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a b s t r a c t

We report unusual laser-induced shape conversions of silver nanoparticles dispersed in polyvinylpyrroli-
done (PVP) aqueous solutions. Silver nanocrystals such as nanoplates and nanorods were formed using
laser irradiation for colloidal silver nanoparticles prepared using laser ablation in aqueous solutions of PVP.
Differing from the nanocrystal formation observed in neat water and halide solutions, which were induced
by weak laser or fluorescent-light irradiation, the nanocrystal formation in PVP solutions was induced by
eywords:
aser irradiation
aser ablation
ilver
anoparticles

strong laser irradiation. On the other hand, nanocrystal formation was not observed in polyvinylalcohol
(PVA) solutions, in which fusion of nanoparticles were prominent. It is proposed that the nanocrystals
were formed from fragmented nanoparticles protected by PVP via a ripening process.

© 2009 Elsevier B.V. All rights reserved.
anocrystals
olyvinylpyrrolidone

. Introduction

During metal nanoparticle synthesis, shape control is strongly
equired to provide characteristic optical properties differing from
hose of bulk metals. Syntheses of anisotropic-shaped particles such
s nanorods and nanoprisms are of particular interest because their
ptical properties are more sensitive to changes in their size or
spect ratio than those of spherical particles. Moreover, the elec-
ronic field induced by plasmon excitation is more concentrated
t corners of anisotropic-shaped nanoparticles than on spherical
urfaces of isotropic-shaped nanoparticles, which will be useful to
esign strong photon-molecule coupling field such as SERS sub-
trates. The synthesis of anisotropic-shaped metal nanoparticles is
ypically performed using chemical reduction methods in which
arious synthesis parameters such as the concentration of reagents,
emperatures (increasing rate), and addition of oxidants are con-
rolled precisely [1,2].

On the other hand, photo-irradiation is recently interested as
n alternative shape control technique. Shape control of metal
anoparticles using photo-irradiation has been firstly presented by
in et al., revealing that fluorescent-light irradiation for spherical sil-
er nanoparticles led to the formation of silver nanoprisms [3]. They
lso demonstrated that the nanoprism size is controllable according
o the irradiation light wavelength [4]. Differing from strong laser

∗ Corresponding author. Tel.: +81 92 583 7816; fax: +81 92 583 7816.
E-mail address: ta-tsuji@cm.kyushu-u.ac.jp (T. Tsuji).

010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2009.06.001
irradiation for metal nanoparticles, which cause nanoparticles’
fragmentation or fusion [5], their findings suggest that complex
shape control of metal nanoparticles, such as that performed using
chemical synthesis, is possible using photo-irradiation techniques.
Therefore, further investigations of photo-induced shape changes
of metal nanoparticles should be conducted.

The laser ablation technique in a liquid produces proper metal
nanoparticle samples to facilitate investigation of their photophys-
ical and photochemical properties. As Fojtik and Henglein first
demonstrated [6], laser ablation of a metal plate immersed in water
or organic solvents causes formation of colloidal metal nanopar-
ticles. A remarkable and advantageous feature of nanoparticles
prepared using this technique in contrast to those prepared using
chemical synthesis is their absence of uncontrolled byproducts,
such as ions and protective reagents, in the solutions. Consequently,
it was possible to investigate chemical properties of nanoparticles
without the influence of those substances [7,8]. If we add a reagent
to a solution, then we can clarify the influences of that additive
[9–11].

In former studies, we revealed that weak intensity (non-
focused) laser irradiation for silver colloids prepared using laser
ablation in neat water caused the formation of well-faceted silver
nanocrystals such as nanoprisms and nanorods [12]. In addition,

photo-induced formation of nanocrystals was enhanced by halides
(NaCl, KCl, MgCl2, NaI, KI): nanocrystal formation resulted from
fluorescent- or xenon-light irradiation in the halide solutions
[13,14]. As the formation mechanism of nanocrystals in the halide
solutions, we propose that the shape conversions occur via silver

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:ta-tsuji@cm.kyushu-u.ac.jp
dx.doi.org/10.1016/j.jphotochem.2009.06.001
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the concentrations of 1 mM and higher, although the exact lower
limit of the PVP concentration above which nanocrystal formation
occurs was uncertain. In 0.5 mM PVP solution, it was significantly
difficult to find nanocrystals. On the other hand, fusion of sil-
T. Tsuji et al. / Journal of Photochemistry an

ons produced by halogen etching, because AgX2
− (X = Cl, I) was

etected in the solutions after the addition of the halides. In neat
ater, we assumed that silver ions generated by etching using

mpurities and those generated from the oxidized layer on the
urface of nanoparticles played an identical role.

