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Abstract

Finding high-performance and low-cost materials is essential for high-quality photocat-
alytic water purification to expand the spectral response and improve light utilization. In
this paper, we used relatively inexpensive materials such as Ag and TiO,. The influence of
particle spacing, core radius, shell thickness, environmental refractive index, and incident
light direction angle on the light absorption and scattering properties, local electric field
enhancement, and photothermal effect of the Ag@TiO, core-shell nanosphere dimer is
investigated by using the finite element method and the finite difference time domain. The
formation mechanism of multipole resonance mode of the dimer is revealed by means of
the multipole decomposition theory and the internal current distribution of the particles.
The results show that light absorption and scattering of the dimer can be tuned within
the visible light range by changing the particle spacing, core radius, and shell thickness.
With the azimuth angle of incident light increases, the longitudinal local surface plasmon
resonance (L-LSPR) mode will transform into the transverse local surface plasmon reso-
nance (T-LSPR) mode, and the L-LSPR mode makes the dimer have better local electric field
enhancement. Strong light absorption can easily cause a sharp increase in the temperature
around the dimer, accelerating the rate of catalytic oxidation reactions and the elimination
of bacteria and viruses in water. Strong light scattering causes a significant enhancement
of the electric field between the particles, making the generation of hydroxyl and other
active oxides more efficient and convenient. This work establishes a theoretical basis for
designing efficient water purification photocatalysts.

Keywords: core-shell nanosphere dimer; photocatalytic water purification; light absorption
and scattering; finite element method; photothermal

1. Introduction

Water is the most precious and vital resource in the world. Countless freshwater
resources worldwide have been polluted due to industrial activities and human negli-
gence. Water pollution and shortage have become one of the most serious problems in
the world today, and it is urgent for people to purify and treat water resources [1-4].
Wastewater purification refers to the process of removing unwanted chemical sub-
stances, suspended solids, and biological contaminants from water systems, in order to
produce clean and safe water for human consumption and other uses. The traditional
method for treating wastewater involves using filtration and adsorption—precipitation
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to remove the larger suspended solids in water and then employing chlorination and
ultraviolet irradiation to oxidize and decompose microorganisms and other toxic and
harmful impurities. Chlorination utilizes the strong oxidizing property of chlorine
gas to oxidize and decompose pollutants in water and is widely used in the sewage
treatment systems of various cities. Although effective for pollutant degradation,
long-term chlorination can lead to pathogenic bacteria developing resistance [5-7] and
excessive residual chlorine, posing serious threats to human health [8,9]. Compared
with chlorination, ultraviolet light (UV) water purification is cleaner and safer. The
wavelength of UV is shorter than that of visible light, and thus it has higher energy.
When the UV energy is incident upon water, the pollutants in the water will absorb the
UV energy and break the chemical bonds, thereby achieving the effect of decomposing
the pollutants. However, its limitations are also obvious. UV water purification not
only requires the use of expensive artificial light sources but also has a significant en-
ergy loss when directly irradiating the pollutants in water and insufficient utilization.
Therefore, the addition of catalysts in water to promote energy utilization has emerged
as a solution [10,11].

TiO; is widely used in environmental purification due to its strong antioxidant
capacity, high stability, non-toxicity, and low cost [12,13]. TiO; added to water can utilize
the energy from UV radiation exceeding its band gap (~3.2 eV). This energy absorption
promotes electrons from the valence band to the conduction band (intrinsic absorption),
generating free electrons (e™) in the conduction band and leaving behind holes (h*) in
the valence band. The h* has a strong attraction for the bonding electrons in water and
pollutants (this attraction becomes even stronger under a strong electric field), which can
cause the valence bonds to break, achieving the purpose of oxidation and decomposition.
Under the catalytic oxidation reaction caused by the combined action of strong electric
field and TiO,, the water undergoes catalytic oxidation, and the hydroxyl radicals are
produced. Similarly, dissolved oxygen in water and oxygen produced by electrolysis
of water under weak electric field on the TiO, surface will gain electrons and generate
peroxide ions. Both of them have strong oxidizing ability and are helpful for efficient
decomposition of pollutants [14-16]. Although TiO; can be used as a catalyst to make
up for the shortcoming of energy utilization, it is only limited to the ultraviolet light
band. Therefore, it is necessary to expand the spectral response range of photocatalytic
materials in the water purification process, as it will effectively enhance their efficiency
in degrading pollutants.

Tada et al. [16,17] synthesized dye sensitizers by incorporating Au nanoparticles
into the TiO; surface, which can broaden the spectral range. The reason is that the Au
nanoparticles in the dye absorb photons to generate localized surface plasmon resonance
(LSPR), causing an uneven electron distribution. The electrons occupying the highest
molecular orbitals first transfer to the lowest unoccupied molecular orbitals, and then
to the conduction band of TiO, [18]. The Au nanoparticles, lacking electrons, act as
h*, and the h* can oxidize and decompose pollutants, thereby achieving the effect of
decontamination. When UV light is incident on water, TiO; plays a major role, while
when visible light is incident on water, Au nanoparticles play a major role. The two
complement each other to achieve the purpose of water purification. Au nanoparticles
are not the most effective noble metal for LSPR and are expensive. In contrast, Ag
nanoparticles exhibit superior LSPR properties [19] and are significantly lower in cost
than Au. Therefore, Ag nanoparticles have great commercial potential for making water
purifiers. However, the disadvantages of Ag nanoparticles, such as instability, easy
oxidation, and toxicity, limit their application. Hong et al. [20] encapsulated the outer
layer of Ag nanoparticles with TiO; to form Ag@TiO, core-shell nanoparticles. They
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characterized the structure of these nanoparticles using scanning electron microscopy,
transmission electron microscopy, and X-ray diffraction. Spectral observations revealed
a redshift in the absorption peak to the visible light range, indicating that their light-
responsive range expanded to the visible light region. They used it as a photocatalyst
and successfully achieved the conversion of CO, to CH4 under a CO, atmosphere by
irradiation with a solar simulator (AM1.5). However, they did not deeply investigate the
theoretical mechanism of action. In the previous work of our group [21], the study on the
light absorption properties of nanorods with Ag as the core and TiO, as the shell were
theoretically calculated and optimized. By adjusting the shell thickness, particle aspect
ratio, and incident light direction angle, the light scattering of Ag@TiO, throughout the
near-infrared biological window range was regulated. Although the core-shell structure
compensates for the deficiencies and shortcomings of Ag, since the Ag nanoparticles are
encapsulated inside the particles, the h*-generated due to the lack of electrons cannot be
exposed, which leads to a decrease in its oxidizing property.

