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We have found that the shape of silver nanocrystals is conveniently controlled by injection of oxygen gas
during the polyol reduction of silver ions. The presence of oxygen effectively promotes the oxidative etch-
ing of multiple twined particles. Adjusting the flow rate of the oxygen gas yields uniformly-sized silver
nanocubes, right bipyramids, nanowires, and spherical nanoparticles depending on the injection rate of
the oxygen gas. Electron diffraction and high resolution TEM observations of the synthesized nanocrys-
tals show our nanocrystals do consist of silver, not of silver oxide. SERS activities of the synthesized nano-
crystals were also examined.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Metal nanoparticles play an important role in modern nanopho-
tonics such as surface- and tip-enhanced Raman scattering (SERS
and TERS) [1–7], enhancement and/or modification of single mole-
cule fluorescence emission using an optical nanoantenna [8–14],
and their applications to the nanoscale analysis and imaging [15–
19]. The localized surface plasmon resonance supported by metal
nanoparticles provides a strong and highly confined electromag-
netic field, which is the primary principle behind the high sensitiv-
ity [20–22] and high resolution achieved by these techniques.

Recently, novel and interesting shapes of nanoparticle such as
nanocubes, right bipyramids, and nanowires have been synthe-
sized in a shape-controllable manner pioneered by Xia’s group
[23–25]. These shapes are not only fascinating but also attractive
in applying them to construct SERS/TERS probes, nanoantennas,
and associated plasmonic nanodevices. The uniform shape sponta-
neously determined by the crystalline facet can be an ideal build-
ing block to construct nanoscale structures with unprecedented
accuracy and reliability which cannot be achieved by the tech-
niques employed so far, such as vacuum deposition, lithography
[7], and focused ion beam milling [9,26]. Also because the spectral
properties of the plasmon resonance strongly depend on the shape
of the metal nanoparticles [27–29], shape-selectivity in nanoparti-
cle synthesis gives us an opportunity to fully explore the benefit of
ll rights reserved.
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assembled plasmonic nanodevices in an efficient way for a given
application.

Xia et al. employed polyol synthesis, in which metal ions are re-
duced by heated ethylene glycol (EG) with poly(vinyl pyrrolidone)
(PVP) used primarily as a stabilizer to prevent aggregation of the
colloidal particles as well as a function for regulating crystal
growth [23,24]. They found corrosive salts such as HCl, NaCl and
NaBr added into the reaction solution can work as an etching re-
agent against the deposited particles [25,30,31]. This oxidative
etching preferentially removes thermodynamically (entropically)
favorable multiple twined particles (MTP), and thermodynamically
less favorable single crystalline nanocubes remain as the final
product. Although factors such as the introduction of a capping
agent can alter what is the thermodynamically most favorable
structures, different types of crystalline structure essentially show
different resistivities against oxidative etching. They tried different
kinds of salts with different corrosiveness to adjust the etching
power, and they could let the desired shape remain selectively,
the others be etched out.

In this work, we report that the shape of polyol-synthesized
nanoparticles can be controlled by direct injection of oxygen into
the reaction solution. For the control of the etching efficiency, we
simply adjusted the flow rate of the injected oxygen instead of
changing etching reagents or adjusting concentrations of the re-
agents. We found that nanocubes, right bipyramids, nanowires,
and spherical nanoparticles are selectively synthesized depending
on the flow rate of oxygen. This result will contribute to simplifica-
tion of the shape-controlled synthesis of metal nanoparticles. SERS
activities and local field enhancement of the synthesized nanopar-
ticles are also discussed.
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Fig. 1. SEM images of silver nanocubes that were synthesized (a) with 8 mL/min
oxygen flow and (b) without oxygen flow. Scale bar is 500 nm.
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Fig. 2. SEM images of silver nanocrystals that were synthesized with the oxygen
flow of 6 mL/min, (b) 4 mL/min, (c) 2 mL/min and (d) 10 mL/min. Scale bar is
500 nm.
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2. Experimental

