atomic and electronic structures of the electro-
catalysts play the key role in governing the electrochemical
kinetics. It has been reported in full that there are two strategies
to improve the activity of a given catalyst.28 One strategy is to
increase the number of active sites by optimizing the particular
surface area and the degree of unsaturated coordination. The
other strategy is to adjust the atomic structure and electron state
to enhance the activity of each active site. In view of this,
amorphous nanomaterials are proposed to further enhance the
electrocatalytic performance of crystalline nanomaterials with
simultaneously increased number and activity of reaction sites.
Thus, amorphous nanomaterials exhibiting hollow or low-
dimensional morphologies are recommended. Apart from this,
the amorphous structure possesses abundant active sites and a
unique electron structure, which confers a new and superior
performance upon some traditional crystalline materials,
resulting in a new class of highly efficient electrocatalytic
systems.

Inspired by Pearson’s hard and soft acid—base principle, a
general strategy was proposed to synthesize well-defined
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hydroxide three-dimensional (3D) nanocages with controllable
components, shell thickness, shape, and size through a
coordination etching strategy at room temperature (Figure
2a).””%° As a typical example, amorphous Co(OH), nanocages
showed a low overpotential of 0.28 V at 10 mA cm™” in the
oxygen evolution reaction (OER), which proves much better
than their crystalline counterparts (Figure 2b, c).'” The
enhanced activity can be attributed to the high structural
flexibility of the amorphous structure concentrated on the
following three aspects. First, amorphous Co(OH), showed a
more negative potential and a larger current during the
electrochemical conversion into CoOOH, highlighting its
excellent ability to transform into a catalytic active phase as a
whole. Second, amorphous Co(OH), possessed a higher
concentration of oxygen vacancies, which is favorable for
OER. Lastly, amorphous Co(OH), demonstrated better self-
regulation behaviors, as it underwent reconfiguration and
optimization of its coordination structure during electro-
catalysis. Therefore, this pioneering work serves as a desirable
platform for researchers to further their understanding of the
underlying mechanisms when amorphous materials are used in
electrocatalysis.

To explore the synergistic effect between multimetal
elements, this method was further extended to synthesize
amorphous Ni—Co and Ni—Zn double hydroxide nanoc-
ages.”””> With the unique amorphous hollow nanostructure,
their OER performance could reach a high level by exhibiting a
very low overpotential (0.25 V for Ni—Co at a current density of
10 mA cm™?) and high mass activity (285.6 A g~' for Ni—Zn at
an overpotential of 0.3 V). For more complicated trimetallic
hydroxide compounds, a novel photocorrosion engineering

https://doi.org/10.1021/jacsau.3c00418
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Figure 3. Growth mechanism, morphology, and electrocatalytic performance of different amorphous nanosheets. (a, b) Schematic diagrams of the
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strategy was developed by introducing additional metal
elements into the as-constructed amorphous nanocages (Figure
2d).** The prepared amorphous ternary Cu—Ni—Fe hydro-
(oxy)oxide nanocages (Figure 2e, f) exhibited the highest
reported mass activity of over 1400 A g™" at an overpotential of
0.3 Vin the OER (Figure 2g). Herein, the amorphous structure,
the synergistic effect between the multiple elements as well as
the optimized 3d electronic structure and the adsorption energy
of the OER intermediates are the main factors that greatly
improve the electrocatalytic performance. In addition to
hydroxides, metal sulfides have also been synthesized in the
form of amorphous nanocages by the controllable self-
hydrolyzing etching-precipitating (SHEP) method, demonstrat-
ing the universality of this strategy.”* The as-made hollow
amorphous Cu,MoS, nanocage with plenty of sulfur vacancies
endows it with a superior hydrogen evolution reaction (HER)
performance.

Apart from the hollow structure, the ultrathin amorphous 2D
nanosheet with rich exposed atoms on the surface is another
alternative structure for catalysts. A range of universal strategies
have been developed for the controllable synthesis of ultrathin
amorphous nanomaterials, ranging from hydroxides to oxides
with mono-, binary- and ternary-elements (Figure 3a, b).*>~*’
An ultrathin, amorphous Co—V hydr(oxy)oxide nanosheet with
a thickness of ~0.7 nm was synthesized. It exhibited a
remarkably low overpotential of 250 mV at 10 mA cm ™ in
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OER, which was the best among its counterparts.”’ Unlike its
crystalline counterpart, the amorphous product could easily
transform from its original phase to the real active phase with
preferred active Co valence states. Meanwhile, the flexibility of
the amorphous structure ensured long-term stability, with a
stable operating time of 170 h in an alkaline medium. Besides the
liquid phase synthesis method, a general solid phase approach
has also been demonstrated to synthesize a series of noble metal
amorphous nanosheets such as monometallic nanosheets (Ir,
Rh, Ru), bimetallic nanosheets (RhFe, IrRu) and trimetallic
nanosheets (IrRhRu) by annealing the mixture of metal
acetylacetonate and alkali salts.”® Taking Ir-based amorphous
nanosheets as an example, they have abundant active sites and a
faster charge transfer process, demonstrating a superior catalytic
performance than the conventional corresponding crystalline
catalysts, with mass activity increased by 2.5 times.

