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Microwave-Assisted Synthesis of Metallic Nanostructures in Solution
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Introduction

A variety of metallic nanostructures, including spherical par-
ticles, sheets, plates, rods, wires, tubes, and dendrites have
generated significant scientific and technological interest,
because of their unique optical as well as novel chemical
and catalytic properties. Here, we define nanosheets as thin
nanoplates with thickness less than about 10 nm, and nano-
rods and nanowires as materials with aspect ratios of 2–20
and >20, respectively. These nanostructures have been syn-
thesized by various techniques, including chemical reduction
of metallic ions in aqueous or organic solvents.[1–3] In gener-
al, chemical reduction has been carried out by heating re-
agent solutions at 65–200 8C in an oil bath. In the oil-bath
heating, the solvent is heated by conduction and convection,
so that there is a large temperature distribution within the
solvent.

Recently, microwave (MW) dielectric heating has been
applied to the rapid synthesis of metallic nanostructures.[4–31]

MWs are a portion of the electromagnetic spectrum with
frequencies in the range of 300 MHz to 300 GHz. The com-
monly used frequency is 2.45 GHz. The principle of MW
heating of polar molecules is shown in Scheme 1 for the
case of H2O. In the microwave frequency range, polar mole-
cules such as H2O try to orientate with the electric field.
When dipolar molecules try to re-orientate with respect to
an alternating electric field, they lose energy in the form of
heat by molecular friction.

The MW power dissipation per unit volume in a material
(P) is given by Equation (1)]

P ¼ cjEj2f e00 ¼ cjEj2f e0tan d ð1Þ

Here, c is a constant, E is an electric field in the material,
f is frequency of radiation, and e’ and e’’ are the dielectric
and dielectric loss constants, respectively. e’ represents the
relative permittivity, which is a measure of the ability of a
molecule to be polarized by an electric field and tand=e’’/e’
is the energy dissipation factor or loss tangent. Equation (1)
indicates that e’’ is the most important physical parameter
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Abstract: Microwave (MW) rapid heating has received
considerable attention as a new promising method for
the one-pot synthesis of metallic nanostructures in solu-
tions. In this concept, advantageous application of this
method has been demonstrated by using some typical
examples for the preparation of Ag, Au, Pt, and AuPd
nanostructures. Not only spherical nanoparticles, but
also single crystalline polygonal plates, sheets, rods,
wires, tubes, and dendrites were prepared within a few
minutes under MW heating. Morphologies and sizes of
nanostructures could be controlled by changing various
experimental parameters, such as the concentration of
metallic salt and surfactant polymer, the chain length of
the surfactant polymer, the solvent, and the reaction
temperature. In general, nanostructures with smaller
sizes, narrower size distributions, and a higher degree of
crystallization were obtained under MW heating than
those in conventional oil-bath heating. The origin of
these characteristic features under MW irradiation is
discussed in terms of thermal and non-thermal effects
under MW irradiation.
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that describes the ability of a material to heat in the MW
field. The physical parameters of typical solvents used in
MW heating for synthesis of metallic nanostructures are
listed in Table 1.

Water, alcohols, DMF, and ethyleneglycol (EG) have high
dielectric losses and a high reduction ability. Therefore, they
are ideal solvents for MW rapid heating. The MW heating
in these solvents in the presence of surfactants has been
used to synthesize nanoparticles of various metals (Ni, Ru,
Rh, Pd, Ag, Ir, Pt, Au,),[4–23] metallic compounds (PtRu,
TiO2, CdS, CdSe, MoSe2, PbS, HgS, CuInTe2, CuInSe2), and
Au/Pd core-shell structures.[24–31] Herein, we focus on recent
developments in the areas of MW-assisted synthesis of met-
allic nanostructures in solutions.

Microwave-Heating Apparatus

A typical experimental apparatus used for the MW heating
is shown in Figure 1. A commercial MW oven is modified by
installing a condenser and thermocouple through holes in
the top and a magnetic stirrer plate coated with Teflon in
the bottom of the oven. A thermocouple made of an optical
fiber, which is not damaged under MW irradiation, is used.
A glass flask is placed in the MW oven with a power of 300–
1100 W and connected to a condenser, into which a mixture
of metallic salt, surfactant, and, if necessary, a small amount
of nucleation reagent is added. A surfactant such as polyvi-
nylpyrrolidone (PVP) acts as a stabilizer for the product
nanostructures. The reagent solution is irradiated by MW in
a continuous wave (CW) mode or a pulse mode. The pulse
mode is more useful for the temperature control of the heat-
ing media. Products particles are generally characterized by

using transmission electron microscopy (TEM), scanning
electron microscopy (SEM), selected area electron diffrac-
tion (SAED) pattern, X-ray diffraction (XRD), and UV-
visible absorption spectroscopy. Before measuring the TEM
photographs, surfactants were often separated from nano-
structures by centrifugation.

Possible Effects of MW Heating

There are two kinds of effects of MW dielectric heating:
thermal and non-thermal.[33] Thermal effects arise from dif-
ferent temperature regimes under MW heating, whereas
non-thermal effects result from effects inherent to the MWs.
These effects lead to different morphologies and sizes of
metallic nanostructures under MW heating from those in
the conventional oil-bath heating.