2.1. Synthesis of metal nanoparticles

The synthetic procedure was as follows. 5 mL of EG (99.5+%,
Wako) contained in a 30 mL beaker was heated up to 160 �C in a
stirring oil bath for one hour to remove trace amounts of water be-
fore the reaction started. The reported Cl and Fe impurities con-
tained in the EG were below 66 lM and 200 lM, respectively.
Immediately after heating was started, an oxygen gas was started
to pass through a glass pipet inserted into the EG with regulated
flow rate. The flow rate was measured by a simple rotameter, typ-
ically set below 10 mL/min. The oxygen was bubbling up from the
tip of the glass pipet immersed in the EG one by one with a mod-
erate frequency and released into the air. After the pre-heating,
30 lL of EG solution containing 10 mM NaBr (99.9%, Wako) was
added into the heated EG. Subsequently, two 3 mL EG solution,
one containing 94 mM AgNO3 (99.0+%, Aldrich) and the other con-
taining 144 mM PVP (average Mw � 55000, Aldrich, concentration
calculated in terms of the repeating unit) and 0.11 mM NaBr were
simultaneously added by a two-channel syringe pump into the
heated EG with the rate of 45 mL/h. During the reaction the beaker
was capped with an aluminum cover having a small hole through
which the pipet can be inserted. After two hours, the solution was
taken out from the oil bath and naturally-cooled down to room
temperature.

For recovering the nanoparticles, the solution was first diluted
with acetone and centrifuged at 25000 rpm for 10 min. The super-
natant solution was substituted with clean acetone and sonicated
for a minute, then the suspension was again centrifuged. This
cleaning step was repeated several times with acetone, ethanol,
and water. Finally the nanoparticles were recovered in water and
used in the following experiments.

2.2. SERS and normal Raman measurements

4-Aminothiophenol (4-ATP) was used as a test molecule. Self
assembled monolayer (SAM) of 4-ATP was formed on the synthe-
sized silver nanocubes by the protocol described in literature
[32]. Briefly, the suspension of silver nanocubes was dropped on
a clean glass substrate and dried. The substrate was then immersed
in 0.1 mM 4-ATP solution for four hours, then rinsed with ethanol
to remove excess 4-ATP.

A Nd:YVO4 laser with the wavelength of 532 nm was used for
Raman excitations. The excitation laser was focused on the sub-
strate surface with an objective with NA 1.4. The excitation power
was typically 0.2 mW at the sample and the exposure time was set
to 60 s. 2 lm � 2 lm area around the focus spot was scanned by
atomic force microscope (AFM) to confirm that only one isolated
single nanocube lies in the focus spot.

We also measured normal Raman spectra of solid 4-ATP.
The same 4-ATP solution was dropped on a clean glass substrate
and dried to form small solid 4-ATP islands. In this case, the exci-
tation power was 4.6 mW at the sample. The exposure time was
120 s.

3. Results and discussion

3.1. Synthesis of silver nanocubes with oxygen

First, we injected the oxygen with a rate of 8 mL/min into the
reaction solution. Immediately after the injection of silver precur-
sor, the color of solution turned light yellow, which indicates the
formation of silver nanoparticles. Four minutes after the reaction
began, the color of the solution suddenly turned into transparent
and colorless. This continued for approximately one minute. This
phenomenon implies the silver nanoparticles were oxidatively
etched and re-dissolved into the solution [30]. After five minutes,
the color again began to turn yellow. The color gradually became
strong in intensity. After 15 min, the solution became dark yellow
and non-transparent. After 30 min, the solution became ocher in
color, and this color was kept until the end of the reaction.

The SEM image of the final product is shown in Fig. 1a. Almost
all particles are single crystalline nanocubes. The average edge
length is approximately 200 nm. We could not find any other types
of twined particles.

Fig. 1b shows the final product obtained by the same reaction
condition as Fig. 1a but without the oxygen injection. We see the
main product was spherical MTPs. In this case, the color of the
reaction solution became monotonically strong in its intensity,
never became colorless as did in the case with oxygen flow. After
30 min the color became opaque milky yellow and this color re-
mained until the end of the reaction (1 h 30 m). The fact that the
color became opaque more quickly than the case of with oxygen
indicates the presence of oxygen effectively promotes the oxidative
etching and reduces the growing speed of nanoparticles.

