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Abstract: Plasmonic photocatalysts have been extensively studied for the past decade as a possible
solution to energy crisis and environmental problems. Although various reports on plasmonic
photocatalysts have been published, including synthesis methods, applications, and mechanism
clarifications, the quantum yields of photochemical reactions are usually too low for commercialization.
Accordingly, it has been proposed that preparation of plasmonic photocatalysts with efficient
light harvesting and inhibition of charge carriers’ recombination might result in improvement of
photocatalytic activity. Among various strategies, nano-architecture of plasmonic photocatalysts
seems to be one of the best strategies, including the design of properties for both semiconductor and
noble-metal-deposits, as well as the interactions between them. For example, faceted nanoparticles,
nanotubes, aerogels, and super-nano structures of semiconductors have shown the improvement of
photocatalytic activity and stability. Moreover, the selective deposition of noble metals on some parts
of semiconductor nanostructures (e.g., specific facets, basal or lateral surfaces) results in an activity
increase. Additionally, mono-, bi-, and ternary-metal-modifications have been proposed as the other
ways of performance improvement. However, in some cases, the interactions between different noble
metals might cause unwanted charge carriers’ recombination. Accordingly, this review discusses the
recent strategies on the improvements of the photocatalytic performance of plasmonic photocatalysts.

Keywords: plasmonic photocatalysis; vis-responsive photocatalysts; morphology; faceted particles;
nanotubes; gold; silver; copper; platinum

1. Introduction

The consumption of fossil fuels has been significantly increasing in recent years because of the fast
industry development and world population growth. In the consequence, continuous environmental
pollution and shortage of renewable energy resources have become major challenges faced by humanity.
Therefore, the development of environment-friendly, clean, safe, and sustainable energy sources is one
of the biggest challenges for the whole world. Among all available options, solar energy is one of the
most prospective, especially for the developing countries with usually high intensity and duration
(daily and yearly) of solar radiation, and serious energy and environmental problems. Accordingly,
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the development of environment-friendly technologies using solar energy is an important and useful
way to solve humanity problems.

For example, heterogeneous photocatalysis under solar radiation has been considered as
environment-friendly and probable candidate to overcome these challenges [1-4]. In general,
photocatalyst (semiconductor) is activated under light irradiation with energy equal to or larger
than its bandgap, resulting in transfer of electrons from valence band (VB) to conduction band (CB),
thus forming charge carriers, i.e., electrons in CB and holes in VB, as shown in Figure 1a. Charge
carriers might either react with some reagents adsorbed on the photocatalyst surface or recombine in
the bulk or on the surface, i.e., bulk and surface recombination [5], respectively. The recombination
results in an obvious decrease in photocatalytic efficiency, reaching quantum yields much lower than
expected 100%. Accordingly, various methods have been proposed to limit this recombination [6],
including properties” improvements, e.g., higher crystallinity, less defects” content, perfect crystal
morphology (faceted particles) [7-11], larger content of shallow than deep electron traps (ETs) [12]),
and various modifications, e.g., doping [13-15], surface modifications [16-19], heterojunction formation
(coupled semiconductors) [20-22]. One of the most efficient methods to inhibit the charge carriers’
recombination is the surface modification of photocatalyst with deposits of noble metals, because noble
metals work as an electrons’ scavenger (Figure 1b) because of larger work function of metals than
the electron affinity of oxide semiconductors, as first found for platinum-modified titania almost half
century ago by Bard [23].

(b)

Figure 1. The schematic drawings of: (a) Semiconductor excitation, charge carriers’ formation (T),

and following redox reactions on the semiconductor surface or charge carriers: recombination (|);
and (b) electron scavenging by noble metal (NM) deposits; A—reagent adsorbed on the semiconductor
surface; - electron; + hole.

