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Since nano scale local surface plasmon resonance (LSPR) can broaden the visible absorption region,
enhance the local electromagnetic field and produce a thermal effect simultaneously, the appropriate
utilization of the LSPR effect is a noteworthy research direction towards visible light driven
photocatalysts with high efficiency and low cost. In this study, the influence mechanism of the optical,
electric, magnetic, and thermal physical fields on the photocatalytic efficiency of the LSPR system is for
the first time reviewed, based on which the research bottlenecks of this method including the accurate
predesign and regulation of the photocatalyst, the interpretation of electron movement and energy
transfer mechanism, are specifically analyzed. Due to the micro-nano localization of LSPR, auxiliary
methods are needed to reflect the micro electromagnetic and temperature field distribution which are
otherwise formidable to measure experimentally. Alternatively, numerical methods with decoupling
calculations of nano-scale physical fields are necessary to develop. Therefore, the development potential
of different numerical simulation methods including mainstream FDTD, FEM and DDA is subsequently
expounded, providing opportunities in resolving the bottleneck issues associated with photocatalysis. It is
worth mentioning that although many important advances have been achieved in the preparation and
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issues restraining the efficiency of photocatalysis have not been

1 Introduction ,
fundamentally solved:** (1) the high band gap of the photo-

Open Access Article. Published on 28 April 2022. Downloaded on 3/20/2026 3:51:00 PM.

(cc)

Photocatalysis technology has been one of the hot spots in the
field of frontier science because of its potential applications in
energy, environment and health. So far, the two most important
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catalyst. For example, the semiconductor TiO, has a band gap of
3.2 eV, which can merely be excited and undergo an electronic
transition by light with a wavelength less than 387 nm. As
a consequence, only the band beyond ultraviolet light fulfils the
requirements for the excitation of electrons, which implies the
utilization of a small proportion of solar light, leading to
a relatively low photocatalytic efficiency. (2) The recombination
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Fig. 1 Schematic illustration of semiconductor photocatalysis and its two most important restraining factors.

of photogenerated electron-hole pairs. This is ascribed to the
short lifetime of the excited electrons and holes. As a result,
most of the excited electrons and holes can't move to the surface
of the particles to react, which severely decreases the efficiency
of photocatalytic reactions. The above restraints in photo-
catalysis are schematically illustrated in Fig. 1.

The application of nano materials can significantly improve
the photocatalytic performance of the system. On one hand, the
nano size is beneficial to improve the charge transfer rate due to
the shortened transportation distance. In 1995, Hagfeldt et al.®
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found that the diffusion time for electrons from the body to the
surface of TiO, particles with a size of 1 pm was around 100 ns,
while it decreased to approximately 10 ps when the particle size
was reduced to 10 nm. On the other hand, the proportion of
surface atoms can be increased apparently in some nano
semiconductor particles due to the surface effect. For example,
when the particle size of CdTe is reduced from 10 nm to 1 nm,
the proportion of surface atoms can be increased from 11.4% to
70.6%.° Consequently, these surface atoms, lacking the adja-
cent atoms, show improved chemical and catalytic activity
owing to their unsaturated bonds and dangling bonds with
insufficient coordination. However, the fast recombination of
photogenerated electrons and holes should also be taken into
consideration for nano materials as the recombination process
(~107° s) is considerably faster than the surface redox processes
(107 %to 107" 5).”

Apparently, in the premise of nano-scaled catalysts, the
optical, electric, magnetic, thermal and other physical proper-
ties of particles show distinct features compared with those in
the macro size. For example, the quantum effect may appear in
the particle size range of 1-10 nm, and the resulting physical
properties are neither those of the bulk material nor those of
molecular compounds. The quantum-mechanical rules lead to
the broadening of the band gap and the blue shift of the
absorption band, which means narrowing of the light absorp-
tion range. Nevertheless, the redox potential of the generated
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carriers is simultaneously improved due to the enlarged band,
resulting in the potential augmentation of the catalytic activity.®
Interestingly, it has been proven that the quantum effect can
also cause the local surface plasmon resonance (LSPR) of metal
nanoparticles (NPs), which is of significance to be considered
for better utilization of sunlight.***

For the metal nanostructures with the LSPR effect, a strong
resonance absorption peak occurs when the oscillation
frequency of the electrons is consistent with the frequency of
the incident light wave, as shown in Fig. 2.** The dopant
perturbation of the semiconductor electronic structure and the
resultant increase in the electron density at the Fermi level are
indicated as the likely cause for this strong LSPR absorption.**
Chou et al.”® prepared the Au NP-modified ZnO composite films
deposited on ITO glass. The LSPR effect of Au NP solutions
shows an obvious peak of absorbance which is located at
519 nm. However Kominami et al.*® loaded Au NPs on TiO,,
exhibiting photoabsorption due to LSPR at around 620 nm. The
apparent quantum efficiency reached 7.2% at 625 nm and 4.2%
even at 700 nm. Based on these excellent optical absorption
properties of the LSPR effect, many scholars put great efforts in
addressing the issue of high band gap of traditional semi-
conductors and broadening the photoresponse range by using
LSPR-assisted (such as Au,'” Ag,*® Fe," and Cu*°) photocatalysts.
For example, it was demonstrated that catalytic reduction of
CO, can be achieved over Au NP deposited TiO, under full solar-
spectrum irradiation, thanks to the absorption peak at around
580 nm in the visible range caused by the LSPR effect of Au
NPs." Similarly, the visible-light-induced photocatalytic degra-
dation of polycyclic aromatic hydrocarbons was achieved by
using Fe-doped TiO,. To further specify the reasons for the
extended absorption edge from ultraviolet toward the visible
region, Fe-doped TiO, and undoped TiO, were investigated by
using UV-Vis diffuse reflectance spectra. The results showed
that the presence of Fe(mn) reduced the bandgap energy of TiO,
(3.2 to 2.67 eV) due to the electron transition from the 3d Fe
energy level to the TiO, conduction band.*

More importantly, the optical properties of these plasma
nanomaterials are highly controllable in the whole visible light
range. The common methods are as follows: firstly, experiments

E-Field
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have shown that the absorption peak can be shifted by changing
the content of metal NPs in the photocatalyst system. For
example, Podlipensky et al.** studied the absorption spectra of
Ag NP composite glass with different volume fractions, as
shown in Fig. 3a. The results showed that with an increase of
the volume fraction, the interaction between Ag NPs caused the
resonance absorption peak to move in the long wave direction,
resulting in a wider absorption range. However, in Ni and Ag
implanted SiO, nanomaterials,* the shift direction of the LSPR
peak tended to be opposite, which implied a blue shift with the
increase of the Ni content. Secondly, some scholars changed the
optical properties of LSPR nanomaterials by designing specific
microstructures such as cavities* or core-shells,** which could
be adjusted continuously in the fabrication process. Yue*
prepared Au-Ag alloy NPs with controllable cavity sizes (35 nm
to 20 nm). As a consequence, the LSPR peak was continuously
adjusted between 490 nm and 713 nm. Compared with single
TiO,, the photocatalytic hydrogen production rate of Au-Ag
NPs/TiO, increased from 0.48 pmol h™" to 4 umol h™'. Lin**
prepared the Au@SnO, core-shell structure as shown in Fig. 3b.
The experimental results indicated that the red shift of plasmon
resonance absorption could be continuously achieved by
increasing the size of Au NPs or the thickness of the SnO, shell.
Also, rod-shell and sphere-shell structures showed distinct
optical properties due to different resonance modes. Thirdly,
the light absorption can also be regulated by changing the size
and shape of metal NPs.***® It was experimentally found that
with the increase of the particle size, the surface plasmon
absorption of spherical Au NPs red shifts continuously, and the
resonance absorption range is widened.*® Peng*® and Jiao®” both
investigated the influence of shape factors on the resonance
absorption of LSPR. Peng?® adjusted the LSPR peak by changing
the aspect ratio of Al NPs, as shown in Fig. 3c. Similarly, Jiao*
prepared Au/Pt core-shell NPs to examine the effect of the
aspect ratio of Au nanorods on the regulation of the LSPR
absorption peak. It was reported that the longitudinal absorp-
tion peak of Au was continuously adjusted from 520 nm to
955 nm. Additionally, in Pang's study,*® the plasmon NPs are of
equal volume and height but had different shape factors. It was
found that the resonance absorption moved to the long wave

Metal sphere

Electron cloud

Fig. 2 Local surface plasmon resonance excitation. Reprinted from ref. 13. Copyright 2014, ACS.

