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Abstract

We report a general and versatile method for controlled synthesis of anisotropic gold nanostructures through the reduction of HAuCly by aniline
in aqueous solution, without the need for an additional stabilizer or capping agent. In this approach, the reduction kinetics of AuCl, can be altered
by simply adjusting the initial pH and temperature, inducing the formation of a wide variety of anisotropic nanostructures such as dispersed or
multilayered plates, wires with networked or paramecium-like structures, and ginger-shaped particles. AFM, TEM, XRD, EDX, FTIR, and UV-
vis—NIR measurements were used to characterize the resulting gold nanostructures. Investigation reveals that in situ formed polyaniline serves
effectively as a capping agent to direct the shape of gold nanostructures during the slow growth process. These as-synthesized gold nanostructures
exhibit strongly shape-dependent optical properties. This facile approach may be extended to the synthesis of some other anisotropic metal

nanostructures such as platinum or palladium.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Metal nanostructures have received significant attention due
to their unique electronic, magnetic, optical, biological, and cat-
alytic properties [1,2]. Currently, there is increasing interest in
developing methods for generating metal nanostructures with
specific shapes, because their physical and chemical proper-
ties are strongly shape-dependent. For example, the ultraviolet—
visible-near infrared (UV-vis—NIR) absorption spectrum of
gold nanorods shows two absorption peaks arising from the
transverse and longitudinal surface plasmon resonances (SPR),
whereas that of spherical gold nanoparticles displays a single
SPR peak around 520 nm [3]. It has also been confirmed that
platinum nanocubes with a surface composed mainly of {100}
facets have higher catalytic selectivity than spherical platinum
nanoparticles composed of {111} and {100} facets during the
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methane reduction of nitrogen oxide [4]. Among the strate-
gies for shape-controlled synthesis of metal nanostructures,
solution-phase synthesis is promising for the wide applicability,
potential high yields, and relatively low cost it offers. To date,
gold nanostructures with diverse shapes, such as plates [5-9],
wires [10-12], ribbons [13], multipods [14,15], dendrites [16],
and tadpoles [17], have been synthesized using this strategy.
However, most of the above approaches could yield only one
or two different shapes (spheres included) through changing
the reaction parameters and generally required the introduc-
tion of additional stabilizers. Hence, novel versatile but sim-
ple approaches to producing metal nanostructures with specific
shapes are still highly desirable.

Recently, the synthesis of spherical gold nanoparticles em-
ploying aniline as both reductant and subsequent stabilizer, in
the form of polyaniline, has been reported [18-20]. However,
anisotropic gold nanostructures obtained using aniline as the
reductant in aqueous solution have rarely been reported to date.
Here, we demonstrate that the kinetics of reduction of AuCl,
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by aniline can be greatly altered by varying the initial pH (de-
noted by pHp) value and reaction temperature and, thus, induc-
ing the formation of gold nanostructures with different shapes,
including dispersed or multilayered plates, curly wires with
networked or paramecium-like structures, and ginger-shaped
particles, without the need of additional stabilizers or capping
agents. The formed polyaniline in situ could also serve effec-
tively as a capping agent to direct the shape of gold nanos-
tructures during the slow growth process. The corresponding
UV-vis—NIR absorption spectra of these gold nanostructures
display strongly shape-dependent SPR absorption characteris-
tics.

2. Experimental section
2.1. Chemicals

All chemicals were analytically pure and purchased from
Shanghai Chemical Reagent Co. Ltd. (China). Aniline was dis-
tilled twice under reduced pressure in the presence of zinc pow-
der and stored in a brown bottle. HAuCly-4H,O, HCI1 (37%
w/w), NaOH, anhydrous ethanol, and N-methyl-2-pyrrolidone
(NMP) were used as received without further purification.
Millipore-quality water was used for all solution preparations.
The pH of the HAuCly solutions was adjusted prior to reaction
by addition of aqueous 1 M HCI or 1 M NaOH.

2.2. Synthesis of gold nanostructures with different shapes

In a typical synthesis, 50 ml of aqueous 0.72 mM HAuCly
with a certain pHg was added to a flask equipped with a con-
denser and heated to 80 °C, after which aqueous 0.1 M aniline
was rapidly added to yield a 3:1 molar ratio of aniline to gold
under vigorous stirring. After 2 h the gold product was iso-
lated by centrifugation and washed several times with ethanol
followed by water. The product was then redispersed in water
for further characterization. Synthesis of gold nanostructures at
60 °C and room temperature followed the same procedure, ex-
cept that at room temperature the reaction at pHp 1.0 or pHg 7.0
was left to continue for 24 h as it progressed slowly.