In this article, we report photo-induced nanocrystal formation
f a different type observed in silver nanoparticles prepared using
aser ablation in a liquid. In a previous work, we conducted laser
blation of silver plates immersed in polyvinylpyrrolidone (PVP)
queous solutions to elucidate effects of PVP on the size, forma-
ion efficiency, and stability of produced nanoparticles [11]. In that
ork, to reduce the size of prepared silver nanoparticles, we also

onducted additional laser irradiation for the colloids at intensities
hat was much stronger than the moderate laser or fluorescent-
ight irradiation conducted in neat water and halide solutions. The
esults revealed that PVP enhanced fragmentation because of its
rotective effects. For this study, we conducted more extensive
nd precise examinations of additional laser irradiation effects on
he shape of silver colloids in PVP solutions. Results show that
anocrystal formation had been caused by laser irradiation in addi-
ion to the fragmentation.

. Experiments

The preparation of silver colloids and laser irradiation for the
roduced colloids were conducted using the same procedure as that
eported elsewhere [12–14]. It has been revealed that the formation
fficiency of silver colloids by laser ablation in water was higher
sing 1064-nm laser light than using 355-nm laser light [15,16].
n the other hand, silver colloids absorb 355-nm laser light more
fficiently than 1064-nm laser light. For that reason, silver colloids
ere prepared using laser ablation of a silver plate using 1064-
m laser light, and then the silver plate was removed and laser

rradiation for the colloids was conducted using 355-nm laser light.
A silver plate (99.99%; The Nilaco Corp.) was set in a quartz cell

ontaining 5 mL neat water or PVP solution at various concentra-
ions. The molecular weights of PVP used for this study were 10,000,
0,000, and 360,000, which are designated respectively hereinafter
s PVP-10K, PVP-40K, and PVP-360K. The PVP concentration was
.5–18 mM; typical experiments were conducted at around 6 mM
or all PVPs because the stability of colloids and the viscosity of
amples, which affect TEM sample preparation, were well balanced.

Laser ablation was conducted using 1064-nm laser light of a
d:YAG laser (GCR-100; Spectra-Physics) at 12 mJ/pulse for 10 min.
he pulse duration and the repetition rate of the laser pulses were,
espectively, 8 ns and 10 Hz. Spherical nanoparticles with the diam-
ter from 5 to 80 nm were obtained (Fig. 1).

Laser irradiation of the produced colloids was conducted using
ocused 355-nm laser light at 12 mJ/pulse for 10 min. The laser beam
as focused just below the air–water interface of the solutions.
uring laser irradiation weak optical emissions were observed at

he laser-irradiated spot. The laser fluence at the focal spot was
a. 36 J/cm2. The typical experiments were conducted in the air
tmosphere. When laser irradiation was conducted in N2 or O2
tmosphere, bubbling of N2 or O2 gas into the colloidal solutions
as started 15 min before the laser irradiation and it was continued
uring the laser irradiation. The solutions were stirred during the

aser irradiation. The nanoparticles were analyzed using a UV–vis
pectrometer (UV-2450; Shimadzu Corp.) and TEM (JEM2100FX;
EOL).
. Results

Fig. 2 depicts UV–vis spectra of silver colloids in a solution
f PVP-40K at 6 mM before and after laser irradiation. A sharp
lasmon band attributable to silver nanoparticles was observed
Fig. 1. The source silver nanoparticles prepared by laser ablation of a silver plate in
a 6 mM PVP-40K aqueous solution. The average diameter and the standard deviation
of the produced silver nanoparticles were, respectively, 18 and 10 nm.

around 400 nm. Strong absorption in less than 220 nm results
from PVP. After laser irradiation, the plasmon band intensity was
decreased. The decrease in the absorption by laser irradiation must
be attributable to photo-induced coagulation of colloidal particles
[17]. On the other hand, shape changes of the plasmon bands such
as new peaks and shoulders were not observed.