2610 | Nanoscale Adv., 2022, 4, 2608-2631

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00140c

Open Access Article. Published on 28 April 2022. Downloaded on 3/20/2026 3:51:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

)
S

Fill factor
1.0~¢

Fill factor

=
=)

=
%

S
=

b
o

Absorption (a.u.)
o
=N
o I I T I S T [

S
)

LIS S S e
300 400 500 600 700 800 900
Wavelength (nm)
b i
1.0 ."i
Sphere shell
= 0.84
8
E ?{odshell
E 0.6 =
= ]
S
= 04+
E
S
7 0.2
0.0
T T T T T T T T T T T
300 400 500 600 700 800 900 1000
Wavelength (nm)
C

— L=25nm L/H=1
—— L=50nm L/H=2
—— L=75nm L/H=3
—— L=100nm L/H=4

L=125nm L/H=5
—— L=150nm L/H=6

Extinction coefficient (a.u.)

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 3 Highly controllable optical properties of LSPR. (a) Absorption
spectra of composite glass with different contents of Ag nanoparticles.
Reprinted from ref. 21. Copyright 2005, Springer. (b) Normalized
extinction of Au@SnO, with varying structures. Reproduced with data
source from ref. 24. (c) Extinction coefficient spectra of Al NPs of
different sizes. Reproduced with data source from ref. 26.
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direction and had extended resonance absorption when the
particle shape varied from circle to ellipsoid, square, diamond,
fan and triangle, respectively.

Due to the LSPR effect, the local electromagnetic field on the
surface of the metal NPs (extending tens of nanometers outward
from the surface) will also be significantly enhanced. Theoret-
ically, the stronger the electromagnetic intensity is, the more
photogenerated electron-hole pairs can be potentially sepa-
rated. From the experimental point of view, He* constructed
a Ag/AgX composite photocatalyst for the photoreduction of
CO,. Consequently, the production of CH, in 1 hour was
improved by 28.7 times. The enhancement of photocatalytic
activity could be attributed to the increased separation velocity
of electron-hole pairs and the close-range dipole-dipole reso-
nance at the interface between the semiconductor and metal
due to the enhanced local electromagnetic field. It was pointed
out that the electrons excited in the semiconductor were mainly
located in the shallow position below the surface, allowing an
extremely short diffusion distance to the surface. Therefore,
thanks to the enhanced local electromagnetic field, electron-
hole pairs could be rapidly generated near the semiconductor
surface and promptly migrate to the surface to have oxidation/
reduction reactions.

In addition, LSPR can also produce thermal effect. Chen
et al.*> established a heat transfer model for Au NPs immersed
in water based on the finite element method, and studied the
heating and shaping of Au NPs induced by nanosecond pulse
light. The model showed that the temperature of Au NPs could
increase from room temperature to above 795 K in a few
nanoseconds under the conditions of low brightness due to the
enhanced light absorption by strong plasma resonance.
Significant surface heating enabled the molecules to overcome
the high potential energy barriers in chemical reactions,*"*
which was beneficial to improve the photocatalytic reaction
efficiency. Linic et al.>* examined the influence of the thermal
effect by LSPR. It was found that due to the LSPR effect of Au, Ag
and Cu, the oxidation reaction rate driven by photothermal
catalysis (mol h™" g~') is much higher than that of the tradi-
tional photocatalysis (umol h™* g™ %).

Except for the significant effect of a single physical field on
the photocatalytic efficiency, the coupling of multiple physical
fields also leads to many special phenomena in photocatalytic
systems. For example, it has been confirmed that the photo-
thermal catalysis**?** can significantly improve the catalytic
performance. Wei et al.®* systematically collected 65 types of
catalytic systems from 1995 to now. Table 1 compares the
performance of photocatalysis, thermal catalysis and photo-
thermal catalysis in VOC degradation. The data showed that
photothermal coupling could significantly improve the photo-
catalytic efficiency, which was much higher than that of single
photocatalysis or thermal catalysis. Li** studied the combined
effect of optical and electromagnetic fields on the photocatalytic
efficiency based on nanostructured Co-doped Bi;Fe;Tiz0,q
(BFTO), which shows both electric polarization and photo-
catalytic activity. As per their experiments, with the increase of
Co doping in the BFTO lattice, the visible absorption and
ferroelectric properties were largely enhanced, contributing to

Nanoscale Adv., 2022, 4, 2608-2631 | 2611
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Table 1 Summary and comparison of the performance of photocatalytic (PC), thermocatalytic (TC), and photothermal catalytic (PTC) degra-

dation of VOCs3*

PC activity TC activity PTC activity
Catalyst voC Light source T/°C t/min C/% T/°C t/min C/% T/°C t/min C/% Ref.
Anatase TiO,{001}  Benzene Hg RT 65 42 — — — 290 65 78 36
Rutile TiO, Benzene uv RT 160 50 280 160 18 280 160 70 37
TiO, Benzene uv 40 60 40 240 60 15 240 60 100 38
0.1 wt% Pt/TiO, Benzene uv — — — 240 60 89 240 30 100 38
TiO, Benzene  Fluorescent black light bulb — — — 140 300 30 140 300 86 39
0.1 wt% Pt/TiO, Benzene  Fluorescent black light bulb — — — 70 120 8 70 120 100 39
0.1 wt% Pt/TiO, Benzene  Fluorescent high-pressure Hg ~ RT 30 221 — 30 473  — 30 100 40
0.5 wt% Pt/TiO, Benzene uv — — — 240 20 87.7 240 20 100 40
Pt/TiO,/silica Ethylene UV — — — 90 — 34 90 — 100 41
Pd/TiO,/silica Ethylene UV — — — 90 — 19.2 90 — 100 42
Au/TiO,/silica Ethylene UV — — — 90 — 4.5 90 — 94.9 42

the generation of carriers and its separation, respectively.
However, due to the consequent recombination centers caused
by the strong magnetism, the promotion on the photocatalytic
effect was not as apparent as that in theory.

It is worth noting that the LSPR effect can broaden the
spectral absorption range, enhance the local electromagnetic
field and generate thermal effect simultaneously. The three
main function mechanisms originating from the multi-field
coupling processes are listed in Fig. 4.** Starting from mecha-
nism A, hot electrons are created by visible absorption and then
the catalyst is further activated by hot electron transfer from the
plasmonic NP. At the very same time, the concentrated local
electromagnetic field around the NP helps in electron-hole
separation (mechanism B) and the thermal-induced reaction is
improved by the temperature increase around the plasmonic NP
(mechanism C). As a consequence, with this triple excellent
characteristic, LSPR is regarded as an emerging technique to
develop for next-generation photocatalysts.

Note that in the literature about LSPR-assisted photocatalysis,
the function mechanisms of LSPR through the optical, electric,
magnetic, and thermal physical fields are sometimes considered
in isolation or the identification of the involved mechanism(s)

b Light

might remain unclear, hence we systematically summarized the
effect of physical fields on the photocatalytic efficiency in the next
section of this review. The most attractive special phenomena
caused by the synergistic enhancement of multi-fields are also
covered especially. Since few scholars have considered the
coupling between the four physical fields of LSPR assisted pho-
tocatalysis, the profound prospect of multifield decoupling is
highlighted, as discussed in the last section of this review.
However, because of the microcosmic localization of the
LSPR effect, it is difficult to measure the nano scale system
directly. To overcome the difficulties in experiments, numerical
tools can be used to examine the intrinsic properties of NPs in
coupled physical fields, including the optical field, electro-
magnetic field and temperature field in the nanometer scale.
This is meaningful for photocatalytic analysis since the evalu-
ation of performance of the modified nano catalyst is mainly
based on the absorption spectrum and the electromagnetic field
intensity on the particle surface.***” And the current numerical
simulation software can basically realize the coupling calcula-
tions and visualization of multiple physical fields. Besides, the
accuracy and reliability have also been proved by many
simulation-experiment comparative studies.**">°

heat

Light n

Fig. 4 Triple excellent characteristics of LSPR. Mechanism A: a photo-induced hot electron can be transferred from the NP under visible light.
Mechanism B: the enhancement of the local electromagnetic field at the vicinity of the NP helps reduce the electron—hole recombination.
Mechanism C: the photo-induced temperature increase of the NP provides heat to the reaction system. Reprinted from ref. 44. Copyright 2014,

Chemical Society.
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In this paper, we first discuss the influence of the optical,
electrical, magnetic and thermal physical fields on the photo-
catalytic efficiency so as to highlight the excellent characteris-
tics of LSPR. Subsequently, through reviewing the state-of-art
literature on the physical fields of the photocatalytic system
based on the LSPR effect, we point out the current bottlenecks
of the LSPR assisted photocatalysis. On this basis, the devel-
opment potential of numerical simulation methods (mainly
three mainstream methods FDTD, FEM, and DDA) in this field
is elucidated. For each method, the fundamental principles, key
advances and unique advantages are presented in detail.
Finally, the research prospect of multifield decoupling of LSPR
assisted photocatalysis by numerical simulations is illustrated.