Thermal effects (effects of rapid and uniform heating): MW
provides rapid and uniform heating of reagents, solvents, in-
termediates, and products. Fast heating accelerates the re-
duction of metal precursors and the nucleation of the metal
cluster, resulting in monodispersed small nanostructures.
When MWs are incident perpendicular to the surface of a
solvent, their intensity is attenuated in the direction of inci-
dence. However, for the most materials, the distance in the
direction of penetration at which the incident power is re-
duced to half of its initial value is quite long. Therefore, the
power dissipation is fairly uniform throughout the solvent.

Scheme 1. Heating mechanism of H2O by microwave irradiation.

Table 1. Physical parameters of typical solvents used for microwave heat-
ing.[32]

B.p. [8C] e’ e’’ tan d

water 100 78.3 12.3 0.157
methanol 65 32.7 20.9 0.639
ethanol 78 24.3 6.08 0.200
N,N-dimethyl formamide (DMF) 153 36.71 – –
ethylene glycol (EG) 198 41.0 41.0 1.00
N-methyl pyrrolidone (NMP) 202 32.0 8.855 0.277 Figure 1. Apparatus used for the microwave-assisted synthesis of metallic

nanostructures.
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This homogeneous MW heating also provides uniform
nucleation and growth conditions, leading to uniform nano-
materials with small sizes. Due to rapid and homogeneous
MW heating, a better crystallinity can be obtained. There-
fore, such single-crystalline nanostructures as polygonal
plates, rods, and wires could be synthesized efficiently in
many cases.

Effects of hot spots and hot surfaces: When some solids
heated by MW are involved in the reaction system, hot
spots are created on the solid–liquid surfaces. Hot surfaces
on solid metals are also created by adsorption of surfactant
with a large dielectric loss constant. For example, an aprotic
polar molecule N-methylpyrrolidone (NMP) has a large di-
electric loss constant as shown in Table 1. MW irradiation
accelerates the coherent heating of poly(vinyl pyrrolidone)
(PVP) as a polymer of NMP and PVP-stabilized metal sur-
faces. Thus, hot spots will be created on the surfaces stabi-
lized by a surfactant. The uniform formation of hot spots
and hot surfaces also accelerate the reduction of metal pre-
cursors and the nucleation of the metal cluster, leading to
uniform nanostructures with small sizes.

Superheating: Superheating of solvents over boiling points
of solvent often occurs as a consequence of the MW dissipa-
tion over the whole liquid volume.[32] This effect is especially
significant in the presence of a large amount of ions.

Non-thermal effects: In this concept, we define non-thermal
effects as those that occur under the same temperature pro-
files of solvent between MW and oil-bath heating during the
reaction. Formation of hot spots and hot surfaces are typical
non-thermal effects for the preparation of metallic nano-
structures.

MW heating induces various thermal and non-thermal ef-
fects described above. In the next section we would like to
show some examples of advantageous application of MW
heating to the synthesis of metallic nanostructures in so-
lution.

Synthesis of Gold Nanostructures

Preparation of Au spherical nanoparticles: Au nanoparticles
have been synthesized by reduction of Au salts in various
solvents under oil-bath heating for many hours. When
HAuCl4 was reduced in methanol,[5] ethanol,[6] or DMF[8] for
0.5–5 min in the presence of PVP under MW heating (480–
1100 W), monodispersed, small spherical nanoparticles, with
diameters below 11 nm, were synthesized within a few min-
utes. Recently, Liu et al.[12] prepared spherical Au particles
by using a closed chamber of an MW system with precise
temperature control function. When HAuCl4 was reduced in
an aqueous solution containing citrate as a stabilizer for 15–
30 min, Au particles sizes could be reduced from 85 to
13 nm with increasing reaction temperature, heating time,
and rate of temperature increase.

Preparation of Au polygonal plates: We have succeeded in
preparation of triangular, truncated-triangular, square, pen-
tagonal, and hexagonal nanoplates by reducing HAuCl4 in
EG in the presence of PVP at 198 8C within a few min-
utes.[13,22] To examine whether the formation of these
polygonal nanoplates arises from thermal or non-thermal ef-
fects, Au nanostructures obtained under MW heating and
oil-bath heating have been compared. Figure 2 shows tem-

perature profiles of the HAuCl4/PVP/EG solution for differ-
ent heating times with continuous wave (CW) or pulse
mode MW irradiation and in an oil-bath. For the solution ir-
radiated by CW MW (400 W), the temperature increases
linearly with a fast heating rate and reached 196 8C after
1 min. For the same solution heated in the oil bath (500 W),
the temperature increases more slowly. The solution needed
18 min heating in the oil-bath to reach 196 8C. Then, it was
kept at the same temperature for 1 min. Thus, the total heat-
ing times in MW and oil-bath heating were 2 and 19 min, re-
spectively. A pulse mode of MW was also used, as shown in
Figure 2, in order to obtain a similar slow heating rate to
that in oil bath.

The TEM photographs of Au nanoparticles obtained by
CW MW and oil-bath heating as well as histograms of prod-
uct distributions are compared in Figure 3a and b. It should
be noted that besides a small amount of spherical nanoparti-
cles, triangular, square, pentagonal, and hexagonal nano-
plates with diameters or edge lengths of 30–90 nm are pro-
duced under CW MW irradiation. The uniform contrast of
polygonal structures in TEM images clearly demonstrates
that these structures are thin plates. In the oil-bath heating,
the fraction of large spherical particles (100–190 nm) in-
creases and a small amount of rodlike particles are also
formed. Polygonal nanoplates obtained in the oil-bath heat-

Figure 2. Dependence of temperature on the reaction time for HAuCl4·4-
H2O/PVP(40K)/EG heated by CW or pulse MW and in an oil bath. MW
pulses used are also shown. Reprinted from reference [13] copyright
(2004), with permission from Chemical Society of Japan.
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ing have less sharp edges than those formed under CW MW
heating due to a lower degree of crystallization.

