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Preface

In recent years, photocatalysis has attracted increasing attention because it can provide an
environmentally friendly approach toward the conversion of light energy into chemical en-
ergy at mild reaction environments through photophysical processes and photochemical re-
actions. Wide potential applications of photocatalysis have been developed in renewable
energy production and environmental remediation. It is currently extremely active and con-
tinuously growing. Numerous research works and large number of papers have been pub-
lished each year, which involve new materials systems, new preparation methods, new
applications, and so on.

It is well known that titanium dioxide (TiO,) is one of the most practical photocatalysts due
to its photo-stability, non-toxicity, and high photocatalytic activity in pollutant elimination
in air and water. Extensive research has been performed during the past decades. So, in the
first section, descriptions of the synthesis, characterization, and applications of TiO,-based
photocatalysts are involved. Various methods such as doping, synthesis method modifica-
tion, and morphology design are discussed, and their effects on photocatalytic property im-
provement are assessed. Though difficult, the mechanism of the reactions happened in the
photocatalysis is explained by both theoretical calculation and experimental proof. A full
map of TiO,-based photocatalytic materials could be addressed with the information in the
first section.

At the same time, some novel photocatalytic oxides and non-oxides, except for TiO,, are at-
tracting research effort due to the limited visible light efficiency absorption of TiO,. The typ-
ical non-TiO,-based photocatalysts such as WO,, Ag,PO,, BiOX (X = Cl, Br, and I), and
indium-containing oxides are introduced in the second section of this book. Some of these
newly developed compounds are demonstrating promising photodegradation ability to-
gether with properties such as low cost, harmlessness, and stability in acidic and oxidative
conditions, contributing to industry potentials. Moreover, complex structures such as metal
organic frameworks are also assessed in the second section.

Manipulation of the structure from the very basic physical aspect is an effective method for
photocatalytic reactivity improvement. Modification of photocatalysis based on a design of
the heterostructure is an effective method to achieve improvement in photocatalytic proper-
ty. The heterojunction structure could act as an electron scavenger to inhibit the e-h* from
recombination, so the photocatalytic property is enhanced. Researches regarding different
heterostructures modified photocatalysts are discussed in the third section.

With the continuous efforts exerted on photocatalysis, its application areas are broadened to
environmental and energy challenges, which are ever increasing and emergent. Photocataly-
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sis showed promising degradation ability to organic pollutants, heavy metals, and bacteria
both in air and in water. The photocatalytic efficiency is maintained with long-time cycles,
which contributes to a prospective method for pollutants’ removal, self-cleaning, and bacte-
ria elimination and prevention. Although the applications of photocatalysis are too broad to
be stated in one section, the most covered aspects are selected in the fourth section.

I am confident that this book provides readers with an in-depth understanding of funda-
mental aspects and current research progresses of photocatalysis. While the length of this
book is limited and the evolution of this topic is everlasting, I hope this book will shed light
on the helpful understanding of photocatalysis. The accomplishment of this book is attribut-
ed to the collaboration of authors, whose fruitful opinions and beneficial discussions are
provided in the individual chapters. And finally, I sincerely appreciate Ms. Dajana Pemac
and all the authors for their valuable and dedicated efforts exerted on this book.

Wenbin Cao
University of Science and Technology Beijing,
China
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Chapter 1

TiO,- and ZnO-Based Materials for Photocatalysis:
Material Properties, Device Architecture and Emerging
Concepts

Olga M. Ishchenko, Vincent Rogé,
Guillaume Lamblin and Damien Lenoble

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/62774

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 plasmonicnanostructures allows the shifting 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

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited. (e NN
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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 a large 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,, ZnQO, Fe,O,, SnO,, ZrO,, MgO,
GeO,, Sb,0;, V,05 WO;, Cu,O, In,O,, Nb,O;s [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,Os—
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,0,~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 ef 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
AAO 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 ef 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.

\ \ Ti0, Film

Collagen Fiber

500 rmi
[,

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.

Det ‘WD b—— EB0pm

21 Croec?

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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CB, B, CB,
CB,
CB, VB,
CB,
VB, VB,
VB, VB, VB,
Type-| heterostructure: Type-Il heterostructure: Type-lll heterostructure:
straddling gap Staggered gap Broken gap

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-Il 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.

Roggé et al. [24] have characterized the bands alignment in the case of a ZnO nano-films/SnO,
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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AEV=<E

-E, ) - (E -E ) ~AE,
Zn2p vz ) 700 bulk Sn3d V$n0, SO, bulk CL (1)

where E,,, corresponds to the binding energy of the Zn2p peak in bulk ZnO, E,,, to the
valence band maximum of bulk ZnQO, Eg ;4 to the binding energy of the Sn3d peak in bulk
SnO, and E, g, to the valence band maximum in bulk SnO,. The AE; term can be determined
from:

AE, :(E -E )
cL Zn2p Sn3d heterostructure (2)

where E;,,» corresponds to the position of the Zn2p peak in the heterostructure of ZnO/5nO,
and Eg, ;4 to the position of the Sn3d peak in the heterostructure of ZnO/Sn0O,.

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

AE . =AE +E, -E 3)

8zmo 850y

where AE, is the valence band offset previously calculated, E,,q 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/SnO, [35-38], TiO,/SnO, [39-41], TiO,/ZnO [42-45], TiO,/WO;, [46],
or ZnO/CuS [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.1"") 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/SnO, 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. Rogg 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.
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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 (5Z-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 ef 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-
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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.
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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 mJ/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,0;, 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 AIZ 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
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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).
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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

17
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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,SO; 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 pmol/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.
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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,0; 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,Mo0,0y, ZrMo,0s, NiMoO,, Bi,WO,, and Bi,WO, 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;FeOy; (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.

ﬂz 3|45 5|r 8 |9[10[11 12]13 14/1516 17:13

H. He
Li Be 8| c [NIG] F [ne
Na|lg ‘A si| p [SEEH A
K |ca|se &Jmn| Fe|co| Wi|cu|zn|GalGe|As [Se 81 | K
Rb|Sr Y Tc|R| R A Ag|Cd| In | Sn|Sb|Te| | |Xe

Cs|Ba|La|Htf Re|Os| IF | Bt Ab Hg| T |Pb| Bi |Po) At |Rn

-Pm. Eu|Gd|Tb|Dy|Ha| Er [Tm/ b/ Lu

B & ion
i ™ jon b consiruct crystal structure and anangy stnuciung
£ Mon-matal
W) 0 consbruct orystal struciure but nod energy struciure
] by fonm imnpLanty levals as dopants
) | N 1o ba usad for CM::‘H}"SH

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.

21
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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 ef
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,
BasNb,O,;5, 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



TiO,- and ZnO-Based Materials for Photocatalysis: Material Properties, Device Architecture and Emerging Concepts
http://dx.doi.org/10.5772/62774

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-1I 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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Abstract

As a kind of highly effective, low-cost, and stable photocatalysts, TiO, has received
substantial public and scientific attention. However, it can only be activated under
ultraviolet light irradiation due to its wide bandgap, high recombination, and weak
separation efficiency of carriers. Doping is an effective method to extend the light
absorption to the visible light region. In this chapter, we will address the importance of
doping, different doping modes, preparation method, and photocatalytic mechanism in
TiO, photocatalysts. Thereafter, we will concentrate on Ti** self-doping, nonmetal doping,
metal doping, and codoping. Examples of progress can be given for each one of these four
doping modes. The influencing factors of preparation method and doping modes on
photocatalytic performance (spectrum response, carrier transport, interfacial electron
transfer reaction, surface active sites, etc.) are summed up. The main objective is to study
the photocatalytic processes, to elucidate the mechanisticmodels for abetter understand-
ing the photocatalytic reactions, and to find a method of enhancing photocatalytic
activities.

Keywords: TiO,, doping, photocatalytic properties, mechanism, carrier transfer

1. Background

As the best known photocatalyst, TiO, has attracted more attention and interest of many
researchers due to its exceptional properties, such as high refractive index and ultraviolet (UV)
absorption, excellent incident photoelectric conversion efficiency and dielectric constant, good
photocatalytic activity, photostability, chemical stability, and long-time corrosion resistance as
well as nontoxicity [1-4]. It has been widely used to solve a variety of environmental prob-
lems for the water-based solution utilization.
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However, there are three key drawbacks for TiO, materials to limit their practical application.
Firstly, one shortcoming is related to their large bandgap (3.0 eV for rutile and 3.2 eV for anatase
TiO,, respectively). It is well known that the photon absorption of semiconductors depends
greatly on their bandgap energy. The photons can only be absorbed by the photocatalyst if the
photon energies are higher than the semiconducting bandgap energy. Consequently, its
surface photoactivation can be exclusively done under UV radiation (1<390 nm) or it only can
respond and generate electron-hole pairs under UV light [5]. However, solar light consists of
5% UV light (300-400 nm), 43% visible light (400-700 nm), and 52% infrared light (700-2500
nm). Thatis, the UV light only occupies a small portion of the sunlight and a large part of solar
energy cannot be utilized. In the future, one of the most urgent tasks is finding or modifying
the photocatalysts with proper semiconducting bandgaps to maximize the absorption of solar
energy. Secondly, a high recombination rate of electron-hole pairs is another disadvantageous
effect on the photocatalytic efficiency for TiO, photocatalysis, resulting in a low quantum yield
rate and a limited photooxidation rate. Thirdly, the weak separation efficiency of photocarries
results in low photocatalytic activity. All three limitations induce great influence for a wide
practical application.

To overcome above-mentioned problems, many studies have been conducted in the past 5
years based on the idea of extending the wavelength range of the photoactivation of TiO,
photocatalysts towards visible light region and enhancing the utilization efficiency of solar
energy. That is, an increased amount of energy from the solar light spectrum is well utilized.

Recently, a path to achieve above-mentioned goal is represented by alien ion doping to
improve the adsorption capacity and photocatalytic activity, such as self-doping [6-8],
nonmetal doping [9-11], transitional metal doping [12, 13], and rare-earth metal doping [14,
15]. Usually, the doped ions introduce additional energy levels into the band structure, which
can be used to trap electrons or holes to separate carriers from the bands, thus allowing more
carriers to successfully diffuse to the surface. It has also been suggested that the required red
shift of the absorption edge might be done by increasing the impurity ion concentration or
increasing the oxygen defects in TiO,. That is, the purpose of doping is relatively straightfor-
ward: modifying its large bandgap and electronic structure to optimize its optical properties
for visible light harvest, improving each step in the charge kinetics to reduce the massive
recombination of photogenerated carriers, and improving the interface and surface character-
istics [16]. On the contrary, the photocatalytic activity depends strongly on the exposed
crystalline faces [17, 18]. Given that different crystal surfaces have different surface energy
levels for the conduction band (CB) and valence band (VB), such differences in the energy
levels will drive the electrons and holes to different crystal faces. Obviously, doping can
effectively modulate the lattice face structures.

