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Abstract

Numerous kinds of photocatalysts such as oxide-, nitride- or sulfide-based semiconduc-
tors, conducting polymers or graphene oxide-based materials have emerged since the
discovery of water splitting on TiO, electrodes in 1972. Yet, metal-oxides are still largely
the main family of materials promoted into photocatalytic applications.

In this chapter, we focus on the application of supported nanostructures of metal oxides,
principally TiO, and ZnO, for the heterogeneous photocatalysis. We emphasize the
benefits of increasing the specific surface area by using the direct growth of metal-oxide
nanostructures onto porous templates. Among the numerous strategies to improve the
photocatalytic activity, we detail the fabrication of semiconductor metal-oxide hetero-
structures promoting the charge separation under UV irradiation. We also describe how
theuseof plasmonicnanostructuresallows theshifting of thelightabsorptionin the visible
range. Finally, we give an overview on the new strategies to increase the photocatalytic
activity with new architectures and materials based on metal-oxides.

Keywords: photocatalysis, TiO,, ZnO, heterostructures, plasmonic nanoparticles

1. Introduction

In the context of major environmental problems such as the lack of fresh water and the global
planet warming, the most important expectations about photocatalysis are certainly coming
from the perspective of energy storage and water/air depollution. Photocatalysis would allow
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the direct transformation of solar energy into chemical energy for water splitting and hydrogen
production [1], or water/air remediation of organic pollutants via redox reactions.

The implementation of depollution technologies in Europe has already been initiated.
Numerous examples of self-cleaning and/or remediation cements, glass or paints are already
commercialized by companies like Siplast (remediation membranes) [2], Calcia (self-cleaning
and remediation cements) [3], Saint-Gobain (self-cleaning glass) [4], and Auro (Auro n°328,
remediation paints) [5]. Among those commercial solutions alarge debate on the real efficiency
of those materials still exists [6]. As an example, the photocatalytic reduction of the concen-
tration of NO, in Leopold II tunnel in Brussels has been shown to be weak in spite of the use
of photocatalytic cements. Indeed, the pollutants concentrations as well as the low power
irradiation of the UV-visible light and the humidity conditions apparently impair the photo-
catalytic reaction. Concerning the water depollution or the hydrogen production, current
installations do not exceed the scale of pilot demonstrators [7, 8].

A huge number of photocatalysts have already been reported in the literature and can be
classified in the family of metal-oxides, metal-sulfides, metal-nitrides and also from metal free
compounds like polymers or graphenes. In this chapter, our interest is principally focused on
metal-oxides materials which are certainly the most studied when photocatalytic applications
are concerned. In a non-exhaustive way, metal oxides like TiO,, ZnO, Fe,O;, SnO,, ZrO,, MgO,
GeO,, Sb,0;, V,05 WO;, Cu,O, In,O; Nb,Os [9, 10], and perovskites are among the most
investigated materials for the photocatalysis today In the 70s, a photocatalytic activity was
already known for TiO, or ZnO [11]. In the same decade, Fe,O;, SnO,, ZrO,, MgO, GeO,,
Sb,O; or V,0; were also investigated as photocatalysts, but their activity were considered to
be relatively weak compared to the one of TiO, [12, 13]. In the same years, Cu,O was suspected
to be involved in the photodegradation of polyethylene plastic [14]. First publications about
organic dyes degradation by WO; were reported in 1993 [15], whereas In,O; materials were
shown to be active for the photodegradation of ethane in 1988 [16], and Nb,O; to strongly
increase TiO, activity toward the degradation of dichloro-benzene in 1994 [17].

Since the 70s, TiO, and in a lesser extent ZnO had continued to attract a particular interest in
the research and industry communities. TiO, and ZnO present a high photocatalytic activity,
good chemical stability, non- or low-toxicity, low cost, and more or less long term photosta-
bility. However, one of their important drawbacks is their lack of performances in the visible
range of the solar spectrum.

The development of new photocatalysts appeared therefore to be a necessity to push forward
the current photocatalytic performances. A lot of researches are currently conducted to find
out new materials and/or improve the properties of the current ones. This chapter focuses on
the enhancing strategies to boost the photocatalytic efficiency of the two most common
photocatalysts, TiO, and ZnO.

Biocompatibility and/or durability properties of photocatalyst are rarely taken into consider-
ation. We provide a prospective view of the pure photocatalytic performances or benefits of
the cited materials, devices, or architectures. However, it is obvious that, to be selected as a
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good candidate for commercial applications, a photocatalyst should not only demonstrate
excellent photocatalytic activity but also needs to be biocompatible, low-cost, and durable.

Given that the photocatalysis is a surface based mechanism, one of the simplest ways to
increase the activity is to increase the active surface area. Therefore, supported nanomaterials
are obvious candidates of choice to reply to this challenge. The first section of this chapter
describes nanotextured photocatalysts supported on porous template. In the second section,
we focus the reader’s attention on the band gap engineering that increase the separation of
photo-generated carriers. The third section deals with the introduction of the plasmonic effect
to shift in the visible range the light absorption properties of TiO, and ZnO photocatalysts.
Finally, we propose an overview on the emerging new materials and concepts based on metal-
oxides.

