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Shape- and size-controlled synthesis of gold nanocrystals was studied by using a microwave–polyol method in the
presence of Au seeds and poly(vinylpyrrolidone) (PVP) as a polymer surfactant. Mixtures of spherical, triangular, hex-
agonal, octahedral, and decahedaral particles were prepared as Au seeds by reducing Au3þ in AuCl4

� in ethylene glycol
(EG). When Au nanoparticles were prepared from AuCl4

�/Cl�/PVP/EG solutions by using these Au seeds, significant
changes in shapes and sizes of the Au seeds occurred. Such changes depended strongly on the concentrations of AuCl4

�

and Cl�. Large single-twin plate-like particles and multiple-twin decahedral particles were the major products at high
concentrations of AuCl4

�, whereas icosahedral particles were preferentially produced at high Cl� concentrations. It
should be noted that the octahedral and spherical particles involved in the Au seeds were completely dissolved at high
AuCl4

� and Cl� concentrations. The significant changes in shapes and sizes of Au nanoparticles could be explained by
the oxidative etching of the Au seeds by AuCl4

� + Cl� anions in the range of 60–160 �C and crystal growth of specific
shapes of Au nanocrystals in the range of 160–198 �C on the basis of changes in color and UV–vis–NIR spectra of solu-
tions and TEM images of products during etching.

In recent years, a variety of metallic nanostructures, includ-
ing spherical particles, sheets, plates, rods, wires, tubes, and
dendrites, have generated significant scientific and technologi-
cal interest, because of their unique optical properties as well
as novel chemical and catalytic properties. Here, we define
nanosheets as thin nanoplates with a thickness less than about
10 nm, and nanorods and nanowires as materials with aspect
ratios of 2–20 and >20, respectively. The polyol method is a
typical technique to prepare metallic nanoparticles in solutions
by reducing their ionic salts. In general, a mixture of reagent
and polymer surfactant in ethylene glycol (EG) is heated in
an oil bath for several hours and spherical nanoparticles
form.1–3 Recently, microwave (MW) heating has been coupled
with the polyol method as a new rapid preparation method
for metallic nanoparticles. This method, named MW–polyol
method, has been applied to the synthesis of various kinds of
monometallic and bimetallic nanoparticles, as shown in our
recent review.4

Among many metallic nanoparticles, gold nanoparticles
have attracted intensive attention, not only because of their
unique physical and chemical properties but also because of
their important applications in catalysis, photoelectronic de-
vices, and biomedicine.5–9 It is well known that some chemical
and physical properties and application of materials are
dependent, to a large extent, on their shapes and sizes. Thus,
many efforts have been made to find effective synthetic
methods to prepare Au nanoparticles with different shapes
and sizes.

We have recently applied the MW–polyol method to the

rapid synthesis of Au nanostructures.4,10–12 When Au3þ in
AuCl4

� ions is reduced in EG in the presence of a polymer
surfactant poly(vinylpyrrolidone) (PVP) under MW heating
for 2–3min, mixtures of triangular, square, rhombic, and hex-
agonal nanoparticles are produced preferentially. In addition,
small numbers of one-dimensional (1-D) nanorods and nano-
wires are produced. For comparison, Au nanostructures have
also been prepared under the conventional oil-bath heating,4,10

and larger spherical nanoparticles are dominantly produced,
indicating that the MW–polyol method gives higher crystalline
Au nanoparticles than the oil-bath heating. The rapid prepara-
tion of higher crystalline Au nanoparticles under MW heating
probably arises from the local heating of PVP covered on the
Au particles, heating of polar reagent AuCl4

� anions, and/or
the heating of free electrons in Au metallic nanoparticles (con-
duction loss).13 To determine optimum experimental condi-
tions for the synthesis of specific nanostructures, dependences
of the shapes and the sizes on such experimental parameters as
concentrations of HAuCl4�4H2O and PVP, molecular weights
of PVP (10, 40, and 360 k), and solvents (EG and H2O) have
been examined.4 We have found that the shapes and the sizes
of the Au nanostructures depended strongly on these experi-
mental parameters. However, further experimental techniques
are required for the shape- and size-controlled synthesis of
various Au nanocrystals.

We have recently extended our studies of MW–polyol syn-
thesis of metallic nanostructures to Au@Ag core–shell nano-
crystals.14,15 For the preparation of Au@Ag nanocrystals, Au
core crystals are synthesized by reduction of HAuCl4�4H2O
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in the presence of PVP in the first step, and then AgNO3 is
reduced for the overgrowth of Ag shells in the second step.
The crystal structures of Au cores and Au@Ag core–shell
particles have been analyzed by observing the transmittance
electron microscope (TEM) images from different view angles,
selected area electron diffraction (SAED) patterns, and energy
dispersive X-ray spectroscopy (EDS). Detailed data on crystal
structures of Au cores show that Au particles, observed as
polygonal plates, rods, and wires in our previous studies,4,10

are mixtures of single-twin triangular plate, octahedral, and
multiple-twin decahedral particles, surrounded by only {111}
facets. We have discovered that triangular bipyramid, cubic,
and rod/wire Ag shells, having {100} facets, are selectively
grown over the above Au core crystals. It has been concluded
that the morphology changes between Au core and Ag shell in
Au@Ag particles arise from changes in the adsorption selec-
tivity of PVPs from {111} facets of Au to {100} facets of Ag.

In the present study, Au particles were prepared by using the
MW–polyol method in the presence of Au seeds under various
experimental procedures to find the optimum experimental
procedure and conditions for controlling the shape and the size
of the Au nanocrystals. Among various experimental parame-
ters, we focused here upon concentrations of AuCl4

� from
HAuCl4�4H2O and Cl� from HAuCl4 and NaCl. It was found
that these parameters played a significant role in the crystal
growth of specific Au nanostructures. We found that favorable
crystal structures of Au prepared using Au seeds were different
from those of Au@Ag core–shell nanocrystals, even though
Au and Ag have the same FCC structure and similar lattice
constants.

It is well known that oxidative etching by halogen anion
(e.g. Cl�) in the presence of O2 (dissolved in solvent) and
Fe3

þ play a significant role in controlling the shape and the
size of Ag nanocrystals.16 It has been thought that Au is
more resistant to oxidative etching than Ag is, and it is, there-
fore, insoluble in most acids except for complete dissolution
in an aqua regia. However, it has recently been reported that
oxidative etching of gold nanoparticle occurs in such systems
as AuIII–cetyltrimethylammonium bromide (CTAB) and
AuIII–cyanide.17,18 By spatially directed or undirected etching,
spherical, rods, and multipods types of Au nanoparticles,
having unique optical properties, have been synthesized.

