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Nanosprings demonstrate promising mechanical characteristics, positioning them as pivotal components
in a diverse array of potential nanoengineering applications. To unlock the full potential of these
nanosprings, ongoing research is concentrated on emulating springs at the nanoscale in terms of both
morphology and function. This review underscores recent advancements in the field and provides a
comprehensive overview of the diverse methods employed for nanospring preparation. Understanding
the general mechanism behind nanospring formation lays the groundwork for the informed design of
nanosprings. The synthesis section delineates four prominent methods employed for nanospring
fabrication: vapor phase synthesis, templating methods, post-treatment techniques, and molecular
engineering. Each method is critically analyzed, highlighting its strengths, limitations, and potential for
scalability. Mechanical properties of nanosprings are explored in depth, discussing their response to
external stimuli and their potential applications in various fields such as sensing, energy storage, and
Received 28th April 2024, biomedical engineering. The interplay between nanospring morphology and mechanical behavior is
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electron microscopy, 3D electron tomography, and machine learning, will significantly contribute to
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Our review manuscript comprehensively discusses recent advancements in nanospring fabrication and characterization, focusing on synthesis methods,
mechanical properties, and future directions. Key developments include critical evaluations of vapor phase synthesis, templating methods, and molecular

engineering of crystal surfaces, shedding light on their strengths and limitations. The significance of nanosprings lies in their unique morphologies and
mechanical properties, offering immense potential for applications in sensing, energy storage, and biomedical engineering. The review highlights the

importance of understanding the relationship between nanospring morphology and mechanical behaviour, providing insights into tailored functionality
design for specific applications. Future directions in nanospring research include molecular engineering, surface ligand chemistry, and advancements in

nanosynthesis, with in situ transmission electron microscopy (TEM) techniques and TEM 3D tomography emerging as promising tools. This review contributes
to shaping materials science by providing a roadmap for precise control over nanospring morphology and properties, driving innovations in nanotechnology

and addressing current technological challenges.

1. Introduction

A spring is an elastic object designed to store and release
mechanical energy. Typically crafted from resilient metal, its
mechanical function involves deformation and recovery of
shape upon the application and removal of external force.
Various types of springs exist, each serving distinct purposes.
The helical spring is a classic example, characterized by its
unique helical configuration, capable of shortening or length-
ening to store axial force. Widely employed in vehicle suspen-
sion and force measurement, it remains a staple in practical
applications. Another type is the torsion spring, formed by
coiling wire into a tight ring and allowing its ends to rotate,
thereby storing torque or twisting force. Commonly found in
clips, it serves specific mechanical functions. The hairspring, a
coplanar spiral wire, finds extensive use in mechanical watches
and marine chronometers due to its design. Additionally,
compressed gas utilized in pneumatic shock absorbers can be
considered a type of gas spring. Consequently, springs are not
confined to helical or spiral shapes; they can be broadly defined
as any object with the capability to store and release mechan-
ical energy. Even a bow or a bow-shaped object, composed of
a simple resilient rod, can be classified as a spring. A shared
focus in contemporary nanoscience and nanotechnology revolves
around the creation of functional nanodevices. The demand for
mechanical components capable of storing and releasing
mechanical energy is prevalent in the development of these
devices. Consequently, the scientific community is driven to
explore nanostructures that can emulate spring functions in
nanoscience. Achieving the goal of mechanical energy storage
and release at the nanoscale opens up widespread applications
in nanoengineering, including incorporation into resonating
elements and as innovative reinforcements in high-strain
composites.”” Nanosprings, in particular, are anticipated to
play a crucial role in the future as functional nano-robots,
representing an extreme case of device miniaturization. These
nano-robots may derive their movements not only from tradi-
tional power sources like engines or batteries but also from the
contributions of nanospring components.

Microsprings have seen successful downsized to the micro-
scale. Nevertheless, employing the classical top-down approach
for preparing springs at the nanoscale is impractical, present-
ing a significant challenge. Consequently, researchers are
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investing more effort into exploring novel techniques for
crafting nanosprings.® From a morphological standpoint, most
springs exhibit distinct structural features such as helicity and
periodicity. The creation of nanostructures with specific helical
configurations, achieved through structure mimicking, is con-
sidered a straightforward approach to realizing springs at the
nanoscale. Consequently, the focus lies predominantly on
generating helical, spiral, or coiled nanostructures.

In general, helical, spiral, or coiled structures all consist of
wires or belts. Initial experimental evidence suggests that such
nanostructures can be observed in nanowire/nanobelt synthe-
sis systems. The correlation between springs and 1D wire/belt
structures encourages researchers to explore a nano-spring
synthetic strategy analogous to the synthesis of 1D nanostruc-
tures. Over the past two decades, a substantial number of
helical nanosprings have been synthesized from nanowires/
nanobelts. These successful fabrication methods serve as
model systems to investigate factors influencing nanospring
formation. Simultaneously, the obtained nanosprings are
expected to contribute to the study of nanospring behaviour
and provide valuable insights into potential applications,
including micro-electromechanical systems (MEMS), motors,
electromagnets, generators, and related equipment. From a
functional perspective, any nanoobject with the capability to
store and release mechanical energy is regarded as a nano-
spring. Consequently, the scope of nanosprings has broadened,
extending beyond helical or other conventional spring
morphologies. They can be designed with various morpholo-
gies exhibiting spring properties, including a bent nanorod
capable of storing mechanical energy.*” In addition to a diverse
array of structural nanosprings, considering functional aspects
opens up new avenues for nanospring design, enabling the
functionalization of springs at the nanoscale.

This feature article provides an overview of different meth-
ods used in fabricating springs at the nanoscale. Emphasizing
facile and flexible fabrication routes as crucial to producing
uniform nanosprings, the main focus of this paper is on widely
employed strategies. While substantial work has been con-
ducted on organic helical nanostructures, such as DNA helices,
this paper does not cover the specific case of organic springs.
Instead, the primary focus is on inorganic materials, given their
general resilience compared to organic materials. It is essential
to note that nanosprings are not confined to classic helical
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structures; we also explore the potential for functional springs.
The goal of this feature article is not to present an exhaustive
literature review but to provide a cohesive discussion of main
strategies and the most potentially significant developments in
the field of nanosprings.

2. Helical nanosprings morphology
control

Helical nanosprings have been extensively investigated through
different strategies as shown in Fig. 1 including vapor phase
synthesis, a method wherein the precursor materials for nano-
spring formation exist as gas species, template, molecular
engineering, and self-assembly method. These unique aniso-
tropic growth mechanisms result in the formation of helical

nanosprings.
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2.1. Helical nanosprings from the vapor phase

Helical nanosprings have been extensively investigated through
vapor phase synthesis, a method wherein the precursor materi-
als for nanospring formation exist as gas species. The unique
anisotropic growth mechanisms result in the formation of
helical nanosprings. This discussion centers on the mechan-
isms governing the formation of anisotropic helical structures,
influenced by factors such as catalyst selection, growth condi-
tions, and material chemistry. Of all the vapor-based techni-
ques, those utilizing the vapor-liquid-solid (VLS) mechanisms
represent the earliest successful attempts to produce a sub-
stantial quantity of helical nanosprings. Wanger initially
proposed the VLS process in the 1960s for synthesizing micro-
scale whiskers, and it has since been widely employed in
the synthesis of nanowires and nanorods from various mate-
rials. However, since the helical structure indicates a highly
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Fig. 1 Schematics of practical spring types, including (a) a schematic diagram showing the result of restricting nanowire growth using a polymer to form
specific helical spring shapes. (b) the nanowire structures are grown using the template method to achieve specific morphologies. (c) illustrates the
synthesis of nanowires with particular shapes through surface molecular engineering. (d) the formation of nanowire structures with different

morphologies regulated by the self-assembly of polymers.
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asymmetric growth model, the classical VLS mechanism falls
short of providing a comprehensive explanation for the aniso-
tropic growth. Recognizing this limitation, the introduction of
anisotropy, a crucial factor for nanospring formation, must be
incorporated during the synthesis process.

The prevailing consensus is that helical structures are
a consequence of anisotropic and inhomogeneous catalyst
activity. This phenomenon is exemplified by helical carbon
nanotubes and fiber nanostructures, where the nonuniform
growth speed at different parts of a catalyst grain results in
helical formation.