Another problem of heterogeneous photocatalysts is their wide bandgaps (despite being positive
for high redox activity), and thus low activity under solar radiation, as they must be excited with
UV irradiation, being only ca. 4% of solar light. Accordingly, various strategies have been proposed
to obtain vis-active materials, including also the methods used for the inhibition of charge carriers’
recombination, e.g., doping, surface modification, and heterojunction formation [24-28]. Interestingly,
noble metals, known for activity enhancement under UV irradiation for many years, have also been
found to activate wide-bandgap semiconductors toward vis and even NIR range of solar spectrum,
because of plasmonic properties [29-34], and thus noble-metal-modified semiconductors with activity
under vis/NIR have been named as plasmonic photocatalysts.

Three main mechanisms of plasmonic photocatalysis have been considered, i.e., energy transfer
(Figure 2a), electron transfer (Figure 2b) and plasmonic heating. Moreover, the light scattering on
the deposits of noble metals has been proposed to enhance the overall photocatalytic performance by
efficient light harvesting. In the case of energy transfer, the respective energy levels should overlap,
and thus more probable is energy transfer for Ag/TiO, with similar energies, i.e., ca. 2.8-3.0 for Ag
deposits (depending on the shape and size) and 3.0-3.2 eV for titania than that for Au/TiO, with much
different energy of gold localized surface plasmon resonance (LSPR; ca. 2.2-2.5 eV for spherical Au
NPs) than that of titania. Therefore, only pre-modified titania with vis-response has been reported as
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able for energy transfer from Au excitation, e.g., titania modified with nitrogen [35] and defect-rich
titania, i.e., with crystal defects [36] and amorphous titania with disorders—the localized states inside
bandgap [37].

Figure 2. The schematic drawings of the proposed mechanism of plasmonic photocatalysis: (a) energy
transfer, and (b) electron transfer; A—reagent adsorbed on the semiconductor surface.

In the case of electron transfer, noble metals work as sensitizers (being even named as “plasmonic
sensitizers”), and thus “hot” electron transfer from noble metal to CB of semiconductor has been
proposed as the first step of plasmonic photocatalysis [30]. Next, the surface reactions between
“hot” electrons and adsorbed species are considered to take place on the semiconductor surface, e.g.,
with molecular oxygen, resulting in the formation of reactive oxygen species (ROS). At the same time,
to keep noble metal at zero-valent state, oxidation of some compounds on the surface of electron-deficient
noble metal must proceed [38]. Although, there are no direct proof for electron transfer (as detected
electrons might also origin from energy transfer in some cases), there are many studies suggesting
this mechanism as the most probable via various experimental approaches, including femtosecond
transient absorption spectroscopy (electrons transferred from Au to TiO,) [39,40], EPR spectroscopy
(different oxidation species under UV and vis irradiation) [41,42], time-resolved microwave conductivity
(TRMC) method (conductivity under vis irradiation only for titania modified with noble metals: Au [43]
and Ag [44]), electrochemical study (shift of electrode potential to negative or positive values and
generation of anodic or cathodic photocurrent depending on electrode configuration, i.e., ITO/TiOy/Au
or ITO/Au/TiO,, respectively, as shown in Figure 3) [45].

ITO TiO, Au Electrolyte Electrode ITO Au TiO, Electrolyte Electrode
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Figure 3. The schematic drawings of the photoelectrochemical cell with: (a) an ITO/TiO,/Au electrode;
and (b) an ITO/Au/TiO, electrode; adapted from [45]. Copyright 2009 Wiley.

The plasmonic heating has also been proposed as the main mechanism of some reactions, i.e.,
local heating around noble-metal-deposits resulting in the cleavage of some chemical bonds [46].
The mechanism might depend on the semiconductor type. For example, both Au/TiO; and Au/ZnO are
active under vis irradiation, but only Au/ZnO is active during heating in the dark [32,47]. Accordingly,
plasmon-assisted photocatalysis and plasmon-assisted catalysis (plasmonic heating) might be expected
for Au/TiO; and Au/ZnO, respectively. Although some studies have proposed plasmonic heating as the
main mechanism of plasmonic photocatalysis [46-49], plenty of reports have rejected this possibility,
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because of the inactivity of noble-modified insulators or unsupported noble-metals in comparison
to highly active noble-metal-modified semiconductors [31,36,50-53]. Moreover, studies on activation
energy have also excluded plasmonic heating as the main mechanism for photocurrent generation [34]
and decomposition of organic compounds [54].