With this in mind, we focused on the catalytic performance of
monolayer amorphous nanosheets. Through in situ electro-
chemical conversion, monolayer molecular crystals of Ni(acac),
were used as precursors to construct amorphous monolayer
Ni(OH), on the electrode (Figure 3c, d). By taking advantage of
the repulsive force between the methyl groups on the surface of
Ni(acac),, possible stacking during the formation and storage of
the monolayers could be avoided.”’ The monolayer feature
facilitated the dehydrogenation of Ni(OH), and accelerated its
transformation into the active phase with higher valence states of
Ni. Coupled with the doping of Co, it was found that the release
of lattice oxygen in the monolayer amorphous NiCo hydroxides

https://doi.org/10.1021/jacsau.3c00418
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Figure 4. Amorphization-induced activation in electrocatalysis. (a) Schematic diagram of the conversion from layered Pd;P,S; to amorphous lithium-
incorporated palladium phosphosulfide nanodots. (b, c) TEM image and HER performance of the amorphous lithium-incorporated palladium
phosphosulfide nanodots. (d) Schematic diagram of the self-reconstruction process for the preparation of the delafossite analog. (e) OER performance
of the as-prepared delafossite analogs. Panels (a—c) are adapted with permission from ref 45. Copyright 2018 Springer Nature. Panels (d, e) are
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was accelerated. This was because Co®" in the Jahn—Teller
distortion field of Ni’* exhibited a high-spin crystal field
structure with two long axes and four short axes, allowing it to
readily capture electrons at relatively lower valence electron
energy levels and produce oxygen vacancies. The generated large
number of coordinatively unsaturated metal sites were
considered to be the real active sites for water oxidation,
which significantly reduced the overpotential and enhanced the
catalytic efficiency. Taking advantage of the amorphous atomic
structure and monolayer feature, the catalyst displayed superior
OER activity with a remarkably high turnover frequency (TOF)
of ~10—70 s™', orders of magnitude higher than that of the best
catalyst ever reported (Figure 3e). The facilitated dehydrogen-
ation of monolayer amorphous Ni(OH), has also been applied
to energy storage, yielding almost twice the theoretical capacity
of bulk Ni(OH),.*” Compared to bulk Ni(OH), which transfers
only one electron in charge—discharge cycles, monolayer
amorphous Ni(OH), exhibited two discharge processes with
two electron transfers, demonstrating a more efficient energy
storage mechanism. The construction of an amorphous
monolayer on a substate directly used as an electrode is a
promising direction to further enhance the performance of
certain materials. For example, a wafer-size amorphous
monolayer PtSe, film has been constructed on a SiO, substate
that processes a maximum density of active sites enabled by the
amorphous structure (Figure 3f).”> With a fully activated
surface, it exhibits a current density of almost 100% relative to
that of a pure Pt surface in HER and is close to the best among
current transition metal dichalcogenide catalysts (Figure 3g).

2664

In addition to the direct synthesis of amorphous nanomaterials
to promote the existing electrocatalytic activity of crystalline
counterparts, the in situ self-reconstruction of amorphous
species produced from the crystal during catalysis has been
found to be a key to electrocatalysis.”' It is widely believed that,
even for a crystal catalyst, the reconstructed amorphous
structure is considered to be the real active phase that is
advantageous to the catalytic process.**~** Thus, amorphization
could also bring new properties to inactive traditional crystal
materials. For example, unlike the layered hydroxides, which are
well-known to be excellent active materials for the OER, some
lamellar materials show poor intrinsic activity and electronic
conductivity, resulting in inferior catalytic performance.
Encouragingly, it has been reported that amorphization has
been confirmed as a powerful and compelling strategy to
engineer material structures at the atomic level and to revitalize
the catalytic activity. A major breakthrough has been achieved in
promoting the performance of ternary palladium thiophosphate
(Pd;P,S;) with a layered structure, although its inconspicuous
properties have led to few reports of its exploration for any
applications. An electrochemical lithiation process was skillfully
employed to realize the amorphization of layered Pd;P,S; crystal
(Figure 4a).* The produced amorphous lithium-incorporated
palladium phosphosulfide nanodots with abundant vacancies
exhibited excellent electrocatalytic activity and outstanding
long-term stability for HER (Figure 4b, c). Similar to layered
Pd,P,S;, the delafossites (ABO,) constructed by two-dimen-
sional (2D) layers of edge-linked BO, octahedra were usually
inactive for electrocatalysis. In order to subvert the status quo, a

https://doi.org/10.1021/jacsau.3c00418
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delafossite analog (AgCoO,) with an amorphous structure was
synthesized by the conversion of metal oxyhydroxide and
delafossite (Figure 4d)."® The resulting geometric structure with
finely tuned local electronic states provided amorphous AgCoO,
with a superior OER performance. Since Ag atoms were larger
than H atoms, the specific axial directions in the Co—Oj crystal
field were thought to be elongated, which was attributed to the
competition between hydrogen bonding and the spatial
occupancy effect of Ag. The unevenly distributed local stress
in the amorphous material, which produced the high-spin state
of Co®*, promoted the activity of the Co sites. The enhanced
intrinsic activity, reduced activation energy, increased accessible
active sites and enhanced electrical conductivity resulted in an
even lower overpotential of 220 mV (10 mA cm™?) and excellent
electrochemical durability in OER (Figure 4e). The amorphiza-
tion treatment provides a new opportunity for the future
development of the potential of traditional crystal materials. It
goes without saying that a thorough understanding of the
mechanism, such as the structure—function relationship, will
further broaden their applications.