To address this issue, compared with the previous articles [21] that only reported the
single-particle photothermal effect, this study delved deeper into the photothermal absorp-
tion and scattering properties when there is interaction coupling between the particles.
Two TiO;-coated spherical Ag nanospheres were used, and the defect was compensated by
forming Ag@TiO; core—shell nanospheres dimer through bringing them close to each other.
The reasons are as follows: (1) The strong scattering property of the dimer towards light
causes a significantly enhanced local electric field around it. Under the influence of a strong
electric field, water molecules are prone to undergo electrolysis and generate hydroxyl
radicals, and the stronger the electric field, the easier it is to generate [22]; (2) After the
silver nanospheres undergo LSPR, they produce an uneven distribution of free electrons
through the Schottky junction formed between Ag and TiO,, which are then transferred
to the surface by the by-products of water electrolysis (oxygen) and dissolved oxygen in
water, forming peroxide ions [23]; (3) The absorption property of the dimer towards light
energy causes a sharp increase in temperature nearby. Under the dual effects of various
oxidants generated by the strong electric field catalysis and high temperature, the oxidation
and decomposition of pollutants by the dimer becomes reasonable. Due to its low cost and
high efficiency, Ag@TiO; shell nanospheres have become an ideal choice for applications
such as pollution control and antibacterial coatings.

This paper provides a detailed investigation on the light absorption and scattering
properties of Ag@TiO; core-shell nanosphere dimer. We analyze the influence of internal
factors (particle spacing, core radius, shell thickness) and external factors (environmen-
tal refractive index, incident light direction angle) on the resonance peak positions,
electric field enhancement, multipole resonance peak current density distribution, and
temperature field distribution of light absorption and scattering. We also present the
universal laws governing the changes in the absorption and scattering properties of
Ag@TiO, core—shell nanosphere dimer and the temperature field distribution in response
to various influencing factors.

2. Materials and Methods

The light absorption and scattering properties of nanosphere dimer can be simulated
using analytic method and various numerical methods such as Mie theory method,
discrete dipole approximation (DDA), boundary element method (BEM), finite difference
time domain (FDTD), and finite element method (FEM) [24-26]. In this paper, the optical
and thermal components of the Ag@TiO, shell nanosphere dimer are mainly calculated
by using the finite element method combined with the refractive index size correction
model for numerical simulation, while the decomposition of the multipole resonance
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peaks is carried out by using the finite difference time domain method combined with
the multipole decomposition theory to decompose the multipole resonance peaks of
the dimer.

2.1. Simulation Model

In Figure 1, we present the simulation model of Ag@TiO, core—shell nanosphere dimer
and the computational area. The Ag@TiO, core-shell nanosphere dimer consists of two Ag
nanosphere cores and a uniform TiO; nanoshell. The geometric structure can be described
by the following three parameters: the radius R of core, the thickness t of shell, and the
particle spacing D. In the simulation, the incident light wavelength is A, the propagation
direction is along the positive x-axis, the electric field oscillation direction is along the
y-axis, and the line connecting the centers of the two particles defines the axis direction of
the dimer. The surrounding medium (SM) outside the particle is a spherical region with its
center at the midpoint between the two particles, and a radius of (D/2 + 2R + 2t + A/2).
The thickness of this SM layer is tg\1, and the SM layer defines the area for calculating the
light absorption and scattering parameters. Outside the SM layer, take a spherical region
with a thickness of tpy, equal to A/4 as the perfectly matched layer (PML). PML is an
artificially set absorbing boundary condition. In the simulation, it truncates the calculation
area, equivalent to a physical problem with an open boundary. When light hits the PML
layer, the irradiance is reduced to zero and the light is completely absorbed by it. This is
consistent with the traditional view that when light propagates to infinity, the irradiance is
zero. The outermost boundary of the PML layer is set as a scattering boundary condition to
ensure that the light is completely absorbed by the PML.

Figure 1. Geometric shape and simulation area of the Ag@TiO, core-shell nanosphere dimer. R is the
radius of the core, D is the particle spacing, f is the thickness of the shell, the light incident direction is
along the positive x-axis, the electric field oscillation direction is along the y-axis, tgps is the thickness
of the surrounding environment layer, and tpyyr, is the thickness of the perfect matching layer.