Although the final mechanism has not been clarified yet, and might depend on the
properties/morphology/composition of the photocatalysts and studied reactions, it has been proven
that plasmonic photocatalysts are active for various photocatalytic reactions under vis range of
solar spectrum, e.g., solar energy conversion (into electricity [45] and fuels [55]), degradation of
organic compounds [56] and microorganisms [57], synthesis of organic compounds [58], and cancer
treatment [59]. However, the overall activity is usually much lower than that under UV, and thus various
procedures have been proposed to improve the photocatalytic performance. Among these methods,
the nanoarchitecture of morphology has been proposed as efficient one for activity enhancement,
as discussed in the next sections.

2. Morphology Design of Plasmonic Photocatalysts

The most typical plasmonic photocatalysts (like all other heterogeneous photocatalysts) are
semiconductors in the form of particles (nano or micro) with deposits of noble metals (usually in the
form of NPs). In the case of these photocatalysts, the activity under vis irradiation is mainly governed
by the properties of noble-metal deposits. Accordingly, it has been proposed that higher polydispersity
of noble metals (both in the size and the shape) results in higher photocatalytic activity as a result of
efficient light harvesting [38,56,60], i.e., different size/shape of noble metal causes the absorption of
photons with different energy, as LSPR depends on the properties of noble metals (longer wavelengths
for larger NPs and with more complex morphology than spherical NPs). Although usually particles of
semiconductors are highly polydisperse (in both composition and the particles’ morphology), even for
commercial and famous photocatalysts, e.g., titania P25 (anatase/rutile/amorphous phases) [61],
the morphology-controlled particles have also been used for photocatalysis. Among these particles,
faceted ones, i.e., with well-observed crystalline facets, have recently been intensively studied because
of high photocatalytic activities [8,9,62—-66]. Obviously, faceted particles have also been used as
supports for noble-metal deposits, as shortly discussed below.

2.1. Faceted Semiconductors as Supports for Noble Metals

The most famous faceted titania photocatalysts are anatase particles of either octahedral
(same as anatase crystals in nature) or decahedral shapes, ie. with eight equivalent {101}
facets or eight {101} facets and two additional {001} facets on the top/bottom of anatase crystal,
respectively [8,10-12,62,63,65-68]. Additionally, other faceted materials have also been investigated,
such as rutile [69,70] and brookite [71] titania, iridium [72], AgNbOj [73], TiOF, [74], MgAl,O4 [75],
BiOBr [76], BiOCl [77,78], AgoMOy [79], BiVOy [80], ZnO [81], and Cup, WS, [82]. Since faceted
photocatalysts show usually much higher activity than other particles of irregular shape, they have been
proposed for various applications in the photocatalysis field, including also plasmonic photocatalysis.
One of the first reports on faceted plasmonic photocatalysts have been shown by Janczarek et al.
for decahedral anatase particles (DAP) modified with mono- and bi-metal NPs of silver and copper
by photodeposition method, i.e., under UV irradiation in the presence of methanol as hole scavenger
and in the absence of oxygen to avoid capture of electrons (being main reducer for respective metal
cations) [83]. It has been found that the sequence of metal deposition on DAP has been detrimental
for the resultant properties (Figure 4), and thus final activities. For example, in the case of sequential
deposition, the second metal is also deposited on the surface of the first deposited metal since under UV
irradiation, photogenerated electrons are scavenged by the first metal, and thus the electron-rich metal
is attractive for cations’ adsorption of second metal (Figure 4c,d). Accordingly, in the case of bi-metal
samples prepared by sequential deposition both monometallic and bi-metallic deposits are obtained.
In contrast, in the case of co-deposition, the competition between metals for photogenerated electrons
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results in the formation of fine NPs of Cu and large NPs of Ag (Figure 4b). Although, all samples
show high enhancement of photocatalytic activity under UV irradiation (3—4X than that by bare DAP),
only sample with mono-metallic silver exhibits high activity under vis irradiation (>455 nm), probably
since only this sample keeps plasmonic properties as copper is easily oxidized in air than silver.