Opverall, the amorphous nanomaterials, whether the above-
mentioned 3D nanocages and 2D nanosheets or lower
dimensional nanowires,”® nanorods,*’ nanoparticles%’49 or
clusters,”® have been widely reported to significantly enhance
the electrocatalytic performance. Based on these representative
works, amorphous nanomaterials offer a new and potent way to
further promote the electrocatalytic performance of their
crystalline counterparts through the following pathways:

1. Coordinatively unsaturated structures of amorphous
nanomaterials improve the large specific surface area of

traditional nanomaterials to high concentration of surface
active sites, enhancing the overall catalytic activity.”>**

2. The long-range disordered nature of amorphous nano-
materials endows them with structural flexibility, allowing
self-regulation and even self-repair under electrocatalytic
conditions, providing long-term stability of the catalyst.
Amorphous nanomaterials could also provide the
flexibility of chemical composition, resulting in sub-
stoichiometric atomic ratios to explore more effective or
selective catalysts than their crystalline counter-
parts. 2203150

3. The unique structure of amorphous nanomaterials
modulates the electron states, optimizing the multistep
reaction pathway and enhancing the intrinsic activity of
active sites.'””!

In recent years, amorphous semiconductor materials have
gained widespread popularity because of their impressive optical
properties in a variety of areas, including light absorption, light
scattering, surface charge transfer, luminescence, efc. In essence,
the optical properties of matter are the macroscopic
manifestation of the interaction between photons and
electrons/phonons. The unique optical properties of amor-
phous semiconductor materials arise from their special
electronic and energy band structures, which are different
from those of crystals. As a matter of fact, people are more
familiar with crystalline semiconductors, whose electron wave
function can be represented by the Bloch function to describe
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Figure 6. Tunable band gaps and energy levels of amorphous semiconductors. (a) SERS spectra of 4-MBA (10™* M) molecules adsorbed on c- and a-
TiO, NSs and the normal Raman spectrum of pure 4-MBA solution (0.1 M). (b) Simulated SERS spectra of 4-MBA @a-TiO, NSs and 4-MBA @c-
TiO, NSs. (c) DOS calculation of c- and a-TiO, NSs. (d) Energy level diagram of R6G molecule adsorbed on the amorphous WO, , SERS substrates.
(&) SERS spectra of R6G molecules (107 M) absorbed on crystalline and amorphous WO4_, films. (f) SERS spectra of different concentrations of R6G
molecules adsorbed on amorphous WO, _, films. Panels (a—c) are adapted with permission from ref 22. Copyright 2019 American Chemical Society.
Panels (d—f) are adapted with permission from ref 24. Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

the coopted motion of the electrons. In contrast, the long-range
disordered atomic arrangement of amorphous semiconductors
makes their electronic states no longer restricted to the extended
ones. Moreover, both the conduction and valence bands of
amorphous semiconductors have band tails that extend into the
forbidden band. Therefore, the bottom of the conduction band
and the top of the valence band are filled with fuzzy band tails.
These properties result in amorphous semiconductors with
significantly different optical properties from those of crystalline
semiconductors.

The SERS effect refers to a phenomenon in which the Raman
signal of molecules adsorbed on certain substrate surfaces is
greatly enhanced, which can increase the intensity of the
conventional Raman signal by a factor of 10* to 10'* and extend
the lowest detection limit of typical molecules to the single
molecule level.”"** Two mechanisms can be used to explain this
significant enhancement of the Raman signal: one is the
electromagnetic enhancement (EM) mechanism based on the
localized surface plasmon resonance (LSPR) effect of noble
metal nanostructures,® and the other is the chemical enhance-
ment (CM) mechanism based on the charge transfer (CT)
between the substrate and the adsorbed molecules.”* It is well-
known that, with the exception of a few semiconducting
materials (e.g, molybdenum oxides®>°), the free electron
density of most semiconductors is insufficient to support the
surface plasmon resonance effect in the visible region.
Therefore, the SERS enhancement of semiconductor materials
generally comes from chemical enhancement,”” ie., the
formation of molecule—substrate surface complexes and the
CT between molecules and substrates. In other words, one of
the most important ways to enhance the SERS performance of
semiconductor substrates is to increase the CT between the
substrate and the molecule. In crystalline semiconductor
materials, the periodic structure of the lattice enhances the
constraint on the electrons, whereas on the surface of
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amorphous semiconductors, there are a large number of
dangling bonds, causing the energy of the system to enter a
metastable state. Therefore, compared to crystalline semi-
conductors, the binding of amorphous semiconductors to
adsorbed molecules is stronger and the surface CT to adsorbed
molecules is improved.”>**~%" In addition, in terms of energy
level tuning, amorphous semiconductors can provide tunable
band gap and defect state energy levels,”>®" which allows better
energy level matching with the analyte molecule, thus resulting
in stronger CT. Such a significant improvement in CT would
result in a significant enhancement of the Raman signal of the
adsorbed molecules in the system.

