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self-assembly of triangular Au nanoplates
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High purity (~88%) gold nanobelts have been synthesized in the water/polyvinylpyrrolidone
(PVP)/n-pentanol system created to realize the selective-adsorption of PVP on Au which directs Au
to grow in belt form via the one-dimensional (1D) self-assembly of triangular Au nanoplates. These
nanobelts present uniform thickness and lateral dimension, large aspect ratio up to 160, unique 60°
angle end structure, and double-peak plasmon resonance property. The PVP directed 1D
self-assembly method demonstrated here may provide a general route for the shape-selective
synthesis of the other 1D functional nanostructures. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2790578]

Nonspherical metal nanoparticles have been investigated
widely in recent years because of their shape-dependent
optical and electronic properties and applications in electron-
ics, photonics, catalysis, biomedicine, and sensors.' ™7 As
the most promising nanostructures, one-dimensional (1D)
metallic nanoscale materials such as nanorods/nanowires/
nanobelts of Cu, Ag, Au, Pd, Ni, Te, and Pb have become
increasingly reported in the literature.”™*""° However, the
synthesis of Au nanobelts had remained a big challenge. Up
to now, only Zhang et al. have synthesized high purity Au
nanobelts (by a sonochemical route in the presence of
glucose).12 Recently, we have developed a simple versatile
route based on the water/polyvinylpyrrolidone (PVP)/
n-pentanol (WPN) system for the highly shape-selective syn-
thesis of Ag, Au, and Pd triangular nanoplates,16 Au regular
octahedra,'” and ZnO particles with lamellar or layer
structures. '8 Here, the unique WPN system has been ex-
tended to prepare the high purity Au nanobelts with large
aspect ratio up to 160.

In a typical synthesis, 3.9 ml of distilled water
was added into 60 ml of n-pentanol solution of PVP
(M,=30000, 1.5 g) in a conical flask with a ground stopper
under stirring at room temperature. After 30 min, 1.5 ml of
ethanol solution of HAuCl,-4H,0 (0.024M) was added with
stirring for 5 min. Then the mixture was heated at 95+1 °C
in a constant temperature oven for one day. The obtained
product was washed with ethanol three times by centrifuga-
tion and ultrasonication, and characterized by transmission
electron microscopy (TEM), selected-area electron diffrac-
tion (SAED), scanning electron microscopy (SEM), and
powder x-ray diffraction (XRD). Visible absorption spectra
of the sample dispersed in ethanol were recorded on a
U-3410 spectrophotometer. Infrared absorption spectra of
the sample dispersed on the silicon substrate were collected
using a far-field Fourier transform infrared spectrometer
(Nicolet 5700).

As shown in Fig. 1(a), the product was dominated by the
Au belts with lengths up to 20 um. However, a lot of undes-
ired particles such as large triangular and hexagonal plates
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and small triangular plates and spheres were also observed.
Furthermore, the belts could not be purified through centrifu-
gation because the small particles usually attached to the
lateral sides of the belts. Figure 1(b) shows a high-magnified
SEM image of the belts. As seen in the figure, all belts were
uniform in both lateral dimension (~130 nm) and thickness
(~30 nm). Interestingly, the belts usually ended with the
similar acute angle (60°) structure and edge length as the
small triangular plates had. Obviously, our gold belts are
different from the reported Au belts ending with a rectangled
structure.