2 Effect of physical fields on
photocatalytic efficiency
2.1 Optical absorption

Intrinsic absorption is a process in which an electron in the
conduction band (CB) absorbs a photon and then transits to the
valence band (VB). The occurrence of intrinsic absorption is the
precondition of the catalytic reaction. The selective absorption
of photocatalysts is crucial to be investigated due to its role in
a highly efficient photocatalytic system.

Most semiconductor photocatalysts have large band gaps,
thus the electrons in the valence band can be excited only under
ultraviolet light. However, in sunlight, most of the energy is in
visible light (45%) and infrared (52%) regions, and the energy of
ultraviolet light only accounts for around 3% of the total energy
received by the earth. The total efficiency of photocatalysis can
be expressed as the product of the optical absorption efficiency,
charge separation efficiency and surface reaction efficiency.

Heterostructure

Ion doping
—

Tio,

Non-metallic ion

Dye sensitizer
—-

View Article Online
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Ntotal = Moptical absorption X Mcharge separation X MNsurface reaction (1)

Despite common modification methods including the het-
erostructure,” > ion doping®** and dye sensitization
(shown in Fig. 5), the low utilization of sunlight in the optical
absorption severely restrained the improvement of the photo-
catalytic efficiency. Therefore, extending the optical response
range from the ultraviolet region to the visible region is a major
issue to overcome.

To realize the visible-light-driven photocatalysis, hetero-
junctions, constructed from two semiconductors with different
band structures, have drawn much attention from scholars.
Theoretically, if the two semiconductors possess different Fermi
energy levels, the spontaneous diffusion of electrons is expected
to occur from the semiconductor with the higher energy level to
that with the lower one, consequently promoting the spatial
separation of photo-excited electron-hole pairs. Based on
appropriate design, these semiconductor composites provide
a feasible means to achieve a good visible response. For
instance, Zhao et al.** studied the composite catalyst CdS/TiO,
core-shell structure and found that its light absorption range
increased markedly. This is because the visible-photo-excited
electrons of CdS migrate to the conduction band of TiO,, so
as to broaden the light response and increase the free electron
concentration. In the application of photocatalytic performance
improvement, Yang et al.>* successfully fabricated carbon doped
TiO, modified graphitic carbon nitride (C-TiO,/g-C3N,) via
a facile heat treatment in air. The optimized bandgap structure
of this heterojunction conferred superior photocatalytic activi-
ties with 5.728 mmol g~ photogenerated hydrogen gas for 5 h.
Liu et al* fabricated a CdS-g-C3;N,-graphene aerogel hetero-
junction for enhanced visible light driven photocatalysis, which

56-62

C-TiO2/g-C3N4
heterostructure

Metallic ion

Fig. 5 Schematic illustration of modification methods: heterostructures,® ion doping and dye sensitization. Copyright 2017 Elsevier.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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reveals greatly improved harvesting ability for solar energy. The
photodegradation efficiency of RhB reached up to 91.4% within
50 min under visible light irradiation, which was about 40 and
11 times higher than that of pure g-C;N, and CdS. For further
reference, the bandgap energies and CB-/VB-edge energies of
some important semiconductors calculated by Yang are
summarized in Table 2.** However, at present, the hetero-
junction is difficult to prepare under experimental conditions
owing to the practical doping technique and the establishing
requirements of the proper bandgap structure.>**®

This stimulates the method of ion doping, which forms an
intermediate band between the valence band and conduction
band through the introduction of heteroatoms. Since it can
respond to lower energy photons (visible light), ion doping also
helps improve the efficiency of solar energy utilization. In 2001,
Asahi et al.”” published in Science and reported that they real-
ized the absorption and utilization of visible light by preparing
a nitrogen doped TiO, thin film photocatalyst. Subsequently,
scholars further studied other non-metallic doped ions such as
carbon (C), sulfur (S) and fluorine (F), and obtained similar
results.®®*”" However, the existing results show that only non-
metallic elements with a radius less than that of oxygen can
partially replace oxygen atoms, and defects introduced by excess
impurities might act as recombination centers, resulting in the
decline of photocatalytic activity.”* After that, some scholars
used aluminum (Al), iron (Fe), gold (Au) and silver (Ag) as doped
ions.”” However, the photocatalytic activity is related to the
relative position of the doped metal ions, which puts forward
strict requirements for the selection of metal ions and the
preparation process for material doping. Liu et al”® further
clarified the similarities and differences in the reaction mech-
anism of metal and non-metal ion doping. They pointed out
that the doping of metal ions would replace part of titanium
atoms in the TiO, lattice, which might introduce defects in the
TiO, semiconductor lattice or change the crystallinity. This
would significantly affect the recombination of electrons and
holes or prominently change the excitation wavelength, leading

Table 2 Bandgap energies and CB-/VB-edge energies of some
important semiconductors®*¢

Bandgap energy CB-edge energy VB-edge energy

Semiconductors  Eg (eV) Ec (eV) Ey (eV)
Co30, (ref. 55)  1.98 +0.44 +2.42
TiO, (ref. 56) 3.10 —0.24 +2.86
WO; (ref. 56) 2.61 +0.79 +3.40
Zno*’ 3.37 —0.40 +2.97
o-Fe,0; (ref. 58)  2.25 +0.27 +2.52
Sno, (ref. 59) 3.60 —-0.05 +3.55
In,0; (ref. 60)  2.35 —0.40 +1.95
MnO, (ref. 61)  1.76 +0.58 +2.34
AgBr®? 2.70 —0.04 +2.66
Agl® 2.89 —0.47 +2.42
cds* 2.40 —-0.51 +1.89
Ccdse® 1.73 —0.32 +1.41

@ E2 is defined as the energy of the conduction band at the point of zero
charge.
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to the increase of the catalytic performance of TiO,. However, in
the case of non-metallic doped TiO,, some oxygen atoms in the
lattice are replaced. Due to the hybridization of the 2p orbital of
oxygen and p orbital of non-metallic medium, the valence band
is broadened, causing a reduced band gap.

Dye sensitizers are synthesized by incorporating dyes on the
surface of semiconductor photocatalysts. Since the adsorbed
dyes match the conduction band and valence band energy of the
wide-bandgap semiconductor, the spectral response can also be
extended to the visible region by using the dye-assisted photo-
catalysts.”* As shown in Fig. 6a, after adsorbing visible light to
reach the excited state, the electrons from the highest occupied
molecular orbital (HOMO) of the dye are first transferred to the
lowest unoccupied molecular orbital (LUMO) and then to the
conduction band of the semiconductor.”” Therefore, free radi-
cals with higher concentration will be formed in the conduction
band to further improve the photocatalytic efficiency. At
present, the most widely-studied dye sensitizers are metal
organic dyes’’® and synthetic organic dyes.”” Zhou et al”*
optimized the energy band structure of TiO, by using two zinc
phthalocyanine dyes and increased the light response range.
The excellent performance of co-sensitization of the two dyes in
increasing the photocatalytic performance of TiO, was also
examined in their study. Huang et al.”® used SnHTPP to modify
TiO, NPs and studied its photocatalytic activity. The experi-
ments showed that the photocatalytic degradation rate of
methyl orange could reach 86% under visible light irradiation.
Khan et al.”” investigated the degradation mechanism of the dye
sensitizer consisting of synthetic organic dye eosin and TiO,.
Although the dye sensitizer has a positive effect in promoting
the photocatalytic activity, the metal organic dyes may result in
environmental issues and cause secondary pollution, while
synthetic organic dyes have the disadvantages of low light
conversion efficiency and weak chemical stability. Nevertheless,
green and low-cost dye sensitizers, for instance, dyes extracted
from plants, have high potential to be utilized as a substitute of
conventional dye sensitizers ascribed to eco-friendly features
and superior sensitization under a wide light spectrum.”*°

As can be seen from Fig. 6b and c, heterostructures, ion
doping and dye sensitization modification methods are based
on adjusting the energy band structure, thus each method has
its specific improved range of light absorption. Different from
the above methods, LSPR increases the light absorption effi-
ciency by coupling the energy of incident light to the plasmon
nanostructures under resonant excitation. Moreover, the strong
resonance absorption peak is highly adjustable in the visible
and near-infrared region, which makes the LSPR effect an ideal
means to enhance the absorption and utilization of solar
energy.

