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Abstract A simple and flexible method has been pre-
sented for the fabrication of rattle-type Ag@Al,O;
nanostructures in water and polyvinyl pyrrolidone polymer
solution based on laser-induced heating of mixture of silver
(Ag) and aluminium (Al) nanoparticles by 532-nm laser.
Silver and aluminium nanoparticles were prepared by
pulsed laser ablation in liquid using same laser wavelength.
The transmission electron micrographs revealed morpho-
logical changes from sintered-/intermediate-type structure
in water medium and jointed structure (heterostructures) in
polymer solution to rattle-type structure with changing
irradiation time. At longer irradiation time, the Kirkendall
effect becomes dominant due to diffusion rate mismatch
between the two metals at the interface and facilitates the
formation of porous alumina shell over silver core. The
morphology and chemical composition of the nanostruc-
tures were characterized by transmission electron micro-
graph, high-resolution transmission electron micrograph
and energy-dispersive X-ray analysis. The melting
response of alumina (Al,O3), aluminium and silver
nanoparticles with 532-nm laser wavelength provides novel
pathway for rattle-type formation.
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1 Introduction

Bimetallic nanoparticles (NPs) in a form of core—shell,
alloy and rattle-type nanostructure exhibit diverse proper-
ties, which could be explored for variety of applications
such as efficient selective catalysts, drug delivery, sensors,
SERS-based molecular probe, environmental remediation
and filters [1-4]. The core—shell structure enhances the
interaction between the metal core and the shell, thus
creating more active boundary sites [5]. Because of this,
one may incorporate additional functional groups or
organometallic catalysts inside the shells. The core—shell
NPs are considered as an efficient way to inhibit agglom-
eration or oxidation of the metal NPs. The morphology of
nanostructures has a significant influence on their proper-
ties. Therefore, the controllable synthesis of nanostructures
morphology is highly anticipated. In spite of tremendous
progress in the synthesis of core—shell NPs, there is still no
general method for control and reliable synthesis of
bimetallic core—shell NPs using laser-induced heating
methodology.

Recently, a special class of core—shell NPs with core in
a hollow shell, called rattle-type structures or yolk—shell
structures, has drawn much attention because of their dis-
tinct structural properties and diverse functionalities of
shells for potential applications in catalysis and nanome-
dicine [6-10]. It possesses spherical porous shells and solid
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cores with a variable space or void between them. Because
of their unique structure, they exhibit enhanced surface
area and high stability. The shells protect the core element
from the outside environment and thus maintain its com-
positional and structural integrity and prevent its aggrega-
tion or sintering into large particles [11, 12].

Porous micro- and nanostructured materials with tai-
lored morphologies and tunable pore sizes have great
potential for applications in environmental remediation like
wastewater treatment, gas sensors, absorbent and catalysis
[6, 7]. The major methods to prepare rattle-type structures
are hard-/soft-templating methods, Kirkendall, Ostwald
ripening effect and selective etching [8-10, 13-15]. In a
spherical material system, when the fast diffusion species is
enclosed by the slower one, the Kirkendall effect trans-
forms the system by forming hollow structures of a com-
pound shell [16]. The void space in hollow particles or
rattle structures has been used for refractive index modu-
lation, density reduction and enhancement of active area
for catalysis [17]. Their open hollow structure enables both
the outer and inner surfaces of the catalyst to come into
contact with the reactants giving enhanced catalytic per-
formances [18, 19]. Various types of rattle nanostructures
like metal NPs@polymer, metal NPs@oxides, metal-metal
bimetal NPs@oxides/polymers have been synthesized;
however, these methods are often complicated because of
tedious procedures and poor reproducibility. Thus, there is
a need to develop simple, controllable and environmental
friendly method for the synthesis of the rattle-type
nanostructures.