We observed here that shape selective etching of Au seeds
by AuCl4

� + Cl� anions occurred in the AuCl4
�/Cl�/PVP/

EG system. As a result, single-twin triangular plate-like parti-
cles and multiple-twin decahedral and icosahedral particles
preferentially formed at high AuCl4

� + Cl� concentrations.
The etching and growth mechanisms of each Au seed are dis-
cussed based on TEM images and ultraviolet, visible, and
near-infrared (UV–vis–NIR) absorption spectral data and color
changes between reagent and product solutions at various tem-
peratures. In order to clarify oxidative etching mechanism of
Au seeds by AuCl4

� + Cl� anions and effects of MW irradi-
ation, Au nanoparticles were also prepared by using conven-
tional oil-bath heating. We found for the first time that the
etching rate of Au seeds under MW heating was faster than
that in the oil-bath heating. The effects of MW irradiation
for the etching of Au seeds are discussed.

Seeded growth of anisotropic Au nanoparticles from

HAuCl4 has been studied at room temperature using NaBH4

as a reducing agent and CTAB as a capping agent.6–8 In gen-
eral, Au atoms are overgrown on small Au seeds, and the
shapes and the sizes of Au seeds do not change during the
preparation of anisotropic Au nanoparticles. In the present
study, seeded growth of Au nanoparticles was studied by using
a MW–polyol method. The present seeded growth system was
significantly different from the above process, because the
shapes and the sizes of Au seeds changed significantly due
to shape selective etching before crystal growth at higher
temperatures under MW heating.

Experimental

The MW–polyol method used in this study was similar to that
reported previously.4,10 We used HAuCl4�4H2O as sources of Au
nanoparticles and Cl� anons, PVP (molecular weight of 40000 in
terms of monomeric units) as a protecting agent, NaCl as a source
of Cl� ions, and EG as both solvent and reductant. Mixtures of
HAuCl4�4H2O (2.4mM)/PVP (1M) were resolved in 20mL of
EG solution. They were heated by MW irradiation in a continuous
wave mode (Shikoku Keisoku: 400W).4,10 In this condition,
the solution was rapidly heated from a room temperature to the
boiling point of EG (198 �C) after about 1min and held in this
temperature for 2min, when the temperature was monitored by
using an optical fiber thermometer. The total heating time was
generally 3min. The product solution was used as an Au seed
solution. In the Au seed solution, besides PVP (1M), Cl� anions,
produced through the decomposition of HAuCl4, may be involved.
The concentration of Cl� was determined to be 3.3mM by using
a titration apparatus (Kyoto Electronic AT610) with a standard
AgNO3 solution serving as the titration reagent. The lack of
residual AuCl4

� anions after MW heating was confirmed by
the disappearance of absorption band of AuCl4

� anion complex
at �322 nm. Thus, the Au seed solution could be described as
Au(seeds)/Cl� (3.3mM)/PVP (1M)/EG system. If 2.4mM of
AuCl4

� anions is completely decomposed via process (1), the
Cl� concentration is expected to be 2.4mM:

AuCl4
� ! Au0 þ Cl2 þ Clþ Cl�: ð1Þ

Thus, 38% of Cl in process (1) was converted to Cl� via a sub-
sequent Clþ e� reduction process (2) in solution:

Clþ e� ! Cl�: ð2Þ

In order to remove the small amount of residual Cl� anions, the
Au seed solution was centrifuged at 13000 rpm for 60min, and
the surfactant Cl� anions and PVP in EG were removed. Then,
a mixture of Au seeds and PVP (1M) in fresh EG solution, denot-
ed as Au(seeds)/PVP (1M)/EG, was prepared by the addition of
20mM of EG containing 1M of PVP to Au seeds. The following
four experiments were carried out to examine etching and growth
mechanisms of Au nanocrystal seeds.

Procedure (1). This procedure was used for the study of
effects of AuCl4

� anions by the addition of HAuCl4�4H2O.
Au(seeds)/AuCl4

� (2.4–21.6mM)/Cl� (3.3mM)/PVP/EG solu-
tions were prepared by the addition of various amounts of
HAuCl4�4H2O to the Au seed solution. Here, we define [Au]0
as an initial concentration of HAuCl4�4H2O used for Au seeds
in the first step, and [Au]1 as a concentration of HAuCl4�4H2O
in the second step. Then, the [Au]1/[Au]0 molar ratios used in this
study corresponded to 1–9. The solutions were heated again by
MW irradiation for 3min.
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Procedure (2). This procedure was used for the study of ef-
fects of Cl� anions on the Au seeds. Au(seeds)/Cl� (3.3–51mM)/
PVP/EG solutions were prepared by the addition of various
amounts of NaCl to the Au seed solution. They were heated again
by MW irradiation for 3min.

Procedure (3). This procedure was used for the study of
effects of AuCl4

� + Cl� on the Au seeds. Two kinds of experi-
ments were carried out. In the first experiment, various amounts
of NaCl was added to the Au(seeds)/AuCl4

�/Cl� (3.3mM)/
PVP/EG solution at a constant [Au1]/[Au]0 molar ratio of 3
to prepare Au(seeds)/AuCl4

�/Cl� (5.7–51mM)/PVP/EG solu-
tions. In the second experiment, the [Au]1/[Au]0 molar ratio
in the Au(seeds)/AuCl4

�/Cl� (32mM)/PVP/EG solution was
varied in the range of 1–9 at a constant Cl� concentration. These
solutions were heated again by MW irradiation for 3min.

Procedure (4). Since there were no MW shields in the oil-
bath heating, changes in the color of the solutions could be ob-
served more easily, and quick sampling of reagent solutions
from outside was also easy. Therefore, not only MW heating
(400W) but also conventional oil-bath heating (500W) was used,
and color changes and TEM images were observed by sampling
the reagent solutions. The oil-bath heating was used for the
AuCl4

�/PVP/EG and Au(seeds)/AuCl4
�/Cl�/PVP/EG solu-

tions. It took 18min to increase the solvent temperature from a
room temperature to 198 �C.4,10 Changes in the color and the
morphology of the products were observed, when the temperature
was increased from room temperature to 198 �C.