2. Nanostructured supported photocatalysts

In the earlier ages of photocatalysis, the experiments were conducted from bulk photocatalysts.
The emergence of nanomaterials pushed in the late 80s by the development of characterization
and visualization techniques stimulated a huge interest for those nanomaterials in the scientific
community. Compared to bulk materials, nanomaterials exhibit a higher specific surface area.
Two kinds of nanoscale photocatalysts can be distinguished: suspensions of nanostructures in
solutions, or supported nanomaterials on appropriated templates. The main advantages of
dispersed nanostructures are the simplicity of use and their low cost. Nevertheless, dispersed
nanomaterials in solution tend to agglomerate, lowering their exposed specific surface area.
Furthermore, a filtration step is needed to remove them from the solution. For this reason, a
rising interest occurs on supported nanomaterials. In seek of always increasing the exposed
specific surface area of nanotextured photocatalysts, their synthesis at the surface of porous
support like membranes has been envisaged for water treatment [18, 19] or water splitting [20,
21]. Currently, membranes are mainly studied for the photocatalytic water treatment as they
combine the double advantages of filtration, and photocatalytic degradation of water pollu-
tants (hybrid filtration/photocatalytic membranes).

Stable photocatalytic membranes, can be obtained using inorganic membranes. The main
advantages of inorganic membranes are their good chemical and thermal resistance. These
allows the use of a wide panel of photocatalyst synthesis processes, like high temperature gas
phase chemical vapor deposition (CVD), and hydrothermal growth followed by high temper-
ature annealing. In addition, with those types of synthesis techniques many different photo-
catalytic structures of semiconductors can be achieved: nanoparticles, nanowires, nanorods,
or nanofilms. Hong et al. [22] have pointed out the photocatalytic performances of Al,O,-
ZrO, composite membrane coated with TiO, nanorods (Figure 1a) using a sol-gel process
followed by an annealing step (510°C). The photocatalytic degradation curves of Methyl
orange and Methylene blue (Figure 1b) clearly demonstrate an efficient photocatalytic activity
of the elaborated membrane.
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Figure 1. (a) Inside of a pore of a Al,O,—ZrO, composite membrane coated with TiO, nano-rods. (b) Photodegradation
curves of Methylene blue and Methyl orange on a micro-channeled Al,O;-ZrO, composite membrane decorated with
TiO, nano-rods. Picture reproduced from Hong et al. [22].

ZnO-based photocatalytic membranes can also be envisaged. Rogé [10] performed the growth
of ZnO nano-wires inside glass fibers membrane with a solvothermal synthesis at low
temperature (below 90°C). However, a better crystallinity of the ZnO, leading to better
photocatalytic degradation properties can be reached after an annealing process around 200-
300°C. The grown ZnO nano-wires on glass fibers are illustrated in Figure 2.

Figure 2. ZnO nanowires grown around glass fibers in a macro-porous glass fibers membrane.

When the pore size in membranes is lower than the micrometer scale, one technique is
particularly adapted to the fabrication of photocatalytic porous membranes: atomic layer
deposition (ALD). The ALD technique is indeed the most suitable gas phase technique for the
growth of conformal metal-oxide nano-films inside porous structure. Rogé et al. [23] showed
that ZnO nano-films grown by ALD between 150°C and 250°C exhibit good photocatalytic
properties for the Methylene blue degradation. The authors highlighted that, for the same
specific surface area, the ZnO realized by ALD are more active than other structures of ZnO
grown in liquid or vapor phase. In another publication [24], the conformality of the ZnO
deposited on nano-structured membranes of anodic aluminum oxide (AAO) has been also
attested. Figure 3 represents the cross-section of a ZnO film grown inside a 200 nm diameter
AAOQO pore. We clearly notice the homogeneous film inside the porous structure.
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Figure 3. SEM picture of a ZnO nano-film grown in an anodic aluminum oxide membrane.

Similar results have been observed by Lee et al. [25]. They realized the synthesis of ZnO and
TiO, nano-films inside bio-template membranes prepared from inner shell membranes of
avian eggshells (Figure 4). They indicate that low temperature synthesis (100°C) of ZnO and
TiO, leads to a ZnO-based material being more attractive for the photocatalytic activity,
whereas at higher temperature synthesis (275°C), the TiO,-based materials show more
interesting bactericidal photocatalytic properties. Those results can be explained by the
presence of a ZnO hexagonal crystalline structure at low temperature, being favorable to the
electron/holes transport in the material. An amorphous structure, like the one of TiO, grown
at low temperature, is less favorable for the charge carriers diffusion.
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Figure 4. SEM picture of a composite membrane of collagen fibers and ZnO (on the left) and TiO, (on the right). Picture
reproduced from Lee et al. [25].

