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ABSTRACT

The controlled synthesis of gold nanocrystals has been the subject of intensive
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are highly dependent on their particle size, shape, and dimensionality. Especially,
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nanosheets, have attracted much attention due to their striking properties
and promising applications in electronics, catalysis, photonics, sensing and
biomedicine. In this review, we will summarize the recent developments of one-
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dimensional (1D) and two-dimensional (2D) gold nanostructures. Various kinds
of synthetic methods for preparation of these 1D and 2D gold nanocrystals

nanowires, will be described. Moreover, we will also briefly introduce the properties and
nanobelts, potential applications of these 1D and 2D gold nanocrystals.

nanoplates,

nanosheets

1 Introduction

Gold nanoparticles (Au NPs) have been studied for
hundreds of years. In the 1850s, Faraday synthesized
colored colloidal Au NP solutions by reducing
gold chloride with phosphorus [1]. The stained glass
windows prepared in medieval times, containing
“finely divided” Au metal, exhibit a beautiful red color
[2]. In the past few decades, with the development
of nanotechnology, the synthesis of anisotropic Au
nanostructures has attracted great interest because of
their fascinating properties and promising applications
in electronics, catalysis, photonics, sensing and
biomedicine [3, 4]. The properties of Au nanostructures

directly correlate with their size, shape, dimensionality,
crystal phase and surface properties. For example,
Au nanowires possess two distinct surface plasmon
resonances (one band for the transverse plasmon and
the other one for the longitudinal plasmon), and the
longitudinal localized surface plasmon resonance
(along the long axis) can be tuned from the visible to
the near infrared region [5]. The ability to tailor the
plasmonic features of anisotropic Au nanocrystals
is very useful for the design of surface-enhanced
Raman scattering (SERS) substrates [6-9]. Moreover,
as a catalyst, Au nanoplates show different catalytic
activities at different sites towards the reductive
N-deoxygenation reaction [10].
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Generally, the crystal structure of Au is face-
centered cubic (fcc). The stacking sequence of the cubic
close packed structure is ABCABC..., as shown in
Fig. 1(a). However, twin defects or stacking faults are
frequently observed in Au nanocrystals, which break
the symmetry of the fcc structure. Twin defects are
generated when a mirror image is created in the
stacking sequence (Fig.1(b)). Recently, our group
has synthesized Au nanosheets that are exclusively
hexagonal close-packed (hcp) [11]. The stacking
sequence of atomic layers in the hcp structure is
ABAB... (Fig. 1(c)).

The continuous progress in the synthesis of anisotropic
Au nanostructures with controlled morphologies and
crystal structures over recent years has provided new
insights into the synthetic methods, and the growth
mechanisms as well as the properties of the products.
In this review, we will focus on recent developments
for one-dimensional (1D, such as nanowires and nano-
belts), and two-dimensional (2D, such as nanoplates
and nanosheets) Au nanostructures. Starting from
the synthetic methods, the properties and potential
applications of these 1D and 2D Au nanocrystals will
be introduced. However, helical Au nanowires which
consist of a helical atom chain coiled around a wire
axis were not included in this review [12]. In addition,
this review does not cover studies related to Au
nanorods, since the history of Au nanorods has been
recently reviewed by Murphy et al. [13]. Given the
brevity of this review, we would like to recommend
that readers refer to other reviews in order to get a
more comprehensive understanding of the synthesis
of noble metal nanocrystals [3, 4, 13-16].
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Figure 1 Atomic structures of Au: (a) fcc, (b) hcp and (c) twin
defect.

2 Synthesis of 1D Au nanostructures

2.1 Nanowires

To date, a variety of methods, including templated

growth, seed-mediated growth and oriented attachment
of Au NPs, have been developed for the synthesis of
Au nanowires [7, 17-30]. To realize the growth of 1D
nanostructure, the crystal growth needs to be confined
to preferentially grow in one direction against along
the other two directions. Hard templates, such as
nanoporous anodic aluminum oxide (AAO), can be
used as the directing template for preparation of Au
nanowires. As a typical example, Au nanowire arrays
were prepared through an electrochemical deposition
method by using porous AAO film as the template
[17]. However, the hard template methods suffer from
being restricted to small quantities, and impurities
(template residues) and often lead to the formation of
large-diameter (>10 nm) or polycrystalline nanowires.
In 2007, Halder and Ravishankar reported the growth
of single-crystalline Au nanowires by oriented atta-
chment of Au NPs [18]. In their method, chloroauric
acid was mixed with oleylamine and oleic acid in
toluene. The resulting solution was refluxed at 120 °C
until the color of the solution turned from a yellowish
color to completely colorless, followed by aging at
room temperature to form a seeding solution of 2 nm
Au NPs. After adding ascorbic acid and further aging
the solution for a few days, Au nanowires with an
average diameter of 2 nm were obtained (Fig. 2(a)).
In addition to the nanowires, NPs with diameter of
10-20nm were also observed as the byproduct
(Fig. 2(a)). It was found that the Au nanowires were
single-crystalline and their growth is along the <111>
direction. The oriented attachment of Au NPs can be
ascribed to the formation of nanowires, which takes
place such that two (111) facets or coherent twin
boundaries fuse together to form a single particle
(Figs. 2(c) and 2(d)). Unfortunately, twin boundaries
(TB) and stacking faults (SF) were observed in these
Au nanowires.