A very simple, versatile and one-step method called
pulsed laser ablation in liquid (PLAL) has been developed
to synthesize variety of emerging materials [20-23]. Earlier
studies using PLAL mainly focused on the preparation of
noble NPs via laser ablation of metal targets and the
modification of the NP size and shape. However, in the last
5 years, in addition to the conventional synthesis of metal
NPs, researchers have started to adequately use the unique
features of PLAL to fabricate various nanostructures with
novel morphologies (core—shell, trimetallic nanocompos-
ites (NCs), alloys and polyoxometalates), microstructures
and phases, which makes it possible to explore novel
properties and applications for the new products [23-26].
The PLAL offers many advantages over chemical synthesis
strategies; for example, laser-synthesized metal nanoparti-
cles are charged, and hence, stable, toxic chemical pre-
cursors like surfactants are not required, and thus, the
colloids are ultrapure, and the method can be applied
universally to almost any material and solvents [21]. Al
NPs could be useful in the long run due to the abundance of
the Al element and its relatively lower costs compared to
other elements like Ag and Au. In addition, as a plasmonic
material, Al outperforms noble metals in terms of range of
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plasmonic active wavelengths and near-field enhancement
[27]. Combining Al with Ag or Au, an efficient catalyst
could be designed. Silver supported on alumina (Al,O3)
has been reported to be active and stable catalyst for
selective catalytic reduction of nitrogen oxides with vari-
ous hydrocarbons [28, 29]. Alumina because of its large
porosity and high surface area helps in proper dispersion of
silver NPs and gold NPs on its surface and facilitates the
formation of novel composite catalysts with a high density
of active sites [30-32]. Various porous shells have been
prepared to encapsulate metal NPs, isolating the active
cores and providing convenient channels for reactant spe-
cies to reach the surface of the active cores [11]. However,
to the best of our knowledge, the one-pot synthesis of
Ag@Al,0; using laser-induced heating has rarely been
reported. Here, we present a simple two-step strategy for
the fabrication of rattle-type Ag—Al,O5 core—shell struc-
tures in water and polymer solution using PLAL and post-
laser irradiation (PLI).

2 Experimental

Silver and aluminium NPs were prepared by ablating sliver
and aluminium metal plates (99.99 % pure) for 20 min in
deionized water and polyvinyl pyrrolidone (PVP) polymer
using second-harmonics (532 nm) wavelength of Nd: YAG
laser (Quanta Systems, Model SYL 202) having 5-ns pulse
duration and 10-Hz pulse repetition rate. The laser beam
was focused by a convex lens of focal length 150 mm to
obtain a laser spot size of 0.5 mm on the target immersed
in liquid. The laser fluence used for silver and aluminium
ablation was 14.3 and 4.5 J/cmz, respectively; the lower
fluence for aluminium ablation was necessary because of
the lower melting point of aluminium compared to silver;
further aluminium oxidizes rapidly at higher laser fluence.
The metal plate (Ag or Al) was placed at the bottom of a
glass vessel filled with 5 ml of deionized water or
0.001 mM concentration of aqueous solution of PVP
(24 kDa, Central Drug House). The freshly prepared
nanoparticle solutions were then mixed in 1:1 volumetric
ratios to obtain 3 ml as-mixed Ag—Al solution. The as-
mixed solution was post-irradiated with an unfocussed
beam of the same laser at fluence 0.6 J/cm? for different
time. The irradiated nanoparticle solutions were immedi-
ately characterized by UV-Vis absorption spectroscopy
using a dual-beam spectrophotometer (PerkinElmer
Lambda35) having spectral resolution of 0.5 nm. The
extinction spectra of the samples were periodically moni-
tored at regular intervals for their chemical stability and
nanoparticle aggregation. TEM analysis was performed at
100 kV with a Philips Model CM 12 Microscope. HRTEM
analysis was performed at an accelerating voltage of
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200 kV with Technai G20-stwin HRTEM microscope. The
HRTEM was equipped with energy-dispersive X-ray
analysis (EDX) for elemental studies. For TEM and
HRTEM, the nanoparticle suspensions were dropped onto a
carbon-coated Cu grid and then dried at room temperature.

