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Fabrication of single crystalline gold nanobelts†‡
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Well dispersed, single crystalline gold nanobelts, with unique {110}
crystallographic facets, were synthesized by a combined method
consisting of directional solid-state transformation of an Fe–Au
eutectoid and a selective phase dissolution without the presence of
any surfactant. They have an average thickness of 25–30 nm,
a width of 200–250 nm, and an average length of 20 mm, exhibiting
thus extremely high aspect ratios of more than 1500. The obtained
gold nanobelts were characterized by field emission scanning
electron microscopy, transmission electron microscopy, X-ray
photoelectron spectroscopy, and UV-Vis spectrometry. The welldispersed gold nanobelts can be selectively assembled onto
substrates which have a significant potential for novel electrodes
with a large effective surface area and a selective crystal orientation
of {110}, less common for gold.
The reproducible preparation of nanocrystals with various shapes
and exposed surfaces is of crucial importance for several applications
of nanomaterials due to the anisotropic properties of crystals.1–3
Spherical, planar and fibrous metal nanostructures, so called 3-, 2and 1-dimensional nanostructures, have been intensively studied in
the last two decades owing to their shape-dependent properties.1,2,4,5
Particular interest has been focused on noble metals, such as Au, Ag
and Cu, due to the fact that they are technologically important in
many fields ranging from catalysis over optics and electronics to
surface enhanced Raman spectroscopy (SERS).6–9 Among various
kinds of metal nanostructures, one dimensional (1-D) nanostructures
such as nanowires, nanotubes, nanorods and nanobelts are particular
interesting on account of their unique electrical and optical properties.9–11 Nanobelts, the intermediate morphology between one and
two dimensional, or one and half dimensional structures, have been
intensively studied in the last few years, because they may be the ideal
system for fully understanding dimensionally confined transport
phenomena and building functional devices along individual nanobelts.11,12 However, these studies were mainly focused on semiconductors, such as oxides11 and sulfides,13 whereas reports on the
preparation of metal nanobelts, especially noble metal nanobelts, are
scarce. A few examples were described in the literature, such as the
preparation of Ag nanobelts by refluxing an aqueous silver colloidal
dispersion14 or by reduction of AgNO3 with ascorbic acid in the
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presence of poly(acrylic acid) (PAA)15 or the growth of Cu nanobelts
on the surface of a TEM grid by a galvanic reduction.16 Regarding
gold nanobelts, only a few papers have been reported to date. Han
et al.17 synthesized gold nanobelts by a sonochemical method in the
presence of glucose; Zhang et al.18 reported the preparation of gold
nanobelts via a one-dimensional self-assembly of triangular gold
nanoplates with the help of PVP as capping agent; Zhao et al.19
synthesized gold nanobelts and nanocombs in an aqueous mixed
surfactant solution. Very recently, a novel approach20 has been
developed which is a simple and efficient method for the preparation
of iso-oriented gold nanobelt arrays in an Fe matrix. It is based on
a directional eutectoid transformation followed by a selective phase
electrochemical dissolution of the Fe. These gold nanobelts are
prepared by a combination of a metallurgical process step with
a subsequent selective dissolution that is either chemically or electrochemically performed. This method of synthesis allows for control
of the crystallographic properties and size features. Specific applications including NEMS (nanoelectromechanical systems),21 chemical
or electrochemical sensors9 may be considered based on this synthesis
making use of the advantageous single crystallinity.
It is very interesting to fabricate gold nanostructures with various
morphologies, which may be the building blocks for nanodevices.
Herein, as a consequence, gold nanobelts were extracted from the
matrix and a well dispersed suspension was obtained by phase selective chemical dissolution in the absence of surfactant. By choosing the
solvent carefully, well-dispersed gold nanobelts were obtained, which
enable the self-assembly of gold nanobelts on the intended patterned
substrates for electronic applications. To get one dimensional structures by using directional eutectic/eutectoid transformation, a binary
system showing eutectic like reaction with gold as the minor phase
must be selected. Our previous studies20,22 and the existing data23
confirmed that, interestingly, only the Fe–Au system shows this
characteristic, where a eutectoid reaction takes place at 868  C and 2.3
at.% Au. Pre-alloys were prepared using 99.999% Au and 5-times
zone-refined Fe, by induction melting under an Ar atmosphere and
drop casting into a cylindrical copper mould. After subsequent fitting
into alumina crucibles, samples were directionally transformed in
a Bridgman type solidification furnace with resistance heating. The
details were described elsewhere.22 Afterwards, the samples were cut
into 1  1  0.1 cm3 pieces and ground for further treatment. The
selective dissolution of the a-Fe phase in the eutectoid alloy was
achieved through selective chemical etching in 1.0 M HNO3 with the
presence of 0.05 M o-phenanthroline as a chelating agent to prevent
the hydrolysis of Fe ions during the dissolution process. Phenanthroline was chosen because it has a strong chelating effect even under
acidic conditions. The reaction was continued for two hours to make
sure that the entire solid sample was dissolved in the etching solution,
and stirring was applied throughout the entire process to reduce the
possible coagulating tendency of gold nanobelts. The samples were
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first separated by centrifugation, then washed with water in an
ultrasonic bath, and once again separated by centrifugation to remove
the remaining acid and Fe ions. This procedure was repeated several
times until the pH value of the final solution was 7.0. Finally, the
products were dispersed in isopropyl alcohol (IPA) under ultrasonication to obtain suspensions for further characterization.