The abundance of unsaturated adsorption sites on the surface
makes it easier for amorphous semiconductors to combine with
adsorbed molecules to form surface complexes, coupled with the
metastable electronic state of the amorphous state, which greatly
improves the CT efliciency. To better utilize the unsaturated
adsorption sites on the surface, amorphous ZnO nanocages (a-
ZnO NCs) consisting of ultrathin amorphous ZnO nanosheets
were designed, which presented ultrahigh SERS activity of 4-
mercaptobenzoic acid (4-MBA) with an enhancement factor
(EF) of up to 6.62 X 10° (Figure Sa, b).?” This remarkable
sensitivity could be attributed to the highly efficient CT between
the substrate and the molecule. Compared to crystalline ZnO
NCs, the metastable electronic states of the amorphous ZnO
NCs exhibited a weaker constraint on the surface electrons,
resulting in efficient interfacial CT. Furthermore, the efficient
CT enabled a-ZnO NCs to form Zn—S z bonds with adsorbed 4-
Mercaptopyridine (4-MPY), as demonstrated by X-ray
absorption near-edge structure (XANES) characterization
(Figure Sc). This is the first time that such high SERS activity
has been observed on amorphous semiconductor substrates. In
addition to metal oxides, amorphous metal hydroxide nanocages
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have also been explored.”” For example, compared with the
crystalline counterparts, the surface of amorphous Co(OH),
exhibited a low coordination number of Co atoms and a large
number of oxygen defects. Therefore, it was easier to form Co—
O bonds and strong hydrogen bonds between amorphous
Co(OH), and methyl orange (MO), which promoted the
formation of stable surface CT complexes and CT between the
substrates and the adsorbed molecules. The density functional
theory (DFT) simulations showed that the amorphous
Co(OH), allowed a larger number of charges to be transferred
between the Co(OH), surface and the MO molecules compared
to that of the crystalline Co(OH), (Figure Sd). Finally, an
enhancement factor of 1.56 X 1 x 10° was achieved for the MO
molecule. To further obtain enrichment at a higher concen-
tration, amorphous rhodium sulfide microbowls were also
designed, which exhibit remarkable SERS sensitivity with a high
EF of 1 X 10° for rhodamine 6G (R6G).”’ The 4-
nitrobenzenethiol (4NBT) molecule could also be adsorbed
on amorphous Rh;S4 through Rh—S bonds. The polarizabilities
and charge difference distributions of the Rh;S¢-4NBT complex
were calculated, and the results showed that the Rh—S bond
could act as a CT channel, causing the deformation of the
electron cloud of the 4-NBT molecule, amplifying the molecular
polarizability and finally resulting in a highly enhanced Raman
signal of 4NBT (Figure Se).
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Amorphous semiconductor materials also possess tunable band
gaps and energy levels, which make it easier to achieve an energy
level matching with adsorbed molecules and excited light,
leading to stronger CT. The 2D amorphous TiO, nanosheets (a-
TiO, NSs), could achieve an ultrahigh EF of 1.86 X 10° using 4-
mercaptobenzoic acid (4-MBA) as a probe molecule (Figure
6a).”” And the experimental results were in good agreement with
the simulation results (Figure 6b). The DFT calculations
showed that 2D a-TiO, possessed a smaller band gap and a
higher density of states (DOS) compared to its crystalline
counterpart (Figure 6c). Therefore, stronger energy-level
coupling and CT could be observed between amorphous TiO,
and adsorbed 4-MBA molecules. By calculating the charge
difference distribution of 4-MBA@ crystalline and amorphous
TiO,, the Hirshfeld population analysis indicated that a great
amount of charge was transferred from the 4-MBA molecules to
the a-TiO,. Similarly, amorphous TiO, aerogels enriched with
oxygen vacancies on the surface also exhibited excellent SERS
performance, which was attributed to the tuning of the energy
band structure, resulting in the CT efﬁciency.61 In addition, it
was found that the combination of amorphous and non-
stoichiometric features in amorphous WOj;_, films resulted in a
narrower band gap, stronger exciton resonances and higher DOS
near the Fermi energy level.”* These properties facilitated the
CT effect and enhanced the vibrational coupling between the
substrate and the adsorbed molecules (Figure 6d). Ultimately,
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the amorphous WOj;,, film achieved ultrahigh SERS activity
compared to the crystalline WO, film (Figure 6e), with a
detection limit of 107 M for R6G (Figure 6f), and the EF was
calculated to be ~11.635 X 10° at a R6G concentration of 1075
M.

The excitation of the surface plasmon resonance is also an
important factor in realizing the effective enhancement of
SERS.®>%3 Compared with traditional noble metal substrates,
the relatively weak plasmon resonance of semiconductors
severely restricts their practical applications. However, the
plasmon resonance effect in visible region can be observed in
some amorphous semiconductors based on the advantage of
their peculiar structure. For example, amorphous H ,MoO;
quantum dots with tunable plasmon resonance properties
from the v1s1ble to the near-infrared light region have been
reported.”* Therefore, the electromagnetic field around the
probe molecules adsorbed on the surface was enhanced (Figure
7a). Moreover, these amorphous H,MoO; quantum dots have
demonstrated excellent SERS enhancement for methylene blue
(MB), Rh6G and rhodamine B (RhB). Especially, the
enhancement factor of MB molecules reached up to 9.5 X 10°
(Figure 7b, c). Similarly, the amorphization of TiO, was found
to shift LSPR toward the near-infrared, and the SERS activity
was enhanced by stronger electromagnetic enhancement.’
Combined with the photoinduced charge transfer (PICT)
between the substrate and the molecule, this hydrogenated black
TiO, nanowire could achieve an enhancement factor of up to
1.20 x 10° (Figure 7d). Moreover, this SERS substrate also
exhibited good cycling stability, as shown in Figure 7e.
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In summary, amorphous materials can enhance the Raman
signal of absorbed molecules in several ways, as listed below:

1. The abundant dangling bands and the metastable
electronic states expand the active region of electrons
on the surface of amorphous materials, while also
facilitating the formation of surface complexes with
adsorbed molecules, which is conducive to the CT
process under photoexcitation.”***%%%

. Due to the long-range disorder of amorphous materials,
the band tails consisting of localized state electrons exist at
the bottom of their conduction band and the top of their
valence band, thus reducing the band gap and realizing a
tunable energy level to facilitate the CT proc-

g, 2224616768

3. Amorphous materials always possess a defect energy level
in their forbidden bands, which can be used as an “energy
level springboard” during the PICT process.””°" This is
conducive to the energy level coupling and electron leap
between the substrate and the molecules.