In the 1970s, Baker and colleagues observed carbon fila-
ments with spiral morphologies using Sn/Fe alloy as a catalyst,
attributing the spiral structures to the stress minimization
caused by two identical filaments growing from each catalytic
particle in opposite directions at different rates.® Further
insights were gained by Amelinckx et al., who observed coiled
carbon nanotubes with cobalt as a catalyst and acetylene as the
carbon source.” They proposed the concept of a spatial velocity
hodograph, indicating that anisotropic rates of carbon deposi-
tion at different parts of the catalyst led to the helical struc-
tures. Growth-induced stresses, arising from the mismatch
between the extrusion velocity by the catalytic particle required
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to generate a continuous tubular surface and the rate of carbon
deposition, resulted in plastic deformation. Based on theore-
tical and geometric considerations, it is postulated that the
helical structure originates from the concurrent positive and
negative curvature caused by periodically incorporating penta-
gon and heptagon pairs into the hexagonal carbon network,
minimizing long-range stresses. This mechanism is widely
accepted for explaining the high-yield formation of helical
carbon nanocoils.**° For example, Hou et. al. have got a large
scale synthesis of helically coiled CNTs by use of Fe(CO)s as a
floating catalyst precursor (Fig. 2(a)-(c)).""'> The growth pro-
cess is accompanied by a concomitant insertion/formation of
pentagon and heptagon pairs into the hexagonal sheet of the
growing nanotube, leading to a helical structure. Significantly,
a combination of the systems for producing helical’® and
aligned straight carbon nanotubes, large-scale aligned helical
carbon nanotube arrays (Fig. 2(d) and (e)),"*™* and double
helices array.'®

The anisotropic catalyst activity, determined by facets,
the size of catalytic particles,> the adhesive force between the
catalyst and carbon,"®?**"?” and reaction temperature,*® contri-
butes to the formation of helical structures. In addition to
helical carbon nanotubes and nanofibers, this anisotropic

18-23

Fig. 2 (a), (b) SEM and (c) TEM images of helical coiled carbon nanotubes prepared by pyrolysis of vapor mixture of Fe(CO)s and pyridine under H, flow
at 1050-1150 °C. Reproduced with permission.” Copyright 2003, American Chemical Society (d) SEM image of aligned helical carbon nanotube array,
and (e) an enlarged cross-section view of (d) showing densely packed aligned helical nanotubes. Reproduced with permission.*! Copyright 2004

American Chemical Society.
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catalyst activity also generates helical nanostructures from
various materials. For instance, vapor transport synthesis,
assisted by metal nanoparticle catalysts, produced single-
crystalline germanium telluride (GeTe) nanohelices.>® This
phenomenon is attributed to differing growth speeds on oppo-
site nanohelical surfaces at the metal-GeTe interface.

Another frequently employed mechanism is contact angle
anisotropy (CAA) at the catalyst-nanowire interface, which leads
to the asymmetry of the growth front velocity for the obtained
nanosprings. Mcllroy et al. first proposed this model and
successfully prepared amorphous helical boron carbide nano-
spring (Fig. 3(a)), which resulted from the lateral displacement
of the catalyst droplet.®® Since the CAA model is material
independent, it can be general for fabricating helical nano-
springs regardless of their composition. Based on this model,
SiC,*' §i0,,>* MgB,,* helical nanosprings were also synthe-
sized under the similar conditions (Fig. 3(b)-(d)).** In this
system, the asymmetry of the growth front stems from the
anisotropy in the contact angle at the center of mass of the
spherical catalyst droplet concerning the axis of the nascent
nanowire. This displacement, in turn, creates an imbalance in
surface tension around the catalyst/nanowire interface peri-
meter. The resulting non-zero torque acting on the catalyst
induces a tumbling-like trajectory around the central axis of the
resulting nanospring. The essential condition for nanospring
growth is that the nanowire’s structure, from which the nano-
spring emerges, must be amorphous.

While several mechanisms have been proposed to explain
the formation of helical springs, there is limited conclusive
evidence to confirm their plausibility. None of these mechan-
isms offer predictions or specific reasons for helical growth,
maintaining that rather specific conditions would be required
for coiling. Dislocations have been also proposed to explain the
formation of helical nanospring based on VLS mechanism.
Helical crystalline silicon-carried nanowires covered with a
silicon oxide shell (SiC/SiO,) have been synthesized, which
the SiC typically had diameters of 10-40 nm with a helical
periodicity of 40-80 nm and covered by 30-60 nm amorphous
Si0,.*® This helical structure originated from an epitaxial

View Article Online
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growth following the initial screw dislocation sites on the
crystalline SiC nanoparticles, and the simultaneous shift and
rotation between successive layers were inherent characteristics
of crystal screw dislocations and provide the driving force for
the helical structure formation. Screw dislocations are common
in crystalline materials, and it could be used for the synthesis of
silicon®® and carbon nanohelices Galliumoxide (0-Ga,0;)*”
under appropriate experimental conditions. Recently, the Jin
group found that screw dislocation-driven nanowire growth
also applied to catalyst-free nanowire growth.*®*° Pine tree-
like helical nanowires of lead sulfide (PbS) were synthesized
through a vapor phase growth process (Fig. 4). The Cui group
also reported a similar helical morphology for lead selenide
(PbSe) nanowires.*’ Unlike the vapor-liquid-solid (VLS) mecha-
nism, which requires metal catalysts, this helical nanostructure
was formed through a combination of screw dislocation-driven
nanowire growth, resulting in long and twisted “trunk” nano-
wires, and a simultaneous self-catalytic VLS mechanism lead-
ing to epitaxial “branch” nanowires.*®*° Diffraction contrast
transmission electron microscopy (TEM) confirmed the presence
of dislocations in the trunk, leading to a spiral growth front at the
tip of the trunk nanowire, resulting in one-dimensional growth
(Fig. 4(h)). Branches grew through a self-catalyst VLS mechanism,
with lead nanoparticles generated in situ (Fig. 4(i)). The evolution
of the highly anisotropic shapes of the helical tree-like structures
demonstrated the significant differences in nanowire growth rates
between these mechanisms (Vs for VLS, V; for dislocation-driven,
as shown in Fig. 4(k)). The screw component of an axial disloca-
tion provides self-perpetuating steps, enabling one-dimensional
crystal growth, a phenomenon known as the Eshelby twist.*" ™

For a VLS process, the large anisotropic 1D growth of
nanostructures is usually generated from the interface between
catalyst and nanospring. However, for a VS process without the
assistance of a catalyst, the growth of nanostructures is directly
dependent on the native structural property of materials.
A typical example is Wurtzite ZnO, whose structure can be
described as a number of altering planes composed of tetra-
hedrally coordinated O>~ and Zn*' ions, stacked alternately
along c-axis.

Fig. 3 Bright-field TEM images of (a) an amorphous boron carbide nanospring that has been highlighted for contrast, the inset is a blown-up view of the
nanospring, (b) amorphous SiC (silicon carbide) nanosprings, SEM images of (c) as-synthesized SiO; (silicon oxide) nanosprings, (d) MgB, nanohelices
grown on Si substrates, insert shows loosely wound coils. Reproduced with permission.>* Rights managed by AIP Publishing.
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Fig. 4 Left: SEM micrographs of PbS pine tree nanowires. (a) Overview of the dense forest of many nanowire trees. (b) Tree clusters showing epitaxial
growth along (100) directions. (c) Side view of growth substrate showing forest growth. (d)—-(f) High-magnification views of trees highlight the twisting
(Eshelby twist) of the central trunk and helical rotating branches, with (e) further illustrating branch epitaxy on the tree trunk and (f) showing a tree with
fewer branches. (g) An example of “tree-on-tree” morphology that can be occasionally observed. Reproduced with permission.** Copyright 2008, The
American Association for the Advancement of Science. Right: Schematic illustration of the growth process of a PbS helical nanostructure, (h) Anisotropic
nanowire growth driven by screw dislocation growth spiral at the magnified trunk tip. (i) Three-dimensional representation of the tip region of a tree
highlighting that the fast-growing trunk is driven by a screw dislocation while the branches are driven by VLS mechanism. (j) The tree evolves
progressively leading to the formation of a cone angle (0) of the outer envelope that represents the relative growth rate (trunk versus branch, or V/V.s)
(cot ). (Inset) A magnified view of the tips of nanowires after synthesis highlighting the cubes that sometimes decorate the tips. The inset scale bar is

200 nm. Reproduced with permission.*® Copyright 2009 American Chemical Society.