The morphology of the precipitate was characterized by field
emission scanning electron microscopy (FE-SEM, LEO 1550VP,
GEMINI). As shown in Fig. 1, the low magnification image (Fig. 1a)
indicates that the products consist of a large amount of gold nanobelts that are well dispersed. The higher magnification image (Fig. 1b)
clearly reveals that the nanobelts are tens of micrometers long and
250–300 nm wide. The thickness, obtained by measuring the distance
between two facets of a belt lying on the silicon substrate, is about 25–
30 nm (see Fig. 1c). As seen from the FE-SEM images, the nanobelts
are uniform in both lateral (250–300 nm) and longitudinal dimensions (20–25 mm). The lateral dimension change can be clearly seen
from the bending at the end or the centre of one nanobelt as seen
from FE-SEM (Fig. 1d) and TEM (Fig. 1e) images, which is a clear
evidence of a belt morphology. Moreover, some of the nanobelts can
be more than 50 mm long, as shown in Fig. 1f. Considering that the
thickness is only about 25–30 nm, the aspect ratio is more than two
thousand. Small quantities of short nanobelts were also observed as
by-products, as can be seen in Fig. 2a; this is mainly due to the
ultrasonication process, which may break some of the long nanobelts
considering the high oscillation energy and the extremely high aspect
ratio.
Transmission electron microscopy (TEM) further reveals the
morphology and the detailed structure of the obtained gold nanobelts. Fig. 2a and b show that the belt-like gold structures are well
dispersed. Also, one can clearly see that the width of the nanobelts is
about 250–300 nm and the length can be several tens of micrometers.
Furthermore, the band-like patterns shown on the surface of the
nanobelts in Fig. 2b are due to deformation or bending of the

Fig. 1 a) Low and b) high magnification FE-SEM images of the
obtained gold nanobelts dispersed in IPA; c) the thickness of gold
nanobelt; d) FE-SEM and e) TEM images show the change in lateral
dimension within one nanobelt; f) the length of one typical, long nanobelt.
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Fig. 2 TEM images with a) low and b) high magnification of gold
nanobelts dispersed in IPA; c) HRTEM image, and d) the corresponding
SAED pattern of a single gold nanobelt.

nanobelt during the irradiation of the electron beam, which is
frequently observed in metal foils.5,24 To further characterize the
crystallographic structure of the nanobelts, the high resolution
transmission electron microscopy (HRTEM) image and the corresponding selected-area electron diffraction (SAED) pattern were
obtained by focusing the electron beam perpendicular to a nanobelt
lying flat on the support carbon film, as shown in Fig. 2c and d. The
measured interplanar spacing along the growth direction of gold
nanobelts is 0.235 nm, which corresponds to the (111) lattice plane of
the face-centred-cubic (fcc) gold. Fig. 2d presents the SAED pattern
of gold nanobelts, which was obtained by focusing the electron beam
on a nanobelt lying flat on TEM grid. In contrast to the reported
results,17–19 hexagonal symmetry was not generated. The measured
results demonstrate that the gold nanobelt is a single crystal and the
lateral facets of the nanobelt are presented by {110} planes. The
SAED patterns are essentially identical over the entire belt, which
proved the single-crystallinity and structurally uniform nature of the
nanobelts. The unique chemical and physical properties of nanocrystals are determined not only by the size of the particles but also by
the particle shape. Both the surface atoms and the surface crystallographic structures of the particle will determine the properties of
nanocrystals.2 The {111}, {100}, and possibly {110} surfaces of fcc
structured metal nanoparticles, for example, are different not only in
the surface atom densities but also in the electronic structure, bonding,
and possibly chemical reactivities.2 For thin fcc metal foils, such as
nanoplates and nanobelts, the {110} surfaces are rarely seen,17–19,24
due to their high surface free energy compared to that of {111} and
{100} surfaces. Recently, Zhang et al.25 and Diao et al.26 investigated
the reorientation of gold nanobelts by means of molecular dynamics
simulation (MDS) with the embedded atom method. The simulation
results demonstrated that the surface stress induces reorientation
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from a <100> gold nanobelt into an fcc <110> belt and that the
structural stability of Au nanobelts depend on size, initial orientation
and temperature. However, these simulations consider unsuspended
surfaces of the belts during their growth, which is quite different from