After MW irradiation or oil-bath heating, product solutions
of Au nanoparticles were usually centrifuged at 13000 rpm for
60min. The relative centrifugal force was 1700G in the centrifu-
gal separation. The precipitate was collected and redispersed
in deionized water for JEOL JEM-2010 TEM and HITACHI S-
4800 SEM observations. Specimens containing Au nanostructures

were prepared by dropping the colloidal solutions on carbon-
coated Cu grids in TEM measurements. Absorption spectra of
product solutions were measured in the UV–vis–NIR region using
a Shimadzu UV-3600 spectrometer. Original product solutions
were diluted in EG by factors of 10–20 before spectral measure-
ments.

Results and Discussion

Procedure (1), Effects of AuCl4
� Anions. Figures 1a–1f

show TEM images of Au seeds and Au nanostructures
obtained from Au(seeds)/AuCl4

�/Cl�/PVP/EG solutions in
the [Au]1/[Au]0 molar ratios of 1–9. The Au seeds, shown
in Fig. 1a, consist of a mixture of spherical, triangular, octa-
hedral, decahedral, and 1-D nanoparticles with average sizes
of 40–50 nm. It should be noted that significant changes in
the shapes and the sizes of the Au nanostructures were ob-
served by changing the [Au]1/[Au]0 molar ratio (Figs. 1b–
1f). For example, large decahedral and triangular particles with
average sizes of �500 nm were preferentially produced at the
highest [Au]1/[Au]0 molar ratio of 9. Figures 2a and 2b show
the dependence of shape and size distributions of each product
on the [Au]1/[Au]0 molar ratio. The average size of spherical
particles was measured by their diameters, whereas those of
other particles were measured by diameters or edge lengths
shown in Fig. S1 (Supporting Information). Significant
changes in the shape and size distributions were found below
and above the [Au]1/[Au]0 molar ratio of 4. Below the
[Au]1/[Au]0 molar ratio of 4, changes in shape distributions
were relatively small, whereas they were large above 4. Above
the molar ratio of 4, the dominant products were triangular,
hexagonal, and decahedral particles, and no spherical and
octahedral particles formed. The yields of triangular and

(e) [Au]1 / [Au]0 = 6

(b) [Au]1 / [Au]0 = 0.5 (c) [Au]1 / [Au]0 = 1.5

200 nm 200 nm 200 nm

(d) [Au]1 / [Au]0 = 3

500 nm200 nm

(a) [Au]0 (seeds)

(f) [Au]1 / [Au]0 = 9

2 µm

Fig. 1. TEM images of Au nanoparticles prepared from the Au(seeds)/AuCl4
�/Cl� (3.3mM)/PVP/EG system at various

[Au]1/[Au]0 molar ratios.
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hexagonal particles had peaks in the [Au]1/[Au]0 molar ratio
range of 4–6. The average size of spherical particles increases
in the [Au]1/[Au]0 molar ratio range of 0–3. The size of octa-
hedral particles, which are observed in the low [Au]1/[Au]0
molar ratio range of 0–4, is nearly constant (65� 16 nm).
The sizes of triangular, hexagonal, and decahedral particles
increased significantly with an increase in the [Au]1/[Au]0
molar ratio, though the size of hexagon decreased in the molar
ratio range of 6–8. The degrees of the size increases were
especially pronounced for triangular and decahedral particles
above the [Au]1/[Au]0 molar ratio of 4. The average sizes of
triangular, hexagonal, and decahedral particles at the highest
molar ratio of 9 were larger than those of Au seeds by factors
of 6.7, 6.6, and 9.7, respectively. In this experiment, large
decahedral particles with an average diameter of �500 nm
were prepared in high yield (about 70%). Sánchez-Iglesias et
al.19 have recently succeeded in the preparation of decahedral
Au nanoparticles in high yield (80–90%) by using a seeded
medium growth technique in N,N-dimethylformamide at
�100 �C using ultrasonic irradiation for 60min. They use
smaller Au seeds (2–3 nm) than those used in this study (40–
50 nm). They report a maximum size of decahedral particles
of �100 nm, which is smaller than that obtained in this work

by a factor of 5. An advantage of this study is that larger deca-
hedral Au nanoparticles can be prepared preferentially only in
three minutes under MW irradiation. To the best of our knowl-
edge, the largest sizes of decahedral Au nanoparticles could be
prepared by using Au(seeds)/AuCl4

�/Cl�/PVP/EG solutions
under MW heating.

In the case of Ag nanostructures, some shapes have been
prepared at high yields in the presence of halogen anions, such
as Cl�, NO3

�, and Fe3
þ due to selective oxidative etching of

Ag particles.16 In general, Au particles are more resistant to
oxidative etching than Ag ones are. However, it has recently
been found that AuCl4

� and Cl� anions oxidatively etch Au
nanoparticles in the presence of CTAB and CN� anions.17,18

The present data, shown in Figs. 1 and 2, suggest that either
oxidative etching of Au seeds also occurs in the AuCl4

�/Cl�/
PVP/EG solutions under MW heating or morphology changes
take place in the present system. Why such significant changes
in shapes and sizes of Au nanoparticles occur at the [Au]1/
[Au]0 molar ratio of 4 will be discussed later by using more
experimental data, including changes in colors and absorption
spectra of various Au seed solutions with an increase in the
solution temperature.

To obtain information on optical properties of Au nano-
structures, absorption spectra of product solutions in proce-
dures (1) were measured in the UV–vis–NIR region (Fig. 3).
It is known that the observed wavelengths and absorbance of
surface plasmon resonance (SPR) bands depend on their
shapes and sizes of metallic nanoparticles. When isotropic
spherical Au particles are prepared, symmetrical single SPR
bands of Au nanoparticles are observed in the 500–700 nm
region with a peak at �570 nm.9,20–22 It is well-known that
SPR bands of anisotropic oblate, platelet, prism, and 1-D prod-
ucts deviate from a single-peak feature and split into two
or more peaks due to in- and out-of-plane plasmon reso-
nance.9,21,22 In Fig. 3, SPR band with two peaks at �570

and �600 nm became strong and broad with an increase in
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Fig. 3. UV–vis–NIR spectra of products obtained from
the Au(seeds)/AuCl4

�/Cl� (3.3mM)/PVP/EG system
at various [Au]1/[Au]0 ratios.
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the [Au]1/[Au]0 molar ratio from 0 to 2 due to an increase in
the sizes of anisotropic Au nanoparticles. The �570 and
�600 nm SPR peaks shifted to�600 and �680 nm, respective-
ly, and the relative intensity of the �600 nm peak to that of
the �570 nm peak became stronger in the same [Au]1/[Au]0
molar ratio range. At a [Au]1/[Au]0 molar ratio of 3, the
SPR peaks blue shifted and became broad. At a [Au]1/[Au]0
molar ratio of 4, the SPR peak shifted to �550 nm with a
single peak having a long tail band in the vis–NIR region.
These significant spectral changes are consistent with the
shape and size changes in the TEM images of products below
and above a molar ratio of 4. At the high [Au]1/[Au]0 molar
ratios of 6–9, only weak broad bands due to reflection of large
anisotropic products were observed.