SAED patterns of triangular and hexagonal nanoplates
gave the hexagonal symmetry, as shown in Figure 3a. It is
therefore rationalized that polygonal nanoplates are single
crystals and the incident electron beams are perpendicular
to the {111} facets of these nanoplates. The surface free-
energy of cubic crystal is in the order of g{110}>g{100}>

g{111}.
[34] Thus, anisotropic growth occurs by uniform heating

under MW irradiation, giving the most stable {111} face on
the top surface of the nanostructures.

Figure 3c shows the TEM photograph of products formed
under pulse MW heating and the product histogram. When
the product distribution in pulse MW heating for 19 min was
compared with that for the short CW MW heating, the frac-
tion of small spherical particles below 70 nm decreases,
while that of large spherical particles in the 120–160 nm
region increases. Moreover, the fractions of triangular nano-
plates and nanorods increase. These facts indicate that mor-
phologies and sizes of Au nanostructures change by the var-
iation of irradiation conditions such as a CW or pulse mode,
heating rate, and heating time.

There are marked differences
in the product histograms be-
tween pulse MW and oil-bath
heating for 19 min. In the case
of pulse MW heating, the frac-
tion of triangular nanoplates in
the 60–100 nm region is larger,
while that of large spherical
particles in the 100–200 nm
region is smaller than those in
the oil-bath heating. The prefer-
ential formation of nanoplates
under MW heating even at a
slow heating rate suggests that
non-thermal effects play a sig-
nificant role. One reason for a
higher degree of crystallization
leading to single-crystalline Au
nanoplates under MW heating
must be bursting nucleation due
to rapid and homogeneous die-
lectric heating, which cannot be
achieved by oil-bath heating.
The other reason will be the
formation of hot surface by ad-
sorption of surfancant PVP
with a large dielectric loss con-
stant.

Experimental parameters for
the control of morphologies
and sizes of Au nanoplates: An
outstanding feature of MW
heating for the preparation of
Au nanostructures is the prefer-

ential formation of polygonal nanoplates. To control mor-
phologies and sizes of Au nanoplates prepared by MW heat-
ing, effects of some selected experimental parameters have
been examined.

Effects of the concentrations of HAuCl4 and PVP : Figure 4
shows TEM photographs of Au nanostructures obtained at
four typical HAuCl4 and PVP concentrations. It should be
noted that morphologies and sizes of Au nanostructures
strongly depend on the concentrations of HAuCl4 and PVP.
Without addition of PVP, only large spherical gold particles
with diameters of 100–300 nm are produced due to fast
growth of particles (Figure 4a). This implies that PVP is nec-
essary for the formation of anisotropic polygonal plates,
rods, and wires. A mixture of triangular, square, and hexago-
nal polygonal nanoplates is mainly produced at low HAuCl4

and PVP concentrations (Figure 4b). Small square nanopar-
ticles are preferentially produced at a low concentration of
HAuCl4 and a high PVP concentration (Figure 4c), while
large triangular and hexagonal plates are preferentially
formed at high HAuCl4 and PVP concentrations (Figure 4d).
These results indicate that the sizes of particles and plates

Figure 3. TEM photographs of Au nanostructures obtained by a) CW MW heating for 2 min, b) oil-bath heat-
ing for 19 min, and c) pulse MW heating for 19 min, and histograms of product distributions for experiment.
Concentrations of HAuCl4·4 H2O and PVP (40 K) were 2.4mm and 0.25 m, respectively.
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generally increase with decreasing the PVP/HAuCl4 molar
ratio.

Effects of the chain length of PVP : In Figure 5 TEM photo-
graphs of Au nanostructures, the color of their solutions,
and the UV-visible absorption spectra obtained from
HAuCl4 by using PVP with molecular weights of 10, 40, and
360 K, respectively, are compared. There are significant
changes in the shape, size, and color of the product materi-
als. When a short chain PVP (10 K) is used, small spherical
nanoparticles with average diameters of 8 nm are produced.
On the other hand, triangular and hexagonal nanoplates

with average edge lengths of 65 and 80 nm are formed by
using PVP (40 K) and PVP (360K), respectively. The color
of the solution changes from wine red to blue on going from
PVP with a molecular weight of 10 K to PVP with a molecu-
lar weight of 40 or 360 K. This color change is reflected by
the shifts observed in the UV-visible absorption spectra. The
visible absorption spectrum obtained with 10 K PVP exhibits
a typical surface-plasmon band due to spherical nanoparti-
cles in the 500–600 nm region with a sharp peak at about
520 nm.[8,35] On the other hand, broader surface-plasmon
bands of Au appear in the 500–800 nm region with a peak at
about 580 nm in the presence of 40 and 360 K PVP. A com-
parison between the UV-visible absorption spectra and
TEM suggests that the longer wavelength component in the
550–800 nm region arises from surface-plasmon bands of
polygonal Au nanoplates. As shown in the case of Ag nano-
structures, UV-visible absorption spectra are useful to char-
acterize product structures from the analysis of surface-plas-
mon resonance bands.[36]

