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Localized surface plasmon resonance for improving
optical absorption in core-shell Ag@TiO, nanoparticles
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ABSTRACT: Titanium dioxide (TiO,) has attracted extensive attention in environmental and biomedical applications,
owing to its excellent chemical and photochemical stabilities, non-toxicity, and high degradation capacity. However,
the wide band gap and low quantum yield of TiO, limit its practical applications, and it is possible to improve the
optical efficiency and sensitivity of TiO, in the visible spectrum. In this work, theoretical calculations based on
optical absorption in core-shell structured Ag@TiO, nanoparticles (NPs) combined with the surface plasmon resonance
property of the core and photoactivity of the shell were investigated as a function of incident light wavelengths in visible
spectrum. Shifting of wavelength, at which light was absorbed and enhanced optical absorption activity of TiO, NPs
due to localized surface plasmon resonance excitation were clearly observed at a level greatly exceeding the value
calculated for pure TiO, NPs. The calculated results suggest that both the interparticle distance and the diameter of
Ag core in the core-shell structure of Ag@TiO,, NPs influence the tuning and the enhancement of optical absorption
spectra. These findings of enhanced optical absorption could be utilized as basic knowledge to design and synthesize
Ag@TiO, NPs for future environmental and biomedicine applications.
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INTRODUCTION (UV) light. Several techniques were proposed to

make the photocatalyst reactive under visible light

Titanium dioxide (TiO,) metal-oxide semiconduct-
ing nanomaterial is regarded as the most effec-
tive photocatalyst for energy and environmental
pollution treatment applications [1-4]. Moreover,
TiO, has been shown to be chemically inert with
especially strong oxidizing power arising from pho-
togenerated holes [5]. TiO, nanomaterials, i.e.
nanoparticles, nanorods, nanowires, nanobelts, and
nanotubes, have been utilized in numerous applica-
tions [6-9]. However, its wide band gap energy of
~3.2 eV limits its potential applications in the visible
range of light irradiation. Additionally, sunlight is
largely comprised of visible light. Therefore, the
photocatalytic activities of TiO, exhibit insufficient
light absorption when irradiated with sunlight due
to its quick recombination of photogenerated charge
carriers and the limited availability of ultraviolet
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(A>380 nm). Integration of TiO, with noble metals
such as gold (Au) and silver (Ag), among others,
has been shown an effective approach to improve its
photocatalytic activity in terms of its localized sur-
face plasmon resonance (LSPR) properties [10-12].
The LSPR effects can contribute to more effective
light harvesting by expanding the optical absorption
range from the UV to visible wavelengths of light.
In the current study, the light absorption of TiO, in-
tegrated with Ag nanoparticle, henceforth referred
to as Ag@TiO, core-shell NPs, was numerically
calculated using a discrete dipole approximation
(DDA) technique. The relationship between the
spectral absorption characteristics, TiO,, shell thick-
ness, and interparticle distance of Ag@TiO, core-
shell NPs at wavelengths between 300-900 nm were
provided by computational analysis. These findings
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of enhanced optical absorption activity could be uti-
lized to design and synthesize Ag@TiO, core-shell
NPs with desirable photocatalytic and antimicrobial
activities for future environmental and biomedical
applications.

METHODS
Thoretical calculations

DDA is numerical method for calculating the optical
properties (extinction, scattering, and absorption
cross sections) of target materials, and it is subdi-
vided into N point dipoles [7]. According to this
approach, the optical absorption property of the
whole structure can be precisely calculated when
the coordinates and polarizabilities of the individual
dipoles are known. When the dipole located at a
point r; is induced by an incident electric field, it
generates an associated electric field called dipole
moment, given by Eq. (1):

P; = d;Ey (1)), M

where d; is polarizability tensor of this dipole,
Ejo(r;) is the induced field at a dipole located at
r; due to the incident field E;,.(r;), and the field
emitted by all neighboring N —1 dipoles P;, shown
as Eq. (2),

Eloc(ri) = Einc(ri) _Zgijpj; 2
i#j
where for i # j,
- eikrl-j o
Aij = [kz(rl’jrl‘j_IB)"F

ikr;—1
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(3’A'ijf”ij_13)], 3

where k = 21tn,,, /A (where A and n,, are the wave-
length of light and the refractive index of the inci-
dent medium, respectively), #;; = (r; —r;)/r;; is the
unit vector along r;; (where r;; = |r; —r;[, and I3 is
an identity matrix of 3 x 3. If i = j, self-interaction
A;; in Eq. (3) is given by: A;; = ai’l, where a; is the
polarizability of dipole calculated by using Kuwata’s
approximation [8] in Eq. (4):

1%
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Here, L = 1/3 for a spherical shape, V and x
are the volume and a size parameter of particle,
respectively. €; and ¢,, are the dielectric functions
of particle and the surrounding medium matrix,
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respectively. The parameters of A and B are defined
as:

A(L) =—0.4865L — 1.046L.% +0.8481L>,
B(L) =0.01909L +0.1999L2 4+ 0.6077L>.