2.2. Calculation of Absorption and Scattering Properties

The light absorption and scattering capabilities of nanoparticle dimers can be quanti-
tatively described by the absorption cross-section (C,ps) and the scattering cross-section
(Csca)- The absorption cross-section is defined as the ratio of the absorbed light energy (W,)
of the dimer to the incident irradiance (I;), while the scattering cross-section is defined as
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the ratio of the scattered light energy (W) of the dimer to the incident irradiance (I;). They
can be expressed as follows:

Cabs = L ’, (1)
W,

Csca = Ts ’ (2)
i

where the incident irradiance [; = (nmE(z)) /(2Zy), nm is the refractive index of the SM, E is
the intensity of the background electric field, and Z is the impedance of free space.

The number of substances contained in different-sized nanoparticle dimers varies,
resulting in different abilities to absorb and scatter light. To fairly compare the light
absorption and scattering capabilities of nanoparticle dimers, in this paper, the absorption
cross-section and scattering cross-section are evenly distributed over the unit volume. The
absorption cross-section and scattering cross-section on the unit volume are referred to as
the volume absorption coefficient A,ps and the volume scattering coefficient Asca, and their
expressions are as follows:

C

Aabs = $S/ (3)
C

Asca = % ’ (4)

where C,p,s and Csea represent the absorption and scattering cross-sections of the entire
dimer, while V represents the volume of the entire dimer.

When calculating the A,,s and Agca of nanoparticles, the refractive index of the
nanoparticles needs to be obtained. When the nanoparticles are metallic, their refrac-
tive index is not only a function of the incident light frequency, but also a function of the
particle size. For particle sizes smaller than the average free path of the free electrons in the
material, the numerous free electrons abundant in the metallic material and their collisions
with the surface will significantly enhance, and thus the surface scattering of free electrons
must be taken into account [27]. At this time, the expression of the material refractive index
of metallic nanoparticles as a function of particle size is [28]:

. ) wp “p 5
nnano(w/ eff) - nbulk(w) + w? + iwve/ oo N w? + ia)(vf/loo + Avf/Leff) ' ©

where w is the incident light frequency, ny,; is experimental data on the refractive index
of bulk materials, wp, is the plasma frequency, v is called Fermi velocity, I is the average
free path of free electrons, and A is a dimensionless parameter (it equals to 1 in this paper).
The effective average free path of free electrons L. is usually taken as R. For Ag, nyx
is derived based on the experimental data published by Johnson and Christy [29]. The
plasma frequency fiwp is 9.01 eV [30], the Fermi velocity v is 1.39 x 10° m/s [31], and the
average free path of free electrons I, is 52 nm [31]. The refractive index of TiO, is acquired
with the experimental data published by Sharma et al. [32].

2.3. Multipole Decomposition of Scattered Spectra

The total electric field E(r) = Ey + Es outside the particle can be obtained by the finite
element method, where Ej is the background electric field intensity, Es is the scattering
electric field intensity, and r = (x,y, z) is the spatial position vector. When a plane wave is
incident on a nanoparticle dimer, the current density distribution induced and excited is
expressed as

J(r) = —iwep(n® — 1)E(r), (6)
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where w is the angular frequency of light, ¢g is the vacuum dielectric constant, and 7 is the
complex refractive index of the dimer particles. The electric dipole (p), magnetic dipole (m),
electric quadrupole (Q°) and magnetic quadrupole (Q™) can be expressed as [33]:

2 i (kr
Pa = —% [f Jujo(kr)d®r + %f {3(r-J)ra — 72]“}](21((5)2)&

me= 2 J (e ), ey,

kr )
5 | s g -2 D) T %
Qup = i +2k% [ {5rarg(r-J) —r (r“Il;—l—r/g],x) —72(r-J)d, }]3( )

(kr)®

ja(kr) o3
kr)? &

wherea, f = x,y,z,k represents the wave number and jy (p) is the spherical Bessel function,
which is defined as j, (p V7T /20]u41/2(p). Ju(p) is the first kind of cylindrical Bessel
function. Using the aforementloned multlpole moments, the total scattering cross-section

k* m |2 kQ™
total __ 2 = e
T [Z(Ipl + |7 ) 1202((2 B +‘ ) +ol.

From Equation (8), it can be seen that the total scattering cross-section is simply the sum of

7

Qe,g_l5f{r"‘ rx]) +rﬁ(r><]) }(

can be expressed as [34]

(®)

the partial scattering cross-sections from different multipole (Ck., Ccr., Csca, CSCa ) components.

2.4. Heat Transfer Calculation

To investigate the thermal behavior of the Ag@TiO, core-shell nanosphere dimer and
its impact on the surrounding environment, we employ the time-dependent (transient heat)

equation [35]:

Cop2l V- (-kVT) = Q, ©)

where C,, represents the isobaric heat capacity, p denotes the density, k is the thermal
conductivity, and Q is the heating power per unit volume. The relevant information on the
materials used in this article is provided in Table 1.

Table 1. Relevant thermal parameters of Ag, TiO,, and H,O [36].

Material Density Specific Heat Capacity Thermal Conductivity
(p [kg/m’]) (Cp [J/kg/K]) (k [W/m/K])
Ag 10,500 235 429
TiO; 3800 686 6.7
HO 997 4182 0.6

3. Results and Discussion

To ensure precision and dependability of finite element modeling for dimer, this
paper first validates the simulation results. Then, the FEM is used to quantitatively ana-
lyze the influence of the size parameters (particle spacing, core radius, shell thickness) of
Ag@TiO, core-shell nanosphere dimer and external factors (SM refractive index, incident
light direction) on the resonance peak positions of light absorption and scattering as
well as the electric field enhancement effect. In addition, the typical scattering section
of the dimer with multiple resonance peaks is decomposed into multipole components,
and the current distribution inside the particles is given, further revealing the formation
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mechanism of multiple resonance peaks. Finally, the thermal process of the Joule Heat
generated by the electrons inside the dimer radiating to the surrounding environment
is analyzed.