To make clear the original question about the photocatalytic mechanism for doped TiO,, it is
important to explain and understand the doping process, doping method, and defect chem-
istry, especially the physics of the energy levels induced by the incorporation of dopants. This
chapter comprises the following four sections to elaborate above concerns and recent pro-
gresses:

1. Ti* self-doping in TiO, crystals and its photocatalytic mechanism,
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2. Nonmetal doping in TiO, crystals and its photocatalytic mechanism,
3. Metal doping in TiO, crystals and its photocatalytic mechanism, and

4. Codoping in TiO, crystals and its photocatalytic mechanism.
2. Self-doping

It is widely accepted that the degradation of pollutants in water proceeds by oxidation either
reacting directly with generated holes or indirectly with OH free radicals [19, 20]. Moreover,
the photocatalytic activity of TiO, is often dependent on the nature and density of surface
defectsites. Usually, incorporating dopants into TiO, crystals at the oxygen (O) and/or titanium
(Ti) sites can generate midgap states [21]. Furthermore, interactions of photogenerated carriers
with impurities in TiO, can also alter the electric structure and energy band structure, which
enhances the photocatalytic performance [22]. Of course, excess doping also increases crystal
defects (for example, oxygen vacancies, titanium vacancies, and interstitial titanium), thermal
instability, carrier trapping, and carrier recombination centers [23, 24]. In other words, system-
charge equilibria and/or geometric structure optimization should be considered during the
doping process, especially the doping level or doping concentration and dopant distribution.

Recently, both experimental results and theoretical predictions have demonstrated that Ti*
self-doped TiO, could obviously increase concomitant intrinsic oxygen vacancies in TiO,
crystals because the surface chemistry of nonstoichiometric TiO, containing Ti** differs
markedly from that of perfect TiO,. Different from traditional impurity incorporation, Ti* self-
doping has been reported as an effective way to extend the visible light absorption of TiO,,
which can avoid the mismatching of atomic diameters with other foreign elements [25-28].
Self-doping can easily modulate and realize the system-charge equilibria just through synthe-
sis method, process control, and raw material selection. Theoretical calculations evidence that
interstitial Ti can cause impurity energy levels at 1.23 to 1.56 eV below the CB, whereas vacant
Ti just makes impurity energy levels above the VB [29, 30]. Usually, the two defects can result
in extra shoulder absorption or a tail absorption, which is the root cause for the enhancement
of photocatalytic performance [31, 32].

2.1. Preparation of Ti* self-doping

The basic process of self-doping includes that the electrons can be trapped and tended to reduce
Ti* cations to Ti* state [33], the holes oxidize O* anions for the formation of O trapped hole
or even O, gas, and the charge transfer steps are as follows:

TiO, +hv > e oy +h' )y 1)

¢ oy + Ti"" — Ti*(trapped electron) )
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W+ O — O (trapped hole) (3)

4h*,, + 20" - O, 4)

Subsequently, many methods are developed according to the above mechanism, such as
hydrothermal method [25, 34-37], solvothermal method [38, 39], metallic reduction method
[28, 40], solution-based oxidative method [41, 42], solution-based reduction method [43, 44],
ionothermal method [26], vapor-fed aerosol flame synthesis [27], combustion method [33], and
evaporation-induced self-assembly (EISA) method [45].

The hydrothermal method is widely used to synthesize Ti** self-doped TiO, compared to other
methods. Wang et al. changed hydrothermal conditions to treat a gel precursor and obtained
Ti** self-doped TiO, nanoparticles [34]. They found that the contents of Ti** and oxygen vacancy
(O,) in TiO, crystals could be reasonably adjusted. Xin et al. demonstrated that the oxidation-
based solvothermal synthesis of Ti*" self-doped anatase TiO, was an effective strategy to
prepare uniform Ti** self-doped anatase TiO, nanocrystals. Both the concentration and location
of the Ti* defects could be well managed by simply controlling the annealing temperature.
This temperature-mediated management of the location and concentration of Ti** defects was
achieved through a Ti* reversible diffusion mechanism [38]. The metallic reduction method
was also used to synthesize Ti** self-doped TiO, with dominant (001) facets, and the presence
of Zn obviously caused the formation of Ti** ions coming from the reduction of Ti* [40].

Liu et al. successfully synthesized anatase Ti** self-doped TiO,., nanoparticles by a simple
interface ion diffusion-redox reaction, and the resulting Ti*" self-doped TiO,, had high
crystallinity and showed enhanced visible light-driven photocatalytic oxidation [41]. Tian et
al. used NaBH, as a reduced source and prepared TiO, nanobelts, and the theoretical calcula-
tions and experimental results indicated that the oxygen vacancies and Ti* ions were success-
fully formed by reduction [43].

2.2. Mechanism of enhanced photocatalytic

It is well known that the Fermi level is much closer to the CB tail at a high oxygen vacancy
concentration. Therefore, it is reasonably deduced that the higher oxygen vacancies can lead
to an enhanced absorption of photon energy below the direct bandgap. The midgap states
below the CB edge turn broad at an enhanced oxygen vacancy concentration (Figure 1).
Meanwhile, the band of defect states resulting from oxygen vacancies is close to the CB edge,
allowing photogenerated electrons to easily exchange between two bands. Namely, the
electrons from the VB can easily transfer to the oxygen vacancy level under visible light
irradiation. In other words, the electron transfer takes place from both VB and oxygen vacancy
level localized states to the tailed CB. Consequently, the onset of optical absorption of the
TiO, nanocrystals is lowered to 900 to 1100 nm [46-48].
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Reduction:
{]1 +e — DI"

Oxidation:
H,O +h* — - OH+H*

Figure 1. Schematic diagram of a proposed photocatalytic mechanism of Ti* self-doped TiO, for the visible-light re-
sponse [27].

Many theoretical data from calculation and simulation also confirm that the local electrostatic
balance is broken when host Ti* ions are reduced to Ti* ions, and oxygen vacancies are
introduced because of charge compensation [49-51]. Because the effective charge of the oxygen
vacancy is positive, the central Ti** is expected to shift away from the oxygen vacancy, forming
a special sublevel electric state. Conversely, the shift Ti* also forces the four O* ions to move
towards the oxygen vacancy to keep the electrostatic balance. The electrons can be photoex-
cited to CB under the irradiation of visible light. Meanwhile, the oxygen vacancies can inhibit
the photogenerated electron-hole recombination. Furthermore, those Ti* ions act as hole traps
and suppress the recombination of carriers and therefore extend the lifetime of the charges.
That is, the higher light absorption in Ti** self-doping may come from the strong distortion of
the outer orbitals of the Ti* ions.

In other words, Ti** self-doped TiO, exhibits a remarkable activity and enhanced performance
as a photocatalyst. However, it is difficult to implant Ti*" into TiO, crystals in practical
application because Ti* species are usually unstable and can be easily oxidized by O. Therefore,
it is still challenging to develop a simple and phase-controlled method to synthesize stable
Ti** self-doped TiO, photocatalysts in the future. Moreover, it is important to have a compre-
hensive understanding of the methods and the techniques of Ti** generation and monitoring
as well as Ti** property exploration.
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3. Nonmetal doping

Nonmetal elements with high ionization energies and high electronegativity, such as nitrogen
(N) [52-54], carbon (C) [55, 56], boron (B) [57-59], sulfur (S) [60, 61], fluorine (F) [62-64], and
chlorine (Cl) [65, 66], are an efficient strategy to enhance the visible light photocatalytic activity,
which results in higher photocatalytic activity in the visible light region owing to the bandgap
narrowing and the shift of absorption edge.

The basic process is that the nonmetal dopants influence the VB through interaction with the
O 2p electrons. The localized states or p states of nonmetallic dopants generally form the
impurity levels and lie above VB, which extends the optical absorption edge of TiO,. On the
contrary, nonmetal dopants within a surface can exist as isolated atoms rather than clusters.
Consequently, the distribution of dopant states is above the VB maximum, which has greater
potential for realizing visible light photoactivity.

3.1. N doping

Among all nonmetal elements, N element has been proven to be one of the most efficient
dopants for visible light-responsive TiO, photocatalyst. Since Asahi et al. made a breakthrough
work in 2001 and found that doped TiO, with N could enhance its photocatalytic activity for
the photodegradation of methylene blue under visible light irradiation [67]. Many theoretical
calculations and experiments have demonstrated and confirmed that N is one of the most
promising dopant candidates for red shift of the absorption edge so far. Some authors
suggested a model in which the incorporation of N via O substitution results in bandgap
narrowing due to the mixing of the N 2p and O 2p states, which shows a remarkable red shift
of the spectrum onset [68, 69]. In most of the reported studies, only N dopant concentration
below 1 at.% are mentioned, and surface photoactivation with visible light is less effective
compared to UV [70-72]. In other words, N-doped TiO, is a promising candidate photocatalyst
for enhanced light harvest in the visible region because it has strongly localized N 2p states
(0.3-0.5 eV) at the VB maximum [73].

3.1.1. Preparation

The formation mechanism of N-doped catalysts obtained via different preparation methods is
usually different. Moreover, N doping plays an important role on the exposed high-energy
facets to a certain extent, which is apparently influenced by different preparation methods.

Generally speaking, there are two kinds of processes to prepare N-doped TiO,. One process
can be ascribed as one-step direct incorporation of N atoms into TiO, lattice, such as sol-gel
method [74-76], chemical vapor deposition (CVD) [77, 78], atomic layer deposition (ALD) [79-
81], hydrothermal method [82-84], solvothermal method [85-88], sol-hydrothermal process
[89], hydrolysis-precipitation process [90], bioprocess-inspired method [91], electrochemical
method [92-94], ion implantation [95, 96], combustion method [97-99], mechanochemical
method [100, 101], low-temperature direct nitridization method [102], and microwave-assisted
method [103].
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Samsudin et al. synthesized undoped and N-doped TiO, via a sol-gel technique using Ti(IV)
isopropoxide and triethylamine as the Ti and N precursors, respectively [74]. N was doped
interstitially forming Ti-O-N or Ti-N-O linkages, and induced local states 0.23 to 0.26 eV above
the VB, which was responsible for the visible light response between 400 and 550 nm. Gao et
al. prepared N-doped TiO, films by the dielectric barrier discharge enhanced CVD method
using Ti tetraisopropoxide and NHj as Ti precursor and doping gas [77]. It was found that N
doping sources changed the growth orientation, affected the surface microstructure, narrowed
the bandgap, and improved the photocatalytic activity in the visible light region. Liu et al.
conducted an ALD method to fabricate N-doped TiO, hollow fibers with polysulfone fibers as
a template [79]. The results showed that N was successfully inserted into the anatase TiO,
lattice to form impurity levels above the VB top that narrowed the bandgap.

Therein, the hydrothermal method and solvothermal method are most frequently used
because of their low cost, perfect crystallinity, and good repeativity. Wang et al. prepared N-
doped TiO, nanoparticles by a facile one-pot hydrothermal treatment in the presence of L-
lysine, and the results showed that N-TiO,/C nanocomposites increased absorption in the
visible light region and exhibited a higher photocatalytic activity than pure TiO,, commercial
P25, and previously reported N-doped TiO, photocatalysts [82]. Li et al. prepared a series of
N-doped anatase TiO, samples using a solvothermal method in an organic amine/ethanol-
water reaction system [85]. Both the degree of N doping and oxygen vacancies made contri-
butions to the visible light absorption of the sample.