In TEM images of the nanoparticles after laser irradiation, we
detected remarkable products. As shown in Fig. 3 for 6 mM PVP-
40K solution, various shapes and sizes of nanocrystals, such as
prism (a), cube (b), rod (c), hexagonal plate (d), and large plate
(e) were observed in addition to fragmented nanoparticles. The ED
patterns (f) showed that the nanocrystals were composed of silver.
Such nanocrystal formation was detected in PVP-40K solution at
Fig. 2. UV–vis spectra of silver colloids in a 6 mM PVP-40K solution before and after
laser irradiation at 355 nm.
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ig. 3. (a)–(e) TEM images of silver nanocrystals with various shapes generated usin
VP-40K solution. (f) An SAED pattern of (e). (h) Fused silver nanoparticles observe

er nanoparticles (Fig. 4g) was more prominent at 0.5 mM than
hat at 1 mM and higher, consistent with the result of the former

tudy [11]. While the formation efficiency of nanocrystals could
ot be quantitatively estimated, because of the low concentra-
ions of the silver colloids and TEM limitations, the amounts of
he nanocrystal formed in PVP-40K solutions at the concentrations

ig. 4. TEM images of silver nanoparticles dispersed in PVA solutions. (a) Source particles
rradiation at 355 nm for 10 min. (c) A magnified image of particles in a 6 mM PVA-2K so
hose formed in a 6 mM PVP-40K solution.
r irradiation for spherical silver nanoparticles prepared using laser ablation in 6 mM
0.5 mM PVP-40K solution.

of 1 mM and higher were almost identical with those observed in
halide solutions [14]. It must be noted that no indications of the

formation of the anisotropic-shaped nanocrystals were observed
in the UV–vis spectra. This discrepancy must be attributable to
low concentration of the nanocrystals and multiplicity of their
shape.

prepared by laser ablation in a 6 mM PVA-2K solution, and (b) particles after laser
lution after laser irradiation to compare the morphology of the particles with (d)
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The nanocrystal formation in the PVP solutions has been unex-
ected. Differing from halides which can etch silver nanoparticles,
VP is an inert protective polymer for silver nanoparticles. Fur-
hermore, the laser irradiation conditions used in the present
tudy are quite different from those used in the previous study.
n the present experiments, photo-irradiation was conducted
sing strong focused laser irradiation (36 J/cm2, focused). On the
ther hand, for colloids in water and halide solutions, photo-
rradiation was conducted using lower intensity laser (50 mJ/cm2,
on-focused), fluorescent tube (5 × 10−2 mW/cm2), or xenon lamp
6 × 10−2 mW/cm2) irradiation [12]. Using strong laser intensity
36 J/cm2, at the focal point), only fragmentation and fusion of
anoparticles were observed in water and halide solutions [12,18].
herefore, to reveal the role of photo-irradiation in the present sys-
em, we conducted weak laser irradiation (50 mJ/cm2, non-focused)
or silver colloids in PVP solutions. Remarkably, no crystal forma-
ion was observed in PVP solutions that had been irradiated at
he lower intensity. This finding suggests that the mechanism of
hoto-induced formation of nanocrystals in PVP solutions differed
rom that in water and halide solutions, and must be attributed
o processes that are caused by strong laser irradiation for silver
olloids.

The same experiments were also conducted for silver colloids
n PVP-10K and PVP-360K and polyvinylalcohol (PVA; M.W. 2000,
PVA-2K)) solutions. The nanocrystal formation was observed in
hose PVPs, and no molecular weight dependencies of the forma-
ion efficiency and the morphology were observed. On the other
and, no crystals were observed in PVA-2K solutions. Alternatively,
s shown in Fig. 4a and b, although the particle size was decreased
y laser irradiation, the nanoparticles in PVA solutions were fused
ith each other and formed network structures. In addition, the

omparison of the morphology of nanoparticles in 6 mM PVA-2K
olution (Fig. 4c) and that of nanoparticles in 6 mM PVP-40K solu-
ion (Fig. 4d) revealed that small fragmented nanoparticles less than
a. 5 nm, observed in the PVP-40K solutions, were not observed
n the PVA-2K solutions. Such differences in the morphology of
olloidal particles after laser irradiation were also observed in the