(d)

Figure 4. SEM (a,c) and EDS (b,d) images of: (a) decahedral anatase particles (DAP) with monometallic
Cu, (b) DAP with large Ag NPs and fine Cu NPs, prepared by co-deposition, (c,d) DAP with bimetallic
deposits prepared by deposition of Cu on Ag/DAP; red—Ag, yellow-Cu; adapted with permission
from [83]. Copyright 2017 Creative Commons Attribution.

These findings have been confirmed with another faceted anatase sample, i.e., octahedral anatase
particles (OAP) with eight equivalent (101) facets by Wei et al. [84]. It is found that vis activity decreases
in the following order: Au/OAP > Ag/OAP > Cu/OAP, correlating with the content of zero-valent state
of noble metals. Next, Au/OAP samples with different sizes of Au NPs are investigated by changing the
photodeposition conditions, i.e., from anaerobic (usually used) to initially aerobic and from methanol
to 2-propanol (as hole scavenger) [85]. Interestingly, it is found that an increase in the size of Au NPs
results in an increase in the photocatalytic activity under vis irradiation, probably because of larger
areas with field enhancement, as shown in Figure 5.
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Figure 5. Simulated light intensity enhancement for different size of Au NPs on OAP, i.e., gold NPs
diameter of: (a) 5 nm, (b) 10 nm, (¢) 20 nm, and (d) 30 nm. The intensity color map is logarithmic and
shows up to 102 times enhancement localized mainly at the interface between gold and titania; the same
scale for all images; adapted with permission from [85]. Copyright 2017 Creative Commons Attribution.

Similar findings have been obtained for Ag-modified OAP samples, i.e., an increase in the activity
with an increase in the size of Ag NPs [44]. Moreover, the participation of the mobile electrons in
the mechanism of 2-propanol oxidation under vis irradiation has been confirmed by time-resolved
microwave conductivity (TRMC). The decay of TRMC signal correlates with the activity, suggesting
that more “hot” electrons are formed in the case of larger Ag deposits, as shown in Figure 6.

The continuation of these studies results in the comparison between noble-metal-modified DAP
and OAP [86]. It should be pointed out that DAP shows the highest photocatalytic activity among
various titania samples (commercial and self-synthesized, including OAP) despite not having the best
surface properties (specific surface area of only ca. 5-20 m?g~! [10]), because of intrinsic properties
of two-kind facets, i.e., the natural separation of charge carriers when electrons migrate to (101),
whereas holes to (001) facets [63]. Indeed, under UV irradiation DAP samples (bare and modified
with NPs of Ag, Cu, and Au) show higher activity than that by respective OAP samples. However,
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the opposite trend has been observed under vis irradiation where OAP samples are more active than
DAP ones. Interestingly, the comparison between faceted and commercial titania samples shows that
Au/OAP exhibits ca. one order in magnitude higher activity than that by Au-modified commercial
titania samples (of similar properties; Figure 7a), suggesting fast charge carriers’ separation (Figure 7b),
which is quite reasonable considering the preferential distribution of shallow than deep electron traps
(ETs) in OAP [12]. In contrast, Au/DAP shows the worst performance among 16 tested samples,
possibly because of intrinsic properties of DAP (as discussed above), i.e., back electron transfer to (101)
facets (Au — TiO,(101) — Au), as gold is mainly deposited on these facets, as shown in Figure 7c.