Recently, Cheng et al. synthesized N-doped TiO, nanoparticles through a hydrolysis-precip-
itation process using ammonia water as the doping species [90]. They found that the light
absorbance edge of N-doped TiO, nanoparticle was obviously red-shifted to visible light
region and the separation rates of photogenerated carriers were greatly improved. Further
analysis implied that the VB maximum of O 2p was 2.3 eV. Hu et al. also developed a facile
low-temperature direct nitridization method to synthesize colloidal N-doped TiO, nanocrys-
tals in triethylamine solution during the hydrolysis of tetrabutyl titanate followed by acidic
peptization at 70°C [102]. The N-doped TiO, exhibited higher photocatalytic activity both in
the UV and visible light regions in contrast to the undoped TiO, because of the improved light
response in the range of 400 to 500 nm, narrowing bandgap, more production of e-h* pairs,
and inhibiting recombination of the photo-induced carriers.

The other important preparation process of N-doped TiO, can be ascribed as two-step
oxidization of Ti nitride, such as sputtering method [104, 105], thermal annealing [106-108],
and plasma-enhanced microarc oxidation [109]. As for two-step methods, there are less
research compared to one-step methods due to its higher cost and more complex technique
process. Abadias et al. thought that the visible light activity of these materials mainly depended
on the location of this impurity states and the microstructure of the N-doped TiO, materials
[104]. They synthesized N-TiO, films through reactive magnetron sputtering method under a
mixture gas of argon (Ar), N, and O. N diffusion was suggested to be responsible for the more
complex crystallization and a better photocatalytic activity. Ha et al. prepared a new type of
N-doped TiO, mesoporous inverse opal structure via heat treatment in the presence of an N-
rich precursor, and the N doping with 9.4 wt.% concentration narrowed the bandgap from 3.2
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to 2.4 eV, which corresponded to light absorption at wavelengths as long as 520 nm [106]. Jiang
et al. developed a novel plasma-enhanced microarc oxidation process for preparing a high
concentration substitutional N-doped TiO, compared to the traditional thermal annealing, and
the process provides a possibility to increase the N doping concentration up to 3.21 at.% in
TiO,.,.N,, which exhibits a significant red shift in the bandgap transition and narrows bandgap
to 2.6 eV [109].

3.1.2. Photocatalytic mechanism of N-doped TiO,

The mechanism, especially the origin of visible light photoactivity for N-doped TiO,, is still in
debate up tonow. Valentin etal. [111] and Gao et al. [101] studied substitutional and interstitial
N impurities in bulk anatase TiO, lattice (Figure 2). They thought that the N atom replaced
lattice O in TiO, for the substitutional case and showed positive oxidation state ranging from
hyponitrite species (NO), nitrite (NO,), to nitrate species (NOy). The visible light responses
for substitutional N-doped anatase TiO, came from occupied N 2p localized states, which were
slightly above the VB maximum. The N-O bond showed localized m-bond states. The two
bonding states were found in deep energy level and lay below the top of the O 2p band. The
other two antibonding states were found located over the O 2p band. In other words, the
localized states were responsible for the excellent optical adsorption when the N atom was
located at the substitutional site. On the contrary, interstitial site for N doping had some
disadvantageous effects on the photocatalytic reaction because of the hole trapping.

Figure 2. Supercells of (a) pure, (b) substitutional, and (c) interstitial TiO, [111].

Energy bandgap models also predict that substitutional (interstitial) N generates shallow
(deep) midgap states above the top of the VB due to the mixing of N 2p and Ti 3d orbitals
(Figure 3). Usually, N doping is associated with the formation of oxygen vacancies and
electrons to maintain lattice neutrality. From this perspective, it has been suggested that the
presence of extra oxygen vacancies might be the key factor allowing for better photocatalytic
performances to be achieved, which causes a red shift of the absorption band edge due to a
positive shift of VB and improves electron injection [112-114]. Under visible light irradiation,
electrons of the localized N 2p states can be excited up to the individual CB, leaving holes on
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the localized states. The energy barrier between midgap states would suppress electron
transfer. This can also inhibit the recombination of photoelectrons and holes to some extent
[115]. In other words, the efficient separation of photo-induced carriers under visible light
excitations enables N-doped TiO, to have higher photocatalytic activity in a wide wavelength
ranging from UV to the visible region.

Potential (eV)

nanorod

Figure 3. Schematic illustration of electron migration in anatase/brookite structures: under visible light irradiation
(path a) and under UV light illumination (path b) [114].

3.2. C doping

Among the nonmetal elements, C doping has also been proposed as one of the best candidates
[116]. The origin of C doping is mainly incorporated interstitially, narrowed bandgap and
resulted in a red shift in the UV-visible (UV-vis) spectrum, resulting in an increase in adsorp-
tion of near-infrared (NIR) spectrum [117, 118]. Khan et al. first reported that C-doped TiO,
was visible light active, and found that that the three kinds of C species could influence the
photocatalytic activity, namely, elemental C, carbonate species (C-O bond) as interstitial
dopant, and C substituted for O (Ti-C bond) in TiO, lattice [119].

Subsequently, a lot of researches were conducted to synthesize C-doped TiO, photocatalysts
[120-124]. Shi et al. prepared nanometer-sized C-doped TiO, nanoplates with exposed {001}
facets via the hydrothermal treatment of TiC powder in an HF-HNO,; mixed aqueous solution
and found that C doping also obviously presented red shift absorption edge towards visible
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light [120]. Further analysis found that the electrons in the localized C states could be excited
to the CB under visible light irradiation and effectively scavenged by molecular O to produce
the superoxide radical anion (*O,) and hydrogen peroxide (H,0,), which could interact to
produce hydroxyl radicals (¢OH). Recently, Shao et al. prepared amorphous C-doped TiO,
with visible light photocatalytic activity by a facile sol-gel route for the first time. The results
also indicated that the most active sample with oxygenic groups had a narrower bandgap and
lower recombination of electron hole, significantly broadening its potential for many practical
applications [122].

About the mechanism of photocatalytic activity for C-doped TiO, catalysts, it is similar to N-
doped TiO, catalysts, except some little differences. Liu et al. investigated that C doping in the
TiO, lattice had graphite- and carbonate-like species at interstitial positions [125]. They thought
that the two C states could narrow the bandgap of anatase TiO,, serving as a photosensitizer
to absorb visible light and promote the charge carrier separation, which enhanced the visible
light photocatalytic activity remarkably. Zhang et al. insisted that the substitutional C (C,) at
Osites modified the electronic band structure of TiO, by mixing C 2p orbitals with O 2p orbitals,
resulting in bandgap narrowing [123]. Under visible light irradiation, electrons can be excited
directly into the CB and transferred to the adsorbed O molecule to produce ¢O, and subse-
quently e OH with strong oxidation power. Recently, Sun and Zhang investigated the C doping
of anatase TiO, in detail using density functional theory (DFT) calculation [126]. They found
that Cj; and C; with a shallow donor had no effect on the bandgap, whereas the (CO),o, Co-V,
and (G,),o defect reduced the bandgap to about 1.1, 1.7, and 1.4 eV, respectively. Based on the
electronic structure analysis of the C defects, they excluded the possibility of C occupying Ti
sites or interstitial sites to be responsible for the enhancement of photoactivity in the visible
light region.

3.3. S doping

S doping in TiO, structure also shows bandgap narrowing effects [127]. However, its large
ionic radius makes it difficult to incorporate into TiO, crystals due to the large formation
energy. Therefore, the key issues are to find a facile, low-cost, and stable process to synthesize
S-doped TiO,.

Goswami and Ganguli developed a novel approach to synthesize sulfated TiO, nanoparticles
using 15% Ti trichloride and thiophene in the presence and absence of oxalic acid [128]. They
found that S-doped samples had higher surface area, smaller crystallite size, greater thermal
stability, and better photocatalytic performance. Li et al. demonstrated a facile nonhydrolytic
thermolysis route for monodisperse S-doped TiO, nanocatalysts in hot boiling organic solvents
of oleic/oleyl-amine/1-octadecene [129]. Compared to the undoped TiO, nanocatalysts, S-
doped TiO, nanocatalysts presented obviously enhanced visible light activation for the
degradation of rhodamine B and methylene blue dyes under the artificial visible light irradi-
ation. Recently, Ramacharyulu et al. synthesized S-doped TiO, catalysts by a sol-gel process
followed by hydrothermal treatment at low temperature and tested for catalytic activity by
natural sunlight photocatalytic degradation of a toxic chemical warfare agent [130]. It was
observed that S-doped TiO, exhibited superior photocatalytic activity under sunlight irradia-
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tion. Further analysis indicated that the superior photocatalytic activity could be attributed to
the presence of S*/S*" or N" impurity levels. Lin et al. [131] and Sharotri and Sud [131, 132]
further found the importance of S for S-doped TiO, photocatalysts, which could form h*/e
trapping centers, delay the phase transition from anatase to rutile, promote photocatalytic
activity, and prevent h*/e’ recombination.

3.4. Halogen doping

Halogen doping in TiO, crystals is another important approach to improve photocatalytic
performance, such as F doping [133-135], Cl doping [136-138], and iodine (I) doping [139-
141]. Pan et al. developed an effective bottom-up synthesis strategy to prepare monodisperse
F-doped TiO, mesoporous spheres by integrating sol-gel and solvothermal processes [133].
The photocatalytic experiments showed that the formation of surface fluorination was helpful
to improve and enhance light harvesting in the UV-vis range. Fang et al. also synthesized F-
doped rutile TiO, with tunable solar absorption via one-pot hydrothermal method [142]. They
found that the optical bandgap of the catalyst could be easily manipulated from 3.05 to 2.58
eV through altering the initial F:Ti molar ratio.

The origin of the visible light activity of F-doped TiO, has been systematically investigated by
many researchers via comprehensive theoretical and experimental studies [134, 143-145]. It is
widely accepted that the three-coordinated surface F atoms with higher 1s binding energy are
identified to be the origin of the visible light activity. The surface group can also trap the CB
electrons by tightly holding electrons due to the strongest electronegativity of F. The calculated
results using DFT principle show that F implantation resulted in Ti** self-doping and contrib-
utes to the enhancement photocatalytic activity. Moreover, the strong electron-withdrawing
ability of the surface three-coordinated surface F also reduces the recombination of photogen-
erated electrons and holes.

Similarly, Cl doping has the same role in TiO, crystals with F doping. Wang et al. prepared Cl-
doped TiO, nanocrystalline via a simple single-step method by sonicating a solution of
tetraisopropyl titanate and sodium chloride in water/ethanol at 70°C and found that the CI
doping of TiO, shifts the absorption edge toward a higher wavelength [136]. The photodegra-
dation rates of butyl benzyl phthalate reached 92% under visible light irradiation for 240 min,
which was much higher than undoped TiO,.