In the following year, several papers regarding the
synthesis of ultrathin single-crystalline Au nanowires
were reported almost at the same time [19-22]. For
example, Xia et al. developed a facile method for
preparation of Au nanowires by the reduction of
AuCl with oleylamine and Ag NPs in hexane [19]. A
polymeric strand of oleylamine-AuCl complex was
first formed and then acted as a template to synthesize
Au nanowires with uniform diameter. The polymer
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Figure 2 (a) Transmission electron microscopy (TEM) and (b)
high-resolution TEM (HRTEM) images of Au nanowires. (c)—(e)
Schematic illustration of the attachment of two faceted NPs
(Copyright John Wiley & Sons, Inc. Reproduced from Ref. [18]
with permission). (f) Schematic illustration of the formation of
linear chains and (g) HRTEM image of the Au nanowires (Copyright
American Chemical Society. Reproduced from Ref. [19] with
permission).

can be described as a linear chain composed of a
Au'-Au' backbone that is surrounded by oleylamines
(Figs. 2(f) and 2(g)). As an alternative, Sun et al.
synthesized Au nanowires with a diameter of 3 nm
by the reduction of HAuCl, in oleylamine, where the
diameter of Au nanowires could be changed to 9 nm
by using a mixture of oleylamine and oleic acid as
the solvent [20]. A good conductivity was observed
for the Au nanowires with a diameter of 9 nm and
thus they are expected to be promising for electronic
circuitry. Meanwhile, Yang et al. also demonstrated
the synthesis of Au nanowires with a diameter of
1.6 nm via a similar procedure by aging the oleylamine
solution of HAuCl, at room temperature for four
days [21]. As an another example, Pazos-Pérez et al.
prepared Au nanowires with a diameter of 1.6 nm by
aging a CHCI; solution of HAuCl, with oleylamine
[22]. The length of the Au nanowires can be controlled
to some extent by tuning the reaction time and

Nano Res. 2015, 8(1): 40-55

oleylamine/HAuCl, ratio. In addition, the rapid
synthesis of single-crystalline ultrathin Au nanowires
at room temperature within a few hours has also been
realized by adding triisopropylsilane (TIPS) as an
additional solvent [8]. It is worth pointing out that all
of the aforementioned synthesized Au nanowires are
single-crystalline and grown along the <111> direction.

In addition to single-crystalline Au nanowires, the
synthesis of polycrystalline Au nanowires with hep
structural domains and tadpole-shaped Au nanowires
with alternate hcp and fcc phases have also been
achieved in our group recently [23]. Au nanowires
with a diameter of about 1.6 nm were synthesized
by reducing HAuCl, using oleylamine at 55 °C for
36 h in the presence of graphene oxide (GO) sheets
(Figs. 3(a)-3(d)). After the reaction solution was
heated for 10 h and then aged at room temperature
for 2 days, tadpole-shaped structures were obtained
(Fig. 3(e)). The tapering part of the nanowires exhibit
alternating sets of hcp and fcc phases, while the larger
“head” of the tadpole-shaped Au nanowires has the
fec structure (Figs. 3(f) and 3(g)).

