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Abstract

Numerous experiments for nanomaterial fabrication using pulsed laser ablation in liquid have been reported. Most studies have focused on the
formation of noble-metal nanoparticles and their surface plasma-resonant optical properties. This short review highlights the fabrication of metal
oxide-based nanomaterials such as oxide and hydroxide nanoparticles, as well as layered nanocomposites, via nanosecond pulsed laser ablation of
metallic target materials in water and aqueous surfactant solutions. These crystallized oxide-based nanomaterials are formed through the ejection
of ablated species with extremely high density and high kinetic energy followed by oxidation in the liquid.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Pulsed laser ablation in liquid media (PLAL) is a promis-
ing technique for the controlled fabrication of nanomaterials
via rapid reactive quenching of ablated species at the interface
between the plasma and liquid. PLAL is a versatile technique
for preparing various kinds of nanoparticles (NPs) such as noble
metals [1,2], alloys [3.4], oxides [5—16] and semiconductors
[17]. The features of PLAL are as follows. Well crystallized
NPs can easily be obtained in one-step procedures without sub-
sequent heat-treatments [8,9] because of the high energetic state
of ablated species [18-20]. Certain pure NP colloidal solutions
can be formed without the formation of by-products. In addition,
chemicals such as surfactants can be added to liquids in order
to control the size and the aggregation state of NPs by changing
the surface charge of the nuclei [13,21]. The entire product can
be completely collected in solutions, and the obtained colloid
solution is very easy to handle. The production system does not
require costly vacuum chambers.

The fabrication of noble-metal NPs has been studied exten-
sively because of their characteristic optical absorption by sur-
face plasmon resonance. The nanomaterials initially prepared by
PLAL were noble-metal NPs [22,23], and controlled formation

* Corresponding author. Tel.: +81 29 861 4896; fax: +81 29 861 6355.
E-mail address: takeshi.sasaki@aist.go.jp (T. Sasaki).

1010-6030/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2006.05.031

of noble-metal NPs has been achieved using aqueous surfactant
solutions [24]. Femtosecond laser ablation in liquids can also
be employed to prepare very small and monodispersed noble-
metal particles [25,26]. This technique can also be applied to
the fabrication of novel nanomaterials, including metastable and
nonequilibrium phases, via rapid reactive quenching of ablated
species with extremely high density and high kinetic energy.
The formation of nanodiamond [27,28] and cubic-BN [29,30]
by PLAL has been reported. Furthermore, organic and inor-
ganic nanocomposites can be formed by the interaction between
ablated inorganic species and surfactant molecules in liquids
[6,12].

Various metal-oxide NPs have been also prepared by PLAL.
The concept of fabricating oxide using laser irradiation of metal
targets in water was demonstrated in 1987, where iron and tan-
talum oxides were formed on target surfaces in water using a
Q-switched ruby pulsed laser [31,32]. Although the prepara-
tion of various kinds of NPs by ablation of different targets in
deionized water has been extensively studied in recent days,
papers reporting the fabrication of metal oxide-based nanoma-
terials from metal targets by PLAL are still scarce compared
with reports concerning the production of noble-metal NPs.

This short review aims to summarize recent research on the
preparation of metal oxide-based nanomaterials such as oxide
NPs and nanocomposites using pulsed laser ablation of metal
targets in aqueous solutions. The formation mechanism of the
nanomaterials is also discussed.
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Fig. 1. Typical experimental setup for laser ablation in liquids. The target is
rotated during laser irradiation (a). The suspension is also irradiated by the
laser, with the focal point in the solution (b), but the spot size on the suspension
surface was adjusted in some cases.

2. Experimental procedures of PLAL

Fig. 1 illustrates a typical experimental setup for PLAL
[15,33]. A high-purity metallic plate is fixed at the bottom of
a glass cell as the target and is rotated to avoid a deep ablation
trace, as shown in Fig. 1a, because the deep trace can bring about
the change of the spot size. Metallic particles dispersed in liquids
can also be irradiated by a pulsed laser as depicted in Fig. 1b.