In this paper we have focused on the synthesis of gold nanos-
tructures at pHp values of 1.0 (by acidification), 3.4 (without
adjustment), and 7.0 (by alkalization).

2.3. Characterization

Transmission electron microscopy (TEM) was carried out
on a JEOL JEM-2000EX instrument at an accelerating voltage
at 120 kV. High-resolution TEM (HRTEM) was performed on
a JEOL JEM-2010 microscope operating at 300 kV. Atomic
force microscopy (AFM) measurement was conducted on a
Nanoscope IITa microscope (Digital Instruments, USA) in tap-
ping mode using a silicon nitride tip at room temperature.
X-ray diffraction (XRD) was carried out with Rigaku (D/Max-
RA) instrument using CuK« radiation at room temperature.
The chemical composition of the products was determined by
energy-dispersive X-ray spectroscopy (EDX) using an INCA

energy spectrometer (Oxford Instruments, UK). The Fourier
transform infrared (FTIR) spectrum was measured on a Nicolet
Magna FTIR-750 spectrometer, and UV-vis—NIR spectroscopy
was performed on a Shimadzu UV-3150 spectrophotometer.

3. Results and discussion

The formation of nanoparticles starts with nucleation (for-
mation of nuclei as seeds), followed by growth stages [1,21].
Like other face-centered cubic (fcc) metals with intrinsically
high symmetry, the most common shape of gold seeds is a
spherelike one bounded mainly by {111} and {100} facets
due to the lower surface energies of these facets [22]. When
the gold precursor is reduced to generate gold atoms at a high
enough rate, thermodynamic control will take over in both nu-
cleation and growth: the gold atoms will add homogeneously
to all facets of the seeds to form particles with thermodynami-
cally favored shapes, such as cubooctahedrons. However, when
the rate of reduction is quite slow, the nucleation and growth
of gold are subjected to kinetic control. In the latter case, gold
atoms will preferentially add to facets with higher surface ener-
gies, which can be promoted by selectively lowering the surface
energies of other facets with the help of capping agents [23-25].
As aresult, some facets of the seeds will grow more rapidly than
other facets, yielding particles with shapes different from those
generated under thermodynamic control.

At pHp 3.4 and 80°C, the color of the reaction solution
changed instantly from light yellow to violet red on addition of
aniline, indicating a high rate of reduction that yielded spheri-
cal products with an average diameter of 30 nm, as measured
by TEM (see Supplementary material). The corresponding se-
lected area electron diffraction (SAED) pattern reveals the char-
acteristic diffractions of fcc gold (see Supplementary material),
which is similar to previous reports [19,20]. However, when the
pHo value was adjusted to about 1.0 after other reaction condi-
tions were fixed, the rate of reduction decreased and the initial
light yellow solution changed gradually to colorless, and then
purple, followed by a brownish yellow. The obtained gold prod-
uct consisted of triangular and hexagonal plates about 500 nm
to 3 um in edge size (Fig. la). Surface profile analysis of a
hexagonal plate by AFM shows that the plate has a thickness
of about 45 nm (see Supplementary material). A SAED pattern
(Fig. 1b) with hexagonal symmetry diffraction spots was ob-
tained by focusing the electron beams perpendicular to the basal
surface of one gold plate lying flat on the TEM grid and in-
dicates that these gold plates are single-crystalline with atomi-
cally flat {111} facets as basal surfaces [5,6]. The crystal nature
of these gold nanoplates was further studied by XRD. As shown
in Fig. lc, a strong diffraction peak at 38.12° assigned to the
{111} lattice facet of fcc gold (Joint Committee on Powder Dif-
fraction Standards File 04-0784) was found, along with much
weaker diffractions of other facets, which reflects the highly
anisotropic nature of the obtained gold nanoplates and their
basal surfaces preferentially orienting parallel to the supporting
surface [7,8]. The EDX spectrum recorded from the basal sur-
faces of these gold nanoplates shows a strong peak arising from
gold and two weaker peaks of carbon and nitrogen (see Sup-
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Fig. 1. (a) TEM image of gold nanoplates obtained at pHy 1.0, 80 °C. (b) The SAED pattern of a single plate; the spots marked using square, triangle, and circle
correspond to {220}, {422}, and 1/3{422} diffraction spots of fcc gold. (c) XRD pattern of the as-prepared gold nanoplates. Inset shows the enlarged XRD pattern
in the (200), (220), and (311) peak regions. (d) FTIR spectrum of the same batch of gold nanoplates.

plementary material). FTIR spectrum of these gold nanoplates
is shown in Fig. 1d. The absorption in the range 3300-3600
cm™! could be assigned to the N—H stretching mode, while the
bands located at 1480 and 1595 cm™! are characteristic of the
stretching deformation modes of N-B-N (B: benzenoid ring)
and N=Q=N (Q: quinoid ring) groups, respectively [26]. These
results suggest that these gold nanoplates are covered with the
produced polyaniline.