Zheng® summarized the performance of these modification
methods on the TiO, catalyst and emphasized that compared
with the heterojunctions, the LSPR assisted photocatalyst was
relatively easy to be prepared. Besides, the LSPR effect can
overcome the problems of shorter photocatalytic reaction life
caused by dye sensitization and easy recombination of electron—
hole pairs caused by metal ion doping. According to ref. 82 and
83 the absorption cross section of metal NPs is five orders of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Expanding the optical response range by adjusting the energy band structure. (a) Light absorption mechanism of dye sensitization as an
example. (b) Energy band structure of different modification methods. (c) Comparison of the light absorption efficiency of typical modification

examples. Reproduced with data source from ref. 51, 71 and 74.

magnitude larger than that of typical dye-sensitizer molecules,
and their photocatalytic efficiency improvement is much higher
than that of commonly used quantum dots, organic dyes and
non-metallic ion doping.

Since the geometrical structures and light attributes may
have a direct influence on the LSPR optical properties, investi-
gating and understanding of the crucial parameters that affect
the LSPR spectrum are important for the design and fabrication
of LSPR devices. The important design considerations for metal
NPs include the size effect, multi-particle interaction effect,
sharp tip effect, aspect ratio effect, material effect and asym-
metry effect. The effect of these parameters on dipole plasmon
resonance including the wavelength shift and intensity
enhancement rate is summarized in Table 3.** Besides, more
and more advanced LSPR-assisted structures are proposed,

© 2022 The Author(s). Published by the Royal Society of Chemistry

such as the core-shell,*** cavity array®®* and hollow nano-
structures.”*®> These strategies significantly contribute to the
visible light-driven photocatalysis due to the optimized plas-
mon optical absorption.

However, current research studies on the design of the LSPR-
assisted structure still have focus on the optimizing spectral
characteristics of metal, without consideration of enhancement
for a specified semiconductor.”® This puts forward strict
requirements for the accurate modulation of the plasmon
absorption peak of metal NPs. Also, since the extinction spec-
trum can be controlled with careful design of nano-particle
geometries and incident wave attributes, a predicted photo-
catalytic system in advance to better guide the subsequent
preparation work is a necessity. Based on the above review, it is
worth mentioning that the preparation of LSPR assisted

Nanoscale Adv., 2022, 4, 2608-2631 | 2615


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00140c

Open Access Article. Published on 28 April 2022. Downloaded on 3/20/2026 3:51:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

Table 3 Design parameters affecting the LSPR efficiency®*
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Parameters

Wavelength shift

Intensity enhancement rate

Intrinsic region size increase Blue-shift More enhancement
Tip sharpness increase (p-polarization) Red-shift More enhancement
Aspect ratio increase Red-shift More enhancement
Analyte permittivity increase Red-shift —

Asymmetry (defects) increase Red-shift More enhancement

photocatalysts with a low cost, high efficiency and precise
control is probably the emerging trend for the promotion of
photocatalytic activities and its realistic application.

2.2 Charge separation and energy transfer based on the
electromagnetic field

In addition to the optical absorption, the charge separation is
another critical factor that restrains the photocatalytic effi-
ciency as shown in eqn (1), which attracted much attention to
the electromagnetic field in photocatalytic reactions. The built-
in electric field, which can be used as driving force to effectively
control the migration behavior of carriers, is widely discussed in
the recent first class of studies.

Some scholars successfully facilitate the built-in electric field
based on nanosized heterojunctions.”**® As we already dis-
cussed, it is possible to realize the spontaneous diffusion of
electrons between two semiconductors with different band
structures. During this process, a consequent built-in electric
field is expected to be formed at the heterojunction interface, so
as to inhibit the geminate recombination of the carriers. Also, it
is noted that the formation of the built-in electric field and the
carrier transfer behavior between the constituent semi-
conductors depend on many factors, such as semiconductivity,
Fermi level, and CB/VB potential of semiconductors.> In aspect
of photocatalytic performance improvement, Chen et al.** con-
structed a Mn, 5Cd, sSe heterojunction to enhance the photo-
catalytic efficiency. The built-in electric fields contribute to a 7.2
fold increase in hydrogen evolution against pure CdSe. He
et al.”® developed controllable morphology CoFe,0,/g-C;N, p—n
heterojunction photocatalysts with the built-in electric field,
which showed a high photocatalytic hydrogen evolution rate of
18.9 mmol g ' h™".

The effect of the electric field is also profound in the LSPR-
assisted photocatalyst. Following the law of Fermi-Dirac
distribution, the electrons in the occupied states below the
Fermi energy level, under incident light excitation, will be
excited to the unoccupied states above the Fermi energy level.
Because of the metallic nature of plasma, their electrons will
become excited free carries, which can oscillate collectively with
alternating external electromagnetic fields and thus generate an
enhanced electromagnetic field.” Taking Au nanocluster
decorated TiO, as an example, owing to the LSPR induced
electric field amplification near the TiO, surface,” the photon
absorption rate of Au-deposited TiO, visible light illumination
for photoelectrochemical water splitting was enhanced by 66-
fold.”

2616 | Nanoscale Adv, 2022, 4, 2608-2631

To further explain the significant the photocatalytic effi-
ciency caused by the built-in electric field, two feasible mecha-
nisms were proposed: one was the extended optical absorption
capacity. Since photogenerated electrons could be forced to
move through the built-in electric field according to the Fermi
energy level, it is possible to produce visible-light-excited
carriers by introducing a visible light-driven catalytic compo-
nent into the catalytic system, typically the narrow bandgap
(<2.5 eV) semiconductors or the metal NPs with the LSPR effect.
The other is the high charge separation efficiency. Even though
the amount of absorbed photons is restricted, promoted sepa-
ration of electron-hole pairs may still bring more active carriers
to take part in redox reactions. Both these two assumptions
correspond with eqn (1).

The two mechanisms above are both able to function in
heterojunctions and LSPR-assisted catalysts. More noteworthy,
it was reported that the broadened spectral response and local
electromagnetic field enhancement could occur in collabora-
tion and promote each other in one intelligently-designed
system.'® For instance, this multifield synergistic enhance-
ment mechanism is observed in Ag cluster-incorporated AgBr
nanoparticles on TiO, (Ag@AgBr/mp-TiO,) shown in Fig. 7.
Spectroscopic and photoelectrochemical measurements sug-
gested that the high photocatalytic activity stems from the
enhancement of the local electric field near Ag clusters

A AgBr
cb ﬂ:b g@ 9
02- té - - e
reduction e o
0,
’ 0
vb/ n* 2-naphthol
oxidation
CO,+H,0
i mp-TiO,

Fig. 7 Action mechanism of the Ag@AgBr/mp-TiO, photocatalyst
under visible-light irradiation. Reproduced from ref. 101. Copyright
2016, ACS.
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improving carrier generation in AgBr. Eventually, AgBr plays the
role of not only a visible-light photocatalyst but also an oxida-
tion inhibitor of Ag clusters, while the Ag cluster with the LSPR
effect acts as a visible light-driven amplifier for the local electric
field. In addition, the built-in electric field could also be
established by other methods, such as ferroelectric materials.**

In fact, Cushing et al.'® summarized that there were three
types of surface plasmon energy transfer mechanisms in metal/
semiconductor systems due to the LSPR effect (shown in Fig. 8),
which included the direct electron transfer (DET), also known
as hot electron injection, the local electromagnetic field
enhancement (LEMFE) and the plasma induced resonance
energy transfer (PIRET). Each of these mechanisms is largely
influenced by and functions through the electromagnetic field.