3 Results and discussion
3.1 Synthesis and structural characterization

Figure 1 shows the TEM image of morphological evolution
of Ag—Al nanocomposites (NCs) in deionized water with
changing post-irradiation time. Initially, sintered-type
structure is observed for 40 min of post-irradiation, as
shown in Fig. la. Due to laser-induced electric dipole
moment, the NPs tend to align one dimensionally to min-
imize electrostatic potential of the dipole—dipole interac-
tion leading to network-type structure [33]. After further
irradiation for 20 min, gradual morphological transforma-
tion to stable nearly spherical rattle-type core—shell struc-
ture is seen due to enhanced materials diffusion and
interaction at the core—shell interface. The TEM analysis
reveals narrow size dispersion and isolated particles of
mean size 25 nm with shell thickness of 4-6 nm. Further,
the aluminium shell gets highly oxidized in water forming
porous y-alumina along with a hollow region or variable
gap between the core and shell, similar to the rattle-type
structure formed in other synthesis strategies [30-34]. The
high-temperature and high-pressure dynamics in PLAL
resulted in the formation of crystalline y-alumina.

Along with spherical rattle particles, the TEM image
also reveals shape anisotropy in the form of dumbbell or
ellipsoidal-type structure as shown in Fig. 2 (inset shows

dumbbell structure). Such structures could be formed due
to anisotropic local heating of the silver core during laser
heating in deionized water. The anisotropic growth in a
colloidal NPs results because of two different mechanisms:
oriented attachment and Ostwald ripening [35]. The ori-
ented attachment growth mechanism occurs through self-
assembly or attachment and coalescence of NPs at their
energetically favourable crystal planes [35]. The driving
force for such mechanism is the reduction of surface
energy after the smoothening of their interfaces. However,
in Ostwald ripening growth mechanism, the dissolution of
smaller NPs in the solution because of their large surface
energy to form large particles of high-energy crystal planes
leads to oriented growth along these faces.

Figure 3a—c shows the HRTEM, SAED and EDX pat-
tern, respectively, of Ag—Al,O; rattle-type particles in
deionized water. Alumina being a dielectric material and
on the basis of scattering effect, it is possible to differen-
tiate the two, since the metallic silver because of large
electron density will scatter more and therefore will appear
dark as compared to alumina (clearly seen in both TEM
and HRTEM images). SAED pattern (Fig. 3b) shows
d spacing corresponding to both y-alumina and silver
phase. The d spacing value of 0.23, 0.20 and 0.88 nm
corresponds to (222), (400) and (840) planes of y-alumina,
and the d values of 0.12, 0.10 and 0.83 nm correspond to
(311), (400) and (422) planes of silver phase. The high-
resolution image reveals lattice fringe separation of
0.779 nm corresponding to y-phase of alumina [31]. Earlier
reports on pulsed laser ablation of aluminium in water have
also confirmed the formation of y-Al,O5; [36, 37]. The
EDX spectrum shows the presence of aluminium, oxygen
and silver besides copper arising from the carbon-coated
grid. The large peak intensity of aluminium and oxygen

Fig. 1 TEM images of Ag—Al nanocomposite post-irradiated with 532-nm laser in deionized water for a 40 min and b 60 min. Inset in
(b) shows complete core—shell structure with Ag (dark) as core and Al,O3 (grey colour) as shell
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Fig. 2 TEM image of Ag-Al,O; rattle-type nanoparticles post-
irradiated for 60 min in deionized water. The image shows non-
spherical rattle particles, and inset shows rattle-type dumbbell
structure

compared to silver in the spectrum corroborates the for-
mation of aluminium oxide on the surface of the rattle
particles encapsulating the silver core.

Figure 4 shows the TEM image of 1:1 ratio of Ag—Al in
0.001 mM PVP solution at different post-irradiation time.
Post-irradiation of 40 min in PVP solution reveals weakly
aggregated Al-Al,O5 as well as dispersed small spherical
silver particles in the TEM image. The morphology of the
NC shows strong dependence on concentration of the
polymer used and the particle characteristics [38, 39].
Figure 4a shows distinguishable Ag nanoparticles (dark)
adsorbed on Al/Al,O; aggregates (grey) [40].

