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Gold nanorings synthesized via a stress-driven collapse
and etching mechanism

Jixiang Fang1, Jiang Li2, Cuifeng Tian3, Qiangqiang Gao2, Xiangjie Wang4, Nengyue Gao5, Xinglin Wen6,
Chuansheng Ma1, Hongjun You1,2, Zhilin Yang4, Qing-Hua Xu5, Qihua Xiong6 and Zhiyuan Li7

Toroidal Au or Ag nanostructures are of particular interest due to their unique optical responses and superior catalytic

applications. However, the fabrication of ring-like Au or Ag nanostructures is limited to either electron beam lithography or

template techniques, thus hampering their applications. Here, we present a new stress-driven structure collapse and etching

mechanism to synthesize Au nanorings via a direct one-pot solution-based chemical reaction. The nanoparticle-mediated

recrystallization process contributes to the formation of Au nanoframes, which contain unusual stress, thus promoting the

breakup of the nanoframes and finally converting them into Au nanorings. The Au nanorings with tunable hole sizes exhibit

interesting localized surface plasmon features owing to the coupling of bonding and antibonding modes on the inner and outer

surfaces of the nanorings. This facile approach may open the door for the preparation of toroidal nanostructures in other

compositions for numerous applications.
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INTRODUCTION

Tailoring the shape-dependent properties of nanoparticles (NPs)
has been the focus of intensive research over the past decade owing
to their strong shape effects in many fields, including catalysis,
electronics, photonics, information storage, optoelectronics and
biological labeling.1 Among the wide variety of NPs with diverse
shapes, ‘toroidal/ring’ NPs, as artificial complex nanostructures with
ring cavities, are of particular interest because they exhibit novel
and unique properties in sensing,2 magnetic configuration,3

optical response4 and plasmonic behavior.5 In particular, Au or Ag
nanostructures with toroidal shapes (nanorings) exhibit near infrared
resonances that are not observed in similar disk-like particles without
holes.6 Au or Ag nanorings also exhibit substantial increases in bulk
refractive index sensitivity relative to those of nanodisks with similar
diameters,7 remarkably uniform field intensity enhancements for
surface-enhanced Raman scattering,8 enhanced second harmonic
generation at near infrared frequencies9 and superior catalytic
activities.10

To date, Au or Ag NPs with various shapes, such as nanospheres,
nanobars, nanorods, nanorices, nanoneedles, nanowires, nanocubes,
nanoprisms, bipyramids, nanocarrots, nanoplates, nanodisks and
nanobelts, have been successfully prepared.11 However, the fabrication
of ring-like Au or Ag nanostructures is limited to either electron beam
lithography or template techniques.12 The electron beam lithography

approach not only involves costly and complex processes but also
leads to nanorings anchored onto solid supports, which limits their
feasibility for further applications. The template method, for example,
via a galvanic reaction using a plate-like structure as a template,
is an effective route to synthesizing Au nanoframes or hollow
nanostructures; however, it remains technically difficult to obtain
completely pure Au nanostructures without other components.
Importantly, this method lacks the ability to produce flexible
nanostructures with tunable properties, for example, controllable
central hole size. Thus, a straightforward and robust synthesis protocol
to synthesize Au or Ag nanorings, particularly via direct growth in
solution, remains a great challenge.
Different formation mechanisms have been proposed to synthesize

‘toroidal/ring’ nanostructures with a variety of compositions. For
instance, an etching mechanism based on the Ostwald ripening
process from the inner side toward the outside has been used to
prepare ZnO, Fe2O3 and Bi2Te3 nanorings, as well as CaCO3

microrings.13–16 In this case, a higher density of crystallographic
defects such as dislocations or linear defects in the center of the
disk results in a higher local reaction/etching rate, which consequently
leads to the formation of a ring-like structure. A self-rolling or
polymer-induced coiling mechanism has been observed to explain the
formation of ZnO nanorings, Au and Ag nanosprings, InS rings
and loops and V3O7 nanoscrolls.17–20 In addition, a structural
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transformation via an edge-selective reaction of two-dimensional (2D)
layered nanocrystals or via a Kirkendall effect has been used to prepare
TiO2 toroids, Cu2S nanorings and Cu-NaInS2 nanorings.21–23