In DET, hot electrons can be promptly injected into the
conduction band of the semiconductor accompanied by move-
ment of chemical energy, and then transferred to the reaction
substrate; alternatively, the hot electrons can directly react with
reactants in contact with the metal NPs. In LEMFE, the absor-
bed solar energy is converted into electromagnetic energy via
the oscillation of plasma. Distinguishingly, the enhanced elec-
tromagnetic field is confined within a few nanometers of the
semiconductor surface. This is not the case for the normal, non-
enhanced fields, which produce carriers too far below the
semiconductor surface to contribute to photocatalysis due to
the high recombination rate.'™ However PIRET is a non-
radiation mechanism, which can be regarded as the energy of
surface plasma resonance transferred from metal NPs to the
semiconductor through the electromagnetic field or dipole
interaction. To verify the PIRET mechanism, Torimoto et al.**
wrapped SiO, on a Au/CdS composite photocatalyst, in which
the SiO, insulating layer isolates the charge transfer channel
between Au and CdS. In this efficient catalyst, the locally
enhanced electric field is produced by photoexcitation of LSPR
of Au NPs. The results showed that photocatalytic activity of CdS
was greatly dependent on the distance between CdS and Au
particles, and the range of energy dissipation is related to the
diameter of the Au sphere. This non-contact energy transfer
mechanism makes LSPR much more unique than any other
photocatalysis modification method.

Reduction
N A

DET

J

.
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So far, there has been a continuous debate on these three
mechanisms because of many arguments caused by distinct
results from different researchers. For example, it was claimed
that DET was beneficial to provide an effective electron transfer
channel and there was no charge balance problem to be
considered in this scheme.'®® However in the very beginning,
DET was once considered to be impossible. It was deduced that
since LSPR produced carriers with only a short lifetime (~10~">
s) as the excited hot-state, the activated adsorbate molecules
that obtain electrons from the metal surface might also be
quenched quickly.’ On the opposite side, Brus'®” pointed out
that the time of energy dissipation in DET was incorrectly
evaluated. This is because energetic electrons, after being
injected into the LUMO of the adsorbed molecules, can lead to
the weakening and elongation of the original chemical bonds.
The subsequent decay of generated transient anions with
reduced energy and the reverse electron transfer to metal NPs
can convert the energy into the molecular vibration. The average
time required to dissipate this vibrational energy should be in
the order of picoseconds (~10° s). Therefore, these typical
chemical reactions are possible to occur if the energy adsorbed
is sufficient to overcome the potential barrier that prevents the
molecule decomposition.*® In fact, in 2008, the direct photo-
catalytic reaction of metal NPs was experimentally observed.'’®
Here, gold particles supported on ZrO, powders were prepared
purposefully because the band gap of ZrO, is circa 5.0 eV, which
are much larger than the energies of the photons of visible light
(less than 3.0 eV). Thus, it is impossible for the gold NPs to
reduce the band gaps of ZrO, enough for visible light photons to
be absorbed and excite electrons in ZrO,. Therefore, the visible-
photocatalytic activity observed consequently confirms the
photocatalytic ability of LSPR-produced energetic electrons.

As another example, it was reported that both DET and
PIRET mechanisms exist in the core-shell structure of
Au@Cu,0' and Ag@Cu,0.""* However, due to the mutual
constraints, the photocatalytic performance was not signifi-
cantly enhanced especially when the two mechanisms were
strongly overlapped.* Fig. 9 shows that with a relatively thin
Cu,O0 shell, the contributions of DET and PIRET strongly coin-
cide and the resonance peak of LSPR is nearly at the Cu,O

@]

= VB

- ]

++
LEMFE PIRET

Fig. 8 Energy transfer mechanism in metal/semiconductor structures. Reprinted from ref. 103. Copyright 2012, ACS.
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(a) TEM and absorption spectra of the Au@Cu,O core—shell NPs with various shell thicknesses. (b) Schematic illustration of the generation

and transfer of electron—hole pairs in Au@Cu,O core-shell NPs under visible-light irradiation. Reprinted from ref. 109. Copyright 2016, ACS. (c)
TEM and absorption spectra of the Ag@Cu,O core-shell NPs with various shell thicknesses. (d) Schematic architecture of simultaneous DET and
PIRET in Ag@Cu,O core-shell NPs. Reprinted from ref. 110. Copyright 2012, ACS.

absorption edge; however when the shell becomes thicker, the
effects of DET and PIRET are gradually separated, resulting in
the red shift of the resonance peak.

The above evidence of review shows that it is worth investi-
gating deep into the energy transfer mechanism of LSPR-
assisted catalysts and the specific interaction of DET, LEMF
and PIRET in various scenarios. Thus, the feature of the elec-
tromagnetic field distribution is necessary to be specified.
However, this fast transfer process makes it challenging to
measure directly in time-resolved experiments. The existing
experimental approaches to detect the charge transfer include
XPS"'*? and IR/Raman spectroscopy.””***''* Besides, photo-
current can also reflect the overall photoelectric properties from
a macro perspective.

Since the electromagnetic field distribution on the surface of
particles can't be easily obtained at the nanometer scale, many
scholars turned to use electromagnetic calculation methods,
the essence of which is the Maxwell equations. The two most
general ones are the analytical method and the numerical
method. Before the maturity of the numerical calculation
method, the analytical method is widely used but is not
universal. For example, Mie scattering theory is the most basic

2618 | Nanoscale Adv, 2022, 4, 2608-2631

algorithm for particle scattering, which is only suitable for small
spherical particles.'>''® The numerical calculation method can
be divided into the frequency domain (such as the finite
element method and discrete dipole approximation method)
and the time domain (such as the finite difference time domain
method). The frequency domain method has been developed
earlier and is more mature at present, but its computational
efficiency for some problems is lower than that of the time
domain method.""”

2.3 Heating effect

It has been reported that the local heating effect on the surface
of metal NPs may lead to many special nanoscale
phenomena."®'® Due to the photothermal effect, the excited
electrons will return to the ground state in the form of releasing
heat energy, causing the surface temperature of metal NPs to
increase.

The increase of temperature has three effects on photo-
catalytic reactions:"*° first, speeding up the reaction rate. Before
the whole photocatalytic reaction reaches the equilibrium, the
augmented temperature is advantageous in increasing the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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reaction rate. The influence could be more apparent for inter-
mediate steps with a relatively slow reaction velocity. Second,
increasing the carrier concentration of the catalyst. Because the
carrier concentration increases with the increase of tempera-
ture, the introduction of a thermal field into the semiconductor
can also help generate electron-hole pairs. It has been reported
that under the synergistic effect of ultraviolet light and the
thermal field, the photo excitation and thermal excitation could
act on the conduction band electrons at the same time.** Li
et al.** studied the normalized photoconductivity response in
a CO, atmosphere at room temperature and 120 °C, respec-
tively, and found that all TiO, samples with different oxygen
vacancy contents showed higher photoconductivity at 120 °C.
According to the decay curve of photoconductivity, Li concluded
that the accelerated decay might be resulting from the improved
charge-involved surface reaction. Therefore, it was speculated
that the increase of temperature was beneficial to improve the
transfer of electrons from the bulk to the surface and the
concentration of surface carriers, thus adding the probability of
reduction of CO,. Third, increasing the light absorption of the
catalyst. The intrinsic optical absorption of semiconductor is an
indirect transition process, which needs to absorb or emit
phonons to conserve the momentum of the transition. Hartland
et al.*** studied the basic optical properties of metal NPs which
include the dynamic behavior after photon absorption. The
results showed that the introduction of the thermal field
intensified the lattice vibration in TiO, microcrystals and
increased the quantity of phonons in the system. It was
observed that the lattice temperature increased in a few pico-
seconds.* In this situation, the probability of phonon absorp-
tion and emission of conduction band electrons increased,
which facilitated both the probability of indirect transition
between bands and the light absorption efficiency significantly.