A; ; describes the dipole-dipole interaction between
a receiving dipole at r; and a radiating dipole at
r;. These form a 3Nx3N block diagonal matrix
consisting of the inverses of the 3 x 3 polarizability
matrices of the N dipoles. The polarization of each
particle P; can be calculated by solving a linear
system of 3N equations. This leads to the absorption

cross section as shown in Eq. (5):

4rk < Syepye 2731p (2
cabs=@2[lmm-(ai YRY-2KIRP], )

i=1

where the asterisk (*) is the conjugate of a complex
variable. E, defines as the amplitude of the inci-
dent electric field. Q,, is the absorption efficiency
(Qaps = Caps/TR?, R is the radius of a spherical NP).
For core-shell NPs, ¢; = ¢, in Eq. (4) can be obtained
by Eq. (6) according to [13, 14]:

1+2f
Scs:85h(1_ﬁcs); (6)
cs
where B = (%)3(%), &4, and g, are the dielec-

tric constant of the shell and the core, respectively.
R. and Ry, are the radii of the core and the shell of
the particle as denoted in Fig. 1a, respectively. The
dielectric constant for TiO, has been published [15]
as the dielectric constant for Ag [16]. The core’s di-
ameter and the shell thickness of Ag@TiO,, NP were
taken following Ref. [17]. The core-shell NP was as-
sumed to be surrounded by a homogeneous medium
of water (g,, = 1.69), which relates to surrounding
environment application of Ag@TiO, such as an-
ticancer modality photocatalytic and photothermal
cell killing under solar light irradiation [17]. For
this calculation, the modeled samples are illustrated
in Fig. 1. Fig. 1a presents a modeled core-shell
composite NP and its effective sphere. Fig. 1b and
Fig. 1c depict two NPs consisting of pure Ag and
Ag@TiO, core shell, respectively.

RESULTS AND DISCUSSION

Initially, the optical absorption activity obtained by
the DDA method was compared with the exact solu-
tion by Mie theory [18, 19]. Spherical NPs of single
Ag with diameters of 10, 30, and 50 nm embedded
in water are illustrated in Fig. 1. The results showed
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Fig. 4 Calculated (A) absorption spectra of Ag@TiO, composite nanoparticles with various diameters between 10—
30 nm and (B) the relationship between LSPR positions and Ag core diameters. The shell thickness of TiO, layer was

fixed at 5 nm.

that the absorption efficiency calculated by DDA
method was in good agreement with the exact Mie
theory [18, 19] for very small particles. Resonance
absorption peaks of the 10, 30, and 50 nm diam-
eter particles were observed at ~380, ~388, and
~404 nm, respectively. The most significant depar-
ture from the exact Mie theory was observed with
the larger 50 nm diameter particles. A quadrupolar
mode was found in the exact Mie spectrum that
appeared at a shorter wavelength compared with
the dipolar mode. The quadrupolar and the dipole
peaks were clearly seen at ~368 nm and ~404 nm,
respectively (Fig. 2). Fig. 3a shows a shift of the
LSPR position to a longer wavelength due to the
varying sizes of the Ag NPs. It was observed that
the relationship between LSPR position (1) and
Ag diameter (D) was second degree polynomial,
Amax = 0.01D?—0.02D + 379.6 (Fig. 3b). The shift
of LSPR peak position can be explained from the
plasmon hybridization theory [20,21]. The solid
sphere plasmon resonance, w;gpg, can be found as
wispr = w,(1/21 +1)%°, where [ refers to the spher-
ical harmonic order; bulk plasmon frequency (w,)
is defined by w, = (Ne?/m*g;)*°, where ¢ is the
permittivity of vacuum; m* and e are the effective
mass and charge of an electron, respectively; and
N is the bulk charge density. Therefore, when the
particle size is large enough, the electron cloud ex-
periences increasing depolarization and higher mul-
tipoles, especially the quadrupolar (I = 2), damping
the electron oscillation to lower energies or red-
shift. It is clear that Ag NPs show a strong LSPR sig-