A short overview of the ablation of metals in aqueous solu-
tions is presented in Table 1, where the target, laser conditions,
solutions, products, etc. are indicated. Typical pulse energy for
PLAL ranges from a few tens to several hundreds millijoules per
pulse. The laser beam is focused by a lens with a focal length
from 10 to 250 mm in order to get sufficient laser fluence for
the ablation. The typical diameter of the laser spot on a bulk tar-
get changes from 0.05 to 2.0 mm and the typical liquid volume
range is 5-20 ml. Certain chemicals such as surfactants can be
added to the solution to control the size and aggregation of the
products. A nanosecond Nd: YAG laser is most frequently used
as the light source. High-order harmonic waves can also be used
for ablation. After laser irradiation ranging from 10 to 120 min, a
colloidal solution of oxide-based nanomaterials can be obtained.
In the case of open cells depicted in Fig. 1, liquid droplets are
sometimes ejected from the solution surface under laser irra-
diation and deposited on the lens. This phenomenon must be
avoided in order to maintain the laser irradiation conditions.
A centrifuge and/or super centrifuge is sometimes employed to
collect and clean the products. The aging process in the obtained
suspension can result in changes in shape of the nanostructures
and crystallization in some cases.

A variety of analysis techniques are used for the characteri-
zation of products. Morphological observation by transmission-
electron microscope (TEM) and scanning-electron microscope

Table 1
Metal oxide-based nanomaterials prepared by ablation of metal targets in aqueous solutions
Target Laser Solution Products Size Remarks Reference
Ti Nd:YAG 355 nm, ‘Water NP amorphous TiO, 3-150 nm [7,8]
150 mJ/pulse, @ 1 mm Water + SDS?* NP TiO; (anatase) 3nm
Ti Cu vapor laser (510.6, ‘Water NP TiO, (x=1.04) 35nm [37,38]
578.2 nm), 2040 wJ/pulse, @
50 wm
Sn Nd:YAG 355 nm, Water NP SnO; + Sn SnO,: 2—-6 nm 9]
100 mJ/pulse, @ 1 mm Water + SDS? NP SnO, Sn: 250 nm
Zn Nd:YAG 355 nm, ‘Water NP ZnO 38 nm [13]
100 mJ/pulse, @ 1.5 mm Water + LDA® 12-17 nm
Water + OGM® 25-25nm
Water + CTAB 30-33 nm
Zn Nd:YAG 1064 nm, Water NP Zn +ZnO 45nm [44]
70 mJ/pulse, @ 2 mm Water + SDS? 7Zn/Zn0O core shell 37-18 nm
Al Nd:YAG 532 nm, 80 mJ/pulse ~ Water NP amorphous Al(OH),, AIOOH 3-300 nm Re-crystallization [45,46]
occurred by aging
Ga Nd:YAG 1064 nm, Water + CTAB®  GaOOH - Re-crystallization [47]
80 mJ/pulse occurred by aging
Mg Nd:YAG 355 nm, Water Mg(OH); 1-2nm [5]
100 mJ/pulse, @ 1 mm Water + SDS? Mg(OH), - Tubular and
spindle-like structures
Co Nd:YAG 355nm, 30 mJ/pulse ~ Water NP Co304 <10 nm, microparticles ~ Powder (diameter: [15]
(diameter: 20-200nm) 2 pm) was used as
is also included target
Zn Nd:YAG 355nm, Water + SAS? Layered nanocomposite with Carbon number 7 in [6,12,33]

100 mJ/pulse, @ 1.5-2.25 mm

B-Zn(OH), and SAS?

SAS*=12, 13, 14
and 16

4 SDS is one of the sodium alkyl sulfates (SAS), C,,H,+1SO4~ -Na*, with carbon member n of 12.

Y LDA, OCM, CTAB are lauryl dimethylaminoacetic acid betaine, octaethylene glycol monododecyl ether, and cetyltrimethylammonium bromide.



T. Sasaki et al. / Journal of Photochemistry and Photobiology A: Chemistry 182 (2006) 335-341 337

Fig. 2. TEM images and TED patterns of TiO, and SnO, NPs prepared in a 1 x 1072 M SDS solution by laser ablation of Ti and Sn targets with the third harmonic

of Nd:YAG at 355 nm.

(SEM) is frequently utilized. The optical transmittance and pho-
toluminescence of colloidal solutions are also recorded. X-ray
diffraction (XRD) and transmission-electron diffraction (TED)
analysis is used for crystallographic structure analysis of the
products. Other analytical techniques such as Raman and Fourier
transform infrared (FTIR) spectroscopy are also used to charac-
terize the products.