From the view of reaction dynamics, the reaction kinetic
constant for the photo-thermal catalysis is generally larger than
the values of the sole phenomenon, either the photocatalysis or
the thermal catalytic kinetic constant.’*® The reasons for this
phenomenon are summarized as follows: on the one hand, heat
affects the molecular adsorption on the catalyst surface. Fu
et al."* studied the photocatalytic degradation of ethylene in the
temperature range of 30-110 °C. The results showed that the
increase of the reaction temperature reduced the adsorption of
water on the catalyst, which could provide more active sites for
the ethylene reaction, thus improving the catalytic activity. Lin
et al.* prepared oxidized ethylene with N-doped TiO,. The
kinetic analysis showed that water and ethylene would compete
for the same active sites. The desorption of water during the
heating process provided more reactive sites. On the other
hand, thermal energy activates the lattice oxygen. Li's research
group pointed out that the enhancement of photothermal
catalytic activity was mainly ascribed to the active surface lattice
oxygen.'”**?* It was found that the activity and content of lattice
oxygen could be improved by increasing the temperature,
resulting in the promotion of the lattice oxygen exchange and
the increase of the adsorption rate of the organic substance at
the solid-gas interface.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Li et al.**® also proved that the photocatalytic efficiency could
be markedly improved with the increase of temperature from the
experimental view, as shown in Fig. 10. For the TiO, photo-
catalyst, when the temperature is increased from room temper-
ature to 343 K, the degradation rate and mineralization rate of
acetaldehyde increased by 2.7 times and 1.4 times, respectively.
For WO; and ZnO photocatalysts, the mineralization rate of
acetaldehyde at 333 K was 1.8 and 1.2 times higher than that at
room temperature, respectively. In order to reveal the reasons for
the improvement, Li changed the ambient humidity, the specific
surface area and particle size of TiO,. It was found that at
different humidities, the degradation curve was approximately
unchanged. Therefore, the temperature was not regarded to be
conducive to the desorption of water on the surface and the
exposing of active sites to adsorb the products. On the contrary,
the experimental results showed that the samples with larger
ratio of the surface to the volume gave a larger mineralization
rate. This is because a larger ratio of the surface to the volume
leads to a higher lattice oxygen content that can participate in the
reaction. As a consequence, it is inferred that the surface lattice
oxygen is the main reason for the improvement of photothermal
catalytic oxidation activity in this research, as shown in Fig. 10f.

In comparison, the plasma nanostructure is more effective
than most the other methods in converting the incident light
into heat. Since solar energy can be converted into both
chemical energy and heat, it is considered to be an effective
strategy that the photocatalysis and thermal reaction are carried
out simultaneously in the system.'* The conversion of solar
energy into photo-thermal-chemical energy is the research
focus of the new generation photocatalysis."**

The existence of LSPR can improve the catalytic efficiency
through the thermal confinement effect in the nano volume.
However in principle, it is difficult to locate the heat producing
region on the nanometer scale using traditional methods,
making the plasma mediated heating unique to be utilized. The
experiments by Ye et al.*** showed that group VIII metals (Ru,
Rh, Ni, Co, and Pt) could also produce the LSPR effect, which
resulted in the increase of the surface temperature to 200 °C in
1 min. Therefore, the use of LSPR as the nano heat source to
improve the chemical reaction rate and replace other additional
energy sources has promising research prospect.

However, it is extremely difficult to directly detect the local
temperature in the range of the nanometer size. Fortunately,
numerical simulation has made an important contribution to
the study of the surface temperature of NPs. Although the
source of heat is not uniform, the steady-state temperature
distribution of photothermally heated NPs can still be assumed
to be uniform due to the ultrafast thermal equilibrium within
the plasma."®> By coupling Maxwell's equations with thermal
diffusion equations, the steady-state temperature of plasmonic
NPs can be obtained based on the numerical simulation.***3*

Nevertheless, some scholars argued that the high tempera-
ture caused by the photothermal effect might cause funda-
mental changes in the particle structure. For example, the team
of Wei'** demonstrated that the SPR-induced surface tempera-
ture of Ag-SiO, could be increased to above 230 °C under the
irradiation of 2.0 W cm ™2, which was high enough to dissociate
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ref. 123.

the chemical bond. Some studies have also shown that the
photothermal heating induced by LSPR could even melt and
remodel Au NPs by using a high-power laser.*®*** Therefore,
many follow-up studies are still needed for the reasonable
utilization of the LSPR thermal effect. Particularly, when
analyzing the fracture and formation of the chemical bond and
the reaction potential energy, the distribution of the nano-scale
heat sources remains a crucial parameter that needs to be
specified.

2620 | Nanoscale Adv, 2022, 4, 2608-2631

At present, the optical field and electromagnetic field based
on numerical simulation are quantitatively studied. In fact, the
temperature field also plays an important role in the photo-
catalytic system, which is worthy of more extensive and in-depth
research. It should be emphasized that the optical, electrical,
magnetic and thermal physical fields do not exist alone, but
interact with each other in the photocatalytic system. Unfortu-
nately, up to now, there is no comprehensive research on these
four coupling physical fields. Instead, most researchers only

© 2022 The Author(s). Published by the Royal Society of Chemistry
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focus on one or two physical fields, such as the photoelectric
effect, photothermal effect, etc.

3 Numerical solution of the
photocatalytic physical field

With the continuous progress of computer technology, more and
more researchers simulate the distribution of the physical fields
in nanostructures by computational methods, such as the time
domain finite difference method (FDTD), finite element method
(FEM), and discrete dipole approximation method (DDA).

3.1 FDTD

Among the above calculation methods, FDTD is a mature
numerical algorithm in the time domain, which can get the
dynamic electromagnetic field characteristics directly. The core
idea is to solve the differential equation by using the step
difference of space and time, mesh the complex optical struc-
ture, and give the finite difference equation of time variable at
each grid node. By setting the corresponding boundary condi-
tions, the discrete time domain Maxwell degree of rotation
equation is transformed into the display difference equa-
tion."”"* FDTD can also visualize the time evolution of the
electromagnetic field. However, it is important to note that this
method also has some disadvantages in application. For
example, it is usually used to simulate structures with the given
initial conditions and specific parameters. In the recent
research on photocatalysis, the typical software based on the
FDTD method is the Lumerical series. Also, the combination of
Lumerical FDTD and the DEVICE simulator can realize the
simulation of the photoelectric and thermal coupling field.

At present, many scholars have studied the optical absorp-
tion of plasma nanomaterials by Lumerical FDTD. Peng>*
studied the cubic column Al NPs, and analyzed the far-field
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extinction coefficient at different transverse and vertical
ratios. Meanwhile, Liu*** did similar simulation work and re-
ported that LSPR had prominent wavelength selectivity for
different metal NPs. It was found that the LSPR enhancement
efficiency was not only closely related to the material, shape and
size of metal NPs, but also to the particle spacing and aggre-
gation morphology. Therefore, many scholars also considered
the influence of different array forms. For example, Yu'*” from
Nanjing University simulated the reflection spectrum of Na
nanoarrays with different periods. In addition, Luan®*® estab-
lished the Ag NP plasma resonance model by using East FDTD
software. The surface plasmon resonance characteristics of the
double spherical structure and triangular structure of Ag NPs
were analyzed, and the influence of the particle size on the
resonance absorption peak and transmission in the spherical
array structure was discussed. These studies effectively solve the
problem of predetermining the shape, the size, the interval
distance and the period of metal NPs when designing LSPR
assisted catalysts. Typically, Tira et al™® combined FDTD
simulations with experiments to analyze the electromagnetic
far-field and optical properties of Au NPs organized in chain-
like structures (Fig. 11). As a result, an empirical formula to
predict the position of collective LSPR as a function of the
number of particles in the chain was developed, which offered
useful design rules for the following LSPR-based applications.
In terms of electromagnetic field simulations, in order to
further examine the interaction between metal NPs under the
LEMEFE effect, Christopher et al.**® calculated the electric field
intensity distribution around single and two Ag nanocubes by
the FDTD method, respectively. According to their results, due
to the LSPR excitation of a single cubic Ag NP, the intensity of
surface electric fields is 10 times larger than the field intensity
of the incoming photon flux. Interestingly, two Ag NPs sepa-
rated in a narrow space could enhance the field intensity by 10°
times." Hou et al.'* performed similar FDTD numerical

Designing the length of gold nanoparticle chains for a specific LSPR position
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Fig.11 Predesigning the length of gold NP chains for a specific LSPR position based on experimental data with a linear combination of numerical

simulations.**® Copyright 2014 Elsevier.
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simulations of Au NPs/TiO, composites, as shown in Fig. 12.
Local “hot spots” can be seen in regions between nearly
touching Au NPs shown in Fig. 12d, which shows a cross-
sectional plot of the electric fields in one of these hot spot
regions. Since the photo absorption and hence the electron-
hole pair generation rate is 1000 times higher than that of the
normal incident light, and the enhanced field is confined
within a few nanometers of the TiO, surface, most induced
carriers efficiently diffuse to the surface so as to contribute to
the catalytic reaction. This is not the case for the normal, since
in non-enhanced fields, electron-hole pairs are wusually
produced distant from the TiO, surface. Based on the results of
the FDTD electromagnetic simulations, Hou further calculated
the expected photocatalytic enhancement due to LSPR. The
obtained enhancement factor is consistent with the experi-
mental observation. These simulation studies provide a feasible
solution to further clarify the mechanism of the charge sepa-
ration and energy transfer based on the electromagnetic field.