Amorphous materials exhibit unique mechanical properties,
such as high strength, fracture toughness, and viscoelasticity. For
more than half a century, scientists have been studing
amorphous matenals (especially bulk metallic glasses) with
unique properties.””*° One of the most significant achievements
is the discovery of the size effect of amorphous materials.””~”"
By reducing the size of amorphous materials, the mechanical
properties can be further improved. For example, the strength of
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submicron CuZr-based amorphous alloys can be enhanced from
1.5 GPa (bulk metallic glass) to ~2.5 GPa, and the elastic limit is
increased from ~2% (bulk metallic glass) to ~2.5%, while the
strength of nanosized CuZr-based amorphous alloys is enhanced
to ~3.5 GPa, and the elastic limit is increased to ~4%, or even
higher.”” The enhancement could be due to fewer amorphous
rheological units in small amorphous alloys. However, it should
be noted that most of the current research revolves around
metallic glass, while studies on nonmetallic amorphous
nanomaterials are still in their infancy. This section reviews
the unique mechanical properties of nonmetallic amorphous
nanomaterials, crystalline—amorphous dual phase nanomateri-
als, and their composites.

High strength and high elasticity have always been the ultimate
goals in materials design. However, the lack of long-range order
in the microstructure of amorphous nanomaterials makes it
difficult to dynamically study the strength and elastic mechanism
of amorphous nanomaterials on the atomic scale. The elastic
deformation mechanism of amorphous silica nanowires was
investigated by in situ elastic stretching experiments using
TEM.”” Radial distribution functions (RDFs) calculated from
SAED patterns revealed that the high elastic strain of silica
nanowires was mainly due to the elastic elongation of the bond
length and the change in bond angle due to the amorphous
structure. Amorphous zirconia nanowires were also prepared
(Figure 8a) to verify the mechanical properties using an in situ
mechanical stretching device in a scanning electron microscope
(SEM). Figure 8b shows that amorphous zirconia nanowires
have not only high elasticity (~5.6%) but also extremely high
tensile strength (2.76 GPa) compared to their crystalline
counterparts.”” It is worth noting that the maximum strain of the
amorphous zirconia nanowire could reach 8.1%. In other words,
the nanowire underwent plastic deformation of 2.5% when the
maximum tensile strain was reached. Meanwhile, the calculation
results from the stress—strain curves showed that the modulus of
the amorphous zirconia was about 43 GPa, which is much lower
than that of the bulk crystalline zirconia (~220 GPa), showing
that by establishing the dynamic mechanical dissipation model
of the amorphous structure, a new mechanism of “stress shear
dissipation” is proposed. This characteristic indicates that
amorphous zirconia nanowires have a certain degree of
“viscoelasticity”, just like high-molecular polymers. Interest-
ingly, a recent study has revealed that the tensile and
compressive properties of amorphous materials are asymmetric
at the submicron scale.”* That is to say, once the brittle material
in the conventional sense is transformed into an amorphous sub-
nanomaterial, there is an inverse and unusually apparent tensile
strength that greatly exceeds the compressive strength. The
authors point out that this is due to the reduction of the shear
modulus and the densification of the shear-activated config-
uration under compression, which change the size of the
activation energy barrier for the fundamental shear event. This
discovery paves the way for the development of high-
performance amorphous nanomaterials. In addition, the highly
elastic amorphous hollow and porous N-doped carbon/
amorphous MoS; nanocages were prepared as electrode
materials by a template method.” In-situ mechanical tests
showed that the amorphous MoS; nanocages were superplastic
and could exhibit large deformation during the loading without
breaking, which means that the amorphous nanocages could
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resist the volume expansion during battery charging and
discharging, thus providing higher stability.

Another characteristic of amorphous nanomaterials is high
viscoelasticity. To further explore the viscoelastic properties, the
damaged enamel was successfully coated with a layer of
amorphous zirconia by precisely controlling the nucleation
and growth rates of zirconia.”® It is worth noting that there is a
strong chemical bond interaction between the amorphous
zirconia layer and the intrinsic enamel, as demonstrated by
Fourier transform infrared (FTIR) and Raman spectroscopy,
guaranteeing protection of damaged tooth enamel. Nano-
indentation was employed to test the enamel before and after the
restoration to obtain a damping coefficient (tan &), which is
usually used to study viscoelasticity. The results showed that the
damping coeflicient of the repaired enamel was even slightly
higher than that of the original enamel, indicating that the
amorphous coating layer can better withstand external pressure
to protect the structure inside the enamel from damage.
Generally, the performance of the material is not independent.
The nanoindentation results also showed that the modulus and
hardness of the damaged enamel decreased from 90.1 and 6.0
GPa of the original intact enamels to 34.5 and 2.6 GPa,
respectively. When coated with an amorphous zirconia layer, as
shown in Figure 8c, the strength and modulus of the repaired
enamel quickly recovered to 82.5 and 5.2 GPa, which were 2.4
times and 2.0 times higher than those of the damaged enamel,
respectively (Figure 8d). It is worth noting that the amorphous
zirconia also provided a smooth hydrophilic surface, which will
effectively resist the adhesion and proliferation of bacteria.