The positively charged Zn-(0001) and the negatively charged
0-(0001) give a polar surface, leading to a normal dipole
moment and spontaneous polarization along the c-axis. If the
elastic deformation energy is largely suppressed by reducing
the thickness of nanobelt or nanowire, the polar nanobelts
could change to different shapes such as nanohelices, nano-
sprials, and nanorings by self-assembly, so that the electrostatic
energy coming from the ionic charges on the polar surface can
be minimized (Fig. 4).**

Wang group presented a series of nanospring, which made
of the polar compound ZnO (Fig. 5), showing that the native
crystallographic feature plays an important role during the
growth of the nanospring structures. By introducing doping,
such as In and/or Li, the synthesized ZnO belt, which is
dominated by the (0001) polar surface, grows along [2110]
(the a-axis), with its top/bottom surface +(0110) and the side
surfaces +(0110). A polar surface can be viewed as a capacitor
with two parallel charged plates. Due to the nanobelt’s thick-
ness, it easily coils into a sealed ring to minimize electrostatic
energy.** The stability of nanobelt in the form of a ring or spiral
shape is achieved by minimizing the total energy contributed
by spontaneous polarization and elasticity.*>*® As the nanobelt
rolls loop-by-loop, helical nanosprings are formed, driven by
the repulsive force between charged surfaces and elastic defor-
mation force. These helical nanosprings exhibit a uniform
shape with a diameter ranging from 500 to 800 nm, originating
from a deformed single-crystal ZnO nanobelt. Additionally, a
distinctive helical ZnO nanospring, composed of a superlattice-
structured nanobelt, was reported through a vapor-solid (VS)
growth process.”” The as-synthesized helical nanosprings have

This journal is © The Royal Society of Chemistry 2024

diameters in the range of 100-500 nm and pitch distances
between 500-2500 nm. This helical nanospring consists of a
superlattice of striped crystal domains approximately 3.5 nm
wide, with alternating crystallographic orientations along
the growth direction, specifically [1100] and [2110]. Each crystal
domain stripe has its c-axis nearly perpendicular to one
another, offset by about 5 degrees, leading to a rigid lattice
rotation that causes the ribbon to bend into a helix. In addition
to wurtzite structures, anisotropic helical nanosprings induced
by polar surfaces were also observed in SnO, helical nano-
springs with a tetragonal structure,’® and InP helical nano-
springs with a cubic structure.*’

2.2. Helical nanospring from the templates

As the carbon nanocoils are the most successfully by vapor
phase method with good reproducibility and high yields,® it
has been widely used as a hard template for the fabrication
helical nanospring structures. Ueda groups reported that vari-
ous oxide helical nanotubes, including ZrO,, Al,O03, and SiO,
could be synthesized by the adsorption and hydrolysis of the
oxide precursors on the surface of the carbon nanocoils
templates.>! Similarly, Cui group has successfully deposited
continuous and uniform Ni-Fe-Co-P coating on coiled carbon
nanofibers via electrodeless deposition.’> However, these sim-
ple coating methods cannot achieve convenient and simple
control of the thickness and uniformity of the coating because
of the low chemical reactivity of templates. A way to this
limitation is to use atomic layer deposition, which utilizes
the sequential exposure of reactants to substrates to achieve
layer-by-layer growth, allowing atomic-scale thickness control.

Mater. Horiz., 2024, 11, 3500-3527 | 3505
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Fig. 5 (a) Proposed growth model showing the initiation and formation of single-crystal ZnO nanostructure with different shapes via polar surface
induced spontaneous polarization. Right: SEM images of (b) ring, (c) spiral, (d) helical ZnO nanostructure; reproduced with permission.*® Copyright 2004,
American Chemical Society. (e) and (f) SEM and TEM images of ZnO nanohelice. (g)—(i) TEM images at increasing magnification show a superlattice
structures of crystalline “stripes” with alternating crystallographic direction. (j) schematic models showing the top view and cross-sectional view of the
nanohelice for illustrating the corresponding directions of the c axes and the distribution of polar charges and nonpolar surfaces. Reproduced with

permission.*> Copyright 2005, The American Association for the Advancement of Science.

Various helical oxide nanotubes (Al,O3, SiO,, TiO,, HfO,, and
ZnAl,0,) were fabricated by atomic layer deposition using
carbon nanocoils as sacrificial templates followed by thermal
annealing in air.>® Moreover, multilayer helical nanotubes were
generated through the sequential atomic layer deposition of
different materials, providing a means for fabricating nano-
springs with hybrid materials.

A comprehensive approach has been developed for creating
helical nanostructures with various materials using confined
mesoporous silica as a template. In this method, hierarchical

a

mesoporous silica nanostructures within the nanoscale chan-
nels of porous anodized alumina are employed as templates.
These templates are generated through the integration of
electrochemical deposition and a surfactant-induced self-
assembly process (Fig. 6(a)-(j)).”*>® The helical configurations
result from the confinement effect, rolling up a parallel array of
mesostructured silica cylinders. By adjusting the diameters of
the channels in porous anodized alumina, the helical config-
urations can be controlled, achieving single-helix, double-helix,
and core-shell triple-helix structures. The synthesized silica

Released1l-D
S8 mesostructure

Electrochemical
deposition

Mesoporous
silica loaded

64 nm 45 nm 41nm 40 nm 28 nm

Fig. 6 (a) Preparation procedure of the mesostructured nanosprings using confined mesoporous silica as a template. Bottom: Silver inverted
mesostructures prepared by backfilling the confined mesoporous silica, (b) three-layer stacked doughnuts, (c) S-helix, (d) core—shell D-helix, in which
the core and the shell are both S-helix, (e) core—shell triple-helix, in which the shell is a D-helix and the core is a S-helix, (f) D-helix, (g), (h) S-helix with a
straight core channel, (i) D-helix, (j) inverted peapod structure with two lines of spherical cages packed along the long axis of the alumina nanochannel.
Reproduced with permission.>* Copyright 2004, American Chemical Society.

31 nm
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helix serves as a template for fabricating Ag, Ni, and Cu,O
nanowires with highly ordered hierarchical structures.

In addition to helical carbon nanofibers, helical nano-
springs have been successfully prepared through the hybridiza-
tion of inorganic precursors/block copolymer templates. The
Ho group discovered a novel helical phase in the self-assembly
of a diblock copolymer containing both achiral and chiral
blocks, poly(styrene)-b-poly(i-lactide) (PS-PLLA). The formation
of this helical phase is attributed to the contribution of the
chiral entity (Fig. 7(a)-(c)).””>® With the combination of the
self-assembly of degradable chiral block copolymer and sol-gel
chemistry, three-dimensional ordered helical nanocomposites
were obtained. PS with helical nanochannels formed from
the self-assembly of the PS-PLLA after hydrolysis, and served
as a template. Through the traditional sol-gel reaction that
occurred within the template the helical nanocomposites were
fabricated.®°

The soft template method emerges as a highly efficient
technique for crafting helical nanosprings. Its superiority lies
in its simplicity, particularly in enabling one-pot synthesis,
where all components are mixed in a single step. This method
boasts versatility in template sources, accommodating various

View Article Online
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materials to tailor nanospring properties. Notably, it excels in
template removal, facilitating a straightforward process through
gentle washing at low temperatures. Unlike alternative appro-
aches, the soft template method streamlines fabrication, offering
researchers a practical and customizable route to produce nano-
springs with desired characteristics. Various groups have reported
successful fabrication of helical nanostructures using the soft
template method. Shinkai’s group, for instance, developed a
method for preparing helical structures in silica through the
sol-gel polycondensation of tetraethoxysilane (TEOS) onto organic
templates within chiral diaminocyclohexane-based organogel
systems.® ®* Their studies showed that the unique helical struc-
tures of the organogel fiber can be transcribed in the silica and
transition-metal oxide nanostructures. Since then, supramolecu-
lar self-assemblies as templates have been widely utilized for
the formation of helical nanostructures. Not only the chiral
supramolecules,” ®® but achiral surfactant®*’® can be used as
templates for nanohelices preparation.

For instance, the Huang group reported the formation of
well-defined helical nanoribbons through the cooperative effect
of multiple weak interactions, such as hydrogen bonds, coordi-
nating interactions, and hydrophobic effects. They successfully

Fig. 7 (a) Schematic illustration of the polymer temptation for generating well-defined helical nanocomposites. Bottom: (b) TEM image of RuO, staining
PS-PLLA helical nanostructures. (c) SEM image of SiO, nanohelices from the PS/SiO, helical nanocomposites after the treatment of UV exposure.
Reproduced with permission.>” Copyright 2009, American Chemical Society.