Moreover, the synthesis of highly-dense twin Au
nanowire superlattices has also been realized. For
example, Bernardi et al. reported the synthesis of Au
nanowires with a high density of twin boundary
defects by using oleylamine as the solvent, reducing
agent and ligand [24]. Contrast bands could be
observed in the nanowires and the geometry of twin
boundaries is in sharp contrast with the pentagonal
twinning defect that is commonly observed in Au
nanorods. Although the mechanism for the formation
of such high-density twins is still not clear, the
formation of twin boundaries during the fusion of
{111} facets is energetically possible. It was demon-
strated that mechanical disturbance is another effective
way to induce a twin structure in Au nanowires [31].
Twinning defects were also observed in bent Au
nanowires synthesized by a similar method under
mechanical disturbance through stirring [31]. Interes-
tingly, Hong et al. reported the synthesis of kinked
Au nanowires through anisotropic growth along the
<111> direction with a high density of twin-plane
defects (Fig.4) [7]. By sequential addition of CuCl,
and ethanol to an octadecylamine solution containing
HAuCl,, the reduction rate of Au could be tailored to
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Figure 3 (a) TEM image, (b) HRTEM image, (c) selected area
electron diffraction (SAED) pattern and (d) X-ray diffraction
(XRD) pattern of Au nanowires grown on GO sheets. (¢) TEM
image of tadpole-shaped Au nanowires with one enlarged “head”
grown on GO. HRTEM images of (f) the middle section and (g)
the head of a tadpole-shaped Au nanowire. Inset figures are the
corresponding fast Fourier transform (FFT) diffraction patterns.
(Copyright John Wiley & Sons, Inc. Reproduced from Ref. [23]
with permission.)
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Figure 4 (a) TEM image of kinked Au nanowires. (b) HRTEM
image of a kinked Au nanowire from region marked by B in (a).
(Copyright Royal Society of Chemistry. Reproduced from Ref. [7]
with permission.)

produce elongated Au NPs and then kinked Au
nanowires. Similar to Au nanowires, high-density
twins were also observed in Ag rice-shaped NPs and

Ag heterostructures [32, 33].

In addition to the aforementioned growth mech-
anisms, Chen et al. proposed a new method for
growth of Au nanowires in polar solution under
ambient conditions. By using a strong binding ligand,
namely 4-mercaptobenzoic acid (MBA), Au seeds
anchored on oxide substrates can “catalyze” the
growth of vertically aligned ultrathin Au nanowires
[29]. Moreover, the self-assembly of Au NPs into 1D
nanochains based on the intrinsic interaction of NPs
is another way to synthesize 1D Au nanostructures
[34]. Complex structures such as branching structures
could be obtained.

2.2 Nanobelts

Nanobelts (or nanoribbons) are another kind of the
most studied 1D Au nanostructures. To date, a number
of methods have been developed for the synthesis of
Au nanobelts/nanoribbons. In 2003, irregular ribbon-
like Au nanocrystals were synthesized for the first time
by the spontaneous reduction of aqueous chloroaurate
ions with a 4-hexadecylaniline (HAD) Langmuir
monolayer [35]. Alternatively, in 2006, a sonochemical
route was developed to synthesize single-crystalline
Au nanobelts by ultrasonically irradiating an aqueous
solution of HAuCl, containing a-D-glucose [36]. The
a-D-glucose, serving as a directing agent, was used
to kinetically control the anisotropic growth of Au.
Single-crystalline Au nanobelts with width of 30-50 nm,
lengths of several micrometers and a thickness of
about 10 nm with a rectangular-shaped cross section
were synthesized (Fig. 5).

Interestingly, Petersen et al. demonstrated the
synthesis of Au nanoribbons in aqueous solution
by using the Gemini surfactant dimethylene-1,2-
bis(tetradecyldimethylammonium bromide) (known
as 14-2-14) as the capping agent and soft template at
room temperature [37]. A two-step seed-growth
method has also been used to prepare high-yield Au
nanobelts. Another type of well-defined Au nanobelts,
as well as unique Au nanocombs made of nanobelts,
was synthesized by the reduction of HAuCl, with
ascorbic acid in a mixed surfactant system containing
sodium dodecylsulfonate (SDSn) and cetyltrimethyl-
ammonium bromide (CTAB) [38]. Two distinct single-
crystalline Au nanobelts grown along the <110> and
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<211> directions were prepared at 4 and 27 °C,
respectively. Specifically, Au nanobelts with length
of several tens of micrometers, widths of 40-150 nm
and thickness of 15-20 nm were synthesized at 4 “C
(Figs. 6(a) and 6(b)). The formation of Au nanobelts

150 nm,

- —_—

Figure 5 (a) Scanning electron microscopy (SEM) image, (b)
and (c) high-magnification SEM images, (d) TEM image and (e)
SAED of as-synthesized Au nanobelts (Copyright John Wiley &
Sons, Inc. Reproduced from Ref. [36] with permission).
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Figure 6 (a) SEM, (b) and (c) TEM, and (d) HRTEM images of
Au nanobelts obtained at 4 °C. (e) Schematic illustration of the
growth direction of Au nanobelts. (Inset) Corresponding SAED
pattern of the whole region of (c). (Copyright American Chemical
Society. Reproduced from Ref. [38] with permission.)