The high viscoelasticity of the amorphous materials makes it
suitable for the biological applications. Through optimal
selection after a natural evolutionary process, the natural
periodontal ligament with a fiber bundle structure can facilitate
the energy dissipation under external load, enabling the alveolar
bone to withstand extremely high occlusal loads (>300 N). In
order to meet the requirements of multiple mechanical
properties of the periodontal ligament, a high-strength titanium
oxide array ligament was prepared, which not only enhanced the
osseointegration ability, but also showed the biomechanical
adaptability.”® The biomimetic array ligament has a fine stiffness
comparable to that of natural bone, and it has a strong interfacial
bond with the Ti substrate to achieve long-term stability. Due to
the excellent viscoelasticity of the amorphous titanium oxide
array ligament and the synergistic effect of interfacial slippage, it
has an energy dissipation function similar to that of the natural
periodontal ligament. Compared with Ti-containing implants,
the amorphous titanium oxide array membrane reduced the
effective stress transmitted from the implant to the peri-implant
bone by approximately 30%.

In addition, the abundant dangling bonds of amorphous
nanomaterials also enhance the interfacial connection between
crystalline and amorphous surfaces or between different
amorphous surfaces by forming interfacial chemical bonds. As
a result, some amorphous nanomaterials have attractive self-
healing properties. For instance, SiC nanofibers with a diameter
of 150 nm could show a high tensile strength of 8.8 GPa during
the first tensile test in TEM (Figure 8e), and the nanofibers self-
healed after unloading and the tensile strength was still as high as
5.6 GPa in the second tensile cycle (Figure 8f).”” The strong
interfacial interaction resulted from the presence of a large
number of dangling bonds, and the opposite charges at the
fracture surfaces mainly contributed to the outstanding self-
healing performance. Another typical example is the deposition
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of amorphous ceramic layers on the surface of the tooth enamel
to repair it. The amorphous layer also tends to bind closely to the
enamel surface and promote the stability of the coated layer.”®

After discussing the micromechanics of pure amorphous
nanomaterials to describe the intrinsic properties of the
amorphous structure, we will further focus on the mechanical
properties of their composites at the macroscopic scale to better
understand the mechanical properties of amorphous nanoma-
terials in practical applications. Ultrathin 2D amorphous
alumina nanosheets were used as enhanced nanostructure
units, and the method of vacuum-assisted suction filtration was
adopted to combine them with graphene oxide (GO) and
sodium carboxymethyl cellulose.”” The ternary layered
composites were obtained by a controllable layer assembly.
The introduction of the alumina nanosheet as a reinforcing
phase improved the strength and toughness of the material,
which were previously thought to be impossible. By observation
of the mechanical behavior, the pull-out mechanism and the
mechanical enhancement mechanism of crack deflection were
proposed, which could partially explain the strong interfacial
interaction. Furthermore, high-strength amorphous alumina was
composited with polylactic acid (PLA). Benefiting from the

2670

efficient energy dissipation of the amorphous reinforced hybrid
interface and the large plastic deformation of the interface at the
multilevel scale, the composite possessed a toughness several
times higher than that of the original PLA.* Similarly, by
controlling the nucleation and growth of amorphous zirconia on
carbon nanotubes (CNTs), enhanced CNTs were constructed
and then successfully assembled with thermoplastic polyur-
ethanes (TPUs) by wet spinning technology.”" The addition of
amorphous zirconia effectively improved the interface and
deformation limitation, resulting in amorphous zirconia
reinforced fibers with a high strength of 84.6 MPa and high
toughness of 126.7 MJ/m?, superior to those of most reported
CNT-TPU fibers.

Although amorphous nanomaterials have high strength, plastic
deformation will still occur when the external force applied to
amorphous nanomaterials reaches a certain value. The
deformation mechanism of amorphous nanomaterials is mainly
the shear band, which is the main cause of viscoelasticity, due to
the lack of an external environment for dislocation slip.
Therefore, the shear band softening effect (the viscoelasticity)
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limits further improvement of their strength. Interestingly, there
are many superstructures with ultrahigh mechanical properties
that contain amorphous nanomaterials in nature, such as the
elbows of mantis shrimp,82 nacre,**** enamel,®® and other
biological structures. Further studies have shown that these
superstructures are mainly composed of crystalline—amorphous
dual phases.