This journal is © The Royal Society of Chemistry 2024
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prepared SiO, and ZnS helical nanomaterials using a sol-gel
process and a self-templating method.®” Notably, helical silica
mesostructures, synthesized in aqueous solutions using soft
templates like the triblock copolymer Pluronic F127 and the
cationic surfactant cetyltrimethylammonium bromide, were effec-
tively employed as sacrificial templates for generating helical SnO,
nanotubes.”" While template methods for helical nanostructures
have achieved considerable success, it’s important to note that
most of these methods are limited to sol-gel reactions. Conse-
quently, the range of materials for synthesized helical nanostruc-
tures is restricted, and the amorphous nature of the nanohelices
poses a drawback for their potential applications.

2.3. Helical nanospring from post-treatment methods

Exploit an alternative way to roll pre-synthesized nanowire/
nanobelt into helical structure can achieve the things that
cannot be achieved with a directed growth process. In recent
developments, researchers have successfully crafted helical nano-
spring structures through the controlled self-rolling of strained
films. This innovative technique involves a nanometer-thick

a Substrate

Epitaxial deposition of SiGe

SeeReRRRt R RRR Y
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heteroepitaxial bilayer comprised of SiGe/Si bilayer nanobelts,
with the Si layer positioned on top. These bilayers are deposited
on a soluble substrate, ensuring that the SiGe layers have con-
sistently smaller thicknesses. Consequently, the stress resulting
from lattice misfit is maintained, leading to elastic compression
of the SiGe layers. Upon etching away the substrate, the patterned
bilayer curls up, releasing internal strain and giving rise to helical
spring-like structures (Fig. 8(a)-(c)).”* This method initiates with
stand lithography to pattern films and etches away substrates,
offering precise control over the structure, including the turns,
thickness, diameter, and pitch of the nanosprings.”

To enhance electrical contact, small metal pads are further
attached to the ends of these springs, showing potential utility
for assembling more intricate nanodevices with self-sensing
nanosprings as components.”* Moreover, this approach demon-
strates the capability to extend curling to various nanomaterials;
even a polymer film can undergo a similar process by selectively
swelling the bottom layer of a polymer or composite-layer film to
store mechanical energy.”>®! In a recent development, silicon
nanowire coils were produced through a controlled bulking

Fig. 8 (a) Schematic of fabrication flow of rolled-up nanospring. Process sequence: an initial planar bilayer patterned through conventional

microfabrication techniques assembiles itself into 3D nanostructures. This is achieved by controlling the wet etching time so that the loose ends of
the nanobelts are located over electrode pads after scrolling. In a subsequent electroplating step, the loose ends are connected to the electrode pads.
SEM images of SiGe/Si/Cr helical spring. (b) Fixed on both sides with length of 50 um, and (c) enlarged view showed the bilayer thickness is 20 nm.
Reproduced with permission.”? Copyright 2005 Elsevier B.V. All rights reserved.
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(a)—(c) Schematic illustration of the process for fabricating the deformed NWs. A large-area optical micrograph of the Si NWs (d) before and (e)

after release of the prestrained PDMS substrate. Reproduced with permission.8®> Copyright 2011, American Chemical Society.

process.®” Fig. 9(a)-(c) shows the Si nanowires were assembled
on prestrained poly(dimethylsiloxane) (PDMS) substrates, and
releasing the prestrained PDMS through UV radiation led to the
buckling of Si nanowires, forming coiled structures. These
coiled Si nanowires exhibit significant stretchability, akin to
the motion of a coil spring. This approach is also compatible
with other materials such as GaAs, GaN, and InP.?*%

Capillary force serves as a prevalent driving force for the self-
assembly of objects ranging from nanoscale to mesoscale, includ-
ing helical nanostructures. The fundamental concept of this
approach is illustrated in Fig. 10(a) and (b). When an array of
straight nanopillars is submerged in liquid and subsequently
evaporated, capillary force is generated at the nanopillar-liquid-
air interface, leading to the collapse of nanopillars and the
formation of nanocohesion.®® The emergence of helical structures
is attributed to the interplay between intrapillar elasticity and
interpillar adhesion.>®*® Based on this capillary force-induce cohe-
sion, Aizenberg group reported self-organization of nanobristle
into helical clusters, and they successfully prepared nanotrivial,
hierarchically assembled, coiled mesostructures over large areas,
and the obtained helical structures may have the ability to store
elastic energy and information embodied in adhesive patterns
(Fig. 10).2>%”%8 This approach enables the formation of complex
helical pattern even at 10 nm length scale,®® and it believes that
this technique can be applied to other high-aspect-ratio nanos-
tructures, such as functional vertically aligned semiconductor
nanowires/nanorods, carbon nanotubes or metal nanopillars to
perhaps permit functional self-assembled structures.”

2.4. Helical nanospring from the metal crystal surface
molecular engineering in colloids

The development of helical nanosprings through molecular
engineering on metal crystal surfaces in colloids represents a

This journal is © The Royal Society of Chemistry 2024

significant advancement in nanomaterial synthesis. By meticu-
lously controlling the molecular structure and interactions at
the surface, researchers can engineer the growth process pre-
cisely, yielding well-defined helical structures with tailored
properties. Our previous work, as depicted in Fig. 11(a)-(e),
illustrates the schematics of the coalescence process of Au-Pd
nanoropes, synthesized through a modified version of a pre-
viously reported method.”’ Initially, ultrathin Au nanowires
stabilized by oleylamine were synthesized and phase-
transferred into an aqueous solution. Through the deposition
of Pd onto these Au nanowire bundles, nanoropes with helical
morphologies were obtained. The diffusion of Pd within Au
nanowires and the formation of Au-Pd alloy induced lattice
transformation, resulting in the twist of the nanowires and
coaxial twist of the bundles. In comparison to nanoropes, solid
nanowires exhibited reduced diameters. The mechanism
involves asymmetric growth within ligand complexes, leading
to various helical shapes. Growth initiates from the surface of
Au nanoparticles and progresses with time. The untwisting
motion of twisted rubber bands serves as a model to compre-
hend the principles of twisting. Control experiments affirm the
necessity of the Au-silica interface and thiolated ligand for
nanowire growth. Overall, this study elucidates the growth
mechanism of spiral Au nanowires and provides insights
into their formation and morphology evolution. This study
delves into the intricate mechanisms behind the formation of
helical structures from nanowires, with a particular emphasis
on two primary twisting modes: self-intertwining and the
nanorope mode.

In the self-intertwining mode, individual nanowires inter-
twine to form double helices with U-turns (Fig. 11(f)), while the
nanorope mode results from bundled strands synergistically
twisting into straight configurations (Fig. 11(h)).”> The mechanism

Mater. Horiz., 2024, 11, 3500-3527 | 3509
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(a) Schematic diagrams and corresponding SEM images showing the morphogenesis of helical patterns induced by capillary force, from the first-

order unclustered nanobristle to the fourth-order coiled bundle. Scale bars, 4 mm. (b) SEM image showing the assembly into uniform, a periodic fourfold
cluster of nanopillars over the large area. Reproduced with permission.®> Copyright 2009, The American Association for the Advancement of Science.

of helix formation bears resemblance to the active surface growth
process, but in the unique environment of floccules, asymmetric
growth occurs due to the nonuniform deposition of growth
materials. Unlike atomically flat substrates that ensure uniform
material feeding, floccules exhibit asymmetric blockage and vary-
ing extrusion speeds, leading to diverse helicity. Growth plays a
crucial role in shaping these helices, with the ligand/diffusion
environment influencing anisotropic and asymmetrical growth. It
is noteworthy that floccules do not serve as molds for helices;
instead, the growth patterns dictate their formation.

An additional illustration of competitive ligands guiding
morphology is presented in Fig. 11(j)—(l). Drawing from pre-
vious control experiments, helix formation resembles the active
surface growth mechanism, albeit with asymmetric growth
induced by the unique environment of floccules. Unlike atom-
ically flat substrates ensuring uniform material feeding, floc-
cules exhibit nonuniform growth material deposition due to
the asymmetric blockage of seeds. This variation results in
diverse helicity as each seed encounters a different environ-
ment within the floccules. As nanowires grow, their growth
sites within the floccules remain consistent, leading to repeating
pitches. The ligand/diffusion environment drives anisotropic
and asymmetrical growth, with growth dictating shape.’*°°™%
Contrary to molding, the weaker mechanical strength of

3510 | Mater. Horiz., 2024, 11, 3500-3527

floccules suggests they do not universally shape helices. Rare
examples illustrate competitive growth, where short helices
emerge from nests formed by nanowires. These instances
provide insight into helix formation, suggesting that the inter-
twining of multiple seeds within a pocket can give rise to
double or triple helices.