3.1. Numerical Verification of FEM

In this paper, the optical properties of the same dimer (with exactly the same
parameters) were numerically calculated using both FEM and FDTD methods. The
accuracy and reliability of FEM were verified by comparing the calculation results. As
shown in Figure 2, the volume absorption coefficient (A,pg), volume scattering coefficient
(Asca), and volume extinction coefficient (Aext) of the Ag@TiO, core—shell nanosphere
dimer calculated by the two methods are presented as a function of the incident light
wavelength. The inner core radius R is 30 nm, the shell thickness ¢ is 10 nm, the particle
spacing D is 1 nm, and the refractive index of the surrounding environment rny, is 1.33.
The incident light direction is along the positive x-axis, and the electric field polarization
direction is along the y-axis. The results show that the calculation results of FEM
are in good agreement with the simulation results of FDTD, verifying precision and
dependability of finite element modeling.

0'20 L] L L] L L] L] L]
y axis
|
0.15 \ i
_|E_
g
£0.10 k ! -
S ‘
-
0.05 2 ' -
0.00 * M- -] 2 2 2 J
500 550 600 650 700 750 800
/ (nm)

Figure 2. The variations in the volume absorption coefficient (A,ps), volume scattering coefficient
(Asca), and volume extinction coefficient (Aext) of the dimer with respect to the incident light wave-
length A. R=30nm, { =10 nm, D = 1 nm, 1y = 1.33, the light incident direction along the positive
x-axis, and the electric field polarization direction along the y-axis.

3.2. The Influence of Internal Factors Within the Dimer

This section quantitatively analyzed the effects of size parameters such as particle
spacing, core radius, and shell thickness on the spectra, scattering spectra, and electric field
enhancement of Ag@TiO, core-shell nanosphere dimer.

3.2.1. The Influence of Particle Spacing

Figure 3 shows the absorption spectrum and scattering spectrum of the dimer,
with the core radius R = 10 nm, shell thickness t = 5 nm, surrounding environment
refractive index ny, = 1.33, light incident direction along the positive x-axis, electric
field polarization direction along the y-axis, particle spacing D increasing from 2 nm
to 16 nm (step size of 2 nm), the variation in resonance wavelength and peak with the
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dimer spacing. Figure 3a,c show prominent dipole resonance peaks in the visible light
band, an effect attributed to the particle size being much smaller than the incident
wavelength. From Figure 3b,d, it is evident that the resonance wavelength shifts towards
the red as the particle spacing decreases, and the redshift speed gradually increases.
This is because when the dimer spacing decreases, the particles undergo near-field
coupling, and the coupling effect causes the electron movement frequency to decrease,
resulting in a redshift in the resonance wavelength. In addition, the core and shell
plasmons of a single particle hybridize and split into bonding and antibonding modes.
The antibonding mode has higher energy (dark mode), while the symmetric mode has
lower energy and matches a longer wavelength of light. The resonance wavelength shifts
towards the red by [37]. When the particle spacing decreases to around 2 nm, spectral
lines begin to show slight asymmetry, and this becomes more obvious when the particle
spacing decreases to 1 nm (see Figure 4a). This asymmetry is caused by the change in
the plasmon coupling mode between particles. During the process of decreasing the
spacing, due to the enhanced near-field coupling between particles, the accumulation
of charges between particles leads to an increase in charge density, an increase in local
electric field, and electrons need more light energy to overcome the obstruction of the
local electric field and do work, directly increasing the absorption and scattering power,
thereby increasing the peak values of the volume absorption and volume scattering
coefficients. Therefore, the smaller the particle spacing, the stronger the absorption and
scattering ability of the dimer.

0.27

(a)0.30 Do) T T — (b)520

0.25F— 2
- 4
020} - ¢
= | —o- 8
= " 7[=-10
2010}~ 12
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Figure 3. The variations of A,p,s (a) and Asca (c) of different D with the A. The resonance wavelength
Ares Of the dimer, the peak value of A,,g (b), and the peak value of Agca (d) change with the D. The
Ris 10 nm, the t is 5 nm, the ny, is 1.33, the light incident direction is along the positive x-axis, and
the electric field polarization direction is along the y-axis.
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Figure 4. The variations of A, (a) and Agca (c) of different R with the A. The maximum resonance
wavelength Ay of the dimer and the peaks of A,ps (b), and the peak of Agc, (d) vary with the R. The
tis 5 nm, the D is 1 nm, the 1y, is 1.33, the incident light direction is along the positive x-axis, and the
electric field polarization direction is along the y-axis.