Recently, the self-assembly mechanism of NPs with intrinsic polygons
led to the growth of ring-like CdS, Ni-Co and PbSe nanorings.24–26

However, until now, it seems that these growth mechanisms have not
been observed in the synthesis of ring-like Au or Ag nanostructures,
particularly in direct solution-based growth.
Previous investigations of Au/DNA ring-like compounds

synthesized using DNA as a template seem to indicate that a
soft-template protocol could be effective in the construction of Au
ring-like nanostructures.27,28 Here, to the best of our knowledge, we
report for the first time a novel and simple strategy for the synthesis of
Au nanorings via a one-pot direct solution-based chemical reaction by
means of an unusual stress-driven structure collapse and etching
mechanism. The as-formed Au nanorings with tailored structures are
an exciting new member of the family of Au nanostructures with
diverse shapes. In particular, the simple addition of sodium dodecyl
sulfate (SDS) into the polyethylene glycol (PEG) reaction system
enabled the synthesis of Au nanorings with precisely tunable central
hole sizes, that is, from approximately hundreds down to approxi-
mately tens of nanometers, which is impossible to obtain from
previously described methods, for example, galvanic reaction routes.
The Au nanorings exhibit interesting hole-size-dependent optical
features owing to the coupling of bonding and antibonding modes
on the inner and outer surfaces of the nanorings.

MATERIALS AND METHODS

Materials
All chemicals were analytically pure and used without further purification. The

SDS was purchased from Tianli Reagents Ltd, Tianjin, China. The PEG (average

Mn= 20 000) and hydrogen tetrachloroauric acid (HAuCl4 • 4H2O, ⩾ 99.9%)

were purchased from Shanghai Aladdin Biological Technology Ltd. The water

used was highly purified with resistivity ⩾ 18.0 MΩ • cm.

Synthesis
For the synthesis of the Au nanodisks with collapsed centers (reaction-1), 0.6 g
PEG was dissolved with deionized water (15 ml) in a glass vial (40 ml).
Then, the vial was placed into a water bath at ~ 80 °C under magnetic stirring at
200 r.p.m. After 40 min, the vial was removed to room temperature. When the
temperature of the solution decreased to room temperature, 15 ml of a 1 mM
HAuCl4 aqueous solution was quickly poured into the solution under strong
magnetic stirring. Two minutes later, the vial was placed into a water bath at
~ 50 °C for various reaction periods. Then, the upper solution layer was poured
out, and the product was obtained. Finally, the samples were washed with
deionized water and absolute ethanol for subsequent characterization.
In this study, we also investigated reaction-229 for the synthesis of Au

nanorings with tunable central pore sizes. Similar to reaction-1, 0.026 g SDS
and 0.6 g PEG were dissolved in deionized water (15 ml) in a glass vial (40 ml),
and the reaction process was the same as in the synthesis of Au nanoplates with
collapsed centers.

Characterization
The morphologies and structures of the products were characterized using a
scanning electron microscope (SEM, JEOL, JSM-7000F) and a transmission
electron microscope (transmission electron microscopy (TEM), JEOL,
JEM-2100 with an accelerating voltage of 200 kV). Samples for SEM and
TEM observations were prepared on n-Si (100) slides and carbon-coated
copper grids. The powder X-ray diffraction (XRD) measurements were
performed using an XRD diffractometer (D8-Advance, Bruker, Germany)
using Cu Kα radiation (λ= 1.5406 Å). Atomic force microscopy (NT-MDT)
was used to study the heights of the Au nanoplates and nanorings.