was attributed to a cooperative effect between the
mixed surfactants. When the reaction temperature was
increased to 27 °C, single-crystalline Au nanobelts,
grown along the <211> direction with a top (111) plane,
were obtained. In addition, the metal-surfactant
complexes, ie. the precursor of nanobelts, could
serve as a sacrificial template for the formation of Au
nanobelts. For example, the preparation of porous
Au nanobelts was achieved from metal-surfactant
complex precursors formed by the bolaform surfactant
dodecane-1,12-bis(trimethylammonium bromide) (N-
Cn-NBr,) and HAuCl, [39]. Additionally, self-assembly
of triangular Au nanoplates has been used to synthesize
Au nanobelts [40].

3 Synthesis of 2D Au nanostructures
3.1 Nanoplates

Most of the synthesized Au nanoplates are hexagonal
or triangular [41]. In 2004, Au nanoprisms (i.e. nano-
plates with triangular shape) were synthesized by a
single-step, room-temperature reduction of aqueous
chloroaurate ions by an extract of the lemongrass
plant (Cymbopogon flexuosus) [42]. Alternatively, Au
nanoprisms could also be prepared by using the
seed-mediated method, previously developed to
produce Au nanorods [43]. The surfactant concentration
is the key factor for the formation of nanoprisms rather
than nanorods. Triangular Au nanoplates (spherical
NPs as the byproduct) with a relatively homogeneous
size distribution were obtained (Fig. 7). Furthermore,
these Au nanoprisms could be used as seeds to
synthesize larger nanoplates (e.g. 110-220 nm).
Similar to triangular nanoplates, hexagonal single-
crystalline Au nanoplates can be synthesized in large
amounts by a mild wet-chemical method by reducing
HAuCl, with ortho-phenylenediamine in aqueous
media at room temperature [44]. Huang et al. carried
out the synthesis of triangular and hexagonal Au
nanoplates in aqueous solution by thermal reduction
of HAuCl, with trisodium citrate in the presence of
CTAB [45]. Hexagonal and triangular Au nanoplates
often co-exist in the aforementioned polymer or
surfactant-assisted process. It was found that twin
defects or stacking faults introduced in the seeds
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Figure 7 (a) TEM image of Au triangular nanoprisms. (b) Zoom-

in image. Inset shows the electron diffraction pattern of the top of a
single prism. (c) Histogram of nanoprism edge lengths. (d) AFM
image of nanoprisms on mica. Inset: Height profile along the
dashed lines. (Copyright American Chemical Society. Reproduced
from ref. [43] with permission.)

favored the formation of Au nanoplates. The presence
of a single twin plane in the seed led to the formation
of triangular prisms, whereas the presence of two
parallel twin planes tended to form hexagonal nano-
plates [46-48]. Moreover, hexagonal nanoplates can
also be obtained by selectively etching triangular
nanoplates (Fig. 8) [49]. The Au nanoplates initially
show sharp vertexes and then become smooth, indi-
cating that dissimilar crystallographic planes exhibit
different responses towards the change of chemical
environment. Besides hexagonal and triangular Au
nanoplates, the synthesis of polygonal Au nanoplates
was achieved in the poly(vinylalcohol) film through
thermal treatment [50].

Thickness control of Au nanoplates from a few to
several tens of nanometers has been realized by a soft
2D template-directed synthesis [51]. The soft template
is composed of hundred nanometer-thick water layer
sandwiched by lamellar bilayer membranes of a self-
assembled dodecylglyceryl itaconate (DGI) (Fig.9).
The thickness of the Au nanoplates is dependent on
the concentration of HAuCl,. Using 2.4 mM HAuCl,,
the thickness of Au nanosheets is 7 + 3 nm with a
narrow distribution. The thickness increased to 14 + 4
and 30 + 10 nm at 3.5 and 5.5 mM HAuCl,, respectively.

(@) AuCl~ - AuCl A4 A
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Hexagonal plate

Figure 8 (a) Procedure for the shape transformation from
triangular to hexagonal nanoplates. AA is ascorbic acid. (b)—(e)
SEM images of Au nanoplates corresponding to the cartoon
shown in (a). (b) Triangular nanoplates (edge L ~136 nm, thickness
t ~ 8 nm), (c) nanodisks after tip etching (diameter d ~76 nm),
(d) shape transformation to hexagonal nanoplates (edge L ~97 nm),
(e) final shape of hexagonal nanoplates after shape transformation
(edge L ~210 nm, thickness ¢ ~ 19 nm). Left upper shows the
side-view of Au nanoplates. (Copyright American Chemical Society.
Reproduced from Ref. [49] with permission.)