Doping with I element in TiO, crystals also can enhance light absorption and decrease
recombination [146-149]. Lin et al. synthesized I-modified TiO, nanocrystallites through a
combination of sol-gel process and solvothermal process in the presence of HI solution [146].
The results showed that the I in the form of I, was responsible for the visible light response.
Liu et al. developed a new strategy for homogeneous doping of I molecules (I,) to achieve
bandgap narrowing of TiO, nanosheets and investigated the extension of the intrinsic absorp-
tion edge into the visible light region through a shifting of the VB maximum [149]. Importantly,
the geometric structure of the host retained its integrity. The experiment together with first-
principles calculations revealed the molecular nature of adsorbed I atoms and implied that the
mechanism of electronic structure modulation in the TiO, layers changed depending on the
concentration of I, molecules.
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3.5. Other doping

B** is incorporated both substitutionally and interstitially in TiO, crystals. Usually, the
replacement of B* for Ti*" generates one hole in O 2p orbital, which can also be accompanied
by a blue shift of the UV-vis absorption spectrum and an increase in oxygen vacancies [150,
151]. Xu et al. developed a new method allowing a clean one-step synthesis to obtain B-doped
TiO, for the first time [150]. B doping resulted in a shift of the absorption edge up to 460 nm
with a concomitant reduction of the bandgap energy. The narrowing bands were attributed to
ionized oxygen vacancies and defect states in anatase for the presence of interstitial B tricoor-
dinate and tetracoordinate to O.

Another concerned nonmetal dopant is phosphorus (P). Many papers indicated that P dopant
could also improve the photocatalytic activity [152, 153]. Zheng et al. synthesized a novel
thermally stable P-doped TiO, by liquid hydrolysis of TiCl, using hypophosphorus acid as the
precursor of the dopant [152]. They found that increased surface P content led to a linear
enhancement of the specific adsorption capacity of methylene blue because of the Coulombic
attractive force between the cationic dye and the negatively charged P-doped TiO, surface.

4. Metal dopants

It is well known that the photoexcitation of TiO, catalysts involves excitation, diffusion, and
surface transfer of photogenerated carriers. Therefore, the carrier's lifetime is vital in deter-
mining the photoactivity during the photodegradation process. Usually, the surface properties
of TiO, intrinsically could be influenced by the preparation method, process, and doping,
which determines the surface separation and transfer of charge carriers by generating surface
states where electrons and holes are spatially trapped and transferred for subsequent redox
reactions.

Compared to nonmetal dopant, substitution of metal ions can introduce an intraband state
close to CB edge, which results in an obvious red shift in bandgap adsorption due to sub-band
gap energies, such as transition metal doping [154-156], rare-earth metal doping [157-159],
and other metal doping [160-162].

However, the diffusion of metal atoms is difficult in solid materials under low temperature.
Consequently, it leads to inhomogeneous distributions of dopants and limited depth near a
subsurface region. To obtain metal-doped TiO, nanoparticles with good homogeneity,
sintering has to be conducted at a high temperature, which leads to particle agglomeration.
Moreover, the metal dopants also provide more trapping sites for electrons and holes com-
pared to nonmetal dopants. Furthermore, electron trapping occurs at a much faster process
compared to hole trapping. In other words, trapping an electron or a hole is always ineffective
for carrier separation because immobilized charge species rapidly recombine with its mobile
counterparts. Last, metal doping has also some other drawbacks, especially thermal instability,
which reduces the repeativity of TiO, photocatalysts. That is to say, it has a detrimental effect
if the process is not under the control. Therefore, many researchers focused on the resolution
of the above four problems in recent several years.
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4.1. Transition metal element doping

Various properties of transition metal with 34 or 44 electron structure are influenced by many
factors, such as the number of d-electrons on transition metal ions, crystalline structures,
oxygen defects, and preparation methods [163-165]. Usually, the bandgap energy and band
positions, Fermi level, and d-electron configuration of the electronic structure in TiO, can be
effectively modulated when transition metal ions were introduced into TiO, lattice. Subse-
quently, it forms a wide range of new energy levels below CB arising from their partially filled
d-orbitals, which results in an obvious red shift in bandgap and increases its visible light
harvest [166, 167]. In addition, transition metal ions alter the carrier equilibrium concentration
by serving as electron-hole trapping, suppress the recombination rate of electron-hole pairs,
and enhance the degradation rates. That is, the photocatalytic performance for TiO, can be
effectively improved through transition metal doping.

However, transition metal ions-doped TiO, appears to be a complex function of dopant
concentration, energy level of dopant within the lattice, the d electron configuration, distribu-
tion of dopants, electron donor density, and incident light intensity. Every transition metal ion
has different d electron configurations and its own characteristics. Therefore, it is important to
further elaborate the process for every transition metal ion.

4.1.1. Iron (Fe) doping

Fe-doped TiO, shows superior activity due to its unique half-filled electronic configuration
and shallow trapping compared to other metal dopants with closed shell electronic configu-
ration, which can be more effective to influence the photoactivity [168-176]. Theoretical and
experimental studies show that Fe doping can effectively reduce the trapping density and
charge recombination, resulting in drastically improved adsorption.

Manu and Khadar synthesized Fe-doped TiO, nanocrystals at different atomic ratios through
the hydrothermal method [168]. They found that the concentration of Fe dopants was more
near the grain boundary because the dopant atoms were incorporated into the lattice at
substitutional positions. The energy level associated with the peak at 2.63 eV was the deepest
defect level. Consequently, the photocatalytic activity was enhanced greatly. Yan et al.
developed a facile fast hydrolysis route to prepare a three-dimensional flow-like Fe-doped
rutile TiO, nanostructure and investigated the relation between Fe doping and crystal planes
[169]. Because the ionic radius of Fe was smaller than that of Ti, and the corresponding
interplanar spacing distance of TiO, (110) was reduced with the replacement of Ti atoms by
Fe atoms, as reflected by the shift of the (110) diffraction peak, which was similar with Liu and
Zhang's result [170]. With Fe species doping into both the bulk phase and the surface, the
bandgap narrowing of rutile TiO, was realized and the dissociative adsorption of water on the
surface was promoted, which accordingly led to greatly enhanced activity in visible light-
driven water oxidation.
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4.1.2. Chromium (Cr) doping

Cr doping of TiO, also leads to a clear red shift in the UV-vis absorption spectrum, evidencing
a decrease in bandgap and VB shift. Moreover, the Fermi level is also shifted to a higher energy
by ~0 to 1 eV. With the change of preparation method and doped concentration, Cr-O anti-
bond orbitals located slightly below the CBM in the region of ~3.0t0 2.2 eV and the unsaturated
nonbonding d orbitals located in the middle of the gap region of ~2.5to 1 eV. Italsois suggested
that Cr** doping is attributed to the increase of conductivity due to more free charges [177-180].

Li et al. synthesized Cr-doped TiO, via a hydrothermal method and found that Cr* ions could
replace the Ti atoms in the lattice with oxygen vacancy compensation [177]. It was interesting
that Cr doping also could prolong the lifetime of photogenerated carriers because the doped
Cr®* jons might act as the recombination centers of carriers.

4.1.3. Niobium (Nb) doping

Over the past few years, Nb-doped TiO, has received special attention due to its excellent
electrical conductivity at room temperature. The ionic radius of Nb> of 0.064 nm is slightly
larger than Ti*" of 0.0605 nm. Therefore, Nb> works as an n-type dopant in TiO, lattice and
generates additional carriers in its CB, which can notably increase photocatalytic performance
[181-186].

Joshi et al. successfully prepared Nb-doped TiO, transparent films on glass substrates using a
nonaqueous sol-gel spin coating technique [181]. Photocatalytic experiments showed that the
films with 12 at.% Nb doping had excellent photocatalytic activity with 97.3% degradation of
methylene blue after 2 h of UV irradiation. Archana et al. reported the high electron mobility
and optical transparency of Nb-doped TiO,, giving rise to the enhancement in charge transport
behavior after 2 at.% Nb doping, which could assist the speedy initial reaction of the organic
decomposition process and enhance the overall photocatalytic activity [182].

4.1.4. Other transition metal doping

Except above transition metal dopants, other transition metal atoms, including tungsten (W)
[187-191], silver (Ag) [192-197], copper (Cu) [198, 199], cobalt (Co) [200-202], tantalum (Ta)
[203-205], molybdenum (Mo) [206-208], zinc (Zn) [209-213], manganese (Mn) [214, 215], nickel
(Ni) [216, 217], and vanadium (V) [218, 219], are also investigated by many researchers.

Recently, considerable enhancements of photocatalytic activity with W-doped TiO, in aqueous
systems for the degradation of organic compounds have also been reported [187-191]. Liu et
al. synthesized ordered mesoporous crystalline TiO, with various W doping level using SBA-
15 as a hard template [187]. The existence of W ions expanded the range of useful excitation
light to the visible spectra, greatly inhibited the recombination of electron-hole pairs on
mesoporous TiO,, and played an important role in improving the photocatalytic activity in the
visible light region. The enhanced photocatalytic activity for W-doped TiO, could also be
especially attributed to the presence of much higher Lewis surface acidity of a W-doped
TiO, surface with a higher affinity for chemical species having unpaired electrons than pure
TiO,.
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Ag is another important dopant in TiO, crystals and Ag doping can also cause an obvious shift
towards narrowing the bandgap. Zhang et al. successfully synthesized Ag-doped TiO, with a
novel hierarchical architecture via a combination of an electrospinning method and a hydro-
thermal process [192]. They found that Ag doping played a great role in the photocatalytic
activity. Electron transfer to the Ag sites reduced the carrier recombination rate and allowed
amore effective reaction between the surface trapped holes and electrons. However, excessive
Ag dopant could also cause a decrease in the activity of TiO, because they occupied the active
sites on the surface of the TiO,. Moreover, the photogenerated electrons on the Ag sites
attracted holes and recombined together.

Cu, as a kind of transition metal, is also found to be an effective dopant for TiO, to enhance
the photocatalytic activity. Sajjad et al successfully prepared mesoporous Cu-doped TiO, via
a sol-gel method at low temperature using water-immiscible room-temperature ionic liquid
organic materials as a template and an effective additional solvent [198]. The results showed
that Cu-doped TiO, samples exhibited superior visible light photocatalytic activities compared
to undoped TiO, and P-25 [199, 200]. Further characterization indicated that Cu*/Cu?" sites as
interfacial Ti-O-Cu surface linkages reduced bandgap energy as well as efficient charge
separation due to the formation of Ti-O-Cu bonding at the surface and the associated appear-
ance of oxygen vacancies, resulting in higher degradation rate.

Usually, Co dopant concentrations show weak influence on photocatalytic performance,
whereas the oxygen vacancy concentration and distribution in the system show much stronger
influence on the optical performance due to the shift of Fermi level up by ~0.75 eV [201]. Cai
et al. presented a controllable and reliable method to synthesize Co-doped TiO, nanowires
through a combining versatile solution phase chemistry and rapid flame annealing process
[202]. They found an enhanced catalytic activity in Co-doped TiO, crystals. However, Co
doping was also shown to drastically deteriorate performance at high doping concentration
due to the formation of sub-band gap states that act as recombination centers.

Sengele et al. obtained Ta-doped TiO, via a sol-gel route and found that the Ta doping could
induce significant modifications on the structural, morphological, surface, electronic, and
optical properties of TiO, [203]. Total diethylsulfide elimination could be reached for 100 min
under continuous contaminant flux before deactivation and the conversion maintained to 80%
of degradation after 200 min, which was higher than undoped TiO, catalysts [204-208].

Recently, many researchers found that transition metal could effectively modulate the crystal
face, which could improve photocatalytic performance [209-213]. Saad et al. synthesized Zn-
doped TiO, nanowall with a (001) facet and porous structure [209]. They found that the samples
with a (001) facet exhibited enhanced photocatalytic activity and Zn-doped TiO, had better
degradation rates compared to other samples.

