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The role of adsorption species in reaction solutions has been studied in microwave-polyol synthesis of silver (Ag)
nanostructures. When Ag* ions from AgNO; were reduced in ethylene glycol by the addition of Hy[PtCls] and poly-
(vinylpyrrolidone) (PVP), a mixture of one-dimensional (1-D) nanorods and nanowires and 3-D spherical, cubic, and tri-
angular-bipyramidal nanoparticles was obtained within three minutes. It has been previously believed that PVP acts as a
surfactant and its selective adsorption on {100} facets results in pentagonal 1-D nanorods or nanowires and cubic and
triangular-bipyramidal nanocrystals. We found here that these Ag products could also be formed without the addition of
PVP in the presence of C1™ ions, though their yields were lower than those in the presence of PVP by a factor of 2300.
These results indicate that C1~ anions can also act as adsorption species to assist the formation of these Ag nanostruc-
tures. It is concluded that the difference in the adsorption ability of different species in solution on Ag nanostructures
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determines final shapes, sizes, and yields of formed Ag nanostructures.

Recently, control of metallic nanostructures has been the
focus of intensive research because of their shape-dependent
chemical and physical properties.! Among them, nanostruc-
tured Au and Ag have attracted considerable attention mainly
as a result of their remarkable optical properties and numerous
applications in the fields such as catalysts, surface plasmonics,
surface-enhanced Raman scattering, and chemical and biolog-
ical sensing.!~ Different chemical and physical properties of
metallic crystals arise from different crystal surface orienta-
tion. For example, the {111}, {100}, and {110} surfaces of
a face-centered cubic (fcc) metal such as gold and silver have
very different surface atom densities, electronic structures, and
chemical reactivities.* Therefore, the controllable preparation
of nanocrystals with different shapes and exposed surfaces is
very important and challenging.

The polyol method is a typical technique for the preparation
of metallic nanocrystals in solutions by reducing their ionic
salts. In general, a mixture of reaction reagents and a polymer
surfactant such as poly(vinylpyrrolidone) (PVP) in ethylene
glycol (EG) is heated in an oil bath for several hours.’ As an
alternative, microwave (MW) can be used as a heating source
to initiate and rapidly prepare metallic nanoparticles in the
polyol system. This method, called MW-polyol, has been ap-
plied to rapid syntheses of anisotropic Ag nanostructures such
as rods and wires, cubes, truncated-polyhedrons, and bipyra-
mids within a few minutes.®

It was previously believed that the key to the formation of
such one-dimensional (1-D) Ag nanocrystals as rods and wires
by using the polyol method is the use of seeding material such
as Pt and PVP as a protecting reagent.®”! We have recently
studied the role of Pt catalysts by using H,[PtCls]-6H,0O and
bisacetylacetonatoplatinum(Il) [Pt(acac),], and found that the
key factor in Pt reagents for the preparation of such Ag nano-
crystals as cubes, bipyramids, and 1-D materials with well-
defined facets is not Pt catalytic seeds but C1~ anions produced
from decomposition of H,[PtCle].® This suggestion was con-
firmed from another different experiment in the absence of
Pt seeds by the addition of NaCl or KCI as a Cl~ source to
AgNO;3;/PVP/EG solutions. We concluded that oxidative etch-
ing of unstable spherical particles by Cl~ /O, (dissolved in
EG) led to anisotropic nanocrystals in high yields. We have
also studied the effects of concentration and molecular weight
of PVP for the formation of Ag nanostructures using three dif-
ferent chain-lengths of PVPs (M, = 10, 40, and 360k).”>7¢ It
has been found that the shapes of obtained Ag nanostructures
depend strongly on the concentration and chain length of PVP.
There is an appropriate concentration of PVP for the prepara-
tion of 1-D products in high yields, whereas PVPs with longer
chain length are favorable for the preparation of long 1-D
products in high yields. The generally accepted viewpoint
for the preparation of cubic, bipyramidal, and 1-D Ag nano-
crystals having predominantly {100} facets in fcc crystals is

Published on the web March 13, 2008; doi:10.1246/bcsj.81.393



394 Bull. Chem. Soc. Jpn. Vol. 81, No. 3 (2008)

the selective adsorption of PVP to these facets, which reduces
the relative growth rate along the crystalline plane direction.