Hybrid filtration/photocatalytic organic membranes can be synthesized by two different
methods: deposition of the photocatalyst onto the membrane [26], or dispersion of the
photocatalyst into the polymer [27]. The functionalization of organic membranes with TiO,
nanoparticles can be performed by a dip coating [22] process using a TiO, precursor solution.
This kind of membranes seems well adapted as they show improved hydrophilicity perform-
ance and photocatalytic properties due to the presence of the TiO, particles [28]. However, the
immobilization of the TiO, nanoparticles is often not stable. Mansourpanah et al. [28] high-
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lighted an important loss of TiO, nanoparticles from the membrane after a filtration process.
To avoid this detrimental loss that may be prejudicial to the surrounding environment, a
second approach consists in blending the photocatalyst in the polymer matrix. As an example,
Rahimpour et al. [29] entrapped TiO, nano-particles in PVDF/SPES membranes using phase
inversion induced by immersion precipitation process, as shown on the Figure 5.
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Figure 5. SEM picture of a PVDF/SPES membrane containing 4 wt% TiO, nano-particles. Picture reproduced from Ra-
himpour et al. [29].

The main drawback of the blended photocatalytic membranes is their limited photocatalytic
performances compared to coated membranes, as the nano-particles are embedded in the
polymeric matrix. As a consequence, an important part of photocatalysts does not contribute
to the photodegradation mechanisms: either the UV light is trapped by the polymer [30], or
either the electrons/holes photogenerated cannot migrate to the reactive surface in contact with
pollutants species.

3. Improvement of the photocatalytic activity of photocatalysts by the
fabrication of heterostructures

One of the limitations of the photocatalytic efficiency is the fast recombination of the photo-
generated electron (e’) and holes (h*). Promoting the charge separation in photocatalysts is one
strategy that has been proposed to increase the lifetime of the electron-hole pairs. The most
common approaches include the development of (1) semiconductor/semiconductor hetero-
structures [31], (2) semiconductor/metal heterostructures [31, 32], (3) semiconductor/carbon
heterostructure [31], or (4) the surface modification with electron or hole scavengers [33, 34].

Semiconductor/semiconductor heterostructures are defined when two semiconductors with
different electronic band structures form a heterojunction. As illustrated in Figure 6, three
types of heterojunctions can be distinguished based on the relative position of the conduction
band and the valence band of the two semiconductors: the type-I or straddling gap, the type-
IT or staggered gap, and the type III or broken gap.
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Figure 6. Representation of the three different heterostructures possible between two semi-conductors. CB; and VB,
represent the conduction band and the valence band respectively of the semi-conductor 1. CB, and VB, represent the
conduction band and the valence band respectively of the semi-conductor 2.

The type-II heterostructure is the most interesting one in photocatalysis as the energy gradient
present at the interface allows the separation of the charge carriers on each part of the heter-
ojunction, as represented in Figure 7. For a typical ZnO/SnO, type-II heterostructure, the
electrons photogenerated in the semiconductor with the highest conduction band energy (CB
of ZnO) migrate in the conduction band of the semiconductor having the minimum conduction
band energy (CB of SnO,). Whereas the holes photogenerated in semiconductor with the lowest
valence band energy (VB of SnO,) migrate toward the valence band of the semiconductor
having the maximum of valence band energy (VB of ZnO).
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Figure 7. Representation of the type-II heterostructure present in a ZnO/SnO, heterostructure.

Rogé et al. [24] have characterized the bands alignment in the case of a ZnO nano-films/5nO,
nano-particles heterostructure with XPS analysis. The valence band offset (VBO or AE,), as
well as the conduction band offset (CBO or AE,) in the heterostructure are determined using
the following equation:
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where E;,, corresponds to the binding energy of the Zn2p peak in bulk ZnO, E,;,o to the
valence band maximum of bulk ZnO, Eg;4 to the binding energy of the Sn3d peak in bulk
SnO, and E 4o, to the valence band maximum in bulk SnO,. The AE., term can be determined
from:

AE, = (EZan - ESn3d)

heterostructure (2)
where E; ,p corresponds to the position of the Zn2p peak in the heterostructure of ZnO/5nO,
and Eg 34 to the position of the Sn3d peak in the heterostructure of ZnO/Sn0O,.

The conduction band offset (AE,) can be calculated using:

AEC = AEV + Eano - Eg5n02 (3)

where AE, is the valence band offset previously calculated, E,z, is the optical band gap of
ZnO and Eg,, is the optical band gap of SnO,.

As a result, the band alignment at the ZnO/SnO, interface revealed a valence band offset
around 0.67 eV and a conduction band offset around 0.24 eV, confirming the presence of a
type-II heterostructure between those two materials.
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Figure 8. Representation of a core/shell (on the left) and a Janus type (on the right) heterostructure.

Two morphologies can be distinguished for the semiconductor/semiconductor heterostruc-
tures: the core/shell structure, and the Janus type structure (Figure 8). In a core/shell structure,
one semiconductor is completely covered by the second one. Thus, only the charge carriers
injected in the external material can undergo oxidative or reductive reactions at the surface.
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In the Janus type structure, both materials are exposed to the environment. In this case, the
two charge carriers e and h* are potentially available for oxidative or reductive reactions.
Consequently, the Janus type morphology is the most studied in photocatalysis, as both e-and
h* can potentially be exploited. Therefore we focus on Janus type heterostructures.