3.2.2. The Impact of Kernel Radius

Subsequently, the influence of the core radius on the absorption and scattering
spectra of Ag@TiO; core—shell nanosphere dimer is analyzed. The thickness of the shell
structure t is 5 nm, the particle spacing D = 1 nm, the surrounding refractive index
nm = 1.33, the light incident direction is along the positive x-axis, and the electric field
polarization direction is along the y-axis. Figure 4a,c, respectively, show the absorption
spectra and scattering spectra when the core radius increases from 10 nm to 30 nm (step
size of 2 nm). Figure 4b,d show the variation in the maximum resonant wavelength and
the corresponding peak of the dimer with the core radius. The results indicated that
as the core radius increased, the resonant wavelength redshifts of absorption spectra
and scattering spectra, and the redshift speed gradually accelerated. When the core
radius is 10 nm, there is only one electric dipole resonant peak; when the core radius
becomes 30 nm, multiple electric dipoles, electric quadrupole, and other resonant peaks
are generated. With the increase in the core radius, the number of resonant peaks
gradually increases, and if the core radius continues to increase, the resonance mode
would become more complex. Interestingly, both the absorption and scattering resonant
peaks show a trend of increasing first and then decreasing. When the particle size
is small, absorption dominates; however, as the size increases, scattering gradually
becomes dominant. This is because the increase in the core radius caused the originally
degenerate dipole and quadrupole modes to split. When the ratio of the core radius to
the shell radius (Reore / Rshell) increases, the interaction between the bonding mode and
the antibonding mode is enhanced, thereby increasing the number of resonant modes,
and the new resonant peaks split from the original resonant peaks shows a trend of
increasing first and then decreasing.
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To further illustrate the causes of each peak, a specific-sized nanosphere dimer is
selected for multipole decomposition. Since the small particle only excites the electric
dipole resonance mode, while the large particle, due to the retardation effect, cannot
uniformly polarize the charges in different regions of its surface, thus exciting higher-
order multipole resonance modes (such as electric quadrupole resonance, magnetic
quadrupole resonance, etc.), a particle with a slightly larger core radius is chosen to
explore the formation mechanism of its multipole resonance peaks. The simulation
results are shown in Figure 5. In the simulation, the core radius of a single particle R is
50 nm, the shell thickness t is 5 nm, the particle spacing D is 1 nm, the surrounding
medium refractive index nn, is 1.33, the incident wave direction is along the positive
x-axis, and the electric field polarization direction is along the y-axis. Figure 5a
presents the multipole decomposition of the scattering cross-section Csca 0f Ag@TiO;
core—shell nanosphere dimers as a function of the incident wavelength A. It can be seen
from the figure that the total scattering cross-section has three resonance peaks, with
the corresponding wavelengths being 435 nm, 480 nm, and 738 nm. The rightmost
resonance peak is entirely excited by electric dipole resonance, while the left two
resonance peaks are excited by both electric dipole and electric quadrupole resonances.
Figure 5b,c, respectively, show the schematic diagrams of the current direction inside
a single nanosphere at electric dipole and electric quadrupole resonances; Figure 5d—f,
respectively, present the current density distribution at 435 nm, 480 nm, and 738 nm.
It can be seen from Figure 5a,f that the 738 nm resonance peak is completely excited
by the electric dipole resonance, that is, the maximum resonance peak in Figure 4 is
completely excited by the dipole resonance. From Figure 4b,d, it can be observed that
the increase in the core radius leads to a redshift in the electric dipole resonance peak.
The reason is that the increase in the Ag core radius will cause the average free path
of electron movement to increase, thereby extending the collective oscillation path
of the conducting electrons. According to the classical plasma theory, the oscillation
frequency of the electron cloud is inversely proportional to its effective movement
distance. At the same time, as the core radius increases, the restoring force of the
electron oscillation (provided by the polarization field at the core-shell interface)
weakens, resulting in a decrease in the resonance frequency. Correspondingly, the
wavelength of the pure electric dipole resonance peak redshifts, that is, the resonance
frequency decreases, the wavelength becomes longer, and the resonance peak redshifts.
It can be found from Figure 5d,e that although both contain quadrupole resonance,
the different proportions of resonance modes between particles lead to different
current density distributions. In Figure 5e, the electric dipole resonance contributes
significantly to the entire resonance peak, and the current density distribution is
mainly affected by the electric dipole resonance, which is distributed in the particle
gap. However, the reason why the current density distribution in Figure 5d is different
from that in the electric quadrupole resonance is that at 435 nm both the electric dipole
resonance and the electric quadrupole resonance exist simultaneously. Although the
proportion of the electric quadrupole resonance is significantly enhanced, the electric
dipole resonance still dominates (the dipole resonance scattering cross-section at
435 nm in Figure 5a is six times higher than the quadrupole resonance scattering cross-
section), making it impossible to form the same current distribution as the electric
quadrupole resonance, thus causing a lateral shift in the position of the maximum
current density distribution.
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Figure 5. Scattering spectra multipole decomposition and current density distribution of Ag@TiO,
core—shell nanosphere dimer. (a) Multipole decomposition diagram of the scattering cross-section
Csca as a function of incident wavelength A, where cP., Cas CS(%:, and Cé%: represent the scattering
cross-section changes caused by electric dipole resonance, magnetic dipole resonance, and electric
quadrupole resonance, respectively; (b) Schematic diagram of the current density direction within
a single nanosphere during electric dipole resonance; (c) Schematic diagram of the current density
direction during electric quadrupole resonance; (d) Current density distribution diagrams at wave-
lengths of 435 nm, (e) 480 nm, and (f) 738 nm. The colors in the figures represent current intensity,
and the arrows indicate current direction. The R is 50 nm, the t is 5 nm, the D is 1 nm, the np, is 1.33,
the incident light direction is along the positive x-axis, and the electric field polarization direction is
along the y-axis.