3. Preparation of oxide NPs
3.1. NPs of TiO; and SnO;

Titanium oxide and tin oxide are n-type semiconductors and
are very promising materials for photovoltaic cells [34] and gas
sensors [35,36]. These nanoparticles have been prepared using
wet chemical approaches such as the sol-gel and precipitation
methods. In these techniques annealing of the precursors is gen-
erally required for their decomposition and for the crystallization
of the oxides. In contrast, PLAL provides a very simple, one-
step procedure for obtaining crystallized-oxide NPs without any
post-process heat-treatments. Laser ablation of Ti in water by
a Cu vapor laser (at 510.6 nm with some fraction at 578.2 nm)
resulted in the formation of non-stoichiometric oxide of the TiO,
NPs with x =1.04 and an average particle size of 35 nm estimated
by X-ray diffraction analysis [37,38]. Much smaller NPs of TiO»
and SnO, were prepared by laser ablation of the corresponding
metal targets in an aqueous solution of sodium dodecyl sulfate
(SDS; C12H»5S04Na), using the third harmonic of a Nd:YAG
laser (355 nm) [7,9]. Fig. 2 presents TEM images and TED pat-
terns of TiO, and SnO, NPs prepared in a 1 x107>M SDS
solution. The NP size ranged from 2 to 6 nm in diameter. As

can be seen in the TED patterns in Fig. 2, each pattern shows
halo diffraction rings resulting from well crystallized-oxide NPs.
The crystal structure of the oxide NPs was identified as anatase
TiO, (JCPDS 21-1272) and cassiterite SnO, (JCPDS 77-448).
These results were very consistent with an XRD analysis of the
dropcast films of these oxide NPs. It should be noted that the
crystallinity of the obtained oxide NPs was strongly affected by
the concentration of SDS in the solution. Most well crystallized-
oxide NPs were prepared in solutions around the critical micelle
concentration (CMC) for SDS (8.6 x 1073 M).

According to a previous study involving laser ablation at
solid—liquid interfaces, a laser-induced plasma may be gener-
ated on a target in liquid as well as one in gas. Such a plasma
includes quite highly energetic species of atoms, ions and clus-
ters confined in the solution [18-20]. Diagnostics for laser-
induced plasma in water have indicated that the temperatures
and pressures can instantaneously reach 1 x 10* to 1 x 10° K
and a few GPa range [39,40]. These energetic species can
react and are quenched when they enter in contact with water
molecules, forming nuclei of oxide or hydroxide via instanta-
neous hydrothermal oxidation. Surfactant molecules in the water
could play an important role in the growth, ripening and aggre-
gation of these nuclei. Although the detailed mechanisms of the
crystallization of NPs are not yet clear, instantaneous and local-
ized high temperature and high pressure fields at the edge of the
ablation shockwave may enhance crystallization. As can be seen
in Fig. 1, NPs formed in solution can also be irradiated within
the optical path above the spot point on the target by a laser dur-
ing ablation. Such post-irradiation of the product by laser may
also improve the crystallinity of the NPs via laser heating. In
this case, the suppression of the coagulation of NPs by surfac-
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Fig. 3. Scanning transmission electron microscopic images captured by a field emission SEM and histograms of the size of ZnO NPs prepared by laser ablation of
zinc plate in deionized water and 1 x 10~2 M LDA with the third harmonic of Nd: YAG at 355 nm.

tants is very important in avoiding scattering of the laser light.
Therefore, a maximum amount of stable colloidal suspension
of crystallized TiO; and SnO, NPs can be obtained around the
CMC.

3.2. Zinc oxide NPs and their photoluminescence properties

ZnQis an oxide semiconductor of interest for ultraviolet (UV)
LED and UV laser applications due to its wide direct band gap of
3.4eV [41]. In addition, its exciton binding energy of 60 meV
exceeds the room-temperature energy of 26 meV [42]. There-
fore, ZnO can achieve excitonic UV emission even at room
temperature. ZnO NPs have been widely investigated as an emis-
sion material because of the enhancement of their optical and
electrical properties caused by the quantum confinement effect
[43]. However, surface defects and impurity levels are easily
generated during the nanoparticle formation process, and lattice
defects in ZnO, such as oxygen vacancies, cause recombination
centers for green emission and nonradiative relaxation, resulting
in the degradation of UV emission. For the application of ZnO
NPs as a UV emitter, suppression of green emission, i.e., the
reduction of surface defects, is very important.

ZnO NPs can also be prepared by ablation of a zinc plate
using the third harmonic of a Nd:YAG laser in water and
aqueous solutions of surfactant. The effects of having dif-
ferent surfactant molecules in the solution on particle size
and distribution and on the photoluminescence properties of
the obtained ZnO NPs have been investigated in detail [13].
Fig. 3 presents scanning transmission electron microscopic
images captured by the field emission SEM and histograms
of the size of ZnO NPs prepared in deionized water and in
an aqueous solution of lauryldimethylaminoacetic acid betaine
(LDA; CH3(CHj3);1N(CH3), CH,COO) with a concentration

EX:3.65eV

PL intensity (a.u.)