nal characteristic leading to increased light absorp-
tion in the visible light region of electromagnetic
spectrum. Alternatively, the absorption spectra at
various TiO, diameters show absorption peaks out-
side of the visible region and produce low intensity
optical absorption (Fig. 3c), which are in agreement
with the reported results [17]. Therefore, by inte-
grating with plasmonic NPs (such as Ag NPs), the
optical properties of TiO, should be improved as
reported [17]. Firstly, an isolated composite NP of
Ag coated with a TiO, nanolayer (Fig. 1a) was used
to characterize the optical absorption properties.
Fig. 4 shows absorption spectra of Ag@TiO, com-
posite NPs with shell thickness of TiO, layer fixed
at 5 nm. The diameters of the Ag core NPs were
varied from 10 to 30 nm. The calculated results
show that there is an increase of light absorption
in the visible domain of the electromagnetic spec-
trum (Fig. 4a), which is due to the influence of Ag
NPs [17]. Moreover, based on the analysis of plas-
monic hybridization model, which is analogous to
the molecular orbital theory [20,21], the LSPR po-
sition of the core-shell structure also depends upon
the shell thickness [22]. The LSPR hybridization in
core-shell NPs can be described by the interaction
between the inner and outer shell resonances. The
increased shell thickness leads to a weaker coupling
between the inner and outer plasmons. As the NP
sizes increase, the higher-order modes, such as the
quadrupolar mode where half of the electron cloud
moveing parallel to the electric field and the other
half anti-parallel, become important to damp the
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Fig. 5 Calculated absorption spectra of Ag@TiO, (fixed 30 nm diameter and 5 nm shell thickness) composite NPs with
varying interparticle distances between 29.54-50 nm: (A) and (B) particle axis parallel to the polarization direction
and perpendicular to the propagation direction of incident light, and (C) and (D) particle axis perpendicular to both

polarization and propagation directions of incident light.

electron oscillation to lower energies. As a result,
the LSPR position exhibits a redshift with increasing
TiO, shell thickness under light illumination. The
best fit between LSPR position (A,,,,) and Ag core
diameter (d) is given by a second order polynomial,
Amax = 0.0977d%—6.7249d+542.03 (Fig. 4b). Next,
the influences of interparticle distance between NPs
and the polarization direction on optical absorption
were investigated. The fabricated Ag@TiO, core-
shell NP samples and the interaction between NPs
and incident light are illustrated in Fig. 1a and
Fig. 1b, respectively. In the first case, the particle
axis was aligned parallel to the direction of po-
larization and orthogonal to propagation direction
of incident light. As the interparticle distances
decreased from 50 to 29.54 nm, the LSPR positions
became progressively red-shifted (Fig. 5a). Red-

www.scienceasia.org

shifting was clearly seen when the LSPR positions
from Fig. 5a were plotted as function of incident
wavelengths (Fig. 5b). In the contrary, other ge-
ometries showed blue-shifting of the LSPR positions
with decreasing interparticle distances when the
direction between two particles was orthogonal to
both the polarization and propagation directions of
incident light (Fig. 5¢). By plotting the LSPR posi-
tions as function of incident wavelengths, a decrease
in the LSPR positions with decreasing interparticle
distances was clearly observed (Fig. 5d). Based on
the dipole-dipole coupling model [20, 21] for polar-
ization direction dependent behavior of the LSPR
shift resulting from the presence of an electric field
derived from incident light, each particle produces
electric charges along those surfaces with repulsive
forces. Therefore, in the case when the direction
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of polarization of electric field is parallel to the
direction of the longer axis of these particles, a
weakening of the repulsive forces of the surface
charges is generated. Consequently, a decreased
resonance frequency is found. On the other hand,
when the polarization direction of electric field is
perpendicular to the particles’ axis direction, the
charge distributions of both particles act cooper-
atively, and the repulsive action of the two par-
ticles are enhanced. Thus, an increasing of the
resonance frequency is induced. Additionally, the
metallic shell thickness of the nanostructured core-
shell particles also determines the LSPR position
associated with the strength of plasmon interaction
[20,21]. Two new LSPRs for antisymmetric and
symmetric plasmons modes are generated by cou-
pling metallic sphere plasmons with cavity plasmons
possessed by two interface systems of outer-shell
surface and inner-shell surface spheres, respectively.
The antisymmetric coupling results in a higher fre-
quency mode (blue-shifted), while the symmetric
combination corresponds to a lower frequency mode
(red-shifted). The coupling energy is geometrically
proportional to the ratio between the inner and
outer radii of the metallic shell. This means that
the metallic shell thickness is associated with the
strength of plasmon interaction. Environmental ap-
plications of TiO, NPs involve modification of TiO,
sensitivity to visible light. The results of the current
work indicate that TiO,@Ag core-shell structured
NPs can serve as new composite materials capable of
uniquely controlling optical absorption in the visible
spectrum of electromagnetic radiation. Based on
our results, Ag@TiO, core-shell structured NPs can
be developed to further basic scientific knowledge
and engineering fundamental optical properties giv-
ing them potentials for novel applications that are
not possible with pure TiO,.

CONCLUSION

The optical activities of core-shell Ag@TiO, NPs
were investigated using a DDA method. The optical
absorption of TiO, NPs can be enhanced and tuned
from the UV region into the visible light region of
the EM wave spectrum by integrating Ag NPs into
TiO,. These properties are strongly dependent on
the diameter of Ag core, interparticle distance of
Ag@TiO, NPs, and the directions of incident light.
All of the current results can be utiluzed for further
study and to synthesize core-shell Ag@TiO, NPs to
be used in future environmental applications and
plasmonic devices that are not possible with pure
TiO,.
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