Figure 5a—c show the HRTEM, SAED and EDX pattern,
respectively, of Ag-Al,O; rattle-type particles in
0.001 mM PVP solution. The HRTEM image shows both
dark and bright contrast, suggesting the formation of
composite structure. The measured lattice spacing of
0.28 nm in HRTEM image corresponds to (220) plane of y-
Al,O5; oxide. The selected-area electron diffraction
(SAED) pattern of Al-Ag NCs exhibits ring patterns; the
diffraction spots are assigned to (222), (400), (440), (444),
(800) and (840) planes of y-Al,O5 crystals (JCPDS#10-
0425) and confirm polycrystalline nature of Al,Os. The
EDX spectrum shows the presence of aluminium, oxygen
and silver in the Ag—Al,Oj; rattle-type particles.

3.2 Formation mechanism
Scheme 1 illustrates laser-assisted formation of rattle-type
Ag—-Al,05 core—shell particles in water. An equal volume

of Al and Ag colloidal solutions, prepared by PLAL, are
mixed and subjected to PLI for different times to initially
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form core—shell structures followed by sintered-/interme-
diate-type structure and finally rattle-type structures (elu-
cidated with experimental TEM pictures observed at
different post-irradiation time). In the physical mixture of
Ag and Al colloidal NPs, absorption for Ag NPs is larger
than Al NPs at 532-nm wavelength [41, 42]. However, the
dielectric alumina at the surface of aluminium melts faster
than the aluminium or silver metal. The TEM morphology
in Fig. la, b clearly shows the presence of melted form of
alumina (light grey colour) and silver particles (black).
Rothenberg et al. worked on the laser-produced plasma
(LPP) behaviour of metal (Al) and dielectric (Al,O3) under
the influence of intense laser beam [43]. Their results
showed that the threshold fluence for LPP formation in
dielectric was much lower than for pure metal. This
unexpected result was analysed taking into account the
differences in the absorptivity, thermal diffusivity and
volatility of the two materials [43, 44]. In our case, the
melting response of Al,O3, Al and Ag NPs provides novel
pathway for NC formation. For the formation of LPP from
a solid target, a minimum value of absorbed energy density
(U,) at the surface is required. The threshold value Uy, is
lower for more volatile materials with smaller heat
capacity, but is more difficult to reach in materials with
higher thermal diffusivity which results in higher Ugy,
value,

Ue = F(l _Rref) Gabs 5 (1)

where F is the incident fluence, R, is the reflectivity of
material and oy, is the absorption coefficient. The Uy,
value in Al is lower than that in alumina due to its higher
volatility; however, at the laser fluence sufficient for LPP
in alumina, LPP in Al would not be obtained because of its
greater thermal diffusivity which would not allow U, to
attain Ugy,. Such effects in alumina could lead to a sig-
nificant enhancement in the vaporization of surface atoms
and thus explains the melting of alumina for the formation
of rattle-type NCs [44, 45].

At longer irradiation time, the Kirkendall effect
becomes dominate, due to diffusion rate mismatch between
the two metals at the interface, which results in the for-
mation of hollow region between the silver core and Al,O3
shell. Growth of nanoparticles from a solid target immersed
in liquid by nanosecond laser ablation involves complex
high-temperature high-pressure plasma generation and
rapid quenching in surrounding dense medium. The sec-
ondary ablation or pulsed laser heating of metal NPs is
often used for size and shape modifications of nanoparti-
cles in liquid [44, 45]. In PLI of the laser-generated par-
ticles, free electron excitation and rapid energy transfer to
lattice, in picosecond time scale, produce excessive heat
which transforms the solid metal into a molten phase. The
reaction of molten material with vapours arising from the
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Fig. 3 a HRTEM image of Al-Ag NCs in deionized water subjected
to post-ablation nanosecond pulsed laser heating for 60 min. Inset
image shows complete core—shell morphology, b selected-area
electron diffraction pattern of Ag—Al NCs subjected to post-ablation
nanosecond pulsed laser heating for 60 min, the d spacing value of

surrounding liquid or other nanoparticles in the solution
can alter the final product size. In addition, laser—
nanoparticle interaction can simultaneously cause
photofragmentation of large particles and photofusion and
sintering of small particles [46]. The formation of
nanocomposite requires physical interaction of the
nanoparticles when one of them is in the molten phase.
Such a condition prevails only during the laser pulse, in our
case nanosecond, as the particles solidify rapidly via heat
dissipation to surrounding liquid.