The combination of surface ligand engineering and tem-
plates has been developed to design novel nanospring
structures.’”'®® The growth process of spiral Au nanowires
is depicted in Fig. 11(m). Initially, 40 nm citrate-stabilized Au
nanoparticles served as the substrate, onto which aminated
20 nm silica nanoparticles were attached to form the Au-oxide
interface. After treating the silica nanoparticles with 3-amino-
propyltriethoxylsilane (APTES) to graft the surface with amine
groups, concentrated Au nanoparticles were added to the
aminated silica solution under vigorous stirring. Nanowire
growth was initiated by adding a solution containing the
thiolated ligand, 4-mercaptophenylacetic acid (4-MPAA).
The obtained Au hybrids exhibited an octopus-like shape
(Fig. 11(n) and (o)), with spirals measuring about 60-90 nm
in length and diameters gradually decreasing from approxi-
mately 19 nm at the root to about 6-7 nm at the tapered end.
Trapped intermediates revealed that growth commenced from
the surface of Au nanoparticles, with spirals lengthening over

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 (a) Schematics illustrating the coalescence of Au—-Pd nanoropes. TEM images of typical (b) triple-helical nanoropes, (c) solid nanowires formed
by coalescing triple-helical nanoropes, (d) double-helical nanoropes, and (e) solid nanowires formed by coalescing double-helical nanoropes.
Reproduced with permission.®* 2022 Wiley-VCH GmbH. (f) Schematic illustration of the extrusion points and the strain-induced curling mechanism
of the helix formation for the nanowire bundles. SEM images showing the nanowire bundles with (g) parallel helices. Rubber band models illustrating.
Reproduced with permission.®® Royal Society of Chemistry 2019. (h) the self-intertwining mode, the nanorope mode, (i) TEM image of a nanorope with
the self-intertwined U-turn as the second structure and the corresponding wire model. Reproduced with permission.®> Copyright 2020 American
Chemical Society. Schematics illustrating the different growth modes for (j) straight nanowire on a flat Si wafer and helical nanowire in floccules. The
ligands are shown as brown curves. The active site is uniformly accessible in (j) (with an equal rate of atomic deposition shown by the purple
circumference) but asymmetrically blocked (with differing rates). (k) Example where a short helix extends out from a "nest” made of nanowires. (1) Control
experiment where 30 nm Au nanoparticles were introduced as seeds in the growth solution, but no helix was grown on them. Reproduced with
permission.>* Copyright 2017, American Chemical Society. (m) Schematics illustrating the growth mechanism and function of each component in the
formation of the spiral Au nanowires, and TEM images of spiral gold nanowires formed with 40 nm Au nanoparticle seeds and 20 nm silica at different

growth times: (n) 1 min, (0) 3 min. Reproduced with permission.>> 2018 Elsevier Inc. All rights reserved.

time, suggesting that controlled growth duration affects nano-
wire length.”®

2.5. Coiled nannosprings

In general, nanowires and nanobelts tend to spontaneously
assemble into helical, ring, or racket shapes due to the compe-
tition between elastic and interfacial effects. Consequently,
akin to helical structures, rings formed from coiled nanowires
and nanobelts also have the potential to function as nano-
springs. Vapor phase synthesis has been applied to the produc-
tion of ring nanostructures, with carbon nanotube (CNT)
nanorings being the most extensively studied (Fig. 12(a) and (b)).
During the early stages, CNT rings are typically obtained inad-
vertently in the process of synthesizing CNTs. The Smalley
group first observed CNT rings while characterizing laser-
grown single-wall CNTs.'°" The rings exhibit diameters within
the range of 300-500 nm and have a height of 1.0-1.2 nm,
resembling almost a single continuous toroidal nanotube. The
suggested formation mechanism involves a single tube bending
around to touch near its ends, and then the two ends adhere to
a metal catalyst and become welded together to maximize van
der Waals interactions and alleviate bending strain. In contrast
to single-tube rings, those composed of well-organized bundles
are more prevalent."”” ' Colomer group found that the
double-walled CNT forming rings were not tori but coils, and

This journal is © The Royal Society of Chemistry 2024

packed in a triangular arrangement with the bundles."®?
By floating chemical vapor deposition, bundles of SWNT rings
have been synthesized, and the yield is higher than 70%.'**
A similar mechanism with helical CNTs may lead to the ring
growth.” The SWCNT bundles curl up due to the growth-
induced stress between the outer and inner nanotubes inside
the bundles. This causes the different nanotube chirality to
twist against one another."*'°® As a result, the bundle may be
apt to bend to form a curved shape in order to release the stress-
energy resulting from the interactions between the nanotubes.
Essentially, a balance between tube-tube van der Waals adhe-
sion and the strain energy resulting from coiling-induced
curvature is thought to produce the stable nanotube ring
structures (Fig. 12(c)—(h)).******

It should be noted that the formation mechanisms of helical
nanostructures from the vapour phase are also applied to coiled
nanorings. As illustrated in Section 2, ZnO nanorings were
formed based on the polar charge induced self-coiling,***®
and Sn0,,*® GaN"'"11% AIN, ¢ ZnSe,'"” K,Tig013, *® Na,TigO15'°
nanorings also formed by the spontaneous self-coiling of polar
nanobelts. Significantly, this mechanism is not applied to vapor
phase, but also to the solution phase to generate Ag,V,01;,"*°
Ag; ,V504,"" and Cu0O,"*” nanorings under hydrothermal condi-
tions. Bundled Si;N, nanorings were synthesized and structure
characterization revealed that the coiled nanowires were bilayer

Mater. Horiz., 2024, 11, 3500-3527 | 3511
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Fig. 12 SEM images of (a) low and (b) high-magnification of SWNT rings. (c)—(h) schematic shows the proposed mechanism for the ring formation.
(c), (d) The bundles are induced to twist and bend by the varying growth stress for different nanotubes and due to the tube-tube interactions.
(e) Schematic depiction of a cross-section of SWNT bundles showing the varying growth rates of the nanotubes and SWNTSs twist against one another.
(fi—(h) Possible shapes of bundles resulting from the curling process. Reproduced with permission.’°® Copyright 2006 WILEY-VCH Verlag GmbH & Co.

KGaA, Weinheim.

consisting of a crystalline layer and an amorphous layer, there-
fore the growth rates difference between the two layers caused
the nanowire coiled and nanosprings formed."**
Post-treatment methods also have been regarded as one of
the most power tools to get nanorings. Through an acid
treatment coupled with ultrasonic irradiation, single-walled
carbon nanotubes (SWCNTs) were induced to self-coil into
rings, a process influenced by a delicate balance between
tube-tube van der Waals interactions and the strain energy
resulting from coiling-induced curvature'****>'2* Employing a
similar methodology, closed SWCNT rings of varying shapes,
including circular, oval, and closed ribbon-like structures, were
successfully obtained on SiO,/Si substrates (Fig. 13(a)-(f))."**"*°
The formation of these rings occurred during sonication, and the
diverse shapes observed on the substrate can be attributed to the
interplay among solvent surface tensions, van der Waals interac-
tions between the rings and the substrate, and the inherent strain

3512 | Mater. Horiz., 2024, 11, 3500-3527

forces of the rings. This variety in shapes may also signify the
elasticity inherent in CNT rings. Another effective approach for
nanoring production involves the chemical functionalization of
straight CNTs. By introducing oxygen-containing groups to the
ends of cut SWNTs through H,SO,/H,0, etching, covalent ring-
closure reactions resulted in rings with an average diameter of
approximately 540 nm."*” The Mirkin group successfully achieved
the self-assembly of SWNT rings arrays on a gold substrate by
integrating dip-pen nanolithography and nano-affinity templates.
The strong van der Waals interaction between SWNTs and car-
boxylic acid moieties attracted the nanotubes to the boundary
between a hydrophilic (MUA) and hydrophobic (ODT) self-
assembled monolayer on the gold substrate. As a result, long
SWNTs coiled into rings at the interface to minimize tension from
nanotube bending."*®

In recent experiments, our group has reported exciting
results demonstrating the ability of nanoring structures to