Like the Au octahedra and triangular nanoplates in our
previous re:ports,16’17 here the growth of the Au belts also
involves the self-seeding process in which PVP acts as the
main reductant. It has been found that the surface energies or
crystallinity of the initial seeds are crucial for controlling the
morphology of the final product.lfg’m’lﬁf18 However, only
changing the PVP amount can not achieve the uniform seeds
for the growth of the high purity belts because the PVP re-
duction ability is relatively weak. To improve the belt purity,
the uniform Au nanoparticles (~10 nm) were directly added
to act as the seeds. In brief, 3 ml of aqueous HAuCl,-4H,0
(0.03M) and 6 ml of aqueous sodium citrate (1.0%) were
added sequentially into 360 ml of boiling water. After
15 min. of boiling, the objective Au nanoparticle suspension
was obtained. A 3.9 ml of Au nanoparticle suspension was
used instead of the distilled water in repeating the synthesis
of the Au belts shown in Fig. 1 by using 4.5 g of PVP.
As shown in Fig. 2(a), the Au belts with high purity up to
88% and average length up to 21 um were obtained. The
formation of the undesired particles such as the small and
large triangular plates was basically suppressed. As seen in

‘i.\

FIG. 1. Low (a) and high (b) magnified SEM images of Au nanobelts.

© 2007 American Institute of Physics
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FIG. 2. Low (a) and high [(b)-(e)] magnified SEM or TEM images for the
Au belts synthesized using Au nanoparticles. Insets of (b) and (e) show the
corresponding high-magnified SEM image and SAED pattern. (f) and (g)
show the XRD patterns and absorption spectrum of the Au belts,
respectively.

the high-magnified SEM [Figs. 2(b) and 2(c)] and TEM
[Fig. 2(d)] images, all the belts had uniform lateral dimen-
sion (~130 nm) and thickness (~40 nm) along their long
belt axes. Like the belts shown in Fig. 1, all the Au belts also
ended with the 60° angle structure which is identical to that
of the byproduct—small triangular plates [see Figs. 2(c) and
2(d)]. To further characterize the crystallographic structure of
the belts, the high-resolution TEM (HRTEM) images and the
corresponding SAED patterns obtained from a belt lying flat
on the support film with the electron beam perpendicular to
the flat facets were recorded [see Fig. 2(e)]. The fringe spac-
ing of 0.25 nm as well as the sixfold rotational symmetry
displayed by the diffraction spots imply that all the lateral
faces of the belts are presented by {111} planes. The appear-
ance of (1/3){422} reflection is consistent with the reported
Ag belts’ but is contrary to the reported Au belts.'?

XRD was used to assess the overall quality and purity of
the Au belts. As seen in Fig. 2(f), only the (111) and (222)
diffraction peaks were detected. This is a clear indication that
the faces of these belts are primarily composed of {111}
planes, thus confirming the HRTEM results. The extinction
spectra [Fig. 2(g)] of the Au belts dispersed in ethanol were
also collected to evaluate the product quality and purity, be-
cause the optical properties of metal nanoparticles are highly
dependent on the particle shapes.l’17 Like the reported Au
belts,12 our Au nanobelts also have two surface plasmon
resonance (SPR) absorption peaks. One peak corresponding
to the transverse short axes of the belts appears around
580 nm; the other peak around 862 nm can be attributed to
the longitudinal SPR mode of the long axes of the belts. This
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FIG. 3. Infrared absorption spectra of the silicon substrate (a), pure PVP (b),
and the Au belts shown in Fig. 2 before (c) and after (d) 4 h of annealing at
900 °C.

result and the XRD patterns actually reflect the high pure Au
belts achieved by us.

Like the Au octahedra and nanosheets,l’13 1617 here PVP
may also direct the belt growth by selectively adsorbing onto
the specific Au crystallographic planes. To confirm the sce-
nario, the infrared absorption spectra were recorded for the
Au belts shown in Fig. 2. For comparison, the spectra of pure
PVP and the Au belts after 4 h of annealing at 900 °C were
also recorded. As shown in Fig. 3, PVP has some typical
bond absorptions around 1284, 1427, 1666, 2925, and
3433 cm™! arising from the absorptions of the N—H-0
complex, the pyrollidone ring, and the bond vibrations of
C=0, C-H, and O-H of water impurity, respectively.19 The
belts also show several typical PVP-related absorption bands
that disappear after removing PVP by annealing, thus con-
firming the adsorption of PVP on the Au belts. Compared
with pure PVP, in the Au belts, the band related to the C-H
bond vibration remains unvaried in position since the C-H
chain is inert to Au. However, the bands related to the
N—H-0 complex, the pyrollidone ring, and the bond vi-
brations of C=0 redshift to 1282, 1420, and 1639 cm™,
respectively. These redshifts can be attributed to the bond
weakening induced by the partial donation of O/N lone pair
electrons of PVP to the vacant orbitals of the Au surface,
namely, the coordination bond between the O/N atom of
PVP and the specific Au crystallographic plane.