Procedure (2), Effects of Cl�. To obtain further informa-
tion on roles of Cl� for Au seeds, Au nanoparticles were pre-
pared through procedure (2). Figure S2 (Supporting Informa-
tion) shows TEM images obtained from the Au(seeds)/Cl�

(0–48mM)/PVP (1M)/EG system under MW irradiation for
3min. Figures S3 and S4 (Supporting Information) show shape
distributions and UV–vis–NIR spectra obtained at various
Cl� concentrations. No significant changes were observed in
the shapes and the sizes of the products, and small changes
in UV–vis–NIR spectra were observed upon the addition of
NaCl. On the basis of these facts, it was concluded that Cl�

anions scarcely etch Au seeds in EG below 198 �C without
the presence of AuCl4

� anions.
Procedure (3), Effects of AuCl4

� + Cl�. In procedure
(1), significant shape and size changes were observed upon the
addition of AuCl4

� anions to the Au seed solutions, whereas
little changes were found after the addition of Cl� anions to
Au seeds in procedure (2). To obtain information on the
addition effects of Cl� anions in the presence of AuCl4

�, Au
nanoparticles were prepared through procedure (3). Figure 4
shows typical TEM images of product Au nanoparticles
obtained from the Au(seeds)/AuCl4

�/Cl� (3.3–51mM)/PVP
(1M)/EG system at a [Au]1/[Au]0 molar ratio of 3. At a
Cl� concentrations of 3.3mM, a mixture of spherical, triangu-
lar, and octahedral particles formed. At Cl� concentrations of
13 and 32mM, besides small amounts of triangular and deca-
hedron particles observed in procedure (1), icosahedral parti-
cles with uniform sizes formed preferentially, and the yields
of spherical and octahedral particles greatly decrease. At the
highest Cl� concentration of 51mM, the yield of icosahedral
particle became small, and larger spherical, triangular, and
decahedral particles were the dominant products.

In order to obtain definite information on shapes of Au
nanoparticles, SEM images were observed at a Cl� concentra-
tion of 32mM. Figure 5a shows a typical SEM image of a
mixture of various shapes of particles. Figures 5b–5g show
typical triangular, hexagonal, octahedral, decahedral, icosa-
hedral, and 1-D products, respectively. The TEM-SAED
pattern of icosahedral particle was also measured (Fig. S5
(Supporting Information)), and a typical hexagonal pattern
for icosahedral particles was observed, which is consistent
with the predicted pattern.23 On the basis of the TEM, TEM-
SAED, and SEM data, it is clearly demonstrated that octa-
hedral particle is single crystal, triangular and hexagonal plates
consist of single-twin particles (STP), decahedral and icosa-

hedral particles are multiple-twin particles (MTP), respectively
(Fig. 6). It was found that spherical particles were quasi-spher-
ical polycrystals having many facets from SEM images and
minor 1-D products were ribbon-like plate having {111} facets
on the top and down plates. In Fig. 6 are summarized the crys-
tal structures of each product and their growth mechanisms on
the basis of growth mechanisms of such FCC crystals as Au
and Ag.24–28

Figures 7a–7f show TEM images of Au nanostructures
obtained from the Au(seeds)/AuCl4

�/Cl� (32mM)/PVP/EG
system at [Au]1/[Au]0 ratios of 1–9. Although the yield of
icosahedral particles was very small in the low [Au]1/[Au]0
ratio range of 1–2, it increased rapidly at [Au]1/[Au]0 ratios
above 3. In Figs. 8a and 8b are summarized the dependence
of shape and size distributions of each product on the Cl� con-
centration and the [Au]1/[Au]0 ratio under the experimental
conditions shown in Figs. 4 and 7, respectively. The addition
of Cl� anions caused the yield of icosahedral particles to
increase, whereas those of the other particles decreased. The
yield of icosahedral particles had a maximum at a Cl� concen-
tration of 13mM (Fig. 8a-1) and at a [Au]1/[Au]0 ratio of
4 (Fig. 8a-2). The size of triangular particle increased with
an increase in the Cl� concentration, whereas no significant
changes in sizes are observed for octahedral and icosahedral
particles (Fig. 8b-1). The sizes of spherical, hexagonal, and
decahedral particles decreased in the concentration range of
3.3–13mM range and then increased in the range of 13–
51mM (Fig. 8b-1). Sizes of the particles had a maximum
in the [Au]1/[Au]0 ratio range of 2–6, and they were small
at a [Au]1/[Au]0 ratio of 1 and a [Au]1/[Au]0 ratio of 9
(Fig. 8b-2).

Figures 9a and 9b show UV–vis–NIR absorption spectra of
Au products, shown in Figs. 4 and 7, respectively. In Fig. 9a,
the SPR band of Au seeds with a peak at �550 nm became

200 nm

200 nm

200 nm

(b) Cl- = 13 mM

(c) Cl- = 32 mM (d) Cl- = 51 mM

(a) Cl- = 3.3 mM

200 nm

Fig. 4. TEM images of Au nanoparticles prepared from the
Au(seeds)/AuCl4

�/Cl� (3.3–51mM)/PVP/EG system at
a constant [Au]1/[Au]0 molar ratio of 3.
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Fig. 5. SEM images of Au nanoparticles prepared from the Au(seeds)/AuCl4
�/Cl� (32mM)/PVP/EG system at a [Au]1/[Au]0

molar ratio of 3.
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(a) [Au]1 / [Au]0 = 1 (b) [Au]1 / [Au]0 = 2 (c) [Au]1 / [Au]0 = 3

(d) [Au]1 / [Au]0 = 4 (e) [Au]1 / [Au]0 = 6 (f) [Au]1 / [Au]0 = 9

200 nm 200 nm 200 nm

200 nm 200 nm 200 nm

Fig. 7. TEM images of Au nanoparticles prepared from the Au(seeds)/AuCl4
�/Cl� (32mM)/PVP/EG system at various

[Au]1/[Au]0 molar ratios.