4.2. Rare-earth metal doping

Another path to achieve the abovementioned goal is represented by rare-earth doping [214-
219]. Compared to transition metals, rare-earth metals with 4f, 5d, and 6s” states are considered
as the ideal dopants to modify the crystal structure, electronic structure, and optical properties
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of TiO,, which can effectively influence the positions, widths, and density of states of CB and
VB [220, 221]. Furthermore, rare-earth metals can form complexes with various Lewis-based
organic compounds through interaction of the functional groups with their f orbital, thereby
improving the photoactivity. Last, the functional integration of upconversion luminescent
rare-earth ions with photocatalyst provides a potential for wavelength conversion and efficient
utilization of solar energy for this purpose [222, 223]. This approach appears to be a completely
new alternative for enhancing the efficiency of the photocatalytic process. In other words, the
applications of the upconversion process by phosphor-like systems can optimize the photo-
catalytic performance of traditional UV active photocatalysts.

Therein, lanthanide (La) has been widely used and investigated in the field of optical appli-
cation (LED light, laser, photocatalytic, solar cell, etc.). Particularly, the ability of these
nanomaterials to release high-energy photons after NIR laser-light stimulation allows deep
tissue imaging and luminescent nanoparticles [224, 225]. Du et al. prepared pure and La-doped
TiO, thin films via a sol-gel method using tetrabutyl titanate as Ti precursors [224]. The results
showed that the content of La was the key factor for hydrophilic and photocatalytic activity.
LaTiO; could be formed in La-doped TiO, thin films, which caused the TiO, lattice distortion
and restrained the transition from anatase to rutile. By adding 0.3 wt.% La to the TiO, thin
films, 92.02% methylene blue was finally degraded.

Cerium (Ce), as a typical rare-earth metal, is widely used to dope TiO, because of its unique
electronic structure. The main feature of Ce ion doping is the different electronic structures of
4f states, such as Ce*" with 4f'5d° and Ce*" with 4/°5d4°. The visible light photoactivity of Ce-
doped TiO, nanoparticles is mainly due to the presence of 4f level in the mid-bandgap of
TiO, crystals, which leads to the optical absorption between 400 and 500 nm. The possible
transition of d and f orbital electrons can also reduce the recombination rate of electron-hole
pairs, thereby making TiO, more feasible for photocatalytic response under visible light [226—
229]. Maddila et al. prepared Ce-doped TiO, catalysts using a wet impregnation method [226].
The results indicated that Ce-doped TiO, exhibited an obvious red shift, reducing the bandgap
and improving the photocatalytic efficiency. Photocatalyzed ozonation with lat.% Ce/TiO,
yielded 100% degradation in 2 h under basic pH conditions.

Among various upconverting nanomaterials, erbium (Er) can be excited by NIR or visible light
[230-232]. Obregon and Colon synthesized Er-doped TiO, through a surfactant free hydro-
thermal method, which exhibited good photoactivities under sun-like excitation for the
degradation of phenol [231]. The presence of Er* did not affect the structural and morpho-
logical features of the TiO, significantly, whereas photocatalytic experiments clearly evidenced
that Er introduction into TiO, matrix would promote the profiting of NIR photons, enhancing
the photoactivity of the catalyst.

Gadolinium (Gd) doping raises VB maximum with respect to the Fermi level and thus turns
the intrinsic virgin phase into a p-type semiconductor. Choi et al. synthesized three-dimen-
sional Gd-doped TiO, nanofibers using a simple electrospinning technique [233]. The pristine
Gd-doped TiO, nanofibers showed a higher photocatalytic activity than the TiO, nanoparticles,
which could be attributed to the fast electron transport. In addition, Gd-doped TiO, nanofibers
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showed nearly five-fold enhancement in the photocatalytic degradation rate due to synergis-
tically higher electron transport.

Europium (Eu) is also a good candidate for upconversion materials and is widely used in the
field of photocatalyst, laser, solar cell, etc. Recently, many researchers also attempted to dope
Eu into TiO, lattice [234-236]. Leroy et al. prepared periodic mesoporous Eu-doped TiO,
through the EISA process [234]. They found that strong fluctuations existed in the intensity of
the °D;—7F, transition under UV light exposure. Correlation of the emission with the photo-
catalytic activity of the semiconductor for the photodegradation of an organic molecule could
also be firmed.

Yttrium (Y) doping usually shows weak influence on bandgap energy and does not alter the
Fermi level. However, it can increase hole mobility to generate p-type TiO,, which is helpful
for the carrier transport. Wu et al. prepared a novel mesoporous Y-doped TiO, nanosheet array
via a low-cost, facile, and template-free solvothermal method by employing waste tricolor
fluorescent powder (WTFP) as a dopant Y source and acetic acid as a mesopore template [237].
The 2.5 and 5 wt.% Y-doped TiO, films showed higher photocatalytic activity for the methyl
orange, with 82.6% and 81.3% reduction within 6 h irradiation, respectively. The enhanced
photocatalytic activity of Y-doped TiO, film was attributed to the large surface area and the
low electron-hole recombination rate as well as enhanced absorption of organic pollutants on
the semiconductor surface. Li et al. also confirmed that ytterbium (Yb) doping was also a kind
of route to improve the NIR photocatalytic degradation of rhodamine B [238].

4.3. Other metal dopants

Recently, many researchers found that lithium (Li) doping plays an important role in the
inhibition of activity in the TiO, network acting as an electron trapping or hole trapping [239—
241]. Bouattour et al. reported Li-doped TiO, nanoparticles through a sol-gel process and
investigated their potential application as a photocatalyst for degradation of different organic
compounds [240]. Results showed that an inhibition of activity is presented in the Li doping
network. However, the surface accumulation of Li* on TiO, particles could favor better
interfacial charge transfer.

Long et al. calculated the electronic structures of silicon (Si)-, germanium (Ge)-, tin (Sn)-, and
lead (Pb)-doped anatase and rutile TiO, systematically using DFT calculations [242]. Doping
with Si, Ge, Sn, and Pb elements also narrowed the bandgap of rutile TiO, due to a shift far
away from the CB minimum. The reduction of the bandgap is 0.20 and 0.15 eV in Si- and Ge-
doped anatase TiO,, respectively. However, there were enlargements of 0.06 and 0.02 eV in
the bandgap of Sn- and Pb-doped anatase TiO,, respectively. They predicted that Ge-doped
TiO, was efficient for the overall water splitting using visible light irradiation.

Doping with bismuth (Bi) ions can also decrease the bandgap of TiO, and thereby extend its
absorption into the visible light region, enhancing its photocatalytic efficiency [243-245]. The
impurity energy level from the hybrid of Bi 6s, O 2p, and Ti 34 orbitals is the cause of the red
shift of the absorption edge. Therefore, Bi-doped TiO, systems are more effective for the
photodegradation of organic pollutants under visible light irradiation, such as methyl blue

47



48

Semiconductor Photocatalysis - Materials, Mechanisms and Applications

and methyl orange. Wu et al. developed a facile method to prepare Bi-doped TiO, through
hydrothermal synthesis followed by thermal annealing treatment [243]. Bi doping caused the
formation of Bi,TiO, and reduced bandgap widths. Moreover, some special structural defects
created by the migration of Bi* ions were also responsible for the high photoactivity. Bi-doped
TiO, catalysts with high doping concentration (such as 5 and 10 mol%) showed the highest
activity for the catalyzed photodegradation of methyl orange under visible light irradiation.

Sn doping is another important supplementary form to improve photocatalytic performance
[246, 247]. Oropeza et al. investigated the influence of Sn doping on the anatase to rutile phase
transition, as well as the photocatalytic performance [246]. They found that Sn-doped TiO,
exhibited enhanced visible light region photocatalytic activity compared to undoped TiO, in
dye degradation experiments, even it was higher than that of N-doped TiO,. This was
attributed to the narrowing of the bulk bandgap at low doping levels. The Sn surface states
laid above the VB top and could therefore act as trapping sites for holes.

5. Codoping

Although the monodoped nonmetal or metal atoms can obviously enhance photocatalytic
performance, they always act as the recombination centers because of the partially occupied
impurity bands. It has been recognized theoretically that codoping using two or more foreign
atoms can passivate the impurity bands and decrease the formation of recombination centers
by increasing the solubility limit of dopants. Furthermore, codoping can also modulate the
charge equilibrium. Consequently, codoping can effectively enhance the photocatalytic
activity. Based on the research of doping effects, two or more elements are introduced into
TiO, lattice to check the changes of electronic structure and bandgap energy, including
nonmetal and nonmetal atoms [248-250], nonmetal and metal atoms [251-253], and metal and
metal atoms [254-256].

Regardless of whether doping is based on single heteroatoms or coupled heteroatoms, the
spectral distribution and localized states in the bandgap essentially determine the visible light
absorbance and redox potential of the photo-induced charge carriers. Therefore, it is a
challenge and hot topic to introduce different dopants, which can realize substantial syner-
gistic effects.

5.1. Nonmetal-nonmetal doping

5.1.1. N-nonmetal codoping

To improve the photocatalytic performance of N-doped TiO, catalysts, the modification
strategy has been extensively adopted and investigated by many researchers, such as N-
nonmetal codoping, C-nonmetal codoping, and other nonmetal-nonmetal codoping. The
modified N-doped TiO, usually showed favorable effects for improving the photocatalytic
activity in the range of visible light compared to N-doped TiO,.
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Therein, the (N, S) codoping TiO, can play a vital role in significantly improving photocatalytic
activity because of the strong synergistic interaction between S and N, in which the surface
separation of photoexcited electron-hole pairs is promoted [257-259]. Consequently, the VB of
TiO, shifts to a positive direction, which leads to higher oxidative ability and degradation
ability towards pollutant under visible light irradiation. Etacheri et al. further proved that the
formation of isolated S 3p, N 2p, and * N-O states between the VB and CB was responsible
for the visible light absorption [260].

Chung et al. synthesized the (N, S) codoped TiO, with an anatase phase using a simple
solvothermal treatment and investigated their visible light photocatalytic activity associated
with the thermal behavior [257]. They found that the (N, S) codoped TiO, had better visible
light photocatalytic activity and adsorptivity than the commercially available P25. The S
dopants effectively assisted the surface reaction by adsorbing cations of organic dyes on the
codoped TiO, surface. The N dopants formed a delocalized state in the bandgap, which led to
the enhanced solution bulk reaction by increasing visible light absorbance (Figure 4).
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Figure 4. Schematic illustration of the suggested effects of N and S dopants on the enhanced visible light photocatalytic
activity of TiO, [257].

It is noteworthy that (N, S) codoping can also effectively modulate the preferential growth
plane of TiO, crystals. Xiang et al. prepared (N, S) codoped TiO, nanosheets with exposed {001}
facets by a simple mixing-calcination method using the hydrothermally prepared TiO,
nanosheets as a precursor and thiourea as a dopants [261]. The first-principles DFT proved
that the electrons could be easily excited in the impurity states and then migrated between VB
and intermediate. These resulted in stronger absorption with a red shift in the bandgap
transition.