Scattering spectra
Single-particle scattering measurements were performed using an inverted
microscope (Nikon Eclipse Ti). For single-particle scattering spectra measure-
ments, a quartz-tungsten-halogen lamp (100 W) was utilized as a white light
source. A sheet polarizer was utilized to adjust the polarization of the white
light. The white light was partially blocked and then focused onto the sample by
a dark-field condenser (Nikon, NA= 0.80–0.95). A precise three-dimensional
piezoelectric translational stage (PI E-710) was utilized to move the particle of
interest into the detecting area. Scattering light from the particle of interest was
collected using an oil-immersion objective (Nikon, × 100, NA= 0.5) and

Figure 1 Typical morphologies of Au nanoplates and nanorings. (a–c) SEM images of the synthesized Au nanoplate and nanorings after 40 min for a, 1 h for
b and 40 h for c. SEM image, matching atomic force microscopy pattern and corresponding cross-section profiles of Au nanoplates and nanorings after
40 min reaction for d, e, f and g. The scale bars in a–c are 1 μm.
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detected by a monochromator (Acton Spectra Pro 2150i) coupled to a CCD
camera (Andor DR-328G-C01-SIL). The background signals measured in the
area without any particles were subtracted from the scattering spectra, and then,
the signals were calibrated by the spectral profile of the white light.

RESULTS

Au nanoplates and nanorings
The Au nanorings were synthesized through a stress-driven collapse
and in situ etching processes within a facile reaction system consisting
of PEG/HAuCl4 aqueous solution (reaction 1). To tailor the central
hole sizes, SDS was added into reaction 1; thus, the reaction system
was composed of SDS/PEG/HAuCl4 solution (reaction 2). Figure 1a,
Supplementary Figure S1a and b show SEM images of the obtained Au
nanoplates, which exhibit a hexagonal shape. Careful observation of
the contrast between the central and edge regions of individual Au
nanoplates reveals that hexagonal Au nanoplates are frame-like
structures covered by a thin Au film in the central region. As the
reaction proceeds, the thin film of the central region can crack
spontaneously after 1 h of reaction (Figure 1b and Supplementary

Figure S1c). By analyzing the crack traces shown in Figure 1b and
Supplementary Figure S2, it is found that the cracks propagate along
the diagonals of the hexagonal Au nanoplates. Unexpectedly, most of
cracked thin films from the central regions of the Au nanoplates
disappear and finally form hexagonal Au nanorings after 40 h
(Figure 1c and Supplementary Figure S1d). The SEM image-
matching atomic force microscopy patterns (Figure 1d and e) and
corresponding cross-section profiles (Figure 1f and g) show the
geometrical dimensions of Au nanorings and nanoframes. According
to the profiles shown in Figure 1f and g and Supplementary Figure S3,
the height of the edge regions of the Au nanorings or nanoframes is
~ 100–150 nm. Notably, the Au nanoframes display a ‘bowl’-like
profile, and the heights of the films in the central regions of the
nanoframes shown in Figure 1g and Supplementary Figure S3 are
17 nm and 18 nm, respectively. These observations reveal that the film
in the central region is not symmetrically distributed and shifts to one
side. Thus, it is reasonable to deduce that the Au nanoframes show a
specific structure, that is, a grooved surface on one side and nearly flat

Figure 2 Stress characterization of the Au nanoframes. (a and b) TEM images and c, selected area electron diffraction (SAED) patterns of the circled areas in
a with sizes from i to iv. (d) XRD patterns of Au nanoframes and spherical nanoparticles that were synthesized in the same reaction system but with different
conditions for comparison. The scale bar in a is 1 μm.
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surface on the other side (line-2). In fact, this type of structure has also
been observed in the formation of ZnO nanorings.13

To investigate the shapes of the products under a variety of reaction
conditions, we also studied the influences of reaction temperature and
reactant concentrations. At relatively low reaction temperatures, for
example, room temperature, the reaction is very slow, and no Au
nanorings were observed. By contrast, at high temperatures, for
example, 70 °C, a frame-like structure forms; however, within a
relatively short reaction time, for example, 1.5–9 h, the frame breaks
up into fragments (Supplementary Figure S4). In addition, we also
changed the concentrations of the PEG and HAuCl4. At low PEG
concentrations, the frame-like structure is obtained (Supplementary
Figure S5), but the central thin Au film cannot crack and form the
ring-like structure. Instead, the seams of the frame-like structure
release the stress by deformation. Increasing the concentration of
HAuCl4 to 1.0 or 1.2 mM (PEG constant), the products contain large
spherical NPs (Supplementary Figure S6a and b). Interestingly,
keeping the ratio of Au3+:PEG at 1:2 and the concentration of Au3+

ions at 0.75 and 1.0 mM, hexagonal nanoplates are formed, and a
small pore can be observed in the center of each hexagonal Au
nanoplate (Supplementary Figure S6c and d).
According to the above observations, the formation process of

unique Au nanorings involves at least the following steps: nanoframe

formation, break up of the central thin film and dissolution of
the broken Au film (Figure 1c). Now, some basic questions are
immediately raised and need to be addressed. For instance, how the
frame-like structure forms, why the frame structure collapses, and how
the cracked film dissolves and forms regular holes in the centers of the
nanorings. In the following section, we shall address these questions
in detail.