3.2.3. The Influence of Shell Thickness

Subsequently, the influence of the shell thickness on the light absorption and scat-
tering spectra of the Ag@TiO, core-shell nanosphere dimer is analyzed. The inner core
radius R = 10 nm, the particle spacing D = 1 nm, the surrounding environment has a
refractive index of ny = 1.33, the incident light direction is along the positive x-axis,
and the electric field polarization direction is along the y-axis. Figure 6 shows the light
absorption spectra, scattering spectra, as well as the changes in resonance wavelength
and peak with the shell thickness when the shell thickness varies from 3 nm to 11 nm
(step size of 2 nm). The results indicate that as the shell thickness increases, the resonance
wavelength shifts towards the red, and the redshift speed gradually slows down. The
reason is similar to that of the inner core radius. When the shell thickness increases,
the oscillation path of the electron cloud is extended, the Coulomb restoring force be-
tween electrons is weakened, and the electron oscillation frequency within the particles
decreases, resulting in an increase in the matching light wavelength. Moreover, as the
shell thickness increases, the number of resonance peaks also gradually decreases. The
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reason for this reduction is that the plasmon resonance is mainly dominated by the Ag
nanospheres. When the TiO; layer acting as an auxiliary layer becomes thicker, the
distance between the two Ag nanospheres increases, and thus gradually transforms into
the influence of the particle spacing on the dimer. The larger the spacing between the
Ag nanospheres, the lower their light absorption and scattering performance, which has
been confirmed at the point where the particle spacing changes.
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Figure 6. Variation of A,ps (a) and Asca () with incident wavelength A for different t. The resonance
wavelength Ares of the dimer, the peak value of A,ps (b), and the peak value of Agca (d) change with
the t. The R = 10 nm, the D = 1 nm, the ny, = 1.33, the light incident direction is along the positive
x-axis, and the electric field polarization direction is along the y-axis.

3.2.4. The Influence of Size on Electric Field Enhancement

Finally, the effects of particle spacing, core radius, and shell thickness on the electric
field enhancement of Ag@TiO, core-shell nanosphere dimers were investigated. It was
found that the electric field diagrams and spectral diagrams exhibited similar patterns.
Figure 7a—c indicate that as the particle spacing gradually increases, the electric field
intensity between the particles gradually decreases. When the particle spacing is 2 nm
and the resonance wavelength is 510 nm, the electric field enhancement between the
particles is the maximum, approximately 42 times the incident field strength. Figure 7d—f
show that when the particle radius gradually increases, the electric field intensity between
the particles first increases and then decreases. When the core radius is 20 nm and the
resonance wavelength is 532 nm, the electric field enhancement between the particles is the
maximum, approximately 114 times the incident field strength. Figure 7g—i demonstrate
that when the shell thickness gradually increases, the electric field intensity between
the particles gradually decreases. When the shell thickness is 3 nm and the resonance
wavelength is 500 nm, the electric field enhancement between the particles is the maximum,
approximately 96 times the incident field strength. Thus, it can be concluded that when the
core radius of the particles is around 20 nm and the particle spacing is smaller, and the shell
thickness is thinner, the electric field enhancement effect is relatively better. This suggests
that the enhancement is not simply proportional to the Ag volume fraction.
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Figure 7. The electric field distribution formed on the xoy plane by a plane wave with y-axis polarized
electric field incident along the positive x-axis onto the Ag@TiO, dimer. (a—c) The electric field
distribution changes with the distance between the dimer particles, with the R and the ¢ fixed at
10 nm and 5 nm, respectively; (d—f) The electric field distribution changes with the R of the particles,
with the f and the D fixed at 5 nm and 1 nm, respectively; (g-i) The electric field distribution changes
with the t, with the R and D fixed at 10 nm and 1 nm, respectively. In all the calculations, the nny,
is 1.33.

3.3. Influence of External Factors on Dimer Structure

This section quantitatively analyzed the effects of the refractive index of the surround-
ing environment and the incident light direction angle on the absorption spectra, scattering
spectra and electric field enhancement of the Ag@TiO, core-shell nanosphere dimer.

3.3.1. The Influence of the Refractive Index of the SM

Since the sewage contains various different substances, the refractive index of the
sewage is different from that of pure water to some extent. Therefore, this section dis-
cusses the influence of the SM refractive index on the absorption and scattering spectra.
Figure 8 shows the absorption spectrum, scattering spectrum, and the changes in resonance
wavelength and peak with the SM refractive index when the surrounding refractive index
varies from 1 to 1.6 (with a step size of 0.1). The core radius of the structure R is 10 nm, the
shell thickness t is 5 nm, the particle spacing D is 1 nm, and the incident light direction
is along the positive x-axis, and the electric field polarization direction is along the y-axis.
The results show that the resonance wavelength shifts towards red as the surrounding SM
refractive index increases. This is because the plasmon energy of a single nanosphere is
affected by the dielectric functions of the core, shell, and surrounding medium together.
This viewpoint is based on the paper published by Brandl et al. [37]. For the same core and
shell materials, when the SM refractive index increases (the dielectric constant increases),
the plasmon energy decreases, resulting in a redshift in the resonance wavelength. Since all
the resonance wavelengths of individual particles have shifted towards red, the coupled
resonance wavelengths have also shifted towards red.
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Figure 8. Variation of A.ps (a) and Agca (c) with incident wavelength A under different ny,. The
resonance wavelength Ares of the dimer and the peak value of A,,g (b) and the peak value of Asca (d)
change with the n,. The R of the structure is 10 nm, the f is 5 nm, the D is 1 nm, the light incident
direction is along the positive x-axis, and the electric field polarization direction is along the y-axis.