Inspired by the disordered crystalline—amorphous inter-
spersed structure of the mantis shrimp elbow surface, the
construction of amorphous—crystalline nanomaterials through
structural design would be a wonderful strategy to further
improve the mechanical properties of nanomaterials. This idea
serves as a favorable way to simultaneously eliminate both the
inverse Hall—Petch effect (disadvantages of crystalline nano-
materials) and the shear band softening effect (disadvantages of
amorphous nanomaterials). A representative example is the
crystalline—amorphous dual-phase zirconia nanowire, which
was synthesized by introducing ultrafine zirconia nanocrystals
into the amorphous zirconia ceramic matrix by a precise heat
treatment (Figure 9a).”* The in situ tensile test in SEM showed
that the shear band softening effect and the inverse Hall-Petch
effect were successfully suppressed by the controllable
combination of amorphous and nanocrystalline structures.
Excitingly, the dual-phase zirconia nanowire achieved a
simultaneous improvement in strength (3.52 GPa), elastic
strain limit (~7%), and toughness (~151 MJ-m~*), which is the
strongest and toughest zirconia ceramic material reported
(Figure 9b). Although the dual-phase structural design has
only been implemented in the fabrication of one-dimensional
(1D) nanomaterials, it is considered to be a universal strategy
applicable to the fabrication of other brittle ceramic materials, as
well. Similarly, by utilizing the unsaturated coordination
properties at the surface of amorphous nanomaterials, 3D
amorphous/crystalline heterogeneous interface construction
has been realized. This strategy breaks through the bottleneck
of layered dense GO-based composites, which are difficult to
prepare in large sizes, and develops a centimeter-sized
crystalline—amorphous MnO,-based GO layered bulk material
(Figure 9¢).”” As expected, the as-synthesized product with an
amorphous—crystalline structure showed simultaneously high
strength, toughness, and impact resistance, surpassing most of
the GO-based bulk composite plates reported to date at the
centimeter scale. Wu et al. utilized magnetron sputtering to
create a disordered crystalline—amorphous alloy material”® and
thermodynamic control to construct a nanoscale crystalline—
amorphous layer-by-layer structure.”” These materials possessed
a dual-phase structure and displayed exceptional mechanical
properties, demonstrating the effectiveness of the crystalline—
amorphous strengthening strategy.

Some biomineralized hard tissues (e.g., nacre, enamel, bone,
etc.) have satisfactory mechanical properties such as high
strength, high modulus, high hardness, and high toughness. In
previous studies, an amorphous ordered structure (Figure 9d)
has captured the attention of scientists because of its abundant
unsaturated dangling bonds, which can effectively improve the
adhesion and interaction between the inorganic crystal and
organic phases of organisms. Inspired by it, a crystalline—
amorphous superstructure was constructed by uniformly
growing amorphous zirconia in situ on the surface of GO.*
The GO-based fiber, prepared by wet spinning technology,
exhibited high strength (935 MPa) and high toughness (10.6 MJ
m™?) (Figure 9e). The excellent mechanical properties are due
to the unique amorphous—crystalline superstructure and the
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strong interfacial interaction created by the abundant unsatu-
rated dangling bonds of the amorphous compound. An
attractive feature of this crystalline—amorphous dual-phase
superstructure enhancement strategy is that only ordinary GO is
required, rather than large-sized GO or reduced graphene oxide
(RGO). This is particularly energy-saving as large-sized GO or
RGO are usually associated with high energy consumption of
raw materials. Importantly, the economically and environment-
friendly produced fiber also showed outstanding structural
flexibility and could therefore be easily woven into various fabric
patterns, offering a promising future for the widespread
applications in the next-generation wearable systems.

As the hardest and strongest tissue in the human body, tooth
enamel has excellent viscoelasticity and toughness to resist
vibration and impact during chewing. It also combines high
hardness, high elasticity, high strength, high toughness, and
other mechanical properties. Further research also found that
there is an inorganic amorphous interstitial layer between the
hydroxyapatite nanowires, and this multilevel micro-nanostruc-
ture plays a key role in the excellent mechanical properties of
tooth enamel. The imitation of artificial tooth enamel has also
been successfully achieved from the atomic scale to the
macroscopic scale by coating amorphous zirconia on crystalline
hydroxyapatite, followed by the ordered assembly of crystal-
line—amorphous nanorods.” The abundant unsaturated bonds
of the amorphous components enhance the interfacial
interaction with the adjacent crystalline component, which not
only solves the difficult problem of “strength-toughness” and
“rigidity-elasticity” of traditional materials but also realizes
excellent mechanical properties, such as high stiffness (105
GPa), high hardness (5.9 GPa), high viscoelasticity (VFOM, 5.5
GPa), high strength (143 MPa), and high toughness (7.4 MPa
m'/?) (Figure 9f). The biomimetic enamel material is the closest
structure and performance to natural enamel to date, surpassing
previously reported enamel-like composites. FTIR, Raman, X-
ray photoelectron spectroscopy (XPS) and other character-
izations also proved that the amorphous materials formed a
strong chemical interaction with the surrounding micro-
structure. This groundbreaking work speaks volumes about
the important role of amorphous materials in improving material
properties.

In summary, amorphous materials possess distinct mechanical
properties due to their long-range disorder compared with
crystalline materials. Additionally, the unsaturated dangling
bonds on their surfaces allow effective chemical interactions
with their surroundings, making them suitable for composite
material applications. The following are the most notable
mechanical features of amorphous materials:

1. Amorphous materials exhibit high strength because they
lack the dislocations and grain boundaries found in
73 . ;
crystals.”” Their strength is even comparable to the
theoretical value of typical materials.”

2. Despite the long-range disorder in their atomic arrange-
ment, research has shown that many amorphous materials
are not homogeneous and contain shear deformation
zones that provide high viscoelasticity.”**

3. The amorphous surface exposes abundant unsaturated
dangling bonds, making it more chemically active.
Therefore, it is easier to recombine them with other
surrounding materials, forming a new superstrong
interfacial interaction.””
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It is worth noting that, in the applications of amorphous
nanomaterials, it is usually necessary to compound them with
other materials, and the properties of two or three amorphous
nanomaterials will act simultaneously in the composite
materials. In addition, since enhanced stiffness and viscoelas-
ticity cannot be obtained at the same time, the construction of a
crystalline—amorphous dual-phase structure could be a good
option where viscoelasticity can be controlled to obtain a higher
strength and fracture toughness.