The preparation of Ag nanowires by using a MW-polyol
method has recently been studied by Gou et al.’ They used a
AgNO;/NaCl/PVP/EG system and discussed roles of oxi-
dative etching by C17/O, (dissolved in EG) and irradiation
effects of MW. They reported that the ends of the nanowires
are evolving sites with sharp defects. Therefore, these posi-
tions may reach higher temperatures than the wire midsection
and accumulate charge due to polarization by the microwave
field. The elevated temperature and charge localization may
further designate the wire ends as preferential sites for deposi-
tion of Ag®, with PVP already selectively protecting the longi-
tudinal axis of the nanowire. They predicted that the selective
protection of side facets by PVP assists the 1-D growth of Ag
nanowires under MW irradiation. However, no definite exper-
imental evidence for this explanation has been obtained.

Although polymer surfactants like PVP have been widely
used for the preparation of anisotropic Ag nanostructures,
few studies have been carried out on their real role except
for pioneering works by Caswell et al.!' and Zhang et al.!?
Caswell et al. reported a method to make crystalline Ag nano-
wires in water, in the absence of a surfactant or polymer to di-
rect nanoparticle growth and without externally added seed
crystallites. The reaction was one in which silver salt was
reduced to metallic Ag at 100 °C by sodium citrate in the pres-
ence of NaOH. They thought that the citrate played multiple
roles in the crystal growth of 1-D Ag materials. It not only
strongly coordinates Ag™ ions to form complexes but also is
responsible for the reduction of Ag™' ions to metallic Ag as
well as acts as a capping agent. Zhang et al.'> synthesized
Ag nanowires by simply reducing Ag* ions with reductants
such as glucose, sodium citrate, and sodium hypophosphite,
in the absence of surfactants at temperatures ranging from
80 to 200 °C. Regardless of the reductants, the Ag nanowires
prepared at a given temperature were uniform in diameters
ranging from 30 to 50nm. There is a high possibility that
these reductants involving citrate act as capping agents, as that
in the case of Caswell et al.!!

In the present study, we investigated the role of adsorption
species including PVP in reaction solution for the crystal
growth of Ag nanostructures. It was found that 1-D Ag nano-
structures, cubes, and bipyramids with well-defined facets
could be prepared even without the addition of surfactant in
the presence of a small amount of CI™ anions, though their
yields are very low in comparison with those in the presence
of PVP. Since PVP is widely used as a surfactant for the prep-
aration of many metallic nanoparticles using polyol methods,
the present results provide a new fundamental insight into
the role of various adsorption species in the formation of Ag
nanostructures by a MW route.

Experimental

The MW-polyol apparatus used in this study was similar to
that reported previously.*® A MW oven was modified by instal-
ling a condenser and thermocouple through ceilinged holes and
a Teflon-coated magnetic stirrer at the bottom. A three-necked
flask (100mL) was placed in the MW oven and connected to
the condenser. A solution containing only AgNO; or a mixture

Ag Particles Prepared in the Absence of PVP

of AgNO;/H,[PtClg]-6H,0, AgNO;/H,[PtCls]-6H,O/PVP, or
AgNO;3;/NaCl in EG was irradiated with MW (Shikoku Keisoku:
M Reactor) in a continuous wave (CW) mode at 400 or 650 W
(typically 650 W). Reagent concentrations in each experiment
are shown in figure captions. The solution was rapidly heated to
the boiling point of EG (198 °C) after about 1.5 min and held at
this temperature for 1.5min. Thus, the total heating time was
3min. After MW irradiation, transmission electron microscope
(TEM) images of products in the supernatant and the precipitate
were measured in the AgNO3 /H,[PtClg]-6H,0O and AgNO3/NaCl
systems. The supernatant was centrifuged at 13000 rpm for 60 min
after removing precipitate, when products in the supernatant
were obtained. On the other hand, no precipitate was obtained
from the AgNO;3/H;[PtClg]-6H,O/PVP system. In this case, all
product solutions were centrifuged at 13000 rpm for 60 min. The
precipitate obtained after centrifugal separation was collected,
and then redispersed in deionized water for the TEM observation.
Specimens containing Ag nanostructures were prepared by drop-
ping the colloidal solutions of supernatant or precipitate on Cu
grids covered with carbon. Absorption spectra of the product solu-
tions were measured in the UV-visible(vis)-near infra (NIR)
region using a Shimadzu UV-3600 spectrometer.