Stress in Au nanoframes
Figure 2a shows a TEM image of an individual hexagonal Au
nanoframe. The region marked by the square box in Figure 2a is
enlarged in Figure 2b, showing a beautiful band-like pattern. These
bands or lines, which always start from the center and radiate down to
the edges of the nanoframes, may be ascribed to bending of the thin
crystals or the presence of multiple twinned structures. Similar
continuous and randomly distributed pairs of lines can be seen across
the faces of the flat crystals and have also been observed in Au
nanocrystals synthesized using various approaches.30 Figure 2c shows a
series of selected area electron diffraction (SAED) patterns taken from
the selected regions marked in Figure 2a by circles (i, ii, iii and iv).
Amazingly, the SAED patterns demonstrate many dimer-like spots
along the diameter direction. Furthermore, these spots become weaker
as the selected region decreases, that is, region iv. This unique SAED

Figure 3 Analysis of the formation process of the Au nanoframes. Representative TEM and high-resolution transmission electron microscopy images of Au
nanostructures formed after reaction times of a, 5 min, b, c and d, 30 min, and e, 40 min. The SAED pattern in Figure 3a-v was recorded from the
blue-circled region, and the SAED pattern in Figure 3c was recorded from the red-circled region in Figure 3d. Scale bars, a-i, 10 nm, a-ii, 5 nm,
a-iii, 200 nm, a-iv and a-vi, 50 nm, b, c, e, 1 μm, and d, 200 nm.
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pattern has been rarely reported so far and indicates that an unusual
stress exists in the hexagonal Au nanoframes.
To estimate the magnitude of such stresses, the XRD pattern

of the Au nanoframes was measured. In addition, Au spherical NPs
(Supplementary Figure S7) were synthesized using the same reaction
system as the Au nanoframes but with different conditions for
comparison. Figure 2d shows the XRD patterns for the Au nanoframes
and NPs, which are indexed to the diffraction from the (220) and
(311) of fcc Au. The low-angle diffraction peaks, that is, (111) and
(200), are shown in Supplementary Figure S8. Shoulder peaks can be
observed from all diffraction planes for Au NPs, and for the Au
nanoframes, the shoulder peaks become pronounced and split into
two peaks, that is, 64.581° and 64.771° for (220) diffraction, and
77.567° and 77.804° for (311) diffraction, respectively. The XRD peak
splitting commonly corresponds to the existence of stresses, as
reported in various studies, such as ice freezing and multilayered
film.31,32 According to the method reported by Varshney et al., the
stress value is ~ 200 MPa.33 In the current situation, the frame-like
structure covered by a thin Au film may create an unusual stress
because the thick frame may serve as a support to pin the deformation
of the central Au layer. Therefore, the unique frame-like Au
nanostructure is critical to the formation of Au nanorings by means
of an unusual stress-driven structure collapse mechanism.

Formation of Au nanoframes
To illustrate how the frame-like structure forms, time-dependent
intermediate specimens were characterized and are shown in Figure 3.
After 5 min of reaction time, the products contain spherical seeds
(~10 nm), irregularly shaped aggregates of seeds (Figure 3a-i and iii),
and polyhedral-like nanoplates (blue regions in Figure 3a-iv). The
black arrows in the high-resolution transmission electron microscopy
image shown Figure 3a-ii represent the crystallographic orientations
of different grains, indicating that random aggregation is the poly-
crystalline essence. Meanwhile, the SAED pattern recorded from the

blue-circled region shows that the polyhedral-like aggregates are
still polycrystalline, displaying some separated diffraction spots. In
addition, at this reaction stage, some relatively dense nanoplates can
also be observed, for example, the TEM image in Figure 3a-vi, which
shows obvious sintering and fusion features of aggregated NPs. This
phenomenon seems to imply that these seed particles may fuse and be
incorporated into the nanoplates as shown in Figure 3a-vi.
Typical morphologies of the products produced when the reaction