Effects of solvent : Water has a large dielectric loss factor,
though it has little reduction ability with respect to metallic
salts. Au nanostructures were prepared by using water as a
solvent. Although no reduction occurred without adding
PVP, Au nanostructures could be synthesized by premixing
PVP with HAuCl4. This suggests that PVP can reduce metal-
lic salts in water. Figure 6 shows TEM photographs of Au
nanostructures obtained from HAuCl4/PVP/H2O solutions
by using PVP (10, 40, and 360 K), respectively. Small spheri-
cal nanoparticles, and square and triangular nanoplates with
diameters or edge lengths of 2–20 nm were produced by
using a short chain PVP (10 K). SAED patterns of small
spherical nanoparticles gave ring structure, as shown in the
inset of Figure 6a, indicating that these nanoparticles are
polycrystalline. When longer chain PVPs (40, 360 K,) were
used, besides small spherical nanoparticles with diameters of
100–400 nm, large triangular, truncated triangular, and hex-
agonal plates with edge lengths of 0.3–1.5 mm were preferen-
tially formed. SAED patterns of these polygonal plates ex-
hibited similar hexagonal patterns to that shown in Fig-
ure 3a. It was therefore concluded that large triangular,
truncated triangular, and hexagonal nanoplates are single-
crystalline Au nanoplates. Based on the above results, a
combination of slow reduction at a low temperature and a
long-chain PVP is effective for the preparation of large Au
triangular and hexagonal plates by the MW–polyol method.
As shown above, the concentration of reagent and surfac-
tant, the chain length of surfactant polymer, and the solvent
are useful experimental parameters for the control of mor-
phologies and sizes of Au nanostructures.

Preparation of Au nanorods and nanowires: In addition to
spherical nanoparticles and nanoplates, small amounts of
rods and wires were produced. Figure 7 shows Au rods and
wires prepared under different HAuCl4 concentrations at a
constant PVP/HAuCl4 molar ratio of 110. It is clear that di-
ameters and lengths of rods and wires increase with increas-

Figure 4. TEM photographs of Au nanostructures obtained by CW MW
heating a) for 2 min from HAuCl4·4H2O/EG, b)–d) for 2 min from
HAuCl4·4H2O/PVP(40 K)/EG. Concentrations of HAuCl4·4 H2O and PVP
were a) 2.4 mm and 0 m, b) 1.2 mm and 0.5m, c) 2.4 mm and 3 m, and d)
19.2 mm and 2m, respectively.

Figure 5. TEM photographs of Au nanostructures, color, and UV-visible
spectra obtained from HAuCl4·4 H2O/PVP/EG by CW MW heating for
2 min with PVP molecular weights of a) 10K, b) 40 K, and c) 360 K. Con-
centrations of HAuCl4·4 H2O and PVP were the same as those in
Figure 3.
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ing the HAuCl4 concentration; this is also consistent with
the size change of polygonal plates for the HAuCl4 concen-
tration. The total distribution of nanorods and nanowires is
2–16 %, independent of HAuCl4 and PVP concentrations.
On the other hand, the average lengths of rods and wires in-
crease from 50 to 350 nm with increasing HAuCl4 concentra-

tion and decreasing PVP con-
centration. The SAED pattern
of rods and wires indicated that
Au rods and wires tend to
growth as bicrystals twined
along the {111} planes.

Zhu and Hu[14] have recently
synthesized Au nanorods and
nanowires by reducing HAuCl4

in EG in the presence of PVP/
sodium dodecyl sulfate at
160 8C. Liu et al.[19] synthesized
Au nanorods in an aqueous so-
lution in the presence of the
tetradecylammoniumbromide
(TOAB) cation as a surfactant.
They found that Au nanorods
with a higher aspect ratio could
be produced at higher TOAB
concentration and faster rising
reaction temperature. With in-
creasing TOAB concentration,
the percentage of nanorods in-
creased from 6 to 29.5 %. On
the basis of these findings, Au
nanorods and nanowires could
be synthesized under MW heat-
ing by using appropriate surfac-
tants that induce anisotropic
growth.

Formation mechanism of Au
nanostructures: Anisotropic Au
polygonal plates, rods, and

wires could be synthesized efficiently under MW heating
owing to various thermal and nonthermal effects described
above. Although the detailed mechanism for the formation
of each Au nanostructure under MW heating conditions is
still uncertain, the following general mechanism can be pro-
posed.

When EG was used, metallic particles (M) are produced
from the following reactions according to reduction mecha-
nism proposed by Fievet et al. [Eq. (2)].[1]

CH2OH�CH2OH! CH3CHOþH2O ð2aÞ

2n CH3CHOþ 2 Mnþ ! 2 Mþ 2n Hþ þ n CH3COCOCH3

ð2bÞ

PVP acts as a capping reagent. The formation of aniso-
tropic Au nanostructures is probably initiated by a reduction
process [Eq. (2b)], leading to Au atoms that assemble to
form the Au microcrystal particle. PVP that contains an
N�C=O group is easily attached to the surface of these mi-
crocrystal and slows down the growth speed of the crystal
facets. Different facets of this microcrystal have different ad-
sorption ability. The facets that have fewer attached surfac-

Figure 6. TEM photographs of Au nanostructures obtained by CW MW heating for 4 min from HAuCl4·4 H2O/
PVP/H2O with PVP molecular weights of a) 10 K, b) 40K, and c) 360 K. Concentrations of HAuCl4·4 H2O and
PVP were 2.4 mm and 1.0 m, respectively.