T o4 T 7030
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——12HT 025}
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Figure 6. Characteristics of Ag/OAP samples: (a) SEM image, (b) time-resolved microwave conductivity
(TRMC) signal (OAP-12HT; Ag/OAP-12HT/Ag). (c) The correlation between the decay of TRMC
signal and the size of Ag NPs; adapted with permission from [44]. Copyright 2018 Creative
Commons Attribution.
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Figure 7. (a) The comparison of vis activity of Au-modified commercial titania samples with that by
Au/OAP and Au/DAP, and (b,c) the schematic drawings of possible electron transfer/recombination
under vis excitation for: (b) Au/OAP and (c) Au/DAP; adapted with permission from [86]. Copyright
2018 Creative Commons Attribution.

Interestingly, quite different performance has been observed against microorganisms,
where Cu/DAP exhibits much higher activity than Cu/OAP under vis irradiation, probably because of
larger content of positively charged Cu [87]. It should be pointed out that for antimicrobial action,
positively charged noble metals are much more active than zero-valent ones, because of both intrinsic
action of noble-metal cations (in dark) and easier adsorption on negatively charged bacteria [88].
Accordingly, Ag/TiO; and Cu/TiO; are usually much more active than Au/TiO, and Pt/TiO, samples.
Indeed, only Cu- and Ag-modified DAP and OAP show higher activity under vis than that in the
dark [87]. Moreover, a decrease in activity is observed under UV irradiation, which should be caused
by opposite direction of electron transfer (from TiO, to noble metal), resulting in negatively charged
noble metal, and thus causing a repulsion between noble metal and bacteria.

Other groups have also intensively studied plasmonic photocatalysts using faceted semiconductors.
For example, Mao et al. have obtained Pt-modified DAP samples, and tested them for photocatalytic
CO; reduction [89]. It has been shown that without Pt-loading, {010} facets adsorb more CO,
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molecules, showing longer lifetime of photogenerated charges than {001} facets, and thus causing
higher photocatalytic activity. Interestingly, the presence of small Pt NPs loaded on {010} facets enhances
the separation of photogenerated carriers more efficiency than Pt particles (aggregates) deposited on
{001} facets. Unfortunately, the study has been performed only under UV irradiation, and thus strong
plasmonic effect is not expected. In another work [90], DAP has been modified with Pt NPs by different
methods and platinum precursors, which influences the size, distribution, and chemical states of
platinum deposits. For example, photodeposition method results in facet-selective deposition, because
of photo-driven spatial separation of photogenerated charges (as discussed above). The selective
deposition of Pt NPs is also attributed to adsorption behavior of the metal precursors on different
crystal facets. The uniform deposition of Pt on {101} facets by chemical reduction of H,PtClg precursor
(different than that for Pt(NHj3),Cl,) might be explained by the good adsorption of PtClg>~ ions on
the {101} facets. The adsorption of Pt(NH3)42Jr is weaker, causing the phenomenon that platinum
particles reduced from Pt(NH;)4%* are agglomerated easily before being deposited on the titania facets.
Moreover, Kobayashi et al. have shown that adsorption of noble metals on DAP facets depends on the
surface charges and pH value of the reaction mixture [91].

Similar issue has been examined by Zielinska-Jurek et al. where Pt NPs have been deposited
on DAP by different methods [92]. The selective deposition of Pt NPs on DAP results from the fact
that the surface of {101} facets is electron-rich, whereas the oxidized {001} surface is electron-deficient.
Therefore, Pt NPs are deposited preferably on {101} facets with oxygen vacancies. This phenomenon
occurs in the case of thermal reduction method—electrons located on the oxygen vacancy states are
released, reducing the adsorbed platinum ions. In the case of chemical reduction method (with NaBHy),
a solution-dominated reduction pathway promotes the mechanism of seed-mediated growth of Pt
deposits on titania facets (Figure 8). The surface of seeds simultaneously acts as both deposition and
reduction site, which influences further growth of Pt NPs and causes the formation of larger particles.
In contrast to OAP and commercial titania samples modified with noble metals by photodeposition,
it has been found that a decrease in the size of Pt NPs results in activity enhancement under both UV
and vis irradiation.
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Figure 8. Proposed mechanism of Pt NPs deposition on DAPs; adapted with permission from [92].
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Copyright 2019 Creative Commons Attribution.