0.23, 0.20 and 0.88 nm corresponds to (222), (400) and (840) planes
of y alumina, and the d values of 0.12, 0.10 and 0.83 nm correspond
to (311), (400) and (422) planes of Ag phase, ¢ EDX of Al-Ag in
water showing Al and Ag as main constituent elements

Relatively small lattice mismatch of Ag (4.0853 A) and
Al (4.0495 A) and similar FCC crystal structure makes it
possible to grow aluminium layer over the surface of Ag
nanoparticle or vice versa without interfacial strain under
appropriate conditions [47, 48]. Moreover, the cohesive
energy determines the stability and morphology of NCs
since the structure with higher cohesive energy tends to be
more stable [49, 50]. The experimental cohesive energy of
bulk Al (3.39 eV per atom) [49, 51] and Ag (2.95 eV per
atom) [50] suggests higher stability for Al than for Ag. The
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Fig. 4 TEM images of Ag—Al NC post-irradiated with 532-nm laser wavelength in 0.001 mM PVP polymer, a 40 min (grey colour aluminium
oxide is in fused form and over that small silver NPs (dark colour) are deposited) b 60 min (inset showing complete rattle nanostructure)

surface energy of Al-Al,O; is further reduced in compar-
ison with pure Al and Ag; therefore, Ag—Al,O5 core—shell
particle could be fabricated as a stable structure. In addi-
tion, the analysis of diffusion behaviour and atomic dis-
tribution suggest that the minimization of surface energy
tends to form Al surface segregation because of its lower
surface energy and faster diffusivity than silver and gold.

It is now well established that differential solid-state
diffusion rates of the two mixing reactants in an alloying or
oxidation reaction can produce porous structures [16, 17].
The hollowing occurs through vacancy exchange rather
than direct interchange of atoms. The nanoscale pores can
develop inside nanocrystals with a mechanism analogous
to void formation in Kirkendall effect. In the case of
bimetallic Ag—Al NCs, Al-Al,0O5 occupies surface or shell
position due to its lower surface energy compared to silver.
Furthermore, the diffusion rate mismatch between Ag and
Al creates vacancies in the Al side near the Ag—Al interface
which renders aluminium shell porous in the Ag—Al,O3
core—shell structure. Within the small volume of the
transforming nanocrystal, the supersaturated vacancy will
coalesce into a single void [13].

In as-mixed Ag—(Al-Al,03) NPs solution, both Al-
Al,O3 and Ag NPs can be excited effectively by 532-nm
laser, though absorption in Ag NPs is greater than in Al
NPs [41, 52]. Nanoparticles prepared in deionized water
are mostly in physical contact; therefore, their morphology
reveals interconnected structures. As some Al NPs reach
their melting point before Ag NPs, due to lower melting
point of Al (660 °C) compared to Ag (961 °C), and size-
related melting depression, significant laser-induced heat-
ing of nanocomposite can be achieved [53-55]. The
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melting depression for aluminium is more than for silver;
therefore, both Ag and Al NPs reach high temperature and
subsequently join together to form sintered or chain-type
structure as illustrated in Fig. la. Finally, post-irradiation
for 60 min results in complete melting of the particles, and
the lower surface tension and surface energy of Al,Oj
transform sintered NCs into Ag—Al,O; rattle-type core—
shell particles [56, 57]. These NPs have tendency to
aggregate in water after few hours of residency and
therefore require stabilizer such as PVP polymer to prevent
their aggregation.

Scheme 2 illustrates laser-assisted rattle-type core—shell
particle formation in PVP solution. Here, initial polymer-
coated Al and Ag NPs under the influence of laser heating
form an intermediate structure, consisting of small silver
particles deposited on pure aluminium surface, which
transforms into core—shell structure and finally to the rattle-
type structure. The aggregation of NPs after each laser
pulse depends on the coverage of NPs surface by stabilizer
molecules and on the probability of collision between the
two particles like melted Al NPs with photofragments of
silver or vice versa [58]. Recent results have demonstrated
that photofragmentation of NPs in the presence of strong
ligands leads to the formation of fine NPs rather than large
sintered structures [38, 41]. Scheme 2 also suggests the
formation of fine NPs deposited or supported on alumina
surface rather than formation of sintered-type structure in
the presence of polymer (Fig. 4a). As silver NPs absorb the
532-nm laser radiation more efficiently than aluminium
NPs, the photofragmentation of silver NPs may result in the
formation of smaller particles. On the other hand, the
melting and fusion of small aluminium particles take place
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Fig. 5 a HRTEM image of Al-Ag NCs in 0.001 mM PVP subjected
to post-ablation nanosecond pulsed laser heating for 60 min. Inset
shows the lattice fringes 0.23 nm corresponding to <y-alumina,