proceeds for ~ 30 min are shown in Figure 3b–d. Figure 3b shows the
typical morphologies at this stage – a mixture consisting of plate-like
aggregated NPs (i), nanoframes (ii), nanorings (iii) and some irregular
nanoplates. The SAED pattern presented in Figure 3c recorded from
the red-circled region of Figure 3d shows the diffraction spots
correspond to the Au fcc single-crystalline structure, revealing that,
in the selected region, NP aggregates have converted into single
crystalline structures. In addition, careful observation reveals that the
edges of some nanoplates, for example, region ii in Figure 3b and
Supplementary Figure S9, have become thicker and denser relative to
the central region of the nanoplates. This phenomenon becomes more
obvious after a reaction time of 40 min as shown in Figure 3e. At this
stage, the frame-like structure covered by a thin Au film in the central
region has been formed (see the inset in Figure 3e).

Growth mechanism of Au nanoframes and nanorings
To gain insight into the transformation mechanism from the initial
spherical Au NPs to the final Au nanorings, we performed density
functional theory calculations to determine the interactions between
the PEG molecules and Au nanostructures (the details are provided in
the supporting information). According to the density functional
theory results, a 2D ‘PEG-water’ film (Figure 4b) may be created with
the ‘A-B-A’ configuration (Figure 4a) via the formation of hydrogen
bonds between water molecules and PEG molecules (Supplementary
Figure S10). During the reduction of Au atoms, the produced Au
atoms have higher adsorption energy with ‘PEG-water’ molecules

Figure 4 Schematic representation of the sequential steps leading to the formation of Au nanorings. (a and b) Interactions between H2O molecules and PEG
molecules via hydrogen bonds results in the formation of 2D assembly configurations. (c) Au nanoparticles absorb on the PEG/H2O film. (d) The aggregation
of Au nanoparticles on the PEG/H2O film forms polycrystalline plates. (e) Recrystallization of these plates leads to single-crystalline Au nanoframes.
(f) Stress-driven nanoframe breaking. (g) The formation of Au nanorings.
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than that with individual water molecules and PEG molecules
(Supplementary Figure S11 and Supplementary Table S2). Thus,
Au atoms preferentially adsorb and grow on the 2D ‘PEG-water’ film
(Figure 4c).
According to the Lamer curve and classical nucleation theory,34–38 a

high supersaturation may be preferable to obtain small particle sizes.
Thus, in the initial stage of nucleation, Au NPs with a small particle
size are synthesized as shown in Figure 3a. Because the rate of
[AuCl4]

− reduction in the current reaction system is relatively slow,
as the supersaturation reduces, the resulting Au NPs show a relatively
larger particle size (Figure 3a). This result is consistent with the TEM
observations for the 2D Au NP aggregation shown in Figure 3a, in
which the central particles display a relatively small size and the outer
particles show a larger size (Figure 4d). In the following growth and
coarsening stage, a recrystallization process of the NPs via sintering,
fusion or ripening could occur to form dense single-crystalline
Au nanoframes (Figure 3c,d and Figure 4e). In fact, similar to our
observations, a NP fusion or Ostwald ripening process has been
proposed to play an important role in ‘aggregation-induced fast crystal
growth’.39–41 The aggregated NPs may fuse others across a mis-
matched interface. Grain boundaries then migrate toward the adjacent
particle, leading to the growth of one orientation at the expense of the
other, which is quickly consumed.42