3.2. Shape control by changing oxygen flow rate

When we varied the oxygen flow rate from 8 mL/min to 2 mL/
min, drastic changes were observed in the crystalline shape of
the final products. The results are shown in Fig. 2. In contrast with
the case of 8 mL/min oxygen flow rate which gave almost 100%
nanocubes (Fig. 1a), in the case of 6 mL/min, the main product
was right bipyramids with occupancy of 60% (Fig. 2a). In the case
of 4 and 2 mL/min flow rates, the main products were nano-
wires (80%) and spherical nanoparticles (90%), respectively
(Fig. 2b and c).
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Fig. 3. (a) HRTEM image and (b) electron diffraction pattern of silver nanocube
synthesized with oxygen. Inset in (a) shows a low magnification TEM image of the
nanocube. Scale bar is 100 nm.
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A clear correlation was found between the injection rate of the
oxygen and the amount of the twin defects in the crystalline struc-
ture of the final product. Crystallographic studies have revealed
that nanocubes are grown from single crystalline seeds with no
twin defect, right bipyramids are from single twined seeds, nano-
wires are from decahedral twined seeds, and spherical particles
are from multiple twined seeds with many twin defects, respec-
tively [24,28]. Because the defects provide active sites for oxidative
dissolution, more defect-rich particles are more active and corro-
sion-prone for oxidative etching [30,33]. Thus, spherical MTPs are
considered to be the most easily etched, nanowires come next,
right bipyramids, and nanocubes are the most resistive to oxidative
etching. On the other hand, more defect-rich particles are thermo-
dynamically more favorable under natural conditions without the
influence of oxidative etching. These two opposing trends are bal-
anced in the presence of oxygen, which results in the shape selec-
tivity observed here.

In the current experimental system, because a large portion of
the injected oxygen was released into the air, it is difficult to pre-
cisely relate the efficiency of undergoing oxidative etching to the
actual concentration of the oxygen dissolved in the EG. As a rough
measure, we evaluated that the oxygen of 4 mL/min is sufficient to
etch out the multiple twined seeds but not sufficient to eliminate
the decahedral twined seeds (Fig. 2b). Similarly, 6 mL/min oxygen
etches out decahedral twined particles but does not for single
twined particles (Fig. 2a). 8 mL/min oxygen etches out all twined
particles (Fig. 1a). We are now working with the improvement of
the system to enable direct evaluation of the oxygen concentration
in EG.

Too much oxygen gave undesirable influence on the uniformity
of the final product. When we tried the oxygen flow rate of over
10 mL/min, the final product was again dominated by nanocubes,
however, the size of the cubes were widely distributed ranging
from 80 nm to 200 nm (Fig. 2d). This implies that the nanocubes
were partly etched owing to the exceedingly increased etching
efficiency.

The successful production of nanowires in the presence of oxy-
gen in the case of 4 mL/min oxygen flow is noticeable because Xia
and co-workers publishes some reports stating that oxygen must
be removed or scavenged from the system in order for the decahe-
dral twined seeds to stay around long enough to grow into nano-
wires [34,35]. We attributed the production of nanowires to the
large amount of Fe as much as 200 lM contained in the EG used
in our synthesis. As Xia et al. pointed out, Fe(II) can remove atomic
oxygen adsorbed on the surface of the silver, thus can work as a
blocking agent gainst the oxidative etching. As the result, in our
reaction condition, the oxidative etching was rather suppressed
to a considerably low level when the oxygen flow rate was set at
low. This suppressed state helped the decahedral twined seeds to
grow into nanowires. The inhibited oxidative etching was then
reactivated with increasing the oxygen flow rate, providing the
means to control oxidative etching efficiency depending on the
flow rate of the oxygen injection and the shape selectivities
emerged.

If the competition between the adsorbed oxygen etching silver
atoms and its inhibitor Fe(II) is a key mechanism for the observed
variation of the oxidative etching efficiency, varying oxygen flow
rate should result in a variation in oxidative etching rate, rather
than etching power. Indeed, a relation between the oxygen flow
rate and the etching rate becomes apparent when comparing the
timing at which the color of the reaction solution turned colorless.
In the case of 8 ml/min, the color completely vanished at around
three minutes and a half. In contrast, in the case of 6 and 4 mL/
min, the light yellow turned colorless at around four minutes
and a half, slower than the case of 8 mL/min. For 2 mL/min case,
the yellow color slightly faded at around four minutes and a half
but never turned colorless. For the case of no oxygen injection,
the color kept monotonically increasing in its intensity, which indi-
cates no oxidative etching occurred. Because only the crystal seeds
that are growing faster than the rate of undergoing oxidative etch-
ing remain as a final product, increasing/decreasing the rate of
etching doesn’t just result in taking a shorter/longer time for the
twinned seeds to be removed.

The presence of Fe(III) can be another possible etching reagent
against silver. However, this etching route had only a limited effect
because silver and Fe(III) have values of the redox potential very
close each other, and direct exchange of electron between these
two was not likely to be involved. Also, the concentration of Fe(III)
was limited by the amount of residual Fe, which is further reduced
by the reduction process of Fe(III) to Fe(II) by EG, thus the genera-
tion rate of Fe(III) is not likely to be sufficient to become a main
driving force of the etching.