This Perspective summarizes recent advances in the application
of amorphous nanomaterials in electrocatalysis, SERS and
mechanics. Based on the reported beneficial effects, amorphiza-
tion provides a facile and efficient strategy to further promote
the performance over crystallization. Possible mechanisms have
been discussed to better understand why the amorphous
structures contribute to the enhanced properties. Despite this
promise, the research on amorphous nanomaterials is still in its
infancy. In this section, we will elaborate on the following
difficulties and some preliminary constructive attempts to
envision the opportunities and challenges in this field.

1. Appropriate structural models for amorphous nano-
materials. Crystalline materials are composed of periodic
unit cells with translational and rotational symmetry, and
have the characteristics of long-range ordering properties.
The theoretical study of crystals is greatly facilitated by
simplified models built from the typical unit cells. In
contrast, the study of amorphous nanomaterials is not
straightforward because of their long-range disordered
atomic structures. In fact, amorphization may notlead to a
complete collapse of the structure or to a completely
random arrangement over a long-range, but only to
atomic deviations and bond distortions. The state-of-the-
art techniques such as nanobeam electron diffraction
(NBED)” and atomic electron tomography (AET)”*
have confirmed the existence of short-range ordered units
in amorphous materials. Therefore, appropriate structural
models of amorphous nanomaterials are essential to build
the theoretical mechanism of the system. Targeting the
coordinatively unsaturated structures of amorphous
nanomaterials, we have proposed two structural models,
namely, the incomplete framework model in which
structural atoms are missing, and the cluster model in
which surface atoms are missing.””’' We believe that
these models would go some way toward explaining the
static and dynamic structural features and structural
evolution of amorphous nanomaterials. At the same time,
a more general and applicable structural model is also
expected to complement the existing models.

2. The criterion for assessing amorphous-forming ability.
In 2008, the journal Science proposed 125 questions that
scientists have not answered, and one of the statements
related to amorphous materials is that “Molecules in a
glass are arranged much like those in liquids but are more
tightly packed.””® For metallic glass systems, they are
disordered solids with “frozen” liquid atoms, which
renders rapid cooling an effective approach for producing
glasses. The tendency of a liquid to form glass when it
cools is called “glass-forming ability,” and it is the
bottleneck that limits the production and application of
amorphous alloys.”””” In terms of solution-phase syn-
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thesis of amorphous nanomaterials, the disordered
structure also originates from high-concentration droplets
or polymer-induced transformations of liquid precur-
sors."* When and why amorphous nanomaterials are
solidified from supersaturated solution is also a mystery.
Thus, to clarify the evaluation criterion of “amorphous-
forming ability” is a key scientific and technical challenge,
and systematic experiments are urgently needed. For
example, it has been found that low-dimensional nano-
materials have better amorphous-forming ability, because
they have abundant surface atoms, and are much less
easily trapped by lattices. In addition, in our work, we
proposed that the formation ability of amorphous
nanomaterials in solution is positively correlated with
the solubility product constant (kg,) between ions, and
negatively correlated with the reaction rate (v).>® 1t states
that if the k, between effectively deposited ions is larger,
or the solid deposition rate is slower, the formation of
amorphous materials would be easier. This conclusion
may be contrary to the principles of metallic glass, which is
characterized by the fact that the faster liquid metal melt is
quenched, the easier it is to form glass. The exploration of
more general synthesis methods for amorphous nanoma-
terials with different elemental compositions will
definitely encourage the study of more detailed criteria
for assessing the amorphous-forming ability.

. Machine learning assisted synthesis of amorphous

nanomaterials. As research on amorphous materials is
still in its infancy, both universal synthesis methods and
the development of functional materials are essential for
continued development. However, whether it is quench-
ing to prepare metallic glasses or solution synthesis of
amorphous nanomaterials, the preparation process is
quite time-consuming, laborious, and resource-intensive.
Fortunately, artificial intelligence and machine learning
technologies have developed rapidly over the past decade
to tackle complicated issues that traditional approaches
cannot, such as highly nonlinear or massively combina-
torial processes.”® ' *’ They may provide a promising way
to accelerate the development of efficient protocols for
the targeted synthesis of amorphous nanomaterials. We
also expect them to have a significant impact on the
prediction of new types of amorphous nanomaterials, as
well as their synthesis conditions, eventually deepening
our understanding toward amorphous nanomaterials.

. The space-time correlation of amorphous nanomateri-

als. Amorphous materials are considered to be in a
metastable state compared to crystalline materials which
have a stable structure. Just as the relaxation time is one of
the key parameters of metallic glasses, the structural
evolution of amorphous nanomaterials during their
service life has also been widely reported.'”" Thus, in
addition to the dynamic structure changes emerging from
spatial correlations, the space-time correlation of the local
environment is also vital for amorphous nanomaterials.
Due to emerging technologies for rapid and advanced in
situ detection, the structural changes during operation
could be detected in real time. However, in order to
separate the intrinsic structural relaxation from structural
changes in response to external stimuli, multitechnique
cooperations are essential for the joint characterizing of
the space-time correlation of amorphous nanomaterials.
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