Figure 7. TEM photographs of Au nanorods and nanowires obtained
from HAuCl4·4H2O/PVP/EG by CW MW heating for 2 min in the pres-
ence of PVP (40 K). HAuCl4·4 H2O and PVP concentrations were a)
2.4mm and 0.264 m, b) 9.6 mm and 1.06 m, and c) 19.2 mm and 2.11 m, re-
spectively (reprinted from reference [21] copyright (2004), with permis-
sion from Elsevier).
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tant moleculess grow more rapidly than those with more. As
a result, they tend to assemble one by one to fabricate a
specific shape. In this situation, PVP tends to attach to the
lowest energy {111} facet and suppress the growth rate of
this facet. Thus, anisotropic polygonal plates covered by
{111} facets are preferentially produced.

In addition to polygonal plates, Au rods and wires are
produced. As a result of reduction process [Eq. (2b)], Au
metal, most of which is face-centered cubic (fcc), tends to
nucleate and grow into twinned and multiply twinned parti-
cles with their surfaces bound by the lowest energy nuclea-
tion {111} facets. The surface energies of large particles are
lower than those of smaller ones. It is therefore expected
that some small nanoparticles are dissolved, while larger
particles are grown to larger ones by means of an Ostwald
ripening process.[37] With the assistance of PVP, some of the
twinned particles grew into anisotropic rod-shaped and wire
structures. For the Au/PVP system, we suspect that PVP
might interact more strongly with the {100} facets (i.e., the
side surfaces of Au rod and wire) than with the {111} facets
(i.e., the ends of Au rod and wire). Once the rod-shaped
structure has been formed, it can readily grow into a longer
nanowire, because its side surfaces are tightly passivated by
PVP and its ends are largely uncovered and remain reactive
toward new Au atoms.

The PVP/HAuCl4 molar ratio plays an important role in
determining the morphologies of final products. A heavy
coverage of PVP on the surfaces of nanoplates and nanopar-
ticles results in an isotropic growth for all different faces
leading to small nanostructures. With decreasing the cover-
age of PVP on the surfaces, the chance for the formation of
anisotropic rod and wire structures increases. A decrease in
coverage not only for the fast-growing end faces, but also
for the side surfaces of each nanowire occurs at low PVP/
HAuCl4 ratios. Thus, thicker and longer nanowires are gen-
erally grown at low PVP/HAuCl4 ratios.

Although definite adsorption and desorption mechanisms
of PVP on the Au nanostructure formed under MW heating
are uncertain, a possible reason for the formation of smaller
nanoparticles with short chain PVP is a smaller adsorption
volume, as shown in Scheme 2. Nonthermal effects, such as
local heating of Au surfaces due to adsorption of long chain
PVP, probably contributes to the formation of large aniso-
tropic structures.

In the oil-bath heating, besides small amounts of short
nanorods with aspect ratios below five and nanoplates, large
spherical particles (> 100 nm) were dominantly produced.
No evidence for the formation of nanowires was observed in
the oil-bath heating. Particles and plates in the oil-bath heat-
ing had less sharp edges than those formed under CW MW
heating due to lower crystallization. Higher crystallization
leading to single-crystalline Au nanoplates, nanorods, and
nanowires under MW heating must be induced by bursting
nucleation due to rapid and homogeneous MW heating.

Liu et al.[19] reported the formation mechanism of Au
nanorods in the presence of the surfactant TOAB. In the
presence of TOAB, the surface tension of solution is re-

duced; therefore, the energy needed to form a new phase
becomes low. TOAB can also be considered to influence of
the growth process of nanoparticles by the electrostatic and
the stereochemical phenomena. TOAB is a positively charg-
ed tetrahedral compound with a long hydrophobic tail. The
growth unit of Au is negatively charged. Ion pairs between
TOA+ and AuCl4

� can form due to electrostatic interaction.
When the reduction process begins, rods start to form. In
the crystallization process, TOAB may serve as a growth
controller, as well as an agglomeration inhibitor by forming
a covering film on the newly formed Au nanorods.[38] The
above processes were enhanced under MW heating due to
thermal and nonthermal effects.

Synthesis of Silver Nanostructures

The MW heating method has been used for the syntheses of
Ag nanostructures.[8–11,16,17,20, 22,23] In addition to Ag spherical
nanoparticles, triangular plates, sheets, rods, wires, tubes,
and dendrites have been prepared under MW irradiation.

Preparation of Ag spherical nanoparticles: Although Ag
nanoparticles have been prepared by various methods, an
ideal method for chemical preparation of size-controlled Ag
nanoparticles is a chemical reduction with NaBH4, resulting
in the dodecanethiol-capped 1.8–3.5 nm diameter Ag nano-
particles. A disadvantage of this method is that size-selective
precipitation is necessary. Yamamoto et al.[16] prepared Ag
nanoparticles by alcohol reduction of fatty acid Ag salts sus-
pended in 1-hexanol under MW irradiation for 1–5 min at
140–157 8C. They succeeded in the fast preparation of size-
controlled Ag nanoparticles in the range 4.9–7.4 nm only by
changing length of the alkyl chains in the fatty acids, as
shown in Scheme 3.