3.3.2. The Influence of Incident Light Direction Angle

We calculated the absorption and scattering spectra of the light as the incident angle
changed from 0° to 90° (with a step size of 15°). The results are shown in Figure 9. The
core radius of the structure R is 10 nm, the shell thickness t is 5 nm, the particle spacing
D is 1 nm, and the surrounding refractive index ny, is 1.33. The results indicate that for all
incident angles except 0° and 90°, there are two resonance peaks in both the absorption
and scattering spectra, located at 514 nm and 482 nm, respectively. To further investigate
the mechanism of these two resonance peaks, we performed multipole decomposition on
the resonance peak of the scattering spectrum at an incident angle of 45° in Figure 9. For
comparison, we elongated the particle spacing to 100 nm (so that the coupling effect can be
ignored, and the resonance wavelength of the dimer is approximately the same as that of a
single nanosphere) and calculated the scattering cross-section at this spacing (the dotted
line in the figure). The results are shown in Figure 10a. From Figure 10a, it is found that
both of these peaks are dipole resonance peaks. Why do the two dipole resonance peaks
occur at different wavelengths?
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—_ ‘O.waf \5
=0, \:ﬂ

......
......

30

Soo 3
agr. ) 30 Z (o
7 (deg) > (o) 2 (deg.) 15

Figure 9. (a) Schematic diagram of the incident light direction angle 6. Here, the dotted line in the
middle of the particle represents the x-axis, and the direction angle 6 is defined as the angle between
the wave vector k in the xoy plane and the positive direction of the x-axis. The A,¢ (b) and the Asca
(c) of different 6 vary with the A. Here, the R is 10 nm, the ¢ is 5 nm, the D is 1 nm, and the 1y, is 1.33.
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Figure 10. Scattering spectra multipole decomposition and current density distribution of Ag@TiO,
core—shell nanosphere dimer. (a) Multipole decomposition diagram of the scattering cross-section
Csca as a function of incident wavelength A when the direction angle is 45°, where ct., (G Cs%;,
and Cg: represent the scattering cross-section changes caused by electric dipole resonance, magnetic
dipole resonance, electric quadrupole resonance, and magnetic quadrupole resonance, respectively;
(b,c) current density distribution diagrams at 0° and 45° direction angles at 514 nm wavelength;
(d,e) current density distribution diagrams at 45° and 90° direction angles at 482 nm wavelength. In
figures (b—e), colors represent current intensity, and arrows indicate current direction. The R is 10 nm,
the t is 5 nm, the D is 1 nm, and the ny, is 1.33.

The study found that there are two modes of oscillation of the current within the
dimer, as shown in Figure 10b,e. Figure 10b shows the oscillation mode when the light
is incident perpendicularly to the axis of the dimer (incident angle is 0°), which is called
the longitudinal localized surface plasmon resonance mode (L-LSPR). Figure 10e shows
the oscillation mode when the light is incident perpendicularly to the dimer axis (with
a direction angle of 90°). This mode is called the transverse localized surface plasmon
resonance mode (T-LSPR). When light obliquely enters the dimer, both modes coexist, but
the frequencies of light absorbed by the two modes are different. In Figure 10a, due to the
strong coupling effect between the particles, the local electric field of L-LSPR is significantly
enhanced. When the free electrons inside the particles move along the dimer axis in the
electric field, they are hindered by the local electric field, causing the electron movement
frequency to slow down, resulting in a decrease in the frequency of the matching light and
a redshift in the resonance wavelength compared to a single nanosphere. In contrast, for
T-LSPR, the electrons inside one nanosphere move faster under the electric field generated
by the excitation of the other nanosphere, leading to a blueshift in the matching resonance
wavelength. This causes the splitting of the electric dipole resonance peak. The coupling
effect caused by the particle spacing increases the resonance peak value. However, since the
coupling effect between the particles in T-LSPR is relatively weak, the blueshift is smaller
and the increase in the peak value is also smaller. This explains the problem that both
resonance peaks are dipole resonance peaks but have different resonance wavelengths.
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3.3.3. The Influence of SM Refractive Index and Incident Direction Angle on the
Enhancement of Electric Field

Figure 11a—d show the variation in the field enhancement of the dimer with the change
in the SM refractive index. From the figure, it can be seen that as the SM refractive index
increases, the electric field between the particles shows a decreasing trend. The smaller
the SM refractive index, the greater the electric field enhancement. This is because when
light enters the environment, it causes the SM to polarize. When the SM refractive index is
smaller, its polarization rate is smaller, resulting in a smaller polarization intensity of the
SM, and thus the generated polarization electric field is smaller. The polarization electric
field direction is opposite to the local electric field direction, which weakens the local
electric field between the particles. Therefore, when the refractive index is smaller, the field
enhancement between the particles is more obvious. In this paper, the maximum electric
field enhancement, reaching 63 times, occurs when the 1y, is 1.
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Figure 11. Electric field diagram formed on the xoy plane when Ag@TiO, dimer interacts with planar
light. (a—d) Electric field distribution at a direction angle of 0° as the refractive index of the SM
changes; (e-h) Electric field distribution as the 6 changes when the ny, is 1.33. In the simulation, the
Ris 10 nm, the t is 5 nm, and the D is 1 nm.