During the preparation of this Letter, Xia and co-workers re-
ported a new finding on the role of oxygen in the polyol synthesis
of silver nanostructures, in which it was claimed that increasing
the oxygen concentration in the polyol synthesis results in the in-
creased amount of glycolaldehyde (GA) present in the reaction
solution, where GA may serve as a reductant of metal ions [36].
The increased amount of GA should accelerate the growing speed
of nanoparticles. In our case, however, the oxygen injection re-
duced the varying speed of the solution color during the reaction.
This indicates that the growing speed of silver crystals was reduced
by the oxidative etching effect rather than accelerated by the in-
creased GA. Thus, the oxidative etching dominantly governed the
reaction, and the effect of increased GA is considered to be limited
in our synthesis. This difference was caused by the different con-
centration of oxygen in the reaction solution. In our case, the oxy-
gen was injected with a moderate flow rate, while Xia et al. showed
an evidence of increased GA at the saturated concentration of
oxygen.

Finally, the role of Br- in the synthesis has not yet been revealed
clearly and now under investigation. Without adding NaBr, the
syntheses were typically ended with the mixture of nanowires
and MTPs, which suggests Br- play some nonnegligible roles in
the reaction.

3.3. TEM characterizations and SERS measurements of synthesized
nanoparticles

In order to assess whether our nanoparticles truly consist of sil-
ver or silver oxide, we performed TEM analysis of the synthesized
nanoparticles. Fig. 3a shows the high resolution TEM image of the
nanocube obtained by 8 mL/min oxygen flow. We see the nano-
cube is composed of a single crystal with well-resolved lattice
fringe spacing. The fringe spacing is 2.4 Å, corresponding to the
lattice distance of {111} surfaces of silver. Fig. 3b shows a typical
electron diffraction pattern taken from an individual nanocube.
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Fig. 4. (a) SERS spectrum of 4-ATP monolayer adsorbed on the silver nanocube
synthesized with oxygen flow. (b) Normal Raman spectrum of solid 4-ATP.
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The electron beam was directed along Z = [011]. The electron
diffraction pattern clearly shows the fcc structure of silver. These
results are direct evidences showing the synthesized nanocube
consists of silver and not the silver oxide.

Finally, we examined SERS activities of our nanocubes by mea-
suring SERS of 4-ATP SAM formed on the surface of nanocubes. The
measured SERS spectrum is shown in Fig. 4a. The agreement of the
peak frequencies and their relative intensities are excellent with
the reported SERS spectra of the same 4-ATP monolayer formed
on silver particles [32]. All SERS peaks can be assigned to the vibra-
tional modes of 4-ATP. We compared the SERS spectrum with a
normal Raman spectrum of solid 4-ATP deposited on a glass sub-
strate, which is shown in Fig. 4b. The enhancement of four peaks
at 1142, 1389, 1432, 1574 cm�1 originates from the metal-mole-
cule charge transfer (CT) mechanism [32,37,38]. If the surface of
the nanocubes is oxidized, the CT enhancement should be
quenched [38]. The observation of the CT enhancement suggests
again that the surface of our nanocubes is unlikely to be oxidized.

The enhancement of the 1076 cm�1 peak observed in the SERS
spectrum is considered to be purely electromagnetic-origin and
insensitive to the CT effects [32,37]. The comparison of this vibra-
tional mode between SERS and normal Raman spectra provides an
estimation of the electromagnetic field enhancement factor of the
nanocubes. We assumed 4-ATP SAM covers the whole surface of a
200 nm nanocube, and its number density is �5 nm�2 [32]. For the
normal Raman case, we first estimated the number of the detected
molecules from the volume of the solid 4-ATP in the excitation la-
ser focus which was directly measured by an AFM. The density of
solid 4-ATP of 1.18 g/cm3 was used. The Raman enhancement fac-
tor was estimated to be 2.0 � 104, which resulted in the electro-
magnetic field enhancement of factor 14, where jEj4 rule was
adopted. These values are on a whole-surface average. The Raman
enhancement at the local hot site provided by the sharp corner of
nanocubes can be several orders of magnitude higher than the
averaged value [27,29], which has more essential importance in
applications to tip-enhancement.

4. Conclusion

We have shown that the shape of silver nanocrystals can be
conveniently controlled by injection of oxygen gas during the
polyol reduction of silver ions. By adjusting the oxidative etching
rate, which can be adjusted by the flow rate of the oxygen, nano-
cubes, right bipyramids, nanowires, and spherical nanoparticles
can be selectively obtained. Our nanoparticles are SERS active
and no evidence was found that infers the silver is oxidized. We be-
lieve that this finding will greatly simplify the shape-controlled
synthesis of silver nanoparticles in laboratories as well as in indus-
trial mass production settings.
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