Preparation of Ag triangular nanoplates (prism): He et al.[10]

studied preparation of polygonal Ag nanoplates under MW

Scheme 2. Formation scheme of Au nanostructures by using PVP with
different chain lengths.
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irradiation of AgNO3 in the presence of PVP without any
other reducing agent. They used four solvents, DMF (b.p.=
153 8C), NMP (b.p.=202 8C), pyridine (115 8C), and ethanol
(b.p.= 78 8C). They found that solvents have significant in-
fluence on the morphology of the Ag particles and on the
color of solutions under MW irradiation, and that higher
boiling point solvents were advantageous to the higher crys-
tallinity of the Ag nanopartilces. When DMF, which has a
good reducing ability and a high boiling point, was used, tri-
angular (edge length=50–100 nm) or truncated triangular
nanoprisms were preferentially formed, while nanoprisms
with lower regularity were produced in NMP. On the other
hand, monodispersed spherical particles with an average di-
ameter of 8 and 32 nm were obtained in pyridine and etha-
nol, respectively, which have low boiling points.

Yamamoto et al.[23] prepared triangular Ag nanoplates by
using MW-promoted reduction of AgNO3 in aqueous solu-
tions in the presence PVP (40 K). As shown in the upper
part of Scheme 4, only spherical Ag nanoparticles were pre-
pared at a low AgNO3 concentration of 0.01 m. When the
concentration of AgNO3 was increased to 0.1 m, spherical
Ag particles were converted to prisms with increasing the
MW irradiation time, but no small prismatic nuclei were
found, even at the initial stage of crystallization (lower part
of Scheme 4). The triangular Ag nanoplates should be
formed by a shape-transformation from a sphere to a prism

during the crystal-growth process under MW irradiation.
They concluded that MW irradiation should accelerate the
coherent heating of PVP-stabilized silver surfaces, resulting
in a shape transformation from spherical silver particles to
the large silver prism in the prolonged MW-promoted heat-
ing system, in which a reconstruction of the crystallites may
occur, for example, through Ostwald ripening.[37]

Preparation of Ag nanorods, nanowires, nanosheets, and
nanotubes: We have succeeded in the large-scale synthesis
of Ag nanorods and nanowires from AgNO3/H2PtCl6/
PVP(40 K)/EG under MW heating.[17, 22] When a mixture of
AgNO3/PVP/EG was irradiated for 3–8 min without adding
H2PtCl6, only uniform spherical Ag nanoparticles with diam-
eters of ~80 nm are observed in TEM photographs (Fig-
ure 8a). By premixing a small amount of H2PtCl6 with the
AgNO3/PVP/EG mixture as a source of Pt seeds, Ag nano-
rods and nanowires could be prepared. We found that the
morphology and aspect ratios of the Ag nanorods and nano-
wires strongly depended on the experimental parameters es-
pecially the PVP/AgNO3 molar ratio at a constant AgNO3

concentration, and AgNO3 and PVP concentrations at a
constant PVP/AgNO3 molar ratio. Ag nanostructures were
synthesized at PVP/AgNO3 ratios from 0.5 to 24. In addition
to spherical nanoparticles, anisotropic nanorods and nano-
wires are produced at all PVP/AgNO3 molar ratios investi-

Scheme 3. Microwave–alcohol reduction of fatty acid Ag salts for the
preparation of size-controlled Ag nanoparticles.

Scheme 4. Preparation of triangular Ag nanoplates under MW micro-
wave heating of AgNO3/PVP in an aqueous solution.

Figure 8. TEM photographs of Ag nanostructures prepared by MW heat-
ing for a) AgNO3/PVP(40 K)/EG and b)–d) AgNO3/H2PtCl6/PVP(40 K)/
EG. Concentrations of H2PtCl6·6 H2O and AgNO3 were kept at 5.78 mm

and 23.1 mm, respectively.

� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 440 – 452448

M. Tsuji et al.

www.chemeurj.org


gated, as shown in Figure 8b–d for PVP/AgNO3 molar ratios
of 1.0, 12, and 18, respectively. The diameters and lengths of
nanorods and nanowires were 30–140 nm and 0.3–10 mm, re-
spectively. In general, diameters of spherical nanoparticles
and aspect ratios of rods and wires decrease with increasing
PVP/AgNO3 molar ratio, and only short nanorods are pro-
duced at high PVP/AgNO3 molar ratio range of 18–24. The
fractions of nanonods and nanowires at a constant PVP/
AgNO3 molar ratio of 5.7 increased with increasing the
AgNO3 concentration, and their fractions were about 80 %
at a high AgNO3 concentration of 92 mm. The aspect ratios
of rods and wires increased with increasing the AgNO3 con-
centration. These findings imply that low PVP/AgNO3 ratios
and high AgNO3 and PVP concentrations are required for
the synthesis of long wires with large diameters. Although
similar nanorods and nanowires have been synthesized by
conventional oil-bath heating from similar solutions,[39] it
took more than 50 min to prepare long nanowires. The ad-
vantage of MW heating is that similar long nanowires could
be synthesized within a few minutes under the optimum
conditions.

Figure 9a–d shows TEM photographs after MW irradia-
tion for 1.5 and 3 min at PVP/AgNO3 molar ratios of 2.0
and 3.0. It should be noted that various shapes and sizes of
Ag nanosheets are synthesized at these short irradiation
times. These nanosheets disappeared under MW irradiation
above 5 min. The fraction of anisotropic nanosheets in the
products was large at low PVP/AgNO3 molar ratio range of

0.5–3.0, as in the cases of rods and wires. To the best of our
knowledge, no Ag nanosheets have been prepared in oil-
bath heating.