Results and Discussion

Effects of PVP. To examine the effects of PVP,
the AgNO3 (46.5 mM)/H,[PtCls]-6H,O (115uM)/PVP (264
mM)/EG solution was irradiated with MW for 3 min in the
presence or absence of PVP. In the presence of PVP no precip-
itate was obtained. A typical TEM image of products in the
supernatant is shown in Fig. 1a, where a mixture of 1-D nano-
rods or nanowires with an average length of ~1 um, spherical
nanoparticles with an average diameter of ~60nm, and a
small amount of cubic and bipyramid crystals were observed.
This finding is consistent with our previous study using PVP
(M, = 360k).” On the other hand, a significant amount of
precipitate was obtained in the absence of PVP under the same
reaction conditions. In order to know whether some extra prod-
ucts still existed in the supernatant, TEM images of the prod-
ucts in the supernatant were measured after centrifugal separa-
tion. Figures 1b—1e show typical TEM images of the products.
A small amount of 1-D nanorods and nanowires (Figs. 1b-1
and 1b-2: yield 21%), cubic crystal (Fig. 1c-1: 6%), triangu-
lar-bipyramidal particles (Fig. 1c-2: 4%), flower-type product
(Fig. 1d: 0.5%), and sheet (Fig. le: 0.5%) can be observed
in the TEM images besides spherical particles as major prod-
ucts (68%). Selected area electron diffraction patterns mea-
sured for cubes and bipyramids gave square spots, indicating
that these crystals are surrounded by {100} facets of fcc Ag
crystals (Figs. 1c-1 and 1c-2). Lengths of some Ag nanowires
even reached more than 10 um, which is longer than those pre-
pared in the presence of PVP (=1 um) under our MW heating
experiments. The sizes of observed Ag cubes and bipyramids
(200400 nm) are also larger than those obtained in the pres-
ence of PVP (40-70nm). When the precipitates were viewed
by TEM, various kinds of products such as large spherical
particles, 1-D wires, and decahedral particles were found (see
Figs. 2a-2d). These results indicate that larger or longer aniso-
tropic Ag nanostructures can be produced even in the absence
of PVP, though their amounts were smaller than those in its
presence.
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TEM images of Ag nanostructures of surfactants prepared from (a) AgNO3 (46.5 mM)/H;,[PtCls]-6H,O (115 uM)/PVP

(264 mM)/EG and (b)-(e) AgNO;3 (46.5 mM)/H;[PtCle]-6H,0O (115uM)/EG solutions. Selected area electron diffraction pat-
terns of cube and bipyramid are shown in (c-1) and (c-2). The MW power and heating time was 650 W and 3 min, respectively.

In order to estimate the relative amounts of Ag nanostruc-
tures in the supernatant in the absence and presence of PVP,
absorption spectra were measured in the UV-vis—NIR region.
It has been well known that absorption spectra of Ag nano-
structures depend strongly on the shapes and sizes of the nano-
structures.”®!1%13-15 The surface plasmon resonance (SPR)
band of spherical silver nanoparticles with diameters of 20—
40nm has a peak at ~#410nm. Its peak shifts to ~#480 nm with
increasing diameter from 40 to 90 nm. The dominant peaks of
SPR bands of rods and wires appear at ~350 and ~380 nm.
According to a recent report by Gao et al.,'>>!>¢ these two
peaks were attributed to the transversal modes of the 1-D prod-
ucts with pentagonal cross sections, corresponding to the out-
of-plane quadrupole resonance and out-of-plane dipole reso-
nance modes, respectively. When the ~410nm peak due to
spherical particles is strong, it overlaps with the ~380nm
peak. In such a case, the 380 nm peak of the 1-D products is
not clearly observed. When long Ag nanowires are produced, a
long tail band is observed above 450 nm. Gao et al.'>® attribut-
ed this tail band to the overlapping of the in-plane quadrupole
and dipole resonance modes of nanowires with peaks at 445
and 514 nm, respectively. SPR bands of cubic crystals (edge
length: ~80 nm), triangular-bipyramidal crystals (edge length:
75nm), and five twin decahedrons (edge length: ~80nm)
of Ag have been observed at 320-800nm with a peak at

~470nm, 320-900nm with a peak at ~520nm, and 320-
900 nm with a peak at 569 nm, respectively.!*!> When cubic,
triangular, and decahedral Ag particles are produced, the
above peaks also overlap with the SPR bands of spherical
and 1-D particles.