2:0 2.‘5 3:0 3#5
Photon energy (eV)

Fig. 4. Photoluminescence emission spectra of the ZnO NP suspension just after
ablation, prepared from zinc plate in deionized water and 1 x 107> M LDA with
the third harmonic of Nd:YAG at 355 nm.

of 1 x 1072 M. The average size d and standard deviation o of
the ZnO NPs prepared in water were d=38 nm and o = 16 nm.
These values decreased with increases in the concentration of
LDA, reaching d=12nm and 0 =6.5nm at 1 x 102 M LDA.
Smaller ZnO NPs with a narrower size distribution were gener-
ally obtained in the aqueous solution of surfactants with nega-
tively charged molecules due to the effective adsorption caused
by charge matching between the positively charged ZnO NPs
and the negatively charged molecules. Surfactants adsorbed on
the ZnO nuclei and particles during ablation can suppress fur-
ther growth of the ZnO NPs. In the laser ablation of zinc by
the third harmonic of Nd:YAG, however, typical anionic sur-
factants of sodium alkyl sulfate that have a negative charge in
solution resulted in completely different nanomaterial forma-
tion, as described in the next section.
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Fig. 4 depicts the photoluminescence spectra of the ZnO NP
suspension obtained just after ablation in deionized water and
1 x 1072 M LDA. The aqueous solution of LDA has no lumi-
nescence in this wavelength region, and the peaks observed at
3.27eV are assigned to Raman scattering of the water. A UV
exciton and broad defect emission peaks are observed at 3.40
and 2.29eV. It should be noted that the broad defect emission
peak completely disappears and the UV emission intensity is
increased in ZnO NPs prepared in the LDA solution. These
results indicate that LDA molecules can passivate surface oxy-
gen defects. LDA is an amphoteric surfactant that possesses a
localized negative charge on the oxygen in the carboxylion and a
localized positive charge on the nitrogen. LDA adsorbed on ZnO
NP surfaces would effectively passivate any oxygen defects.

Zn/ZnO core shell structures have also been prepared by laser
ablation of Zn using the fundamental of Nd:YAG at 1064 nm in
an SDS solution [44]. Ablation of zinc by an infrared laser gener-
ates spherical zinc NPs with diameter from 20 to 100 nm, which
could be originated from molten droplet formed via explosive
boiling of the target, and the subsequent oxidation of these par-
ticles forms the oxide shell. The SDS molecules can suppress
this oxidation by forming a bi-layer micelle. The shell struc-
tures were strongly dependent on the concentration of SDS. The
Zn/ZnO core shell structures have a blue luminescence in the
440-550 nm range that is attributable to interstitial zinc in the
ZnO lattice.

Pulsed laser ablation of a zinc target in water using fundamen-
tal and third harmonic Nd: YAG laser could essentially result in
formation of metal and oxide NPs. These results are suggestive
of the potential control of nanomaterial fabrication by different
laser wavelengths, which would arise from the different optical
and thermal interactions with target materials.

3.3. NPs of other oxides and hydroxides

NPs of other metal oxides and hydroxides have also been
prepared by the ablation of metal in water. Aluminum hydrox-
ides were prepared by laser ablation of an Al rod immersed in
water using the second harmonic of a Nd: YAG laser (532 nm)
[45,46]. Differently shaped hydroxide particles in the nanometer
range were obtained via aging of the prepared suspension after

.

the ablation. The shapes were triangular (bayerite), rectangular
(gibbsite) and fibrous (boehmite). The ablated Al species reacts
with the water to yield an amorphous gel that transforms to the
crystallized aluminum hydroxide by aging. The dissolution and
re-crystallization process plays an important role in the develop-
ment of aluminum hydroxides. Similarly, gallium oxyhydroxide
NP formation via the aging process, where gallium metal was
ablated by a Nd:YAG laser (1064nm) in a cetyltrimethylammo-
nium bromide (CTAB) surfactant solution has also been reported
[47]. Unique nanostructures of magnesium hydroxide have also
been prepared by laser ablation of magnesium plate in aque-
ous solutions of SDS [5]. The obtained nanostructures strongly
depended on the concentration of the surfactant. A wormhole-
like bulk gel was obtained in deionized water after drying at room
temperature. The gel exhibited crystallized pore walls without
any post-calcination. Ultrafine tubular fibers were formed in
lower concentrations of SDS solution. Stripe-like rods and large
platelets grew preferentially with increased surfactant concen-
tration.