Application of noble metals to faceted anatase particles might be performed also as a metal-metal
alloy to improve the photocatalytic performance, e.g., selective photoconversion of CO, into
hydrocarbons. For example, Au-Pd alloys, deposited selectively on {101} facets of DAP, have solved the
problem of desorption of reaction intermediates (such as CO molecules) [93]. Moreover, the adjustment
of the stoichiometric ratio between Au and Pd allows to change the selectivity of the reaction, i.e.,
CO/hydrocarbons ratio. However, those studies have been performed also only under UV irradiation,
and thus could not be considered as plasmonic photocatalysis.

Interesting work about interactions between Ag NPs and different facets of rutile photoanodes
has been performed by Ballestas-Barrientos et al. [70]. The special combination of experimental
techniques: SEM and electron backscatter diffraction (EBSD) detector with electrochemical impendence
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spectroscopy has been applied to determine the phenomenon of the Ag NPs photodeposition on
the grain boundary defects of preferentially oriented {100} rutile nanorod films. Accordingly, it has
been reported that the presence of grain boundary defects results in larger Schottky barriers and
better charge carrier separation efficiency and is beneficial for the “plasmonic enhancement” during
water splitting. However, similar to other studies, UV light has not been excluded (solar simulator),
and thus titania excitation should be considered as the main mechanism of action rather than plasmonic
photocatalysis. There are many interesting reports on noble-metal modified faceted semiconductors
but tested only under UV/vis irradiation [71,82], and thus not further discussed in this review on
plasmonic photocatalysis (activity under vis due to LSPR).

The promising strategy for design of plasmonic photocatalysts based on faceted supports is
the composition of coupled systems. For example, Bian et al. prepared Au/TiO,/BiVO, plasmonic
nanocomposites, at the first stage from BiVO, 2D-structured nanoflakes via ion exchange process
from BiOCl nanosheets, followed by coupling (001) facet exposed anatase 2D-structured nanosheets
and finally modified with Au nanorods [94]. The important issue of this study is to match different
components of nanocomposite for the construction of effective heterojunction system. The {001}
facet-exposed TiO, is considered as an efficient acceptor of photogenerated electrons from BiVO,
nanoflakes and plasmonic Au nanorods. The proposed system has been active for photocatalytic CO,
conversion ensuring wide visible-light response in the range from 400 nm to 660 nm (78.9% of whole
visible light spectrum).