D
is

tr
ib

u
ti

o
n

s 
/ %

Cl- / mM

A
ve

ra
g

e 
si

ze
s 

/ n
m

D
is

tr
ib

u
ti

o
n

s 
/ %

A
ve

ra
g

e 
si

ze
s 

/ n
m

(a-1)

(b-1)

(a-2)

(b-2)

[Au]1 / [Au]0 ratio

Fig. 8. (a1) and (b1): Dependence of shape and size distributions of Au nanoparticles prepared from the Au(seeds)/AuCl4
�/Cl�

(3.3–51mM)/PVP/EG system at a constant [Au]1/[Au]0 molar ratio of 3. (a2) and (b2): Dependence of shape and size distributions
of Au nanoparticles prepared from the Au(seeds)/AuCl4

�/Cl� (32mM)/PVP/EG system at various [Au]1/[Au]0 molar ratios.

2030 Bull. Chem. Soc. Jpn. Vol. 80, No. 10 (2007) Etching and Growth of Gold Nanocrystals



broad and shifted to �660 nm at a Cl� concentration of 3.3
mM. It became stronger and shifted again to �570 nm at a
Cl� concentration of 13mM. The peak became weak and
broad at Cl� concentrations of 32 and 51mM. One reason
for this is the formation of large aggregated particles due to
salting-out of Au nanoparticles at high Cl� concentrations.
In Fig. 9b, the SPR band of Au seeds became strong, and
the peak at �540 nm shifted to �640 nm at a [Au]1/[Au]0 ratio
of 1. At [Au]1/[Au]0 ratios of 2 and 3, the SPR bands became
very weak probably due to salting-out. However, with an in-
crease in the [Au]1/[Au]0 ratio from 4 to 9, the SPR band with
a long tail band became strong again due to a decrease in sizes
of Au nanoparticles in this range. The peak of SPR band at the
highest ratio of 9 was observed at �570 nm, which is similar to
that of Au seed solution.

Changes in Colors of Solutions and Absorption Spectra
[Procedure (4)]. In this study, we studied the shape- and
size-controlled synthesis of Au nanocrystals in the presence
of Au seeds. It was found that the shapes and the sizes of
Au nanocrystals depended significantly on the concentrations
of AuCl4

� and Cl� anions. To obtain more information on
the mechanism of shape and size changes of Au nanostructures

in the present system, colors of reagent and product solutions
and their UV–vis–NIR absorption spectra were measured
at various conditions using both MW and oil-bath heating.
Figure 10a shows the colors and UV–vis absorption spectra
of AuCl4

� (2.4mM)/PVP (1M)/EG solutions obtained at
various temperatures under MW heating. The solution color
before MW heating (20 �C) was yellow and transparent. The
yellow color became light in the range of 70–145 �C and col-
orless at 155 �C. The UV–vis spectrum before MW heating,
shown in Fig. 10b, had of a single symmetric band for AuCl4

�

complex anion in the 280–380 nm region with a peak at
�322 nm. This peak became weak with an increase in the
solution temperature and almost disappeared at 155 �C. The
color of solution at 160 �C was similar to that at 155 �C. After
the solution temperature was increased above 160 �C, the solu-
tion became red and brown due to the formation of Au nano-
particles, as shown in Fig. 10a at 168 and 198 �C. These results
suggest that the reduction of AuCl4

� anion to AuCl2
� + 2Cl

(or Cl2) starts at about 70
�C and further reduction of AuCl2

�

to Au0 þ Cl� þ Cl occurs above �160 �C:

AuCl4
� ! AuCl2

� þ 2Cl (or Cl2); ð3Þ
AuCl2

� ! Au0 þ Cl� þ Cl: ð4Þ

When EG was used as a solvent and a reductant, Au particles
are produced by the following two step reaction sequence:4

CH2OH{CH2OH ! CH3CHOþ H2O; ð5aÞ
6CH3CHOþ 2Au3þ ! 2Auþ 6Hþ þ 3CH3COCOCH3: ð5bÞ

However, we think that, besides the second reaction (5b), the
following reaction must occur above �160 �C in the present
experiments, because Au3þ is partly reduced to Auþ via pro-
cess (3) before �160 �C:

2CH3CHOþ 2Auþ ! 2Auþ 2Hþ þ CH3COCOCH3: ð5cÞ

Figures 11a and 11b show color changes of solutions of the
Au(seeds)/AuCl4

�/Cl� (3.3mM)/PVP/EG and Au(seeds)/
AuCl4

�/Cl� (32mM)/PVP/EG systems at a [Au]1/[Au]0
ratio of 6 under the oil-bath heating, respectively. In Fig. 11a,
the brown Au seed solution became light in the range of 80–
100 �C. The color changed to red in the range of 110–165 �C
and dark brown again at 198 �C, due to the formation of Au
nanoparticles in the range of 165–198 �C. On the other hand,
more dramatic changes in colors of solutions were observed
at a Cl� concentration of 32mM after adding NaCl, as shown
in Fig. 11b. The brown Au seed solution became light at 60 �C
and became red, pale red, and orange in the range of 80–
110 �C. It should be noted that the color became yellow
and transparent at 120 �C, which are the same as that of the
original solution of AuCl4

� (2.4mM)/PVP (1M)/EG solution
(Fig. 10a). The yellow color became light and colorless at
162 �C, as observed for the original solution of AuCl4

� (2.4
mM)/PVP (1M)/EG solution at 155 �C (Fig. 10a). At 198 �C,
a brown solution was obtained due to the formation of Au
nanoparticles above 162 �C.