SAED patterns of wires and sheets were measured. Typi-
cal results obtained for a wire and a sheet are shown in
Figure 10 (left and right, respectively). These SAED pat-

terns indicate that the Pt seeds are fully enveloped in Ag
nanostructures. Based on SAED patterns, Ag rod and wires
tend to growth as bicrystals twined along the {111} planes
for fcc Ag crystals. Hexagonal patterns and the interval of
each array of the sheets led us to conclude that Ag sheets
are composed of single-crystalline Ag and the incident elec-
tron beams are perpendicular to {111} facets of the nano-
sheets.

The formation of anisotropic Ag nanostructures is initiat-
ed by reducing H2PtCl6 in EG [Eq. (3)].

4 CH3CHO þ Pt4þ ! Ptþ 4 Hþ þ 2 CH3COCOCH3 ð3Þ

As a result of the above reduction process, very small Pt
nanoparticles are initially formed as seeds. A similar reduc-
tion process occurs for AgNO3 as a competitive process
[Eq. (4)].

2 CH3CHO þ 2 Agþ ! 2 Agþ 2 Hþ þ CH3COCOCH3 ð4Þ

We found that nanorods and nanowires were not pro-
duced without adding H2PtCl6. This indicates that Pt seeds
play an important role in determining the morphologies of
the final products. The exact mechanism for the formation
of the different morphologies of the Ag particles in the pres-
ence of H2PtCl6 under MW irradiation is still unclear. The
following two reasons are proposed by El-Sayed et al.[40] for
the formation of anisotropic rodlike particles: 1) the growth
rates vary at different planes of the particles and 2) particle
growth competes with the coordinating action of stabilizers.
When AgNO3 was reduced by EG with the assistance of Pt
seeds and PVP, the initial product was a mixture of Ag
nanoparticles and small quantity of nanorods.[22] The forma-
tion mechanism is probably due to fact that PVP kinetically
controls the growth rates of various faces by the different
rates of reduction of coordinated and uncoordinated Ag+

ions at sites on the Pt seeds and their different rates of diffu-

Figure 9. TEM photographs of Ag nanosheets obtained from AgNO3/
H2PtCl6·6 H2O/PVP(40K)/EG by CW MW heating for a,b) 1.5 min and
c,d) 3 min.

Figure 10. SAED patterns of an Ag nanowire (left) and an Ag nanosheet
(right).
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sion at these sites on the seeds. Under reduction of Ag+ by
MW heating, some Ag nanostructures started to dissolve
into the solution and grow into Ag nanoparticles and nano-
rods through an Ostwald ripening process.[37] A heavy cover-
age of PVP on the surfaces of nanoparticles results in small
spherical nanoparticles. With decreasing the coverage of
PVP on the surfaces, the fraction of anisotropic rod and
wire structures increases. In general, thicker and longer Ag
nanorods and nanowires are grown at low PVP/AgNO3

ratios at a constant AgNO3 concentration, and high AgNO3

and PVP concentrations at a constant PVP/AgNO3 ratio.
Zhu and Hu[20] reported that the MW-assisted polythiol

reduction (MPTR) method, with 1,2-ethanedithiol (EDT) as
both a reducing reagent and a solvent, is useful for fast
preparation of Ag nanowires from Ag2O solid by means of
a solid–liquid reaction mechanism at temperatures between
80 and 140 8C. In addition to single-crystalline Ag nanowires
(Figure 11a and b), tubelike structures with a diameter of
290 nm and a length of 3 mm were observed in a few cases
(Figure 11c and d). The tube was partially filled with nano-
particles in the case of Figure 11d. The diameter of tubelike
structures was uniform and the structures were amorphous,

as indicated by the ED pattern shown in the inset of Fig-
ure 11d. It should be noted that twinned rods were also ob-
served as a minor product (Figure 11e). Each twinned rod
consisted of two parallel rods that grew together, one rod
with a diameter of 110 nm and the other 160 nm, both with
a length of 2.2 mm. Other twinned rods with various diame-
ters and lengths were also observed.

They also prepared Ag nanostructures by the MW-assist-
ed polyol method for comparison. Their experiments
showed that Ag products prepared by heating Ag2O in EG
by MW irradiation at temperatures between 80 and 190 8C
consisted of only spherical particles. No Ag nanowires or
nanorods were observed in all these samples. Therefore, the
MPTR method is favorable for production of Ag nanowires.
Although the detailed mechanism for the formation of Ag
nanowires by using a dithiol solvent under MW heating is
unclear, the solvent and reducing reagent greatly influence
the morphology of Ag nanostructures prepared from solid–
liquid reactions. An outstanding feature of the MPTR
method is that surfactant is unnecessary for the preparation
of Ag nanowires or nanorods from solid–liquid reactions.

Preparation of Ag dendrites: He et al.[11] prepared well-de-
fined Ag dendrites by reduction of AgNO3 in DMF in the
presence of PVP (40 K) under MW irradiation, as shown in
Figure 12. Morphology similar to that of the diffusion-limit-
ed aggregation model with fractal dimensions around 1.7
has been observed. MW power and the existence of PVP
play important roles in the formation of well-defined Ag
dendrites.