Recently, Samsudin et al. used (N, F) codoping to improve the intrinsic properties of the
TiO, catalyst and found that the (N, F) codoping not only introduced activity in the visible
light region but also improved the performances of intrinsic TiO, itself. The high activity could
be attributed to the presence of N and F, which resulted in the change in the morphology and
increasing presence of {001} facets [262]. Subsequently, a great number of experiments and
theoretical calculations were carried out to further discuss (N, F) codoping in TiO, crystals
[263-267]. Rahul and Sandhyarani synthesized three-dimensionally ordered (N, F) codoped
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TiO, by templating with polystyrene colloidal photonic crystals using nitric acid and trifluoro-
aceticacid as raw materials and found an obvious red shift due to (N, F) codoping [263]. Further
investigation showed that the enhancement of photocatalytic activity could be attributed to
the bandgap scattering effect and the slow photon effect, leading to a significant improvement
in solar light harvesting.

(N, B) codoped TiO, is also an effective approach to improve photocatalytic activity [268-
270]. Usually, N and B atoms are interstitial species connected to the same O lattice. The energy
level of the [NOB] species is located close to edge of the VB and lies below the corresponding
level of [N;O]® because of the electrostatic stabilization. In other words, the photocatalytic
activities are influenced not by [NOB] center but by [NOB]® center located at higher energy
level. Moreover, the presence of N and B species can effectively narrow the bandgap and inhibit
the transformation of anatase TiO, to rutile phase [269].

Other N-nonmetal codoping includes (N, C) codoping [271, 272] and (N, H) codoping [273,
274]. Liu et al. exploited (N, C) codoped porous TiO, nanofibers by a combination of electro-
spinning and controlled calcination technologies [271]. The codoping of N and C in TiO, not
only led to a shift of the absorption edge to lower energy by inducing new band levels but also
created a large amount of single electron-trapped oxygen vacancies. Recently, Wei et al.
demonstrated a new chemical approach to prepare black anatase TiO,., and yellow anatase
TiO, nanoparticles by doping with N and H [273]. The substitutional nonmetal doping of N
and H, especially the p states of N, contributed to the bandgap narrowing by mixing with O
2p states and formed the new VB. Theoretical work suggested that the adequately high
concentration of Ti*" could induce a continuous oxygen vacancy of electronic states just below
the CB edge of TiO,, which strongly enhanced visible light absorption and the photocatalytic
performance of the catalysts under visible light. The bandgap energy of the samples also
decreased substantially, which was narrowed to about 2.0 eV.

5.1.2. C-nonmetal codoping

C-nonmetal codoping is also a kind of common approach to improve photocatalytic activity,
such as (C, B) codoping [275, 276], (C, F) codoping [277], and (C, S) codoping [278].

Yu et al. investigated the geometry structures, formation energies, and electronic properties
of the C, B and (C, B)-doped anatase TiO, using DFT calculations [275]. The results implied
that (C, B)-codoped anatase TiO, could markedly influence the photocatalytic activity and light
adsorption due to the change of the energy gaps (E,) and Fermi levels (Er). Moreover, the
separation efficiency of carriers could be improved because of the existence of Ti* ions. Lin et
al. systematically investigated the electronic and optical properties of several possible (C, B)
codoped models of anatase and rutile TiO, using DFT calculations [276]. The further calculation
indicated that B 2p and C 2p decreased the bandgap by about 0.8 eV and the couples of the two
hybridized states could also result in a downward red shift for spectrum response.

Deng et al. prepared F-modified C-doped TiO, composites via a simple sol-gel method using
NaF as the F source followed by heat treatment at 700°C in N atmosphere [277]. The C atoms
and F species interacted in the TiO, lattice and resulted in the narrowed bandgap (2.50 eV),
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which could inhibited the recombination of photo-induced irradiation and resulted in a
superior photocatalytic activity.

5.1.3. Other nonmetal-nonmetal codoping

Except for the above N-nonmetal codoping and C-nonmetal codoping, other nonmetal atoms,
including (B, P) codoping [279], (B, F) codoping [280], and tridoping [281-284], are also
investigated by many researchers. Yu et al. prepared a series of TiO, hollow sphere catalysts
with or without nonmetal (B, P) dopants through a sol-gel process with styrene-methyl
methacrylate copolymer microspheres as the template [279]. They found that both B and P
dopants could also narrow the bandgap of the TiO, catalyst.

Recently, many researchers found that tridoping in TiO, crystals is an effectively supplemental
tool. Ramanathan and Bansal synthesized (N, C, F) tridoped rutile TiO, nanorods that not only
displayed enhanced photocatalytic performance in UV light but also allowed a significant level
of visible light photocatalytic activity [281]. In visible light, pure TiO, only got 6% photode-
gradation of Congo red over 30 min, whereas (N, C, F) tridoped TiO, caused 56% dye degra-
dation.

5.2. Metal-metal codoping

Although monometal doping can improve the bandgap structure, the serious recombination
centers also deteriorate carrier transport due to its partially occupied impurity bands. Hence,
many researchers want to improve carrier transport through codoping with two different
metal elements, such as (Ti, Ni) codoping [285], (Ti, Fe) codoping [286], (Ag, W) codoping [287],
(Ag, Zr) codoping [288], (Zn, Mn) codoping [289], (Cu, V) codoping [290], and (Fe, Ce)
codoping [291].

Zhang et al. developed a novel Ni* and Ti*" codoped porous anatase TiO, via a facile sol-gel
technique combined with an in situ solid-state chemical reduction approach followed by mild
calcinations (350°C) in Ar atmosphere [285]. The results showed that the doping of Ti* and
Ni* species for TiO, could result in the tail states and significantly narrowed the bandgap of

Oxidation

Figure 5. Schematic diagram of the photocatalytic process for Ni* and Ti** codoped TiO, under visible light irradiation
[285].
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anatase TiO, due to the formation of midgap states. Namely, Ti** state below CB minimum
and Ni* state above VB maximum would be helpful in light adsorption and slowed the carrier
recombination (Figure 5). In other words, (Ti, Ni) codoped porous black anatase TiO, resulted
higher photocatalytic performance for methyl orange and rhodamine B.

Chen et al. found that Fe*/Ti*" codoping was also a good way to further improve Ti*" self-
doping TiO, photocatalyst [286]. Fe** doping could result in a blue shift for the VB edge by 1.0
eV. The synergistic effects between Ti** and Fe** dopants in the samples significantly narrowed
the bandgap, leading to efficient photocatalytic performance in the visible light range.

Khan et al. synthesized (Ag, W) codoped TiO, with different W doping concentrations using
the hydrothermal method [287]. The codoped TiO, displayed pure anatase phase with strong
absorption in visible light region. Among all the codoped samples, the one with W doping
concentration of 3.5 at.% possessed the best photocatalytic activity, which was attributed to
the synergistic effect between the dopants and optimal doping concentration.

Benjwal and Kar investigated (Zn, Mn) codoped TiO, photocatalysts through varying dopant
concentrations and found that the highest photocatalytic degradation of methyl blue was
obtained with 1.0 at.% (Zn, Mn) codoped TiO, [289]. Further analysis showed that the incor-
poration of Zn* and Mn? ions into TiO, lattice caused a decrease of the energy bandgap due
to the formation of impurity levels below VB, which resulted in an enhancement of light
absorbance in the UV region. With further increasing codoping concentration, the density of
new energy levels also increased, which ultimately enhanced the recombination possibilities
of electron and holes because they could be easily trapped on these recombination centers.

Christoforidis and Fernandez-Garcia prepared two series of Cu* and V* codoped anatase
TiO, samples using the microemulsion synthetic route by varying the metal/Ti ratio [290]. They
found thatisolated and highly dispersed Cu*" and V* species favored the hole formation while
at the same time decreased the amount of Ti** centers under irradiation. Therefore, it could be
deduced that (Cu, V) codoping contributed to the better photocatalytic performance due to
the faster carrier separation.

Visible light-sensitive Fe** and Ce* codoped nano-TiO, photocatalyst was also investigated by
Jaimy et al. [291]. They concluded that Fe doping and Ce doping could improve the light
adsorption through trapping carriers and bending the VB and CB, respectively. In other words,
the recombination of photoexcited electrons and holes was obviously prevented. Consequent-
ly, the codoped TiO, compositions exhibited higher photocatalytic activity than that of pure
TiO, and commercial Degussa P25 under visible light.

5.3. Nonmetal-metal doping

5.3.1. N-metal doping

Recently, many researches about metal and N comodified TiO, indicate that metal assist N
doping into the lattice TiO, and enhanced the shift of absorption edge to the visible light range,
such as La, Ti, Zn, W, Cu, Fe, Ni, V, Cr, Ce, and Mn. Usually, N doping can form new states
lying just above the VB, whereas the metal ion incorporated into the lattice TiO, or dispersed



Influences of Doping on Photocatalytic Properties of TiO, Photocatalyst
http://dx.doi.org/10.5772/63234

on the surface of TiO, can enhance the separation rate of photogenerated charges. Under visible
lightirradiation, the electron can be excited from the N impurity level to the metal ion impurity
level or from the N impurity level to the CB or from the VB to the metal ion impurity level.
This strategy has been extensively adopted to design visible-active photocatalysts with high
efficiency.

Sun et al. [292] and Yu et al. [293] investigated the interaction between substitutional N and
implanted La at the (101) and {001} facets of TiO, using first-principles DFT calculations and
analyzed the origin of enhanced visible light photocatalytic activity of (N, La) codoped TiO,.
They found that substitutional probability of N atom obviously decreased due to La implan-
tation. However, oxygen vacancies were greatly enhanced because of the synergistic effects of
La doping and N doping. For the substitutional La/N codoped surface, the charge compensa-
tion between the substitutional La and substitutional N led to the formation of two isolated
occupied N(s)-O m* impurity levels in the gap, forming the acceptor-donor-acceptor compen-
sation pair and providing a reasonable mechanism for the enhanced visible light photocatalytic
activity of (N, La) codoped TiO, anatase.

Li et al. developed a facile solvothermal strategy to simultaneously realize N doping and
Ti* self-doping in TiO, crystals [294]. N doping and concomitant Ti** incorporation accounted
for the reduction of the bandgap and realized photocatalytic activity in the visible light region.
In other words, the introduced Ti* ions could form a new sublevel state below the CB and thus
generate more electrons and holes, which combined with the midgap state induced by N
doping, synergistically reduced the bandgap to a lower level and finally improved the
response to visible light. Consequently, (N, Ti) codoped hierarchical anatase TiO, catalysts
manifested an excellent photocatalytic activity, deriving from its superior light harvesting
ability, narrowing bandgap from the codoping strategy, enhancing adsorption capacity, and
accelerating carrier transport rate.

A new type of (N, Zn) codoped TiO, photocatalyst was prepared by Wang et al. via a simple
sol-gel technique, which exhibited a higher photocatalytic activity than pure TiO,, N-doped
TiO,, and Sn-doped TiO, under both visible and UV light irradiation [295]. This implied that
(N, Zn) codoping was a more efficient way to improve the photocatalytic activity than doping
with just one type of ion. Hu et al. further confirmed the above results through nitridation and
hydrogenation of a zinc titanium precursor [296].