2.2. Other Particulate Plasmonic Photocatalysts with Advanced Morphology

Besides mono-metallic plasmonic photocatalysts, multi-metallic plasmonic photocatalysts have
also been investigated, including bi- (many examples [60,83,95-97]) and tri- [98] metal-modified
semiconductors. It has been suggested that preparation of multi-metallic plasmonic photocatalysts
should result in enhanced activity because of efficient light harvesting, as the position of LSPR band
depends on the kind of noble metal. Indeed, high enhancement of activity has been observed in
some cases [95], but other reports suggest that second metal causes charge carriers” recombination
instead of separation. For example, in the case of titania modification with Ag and Au, only samples
with mono-metallic deposits (Ag NPs and Au NPs deposited separately on the support) show
enhanced activity, whereas bi-metallic deposits (e.g., core-shell NPs) causes a decrease in the activity
(Figure 9a) [97]. Interestingly, strong field enhancement has been observed for core-shell NPs
(Figure 9b—d), and thus obtained data indirectly support the mechanism of charge transfer rather than
energy transfer of plasmonic photocatalysis since enhanced field should cause an activity enhancement
(in contrast to experimental results) in the case of energy transfer.
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Figure 9. (a) The comparison of photocatalytic activities of mono- and bi-metal modified commercial
titania samples (Ald_R—Ilarge rutile particles; TIO6—fine rutile NPs; ST41—Ilarge anatase NPs;
Ag@Au/Ald_R and Au@Ag/Ald_R samples with separately deposited Ag NPs and Au NPs.); (b—d)
The cross-sectional patterns of the near-field intensity enhancement factor of mono-(Au/TiO,) (b) and
bi- (Ag/Au/TiO;) (c,d) metallic samples; for: (b) t = 0 at 510 nm wavelength; (c) t = 2 nm at 600 nm,
(d) t=5nm at 570 nm; t -width of silver layer on gold NP; adapted with permission from [97].
Copyrights 2014 Elsevier.
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Titania aerogels modified with NPs of noble metals (gold and copper) have also been proposed as
efficient plasmonic photocatalysts [99-101]. Interestingly, it has been found that the localization of gold
is decisive for the resultant photocatalytic activity, i.e., the photocatalyst with gold NPs incorporated
inside titania network exhibits much higher activity under vis irradiation than that with gold NPs
deposited in the porosity, as shown in Figure 10. Although, authors suggest that both mechanisms,
i.e., energy and electron transfer, are possible, it seems that such large difference in the vis activity
might support the mechanism of electron transfer since the larger interface between titania and
gold should facilitate charge migration, whereas same energy transfer (if any) would be expected
for similar structures (with similar physicochemical properties) [100]. Moreover, incorporation of
less noble metals inside titania aerogel network might also stabilize them against oxidation in air,
as plasmonic photocatalysts with zero-valent copper incorporated inside titania aerogel network has
been successfully prepared [99].

high vis activity low vis activity
(a) (b)

Figure 10. The schematic drawings showing titania aerogels (blue color) with Au NPs (black color):
(a) Au NPs incorporated inside titania network, and (b) Au NPs deposited in the porosity; drawn based
on [100].

Janus particles have also been proposed as efficient plasmonic photocatalyst for hydrogen
evolution under vis irradiation [37]. It has been shown that Janus particles composed of amorphous
titania (one site) and 50-nm Au NPs (another site) possess much higher activity than respective
core(Au)-shell(TiO,) NPs, because of strong localization of LSPR at the interface between Au and TiO,,
as shown in Figure 11 (white area). The vis activities (>400 nm) of core/shell NPs, bare TiO; and bare Au
NPs has been much lower than that by Janus particles, reaching only 58%, 1%, and <<1%, respectively.

higher vis activity lower vis activity
(a) (b)

Figure 11. The schematic drawings of: (a) Janus particle, and (b) core/shell particles; violet-Au;
grey-TiO,; white/l. grey-plasmonic near-field distribution; drawn based on [37].

Although, usually noble metals are deposited on the surface of semiconductors, the reverse
structures have been investigated. For example, Horiguchi et al. have proposed Au nanorods (NRs)
covered with silver layer and then with TiO, [102]. Interestingly, it has been thought that predominant
mechanism might change depending on the width of titania layer, i.e., from electron transfer to energy
transfer with an increase in the width, as shown in Figure 12. The electron transfer for the structure
with a thin titania layer (<10 nm) has been proposed because the release of silver cations has been
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observed (silver oxidation after “hot” electron transfer to titania). However, energy transfer has
been suggested for broader titania layers (>10 nm) because the best photocatalytic activity has been
obtained for the optimal width of titania layer (10 nm). The concept of optimal titania layer has
been suggested as inconsistent with an electron transfer mechanism since an increase in titania width
might result in activity decrease (high probability of electrons’ trapping before their arrival at the
photocatalyst surface).

electron transfer

energy transfer
(a) (b)

Figure 1