Additionally, FDTD could be well integrated with other
calculation methods, typically density functional theory (DFT).
Density functional theory, founded on quantum mechanics, is
now widely used to quantitatively calculate the energy potential
and the charge density distribution. In our previous work,*** the
DFT model was established to investigate the micro mechanism
of CO, adsorption and the conversion of CO, to the HCOO®
group in the Au-TiO, photocatalytic system. We simulated the
CO, adsorption bonding in 6 configurations and obtained the
adsorption energy, so as to figure out the way that CO, is con-
verted into the HCOO® group in the step reaction. On this basis,
by using FDTD simulations and DFT calculations, Guo
systematically investigated the generation and modulation
mechanism of the LSPR effect in Cu/TiO, nanospheres."** In
Guo's study, the electrostatic potential and interfacial proper-
ties of the Cu/TiO, hetero-structure were calculated by DFT to
analyze the impact of Cu NPs' LSPR effect on photocatalytic
performance of TiO,. However the optical resonance wave-
length and electric field intensity were achieved from FDTD
simulations to reflect the photocatalytic enhancement. This
combination of FDTD and DFT methods is further effective to
analyze the intrinsic mechanism of LSPR.

3.2 FEM

FEM is based on the basic strategy of discrete approximation,
that is, a combination of many simple functions is used to
approach the complex original function. In the recent research
on photocatalysis, COMSOL is the typical software based on this
method. COMSOL multiphysics software can realize any
multiple physical field direct coupling analysis by solving the
partial differential equation or equation system consisting of
multiple fields.

In aspect of the simulation of optical properties, Liu
deduced the range of visible light resonance of TiO,, Au/TiO,,
Ag/TiO, and other NPs based on COMSOL, which was beneficial
to study the means of modulating LSPR to enhance the optical
absorption. In addition, FEM can realize the coupling analysis
of any temperature related physical field. Zhang et al.*** from
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Fig. 12 (a) SEM image of a 5 nm thick Au island film deposited on
anodic TiO,. (b—d) Electric field intensities calculated at the interface
of Au—TiO; using the FDTD method. Reprinted from ref. 104. Copy-
right 2011 Elsevier.
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Fig. 13 Plasmon coupling of double Au NPs based on COMSOL. (a) Scaling law of light absorption power and relative particle spacing. (b) Scaling
law of steady state temperature and relative particle spacing. Reproduced from ref. 145.

Zhejiang University used COMSOL to establish a universal scale
equation depicting the relation between the photo-absorption/
temperature and distance of two NPs. The objective was to
make a practical equidistant excitation element ruler. It was
found that the interaction effect between two metal NPs came
from two aspects: on one hand the Coulomb coupling between
the NPs enhanced the absorption of incident light, and on the
other hand the accumulation of temperature made the heating
effect more significant, as shown in Fig. 13. Zhang's research
also provides some essential conclusions that key factors, such
as the diameter of Au NPs and the gap between two NPs, may
significantly help adjust the coupling physical fields.

Zhang's research considered the optical, electric, magnetic
and thermal fields at the same time. However, the research is
still restrained to the interaction between only two Au NPs.
Therefore, it is worth combining multiple particles in the
simulation and exploring the multi-physical fields under
various temperature conditions.

Furthermore, Chen et al.* filled the investigation gap in the
transient temperature behavior of a nanoscale plasmonic gold

system during an ultra-fast photothermal process based on
FEM shown in Fig. 14. A heat transfer model was constructed to
analyze the temporal and spatial variation of temperature. The
model shows that the temperature of the Au NPs can be
increased from room temperature to more than 795 K in just
a few nanoseconds with low light luminance, owing to
enhanced light absorption through LSPR. Chen pointed out
that such quantitative prediction of temperature change, which
is otherwise formidable to measure experimentally, can serve as
an excellent guideline for designing LSPR-based devices.

3.3 DDA

In the last few decades, FDTD and FEM have been the two most
commonly used methods to simulate the photocatalysis
phenomenon. Besides, DDA is another method to calculate the
scattering electromagnetic wave of an object, which uses a large
number of dipole arrays to simulate continuous objects. The
properties of the electromagnetic waves are obtained by solving
the polarization of dipoles under the incident electromagnetic
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Fig.14 Photothermal effect of a gold sphere with 50 nm radius in water. (a) Electric field intensity normalized to the incident field. (b) Heat power
volume density Qq. (c) Steady-state temperature increase due to 530 nm light excitation. Reprinted from ref 3°. Copyright 2012 American

Chemical Society.
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Table 4 Mean electric field enhancement factor values of Ag—FezO4
calculated using DDA

Particle size (nm)

Target Wavelength 3.5-13 7-13 10-13 13-13 16-13 20-13
Ag-Fe;O, 775 nm 1.10 1.20 1.35 1.56 1.81 2.18
413 nm 1.11 1.40 2.06 3.19 4.92 7.83
Single Ag 775 nm 1.01 1.08 1.18 1.31 146  1.67
413 nm 1.10 2.04 3.84 6.57 10.1 15.06

wave. In essence, DDA is a discrete expression of the integral
form of the electromagnetic scattering formula.**® DDSCAT is
the typical software based on this method, which is a software
package written by using the FORTRAN program and runs
under the Linux system. For example, Shi et al.' from Jilin
University used DDSCAT.5a10 to study the optical characteris-
tics of different sizes of spherical, ellipsoidal, triangular prism
and cylindrical Ag NPs. DDSCAT is suitable for isotropic,
axisymmetric or non spherical particles with other symmetrical
surfaces, resulting in relatively faster calculations compared to
other software.'*7'%

Furthermore, Wang et al™® studied the electric field
enhancement effect of Au-Fe;0, and Ag-Fe;O, based on DDA,
as shown in Table 4. The results showed that when the polari-
zation direction of the incident light was parallel to the inter
particle axis and the incident light wavelength was equal to or
greater than the LSPR wavelength, the absorption efficiency of
the dimer and the electric field enhancement factor increased
with the increase of the particle size, although the red shift of
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the LSPR wavelength was not apparent. However, except for the
size factor, parametric study including the effect of the shape
and spacing needs to be further investigated.

In the research of the multifield coupling mechanism, He
et al.*** studied the absorption spectra and the enhancement of
the electric field in and near noble metal nanospheres (Au, Ag
and Cu) based on DDA, which is proven to be fairly sensitive to
the temperature, as shown in Fig. 15. The optical absorption
peak and electric field enhancement within and near the NPs
can all be changed by the temperature. In addition, the LSPR
effect of Cu NPs may even be suppressed at a temperature of 700
K. These results provide new insights for understanding and
improving the application performance of LSPR from the
perspective of temperature control.

3.4 Advantages

According to the above review of the state-of-the-art literature on
the physical fields of the LSPR assisted photocatalytic system, it
is evident that the accurate predesign and difficult measure-
ment of coupling fields are the current bottlenecks that restrain
the application of LSPR assisted photocatalysis. Fortunately, the
numerical simulation method has the following advantages
that may provide potential solutions to these bottleneck
problems:

Firstly, it is convenient to carry out comparisons based on
the variable-controlling method. At present, many scholars have
carried out experiments on one or several specific photocatalytic
materials, but the conclusion is not universal. For example,
Zhao® prepared four kinds of Al/TiO, composite photocatalysts
with different TiO, contents. The photocatalytic performance
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(a) Structural model for DDA simulation. (b) Absorption efficiency versus the wavelength of Au NPs with different diameters at different

temperatures. (c) Linear fitting of the averaged electric field intensity within the Au NPs at different temperatures. (d) Distribution of electric field
intensity of Au NPs with a diameter of 7.5 nm at different temperatures. Reprinted from ref ***. Copyright 2021 Springer.
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for methylene blue degradation improved with the increase of
the TiO, content, but the conclusion was not necessarily true if
the catalyst materials or reaction conditions were changed.*” In
contrast, the numerical simulation can solve a large number of
general problems and derive more control groups through
predefined modules, which is more conducive to draw general
conclusions.