X

As shown in Figure 11e-h, when the incident light direction angle is 0°, the charges
are mainly distributed near the center of the dimer. At this time, the L-LSPR is excited,
and the maximum electric field enhancement between the particles is 22 times. As the
direction angle increases, the charge distribution of the particles rotates counterclockwise
[see Figure 10b—], and thus the L-LSPR gradually becomes a T-LSPR. When the direction
angle becomes 45°, the electric field enhancement caused by L-LSPR is very obvious, while
the electric field enhancement caused by T-LSPR is relatively weak. After removing the
effects of spacing, core radius, shell thickness, and surrounding environment, the remaining
electric field enhancement is negligible. When the direction angle becomes 90°, the charge
distribution between the particles is less, and the electric field enhancement between the
particles gradually weakens, completely manifesting as a T-LSPR. Due to the fact that the
incident light is absorbed and scattered by the lower particles first, the electric field distribution
inside and near the two particles is not completely consistent. Thus, it can be known that
T-LSPR has almost no contribution to the electric field enhancement and can be ignored.

In the above discussion, we have examined the light absorption and scattering prop-
erties of the dimer and have derived the variation patterns of its light absorption and
scattering characteristics. When the particle spacing and the thickness of the shell are
reduced, and the core size is appropriately selected, the strong scattering properties can
cause the dimer to generate a high local electric field enhancement, thereby promoting
water decomposition to produce hydroxyl radicals and active oxides. Moreover, the high
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absorption properties can significantly increase the temperature around the particles, and
with the dual effect of these properties, the wastewater can achieve the purpose of purifica-
tion. How high can the temperature rise? We will continue to explore the photothermal
properties of the dimer.

3.4. Photothermal Effect of Dimer Compounds

When the nanosphere dimer is exposed to light, the electrons inside absorb the en-
ergy of photons and move in the electric field, generating Joule heat. The magnitude
of the heat generation power depends on the strength of the absorption performance of
the nanospheres and the irradiance of the incident light. Through previous research, we
have screened out the size of nanospheres with better absorption performance to study
their photothermal properties. In the following research, we selected the core radius R
of 12 nm, the shell thickness t of 3 nm, the particle spacing D of 1 nm, the SM refractive
index ny, of 1.33, and the incident light with an irradiance of 1 x 10° W/m? at the reso-
nance wavelength of 502 nm with a 0° incident angle. Figure 12 shows the photothermal
characteristics of the Ag@TiO, nanosphere dimer. After 100 ns of electromagnetic wave
irradiation, the dimer’s temperature increase stabilizes, reaching a maximum of 77.3 °C.
This temperature is suitable for water purification applications. From Figure 12¢,d, it can
be seen that the area with the most significant temperature increase is near the dimer, and
the temperature increase decreases exponentially as the distance from the dimer increases.
The temperature of the central particle of the dimer changes rapidly within 0 to 20 ns
and gradually stabilizes after 20 ns. This suggests that nanosecond pulsed lasers can be
used to efficiently excite the dimer to generate local high temperatures. Additionally, from
Figure 12b,c, it can be seen that the highest temperature of the dimer is not at the particle
gap but on the core-shell contact surface near the center of the dimer. The strong coupling
effect of the dimer causes the hot electrons to concentrate on one side of the particle gap,
but the presence of TiO; blocks the heat dissipation of the Ag nanospheres, resulting in a
decrease in the temperature at the center of the dimer gap. Fortunately, this decrease does
not affect the overall temperature increase effect and can be ignored.
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Figure 12. Thermal effect of the dimer. Wavelength A = 502 nm, irradiance I; =1 x 10° W/m?2, the
electric field oscillates along the y-axis and is incident along the positive x-axis onto the dimer with
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References

R =12nm, t =3 nm, and D = 1 nm. At 100 ns; (a) heat transfer distribution of the dimer in
water; (b) temperature distribution inside the particles, with arrows indicating the direction of the
temperature gradient; (c) temperature distribution curves along the dimer axis (line [) at different
times; (d) temperature variation at the particle center (point P) over time.

4. Conclusions

Regarding the application of Ag@TiO, core—shell nanosphere dimer in photocatalytic
water purification, this paper quantitatively investigates their optical absorption and
scattering properties, local electric field enhancement, and photothermal effects using FEM
and FDTD methods, and explores the formation mechanism of the multipole resonance
mode of the dimer. The results show the following: (1) Decreasing the particle spacing
leads to a redshift in the resonance wavelength, improved optical absorption and scattering,
and stronger local electric field enhancement. (2) By changing the inner core radius and
outer shell thickness of the particles, the resonance wavelength can be adjusted arbitrarily
within the visible light range to meet application requirements. (3) As the SM refractive
index increases, the resonance wavelength shifts towards the red and the local electric field
enhancement weakens. (4) As the incident light azimuth angle increases, the resonance
mode gradually changes from L-LSPR mode to T-LSPR mode. When the azimuth angle is 0°,
the dimer exhibits optimal optical absorption and scattering performance. (5) After being
irradiated with light for several tens of nanoseconds, the temperature of the dimer rapidly
increases to a steady state, and the temperature at the core-shell interface near the dimer is
the highest, while the temperature away from the dimer shows an exponential decay trend.
Based on our discussion, we found that the higher the particle concentration (with a smaller
spacing, approximately 2 nm), the thinner the shell (approximately 3 nm), and the particle
with a core radius ranging from 12 to 20 nm has better catalytic performance for water
purification. Smaller nuclear radius can result in a higher absorption performance, thereby
generating a higher surface temperature promotes catalytic oxidation reactions in water
and the elimination of bacteria and viruses. Larger core radius results in better scattering
performance. The stronger scattering performance causes the electric field between the
particles to be strongly enhanced, making the generation of hydroxyl and other active
oxides more efficient and convenient. Quantum effects, which may be triggered when the
particle spacing decreases to 1 nm, were not considered in this work but will be addressed
in future improvements.
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