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New  laser  ablation  method  to drastically  improve  nanoparticle  yield  was  developed.  In this  method,  laser
was irradiated  from  the  bottom  of  a piriform  flask  to the  precipitated  powder  target.  Nanoparticle  yield
became  much  higher  than  that  obtained  by  the  conventional  method.  Silver  nanoparticle  colloid  with
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high  concentration  was  prepared  in a single  step  and  the  colloid  has  been  stable  for  more  than  6 months
without  any  chemical  reagents.  The  shape  of nanoparticles  was  estimated  to  be  four-sided  pyramid  or
octahedral  by  scanning  transmission  electron  microscopy  (STEM)  observation.  In addition,  STEM  image
showed  narrow  size  distribution.  A typical  bacteria,  Bacillus  coli,  became  extinct  within  24  h in  silver
nanocolloid  with  the  concentration  of  20  mg/L.
actericidal activity

. Introduction

Because of the interesting optical properties (surface plasmon,
urface enhanced Raman scattering [1–3] and applicability (an
ntibacterial agent [4–6])), silver nanoparticles have attracted a
ot of attention for a decade. In general, silver nanoparticles sta-
ly dispersed in liquid work as an antibacterial agent. However,
hemical reagent such as surfactants [7,8] is needed to prevent
ggregation and disperse nanoparticles stably. It results in loss
f surface area albeit specific nanoparticle properties largely arise
rom their surface. Therefore, properties specific to nanoparticles

ay  be diminished.
In general, nanoparticles can be mechanically [9,10],  physically

11,12], chemically [13–15] fabricated. In particular, nanoparticles
an be produced by pulsed laser irradiation to target immersed in
iquid [16–24].  This method has advantages such as the capability
o produce nanoparticles in high purity. In addition, nanoparti-
les stably dispersed in liquid without other treatments can be
repared in some cases [21]. However, nanoparticle yield is very

ow [22] because nanoparticles produced by previous pulse are
gain ablated and laser power irradiating the target is decreased.
herefore, laser ablation for a prolonged time does not bring high
anoparticle yield.
In the previous reports, silver has been often used as the
arget. However, applications have rarely been investigated
ecause of low nanoparticle yield. In this paper, we  present the
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preparation of silver nanoparticles by new laser ablation method
in water. In this method, laser is irradiated to powder target pre-
cipitated in a piriform flask filled with water. This setup enables
continuous laser ablation with high nanoparticle yield. The pro-
duced particles were stably dispersed in water more than 6 months
without chemical reagent and pH adjustment. In addition, it turned
out that the produced silver nanoparticles had narrow size distri-
bution and a unique morphology.

2. Experimental

Schematic illustration of experimental set up is shown in Fig. 1.
Target silver powder (Nilaco) was  precipitated on the bottom of a
piriform flask filled with pure water. Second harmonic light from
Nd:YAG laser system (Spectro Physic Pro-290) operated in the Q-
switch mode at the wavelength of 532 nm with a repetition rate of
10 Hz and pulse duration of 7 ns was  used. The pulsed laser energy
was  400 mJ  corresponding to the fluence of ca. 0.5 J/cm2. After laser
ablation for 60 min, silver nanocolloid was obtained. Target pow-
der was observed by SEM (Hitachi S-3600N) operated at 15 kV.
Products were analyzed by STEM (JEOL JEM-2100F) operating at
200 kV. Absorption spectrum was measured using spectral pho-
tometer (Shimadzu UV-2100PC). Light path was 10 mm and the
measurement range was  from 300 to 900 nm. Antibacterial activ-
ity against Bacillus coli (B. coli) was  measured as follow. First, B.
coli were inoculated into 10 mL  of Luria–Bertani (LB) broth. Then,

it was shaken and preculture was  carried out for 15 h. Culture fluid
was  added to physiological salt solution to dilute by 5000 times.
A 0.5 mL  of the diluted solution, 2.5 mL  of LB broth diluted by 2
times, 1.5 mL  of sterilized water and 0.5 mL  of silver nanocolloid
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http://www.elsevier.com/locate/jphotochem
mailto:e1481@mosk.tytlabs.co.jp
dx.doi.org/10.1016/j.jphotochem.2011.10.016


T. Nishi et al. / Journal of Photochemistry and Photobiology A: Chemistry 226 (2011) 64– 67 65

F
t
w

(
a
s

3

t
f
t
a
l
n
c
i
g
A
t
o
c
m
n
a
o
t
r
v
m
l
c

ab
so

rb
an

ce
 

1

0

2

3

4

300      400        500        600        700      800        900 
ig. 1. Schematic illustration of experimental setup. Silver powder employed as the
arget was  precipitated on the bottom of a piriform flask filled with pure water. Laser
as irradiated through the bottom of a piriform flask.

diluted by 10 times) were mixed. Then, they were shaken at 37 ◦C
nd 100 rpm. In 0, 6, 24 h, colonies were respectively counted after
tatic culture on agar at 37 ◦C.