Secondly, it provides a new way to design and precisely
control metal composite nanostructures with excellent proper-
ties on demand. At the present stage, the preparation of most
composite photocatalytic materials is complex. If noble metal
particles are used for modification, the economic cost will also
increase significantly. Zhang"* used the FDTD simulation to
establish the Ag@SiO, core-shell structure model, by which the
parameters (Ag particle size, SiO, shell thickness and so on)
under the LSPR resonance peak were calculated. Through the
results of numerical simulation, Zhang predicted an improved
photocatalytic system in advance to better guide the subsequent
preparation work. Tira's"® “trial and error” fit of the experi-
mental data with a linear combination of FDTD simulations
effectively realized predesigning the length of gold NP chains
for a specific LSPR position. These research ideas are worthy of
extensive reference.

Thirdly, the current numerical simulation software can
basically realize the coupling calculations of multiple physical
fields. Since the energy transfer mechanisms of metal NP
induced catalysts are still debatable, visualization of physical
fields is another advantage of numerical simulation, which can
solve the micro-nano-scale problem that has difficulty in direct
measurements by experiments. Therefore, it is convenient for
scholars to understand and study the intrinsic mechanism.

In order to improve the photocatalytic efficiency, many
important advances have been achieved by using the broadened
visible light absorption, local electric field enhancement and

View Article Online
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thermal effect of LSPR. Nevertheless, a far-reaching investiga-
tion into the detailed and convincing mechanisms of how
physical fields function in the photocatalytic reactions has not
reached agreement among scholars.

This is because the LSPR effect involves synergistic
enhancement of multifields. It is impossible to draw an accu-
rate conclusion if only a single physical field is analyzed. For
example, to study the path of electron charge transfer that was
beneficially combined in a hybrid photo-thermal-catalytic
reaction, Tan and coworkers reported a Au/TiO, catalyst for
the photo-thermal-catalytic oxidation of ethanol.*** Au/TiO, is
a weak thermal catalyst, since under thermal catalytic condi-
tions its catalytic performance only improves 5% compared
with that of neat TiO,. However, the results showed that Au/TiO,
did show excellent photothermocatalytic activity under visible
light and UV illumination (>175 °C). The catalytic performance
was improved by more than 50% and 100% compared with that
of neat TiO, under the above conditions, respectively. Based on
the photo-thermal-catalytic results and detailed probing of
postreaction surface carbon species, it is concluded that
congruent roles of the photo and thermal catalysis contributed
to the photo enhancement under UV irradiation, while under
visible light irradiation plasmonic-mediated electron charge
transfer from Au to TiO, played a significant role. It is noticed
that the multifield coupling mechanism in LSPR is extremely
complex due to many possibilities that need to be fully dis-
cussed under different situations. Furthermore, the integration
of a LSPR-assisted catalyst with other photocatalysis-boosting
techniques is another new trend according to the state-of-the
art literature. The synergistic function mechanism behind
these modification strategies, typically constructing a hetero-
junction™ and loading a cocatalyst,'*® is also more sophisti-
cated. Yang et al.**® successfully fabricated the LSPR-assisted
CdIn,S,/W,50,9 Z-scheme heterojunction with a dual-channel

Fig. 16 Two distinct schemes of electron transfer over TCN/CoO/Au at 420 and 550 nm. Reprinted from ref **¢. Copyright 2020 Wiley.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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charge transfer path, whose enhanced photocatalytic activity is
ascribed to the synergistic effect of the heterojunction and LSPR
effect. Specifically, the Z-scheme heterojunction and the LSPR-
excited hot electron injection are the two beneficial pathways
to promote charge transfer, while abundant oxygen vacancies
that are associated with the LSPR effect exhibited efficient
molecular oxygen activation activity. Liu et al.**® integrated Au
and CoO NPs with g-C;N, hollow nanotubes to form a novel
ternary hybrid, where Au served as a plasmonic antenna, hot
electron donor, and reduction cocatalyst, and CoO acted as an
oxidation cocatalyst. Noteworthily, the enhanced photocatalytic
hydrogen evolution activity over a wide-light spectrum (420-650
nm) was believed to arise from two distinct electron transfer
schemes at different wavelengths as shown in Fig. 16. To
explain this complicated synergistic enhancement, multi-field
decoupling is a basic necessity. Consequently, numerical
simulations for decoupling of LSPR assisted photocatalysis is
possible to be represented as an emerging direction for facili-
tating the development and application of visible light-driven
photocatalysis.

4 Concluding remarks

In this paper, we systematically summarize the state-of-art
advances of the photocatalytic efficiency improvement related
to the optical, electrical, magnetic and thermal physical fields.
Covering all the most widely-used modification methods,
including heterojunctions, ion doping, dye sensitization and
the introduced-LSPR effect, the photocatalytic enhancement
principle is fundamentally illustrated and thoroughly
compared. LSPR-assisted photocatalysis has apparent advan-
tages because of the unique triple synergistic mechanism, while
the current bottlenecks in it include the accurate predesign and
difficult measurement of coupling fields. A knowledge gap
remains in the fundamental revelation of how coupled physical
fields function in the photocatalytic reactions. Thus, we focus
on the potential of numerical simulations for examining the
interaction of the multi-physical field. The conclusions, chal-
lenges and opportunities of the photocatalysis research are
shown below:

(1) Notably, LSPR assisted photocatalysts possess three
excellent advantages, that is, the broadened absorption spec-
trum, local electric field enhancement and the thermal effect,
which largely promote the reaction efficiency based on multi
physical fields. Thus, the LSPR effect is a noteworthy research
direction for next generation photocatalysts, which puts
forward strict requirements for the preparation of noble metal
NPs with low cost, high efficiency and controllable modulation.
Accurate predesign is indispensable to optimize the spectral
characteristics and create a proper built-in field, since key
parameters, like the particle size, shape, the gap between NPs
and structure, directly affect the LSPR efficiency. Also, there is
no general rule regarding the modification effect of LSPR-
assisted photocatalysts yet. Although many scholars have
carried out experimental research studies on LSPR-assisted
photocatalysts, the conclusions are not universal and system-
atic due to the lack of unified standard systems. Moreover, the

2626 | Nanoscale Adv, 2022, 4, 2608-2631
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reaction parameters (such as the lamp source, pressure, mate-
rial amount, etc.) are not universally given in different investi-
gations, causing the difficulty for comparison and evaluation of
the photocatalytic activity under the same criteria. Precisely
designed LSPR-assisted nanostructures on demand and
carrying out comparisons based on the variable-controlling
method are the appealing directions for the numerical simu-
lation methods in this field.

(2) Because of the micro-nano localization of the LSPR effect,
it is difficult to measure the nano scale system directly, which
leads to the debatable energy transfer mechanisms of metal NP
induced catalysts to a certain extent. Visualization and calcu-
lation of coupling physical fields is another advantage of
numerical simulations, which can help overcome the difficul-
ties in experiments. FDTD, FEM and DDA, each of the three has
its unique advantages in solving these bottleneck problems on
the proper utilization of LSPR. Markedly, the optical absorption
performance, electric field intensity distribution and tempera-
ture rise effect can all be achieved through the simulation
methods. Integrated with other calculation methods like
density functional theory, the simulation research is also
further effective to analyze the intrinsic mechanism of LSPR
and provide a theoretical reference for the efficiency
enhancement.

(3) It must be noted that LSPR is actually a multifield
synergistic effect, which indicates the impossibility of eluci-
dating the reason of photo-thermal enhancement by investiga-
tion of a single physical field. Since the complex mechanism of
the optical, electrical, magnetic and thermal fields triggered by
the LSPR effect is still controversial, the interaction of the multi-
fields is still worthy to be investigated due to the lack of prin-
ciple interpretation for the photocatalyst activity enhancement.
Also, the integration of the LSPR-assisted catalyst and other
improvement techniques, typically constructing a hetero-
junction and loading the cocatalyst, is the new trend for pho-
tocatalysis. And the synergistic function mechanism behind
these modification strategies is more sophisticated. Multifield
decoupling of LSPR assisted photocatalysis by numerical
simulations is promising to be focused on in the future. This is
reasonable as the electromagnetic field distribution can be
visualized, based on which the nano heat source within the
photocatalysts can be quantitatively studied.
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