3.2 Nanosheets

As an important example of growth of Au nano-
structures, our group recently reported the synthesis
of dispersible Au square sheets (AuSSs) on GO sheets
by slowly reducing HAuCls with oleylamine at mild
conditions (Fig. 10(a)) [11]. The edge length of the Au
square sheets is 200-500 nm and the thickness is only
about 2.4 nm (~16 Au atomic layers). Most importantly,
the Au nanosheets are exclusively hcp rather than the
conventional fcc phase, and stable under ambient
conditions. The synthesis of Au sheets was similar
to that of Au nanowires except for the use of a GO
template and the addition of ethanol as the solvent.
Furthermore, the transformation of the Au square
sheet from the hcp to fcc structure was observed on
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(b)

Figure 9 (a) Schematic illustration of the synthesis procedure of Au nanosheets. (b) Representative AFM images of Au nanosheets
obtained at different HAuCl, concentrations and the corresponding height profile curves (scale bar 4 um). (Copyright American
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Figure 10 (a) TEM image of AuSSs on a GO surface (scale bar, 500 nm). Inset: Crystallographic models for a typical AuSS with its
basal plane along the [110]; zone axis. (b) HRTEM image of a small region of a typical AuSS oriented normal to [110];, as indicated
from the SAED in (c) (scale bar, 2 nm). (c) SAED pattern of an AuSS on GO sheets, showing diffraction rings for GO and spots for
[110],, zone axis of the AuSS. (d) SAED of [320], zone axis was collected by tilting an AuSS from the [110], zone axis along the (110),
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reflection by ~19°. (Copyright Nature Publishing Group. Reproduced from Ref. [11] with permission.)
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exposure to an electron beam during the TEM analysis.
Moreover, Au nanosheets containing alternating hcp
and fcc structural domains could also be obtained from
the hcp AuSSs through a secondary growth step [52].

Self-assembly of Au NPs or clusters is another
effective approach for the preparation of Au nano-
sheets. It has been reported that Au nanosheets
composed of self-assemble Auys clusters could be
synthesized by adding liquid paraffin (LP) to a
dibenzyl ether (BE) solution of Auis, which was then
annealed at 140 °C in vacuum [53]. Au;s clusters were
prepared in BE using 1-dodecanethiol (DT) to reduce
Au* at room temperature. The nanosheet is an assembly
of individual clusters with a thickness of ~1.68 nm
(Fig. 11), which is slightly larger than one Au;s core.
The formation of Au nanosheets can be attributed to
the lamellar interface—generated between two miscible
solvents with a slight polarity difference—that acts as a
soft template. In addition, the intercalation of DT alkyl
chains permits the self-assembly of Auy; clusters by
hydrophobic attraction.

4 Properties and applications of 1D and
2D Au nanostructures

4.1 Stability and chemical reactivity

The change of surface structure as a function of size,
shape and crystal phase may lead to the different
stabilities of 1D and 2D Au nanostructures under
some special conditions (e.g. electron irradiation and
high temperature). For example, Au nanowires with
diameter of 2nm were easily broken down to
fragments when exposed to an electron beam with an
accelerating voltage of 120 kV for 10 s [19]. Moreover,

Au nanowires with diameter of 3 nm broke into a
series of Au islands when being annealed at 150 °C
for 1 h [54]. Recently, the hcp to fcc phase transformation
of AuSSs was observed during TEM analysis (Fig. 12(a))
[11]. When an hcp Au nanosheet was irradiated with an
e-beam for ~20 s, the nanosheet gradually transformed
to a porous sheet structure (Fig. 12(b)). This porous Au
nanosheet yields a SAED pattern consistent with the
twinned fcc phase viewing along the [101]; zone axis
(Fig. 12(c)). High densities of twinning and stacking
faults are observed and the lattice spacing of 2.4 A
corresponds to the fcc (111) planes (Fig. 12(d)).

It is well known that gold is easily dissolved in
aqueous cyanide solution under ambient conditions.
It has been demonstrated that the anisotropic Au
nanostructures display different chemical reactivity
in aqueous cyanide solution [16,55]. As a typical
example, Murphy et al. found that the Au nanorods
with an aspect ratio of ~2 dissolved much faster (30 min)
than the rods with an aspect ratio of ~20 (>24 h) [55].