. Results and discussion

We used a new laser irradiation method. Laser is irradiated
o the precipitated silver powder through the bottom of a piri-
orm flask filled with water as shown in Fig. 1. In this method,
he interaction between nanoparticles produced by previous pulse
nd incident laser light can be practically prevented. Therefore,
aser light irradiating the target is stable because laser power is
ever attenuated. As the result, the improvement of nanoparti-
le yield could be attained. Scanning electron microscopy (SEM)
mage of the target silver powder is shown in Fig. 2. An inhomo-
eneous distribution of particle size and shape can be confirmed.
bsorbance spectrum of silver nanocolloid prepared by laser abla-

ion for 60 min  in water is shown in Fig. 3. The spectrum consists
f strong absorption due to plasmon band around 400 nm,  indi-
ating the presence of silver nanoparticles. This peak intensity is
uch higher than any other result reported so far for the silver

anoparticles prepared by laser ablation in liquid [23,24].  Although
bsorbance spectrum is influenced by the concentration, scattering,
ptical path, particle size, this result indicates that the concen-
ration of nanoparticles in liquid is much higher than any other
eports as one of the possibilities. In fact, the concentration of sil-

er nanoparticles is estimated to be 0.2 g/L as described below. This
ust be higher than any other report. In the conventional method,

aser is attenuated by the interaction between existed nanoparti-
les produced by the previous laser pulse. Therefore, it is difficult to

Fig. 2. SEM image of target silver powder.
Wavelen gth/nm  

Fig. 3. Absorbance spectrum of silver nanocolloid prepared by laser ablation.

obtain a great amount of nanoparticles by laser ablation even irradi-
ated for a long time. Hence, most of reports show the results of laser
ablation for shorter period of time. On the other hand, the inter-
action between nanoparticles produced by the previous pulse and
incident laser light can be practically prevented in our new method.
In consequence, laser light with stable energy reaches the target
and nanoparticles can be continuously produced at a constant rate.
It is expected that this method leads to steady increase of nanopar-
ticle concentration with ablation time. Therefore, nanocolloid with
desired concentration can be prepared by a single step. Actually,
nanoparticle yield was  estimated by the decrease in the amount
of target powder after laser ablation for 60 min  four times. As a
result, average nanoparticle yield of 20 mg/h which corresponds to
1.39 �g/J could be obtained. This is much higher than that reported
by the other groups [22]. The concentration of silver nanoparticles
dispersed in water was  about 0.2 g/L because amount of water was
about 100 mL  in our experiments.

Next, the mechanism of the production of nanoparticles is dis-
cussed. It is well known that the temperature and pressure of the
plume produced by laser ablation in liquid are very high [25–30].
The plume can heat the target, which results in melting, vaporiza-
tion and ionization. In the case of the conventional method using
powder target in liquid, a part of plume contact with target par-
ticles and they are heated. If another target particles that are not
irradiated present near the heated ones, they can also be heated.
However, this heating effect is rather limited in the conventional
method due to the low probability of the presence of target par-
ticles around the laser-induced plume. In contrast, target powder
can be effectively heated in our new method because a lot of tar-
get particles are expected to be around irradiated particles. It is
deduced that target particles not directly irradiated by pulsed laser
are heated to be melting, vaporizing, in plasma. Therefore, it is pos-
sible to consider that nanoparticle yield can be drastically improved
by the heating effect in our method. Another rational reason for the
improvement of nanoparticle yield is the effect of scattering of inci-
dent laser light by target particles. Laser can be scattered by target
powder. Then, scattering light irradiates target particles which are
not directly irradiated by the incident laser light. If the fluence is
higher than the threshold value, target powder can be ablated. If
the fluence is not high enough to induce ablation, laser light may
be expected to heat target particles, resulting in melting. Hence,
both the heating and the scattering effect might contribute to the
improvement in nanoparticle yield.

Silver nanoparticles prepared by our method have been stably

dispersed for more than 6 months. Preparation of stable nanocol-
loid was  reported in some cases. For example, laser ablation of
gold target can produce Au–O− on the surface of gold nanoparticles
and they are stably dispersed by electrostatic repulsion [21]. It is
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Fig. 4. (a) Low and (b) high mag

ossible to consider that the stability of silver nanoparticles pre-
ared in our experiments can also be attributed to electrostatic
epulsion.

Scanning transmission electron microscopy (STEM) of silver
anoparticles is shown in Fig. 4. Fig. 4(a) indicates that the size
istribution of produced particles is very narrow and the average
article size is about 2 nm.  Additionally, Fig. 4 (b) shows that the
hape of the particles is not sphere but square pyramid or octa-
edral structure. In general, the shape of nanoparticles produced
y laser ablation in liquid is spherical. Irradiation of laser light to
anoparticles dispersed in liquid induces the change of particle
hape in some cases. Tsuji et al. reported the formation of silver
ires and sheets, probably due to fusion of nanoparticles [31]. In

ur experiments, laser light can be scattered by target powder. And
anoparticles produced may  be irradiated by scattered and atten-
ated laser light. Therefore, the production of unique shape cannot
e expected. However, the average particle size is 2 nm and its
istribution is very narrow. It is needed to further investigate the
echanism of the production of nanoparticles with peculiar shape.
Antibacterial activity of silver nanoparticles against B. coli was

nvestigated and shown in Fig. 5. Nanocolloids prepared by laser

blation were diluted and tested. The concentration of as-prepared
olloid was estimated to be 200 mg/L and estimated concentration
sed in this experiment was ca. 20 mg/L. The number of bacteria
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decreased with time and bactericidal activity was observed. The
intrinsic property of silver nanoparticles has been demonstrated
because the surface of nanoparticles prepared by laser ablation in
liquid is absolutely pure.

4. Summary

New laser ablation method was developed to improve nanopar-
ticle yield. In this method, laser is irradiated to the precipitated
target powder through the bottom of a piriform flask. High
nanoparticle yield of 20 mg/h was attained because the interaction
between produced nanoparticles and incident laser light could be
practically prevented. The average size of produced particles was
ca. 2 nm and its distribution was very narrow. Moreover, nanopar-
ticles have been dispersed for more than 6 months without any
chemical reagent and pH adjustment. Bactericidal activity of silver
nanocolloid could be demonstrated. We  expect that this method
enable the production of various types of nanoparticles and leads
to the discovery of new functional materials.
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