After the formation of Au nanoframes, a large stress around
~ 200 MPa estimated from XRD measurement then drives the
structural breaking again. In this situation, in the thin central region,
the stress imposed on each atom is relatively large, whereas in the
thick edge region, each Au atom affords relatively small stress. Thus,
the atoms in the central region can be etched easily. In addition,
a relatively high chemical potential at the thin cracking sites may also
be helpful to accelerate the etching process in these regions. Thus,
Au nanorings are finally obtained (Figure 4f and g). The proposed
pathway for the formation of Au nanoframes and nanorings is

summarized in Figure 4. However, we cannot exclude the potential
role of Ostwald ripening or kinetically directed atom-by-atom
dissolution. In reaction-2, we added the SDS into reaction-1 to
magnify the etching function, and etching-driven Au nanoring
formation was observed.
Figure 5a presents the typical morphologies of products synthesized

via reaction 2, displaying various hole sizes of Au nanorings obtained
by changing the reaction time (Supplementary Figure S12). The TEM
images shown in Figure 4a indicate that the Au nanorings have a flat
surface from the initial nanoplate (i) to the nanorings (ii–vi). Unlike
the nanorings synthesized via nanoframe collapse (reaction 1), the
Au nanorings obtained from reaction 2 have a different growth
mechanism. The regions marked by arrows in Figure 4a confirmed the
presence of crystallographic defects such as dislocations or linear
defects, which are distributed radially with a higher concentration at
the center of the nanoplate (Supplementary Figure S13). A high
density of defects at the center may result in a higher local
etching/reaction rate and eventually lead to the formation of a hole
in the center. In reaction 2, SDS, Cl− or O2 may all serve as etching
reagents to dissolve the defect sites and promote the formation of
nanoholes, which could have similarity with the formation of
nanorings in CaCO3, CuO, Zn-Al and so on.43–45 In fact, it has been
found that surfactant, that is, SDS, SDBS, PEG, AOT−, PEDTA, may
play an important role in the formation of ring-like structures in a
variety of chemical reactions.46–49

Optical characteristics of Au nanorings with tunable hole sizes
The current direct solution-based chemical synthetic strategy to
prepare Au nanorings not only displays a novel growth mechanism
but also provides control over the hole sizes of the Au nanorings via
reaction 2. The optical properties of Au nanorings with diverse hole
sizes were investigated by single-particle scattering spectroscopy.
A pattern-matching method was employed to correlate the precise

Figure 5 Representative TEM images of Au nanoplate and nanorings and optical characteristics of Au nanorings with various hole sizes. (a) Representative
TEM images of Au nanoplate and nanorings. (b) Experimental and, (c) simulated scattering spectra from various hole sizes as indicated. The arrows in a

reveal the presence of crystallographic defects.
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nanostructures of Au nanorings and their spectra. The SEM images
and the corresponding scattering spectra of Au nanorings on an ITO
coated glass substrate are shown in Figure 5 and Supplementary
Figure S14, respectively. Figure 5b and c are the experimental and
corresponding simulated scattering spectra obtained using the finite-
difference time-domain (FDTD) method, which show reasonable
agreement. Notably, the Au nanorings display tunable localized surface
plasmon resonances in the visible to the near infrared. In the case of
small hole sizes, for example, 0, 38 or 58 nm, the scattering spectra
exhibit a broader feature with a weak shoulder in the 550–600 nm
region. With increasing hole size, for example, 198, 267 and 293 nm,
the spectra gradually narrow. When the hole sizes increases to more
than 293 nm, for example, 422 and 530 nm, the spectra blue shift and
broaden again.
To explain the surface plasmon resonance (SPR) modes of Au

nanorings, we systematically examined the simulated scattering spectra
for diverse hole sizes and a constant outer diameter of 1 μm
(Figure 6a). As the hole size increases, the peaks (iii) initially located
at 780 nm blue shift to ~ 700 nm, and this shifting is more obvious
when the hole sizes are larger than 293 nm. This result is consistent
with the spectroscopy feature obtained from experiments and shown in
Figure 5b. At small hole sizes, for example, o100 nm, a shoulder peak
(peak i) can always be observed in the region of ~ 650 nm, and it
gradually disappears as the hole size increases. When the hole size is
larger than ~ 198 nm, another shoulder peak (peak ii, ~ 580 nm)
appears again. From the charge distribution and near-field vector