rapidly than silver particles due to their large melting
depression than silver particles; the large agglomerated
oxide-coated Al-Al,O3 particles shown in Fig. 4a are
formed by photofusion of small aluminium particles in the
polymer solution. As Al,Oj3 is a porous material with very
high surface area, it can support wide dispersion of
deposited silver nanoparticles which could be useful for
metal-enhanced spectroscopy applications. Longer post-
irradiation for 60 min changes the morphology to stable
rattle-type structure, Fig. 4b. The laser ablation of alu-
minium in PVP solution usually produces oxide-free
chemically pure Al nanoparticles because of excellent

b selected-area electron diffraction pattern of Ag—Al NCs subjected
to post-ablation nanosecond pulsed laser heating for 60 min, ¢ EDX
of Al-Ag in polymer showing Al and Ag as constituent elements

steric stability of the polymer [26, 59]. However, con-
comitant loss of steric stability and enhancement in oxi-
dation rate at longer post-irradiation time result in Al,O3-
coated aluminium particles.

In addition to the protecting ligand, the concentration of
the parent NPs is also an important factor as it determines
the concentration of the photofragments. The lower con-
centration of parent nanoparticles lowers the released
photofragments concentrations and consequently their
collision probability. These conditions do not support the
formation of sintered structures but suitable for formation
of spherical NPs [36, 53]. The spherical morphology in
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PVP is mainly due to steric stability provided by the
polymer because of its limited diffusion or particle colli-
sion for fusion.

3.3 UV-Vis absorption
Figure 6 shows the UV-visible spectra of Al, Ag and as-

mixed Ag—Al solution in a 1:1 ratio before and after the
laser irradiation in water. In water, aluminium NPs initially
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show a weak localized surface plasmon resonance (LSPR)
absorption band around 225 nm and featureless absorption
spectrum in the visible wavelength region (Fig. 6a, curve
1); however, after 2-3 h of residency, a new band with
maximum at 264 nm appears. The LSPR peak of pure
aluminium NPs has been experimentally observed at
210 nm in ethanol and acetone [60] in agreement with the
theoretically calculated peak wavelength in deep UV
region 200-220 nm [61, 62]. The large red shift of peak
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Fig. 6 UV-Vis spectra of Al, Ag, as-mixed Ag-Al and Ag—Al
nanocomposites post-irradiated for different times in a deionized
water and b 0.001 mM aqueous PVP solution

wavelength from 220 to 264 nm in water with time is
ascribed to the formation of thin natural aluminium oxide
shell around highly reactive aluminium core. The observed
peak at 264 nm is assigned to LSPR peak of Al-Al,O;
core—shell structure, and the large red shift of 44 nm is
attributed to higher refractive index of oxide shell com-
pared to water [59, 63]. The silver NPs show characteristic
intense but broad LSPR absorption maximum at 404 nm in
the UV-Vis spectrum (curve 2). The as-mixed solution
exhibits two distinct absorption maxima at 404 and 264 nm
corresponding to Ag and Al-Al,O; nanoparticles, respec-
tively [63, 64]. There is no measurable shift in both LSPR
peak wavelengths in the mixed solution (curve 3).
Post-irradiation of the mixed solution for 20 min
modifies the absorption spectrum; the broadening increa-
ses, the absorbance from Al-Al,Os increases, and there is a
shift of 1-2 nm in peak wavelengths, presumably due to
weak interaction between adsorbed silver particles and Al-
Al,O5; in the sintered structure (curve 4). The peak