This journal is © The Royal Society of Chemistry 2024
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Fig. 13 (a) schematic showing the rolling of a drop of the SWNTs/1,2 dichlorobezene solution on a two-component surface, COOH-SAM (red) and CH3-
SAM (green). (b) The SWNT (blue) are selectively transported to the COOH-SAM and pinned at its boundary with the ODT SAM. Upon drying, the SWNT
bends to precisely follow the molecular path of the pattern COOH-SAM. (c) AFM image of SWNT rings and (d) height profiles of SWNT rings,
(e), (f) a molecular model and zoom in view of a coiled SWNT ring. Reproduced with permission.>> Copyright 2006 by The National Academy of Sciences

of the USA.

function as nanosprings at the nanoscale. We successfully
squeezed ultrathin gold nanowires inside a polymer case,
causing them to coil up into tiny springs (Fig. 14(a))."*° Ultra-
thin gold nanowires were first encapsulated with a styrene-
acrylic acid block copolymer (PSPAA) dissolved in DMF-THF-
H,0, and then a diluted system with water to shrink the
polymer shells. The micelle shrinkage triggered the coiling up
of the nanowire, and gave a structure resembling that of torsion
springs. The two important factors in the process are encapsu-
lation and polymer shell shrinking (Fig. 14(b)-(f))."*° Since the
encapsulating method has successfully extended to various
nano-object, it is conceivable that this approach is the potential
for generating ring-like nanospring made of various nanowire/
nanobelt. Using the modified method, single-wall CNTs were
encapsulated in shells of PSPAA and made the CNTs to coil
into ring structure by contracting their polymer shells
(Fig. 15(a)~(g)).**" Ultrathin nanowires (NWs) are considered
ideal building blocks for assembling intricate nanostructures
for future nanodevices. We have illustrated how the polymer/
particle duality of ultrathin NWs influences the morphologies
of assembled complex nanostructures (Fig. 16(a)). The length of
ultrathin AuNWs directly impacts their flexibility, influencing
the polymer-like assembly of NWs. Simultaneously, the concen-
tration of surfactants dictates interfacial tension and ligand-
solvent interactions, affecting both polymer-like and colloidal
assembly of NWs. By precisely adjusting these two factors,
ultrathin AuNWs can switch between “soft” and “hard” build-
ing blocks, resulting in the formation of highly uniform nano-
rings, nanograins, nanobundles, and superlattice-like nano-
spheres (Fig. 16(b)). The distinct assembly behavior of long
and short NWs can be viewed as two components for constructing
anisotropic complex nanostructures, analogous to the fabrica-
tion of polymer-inorganic nanoparticle hybrid nanostructures.

This journal is © The Royal Society of Chemistry 2024

We have synthesized anisotropic structures such as Au nanodia-
mond rings and nanonecklaces by co-assembling polymer-like
long NWs with particle-like short NWs or Au nanoparticles."**

A new type of coil, the honeycomb, has gained increasing
attention due to its promising properties. We report a unique
template-free approach for preparing an Au honeycomb mono-
layer (HMP) film with high transparency and conductivity, as
shown in Fig. 16(c). Ultrathin Au nanowires, akin to linear
polymer analogues, are directly assembled into the HMP film
on various substrates using a traditional static breath figure
method. Subsequent chemical cross-linking and oxygen plasma
treatment significantly enhance the stability and conductivity
of the HMP film (Fig. 16(d)—(g)). The resulting HMP film shows
great potential as an ideal candidate for transparent flexible
conductive nanodevices.

Beyond the methods mentioned earlier, a 2D coiled-nano-
spring film, assembled from ultrathin AuAg nanowires, has
been successfully created using a straightforward ice-templated
assembly technique (Fig. 16(h)). The ice/liquid interface is
suggested as a distinctive platform that facilitates the self-
assembly of nanowires into monolayer nanofilms. Due to the
polymer-like characteristics of ultrathin AuAg nanowires, the
resulting ultrathin AuAg nanofilms exhibit remarkable flexibil-
ity and stability. These nanofilms, situated on a flexible poly-
ethylene terephthalate substrate, maintain high transparency
and conductivity even in challenging environments and under
significant deformations. This method, proven successful, can
be further extended to produce various complex nanostructures
composed of different inorganic ultrathin nanowires.

2.6. Mechanical properties of nanosprings

Measuring the mechanical properties of nanosprings directly is
challenging due to their extremely small size, making it difficult

Mater. Horiz., 2024, 11, 3500-3527 | 3513
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Fig. 14 (a) Schematic showing the polymer-induced coiling of Au nanowires. TEM images of (b) and (d) as-synthesized Au nanowires and coiled
nanospring embedded in PSPAA micelles. (d)-(f) typical nanosprings from different perspectives. Reproduced with permission.**® Copyright 2010,

American Chemical Society.

to employ methods used for larger-scale microscopic springs.
Therefore, mechanical micromanipulation techniques, integrated
with scanning electron microscopy, transmission electron micro-
scopy, and/or atomic force microscopy, are commonly employed to
demonstrate the mechanical properties of nanosprings. These
instruments enable nanoscale positioning, control, and measure-
ment, addressing the challenges posed by the minute dimensions
of nanospring structures.

The elastic properties of coiled carbon nanotubes deposited
on oxidized silicon substrates were characterized by AFM and
force modulation microscopy (FMM) in the tapping mode,
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where AFM allowed visualize the helical structure, FMM
allowed to probe elasticity along the length of coil."*®> Their
results, a Young modulus around 0.7 TPa for the coiled carbon
nanotubes, is consistent with the classical theory of elasticity,
and comparable to the very high Young modulus of hexagonal
graphene sheets. Further study showed this coiled carbon
nanotubes can serve as self-sensing mechanical resonators.™*®
The device, which is composed of electrical gold contacts
attached to the top of helical carbon nanotubes, is connected
to a compact radio frequency circuit and allowed to feed an
alternating current into the helical carbon nanotubes and to

This journal is © The Royal Society of Chemistry 2024
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Fig. 15 Schematic Schematics illustration (a) and TEM images of CNT rings underwent several consecutive steps of structural transformation: compressed
rings. (b) were expanded to circular rings (c) by moderate swelling of their shells, they were compressed again to (d), and then finally expanded by dissolving away
their polymer shells (e)—(g). All scale bars are 200 nm reproduced with permission.*! Copyright 2011, American Chemical Society.
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Fig. 16 (a) Schematic illustration of the assembly of ultrathin AuUNWs in a solvent-shifting emulsion system. (b) SEM and TEM images of different AUNW-
based assembly structures: Au nanorings, Au nanograins, Au superlattice nanospheres. Reproduced with permission.** Copyright 2017 American
Chemical Society. (c) Schematic illustration of the HMP film prepared from ultrathin Au NW on Si substrate, (d) SEM image of HMP film after H,O,
treatment and oxygen plasma treatment, (e) high-magnification SEM image of panel a. The intensity distribution of the corresponding lines in panels is
shown in panel (f). (g) high-resolution SEM image of the HMP film prepared from ultrathin Au NW on Si substrate. Reproduced with permission.*?
Copyright 2017 American Chemical Society. (h) Preparation of ultrathin AuAg nanofilms on the substrate by ice-templated assembly of ultrathin AuAg
nanowires. Reproduced with permission.134 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

detect radio frequency signals over a wide frequency range. electrically or acoustically, a resonant response of the device
When exciting the helical carbon nanotube windings either was observed. The resonators are sensitive to mass changes as
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small as a few tens of attograms, and they may play a major role
in future nanoelectromechanical components.

The Wang group conducted in situ heating experiments on
SiO, nanosprings using a focused beam in a transmission
electron microscope (TEM). They observed that a segment of
the nanospring could be expanded with heating.?* This expan-
sion was accompanied by a contraction of the nanospring near
the junction with a straight wire, indicating that heating
reduces the local spring constant. The corresponding expan-
sion and contraction represent a redistribution of force along
the nanospring to achieve equilibrium or a static mechanical
condition. Subsequent electron beam heating of the contracted
part led to expansion, supporting the idea that e-beam heating
reduces the spring constant. Additionally, they demonstrated
that SiO, nanosprings could be deflected with the tip of an
atomic force microscope (AFM). However, they did not achieve
quantitative measurements of the mechanical properties. In
contrast, Rodney S. Ruoff and his colleagues successfully
obtained a direct experimental measurement of the mechanical
response of carbon nanocoils under tensile loading."*” Carbon
nanocoils were clamped between two AFM tips inside of a SEM,
and loaded in tension to a maximum relative elongation of
42%. The deformation of nanocoil agrees well with an analy-
tical model of the spring constant that accounts for the
geometric nonlinearity. Quantitatively, from the load versus
elongation data (determined from the acquired SEM images),
the spring constant (K) values were fixed. The nanocoil behaves
like an elastic spring with spring constant K of 0.12 N m™' in
the low-strain regime.