shown in Figure 6b, the Au nanorings demonstrate obvious hybridiza-
tion of surface plasmons. With small hole sizes, for example, 58 nm,
peak i and peak iii may be identified as the bonding modes and
antibonding modes, which result from the nanoholes and outer edges
of the Au nanorings, respectively (Supplementary Figure S15). When
the hole sizes become even larger, for example, 293 nm, the SPR modes
for peaks ii and iii are both antibonding modes with the contributions
from interacting inner hole and outer edge (Supplementary
Figure S16). In fact, similar localized surface plasmon resonance
features have also been observed in various ring-like Au nanostructures
fabricated by nanosphere lithography and electron beam lithography
techniques.50,51 In addition, we also studied the influences of various
outer diameters on the SPR modes with constant inner hole sizes, for
example, 58 and 293 nm. Figure 6c and Supplementary Figure S17
indicate that, under a constant inner hole size, the peaks redshift as the
outer diameter of the Au nanorings increases. The influence of the
inner hole size on the SPR features can also be revealed by the
electric field intensity distributions (Figure 6d and e). According to the
|Eouter|/|Einner| ratio, the value is 8 (4/0.5) at a hole size of 38 nm and
equal to 0.84 (2.1/2.5) when the hole size is 530 nm. Thus, as the hole
size increases, the strong near-fields initially concentrated around the
outer edge region move to the inner hole region, as shown in Figure 6d
and e. Therefore, the Au nanorings display wide tunability for both
spectroscopy and near-field distribution, which are highly attractive for
many applications, such as chemical and biological sensors, NP
trapping and field-enhanced spectroscopy.

Figure 6 Analysis of the optical characteristics of Au nanorings with various hole sizes. (a) Scattering spectra as a function of hole size with a constant outer
diameter of 1 μm. (b) The charge distributions and near-field vectors for nanorings with hole sizes of 58 and 293 nm at a constant outer diameter of 1 μm
under excitation at 634 (i), 604 (ii) and 740 nm (iii). (c) The scattering spectra for various outer diameters and a constant hole size of 293 nm. (d) The
electric-field intensity distributions for various hole sizes, and e, cross sections of the electric field intensity distributions along the solid black line across the
Au nanoplates and nanorings.
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DISCUSSION

In this work, for the first time, we report a new stress-driven structure
collapse and in situ etching mechanism for the synthesis of Au
nanorings via a direct one-pot solution-based chemical reaction. Two
types of Au nanorings are obtained (Figures 1c and 5a) using facile
reaction systems consisting of aqueous PEG/HAuCl4 (reaction 1) and
SDS/PEG/HAuCl4 (reaction 2) solutions. In reaction 1, the unique NP
aggregation style is believed to play an important role in the formation
of Au nanoframes, which display novel structural features with thick
edges relative to the central regions of the aggregates. The following
recrystallization process via NP sintering, fusion or ripening results in
the formation of Au nanoframes. An unusual stress of ~ 200 MPa may
be created within this novel frame-like structure, thus resulting in
structural breakup and formation of Au nanorings. In reaction 2, the
simple addition of SDS, which serves as the etching reagent,
contributes to the transformation of the Au nanostructures from
initial nanoplates to nanorings. The resulting Au nanorings display
unique structural characteristics, that is, tunable hole sizes from
~10 nm to hundreds of nanometers with a constant nanoring size
of ~ 1 μm. The mechanism reported here is conceptually different
from earlier work of Au nanorings obtained from, for example,
galvanic reaction routes, which cannot produce novel structures with
tunable inner hole sizes at such a wide level. We envision that our
stress-driven structure collapse and etching mechanism may open up
new perspectives to create a novel class of ring-like nanomaterials with
uniform and tunable geometric dimensions through the optimization
of the etching reagents, reaction time and surfactants.

CONCLUSION

In summary, the Au nanorings synthesized via the mechanism
reported here represent a new platform to fundamentally comprehend
the dependence of plasmonic characteristics on central hole size, that
is, from hundreds down to tens of nanometers. The optical responses
of the Au nanorings investigated using single-particle scattering
spectroscopy and FDTD calculation exhibit tunable localized
surface plasmon resonance features as a function of hole size. The
experimental scattering spectra are consistent with the numerical
calculations and interpreted as originating from the near-field
coupling of the bonding and antibonding modes on the inner and
outer surfaces of the nanorings. We hope that the unique synthetic
strategy may open new opportunities to obtain ring-like nanomaterials
that are suitable for a variety of practical applications related to optical
sensors, catalysis, medicine, surface-enhanced Raman scattering and
second harmonic generation among others.
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