4.2 Electronic properties

Because of their excellent conductivity, much interest
has focused on the use of Au nanostructures as
electrodes or the integration of Au nanostructures
into electronic devices. For example, Jeong et al. have
developed stretchable, conductive circuits and
electrodes made of multilayers of Au nanosheets [56].
Mallouk et al. reported that the resistivity of individual
Au nanowires (~350 nm) is ~29 Q-nm, which is com-
parable to that of bulk Au [57]. Sun et al. investigated
the electronic properties of a single Au nanowire
(~9 nm) [20]. The Au nanowire as an electron con-
ductor exhibited conventional ohmic behavior with a

{0 am

DN
Vertical distance = 1.68 nm

Figure 11 (a) and (b) TEM images of the adherent nanosheets at different magnifications. (c) Tapping-mode AFM and the
corresponding topography cross section of the adherent nanosheets on a silica wafer. (Copyright John Wiley & Sons, Inc. Reproduced

from Ref. [53] with permission.)
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Figure 12 (a) Scheme of the e-beam-induced phase transformation of an AuSS. (b) TEM image of a porous AuSS after e-beam irradiation
for ~20 s (scale bar, 50 nm). (c) The corresponding SAED pattern of (b). (d) HRTEM image of a section of a porous AuSS, with marked
twins and stacking faults (scale bar, 2 nm). (Copyright Nature Publishing Group. Reproduced from Ref. [11] with permission.)

resistivity of 260 Qnm (Fig. 13). The breakdown
current density was measured to be 3.5 x 10> Am™ at
0.58 V. Such high failure current density is attributed
to its single-crystalline nature. Unfortunately, the
study of electronic transport properties of sub-2 nm
diameter Au nanowires is challenging because the
ultrathin nanowires usually break into short segments
during sample preparation. However, the charge
transport in Au nanowires with a diameter of 2 nm
can be addressed by measuring the current-bias voltage
characteristics of small bundles of highly ordered
close-packed nanowires. The analysis of I-V curves
gives evidence of charging effects in the weakly
coupled Au nanowires, monitored by temperature
and bias voltage [58].

4.3 Mechanical properties

The mechanical properties of Au nanowires are
important for integration in devices. Boland et al.
developed a general method to measure the mechanical
properties of nanowires using a modified atomic
force microscope or lateral force microscope [59]. Au
nanowires exhibit well-defined yield points and
undergo strain hardening. The measured yield strength

~ 40 200
E 20 i:ﬂx, 150
B O 5 100-
5 ~201 5
S 40 O 50
—60- 1 1 r 0- T T LS ca |
-100 =50 0 50 100 0.0 0.2 04 0.6 0.8 1.0
Voltage (mV) Voltage (V)

Figure 13 (a) SEM image of a 9 nm Au nanowire cross two
patterned Au electrodes; (b) room-temperature /-V behavior of
the 9 nm Au nanowire; (c) SEM image of the broken 9 nm Au
nanowire; and (d) the break-down /-V behavior of the 9 nm Au
nanowire (Copyright American Chemical Society. Reproduced
from Ref. [20] with permission).

of 40 nm Au nanowires is 5.6 GPa, which is 10 times
higher than that of bulk Au. More importantly, Au
nanowires show unique behavior under mechanical
loading. Lee et al. studied the deformation mechanism
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during the uniaxial loading of [110]-oriented Au
nanowires by in situ TEM (Fig. 14) [60]. Initial defor-
mation started from the nucleation and growth of a
twin along the ¢ plane (Figs. 14(b) and 14(c)). After
the extension of a twin along the primary slip system
over a certain distance (~60 nm), the conjugate slip
system was activated, stimulated by the internal
bending stress (Fig. 14(d)). Furthermore, the reversible
plastic deformation was obtained by performing the
cyclic uniaxial loading.

Engineering nanoscale twinning in Au nanowires
is an effective way to enhance its yield strength
and tensile ductility. As a typical example, Mao et al.
reported that Au nanowires containing angstrom-
scaled twins (0.7 nm in thickness) exhibit near-ideal
theoretical tensile strength up to 3.12 GPa [61]. In
contrast with the heterogeneous slip mechanism
observed in single-crystalline nanowires or low density
twinned nanowires, ultrahigh-density twins (twin

(a)
- — Au[110]
(b) [
. - Untwinned
(c)

A,

;
.,

Prim. twin on (c)

Prim. tWin e Conj. twin on (d)

Figure 14 (a) Low-magnification TEM image showing the tensile
testing setup for the Au nanowire (scale bar, 200 nm). (b)—(d)
Sequence of TEM images captured during the tensile deformation
of the Au nanowire by deformation twinning (scale bars, 20 nm).
(Copyright Nature Publishing Group. Reproduced from Ref. [60]
with permission.)

thickness less than 2.8 nm) are shown to give rise to
homogeneous dislocation nucleation and plastic shear
localization.