According to their proposed mechanism for the formation
of Ag dendrites, Ag ions were reduced by DMF and PVP
under MW irradiation and some metallic Ag nanoparticles
were formed at the beginning of the reaction. As the reac-
tion progressed, the interaction between Ag particles and
MW energy may lead to a rise in temperature in surround-
ing regions and may stimulate new nuclei to appear at its
boundary for further diffusion-limited growth. Therefore,
the rate of the nucleation and growth of the crystal control-
led the formation of the dendrites. PVP can kinetically con-

Figure 11. TEM micrographs of Ag nanostructures prepared by the
MPTR method (a,b). The inset of b) shows the ED pattern of a single
nanowire. c,d,e) Ag nanotubes (reprinted from reference [20] copyright
(2004), with permission from Elsevier).

Figure 12. TEM images of the Ag dendrites prepared under MW heating.
Large and bright fractals were formed. Reprinted from reference [11]
copyright (2004), with permission from Elsevier.
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trol the growth rates of various faces of Ag crystals by inter-
acting with these faces through adsorption and desorption.
The faceted growth of Ag crystal under MW irradiation in-
duced the formation of the anisotropic silver nanoparticles
capped by PVP. The formation of the dendritic fractal struc-
ture associated with the anisotropic morphology of the Ag
particles under MW irradiation. They reported that the den-
drites were genuine structures obtained under MW irradia-
tion.

Preparation of Bimetallic Nanoparticles

Bimetallic particles have received considerable attention,
because of their superior catalytic properties to those of
monometallic nanoparticles and the change in their surface-
plasmon band energy relative to that of the separate metals.
Recently the MW–polyol method has been applied to the
preparation of bimetallic nanopartilces. In general, the so-
lution reactions for the formation of binary chalcogenides
are relatively slow and are conducted under hydro-or solvo-
thermal conditions in special high-temperature and high-
pressure equipment in order to accelerate their rate. Even
under these conditions the reaction takes many hours or
even days. Recently, Harpness and Gedanken[31] succeeded
in the preparation of binary chalcogenides (selenides and
tellurides) and core-shell gold/palladium bimetallic nanopar-
ticles by the simultaneous reduction of the Au3+ and Pd2+

ions in EG under MW heating. In most experiments, the
MW reaction was completed within a few minutes, the maxi-
mum duration being 1 h.

Figure 13 shows a high-resolution TEM image of Au/Pd
core-shell structure. Thermodynamically, it is easier to
reduce the Au ions, because the reduction potential of Au is

more positive than that of Pd. However, it was not known
from early studies whether the reduction of the AuCl4

� ions
was faster than that of the PdCl4

2� ions. Their results gave
the answer to this dilemma and indicated that Au is reduced
first forming the particle�s core followed by the reduction of
palladium. The Au0 acts as a nucleic center for the growth
of the Pd layer, which covers Au and grows to its final size.

Preparation of Nanoparticles on Carbon
Nanomaterials

Pt nanoparticles supported on Vulcan XC-72 carbon black
(CB), carbon nanotubes (CNT), and carbon nanofibers
(CNF) were prepared by a MW-assisted polyol pro-
cess.[29,30,41] Figure 14a and b shows Pt nanoparticles pre-

pared on carbon black and on herringbone-type carbon
nanofibers in EG.[41] It is seen that well-dispersed Pt nano-
particles with 2–10 nm in diameter are prepared on these
carbon nanomaterials. Similar well-dispersed PtRu nanopar-
ticles with diameters in the range 2–6 nm on CB and CNT
have been prepared by Liu et al.[30] They found that both
PtRu/C catalysts had high and more durable electrocatalytic
activities for methanol oxidation than a comparable Pt/C
catalyst. These data indicate that the MW–polyol method is
a promising way to synthesize nanoparticles supported on
carbon materials for fuel cells. One reason for the synthesis
of well-dispersed nanoparticles on carbon under MW heat-
ing is that carbon is a good MW absorber. Therefore, hot
spots, which accelerate reduction and nucleation of metals,
are created on the surfaces of carbon supports.

Conclusion

The advantages of MW dielectric heating for the synthesis
of metallic nanostructures have been demonstrated by using
some selected examples. The main advantages of MW irradi-
ation are 1) uniform heating of the solution, so that a more
homogeneous nucleation is obtained as well as a shorter
crystallization time; 2) very short thermal induction period,
which can lead to energy savings; 3) generation of localized
high temperatures at the reaction sites which results in en-
hancement of reduction rates of metallic ions; 4) selective
formation of specific morphology; and 5) superheating of
solvents over the boiling points of solvent as a consequence
of the microwave dissipation over the whole liquid volume.

Figure 13. High-resolution TEM image of core-shell Au/Pd prepared by
MW heating for 1 h under N2 (reprinted from reference [31] copyright
(2004), with permission from the American Chemical Society).

Figure 14. TEM photographs of Pt deposited on a) carbon black and b)
herringbone-type carbon nanofibers prepared by MW heating in EG for
2 min.
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Further advantages are absence of convection processes,
easy control, and low cost. Due to these advantages, mono-
dispersed and better crystalline metallic nanostructures
could be synthesized in a one-pot reaction within a few min-
utes. Since MW heating is a promising heating method, a
further wide application to preparation and control of vari-
ous kinds of metallic nanostructures, which are key materi-
als in nanotechnology, is expected. Unfortunately, detailed
mechanism for the preparation of metallic nanostructures
under MW irradiation has not been clarified. In order to
clarify thermal and nonthermal effects of MW irradiation in
each reaction system, further detailed experimental studies
and model calculations will be necessary.
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