Many different metal-oxide or metal-sulfide semiconductors are known to form a type-II
heterostructure when coupled. Among them, ZnO- and TiO,-based heterostructures are still
strongly investigated: ZnO/Sn0O, [35-38], TiO,/SnO, [39-41], TiO,/ZnO [42-45], TiO,/WO; [46],
or ZnO/CusS [47]. ZnO and TiO, are two metal-oxides with similar properties. They both have
a band gap around 3.2 eV, with light absorption properties in the near ultraviolet region. In
addition, they have similar conduction and valence bands position. SnO, is a material with a
much higher band gap, around 3.7 eV, absorbing far in the ultraviolet range, but the position
of its conduction and valence bands relatively to the ZnO or TiO, ones makes it a suitable
material for the development of a heterostructure with ZnO or TiO,.

In the literature, different Janus type ZnO/SnO, and TiO,/SnO, heterostructures have already
been reported. Uddin et al. [36] have performed the synthesis of SnO,/ZnO nano-particles
forming a contact type heterostructure in liquid phase by precipitation/hydrothermal process.
They have shown that the heterostructure allowed a two-time faster photocatalytic degrada-
tion of a methylene blue solution (10 mg.I™") under a UV light source (365 nm-125 W) compared
to ZnO only. The same behavior has been observed by Cun et al. [37] with ZnO/SnO, nano-
particles prepared also by a co-precipitation process in liquid phase. They highlighted a
decolourization speed of a methyl orange solution 100% faster with ZnO/SnO, nanoparticles
instead of ZnO nano-particles only. It is worth mentioning that the specific surface area of both
materials (ZnO/SnO, and ZnO) used was in the same range and cannot explain such a
difference in the photocatalytic performance. In their paper, De Mendongaet al. [41] synthe-
sized TiO,/SnO, nano-particles using two different liquid phase techniques: a hydrolytic sol-
gel process and a polymeric process. The photocatalytic performance of those nano-particles,
tested on Rhodamine B, was found to be 50% faster than commercial TiO, nano-particles.

Zn0O/Sn0O, heterostructures composed of ZnO nanowires functionalized by SnO, particles can
be synthesized using gas phase processes on flat surfaces or in porous membranes. Huang et
al. [38] realized the growth of ZnO nanowires on silicon wafers, using a CVD process at high
temperature (600°C) with Zn powder as zinc source and air as oxidant. The growth of SnO,
nano-particles on top of the ZnO was performed also via a CVD process at high temperature
(800°C) using SnO powder as tin source. The synthesized materials are presented on Fig-
ure 9a. The resulting photocatalytic performance showed a twofold improvement compared
to ZnO only. Rogé et al. proposed an alternative method for the growth of ZnO nanowires
covered by SnO, nano-particles at lower temperatures. ZnO nano-wires were synthesized by
a solvothermal process below 90°C in a macro-porous glass fiber membrane (Figure 9b). A
modified ALD process allowed the growth of SnO, nano-particles on the ZnO nano-wires at
temperatures around 300°C.

11
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Figure 9. (a) SEM picture of ZnO/SnO, nano-wires/nano-particles grown by CVD. The picture was taken from Huang
et al. [26]. (b) ZnO/SnO, nano-wires/nano-particles grown by hydrothermal/modified ALD processes.

Heterostructures of SnO,/ZnO have been realized by Zhu et al. [48] using electrospun SnO,
fibers that have been functionalized by ZnO nano-rods (Figure 10a) or nano-sheets (Fig-
ure 10b). The degradation rate of those ZnO decorated SnO, fibers is more than 100% faster
than bare ZnO. If the authors did not analyze the SnO,/ZnO heterostructure by XPS, they
proved the charge separation in the ZnO/SnO, heterostructure by photo-current measure-
ments. As depicted in Figure 10c, the photo-current produced by the ZnO/SnO, materials
(named SZ-10/ZnO NRs and SZ-10/ZnO NSs) when illuminated under a simulated sunlight,
shows a threefold intensity improvement compared to the bare ZnO.
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Figure 10. (a) SEM picture of a SnO, fiber decorated with ZnO nano-rods (SZ-10/ZnO NRs). (b) SEM picture of a SnO,
fiber decorated with ZnO nano-sheets (SZ-10/ZnO NSs). (c) Photo-current responses of SZ-10/ZnO NRs, SZ-10/ZnO
NSs and bare ZnO. Results copied from Zhu et al. [36].

This photo-current improvement results from the heterostructure formation which promotes
an efficient separation of photo-excited electron-hole pairs and thus enhances the photocata-
lytic performance.
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4. Plasmonics for visible light photocatalysis

4.1. How plasmonics work

Plasmonics deal with the core idea of a coherent oscillation of electrons in metals induced by
the interaction of an incident electromagnetic radiation with metallic nanostructures.