V–vis spectra. As shown in Fig. 5, the shape of the plasmon band of

ilver colloids prepared in PVP-2K became more broader than that
f colloids prepared in PVP-40K after laser irradiation. The more
emarked fusion of nanoparticles in the PVA-2K solutions than that
n the PVA-40K solutions can be explained on the basis of the lower

ig. 5. UV–vis spectra of silver colloids in a 6 mM PVA-2K solution before and after
aser irradiation (solid lines), and that in a 6 mM PVP-40K solution after laser irra-
iation (dashed line).
obiology A: Chemistry 206 (2009) 134–139 137

protective effect of PVA-2K than that of PVA-40K. Upon laser irra-
diation for colloidal particles, both fragmentation and fusion of
nanoparticles occur. It is also possible that a particle fragmented
or fused by a laser pulse are repeatedly fragmented and fused by
following laser pulses [19]. If a protective reagent was added into
colloidal solutions, the fragments are protected by the reagent and
the fusion is reduced, resulting in the formation of smaller nanopar-
ticles [5,11]. In other words, if protective efficiency of the reagent
decreases, then the fusion increases. We have compared the stabil-
ity of colloids prepared in PVA-2K with that prepared in PVP-40K
and confirmed that colloids in PVA-2K showed coagulation more
rapidly than colloids in PVP-40K. It is notable that the result of
laser irradiation for PVA-2K solutions and that for thin (0.5 mM)
PVP solutions indicate that the crystal formation was suppressed
when fusion of nanoparticles is prominent.

It must be noted that nanocrystals were formed when PVP was
added after silver colloids had been prepared in neat water, indi-
cating that PVP affects the nanocrystal formation at only the laser
irradiation stage. On the other hand, one can expect that 355-
nm laser ablation directly induces nanocrystal formation, because
355-m laser light can illuminate both silver plate and generate
nanoparticles at the same time. In fact, nanocrystal formation was
observed in the colloidal solution prepared using 355-nm laser
ablation without the secondary laser irradiation. However, the
lower formation efficiency of colloidal particles by 355-nm laser
ablation than that by 1064-nm laser ablation made the observation
of the products significantly difficult.

4. Discussion

As described previously, we observed photo-induced crystal
formations of silver nanoparticles in water (containing oxidants)
and in halide solutions [14]. For silver colloids in water and in
halide solutions, it was revealed that photo-induced nanocrystal
formation occurred via the intermediate silver ion state (Scheme 1)
generated by chemical oxidization. Ordered shaped nanocrystals
must be formed via thermal reduction of the silver ions, along
with plasmon excitation; while influences of the plasmon excita-
tion are still under investigation [14]. While the shapes and sizes of
the nanocrystals in the PVP solutions resembled those observed in
halide solutions, their formation mechanism will be different from
that in the halide solutions, because PVP must not oxidize silver
nanoparticles as halides do, and the nanocrystals in the PVP solu-
tions were formed only under strong laser irradiation conditions in
which only fragmentation and fusion were observed in the halide
solutions.

Based on the fact that the nanocrystal formation in the PVP
solutions was induced by strong laser irradiation for silver nanopar-
ticles, several mechanisms of the shape conversions can be
proposed. First, one can consider the case where the nanocrys-
tals were constructed directly from silver atoms, clusters, and ions
ejected from silver nanoparticles by strong laser irradiation. The

role of PVP is a masking agent that covers some specific surfaces of a
silver cluster and control orientation of crystal growth, as proposed
for crystal formation by chemical syntheses [1,2]. However, from the
fact that nanocrystals were formed in the halide solutions in which

Scheme 1. Proposed mechanism of the photo-induced nanocrystal formation in
halide solutions.
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cheme 2. Proposed mechanism of the nanocrystal formation in PVP solutions
nduced by strong laser irradiation. (a) Reduction of mechanism and (b) ripening

echanism.

o masking agents were contained [12–14], it is strongly suggested
hat masking agents were not a necessary factor for nanocrystal
ormation of silver.

Second, it can be proposed that the nanocrystals were formed
y chemical reduction of silver ions ejected by laser irradiation
Scheme 2a). Recently, Washio et al. reported that triangular sil-
er nanoplates were produced by heating an aqueous solution of
gNO3 and PVP [20]. They suggested that the slow reduction reac-

ivity of PVP was a key condition to obtain triangular plates. It has
een revealed that laser-induced fragmentation process of metal
anoparticles involves Coulomb explosion accompanying ejections
f cationic clusters and metal ions along with electrons [21–23].
herefore, it is suggested that silver ions are generated by laser
rradiation for silver nanoparticles, and these ions would interact

ith PVP, then the weak reduction reaction brought by PVP will
ead to nanocrystal formation. In fact, the zeta potential of the silver
anoparticles in PVP solutions was raised from −6 to −1 mV by laser