(N, W) codoping is also an efficient way to improve the recombination of photogenerated
carriers [297, 298]. Lai and Wu prepared (N, W) codoped TiO, nanobelt through a facile and
low-temperature route followed by a subsequent calcination [297]. The achieved nanobelt film
possessed a reduced bandgap of approximately 2.3 eV at approximately 2.6 at.% W and 3.1 at.
% N. Moreover, the single N-doped, W-doped, and (N, W) codoped TiO, induced photode-
gradations of 88%, 73%, and 95% rhodamine B molecules, respectively. The higher activity of
the (N, W) codoped TiO, further supported the positively synergetic effects arising from the
codoping.

Recently, some researchers develop anovel (N, Cu) codoped TiO, photocatalysts and also find
that the photocatalytic effect was good. For example, Wang et al. found that 7.7% of methyl
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blue were adsorbed on the surface of (N, Cu) codoped TiO, nanosheet when the adsorption
reached equilibrium in the dark, whereas 5.9% of methyl blue were adsorbed on the control
sample [299]. The relatively low adsorption of methyl blue might be attributed to the low
surface area of the N-doped TiO, nanosheet, and the slightly enhanced adsorption for (N, Cu)
codoped TiO, nanosheet might be attributed to its modified surface by the Cu doping.

Zhang et al. prepared TiO, nanotubes codoped with Fe and N using a one-step hydrothermal
method [300]. Compared to the commercial TiO, powders and pure TiO, nanotubes, (N, Fe)
codoped TiO, nanotubes exhibited a stronger visible light absorption capability and an
enhanced photocatalytic activity under visible light irradiation. The increase in photocatalytic
activity could be ascribed to the narrowing of the bandgap and the promoted separation of the
photogenerated electrons and holes. Fe** ions were thought to occupy the active sites on the
surface of (N, Fe) codoped TiO, as recombination centers for the electrons and holes.

Other N and metal codoping also includes (N, Ni) codoping [301], (N, Bi) codoping [302], (N,
V) codoping [303], and (N, Mo) codoping [304]. Liu et al. reported the facile synthesis of
reduced (N, Ni) codoped TiO, nanotubes and their photocatalytic activity application [301].
The narrowed bandgap of TiO, due to the doping of N and Ni elements could enhance the
light absorption effectively. The electrochemical characterization revealed that photo-induced
carriers were more efficient charge separation and transportation in reduced (N, Ni) codoped
TiO, nanotubes photoanodes.

5.3.2. S-metal codoping

Recently, S-metal codoping has also been widely researched, such as (S, Fe) codoping [305],
(S, Mo) codoping [306], and (S, Cu) codoping [307]. He et al. found that S and Fe could be easily
implanted into the lattice of TiO, via a precipitation method [305]. Compared to undoped
TiO,, (S, Fe) codoped TiO, showed a higher photocatalytic activity under both UV and visible
light irradiation, and the optimal methyl blue degradation level was 96.92%.

Zhang also developed for the first time a one-step hydrothermal process to synthesize (S, Mo)
codoped TiO, mesoporous nanospheres [306]. The photodegradation ability towards rhoda-
mine B was 3.8 times higher than that of the only S-doped samples.

5.3.3. Other nonmetal-metal doping

(F, Ca) codoped TiO, also caused several beneficial effects, including the enhancement of
surface acidity, creation of oxygen vacancies, and increase of active sites as well as an impurity
energy state (2.0 eV) below the CB of TiO,, which could shorten the excitation path of electrons
and reduce the apparent bandgap [308]. The smaller crystal size caused by doping with Ca
could exhibit more powerful redox ability and the efficient separation of photogenerated
electron-hole pairs. This implied that (F, Ca) codoping might be a kind of efficient way to
improve the photocatalytic activity of TiO,.

(B,Co) codoped TiO, was also investigated by Jaiswal et al. via DFT calculations [309]. They
found that B occupied the interstitial site at low concentration (1 at.%), whereas it occupied
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substitutional O position as the concentration increased (2 and 3 at.%). Both these B-doped
TiO, showed improved photocatalytic activity due to the formation of shallow energy level,
whereas higher visible light absorption was achieved owing to the presence of two deep energy
levels in the bandgap according to DFT calculations.

Recently, a series of tridoped has also been developed [310, 311]. For example, Li et al. prepared
(Cu, Ce, B) tridoped TiO, nanotubes via a hydrothermal method assisted by cetyl trimethyl
ammonium bromide [310]. They found that Cu, Ce, and B could be intercalated into the
interlayer spacing of the nanotubes besides the substitution for the Ti* or O,. The synergetic
effect of narrowing the bandgap of (Cu, Ce, B) tridoping exhibited the highest photocatalytic
activity, which greatly inhibited the recombination of electrons and holes and enhanced the
concentration of photogenerated carriers.
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Abstract

The use of metal-oxide-semiconductor nanostructures as photocatalytic materials has
been an area of intense research over the last decade, and in this field, titanium dioxide
(TiO,) receives much attention. TiO, is an attractive material since it is stable, insolu-
ble, non-toxic, resistant to corrosion and relatively inexpensive. In this chapter, we will
demonstrate the influence of different solvents on the synthesis of TiO, nanostruc-
tures considering a solvothermal method assisted by microwave radiation and their
photocatalytic behaviour. The TiO, nanostructured arrays were synthesized on seeded
polyethylene naphthalate (PEN) substrates with different solvents: water, 2 — propa-
nol, ethanol and methanol. TiO, thin films deposited by spin-coating were used as seed
layer for the nanostructures growth. Structural characterization of the microwave
synthesized materials has been carried out by scanning electron microscopy (SEM) and
X-Ray diffraction (XRD). The optical properties have also been investigated. The TiO,
nanostructures arrays were tested as photocatalytic agents in the degradation of
pollutant dyes like methylene blue (MB) in the presence of UV radiation. Expressive
differences between the different solvents were detected, in which methanol demon-
strated higher MB degradation for the conditions tested.

Keywords: titanium dioxide, nanostructures, microwave radiation, solvents, photoca-
talysis

1. Introduction

Titanium dioxide (TiO,) is a n-type semiconductor material that has attracted considerable
attention in several applications, such as sensor devices [1], dye-solar cells [2], photocatalysis

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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[3], among others. Lately, the growing interest in this material is mainly associated to its long-
term photostability, non-toxicity, low costavailability [4] and forbeing asemiconductormaterial,
with a band gap of approximately 3 eV. Moreover, this material is sensitive to UV radiation,
withnotable transmittance in the visible region (superior to80%), high refractiveindex (between
2.5 and 2.7) and chemical stability [5].

1.1. TiO, as a photocatalyst material

Titanium dioxide is non-toxic, chemically stable, earth-abundant and inexpensive, being
considered attractive as a photocatalytic material [6]. TiO, photocatalytic activity is directly
related to size, specific surface area, impurities on crystalline phase, and the exposed surface
facets [7], thus several TiO, nano/micro structures were reported in order to improve its final
performance [7].

One-dimensional nanostructures, such as nanowires and nanorods, offer a higher surface to
volume ratio, when compared to other type of morphologies, which turn them interesting to
photocatalytic application. Nevertheless, when these nanostructures are used in the powder
form, the separation of the catalyst from solution becomes a problem, which makes the use of
films highly appealing. Moreover, when included the option of using flexible substrates, such
as polyethylene naphthalate (PEN) on these nanostructured films, opens to a broad range of
possibilities and low cost strategies.
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Figure 1. Crystallographic structures of different TiO, crystals: anatase, rutile and brookite.
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TiO, used as a photocatalytic material for decomposition of organic pollutants and its photo-
catalytic activity has been reported in several different studies [3, 8, 9]. Rutile and anatase
structures are the most important phases for TiO,. TiO, can exist in amorphous form or in three
crystalline phases: rutile (a tetragonal structure, P4,,,.....), anatase (also a tetragonal structure,
14,,,4) and brookite (an orthorhombic structure, Pbca), at ambient temperature [10], as shown
on Figure 1. Among these three different phases, rutile is the one with the most stable phase.
The optical band gap of titanium dioxide is slightly above 3 eV (rutile: 3.0 eV, anatase: 3.4 eV
and brookite: 3.3 eV) [10].

TiO, in the form of anatase is the most used as a photocatalyst under UV radiation [11]. Rutile
has a smaller electron effective mass, higher density and higher refractive index [5]. Anatase
contains more defects in the lattice, producing more oxygen vacancies and capturing the
electrons [12]. Moreover, the later possesses a shallow donor level, high electron mobility and
trap controlled electronic conduction [13]. Considering such properties, the anatase form is
preferred to be used in most optoelectronic and photocatalyst applications. Anatase and rutile
are generally regarded to be used in photocatalytic applications, while brookite is not.

An n-type semiconductor has a filled valence band (VB) and an empty conduction band (CB).
The absorption of a photon (with an energy at least equal to the bandgap) by TiO, nanoparticles
will result in the promotion of an electron, e, from the valence band to the conduction band,
leaving behind a “hole”, h*, (an electron vacancy) in the VB [14]. For anatase and rutile, as
mentioned above, the bandgaps values are 3.2 and 3.0 eV (corresponding to wavelengths of
385 and 410 nm), respectively. Ultraviolet light is necessary for the material photoexcitation.
The electron-hole pairs can recombine or participate in chemical reactions with the surface
adsorbed species.

o,
electron e

e ¢  active oxygen species
A 8 \wc’z

T‘[D,: 3-3.2eV Dye degradation
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VB, i
BBBOPHED 2t
hole h* active oxygen species

H.0

Figure 2. Schematic of the titanium dioxide band levels in the presence of UV radiation.
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The electron-hole, h', in the valence band provides a site where the adsorbed hydroxyl ions
(OH) and disassociated water (H,O) can lose an electron forming a hydroxyl radical (OH-).
Hydroxyl radicals are electrically neutral but highly reactive. The CB electrons (e’) can react
with molecular oxygen (O,) and form the superoxide radical-anion, O,, which will also be
involved in reaction of dye degradation [15]. In addition, the hole h* and the electron e can
react directly with adsorbed pollutants (see Figure 2).The excitation of valence band electrons
to the conduction band allowing for the formation of hydroxyl radicals is what makes TiO, a
catalyst.

The catalysts materials at the nanoscale have the advantage of presenting large surface area
and, therefore, larger number of active sites per volume to promote the photocatalytic reaction.
Smaller particle sizes imply shorter distances for photogenerated charge carriers to migrate
before reaching surface reaction sites [16].

As photocatalytic redox reactions take place on the crystal surface, the surface reactivity of
TiO, strongly influences the material photocatalytic activity [17]. The effect of particle shape
on the photochemistry also plays an important role. It has been demonstrated that some crystal
orientation are much more reactive than others, so the overall reactivity could be related to the
particle shape [16].

The TiO, nanocrystal growth is based on the minimization of surface energy, which will lead
to the disappearance of the most reactive facets [18]. In general surfaces with higher surface
energy disappear rapidly during the crystal growth process in order to minimize the total
surface energy.

The equilibrium shape of anatase crystal consists of a truncated tetragonal bipyramidal
structure constructed by eight {101} facets and two top squared {001} facets [19] (see Figure 1).
For rutile, the equilibrium shape consists of a tetragonal prism bounced by a {110} facet and
terminated by two tetragonal pyramids bounded by {011} facets [20]. In the case of brookite,
the equilibrium crystal possesses seven different facets [20]. The equilibrium shape of the latter
materials will vary according to the growth conditions employed and the different facets will
present different properties.