A clear explanation of this phenomenon was suggested by Jones et al. [49]. The authors
proposed an analogy with a mechanical oscillator. The displacement of a simple harmonic
oscillator from equilibrium results into a continuous sinusoidal motion. An external periodical
force applied to the system with an identical frequency (“in phase”) fulfills the resonance
conditions and can therefore increase the amplitude of the harmonic oscillator. Similarly, in
plasmonics, the incident electromagnetic light acts as the external force on the delocalized
electrons (electrons cloud) of the conduction band and causes their enhanced displacement.
Coulombic forces induced between the delocalized electrons cloud and the nucleus of the metal
atoms are opposed to this displacement. The plasmon resonance corresponds to the conditions
where the resultant of those two opposite phenomenon leads to the collective oscillation of the
delocalized electrons (Figure 11).

In the case of metal nanoparticles, where the size is significantly lower than the light wave-
length, the resulting collective oscillation of electrons is called localized surface plasmon resonance
(LSPR). The oscillation frequency mainly depends on the electrons properties, such as their
density and effective mass, and also on the nanoparticles size, shape, and charge distribution
[50, 51]. Among the numerous metals showing the LSPR, the noble metals are gaining
popularity for their stability at the nanometer scale and the strong LSPR in the visible region
of the sun spectrum.
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Figure 11. Schematic illustration of surface plasmon resonance. (reprinted with permission from ref. [50]).

The application of plasmonics in metal oxide photocatalysis is particularly interesting since
the charge recombination, that reduces the degradation efficiency, and the narrowness of the
absorbed sun irradiation (near UV range) is limited.

In the UV-visible range, nanoparticles act as small light concentrators and result in the increase
of the electromagnetic field on the semiconductor surface due to the LSPR. Earlier publications,
reporting on the enhancement of the photocatalytic activity using plasmonic nanoparticles
coupled with semiconductor materials, focused on the ability of nanoparticles to promote the
carriers separation. The proposed mechanism considers the interface between the photocata-

13
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lytic semiconductor and the metallic nanoparticle as a Schottky barrier [52-57]. Under a visible
range irradiation, the electrons could be injected from the photo-excited metal to the semi-
conductor (Figure 12a). As an example described in Figure 12a, this electron transfer modifies
the gold into an oxidized state. According to a mechanism proposed by Tian and Tatsuma [54],
the oxidized gold could be immediately reduced by an electron donor present in the solution.
Furube et al. [55] demonstrate in 2007, by femtosecond IR probe, that this electron injection
occurs within few hundreds femtoseconds.

Lowest unoccupied
adsorbate stales

Highest occupsed
adsorbate states

Direct charge-transfer mechanism  Indirect charge-transfer mechanism

Figure 12. (a, b) Possible mechanism of charge separation (direct charge transfer mechanism). (c) Indirect charge-trans-
fer mechanism (reprinted with permission from refs. [54, 58]).

However, the complete understanding of mechanisms leading to this enhancement is not fully
achieved. The mechanism related to the direct charge injection found an important support
through theoretical and experimental investigations [58-60]. Linic et al. consider that the direct
electron injection occurs via the direct excitation of an electron to an unoccupied adsorbate
state of the semiconductor without the formation of an excited electron distribution in the
metal (Figure 12a and b). However, the authors propose to take into consideration another
plausible mechanism — indirect charge transfer (Figure 12c). The indirect charge-transfer
mechanism considers that energetic charge-carriers are formed under the influence of the
electric field. The excited charge-carriers interact with orbitals close to Fermi level and the
plasmon relaxation results in an electron distribution above the metal Fermi level [58, 61].

Another important fact to be taken into account is the effect of local heating on the plasmonic
nanoparticles. This phenomenon happens because of the local electromagnetic field induced
by the plasmonic phenomena. This effect has already been used in photothermal therapy in
medicine [62] and in photoassisted synthesis [63, 64]. In this evidence, Fasciani and co-workers
[65] have estimated that the temperature raising on the surface of a gold nanoparticle exposed
to a laser pulse (8 ns at 532 nm, 50 m]J/pulse) could achieve 500 + 100°C.

The literature overview does not provide a clear mechanism of how exactly LSPR effect
activates the wide band gap semiconductor in the visible range. However, the main adopted
mechanism is the direct carriers transfer from the exited metal nanoparticle into the semicon-
ductor [51, 52, 54, 55, 58, 66-68].
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Various combinations of assembly of the conventional photocatalysts material (TiO,, ZnO,
CeO, Fe,O,;, CdS, etc.) with plasmonic nanoparticles, typically silver, gold, platinum, or mixed
alloys are currently reflected in the literature [69].

4.2. Architecture of plasmonic systems

The decoration of the photocatalytic surface by plasmonic nanoparticles shows an enhance-
ment of the photocatalytic activity. Yet, the coverage by more than 15% of metal nanoparticles
inhibits the plasmonic enhancement by the reduction of the specific surface area of the
semiconductor [57, 70, 71].
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Figure 13. Energy band gap and photocatalytic mechanisms of asymmetric arrays Ag on top of ZnO nanospheres
(AOZ) and Ag inside ZnO (AIZ) under (a) UV light and (b) visible light. (c) Photocatalytic degradation plot; SEM im-
ages for (d) ZnO nanospherees, (e) AOZ arrays, (f) top view AlZ arrays, and (g) AIZ arrays internal structure (reprint-
ed with permission from ref. [72]).