Figures 11c and 11d show UV–vis–NIR spectra of solutions
of Figs. 11a and 11b, respectively, at various temperatures.
The absorption spectrum of the Au seed solution had an
asymmetric SPR band for anisotropic Au nanoparticles with
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a peak at �540 nm. In Fig. 11c, at 80 �C, the asymmetric peak
changed to a symmetric one at the same wavelength, which is
similar to the SPR band of spherical Au nanoparticles. The
increase in the absorbance in the temperature range of 80–
110 �C is explained by larger absorption coefficients of iso-
tropic spherical nanoparticles than those of anisotropic seeds.
The symmetric SPR band with a single peak at �540 nm
became further weak in the temperature range of 130–150 �C
due to oxidative etching, and became strong and shifted to
red in the temperature range of 150–198 �C due to crystal
growth. In Fig. 11d, the asymmetric peak for Au seeds also
changed to a symmetric one at a low temperature of 60 �C.
With an increase in the solution temperature from 60 to
110 �C, the symmetric band at �540 nm became weak and dis-
appeared in the range of 120–162 �C. In both Figs. 11c and
11d, a strong SPR band with a tail band in the longer wave-
length region was observed at 198 �C, due to the formation
of large particles having spherical shape or less sharp edges
than those obtained by MW heating in the range of 162–198
�C. The above results at a [Au]1/[Au]0 ratio of 6 indicates that
Au seeds are etched to small isotropic particles in the range
of 80–165 �C range for the Au(seeds)/AuCl4

�/Cl� (3.3mM)/
PVP/EG system, whereas Au seeds are more rapidly etched
and converted to ultrafine Au nanoparticles (diameter < 2
nm), Au clusters, and AuCln

� (n ¼ 4 and 2) anions in the
range of 120–162 �C for the Au(seeds)/AuCl4

�/Cl� (32mM)/
PVP/EG system. The change in the color from yellow to trans-
parent in the range of 120–162 �C indicates that the reduction

of AuCl4
� to AuCl2

� occurs in this temperature range.
The effects of the Cl� concentration were studied in Fig. 11

at a constant [Au]1/[Au]0 ratio of 6. We also examined the
effects of the [Au]1/[Au]0 ratio under the oil-bath heating.
Figure 12a shows the color changes of the Au(seeds)/AuCl4

�/
Cl� (3.3mM)/PVP/EG solution at the highest [Au]1/[Au]0
ratio of 9. It should be noted that brown solution changes to
red in the 100–130 �C range, orange at 140 �C, and light
yellow and transparent in the 150–158 �C range, and finally
orange solution was obtained at 198 �C. The UV–vis–NIR ab-
sorption spectra are shown in Fig. 12b. These spectral changes
are similar to those observed in the Au(seeds)/AuCl4

�/Cl�

(32mM)/PVP/EG system at a [Au]1/[Au]0 ratio of 6
(Fig. 11b). Thus, it was concluded that oxidative etching of
Au seeds to ultrafine Au nanoparticles (diameter < 2 nm), Au
clusters, and AuCln

� (n ¼ 4 and 2) also occurs in the 150–
158 �C range at a high [Au]1/[Au]0 ratio of 9.

Figure 12c show TEM images of Au nanoparticles obtained
at 100 and 110 �C. Many quasi-spherical particles were ob-
served at 100 �C, due to oxidative etching of anisotropic parti-
cles by the AuCl4

� + Cl� anions. It should be noted that such
quasi-spherical particles disappeared at 110 �C and a large
amount of decahedral particles appeared. This result suggests
that either spherical particles are more rapidly etched than
the decahedral particles or some quasi-spherical particles
change to decahedral particles in this temperature range. Au
seed solutions became yellow as in the case of original AuCl4

�

(2.4mM)/PVP (1M)/EG solution in the range of 150–158 �C
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range, indicating that all Au seeds are etched and dissolved as
ultrafine Au nanoparticles (diameter < 2 nm), Au clusters, and
AuCln

� (n ¼ 4 and 2) anions in this temperature.
It is known that the intensity of SPR bands of spherical Au

nanoparticles decreases with decreasing diameter from 100 to
5 nm and almost disappears below about 2 nm. This means that
there is a possibility that small Au nanoparticles less than 2 nm
remain in the yellow solutions. It was difficult to observe TEM
images of Au nanoparticles, because such small Au nanoparti-
cles could not be separated by using centrifugal separation. In
addition, the boiling point of EG (198 �C) was too high to dry
the product solution on TEM grids. In order to examine wheth-
er small nanoparticles were really involved or not in yellow so-
lution after oil-bath heating in water below 100 �C, TEM
images of yellow solutions were observed.29 Since the boiling
point of water is 100 �C, it could be dried by leaving a drop of
product solution on the TEM grids overnight. We could ob-
serve small Au nanoparticles with average diameters of 2–3
nm from the yellow solutions in the Au(seeds)/AuCl4

� (14.4
mM)/Cl� (38.4mM)/PVP/H2O system, even though no SPR
bands were observed due to oxidative etching by AuCl4

� +
Cl� anions. On the basis of this finding, small Au nanoparti-
cles (<3 nm) may also remain in yellow EG solution in many
cases. The small particles act as nucleation seeds in the forth-
coming reduction of metallic ions at higher temperatures.

Finally, effects of MW irradiation were studied by observ-
ing the changes in the color of reagent solutions. Figure 13a
shows original yellow and transparent AuCl4

� (2.4mM)/PVP
(1M)/EG solution and brown Au(seeds)/Cl� (3.3mM)/PVP
(1M)/EG solution before MW heating. Figures 13b–13d show
colors of Au(seeds)/AuCl4

�/Cl�/PVP/EG solutions with Cl�

concentrations of 0, 3.3, and 32mM, respectively, at 160 �C
and various [Au]1/[Au]0 ratios. Although there was little color
change at a [Au]1/[Au]0 ratio of 3 in Fig. 13b, the solution
became red at a [Au]1/[Au]0 ratio of 6. This suggests that
AuCl4

� alone has a weak ability to etch Au seeds. As shown
in Fig. 10, AuCl4

� anions decomposed preferentially leading
to Cl� ions in the solution temperature range of 70–160 �C.
This result indicates that Cl� anions are produced in the pres-
ence of AuCl4

� anions through decomposition below �160
�C, even if there are no Cl� anions in the initial Au seed solu-
tion at 20 �C. Thus, AuCl4

� and Cl� resulting from HAuCl4
contribute to the etching of Au seeds in Fig. 13b. In Fig. 13c,
3.3mM of Cl� anions were initially involved in the solutions
through the first process for the preparation of the Au seeds. In
such a condition, the colors of the solutions at [Au]1/[Au]0
ratios of 3, 4, and 6 were red, orange, and yellow, respectively,
at 160 �C. In the case of oil-bath heating, the color of the solu-
tion at 160 �C was red at a [Au]1/[Au]0 ratio of 6 (Fig. 11a).
This shows a direct evidence that Au seeds are etched more

(d) Cl- = 32 mM

AuCl4
- solution Au seed solution

[Au]1 / [Au]0 = 3 [Au]1 / [Au]0 = 4 [Au]1 / [Au]0 = 6

[Au]1 / [Au]0 = 1 [Au]1 / [Au]0 = 2 [Au]1 / [Au]0 = 3 [Au]1 / [Au]0 = 6

(a)