broadening suggests the formation of composite structure
in deionized water and the damping of plasmonic response
of silver core in the presence of alumina over its surface
[56, 59]. The LSPR peak of Al-Al,O; is red-shifted by
5 nm after 40 min of post-irradiation due to either the
formation of composites particle or decrease in electron
density of aluminium resulting from electron transfer to
silver or electron scattering by interfacial defect states
(curve 5) [65]. The increased effective refractive index of
the porous alumina shell with thickness, due to enhanced
diffusion of aluminium through oxide shell, may also cause
red shift of the LSPR wavelength [65]. The absorption
spectrum of sample post-irradiated for 60 min shows small
blue shift of 2 nm in the LSPR peak of Al-Al,O3, sug-
gesting decrease in refractive index around Al core due to
formation of hollow or void in between the core and shell
(curve 6) [34, 66].

Heating aluminium for a longer duration increases the
oxidation rate and enhances diffusion of both oxygen and
aluminium ion at the interface, which leads to increase in
oxide shell thickness and red shift of the LSPR peak from
264 to 269 nm. Also, longer irradiation induces hollowing
effect (Kirkendall effect) which consequently lowers the
effective refractive index and blue-shifted the peak
absorption wavelength. Further increase in post-irradiation
time does not alter the extinction spectrum. The anisotropy
is also evident in UV-visible spectra where large broad-
ening in the spectra around 430-500 nm could be seen
(curves 4, 5 and 6). Once the Al,O; starts to nucleate on an
Ag, the free electrons from the Ag must compensate for the
charge induced by the polarized plane at the interface. As
the Ag particle has only a very limited source of electrons,
this compensation makes all other facets of the Ag NP
electron deficient and unsuitable for multi-nucleation,
giving only the dumbbell structure or anisotropic structure.

The UV-visible spectrum of the aluminium NPs in PVP
solution shows a featureless spectrum except a high
absorbance near 200 nm, as shown in Fig. 6b, curve 1. The
LSPR peak of Al-Al,O3 at 264 nm, observed in water, is
completely missing in the freshly prepared sample and also
in sample kept for 4 days. It was found that the aluminium
NPs in water agglomerate after 4-5 h of residency time;
however, no agglomeration was seen in the PVP solution.
Clearly, this demonstrates formation of pure and stable
aluminium nanoparticles in PVP solution as well as supe-
rior performance of PVP in reducing their oxidation [59,
67, 68]. Also, absorption spectrum reveals the enhanced
efficiency of nanoparticle generation in the PVP solution
due to strong plasma confinement effect during the laser
ablation. The ablation products when emitted from the
metal plate like Ag and Al are confined by the solvent; the
confinement is stronger for high-density and viscous sol-
vent [69]. The generated plasma already confined near
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solids is at high pressure and temperature and therefore can
etch the surface and again generate NPs through secondary
ablation [69]. Therefore, the increase in the ablation effi-
ciency of the PVP solution is due to the increased density
and viscosity of solvent by PVP. The absorption spectra
clearly show that PVP not only improves the oxidation
stability of the aluminium NPs but also increases the for-
mation efficiency [59]. With increasing post-irradiation
time, the peak absorption at 404 nm related to silver NPs
reduces along with small blue shift in peak wavelength,
and simultaneously, the absorption near 264 nm related to
Al-Al,Oj5 increases very slowly in comparison with sample
prepared in water (curves 4-0).

4 Conclusion

We have demonstrated the fabrication of nanometre-sized
Ag—Al,O5 rattle-type nanoparticles by a simple and envi-
ronmental friendly method based on pulsed laser heating of
colloidal nanoparticles in water and polymer solution. The
spherical rattle-type particle consists of solid silver core
encapsulated by thin porous Al,O; shell with hollow region
between core and shell. By controlling time of irradiation,
different morphological structures such as sintered struc-
ture, core—shell and rattle-type structure were obtained in
water and polymer solution. The UV-Vis spectroscopy
provided evidence of formation of aluminium oxide and
aggregation in water as well as weak oxidation and high
stability in the polymer. Further, this approach could also
be used for fabrication of rattle particles with tunable core/
shell, variable air gap between core and shell and high
surface area; such rattle particles are expected to be useful
for applications in bio-separation and catalysis because of
their porous structure and for molecular detection via shell-
isolated surface-enhanced Raman spectroscopy.
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