To monitor the Au belt growth process, the time-
dependent TEM or SEM images for the products formed in
the synthesis processes of the Au belts shown in Fig. 2 were
recorded. After 4 h of reaction, the product was dominated
by the mixture of small triangular plates and short belts with
lengths of <2 um and lateral dimension of ~130 nm. As
seen in Fig. 4(a), all the belts ended with the 60° angle struc-
ture. The small triangular plates resembled the belt ends in
the angle structure, edge length, and thickness, and usually
tended to attach to the belt side faces with their edges. As the

(a) 0.2 um

FIG. 4. Time-dependent TEM or SEM images of the products formed in the
synthesis of the Au belts shown in Fig. 2 after reaction times of 4 h (a) and
8 h (b).
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SCHEME 1. Observed assembly ways of the small triangular Au plates
shown in Fig. 4(a) and the corresponding products.

reaction proceeded, the small triangular plates kept constant
in edge length but decreased in yield ratio; meanwhile, the
belts remained unvaried in lateral dimension, thickness, and
acute angle structure but increased in length and yield ratio.
After 8 h of reaction, the belts grew up to 2—10 um in
length [Fig. 4(b)]. After 24 h of reaction, the high purity
belts with large aspect ratio of 160 were obtained (Fig. 2).
These results indicate that the belts may grow by consuming
the small triangular nanoplates.

Based on the above results, the following belt growth
mechanism can be proposed. In our route, PVP prefers to
adsorb onto the {111} facets of the Au seeds by coordinating
with Au with its O/N atoms. The following seed growth on
the {110} facets (without or with less PVP) leads to the for-
mation of the triangular plates bounded by two triangular
(111) basal facets and three {110} side facets.''® Subse-
quently, due to the absence or insufficiency of the PVP
capping,20 the large van der Waals attractive forces®' be-
tween the {110} side facets with high surface energy'” can
induce the triangular plates to assemble along the (110) di-
rection. In fact, we did find that the small triangular plates
shown in Fig. 4(a) tended to self-organize with their {110}
side facets. As shown in Scheme 1(a), the triangular plates
can assemble in 1D way and then recrystallize to form the
single-crystal nanobelts with the same thickness and angle
end structure as the triangular plates have. The interim prod-
ucts (in the 1D assembly process) such as the rhombic plates
(originated from the paired-triangular plates) with discern-
ible connection marks [see Scheme 1(b)] are luckily ob-
served. The triangular plates can also assemble in two-
dimensional (2D) way to form the large triangular [Scheme
1(c)] and hexagonal [Scheme 1(d)] plates. Obviously, 1D
assembly is predominant in our route. This can be ascribed to
the fact that 2D assembly may require higher monodispersity
of the triangular plates in comparison to 1D assembly.

Appl. Phys. Lett. 91, 133112 (2007)

In summary, the Au nanobelts with high purity of up to
~88% have been synthesized via the PVP controlled 1D
self-assembly of the triangular Au nanoplates. With unique
60° angle end structure, double-peak plasmon resonance
property, uniform thickness and lateral dimension, and large
aspect ratio of 160, the Au belts produced here may have
broad potential applications in electronics, photonics, cataly-
sis, biomedicine, and sensors. Furthermore, the PVP directed
1D self-assembly method demonstrated here may open up a
general dimension for the highly shape-selective synthesis of
the 1D functional nanostructures.
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