Figure 3 shows a typical absorption spectrum of the super-
natant in the absence of PVP. For comparison, that obtained in
the presence of PVP (264 mM) is also shown. In both cases,
SPR bands due to isotropic and anisotropic Ag nanostructures
with a peak at 2420 or ~450nm are observed in the 320-
1300 nm region. In the presence of PVP, the SPR band has a
peak at ~420 nm and the tail band above 600 nm is strong, in-
dicating that SPR bands of spherical and 1-D particles overlap.
On the other hand, a peak shift to about ~450 nm and a broad
tail band are observed in the absence of PVP. This implies
that the contribution of spherical particles is small and long
1-D particles are produced even in the absence of PVP. These
observations are consistent with the TEM images shown in
Figs. 1a and 1b. The absorbance of SPR peak in the 420-
450nm region in the absence of PVP was weaker than that
in the presence of PVP by factors of ~300 taking account of
a dilution factor of solution. This shows that the total yield
of Ag nanoparticles in supernatant obtained in the absence
of PVP was lower than that in the presence of PVP by more
than two orders of magnitude.
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Fig. 2. TEM images of Ag nanostructures of precipitates
prepared from AgNOs (46.5 mM)/H,[PtClg]-6H,O (115
UM)/EG solutions. Other conditions were the same as
those in Fig. 1.
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Fig. 3. UV-vis-NIR absorption spectra obtained from
AgNO; (46.5mM)/H,[PtCle]-6H,0 (115 uM)/PVP (264
mM)/EG and AgNO; (46.5 mM)/H,[PtCls]-6H,O (115

UM)/EG solutions. The former solution was diluted by a
factor of 200 before spectral measurement.

Effects of MW Power. Figures 4a—4c show TEM images
of Ag products in the supernatant obtained in the absence of
PVP at a low MW power of 400 W. It should be noted that
product shapes are different from those at 650 W (Figs. 1b—
le). At 400 W, bundle-like 1-D Ag products (Figs. 4a and
4b) and flexible string-like 1-D Ag products (Figs. 4b and
4c) are obtained. Figure 4d shows a TEM image of the prod-
ucts in the precipitates, where a mixture of 1-D products
and large spherical particles are observed. Similar bundle-like

Ag Particles Prepared in the Absence of PVP

Fig. 4. TEM images of Ag nanostructures of (a—c) surfac-
tants and (d) precipitates prepared from AgNO;3 (46.5
mM)/H;,[PtCl]-6H,0 (115 uM)/EG solution. The MW
power and heating time was 400 W and 3 min, respectively.

1-D Ag products have been obtained by Caswell et al.'! with-
out addition of surfactant. Flexible string-like 1-D Ag products
have also been obtained by Sun et al.' in the polyol synthesis
of Ag nanowires under oil-bath heating. In the present MW-
polyol synthesis of Ag nanostructures, non-straight bundle-like
and string-like 1-D Ag products are formed in the absence of
PVP at 400 W. This indicates that more lattice defects or twin-
ning structures are probably produced in the 1-D Ag nano-
structures in the absence of PVP at a low MW power, so
that flexible structures of 1-D products may be synthesized.
The formation of cubes and bipyramids having {100} facets
were not observed at 400 W. On the basis of the above results,
a high MW power of 650 W is necessary for the syntheses of
highly crystalline 1-D products, cubes, and bipyramids with
well-defined facets having few lattice defects. It is known
that Ag nanoparticles are heated under MW irradiation due
to MW field-induced electron polarization and charge localiza-
tion.” Since such MW irradiation effects become strong at
high power, highly crystalline Ag nanocrystals are produced
at 650 W.