rradiation, as was observed for gold nanoparticles [21]. To make
urther confirmation of this mechanism, we have investigated influ-
nces of scavengers on the crystal formation. The reaction of silver
ons ejected by laser irradiation will be affected by the presence
f scavengers such as oxygen molecules. As Werner et al. proposed
24], oxygen molecules solved in colloidal solution quench electrons
jected by laser irradiation to form oxygen anions which subse-
uently neutralize cationic clusters and metal ions. Therefore, it
s expected that the formation efficiency of nanocrystals in a PVP
olution saturated with oxygen will be lower than that in a PVP
olution saturated with nitrogen, because oxygen anions neutral-
ze the silver ions. To confirm this assumption, we have conducted
aser irradiation for silver colloids which were settled in a N2 or O2
tmosphere. From TEM observations, no significant differences in
he formation efficiency of the nanocrystals were detected between
olloids in N2 or O2 atmosphere, suggesting that silver ions are not
nvolved in the nanocrystal formation process.

The third possible mechanism of the nanocrystal formation was
ased on the fact that the formation of nanocrystals was prominent
hen fusion of nanoparticles was suppressed. It is well-known that

tability of atoms in a nanoparticle decreases with the decrease in
he particle size. Such unstable atoms can leave from a nanopar-
icle and move to the other nanoparticles. The repeating of the
ransportation of silver atoms results in the formation of nanopar-

icles with stable size and shapes. Such transformation processes
bserved in nano-sized colloids are known as “ripening”. As a
esult of a ripening process, it will be possible that nanocrystals
re formed as stable shaped products. In fact, Stoeva et al. have
hown that gold nanocrystals were formed from mono-dispersed
obiology A: Chemistry 206 (2009) 134–139

gold nanoparticles of ca. 5 nm [25] via a ripening process. Conse-
quently, it will be possible that the nanocrystals in the PVP solutions
were formed from the small nanoparticles, which were generated
by laser irradiation cooperated by the protective effect of PVP, via a
ripening process (Scheme 2b). The fact that the size of the nanocrys-
tals was larger (stable size) than the fragmented nanoparticles also
supports this ripening mechanism. On the other hand, in the PVA
solutions and in the thin PVP solutions, the nanocrystal formation
would be suppressed because of the lowering of the amount of
the fragmented particles. At present we conclude that this ripen-
ing mechanism is the preferable mechanism of the laser-induced
nanocrystal formation. From our results, the critical size which
determine whether the ripening process occurs in silver nanopar-
ticles or not will be ca. 5 nm.

On the other hand, high protective effects will not be the
sufficient factor of the nanocrystal formation. For example, no crys-
tal formation has been observed in silver colloids dispersed in
surfactants such as sodium dodecyl sulfate (SDS), although the
surfactants suppressed the laser-induced fusion [9,19]. These facts
suggest that the interaction between protective reagents and silver
nanoparticles and/or silver atoms released from them should be an
important factor of promotion of the ripening process. To confirm
these assumptions, quantitative and theoretical analyses of binding
energy (and its size-dependence) of metal atoms in a nanoparticles,
and protective effect of reagents for metal nanoparticles should be
performed in the future works.

Finally, it must be noted that the results of the present study also
provide some insights for the formation mechanism of nanocrys-
tal in halide solutions. For the nanocrystal formation in halide
solutions, we have assumed that plasmon excitation controls
the orientation of crystal growth and produces the well-faceted
nanocrystals [14]. On the other hand, for the nanocrystal forma-
tion in PVP solutions, it is suggested that well-faceted nanoparticles
would be formed via the spontaneous transformation (ripening)
process which is a characteristic of nano-sized metal particle. In
other words, plasmon excitation will not be a necessary factor of
the crystal formation in PVP solutions. Consequently, it will be
possible that halides produce small nanoparticles via oxidative
etching and that those small nanoparticles will be transformed to
the nanocrystals via a ripening process. In that case, a possible role
of photo-irradiation will be the promotion of the halide etching.
The confirmation of such mechanism is in progress. Through those
works using metal nanoparticles prepared by laser ablation with
controlled adducts, intrinsic properties of metal nanoparticles will
be revealed.

5. Conclusion

Strong laser irradiation for silver colloids dispersed in PVP aque-
ous solutions induced the formation of well-faceted nanocrystals.
Differing from that in halide solutions, nanocrystal formation was
not promoted by weak laser irradiation. On the other hand, in the
thin PVP solutions and in the PVA solutions, in which nanocrys-
tals were not observed, fusion of nanoparticles was prominent. We
proposed that the nanocrystals will be formed via a ripening pro-
cess from the fragmented small silver nanoparticles protected by
PVP.
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