Animportant number of publications investigate the possible architectures which would allow
getting maximum LSPR effect without depleting the photocatalytic activity. Zang et al. [72]
have demonstrated that the architecture plays an important role. The authors realized two
different asymmetric composite arrays of hollow ZnO nanospheres and silver nanoparticles
placed on top and inside ZnO spheres (Figure 13). ZnO spheres were supported on Silicon
substrates. In both cases the local enhancement of the field has a double impact: improvement
of light adsorption on the semiconductor material and charge separation. Comparing the
photocatalytic activity of both configurations, placing a nanoparticle inside a nanosphere

15
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reduces the degradation rate. The comparison of asymmetric assembly architectures was also
demonstrated by Seh et al. [73] using different types of Au-TiO, nanostructures assembly, such
as Janus (Figure 14a) and core—shell (Figure 14b).

Core—shell

v {nmj
¥ {nnij

Figure 14. Illustration for Janus (a) and core-shell (b) Au 50 nm-TiO, nanostructures and their plasmonic near-field
maps obtained by DDA simulation (reprinted with permission from ref. [73]).

Discrete dipole approximation (DDA) calculations and experimental investigations on both
type of TiO, assembly with 50 nm gold particles showed an enhancement of the electric near-
field intensity due to the high refractive index of TiO, on the materials interface. In Janus
structures the plasmonic near-field is localized on one side of gold nanoparticle (non-sym-
metric distribution) whereas in core-shell configuration, it provides a symmetric distribution.
However, the power of absorbed light on non-symmetric Janus nanostructures was 1.75 times
larger than the one of core-shell. It results in an increase of the efficiency of photocatalytic
hydrogen production by 1.7 times compared to the core/shell structure and confirms that Janus
configuration has more benefits for the photocatalytic enhancement. Actually, in Janus type
assembly, the plasmonic near field is localized close to the Au-TiO, interface and the carrier’s
generation occurs closer to the TiO, surface. Therefore, the carrier’s recombination is decreased
and the carrier injection into the semiconductor is improved. These results confirm that
plasmonic nanoparticles on top of the semiconductor material, instead of inside, result in
significant improvement of the photocatalytic activity. A different type of core-shell structures
was designed by Eom and co-workers [74]. A periodic array of open core-shell Ag-TiO,
nanostructures was realized using nanoimprint lithography (NIL) and UV-sensitive resin. The
silver nanowires were formed by thermal evaporation from Ag-target on the patterned
substrate and following TiO, coating was electrodeposited. This type of core-shell structures
also demonstrated an important enhancement of the photocatalytic activity in UV and visible
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ranges. The degradation of Methylene blue under visible light evidences 9 times improvement
of the photocatalytic efficiency when compared to simple TiO, film.

Studies investigate low cost metals for plasmonic applications such as aluminum. According
to finite-difference time domain (FDTD) simulation Al/CdS core-shell system realized by Duan
and Xuan. [75], demonstrate a significant enhancement of optical absorption in the visible
range. Authors also conclude on the importance of the core/shell ratio (radius ratio) which
should be equal to 30/40 nm to achieve the strongest absorption.

Recently, Hao and co-authors [76] reported the enhancement of light absorption on Al/TiO,
structures due to the LSPR effect on aluminum nanostructures. The aluminum nano-void
arrays were fabricated by the anodizing process. Typically, the fabrication process of nano-
voids includes two steps: an anodization followed by a chemical etching of the grown alumina.
The UV-visible spectra of nano-voids demonstrate the presence of the SPR which could be
tuned by the size of the aluminum nano-voids. However, the response was restricted to the
UV range only (Figure 15).
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Figure 15. (a) SEM images of the aluminum foils with nano-void arrays (scale bar being 500 nm). (b) UV-visible spectra
of nano-voids. (c) Photocatalytic degradation of Rhodamine B under UV-visible irradiation (reprinted with permission
from ref. [76]).

Although aluminum nano-voids show the plasmonic enhancement of the light absorption, the
samples with TiO, coating do not manifest significant improvement of the photocatalytic
activity in the visible range. However, an increase of the degradation rate in the UV range
could still be observed by plasmonic effect [76].

Another interesting approach that is claimed to improve the light absorption in the semicon-
ductors for photovoltaic or photocatalytic application is the assembly of plasmonic nanopar-
ticles into a periodic structure [77]. The well-controlled nanoparticles deposition with precise
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size and spacing control can induce advantageous optical effect for the light management. For
instance, placing nanoparticles in a close proximity (1 nm) has an important effect on their
scattering performance and their near-field due to the local coupling effect [78]. If this inter-
particles distance could be well controlled, that would offer the possibility of tailoring the light
scattering and the light absorption on the semiconductor (Figure 16) [77]. This promising
approach attracts a strong interest for the photovoltaic application but could be also success-
fully implemented for the photocatalytic devices.