the case presented here, where gold nanobelts grow cooperatively and
concurrently with the iron matrix. During a eutectoid decomposition,
phases usually develop a certain crystallographic orientation relationship during the growth in order to minimize overall interface
energy. The crystallographic orientation relationship depends on the
crystal structures of the phases and the lattice parameter ratio. For the
Fe–Au system it has been shown that the energetically most favourable crystallographic orientation of nanobelts is {110}.27 This unique
surfaces of the gold nanobelts synthesized here, combined with the
reported gold nanobelts,17–19 could enable the study of anisotropic
properties of nanostructures taking advantage of the gold nanobelts
prepared with different methods having a similar morphology but
different atomic arrangement on the surface. For example, the
chemical reactivity of different surfaces could be different3,27,28 and the
difference of the absorption abilities of molecules on {111} and {110}
surfaces could be quantitatively detected by using SERS30 or electrochemistry.31 Avramov-Ivic et al.32 found that the electro-catalytic
oxidation of some organic compounds, such as methanol, on the
{110} surface is more favourable than on the other two low index
planes. This could be one of the benefits of the unique {110} Au
nanobelts compared with the previously reported ‘normal’ {111} Au
nanobelts. And, very recently, Xiang et al.33 reported that tuning of
the morphology of Au nanorods is possible by switching the growth
tendency of {110} facets from restriction to preference through
changing the concentration of capping agent during the anisotropic
growth process, which could be utilised for tuning the morphology of
Au nanobelts in the present case due to the large {110} surfaces. The
formation of unstable {110} facets originates from a crystallographic
orientation relationship between the gold nanobelts and the iron
matrix established during directional eutectoid decomposition27 at
high temperature.
The chemical composition of the belts was determined by X-ray
photoelectron spectroscopy (XPS, Physical Electronics Quantum
2000 Scanning ESCA Microprobe, sputtering 2 keV Ar+). The XPS
results (Fig. 3a) show that the gold nanobelts are pure metallic gold,
which can be confirmed from the binding energy for Au 4f7/2 located
at 84 eV; and there is no signal of the possible impurity from Fe. The
X-ray diffraction (XRD) pattern provides further support for the
characteristic of face-centered cubic (fcc) Au. Additionally, the FESEM and EDX-elemental mapping investigations confirmed the
iron-free gold nanobelts (for XPS of iron, XRD and EDX-elemental
mapping, see ESI†).
Optical properties of gold nanomaterials are strongly influenced by
the particle shape and size as a result of surface plasmon resonance
(SPR). Suspensions of small spherical gold nanoparticles show
amaranth to red colour owing to SPR and exhibit a single absorption
band, which is located at about 520 nm or longer wavelengths when
the size is increasing. For the 1-D nanomaterials, there are two
surface plasmon resonance absorption peaks which are characteristic
of short (transverse band) and long (longitudinal band) axes of these
systems.3 Fig. 3b shows the UV-Vis spectrum of gold nanobelts
dispersed in IPA. The same as the reported results,17–19 gold nanobelts
here also have two surface plasmon resonance absorption peaks. The
first one is located at about 540 nm, corresponding to the short axes
of the gold nanobelts; and the other one is located in the range from
926 | J. Mater. Chem., 2009, 19, 924–927

Fig. 3 a) XPS of gold nanobelts, the binding energy value is 84 eV for
Au 4f7/2 which coincides with that of Au0. b) UV/Vis spectrum of gold
nanobelts dispersed in IPA.

780 to 900 nm, contributed from the longitudinal SPR absorption of
the long axes of the nanobelts. As mentioned above, some short
nanobelts always appeared as by-products. The peak from the long
axes of these short nanobelts is quite broad, so that the peak from the
short axes shows only a weak shoulder peak.
In summary, high aspect ratio, single crystalline Au nanobelts with
unique {110} facets were successfully synthesized through
a combined method of directional solid state decomposition of an
Fe–Au eutectoid and a selective phase dissolution process. The
method is simple, convenient, economical and easily applicable at
a large scale (gram scale). Moreover it can be easily used in functional
electronics, optoelectronics or sensing devices by assembling the Au
nanobelts onto the functionalized surfaces of different substrates.
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