Effects of C1~ in the Absence of PVP. We have recently
found that CI~ anions resulting from decomposition of
H,[PtClg] in EG play a significant role for the formation of
Ag nanostructures with well-defined facets.® However, all of
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Fig. 5. TEM images of Ag nanostructures of surfactants
prepared from AgNO3 (46.5 mM)/NaCl (690 uM)/EG so-
lution. Other conditions were the same as those in Fig. 1.

our previous experiments were carried out in the presence of
PVP. Therefore, no information on the effects of Cl~ anions
in the absence of PVP was obtained. The CI~ concentration
of H,[PtCls]-6H,0 (115puM)/EG solution after MW irradia-
tion for 3min was measured by using a titration apparatus
(Kyoto Electronic AT610). A standard AgNOs solution was
used as a titration reagent. The C1~ concentration was estimat-
ed to be 670 uM. This implies that Cl in H[PtCle] is nearly
completely converted to CI~ under our experimental condi-
tions. Cl~ anions can selectively etch spherical particles,
whereas cubes, triangular bipyramids, and pentagonal 1-D rods
and wires can survive oxidative etching by C1~ /O, (dissolved
in EG) and evolve into larger crystals in the presence of PVP
under MW heating.® When Ag nanoparticles were prepared
without the addition of H,[PtCls]-6H,0 and PVP in the pres-
ent study, dominant products were aggregates of Ag particles
and only a very small amount of spherical Ag particles existed
in the surfactant. In order to examine effects of Pt catalysts and
Cl~ anions in the absence of PVP, Ag nanoparticles were syn-
thesized from AgNO;/NaCl/EG solution. In this case, NaCl
was added as a CI~ anion source. For convenient comparison
to the case of Hy[PtClg]-6H,0, 690 uM of NaCl was added
into the AgNO3/EG solution. Figures 5a and 5b show TEM
images obtained from AgNO;/NaCl/EG solution, where long
branched 1-D products and large cubes (200-300 nm) were ob-
served besides large spherical particles. A number of small
spherical particles are attached to 1-D products in some cases
because no surfactant was added. This finding implies that a
key reagent for the preparation of Ag products with well-
defined facets is Cl~ anion resulting from H,[PtCls]-6H,0
and NaCl under MW heating even in the absence of PVP.
Growth Mechanisms of Silver Nanostructures.  The
polyol method has been widely applied to the preparation of
such anisotropic Ag nanostructures as nanowires and cubes in
high yields.!%!%15 In general, EG solutions were initially heat-
ed to about 160 °C in an oil bath for about one hour to remove
a small amount of impurities such as H,O. Then, AgNO;3 and
PVP were injected drop-wise via syringe pumps. Ag nanowires
were prepared by using Pt or Ag seeds. They could also be ob-
tained without using seeds. In such cases, Ag seeds formed at
the very beginning of the drop-wise addition could serve as the
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seeds for the following growth process. When the addition
rates of reagents were fast, only spherical nanoparticles were
obtained. Thus, growth of anisotropic nanostructures like
nanowires usually requires slow reaction conditions to reduce
the number of nucleation sites formed or equilibrium dissolu-
tion of these nucleation sites to promote site-specific growth.
In the MW-polyol method, we use simple one-pot syntheses
without using seeded growth or drop-wise addition, and reac-
tions are completed after only 3 min. Such a rapid synthesis of
Ag nanowires is difficult without using MW heating. Under
MW heating, we®® and Gou et al.” found that C1~/0, (dis-
solved in EG) and PVP are key reagents for the formation of
nanowires, cubes, and bipyramids. The effects of CI~ were at-
tributed to shape selective oxidative etching and a decrease in
the concentration of free Ag™ ions by the formation of AgCl
leading to slow reaction conditions. Although effects of C1~
were discussed in detail, real roles of PVP under MW irradia-
tion have not been known.