(c) Cl- = 3.3 mM

(b) Cl- = 0 M
[Au]1 / [Au]0 = 3 [Au]1 / [Au]0 = 6

Fig. 13. (a) AuCl4
� (2.4mM)/PVP (1M)/EG solution before heating and Au(seeds)/Cl� (3.3mM)/PVP/EG solution prepared

under the standard condition. (b)–(d) color of solutions for the Au(seeds)/AuCl4
�/PVP/EG system under MW heating at

160 �C at various Cl� concentrations and [Au]1/[Au]0 molar ratios. Colors were measured by diluting original solutions in EG
by a factor of 10.
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rapidly in the MW heating than in the oil-bath heating at the
same solution temperature. At a high Cl� concentration of
32mM, the etching rate of Au seeds becomes fast. Therefore,
the colors of solution at 160 �C were red at a low [Au]1/[Au]0
ratio of 1 and orange or yellow at high [Au]1/[Au]0 ratios
of 2–6.

The effects of MW irradiation have been studied by Tanaka
and Sato using frequency response analysis of metallic nano-
particles and molecular dynamics simulation of water and a
dilute saline solution.30,31 They have found that metallic nano-
particles are heated by skin effects of MW penetrated into
insides of nanoparticles. The penetration depth of MW is esti-
mated to be on the order of a few mm, which is larger than the
particle size.32 They have also found that a dilute NaCl solu-
tion is heated more significantly than pure water by MW irra-
diation. This is due to rapid heating of salt ions, especially that
of large salt ions Cl�, through field-induced motion by the
MW electric field and energy transfer by the interactions
between salt ions and water molecules. We studied effects of
MW irradiation. At first, we compared the decomposition rates
of AuCl4

� under MW and oil-bath heating by observing reduc-
tion of an AuCl4

� absorption peak in EG solution in the tem-
perature range of 20–160 �C. The reduction rate of the AuCl4

�

absorption peak in the oil-bath heating was similar to that in
the MW heating (Fig. 10). Thus, there is no difference in the
thermal decomposition rate of AuCl4

� via process (3) between
the two heating methods. On the other hand, Au seeds are etch-
ed more rapidly under MW heating. One reason for the faster
etching rate under MW irradiation will be MW heating of
Au seeds due to the penetration of MW through Au nano-
particles. Another reason will be rapid heating of Cl� and
AuCl4

� anions by MW irradiation, which enhances the etching
rate of Au seeds.

As shown above, we found that Au seeds are etched in both
MW and oil-bath heating below �160 �C. They were partially
or completely etched depending on heating methods, heating
temperature, and concentrations of AuCl4

� + Cl� ions. How-
ever, an important point is that, after heating solutions from
�160 to 198 �C, highly crystalline polygonal particles with
well-defined facets were preferentially synthesized only in
MW heating. In the case of oil-bath heating, the major prod-
ucts obtained from the same Au seeded medium after heating
at 198 �C were spherical particles or polygonal particles hav-
ing less sharp edges, due to lower degree of crystallinity. Simi-
lar large spherical particles have also been obtained from the
HAuCl4�4H2O/PVP/EG system under oil-bath heating with-
out using Au seeds.4,10 These results led to conclusion that
MW heating is necessary for the preparation of Au nano-
crystals with well-defined facets. In our experiments, the
formation of Au nanocrystals took place in the high tempera-
ture range of 160–198 �C. In the case of MW heating, nanopar-
ticles will be more locally heated due to the penetration of
electromagnetic wave into nano-sized metallic particles under
growth. This is a major reason for the formation of Au nano-
crystals with well-defined facets under MW heating.

Etching and Growth Mechanisms of Au Nanostructures.
Rodrı́guez-Fernández et al. have recently reported that Au0

metals are etched by AuCl4
� + Cl� ions in the HAuCl4�

3H2O/NaBH4/CTAB/H2O system:17

2Au0 þ AuCl4
� þ 2Cl� ! 3AuCl2

�: ð6Þ

Here, Cl� anions are supplied from decomposition of AuCl4
�

anions during the reduction by NaBH4. They reported that
reaction (6) only took place in the presence of CTAB, because
of a change in the reduction potential of AuCl4

�, and led to
gradual oxidation of Au nanoparticles. In the present study,
we found that Au seeds were etched in the Au(seeds)/
AuCl4

�/Cl�/PVP/EG system under MW and oil-bath heat-
ing. We found that the oxidative etching of Au seeds occurred
only in the presence of both AuCl4

� and Cl� ions. It was
therefore concluded that oxidation reaction (6) also took place
in the present Au(seeds)/AuCl4

�/Cl�/PVP/EG system. Only
large spherical particles were obtained without addition of
PVP, as reported in our previous paper.4 It is therefore highly
likely that PVP not only acts as a protecting agent for aggrega-
tion of Au nanoparticles but also contributes to the formation
of nanocrystals with well-defined facets and sharp edges by
selective adsorption of PVPs on specific facets of growing
crystals.

We found that the spherical particles were polycrystals, the
octahedral particles were single crystals, triangular and hex-
agonal plate-like particles were STPs, and decahedral and
icosahedral particles were MTPs. It has been known for Ag
nanoparticles that MTPs are etched by Cl�/O2, whereas such
single crystals as cubic particles are inactive for oxidative
etching.16 From our recent oxidative etching studies on Ag
and Au@Ag particles by Cl�/O2 under MW–polyol method,
a slightly different etching selectivity has been obtained.33 In
our case, spherical Ag particles were etched, and not only
single cubic crystals but also triangular pyramidal STPs and
decahedral MTPs were not. In the present study, it was clearly
shown that different shape selective etching occurs in the case
of Au nanoparticles. The etching rates of the spherical and
octahedral Au nanoparticles by AuCl4

� + Cl� anions were
faster than those of single-twin and multiple-twin Au nano-
particles. Therefore, single-twin triangular plates and multi-
ple-twin decahedral and icosahedral particles were preferen-
tially produced.