4.4 Optical and SERS properties

Au nanostructures exhibit localized surface plasmon
resonance (LSPR) phenomena under light irradiation
due to the collective oscillation of free electrons on
their surface [62]. This resonance enables the effective
absorption, scattering, and near field enhancement at
frequency that depends on the size and shape of Au
nanostructures. For example, 1D Au nanostructures
exhibit two surface plasmon resonances, i.e. one
transverse resonance and one longitudinal resonance.
The longitudinal band can be turned from the visible
to near-infrared region, which is very useful for
potential applications in nanomedicine [63]. Au
nanobelts have a tunable plasmon resonance (Fig. 15)
[64]. Nanobelts with low cross-sectional aspect ratio

Scattering (arb)

600 700
Wavelength (nm)

Figure 15 Dark field micrographs (left) and corresponding single
nanobelt spectra (right). The given aspect ratios were determined
by atomic force microscopy. The blue spectra are polarized
transverse to the nanobelt, and the red spectra are polarized
parallel to the nanobelt. (Copyright American Chemical Society.
Reproduced from Ref. [64] with permission.)
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appear green, and those with higher aspect ratio
appear red. The corresponding single nanobelt spectra
reveal that a plasmon mode polarized perpendicular
to the nanobelt length red-shifts with increasing
the cross sectional aspect ratio, while the plasmon
mode polarized parallel to the nanobelt is relatively
featureless.

For 2D Au nanoplates, large charge separation can
occur when polarization occurs along their edges.
Dipole resonance and in-plane quadrupole modes
appear, which are in agreement with the simulated
spectrum obtained by discrete dipole approximation
(DDA) calculations [43]. Furthermore, the surface
plasmon resonance (SPR) of Au nanoplates is very
sensitive to the dielectric medium, and the shift of
SPR is important for development of highly efficient
chemical and biological sensors [49].

The intense local electric field generated by LSPR
can enhance the Raman signal of molecules. Moreover,
considering that the intensity and position of LSPR
peaks can be fine tailored, 1D and 2D Au nano-
structures have been widely used as SERS substrates
because the SERS enhancement is inherently dependent
on the light-scattering properties of Au nanostructures
[7-9]. In addition, theoretical calculations have shown
that the greatest electromagnetic field enhancement
is located at the ends of isolated nanowires compared
to other shapes of NPs, making it an attractive
substrate for SERS [6, 65]. Moreover, 1D and 2D Au
nanostrucutres have been used for applications in
waveguides and biodiagnostics [66-68]. The lateral
dimension of Au nanowires allows the propagation
of electromagnetic energy below the diffraction limit
of light, whereas the large longitudinal dimension
makes them more manageable for practical use.
Furthermore, one-dimensional plasmonic waveguide
has a tightly confined electromagnetic field in the
transverse direction. As a result, more compact
integration can be made compared with the dielectric
optical fiber [68].

4.5 Catalytic properties and applications

Au nanocrystals are one of the most attractive catalysts
to facilitate a wide variety of chemical reactions. For
example, Au NPs loaded on titanium dioxide can
catalyze the aerobic oxidation of aromatic anilines to

aromatic azo compounds with high yields (~98%)
under mild conditions [69]. The catalytic properties
of Au nanocrystals depend on their size and shape
[70], as well as the interaction between Au NPs and
metal oxide supports [71]. The influence of particle
size has been investigated extensively, and maximum
activity at optimum diameter has been reported for
CO oxidation, alkane oxidation and other reactions
[70,71]. On the other hand, the reactivity and
selectivity of catalyst also depend on its shape and
the surface facets [72-74]. For example, Chen et al.
explored the catalytic activity maps of individual Au
nanorods encapsulated in a mesoporous silica shell
(i.e., Au@mSiO, nanorods) at ~40 nm resolution [74].
Complex and surprising spatial catalytic patterns
on a single nanorod were observed. The catalytic
reactivity exhibits a gradient from the center towards
the two ends of the nanorod. For 2D Au nanoplates,
the different regions of Au nanoplates give different
activities in the reaction of reductive N-deoxygenation
of the nonfluorescent resazurin to the fluorescent
resorufin by NH,OH in aqueous solution (Fig. 16)
[10]. This spatially resolved activity shows that the
specific activity follows the trend corners > edges >
flat facets. By measurement of more than 50 plates,
the results indicated that the specific activity of a
corner region is ~8% higher than that of an edge region,
which in turn is ~80% higher than that of a flat facet
region (Fig.16(g)). These discoveries highlight the
spatial complexity of catalytic activity at the nanoscale
as well as the effect of the shape in determining catalyst
properties.