NPs of cobalt oxide have been prepared by laser irradiation
of Co metal particles in water, using a third harmonic Nd:YAG
laser (355 nm). Particles of cobalt oxide such as CoO and Co3z04
were also used in these experiments [15]. Co3O4 NPs were pro-
duced from all target powders in water. When an organic solvent
of hexane was used, NPs of cobalt metal were obtained from
Co and Co304 particles. These results indicate that water is
very important for the oxidation of ablated species. Ablation
of oxide targets in water can form oxide nanoparticles. Dif-
ferences between oxide and metal targets may not affect the
phase of the obtained oxide. The optical and thermal proper-
ties of the target materials affect ablation yields, which may
change the particle size and the production efficiency of the oxide
NPs.

4. Preparation of organic/inorganic nanocomposites

Layered organic/inorganic nanocomposites composed of an
inorganic layer and a dodecyl sulfate lamella can be prepared by
laser ablation of zinc in an aqueous solution of SDS [6]. SDS is
a typical anionic surfactant from the sodium alkyl sulfate group,
C,H2,+1S04~-Na*, with an alkyl chain length n=12. Fig. 5

Fig. 5. Typical TEM image and TED pattern of layered organic/inorganic nanocomposites prepared by laser ablation of Zn plate in 1 x 10~2 M SDS with the third

harmonic of Nd:YAG at 355 nm.
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zinc hydroxide layer

alkylsulfate
molecules

Fig. 6. Structural schematic of a layered organic/inorganic nanocomposite pre-
pared in a sodium alkyl sulfate solution.

presents a typical TEM image and TED pattern for the obtained
nanocomposite. The nanocomposites have unique structures,
e.g. octagon-shaped platelets and hexagonal in-plane crystal-
lographic symmetry. It was inferred from a detailed chemical
analysis that the nanocomposite is a layered single crystal com-
posed of 3-Zn(OH); layers that intercalate the dodecyl sulfate
tilted lamella as illustrated in Fig. 6.

The effect of the alkyl chain length n of the surfactants
on the structures of the obtained nanocomposite has also been
examined [12,33]. A layered organic/inorganic nanocomposite
was obtained only with specific sodium alkyl sulfates (n=12,
13, 14 and 16). The structure of the layered organic/inorganic
nanocomposite depicted in Fig. 6 is characterized by two param-
eters: the inorganic layer-to-layer spacing, d, and the tilting angle
of the alkyl chain, 6. The value for d was calculated from XRD
diffraction data for the layered nanocomposites, and 6 was esti-
mated using the following equation:

d = tzy + 2r¢ + 2an + 2 x 1.27n sinf, (1)

where fz, is the minimum thickness of the inorganic layer
(7.3 A), r is the end tail size of an alkyl chain (1.5 A), ay is
the size of the head group in an alkyl sulfate (1.97 A) and 7 is
the carbon number of the alkyl sulfate. In Eq. (1), 1.27n corre-
sponds to the length of an alkyl chain in the surfactant molecule.
The structural characteristic parameters of d and 6 increased
with increasing carbon number 1 from 26.8 to 42.0 A and from
27.3° to 43.1°, respectively. Thus, the structure of a layered
organic/inorganic nanocomposite can easily be controlled by
varying the alkyl sulfate chain length.

The obtained organic/inorganic nanocomposites have an
inorganic layer of (3-Zn(OH),, which is the high temperature
and pressure phase of zinc hydroxide [6]. In the nanocomposite,
these hydroxide layers have the defects of the hydroxyl group,
giving rise to a positive charge in the layers that can combine
with the negatively charged dodecyl sulfate ions. The forma-
tion mechanism of the nanocomposite is as follows. First, zinc
hydroxide nuclei with OH defects are formed by laser ablation
of zinc. These positively charged nuclei merge with negatively
charged dodecyl sulfate ions to form the nanocomposite by
self-assembly with charge matching. The formation of the high
temperature and pressure phase of zinc hydroxide suggests the
existence of a hydrothermal reaction in water resulting from the

instantaneous high temperature and pressure field generated by
laser ablation.

5. Concluding remarks

Pulsed laser ablation in liquid is a remarkable, unique pro-
cess for the fabrication of nanomaterials using the physical
laser ablation phenomenon and subsequent chemical reactions.
Metal oxide-based nanomaterials such as oxide and hydroxide
NPs, as well as layered nanocomposites that are very difficult
to prepare by only a chemical reaction, can easily be prepared
from metallic targets through simple one-step procedures. These
oxide-based nanomaterials are formed via aqueous oxidation of
ablated species ejected from the metallic target in water by laser
ablation. However, the detailed mechanisms are not completely
clarified compared with laser ablation in a vacuum or ambient
gas because the breakdown of the liquid in the process must also
be taken into account. Further detailed investigation using both
experimental and theoretical techniques is required to develop
this method into a useful nanomaterials production regime.
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