It was found that etching rate of Au seeds depended on the
concentrations of both AuCl4

� and Cl� anions. The etching
rate increased with increasing the AuCl4

� concentration. On
the other hand, the etching rate of Au seeds had a maximum
at a Cl� concentration of about 10mM, because salting-out
of Au nanoparticles occurs at high NaCl concentrations. On
the basis of many experiments involving Procedures (1)–(4),
we found that there were three typical cases in the etching
process of Au seeds by AuCl4

� + Cl� anions below �160
�C and crystal growth of Au nanoparticles in the 160–198 �C
range under MW heating. Two typical limited cases are shown
in Fig. 14. The first limited case (case (a) in Fig. 14) involved
etching of the Au seeds, which partially occurred below
�160 �C and at low AuCl4

� + Cl� concentrations. In this
case, little change in the number of Au seeds occurs due to in-
complete etching of Au seeds and the deposition of Au layers
occurs over the Au seeds in the range of 160–198 �C. In such a
case, major products are triangular and octahedral particles,
which are the same as those involved in the Au seeds (e.g.
below a [Au]1/[Au]0 ratio of 2 in Fig. 2). The second limited
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case (case (b) in Fig. 14) is that Au seeds are completely etch-
ed by AuCl4

� + Cl� anions until �160 �C (e.g. above [Au]1/
[Au]0 ratios of 4 in Fig. 2). In this case, the shapes and sizes of
product particles are determined from shapes of new Au seeds,
the formation of which is favorable under the new given con-
ditions. The third case is an intermediate case between the
above two cases (e.g. [Au]1/[Au]0 ratios of 2–4 in Fig. 2).
In this case, spherical particles are partially dissolved at
[Au]1/[Au]0 ratios of 3–4, and octahedral particles are partial-
ly dissolved at [Au]1/[Au]0 ratios of 2–4 due to the occurrence
of shape selective etching by AuCl4

� + Cl� anions below
�160 �C. In this case, shape and size distributions are inter-
mediate between limited cases (a) and (b).

All Au seeds are dissolved into solutions as Au clusters and
AuCln

� (n ¼ 4 and 2) in case (b). In this case, not only the sta-
bility of crystal structures for etching but also the number den-
sity of Au0 atoms is an important factor for the final shapes of
products. Crystal growth of silver halides, having FCC crystal
structures, has been extensively studied due to their application
to photographic technologies. According to the modeling of
twinning processes during the precipitation of AgBr, the prob-
ability of subsequent twinning of an adjoining face must be
high for the formation of multiple twin crystals.34 Such a prob-
ability is high when the nuclei is exposed to the twinning en-
vironment at high reagent ion concentrations. The probability
of twinning is expected to be low, when the number density of
Au0 atoms prepared in solution is small at low AuCl4

� + Cl�

concentrations. Therefore, single crystal particles, such as
octahedral particles, formed by low solution supersaturation,
are produced at low AuCl4

� concentration. On the other hand,
single twin and multiple twin particles, formed through in-
stability of high solution supersaturation due to high rate of

addition of growth species (Au0), are preferentially produced
at high AuCl4

� + Cl� concentrations. This is a major reason
for the preferential formation of Au twin crystals in the present
systems at high AuCl4

� + Cl� concentrations.
We found that decahedral particles were favored at high

AuCl4
� concentrations, whereas icosahedral particles were

favored at high Cl� concentrations. Since the etching rate of
Au seeds by AuCl4

� + Cl� anions is enhanced in the presence
of appropriate amounts of Cl� anions, more Au0 atoms are
generated by the addition of NaCl. At higher Au0 concentra-
tions, the probability of the formation of icosahedral particles
having more twin planes will be larger than that of decahedral
particles. This is the main reason why icosahedral particles are
produced predominantly by the addition of NaCl. When Au
nanoparticles are prepared in the AuCl4

�/Cl�/PVP/EG sys-
tem without the presence of Au seeds, single-twin plate-like
particles are dominant particles and multiple-twin decahedral
and icosahedral particles are minor or absent.35 This is attrib-
uted to the formation of a lower number density of Au0 in
such a system due to lack of etching of Au seeds by the
AuCl4

� + Cl� anions.

Conclusion

Seeded growth of anisotropic Au nanoparticles has been
studied extensively.5–8 In general, Au atoms are overgrown
on the Au seeds and shapes and sizes of Au seeds do not
change during the preparation of anisotropic Au nanoparticles.
In the present study, seeded growth of Au nanoparticles was
studied by using a MW–polyol method. The present seeded
growth system was quite unusual, because the shapes and
the sizes of Au seeds changed significantly. It was found that
shape selective etching of Au seeds occurred in the Au(seeds)/
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- + Cl- concentration

Shape selective etching and growth

Au seeds

AuCl4
-

AuCl4
-

AuCl2
-

AuCl2
-

dissolution

(b) high AuCl4
- + Cl- concentration

etching

Au cluster

AuCl4
-

Au products

Fig. 14. Etching and crystal growth mechanism of Au nanostructures from the Au(seeds)/AuCl4
�/Cl�/PVP/EG system.
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AuCl4
�/Cl�/PVP/EG system. Etching rates of Au seeds were

enhanced by adding NaCl. In general, yields of decahedral par-
ticles increased at high AuCl4

� concentrations, whereas those
of icosahedral particles became large at appropriate Cl� con-
centrations. Spherical and octahedral particles were etched
more rapidly than the single-twin and multiple-twin particles,
so that they disappeared at high AuCl4

� + Cl� concentra-
tions. These shape selective etching of Au seeds by AuCl4

� +
Cl� anions can be used as a new technique for the shape- and
size-controlled synthesis of Au nanocrystals.

It has been believed that Au metal is resistant to oxidative
etching. However, we found here that AuCl4

� from HAuCl4
itself actually etched Au particles in the range of 60–160 �C
in the presence of Cl� and PVP under MW and oil-bath
heating. The etching rate of Au seeds in the MW heating
was faster than that in the oil-bath heating probably due to
the penetration of MW through Au nanoparticles. The shape
selectivity of Au nanoparticles in etching process was different
from that of Ag: twin crystals were etched and single crystals
grew to large particles. In order to clarify why such a drastic
difference takes place between Au and Ag, further detailed
experimental and theoretical studies on the mechanisms of
shape selective crystal growth and oxidative etching of these
typical metals are necessary.

Although Au seeds were etched under both MW and oil-
bath heating below �160 �C, Au nanoparticles obtained by
the two methods after heating to 198 �C were significantly
different from each other. Highly crystalline polygonal parti-
cles were produced at high yields only under MW heating. It
was attributed to the interaction of MW with Au nanoparticles
leading to local heating of Au particles. In order to confirm the
validity of this explanation, further detailed experimental and
theoretical studies will also be necessary.
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