Similarly, the mechanical response of a multiwalled carbon
nanospring under compression was examined with an AFM."3®

2
3
>~
3
y /

View Article Online

Review

Cantilever deflection, oscillation amplitude, and resonance
were simultaneously monitored during the cycled movement
of the scanner. A nonlinear response of the nanospring was
observed, consistent with compression and buckling of the
nanospring. Wang group studied the super elasticity and nano-
scale fracture behaviour of the ZnO superlattice nanosprings.*”**°
Via in situ manipulation using the nanoprobe tip inside a focused
ion beam microscope (FIB) or AFM tip, the ZnO nanospring could
elastically recover it shapes without obvious plastic deformation
after extremely compression or stretching, showed excellent super
elasticity (shape memory), which is certainly not possible with
traditional steel springs. The spring constant of was found to be
~4 N m ™" at a low strain regime,”” and it could be increased
continuously up to 300-800% upon experimental maximum
extension.'® As a new category of shape memory nanostructures
made of ceramics, the superlattice-structured ZnO nanospring
may be a potential application in nanoscale energy storage,
buffer, indicator, and transducer, micro-electromechanical sys-
tem (MEMS), nanoelectromechanical systems (NEMS), and can
be made into smart micro nanoantessas possibly with large
bandwidths.

The helical nanosprings, which were prepared by controlled
self-rolling of strained films, also showed excellent mechanical
strength via the micromanipulation technique.”*”®”° The as-
prepared rolled-up nanospring, which rolled from an 11 nm
SiGe/8 nm Si/21 nm Cr multilayer, was cut off from substrate by
a micromanipulation with a W tip (Fig. 17(a)-(c)), and then
placed between AFM cantilever and the W tip within a SEM.
By moving the W tip the nanosprings could be expanded
and compressed. The applied force could be measured by
the AFM cantilever and the deformation of nanospring was

NNANANN

Fig. 17 SEM images for pick-up and manipulation process of SiGe/Si/Cr nanosprings, (a) pick up a as-fabricated nanospring into a W tip, and (b) place it
between the W tip and AFM cantilever, the nanospring was fixed to AFM cantilever by soldering using electron beam-induced position. (c) Stretching and
relaxing the nanospring between W tip and the AFM cantilever for stiffness characterization (from left to right). Reproduced with permission.**® Copyright

2007 Elsevier Ltd. All rights reserved.
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Fig. 18 SEM images showed the manipulation process of a ZnO helical nanospring deposited on Si substrate upon extremely large axial stretching and
shape-recovery process. (a) One end of a nanohelix was welded with Pt onto a tungsten nanoprobe. (b) An attempt to extract the welded nanohelix out
of the entangled nanohelices. (c) An enlarged SEM image showing the extremely stretched nanohelix. (d) Continued extraction led to an initial release of
the welded nanohelix from the entangled point and a recovery of the nanohelix shape. (e) A complete restoring of the nanohelix shape after the
manipulation in b and ¢, suggests a super elasticity (shape memory) behaviour. Reproduced with permission.**2 Copyright 2006, American Chemical

Society.

visualized by SEM.'® Fig. 18(a)-(e) shows a manipulation

process of stretching and relaxing nanosprings. The durability
of nanospring was measured by loading and unloading tension
for several cycles, and no obvious deformation was observed.
The nanosping showed excellent elasticity that a linear depen-
dence between applied force and extension was found until the
spring was extended to 91% of its origin length. The spring
constant here is 0.003 N m ™!, which is much lower than carbon
and ZnO naospring.”’ Such nanspring can be a potential

This journal is © The Royal Society of Chemistry 2024

application as ultra-sensitive force sensors. Coiled nanosprings
also show promising mechanical properties at the nanoscale.
In situ experimental configuration for studying the mechanical
deformation of a CNT ring, which is formed by folding a long
and thin SWNT bundle.'** The CNT ring is horizontally fixed to
a probe, and then was pushed (or pulled away from) against a
vertically placed substrate by an external force P. The CNT ring
displayed excellent elastic behaviour during the compression
and tension process.'*

Mater. Horiz., 2024, 11, 3500-3527 | 3517
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In addition to employing nanomanipulators and nanome-
chanical testing, our research group has developed a solution-
based approach to showcase the storage and release of mechan-
ical energy at the nanoscale using nanosprings. In our system,
Au nanowires coil into nanosprings driven by the energy mini-
mization of the combined AuUNW-polymer composites.”*>'** As a
PSPAA micelle lowers its surface energy through contraction, the
strain energy in the AuNW increases as its outer surface stretches
in tension while the inner surface compresses. Consequently, the
strained energy is stored in coiled nanosprings confined within the
polymer shell. This stored energy is released by swelling or
removing the polymer shell, causing the coiled Au nanospring to
spontaneously spring back to nearly straight wires, releasing
internal stress. Some kinks observed in the nanowire may result
from uneven swelling and the release of mechanical energy onto a
few spots, causing inelastic deformations of AuNWs. However, the
fusion and inelastic buckling of ultrathin AuNWs make the
coiling-uncoiling process challenging to reverse.

To overcome this drawback, we have further developed
carbon nanosprings using a similar method to gold nano-
springs. Due to strong interactions among their loops, coiled
carbon nanosprings do not spontaneously uncoil when the
polymer shells are swelled or removed, maintaining a coiled
ring structure. These coiled rings exhibit reversible structural
transformations in a colloidal solution and can mimic the
reversible elastic motions of typical macroscopic rings. While
the elastic motion of nano-objects has been studied using rings
and helical nanostructures, most prior reports were based on
manipulating individual nanostructures. This method intro-
duces a new strategy for manipulating an entire population of
CNT rings in a colloidal solution. The indirect shape control
means that one does not have to manipulate each nanostructure
individually, requiring perfect dexterity and spatial resolution.

2.7. Simulation and machine learning in nanospring study

Integrating simulation techniques like molecular dynamics and
finite element modelling with machine learning is paramount
in advancing nanospring study. Focusing on machine lear-
ning’s role in design and optimization, alongside bridging
multi-scale modelling approaches, promises to unlock new
insights and innovations in this field.

In materials science, microscopy serves as the primary
method for structural characterization, yet its manual analysis
poses challenges. As interest grows in automating this process
using machine learning, a hurdle emerges: traditional training
necessitates vast labelled image datasets, prone to human
error. To address this, a semi-supervised transfer learning
method was proposed as shown in Fig. 19(a)."** A small set of
labelled microscopy images was used for training, leveraging
self-supervised learning techniques for feature extraction. Spe-
cifically, SimCLR and Barlow-Twins were applied on transmis-
sion electron microscopy (TEM) images. This approach enables
automated classification of nanowire morphologies and seg-
mentation tasks, crucial for quantifying domain sizes and
shape analysis. Utilizing synthetic images resembling experi-
mental ones, a study trained Mask region-based CNNs for
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segmenting vanadium pentoxide nanowires in optical density-
based Spectro microscopy images.'*> Fig. 19(b) illustrates the
process. The model showcased remarkable instance segmenta-
tion capabilities on complex nanowires, yielding reliable statis-
tical data. This approach hints at broader applicability, even
for segmenting nanowires in scanning electron microscopy
images, distinct from its training set. Additionally, a novel
two-step framework integrates Gaussian process-based Baye-
sian optimization (BO) and a deep neural network (DNN) to
swiftly synthesize silver nanoparticles with tailored absorbance
spectra.'*® Tllustrated in Fig. 19(c), this method converges to
the target spectrum after just 120 samplings. The DNN, trained
on a sizable dataset, forecasts the achievable color palette,
ensuring human interpretability. This efficient approach opti-
mizes nanomaterial synthesis while unravelling crucial insights
into the chemical-optical correlation. Going beyond the above,
random forest algorithms employ bagging, combining multiple
decision trees (DTs) to predict outcomes (Fig. 19(d))."*” RF uses
sample and property bagging, reducing properties and creating
diverse DTs. Analyzing DT outcomes yields a final prediction,
leveraging anticipated outcomes to refine property selection.