Whereas when the acidity of the HAuCly solution was ad-
justed to lower pH using HCI the color of the solution remained
a light yellow, on addition of NaOH to adjust the pH to 7.0
the solution turned nearly colorless, although this change was
found to be reversible by lowering the pH again. In the synthesis
at pHp 7.0, the reaction solution quickly turned orange-red and
then gradually gray-blue, yielding networked nanowires after
further washing of the reaction products with NMP (see Sup-
plementary material). A typical HRTEM image of one part of
a wire reveals that the wire consists of prolonged gold particles
with a diameter of less than 10 nm (Fig. 2). The SAED pattern
(inset of Fig. 2) obtained from the same wire shows the rings
corresponding to diffraction from the {111}, {200}, {311}, and
{420} facets of fcc gold, which further confirms the polycrys-
talline nature of these wires.

Fig. 2. HRTEM image of a part of nanowire obtained at pHg 7.0. Inset shows
the corresponding SAED pattern.

Why can simply adjusting the pHy lead to significant vari-
ation in the morphology of the gold nanostructures? As dis-
cussed by Gospodinova Terlemezyan in a review article [27],
the initial stage of the oxidation polymerization of aniline is
the formation of its dimer N-phenyl-1,4-benzquinonediimine
(CeH5—N=CgH4=NH, denoted by PBQ), which occurs in the
whole pH range. However, the formation rate gets lower in
acidic media because the redox potential of aniline increases
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with decreasing pH value of the solution. In particular, the for-
mation of PBQ itself is accompanied by a decrease of pH in
solution due to the release of Ht, and the reduction of PBQ by
aniline during polyaniline formation takes place only at a pH
less than 2 [27,28]. Hence, in the synthesis of gold nanoparti-
cles at a pHy of 1.0, the rate of reduction of AuCl, turns lower,
so that the nucleation and growth of gold becomes subject to
kinetic control. Moreover, the polyaniline produced in situ pref-
erentially adsorbs on the {111} facets of the seeds and prevents
growth on these facets. As a result, other facets grow more
quickly and gold nanoplates bounded mainly by {111} facets
are finally generated. In contrast, the reduction proceeds much
faster at a pHp of 3.4, leading to thermodynamic control over
both nucleation and growth and thus yielding spherical gold
nanoparticles, regardless of the presence of polyaniline [18,
19]. In addition, TEM images of gold nanostructures obtained
at other pHp values in the range from 1.0 to 3.4 clearly show
the shape evolution from plates to spheres with the increase of
pHo, consistent with the above-proposed mechanism (see Sup-
plementary material).

In the synthesis at pHg 7.0, the color change of HAuCly solu-
tion upon pH adjustment might be due to the formation of gold
hydroxide complexes of the form [Au(OH),,Cls_,]™. In con-
trol experiments, the reaction at pHg 5.6 proceeded much faster
and resulted in short curly nanowires with paramecium-like
structures (see Supplementary material). However, no reaction
occurred at pHy 9.0 during the period of 2 h, indicating that
the potential of the gold hydroxide complexes might be much
lower than that of AuCl; . Based on the above data, a possible
formation mechanism of the networked wires can be suggested.
On addition of aniline at pHp 7.0, both the high mole ratio
of aniline to AuCl, and the decreased redox potential of ani-
line result in the quick reduction of the remaining AuCl, to
gold atoms and then the formation of nuclei. Meanwhile, the
gold complex ions are gradually transformed back to AuCl,
before being reduced to gold atoms. Subsequently, some nu-
clei grow into small particles by the conglomeration of the
surrounding gold atoms. On the other hand, it would take a rel-
atively long period to reach a pH value less than 2 from the
initial neutral solution for further chain propagation of PBQ.
Therefore, the small size and the weak capping ability of PBQ
and aniline compared with polyaniline bring these nanoparti-
cles into a thermodynamically unstable state. Thus, they would
tend to form linear assemblies driven by Brownian motion and
short-range interactions, following the deposition of gold atoms
on the concave regions of the connected particles through a
located Ostwald ripening process [11,29]. Finally, networked
gold nanowires are formed.