5 Summary and outlook

This review article gives an overview of recent
developments in the synthesis of 1D and 2D Au
nanostructures as well as their properties and
applications. Controlling the size, shape and dimen-
sionality of Au nanostructures not only determines
the intrinsic physical and chemical properties but
also their optical, electronic and catalytic applications.
Compared to the homogeneous spherical Au NPs, 1D
and 2D Au nanostructures have shown some unique
properties. For example, Au nanowires exhibit a
second plasmon absorption that can be shifted to the
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Figure 16 (a) Schematic of a microfluidic reactor cell, the TIR laser excitation, and the fluorogenic catalytic reaction. (b) Schematic of the
TIRF microscope. (c) Integrated fluorescence intensity versus time trajectory from a single Au@mSiO, nanoplate. Inset: Fluorescence
image of a single resorufin molecule, where the emission signal from the nanoplate was subtracted out. (d) 2D Gaussian fit of the
fluorescence image in (c) inset. (e) Locations of product molecules overlaid on top of the SEM image of a Au@mSiO, nanoplate. (f) Specific
activities of the different regions of the nanoplates from (e) (left, top) and (right, bottom). (g) Averaged specific activities of different
regions on the nanoplates for different size groups (SA = surface area) as well as for all the nanoplates. Error bars are standard deviation
(SD). (Copyright American Chemical Society. Reproduced from Ref. [10] with permission.)

near-infrared region while the plasmon band for  nanostructures of specific crystal structures and
spherical Au NPs is in the visible region. Moreover,  shapes remains a challenge. In addition, it is also
Au nanowires have been extensively used to build  very difficult to understand the mechanisms that lead
nanoelectronic devices for applications in sensors  to the formation of 1D and 2D Au nanostructures
and waveguides. Given the importance of edge and  with a specific crystal structures (twin or hcp structures),
corner sites to catalysis, there has been a growing  since many parameters can affect the crystal growth
interest in preparation of 1D and 2D Au nano-  process. Moreover, it is difficult to characterize Au
structures that have a greater percentage of edges and  nanowires (~2 nm) and Au nanosheets (thickness less
corners which can serve as intrinsically more active  than 5 nm) by HRTEM, because they tend to melt or
sites for catalysis compared to the spherical NPs. To  undergo a phase transformation under the electron
date, various 1D and 2D Au nanostructures, such as beam irradiation. If the aforementioned problems
nanowires, nanobelts, nanoplates and nanosheets, could be solved, these special Au nanostructures with
have been synthesized by using template-directed, = unique properties may have promising applications
surfactant-mediated or seeded growth. in electronics, catalysis and other areas.

Although some progress has been achieved in this In addition to Au nanostructures, the synthesis
area, some challenges still remain. One of greatest  of 1D and 2D Au based alloy and complex nano-
difficulties in the synthesis of 1D and 2D Au nano-  structures is also receiving increasing attention, in
structures is to achieve a high yield without any = which the alloyed or complex structures may exhibit
impurities being formed. Note that spherical Au NPs  enhanced properties or functionality in comparison
always exist as the byproduct when using oleylamine = with the corresponding single-component nanocrystals
to synthesize Au nanowires or nanosheets. Further- [75-80]. One of the future directions in this area is to
more, the large-scale production of 1D and 2D Au  combine Au with other metals to prepare binary or
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ternary Au based alloyed nanostructures in order to
achieve better performances in catalysis, sensing,
SERS or biomedicine. The assembly of 1D and 2D Au
nanostructures to prepare complex architectures or
superlattices is also a promising direction [81]. On the
other hand, ultrathin 2D nanosheets, such as graphene
and single- or few-layer transition metal dichal-
cogenides (e.g. MoS,) have attracted considerable
attention recently [82-90]. It has been demonstrated
that the growth of noble metal nanocrystals on these
ultrathin 2D nanosheets to prepare composites is an
effective way to optimize their properties and realize
their superior performances for various applications
[91-98]. Bearing this in mind, another promising
opportunity in this field is the growth of 1D or 2D
Au nanostructures on these ultrathin 2D nanosheets
to form hybrid nanomaterials for a wide range of
applications.
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