In the present study, the effects of PVP in the preparation of
Ag nanostructures under MW irradiation were examined. Wet
chemical syntheses have been successfully applied to the prep-
aration of various Ag nanostructures. On the basis of our
recent findings for the preparation of Ag nanostructures’ and
Au@Ag core—shell nanoparticles,'® the growth mechanism of
each Ag nanostructure in MW-polyol processes is shown in
Fig. 6. It is suspected that spherical particles, cubes, triangu-
lar-bipyramids, and 1-D rods and wires grow from small spher-
ical, cubooctahedral, single-twin triangular-plate like, and
decahedral particles, respectively. It has been believed that a
capping agent like PVP is necessary for the preparation of
highly crystalline cubes, bipyramids, and 1-D rods and wires.
For example, for the preparation of Ag nanowires, a capping
reagent such as PVP has been employed to direct the 1-D
growth.®~1° The proposed mechanism is that the Ag nanowires
are formed by initiation of multiply twinned decahedral Ag
seed nanoparticles (process (4) in Fig. 6) and subsequent
anisotropic growth along the [110] direction. In the process,
{100} facets of the 1-D Ag nanowires are tightly covered by
PVP molecules, while each tip surrounded by five {111} facets
at two ends of the Ag nanowires is loosely covered by PVP
(case (a) in process (4): Fig. 6). Therefore, two highly reactive
ends result in rapid reduction of deposition of Ag atoms on
them and finally form an elongated decahedron, i.e., five-
twinned 1-D Ag nanowire. We have confirmed the validity
of this explanation by the preparation of Au@Ag core—shell
rods using Au decahedral particles.'® As {100} surfaces are
more active than {111} surfaces, it is obvious that passivation
of {100} facets by surfactants such as PVP is necessary for
1-D evolution. This mechanism is conceivable for the growth
of 1-D Ag products in the presence of surfactants.

However, in the present case, our experimental results,
especially the occurrence of Ag products with well-defined
{100} facets such as cubes, can not be well understood by
the above mechanism involving surfactants because no surfac-
tant exists in our MW (650 W) reaction systems. In general,
from the view point of thermodynamics, Ag {100} facets have
a slightly higher surface energy than {111} facets.!” The oc-
currence of the Ag nanostructures with {100} facets means
that the higher energy facets must be stabilized by special
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Fig. 6. Growth mechanism of Ag nanostructures under MW heating.

adsorption of certain species to greatly decrease the surface
energy of the system. In our case, C1~ ions and other species
in solutions could possibly act as the adsorption species.
Therefore, the presence of them can stabilize {100} facets to
favor the formation of cubic or other Ag nanostructures with
{100} facets. It is worth noting that small spherical Ag nano-
particles are produced in the presence of PVP and C1~, where-
as larger spherical particles grow in the absence of PVP even
in the presence of the same amount of Cl~. This is probably
due to the fact that the growth rate of spherical particles with-
out surfactant is faster than their etching rate by Cl~ ions/O,
(dissolved in EG), so that large spherical particles grow in high
yields. On the other hand, the etching rate of small seeded
spherical particles protected by PVP is faster than their growth
rates, so they have more opportunities to dissolve in EG (see
dotted line in process (1): Fig. 6). Since the protection ability
of CI™ and other species is weaker than that of PVP, lager sizes
and longer lengths of Ag crystals are produced in the absence
of PVP.

Another remarkable feature in the absence of PVP is the for-
mation of a large amount of multiply bent 1-D Ag product at a
MW power of 650 W. Similar products have been observed in
our two-step synthesis of 1-D Ag products.”® These products
are probably formed by connection of two {111} facet ends
from shorter adjacent 1-D Ag nanorods, as reported previous-
ly.”® Since the protection of {111} facets by the surfactant is
absent, the probability of the formation of multiply bent 1-D
Ag products becomes large. Interestingly, bundle-like and flex-
ible string-like 1-D Ag assemblies are found in obtained prod-
ucts, too (see Figs. 4a—4c). Although the formation mechan-

isms of the bundle-like and flexible string-like Ag products
are still not clear, the absence of PVP promotes the formation
of these products.

Here, we would like to discuss the role of PVP in the prep-
aration of silver nanostructures. The most significant finding in
this study is that 1-D products, cubes, and bipyramids, which
are major products in the AgNO;/H,[PtCl¢]-6H,O/PVP/
EG, AgNO;/NaCl/PVP/EG, and AgNO;/KC1/PVP/EG solu-
tions®® under MW heating, can be produced even in the ab-
sence of PVP. It can be concluded that PVP is not necessary
for the formation of highly crystalline Ag 1-D nanowires,
cubes, and bipyramids, but interface adsorption by certain spe-
cies in solution must take place in order to favor emergence of
special crystalline facets such as {100}. It is probably the ad-
sorption ability of different species in solution that finally de-
termines the shapes and sizes of formed Ag nanostructures. In
this case, PVPs do not contribute to the formation of each
seeded structure of anisotropic products. The yields of aniso-
tropic products in the absence of PVP were much lower than
those in the presence of PVP. Thus, the role of PVP is protec-
tion of aggregation of seeded structures of anisotropic products
and enhancement of face-selective growth of anisotropic prod-
ucts by the protection of {100} facets. This means that well-
known face-selective protection mechanism by PVP for the
anisotropic growth of Ag nanostructures really operates and
it is important for their syntheses in high yields without aggre-
gation.