It is well known that the optical properties of metal nanos-
tructures are strongly related to their shape and size. The UV—
vis—NIR absorption spectra of the gold nanostructures obtained
at pHy values of 1.0, 3.4, and 7.0 exhibit such shape-dependent
features, as shown in Fig. 3. For the spherical gold nanoparti-
cles, the spectrum displays a single but strong SPR absorption
peak centered at 546 nm (curve a), while the spectrum of the
nanoplates shows two broad absorption peaks ranging from 500
to 800 nm and 900 to 1100 nm, respectively, originating from
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Fig. 3. UV-vis—NIR absorption spectra of the gold nanostructures obtained at
80 °C from solutions at (a) pHg 3.4, (b) pHg 1.0, and (c) pHq 7.0, respectively.

transverse and longitudinal SPR absorption (curve b). The spec-
trum of the networked gold nanowires (curve c) exhibits a peak
at about 520 nm due to the transverse SPR absorption, whereas
the flat tail of the spectrum extending into the NIR region can
be ascribed to the overlay of the longitudinal SPR absorption of
nanowires with different aspect ratios [10,11].

The influence of temperature on the shape of the gold nanos-
tructures was also investigated. Synthesis at 60 °C and pHy
values of 1.0 and 3.4 yielded larger particles than at the same
pHo values at 80 °C (Figs. 4a and 4c), which may be explained
by the number of gold seeds generated in the nucleation step
decreasing at the lower temperature and thus leading to fewer
but larger particles [24].

At room temperature, the resulting products at pHy 1.0 con-
sisted mainly of multilayered structures of gold nanoplates
(Fig. 4b). Unlike the random superimposition by dispersed gold
nanoplates yielding structures such as those seen in Fig. 4a,
these multilayered gold plates in Fig. 4b are inseparable even
after extensive ultrasonic treatment of the dilute suspension.
The SAED pattern reveals that these gold nanoplates also grow
along the {111} facets (see Supplementary material). From a
typical TEM image of a partially developed layered structure,
it was found that there was a bulge side on the basal surface
of the original gold nanoplate, and a new gold nanoplate grew
epitaxially from the bulge side, orienting parallel to the orig-
inal nanoplate (see Supplementary material). Based on these
observations, we believe these bulge sides may be ubiquitous
on the surfaces of the produced gold nanoplates under the con-
ditions mentioned above and serve as growing flanks of the new
nanoplates to form these multilayered structures. Most recently,
Yuan et al. also obtained similar structures with preformed sul-
fonated polyaniline nanotubes as the reductant [30]. However,
our method provides a more convenient one-step route to these
interesting nanostructures.

In the synthesis at a pHy of 3.4, the low reaction rate at room
temperature led to the generation of ginger-shaped nanopar-
ticles, as shown in Fig. 4d, with the SAED pattern revealing
their polycrystalline nature (see Supplementary material). With
respect to the synthesis at a pHp of 7.0, however, changing
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Fig. 5. UV-vis—-NIR absorption spectra of gold nanostructures obtained at room
temperature, from solutions at (a) pHg 1.0, (b) pHg 7.0, and (c) pHg 3.4, respec-
tively.

the reaction temperature was found to have limited effect on
the shape of the gold nanostructures. As shown in Figs. 4e
and 4{, the gold nanostructures obtained at decreased temper-
atures have networked shapes similar to those of the products
obtained at 80 °C, something which can be attributed mainly
to the weak capping ability of the produced PBQ and aniline,

as previously discussed. The UV-vis—NIR spectra of the sam-
ples obtained at room temperature are shown in Fig. 5 and their
profiles agree well with the corresponding morphologies as ob-
served by TEM.

4. Conclusions

In summary, we have demonstrated a versatile method for
preparing anisotropic gold nanostructures including dispersed
as well as inseparably multilayered plates, wires with net-
worked or paramecium-like structures, and ginger-shaped par-
ticles using aniline as the reductant without the presence of
additional stabilizers or capping agents. Control over the par-
ticle shapes was achieved by altering the reduction kinetics of
AuCl, by varying the pHg and the reaction temperature. More-
over, the polyaniline produced in situ serves as an effective
capping agent to direct the final shapes by inhibiting the growth
of some types of facets of the gold seeds when the growth
process is sufficiently slow. These anisotropic gold nanostruc-
tures present strongly shape-dependent optical properties as
well as intense absorption in the NIR region, which holds po-
tential applications in cancer hyperthermia and IR-absorbing
optical coatings [31,32]. In addition, this convenient approach
may be applicable to some other anisotropic metal nanostruc-
tures such as platinum or palladium.
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