Figure 16. Representation of four common modes for increasing of light absorption: Fabry—Perot resonance (1), guided
resonance (2), grating coupling (3), and Whispering gallery modes (4) (reprinted with permission from ref. [77]).

5. Overview on the emerging new materials and concepts

5.1. New materials to design photocatalysts

New emerging materials, strategies, and/or architectures based on metal-oxides allows to push
forward the photocatalytic performances. Ideally, those materials and systems should be
durable and eco-friendly. As already largely well described in the literature [79-82], several
steps need to take place in a photocatalytic phenomenon: the excitation of the photocatalyst
that leads to electron-hole pair creation, their migration toward the surface, the adsorption of
the reactant, and finally the redox reactions. The enhancement of the photocatalytic efficiency
depends on how the photocatalytic materials or architectures can promote at least one of these
parameters without deteriorating the others. As the abundance of ideas in the scientific
community is high, we could certainly not claim to be exhaustive, but we believe that the reader
will find here the most important matter to have a fairly large view on what is currently set
about the improvement of the efficiency of photocatalytic systems.

5.1.1. Binary oxides

Few binary metal oxides have been reported to be active in water splitting [83]. Cerium oxide
is a fairly recent binary metal oxide material that has been shown to have a water splitting
activity when doped by Strontium [84] or more recently as oriented hexagonal nanorods on
Titanium substrates with a Na,S-Na,SOj; sacrificial agent [85]. This last material had also been
successfully used for the degradation of pollutants. Tang et al. [86] demonstrated a photoca-
talytic degradation of aromatic benzenes by CeO, nanotubes in air. The cerium oxides
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nanomaterials were grown from hydrothermal synthesis of Ce(OH)CO; precursors with alkali
solution in an aqueous phase.

In a recent review, Miseki et al. [83] reported others recent materials that present a water
splitting activity : binary oxides like Ga,O; doped with Zinc and coupled to a cocatalyts,
mesostructured crystalline Ta,O5 with a 3% cocatalyst of NiO, and TiS,.

5.1.2. Ternary and quaternary metal oxides

Most of metal oxides that exhibit an activity in water splitting are ternary or quaternary metal
oxides. Boosted by the societal interest of the hydrogen fuel cell production, most of the novel
photocatalytic materials have been applied to water splitting [9]. Among them, perovskite
materials occupy a place of choice. Recently, metal halide perovskites for photovoltaics have
emerged as a contender of the leading photovoltaic materials. Indeed their power to conversion
efficiency had grown from 3% to 20% in four years [87]. Those impressive performances raise
interests to scrutinize if such performance could be reached in the photocatalytic field.

Perovskite minerals were originally associated to CaTiO; in homage to Lev Perowski (1792-
1856) but are now more generally designating materials with the general chemical formula
ABX; (where A is a rare or alkaline earth metal, B is a transition metal, and X the oxygen
generally) and the kind of crystallographic structure illustrated in Figure 17.

Figure 17. Crystallographic structure of a perovskite lattice. (a) BO; octahedral view with A site surrounded by 12 co-
ordinated interstices. (b) Cubic lattice with B-site cation at the center of the cell (reprinted with permission from ref.
[88]).

The most studied compounds revolve around the periodical elements Ta, Ti, Nb, Sn, V, Fe as
B sites which found photocatalytic applications related to both hydrogen fuel production or
degradation of pollutants. Some interesting results have already been reported: Grewe et al.
[89] for example recently showed the simple hydrothermal synthesis of NaTaO; nanoparticles
leading to the hydrogen production rate of 94 umol/h. Yin et al. [90] prepared also via hydro-
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thermal synthesis octahedral shaped PbTiO; nanocrystals with well define (111) facets that
exhibit interesting performances related to the degradation of Methylene blue. These results
have never been reported in conventional perovskite systems (100% degradation of Methylene
blue 10° M after 35 min of irradiation). Perovskite materials present several advantages
reviewed by Tanaka and Misono [91]: a large variety of compositions and chemical elements
can be used while keeping the basic structure and their valency, stoichiometry, and vacancy
concentration can be varied widely. Finally, a lot of information on their physical and solid
state chemical properties has been accumulated. Strategies to boost their photocatalytic
performance consist frequently in A, B, or X site doping (N; doping of oxygen sites to
oxynitrides for example) but also in the development of new synthesis methods or the
improvement of the current ones [92].

Jingshan et al. [93] unveiled the first water-splitting cell with 12.3% efficiency based on
CH;NH,Pbl; (see Figure 18) and opened the route to the use of such metal halide perovskites
in photocatalysis.

a b

. [

vl.--r'

#1 23 =-

I*)

Figure 18. Jinshan water photolysis device. (a) 3D representation. (b) Schematic including the materials used for the
cocatalyts and the light sensitive parts as well as the energy levels of water oxidation and reduction (reprinted with
permission from ref. [93]).