Recent attention in diverse fields, including materials
science, has focused on machine-learning (ML) methods."*’
ML interatomic potentials (MLIPs) are particularly effective in
assessing mechanical and structural properties of novel mate-
rials and nanostructures.'®® Trained on first-principles data-
sets, MLIPs match accuracy while offering flexibility for diverse
compositions. They integrate seamlessly with common CMD
approaches, enabling simulations of large systems and tem-
perature effects."®’ MLIPs facilitate first-principles multiscale
modelling, bridging accuracy levels to explore macroscopic system
responses.””>'>® For example, researchers introduced a novel
concept, first-principles multiscale modelling of mechanical prop-
erties (Fig. 19(e)), bridging ab initio accuracy to assess macroscopic
systems.'*® Machine-learning interatomic potentials (MLIPs), tai-
lored to ab initio data, are integral to this approach. Demonstrated
with graphene/borophene heterostructures, MLIPs excel over CMD
models, evaluating properties at room temperature. MLIP-based
CMD informs continuum models for heterostructures via finite
element analysis.

3. Applications of nanosprings

The imperative development of wireless nanodevices spans the
sensing, medical, defense, and personal electronics realms.
Vital for implanted biomedical devices is self-powering sans
batteries. Exploring nanotechnologies becomes crucial for con-
verting mechanical (e.g., body movement), vibrational (e.g.,
acoustic waves), and hydraulic (e.g., body fluid flow) energies
into electrical power. This innovation ensures nanodevice
functionality without reliance on traditional power sources,
enhancing versatility and sustainability across various applica-
tions in modern technology landscapes.

Recent advancements in chemical vapor deposition
enabled the production of high-quality single-layer MoSi,N,

This journal is © The Royal Society of Chemistry 2024
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Fig. 19 (a) Two-step generalized semi-supervised machine learning workflow for classification and segmentation of microscopy images. Reproduced

with permission.*** Copyright 2022, Royal Society of Chemistry. (b) Synthetically generated dataset for training, where 3D microstructures are
compressed into optical density-based images as input data, and individually labelled nanowires create binary masks for output data. Reproduced
with permission. Reproduced with permission.**> Copyright 2022, The Author(s). (c) Algorithmic framework for a high-throughput experimental
loop, featuring a two-step optimization process with BO and DNN sampling and validating parameter space, tested on a droplet-based microfluidic
platform. Reproduced with permission.**®¢ Copyright 2021, The Author(s). (d) An example of a random forest algorithm for AQNW polyol synthesis, using
bagging to generate multiple decision tree outcomes for statistical prediction analysis. Reproduced with permission.**” Copyright 2023, King Abdulaziz
City for Science and Technology. (e) Proposed first-principles multiscale modelling strategy to simulate the mechanical and failure response
of graphene/borophene coplanar heterostructures. Reproduced with permission.**® Copyright 2021 The Authors. Advanced Materials published by

Wiley-VCH GmbH.

at centimetre scales."® Inspired by this, researchers conducted

extensive first-principles simulations on MA,Z, monolayers
(M = Cr, Mo, W; A = Si, Ge; Z = N, P) (Fig. 20(a)).">® These
nanosheets exhibit dynamical stability, exceptional mechanical
properties, and diverse electronic features, ranging from
antiferromagnetic metal to semiconductors (Fig. 20(b)-(d)).
Notably, MoSi,N, and WSi,N, monolayers demonstrate promis-
ing characteristics for optoelectronic and photocatalytic
applications.

Developing wireless nanodevices is crucial across sensing,
medical science, defence, and personal electronics, especially
for self-powered implanted biomedical devices. Nanotechno-
logies are pivotal for converting mechanical, vibrational, and
hydraulic energy into electrical power, a vital stride towards
self-sustaining nanosystems.'*>*7'¢*

Researchers innovatively harness piezoelectric zinc oxide
nanowire arrays to convert mechanical energy into electricity,

This journal is © The Royal Society of Chemistry 2024

exploiting ZnO’s piezoelectric and semiconducting properties,
and Schottky barrier gating effects.'”” This approach has led to
the development of DC nanogenerators driven by ultrasonic
waves in biofluid and textile-fiber-based generators for harvest-
ing low-frequency mechanical energy (Fig. 20(e)). Gold nano-
helices in a three-dimensional array efficiently polarize light
across various wavelengths.">

Scientists scrutinized light propagation in a uniaxial photo-
nic metamaterial, featuring three-dimensional gold helices on
a two-dimensional square lattice (Fig. 20(f))."*® Fabrication
involves direct laser writing into positive-tone photoresist and
subsequent electrochemical deposition of gold. For light travel-
ing along the helix axis, the structure selectively blocks circular
polarization matching its handedness, while transmitting
the opposite, across a frequency range surpassing one octave.
This scalable design serves as a compact, broadband circular
polarizer,'*164

Mater. Horiz., 2024, 11, 3500-3527 | 3519
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Fig. 20 (a) Recent advancements in chemical vapor deposition have enabled the fabrication of centimetre-scale high-quality single-layer MoSioNg.
Reproduced with permission.’®®> Copyright 2020 Elsevier Ltd. All rights reserved. (b) Schemes of AuNHs for FDTD simulations: side views showing
dimensions and simulation system coordination and (c) Wavelength-dependent extinction cross-section of AuNHs with different light incidences.
(d) SERS spectra of AuNHs using 4-MBA as the probe. Reproduced with permission.*>® Copyright 2020 American Chemical Society. (e) Schematic of a
NW with a grounded end and a conductive AFM tip shows how deflection changes the conduction band profile, causing electron flow. Reproduced with
permission.*> Copyright 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (f) Measured and calculated normal-incidence transmittance spectra
for LCP (red) and RCP (blue) helices with varying pitches. Reproduced with permission.*®® Copyright 2009, the American Association for the
Advancement of Science.
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Fig. 21 The combination of characterization tools to study the growth mechanism of nanosprings. Note: experimental data shown is reproduced with
permission.’21”® Copyright 2022 Wiley-VCH GmbH.
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4. Conclusions and perspectives

Advancements in materials science are pushing the boundaries
of nanospring morphology control, thanks to progress in
molecular engineering, surface ligand chemistry, nanosynthe-
sis techniques, and state-of-the-art characterization tools,
including in situ transmission electron microscopy (TEM),
TEM 3D tomography, and machine learning (Fig. 21). Meticu-
lous molecular engineering empowers researchers to customize
the surface chemistry and ligand interactions of nanomaterials,
influencing their self-assembly and eventual morphology.'®>™*”
This precise control facilitates the synthesis of nanosprings
with tailored properties and functionalities. Furthermore,
advancements in nanosynthesis techniques offer the capability
to finely manipulate the size, shape, and composition of
nanosprings, ®®'"" thereby expanding the design possibilities
for materials with distinct and unique properties.

The incorporation of in situ transmission electron micro-
scopy (TEM) techniques allows for the real-time observation of
nanospring formation and evolution at the nanoscale. This
capability provides unprecedented insights into the underlying
mechanisms governing their morphology and growth dyna-
mics.'”*"8! Furthermore, TEM 3D tomography offers detailed
three-dimensional reconstructions of nanospring structures,
enabling comprehensive characterization and structural analy-
sis with nanoscale resolution.'®*"'%¢

To summarize, this feature reviews recent advancements in
the successful fabrication of nanosprings, with a particular
emphasis on morphology control and mechanical properties.
Vapor phase synthesis achieves nanospring formation through
an induced anisotropic growth mechanism. Template methods
produce helical nanosprings either from hard springlike tem-
plates or through the formation of helical structures with
organic molecules. Post-treatment methods combine one-
dimensional synthesis processing with force-induced bending
or coiling to induce the assembly of one-dimensional nano-
wires/nanobelts into three-dimensional nanosprings. While
the vapor phase methodology has drawbacks, such as the need
for high temperatures and specific equipment, limiting its
broad application due to high fabrication costs and scalability
issues, as well as the inability to produce metallic springs,
templating methodologies have demonstrated impressive
examples of nanosprings. Many of these examples cannot be
achieved through directed growth processes. However, a com-
mon trait in most cases is related to adsorption and deposi-
tion processes. Additionally, the molecular engineering of
crystal surfaces could be developed to control nanospring
morphology at the nanoscale. It is believed that, with the
advancement of nanoscience and nanotechnology, nano-
spring morphology control and characterization, driven by
molecular engineering, surface ligand chemistry, nanosynth-
esis, in situ TEM, TEM 3D tomography, and machine learning,
offer precise manipulation, real-time observation, and com-
prehensive analysis. This advancement is poised to propel
materials science forward and foster innovation across diverse
applications.171‘177‘l87‘188
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