Irradiation Effects of MW for the Preparation of Aniso-
tropic Ag Nanostructures. In our study, we used MW heat-
ing instead of conventional oil-bath heating. Suzuki et al.'8?
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have recently investigated effects of MW irradiation on metal-
lic nanoparticles by using frequency response analysis and on
water and a dilute saline solution by molecular dynamics sim-
ulation methods, respectively. They found that metallic nano-
particles are heated by skin effects of MW penetrating inside
nanoparticles. Such a local heating of Ag nanowires has been
observed by Gou et al. by leaving Ag nanowires under MW
fields in air.” It is suspected that MW heating promotes nano-
wire growth by a local “hot spot” effect at the wire ends.
These positions may reach even higher temperatures than the
wire midsection and accumulate charge due to polarization
by the MW field. The elevated temperature and charge local-
ization further designate the wire ends as preferential sites
for the deposition of Ag®, because PVPs already selectively
protect the longitudinal axis of the nanowire. In the study,
we found that small amounts of Ag nanowires and other Ag
nanocrystals surrounded by {100} facets were formed even
in the absence of PVP. This means that 1-D growth of Ag
nanowires can occur without protection of side facets by
PVP. It is highly likely that a local “hot spot” effect at the wire
ends occurs even in the absence of PVP. In such a case, Cl~
anions and other species probably act as weak protection
agents in the AgNO;3;/H,[PtCls]-6H,O/EG and AgNO;3;/
NaCl/EG systems (see case (b) in process (4): Fig. 6).

According to a simulation by Tanaka and Sato,'8 a diluted
NaCl solution is significantly more heated than pure water by
MW irradiation. This is due to rapid heating of salt ions, espe-
cially large salt ions like C1~, through field-induced motion by
the MW electric field and energy transfer by the interactions
between salt ions and water molecules. Therefore, we think
that the etching rate of spherical Ag particles by CI~ anions
will be accelerated under MW irradiation due to such an effect,
that is, much faster than the case by normal oil-bath heating.
This MW irradiation effect will also operate in the preparation
of Ag nanostructures in the absence of PVP. These effects will
be especially important for the preparation of highly crystal-
line Ag nanostructures at high MW power.

Conclusion

Although anisotropic Ag nanostructures can be prepared
by MW-polyol methods by using AgNO3;/H,[PtCl¢]-6H,0/
PVP/EG and AgNO3/NaCl/PVP/EG systems, whether PVP
is necessary for the preparation of such nanostructures has
not been demonstrated. In the present study, the roles of
PVP and other adsorption species have been studied in MW-
polyol synthesis of anisotropic silver nanostructures for the
first time. It was previously believed that 1-D Ag nanostrutures
can only be produced in the presence of a capping agent such
as PVP due to face selective adsorption of PVP. However, we
found here that small amounts of Ag 1-D nanorods or nano-
wires, and cubic and triangular-bipyramidal nanocrystals could
be produced in the supernatant without the addition of PVP in
the presence of Cl~. These results indicate that PVP is not
necessary for the formation of these highly crystalline nano-
crystals, but interface adsorption by certain species in solution
must take place in order to ensure emergence of special crys-
talline facets such as {100}. Obviously, Cl~ ions and other
possible species in the reaction solution can fulfill the role of
adsorption reagents too. In fact, it is probably the difference
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of adsorption ability among various adsorption species to spe-
cial Ag nanostructure interfaces that determines final shapes
and sizes of Ag nanostructure products. Therefore, by coinci-
dence, PVP is probably the most optimized adsorption reagent
for the mass production of anisotropic Ag nanostructures
surrounded with {100}-type facets.
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