Pyrochlore metal oxides with the general chemical formula A,B,0O; are certainly less known
than perovskite but are also investigated [82]. The angle B-O-B close to 180° in those structures
is reported to facilitate the migration of the electron-hole pairs and is a good illustration of
how the crystallographic structure of a photocatalyst can impact the photocatalytic degrada-
tion processes. Vanadium derived compounds based on the general chemical formula
M;V,0O4 were synthetized in 2005 and more recently MVO, ones were reported to be active in
the degradation of dye waste water under visible light irradiation [94]. Molybdenum or
Tungsten derived compounds like Bi,M0,0,, ZrMo,O;, NiMoO,, Bi,WO,, and Bi,WQOj are also
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known as photocatalysts applied to the degradation of pollutants (Methyl Orange, Rhodamine
B, Malachite green).

Finally the layered perovskites, for which photocatalytic activity was already reported in the
90s, continue to be under investigation and give promising results [95]. Aurivillius Layered
Perovskites, Bis-,La,Ti;FeO,5 (x = 1, 2) were demonstrated to be particularly active for the
degradation of Rhodamine B (RhB) under sun-light irradiation in mild acidic medium.
Supramolecular structures like MOFs (metal organic frameworks) or polyoxometallates have
also recently been reviewed as they can exhibit some interesting photocatalytic properties [9].

Generally speaking, the chemical construction of a potentially efficient photocatalyst for water
splitting draws from the Mendeleev table metal cations with a d° or d'° electronic configuration.
They are involved in the construction of the crystal and energy structure. Alkali, alkaline earth,
and some lanthanide ions do not play a role directly in the band formation but simply
contribute to the construction of the crystal structure. Figure 19 summarizes the key chemical
elements that can play a role to design new photocatalytic materials.
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Figure 19. Chemical elements from the Mendeleev table to construct a photocatalyst (reprinted with permission from
ref. [83]).

5.2. New strategies to design photocatalysts

The example about new halides perovskites illustrates how photovoltaics research can inspire
the one conducted in photocatalysis. The recent 3D TiO, anatase nanostructures based solar
cell developed by Wu et al. [96] which reach a power conversion efficiency of 9.09% (to be
compared to the 5% one for the same material as simple nanowires of same thickness), could
be an interesting candidate for photocatalytic applications (Figure 20). In this work, the authors
start from TiO, anatase nanowires grown by hydrothermal methods. Acid thermal reaction
was then used to produce on the nanowires, TiO, nanosheets on which nanorods were finally
grown by a last hydrothermal reaction step.
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Figure 20. TiO, hyperbranched nanostructures. (a) 3D representation, (b) SEM image of the interlaced nanowires,
nanosheets, and nanorods (scale bar: 500 nm) (reprinted with permission from ref. [96]).

Liet al. [97] recently reported the fabrication of TiO, nanoparticles with sub-10 nm dimensions
that exhibit visible light driven photocatalytic hydrogen production. With a 1% platinum
cocatalyst deposited on nanoparticles, the photocatalytic hydrogen production performance
was 932 pmol.h™.g™ under visible light (400 nm < A < 780 nm).

Ultrathin 2D nanomaterials, which are comparable to graphene type materials with sheet-like
structures find more and more applications including photocatalysis [98]. Recently Zhou et
al. [99] successfully separated 2D ultrathin Bi,WO, monolayers from the same nanocrystal and
showed excellent photodegradation of Rhodamine B under visible light with a separation of
holes and electrons on two different active sites located at two different layers. An excellent
hydrogen production activity under visible light is also reported for this new kind of hori-
zontally designed heterostructures. Similarly, 2D nanosheets of the layered perovskite,
Ba;Nb,O,;, were synthesized by a hydrothermal route. The nanosheets showed much en-
hanced photocatalytic activity compared to thick nanosheets for the production of H, from
water splitting under UV light illumination. The enhanced activity is predominantly attributed
to the larger surface area, higher optical absorption, and charge separation ability of the 2D
nanosheet.

6. Conclusion

In this chapter, we highlighted different strategies to improve the photocatalytic performance
of TiO,- and ZnO-based nanomaterials. We pointed out the benefits of photocatalytic filtration
membranes functionalized with TiO, and ZnO nanostructures. Due to their high specific
surface area and their filtration properties, photocatalytic membranes allow the filtration and
the degradation of organic pollutants. In some cases, especially after dip coating synthesis
processes, the stability of nanomaterials at the surface of the membranes is not sufficient,
resulting in a leakage of the photocatalyst in the environment. In the second section, we
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discussed the strategies to improve the photocatalytic properties of ZnO and TiO, photocata-
lysts by engineering heterostructures with other metal-oxides, like SnO,. We showed that
TiO,/SnO, and ZnO/SnO, type-II heterostructures lead to efficient charge carriers (e and h")
separation toward each electrode of the heterojunction, resulting in a longer lifetime of both
carriers. As a result, improved photocatalytic performance is observed. In the third section,
we present a strategy to activate TiO, and ZnO photocatalysts in the visible range of the
sunlight spectrum, using the plasmonic effect in metal-oxides materials decorated with
metallic nanoparticles. We describe different mechanisms explaining the impact of the
plasmonic effect on the photocatalytic activity in the visible range. In a last section, new
promising nanomaterials and nanoarchitectures based on binary, ternary, and quaternary
metal-oxides have been reviewed.
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