The photocatalytic oxidation and reduction sites of rutile were reported as being present on
the {011} and {110} facets, respectively. In the case of anatase, it was mainly present in {001}
and {011} facets, respectively [20, 21] (see Figure 3). Brookite has not attracted much attention
for photocatalytic applications due to its lack of photocatalytic activity. In contrast to this latter,
anatase has the {101} surface facet, for which only 50% of the Ti atoms are five-coordinated
(Tis.), both the {001} and {100} surfaces facets consist of 100% Tis. atoms [17]. These atoms act
as active sites in the photocatalytic experiments, so by this reason, the facets {001} and {100}
should be more active than {101} facets.

The origin of the higher reactivity of these facets can be associated to the increased density of
undercoordinated Ti atoms at the surface and to the surface atom arrangement [22].



Photocatalytic Activity of TiO, Nanostructured Arrays Prepared by Microwave-Assisted Solvothermal Method 85
http://dx.doi.org/10.5772/63237

@ electron haole

Figure 3. Schematic images of spatial separation of redox sites on titanium dioxide structures with a specific exposed
crystal facets: (a) larger surface area of oxidation sites (holes) and small surface area of reduction sites (electrons), and
(b) smaller surface area of oxidation sites and larger surface area of reduction sites.

1.2. Solvothermal method assisted by microwave radiation

The structural, optical and electrical properties of titanium dioxide nanostructures strongly
depend on the growth method. Several chemical, electrochemical and physical techniques
have been employed to grow different TiO, nanostructures [3, 23-26] with different properties,
like thermal evaporation [27], potentiostatic anodization [28], electrospinning [29], precipita-
tion [30], solvothermal and hydrothermal synthesis, whether by conventional heating [31] or
microwave radiation [3]. The use of this latter synthesis technique has been growing lately for
different types of nanostructured semiconductors [3, 32-36].

The greatest advantage of using microwave radiation synthesis is related to the opportunity
to complete reactions in a short period of time, when compared with conventional heating.
Microwave radiation transfers the energy directly to the reactive species of the solutions
favoring some transformations that are unobtainable with conventional heating [37]. By
coupling directly with the molecules dipoles, the microwaves promote a rapid increase of
temperature, originating a localized superheating of the molecules, which thus influences the
solution [37].

So, the heating with microwave process occurs by two distinct mechanisms: through dipole
rotation and/or ionic conduction, by the reversals of dipoles and displacement of charged ions
present in the solution (solute and solvent) [38].

The heating caused by dipole rotation movement is due to an energy transfer between
molecules when their dipoles try to align with the electric field changing of the electromagnetic
radiation (see Figure 4). The coupling efficiency of dipoles with the electric field is related with
the solution molecules polarity [37].
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The heating due to ionic conduction movement results from the free ions or ionic species
movement present in the solution. The friction between this species results in the increase of
solution temperature [37].

So, microwave heating is mainly characterized by energy transfer between molecules, while
conventional heating is characterized by energy transfer through convection, thermal con-
duction or radiation between the vessels external materials to the solution. Microwave
radiation will interact with the solution molecules, converting the electromagnetic energy into
thermal energy [40].

Dipole in solution without applied Dipole in solution with applied
electromagnetic field electromagnetic field
@ {b) ~
e G \ :
- g
©) Electric lield
Magnetic field

Figure 4. (a) Dipoles in the solution with no applied field; (b) dipoles alignment with the applied field; (c) Schematic
representation of an applied electromagnetic field.

By this reason, it can be concluded that the use of different solvents will be relevant in organic
synthesis. The polarity of a solvent is one of the most important parameters to be considered
in microwave synthesis. The ability of a molecule to couple with microwave energy increases
with the increase of solution polarity and thus the heating is more efficient.

The interaction between a polar molecule and microwave radiation can be estimated by the
Loss Tangent (tan 9, see Equation 1), that determines the ability that a solvent possesses in
absorbing microwave radiation and convert the electric energy into heat. This parameter give
us the efficiency of microwave heating of a certain solvent [39, 41]:

"
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where ¢” is the loss factor that determines the efficiency of converting absorbed microwave
energy into heat; ¢’ is the dielectric constant that measure the ability of a molecule to store
electrical potential energy with an applied electric field.

Thus, the higher the Loss Tangent (tan ) is, the better will be the solvent in absorbing the
microwave radiation and converting it into heat [37, 39].

Table 1 shows the loss tangents, dielectric constant, boiling point and viscosity of different
types of solvents, including water, ethanol, 2 - propanol and methanol [37, 42, 43].

The solvents with higher values of dielectric loss are considered higher absorbers, which leads
to the fast heating of the solution with the presence of microwave radiation. The solvents that
are considered medium absorbers, also heat the solution efficiently but require more time to
reach the synthesis temperature. The low absorbers solvents can heat to temperatures high
above the solution boiling point, but longer times or higher microwave power is necessary.

Solvent Tan 6 Dielectric Constant  Boiling point (°C)  Viscosity (cP) at 25 °C
High Ethylene glycol ~ 1.17 380 197.3 35.7
(tan 6>0.5) Ethanol 094 246 78.4 0.983
2 - propanol 0.80 20.2 82.6 2.040
Methanol 0.66 33.0 64.7 0.507
1 - butanol 057 17.8 117.6 2.573
Medium 2 - butanol 0.45 158 98.0 3.100
(0.1<tan5<05)  pichlorobenzene 028 9.9 180.5 1320
Acetic acid 017 6.1 118.0 1.060
Dichloroethane 013 10.7 84.0 0.780
Water 0.12 80.0 100.0 0.890
Low Chloroform 0.091 4.8 61.2 0.510
(tan 5<0.1) Ethyl Acetate 0.059 6.0 77.0 0.420
Acetone 0.054 21.0 56.0 0.300
Toluene 0.040 24 111.0 0.560
2 - ethoxyethanol ~ 0.039 3.3 135.0 2.100

Table 1. Loss tangents, dielectric constant, boiling point and viscosity of solvents.

The viscosity of a solvent is also an important factor, as it will affect its ability to absorb
microwave energy since it will affect the molecular rotation. In a high viscous medium,
molecular mobility is reduced, thus making it difficult for the molecules to align with the
electromagnetic radiation. By this reason, the heat produced by dipole rotation decreases [38].

As mentioned above, the use of different solvents could strongly affect the crystalline phase
and microstructure of TiO, structures and its facets, due to the different boiling points, chain
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lengths and structure, possible complexes and polarity of the solvents used [44—47]. For this
case, the selection of the solvent should consider the high extracting power and strong
interaction with electromagnetic field. Polar molecules and ionic solutions strongly absorb
microwave energy due to the permanent dipole moment. Non-polar solvents will not heat up.

2. Methods used

2.1. Seed layer and synthesis of TiO, nanostructured arrays

The TiO, thin film to serve as a seed was deposited on a flexible PEN (Polyethylene naphtha-
late) substrate using the spin-coating method. A coating solution have been prepared from
titanium isopropoxide (TifOCH(CH,),];; 97%, CAS: 546-68-9), ethanolamine, MEA (C,H,NO;
99%, CAS: 141-43-5) and 2-methoxyethanol (C;HO,, 99.8%, CAS: 109-86-4), all from Sigma-
Aldrich, that were used without further purification. In a typical experiment, the spin-coating
solution was prepared by dissolving the Ti{fOCH(CH,),], in 2-methoxyethanol and adding the
ethanolamine. The concentration of the solution was chosen to be 0.35 M, in a proportion of
1:1 of titanium isopropoxide and ethanolamine. The resulting solution was then stirred for 2
hours at 60°C. The mixed solution was filtered to yield a clear and homogeneous solution and
then used for preparing films by spin-coating method. Before deposition, the substrates (with
20 x 20 mm side) were successively cleaned with ethanol, and deionized water in an ultrasonic
bath. The prepared solution was then spin coated on the substrate at 3000 rpm for 35 seconds
at room temperature. After deposition, the films were dried at 180°C for 10 minutes in a hot
plate in order to remove the solvent. After repeating the coating — drying cycles 4 times, the
substrates were annealed for 1 hour at a temperature of 180°C.

After uniformly coating the PEN substrates with TiO, thin films, TiO, nanostructured arrays
were synthesized by solvothermal method assisted by microwave radiation. The solution has
been prepared from titanium isopropoxide (Ti[OCH(CHa;),],; 97%, CAS: 546-68-9), hydro-
chloric acid (HCl; 37% CAS: 7647-01-0) and as solvent it was used double distilled water,
isopropyl alcohol (or 2 — propanol, (CH;),CHOH, 99.5%, CAS: 67-63-0), ethanol (CH,CH,OH,
99.5%, CAS: 64-17-5) and methanol (CH,0OH, 99.8%, CAS: 67-56-1). In a typical reaction, 15 ml
of HCl was added to 45 ml of each solvent. To each of these mixtures were added 2 ml of
titanium isopropoxide. The solutions were stirred for 10 minutes.

The synthesis of TiO, nanostructures were performed by solvothermal method assisted by
microwave radiation using a CEM Focused Microwave Synthesis System Discover SP. The
TiO, seeded PEN substrates (20 x 20 mm) were placed at an angle against the vessel, with the
seed layer facing down (see Figure 5) and filled with 20 ml of the prepared solution [3]. Time,
power and maximum pressure (limited pressure) have been set at 120 min, 100 W and 250 Psi,
respectively. The vessels were kept sealed by the constraining surrounding pressure. The
temperature was kept at 110°C due to the use of flexible substrates.
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Figure 5. Scheme of the TiO, seed layer production using the spin-coating method, followed by TiO, nanostructured
synthesis by solvothermal method assisted by microwave radiation.

2.2. Characterization techniques

The surface morphology and cross-section observations of TiO, nanocrystals has been
characterized by scanning electron microscopy (SEM) with a Carl Zeiss AURIGA equipment
coupled with an X-ray Energy Dispersive Spectrometer (EDS). X-ray diffraction measurements
were carried out using a PANalytical’s X'Pert PRO MRD, with a monochromatic CuKa
radiation source (wavelength 1.540598 A) and from 30° to 75° (26), in a parallel beam config-
uration for grazing-incident experiments. The grazing XRD data were recorded with the
detector rotated to a 0D configuration and at grazing-incident angles of 0.75, 1.0 and 1.25° with
a step size of 0.1°. For comparison, rutile, anatase, brookite power diffractograms have been
simulated with PowderCell [48] using crystallographic data from [49].

Optical transmittance and band gap measurements of the TiO, nanorods films were performed
at room temperature (RT) using a Perkin Elmer lambda 950 UV/VIS/NIR spectrophotometer.
The transmittance spectra were recorded between 250 to 850 nm.

2.3. Characterization of TiO, nanostructured arrays as photocatalytic agent

TiO, nanostructures arrays have been used in photocatalytic degradation of organic pollutants
due to their non-toxic and higher photocatalytic efficiency with good sensing behaviour. The
ultra violet (UV) photocatalytic activities of TiO, nanostructures were evaluated at RT from
the degradation of methylene blue, MB, (C,;H;,CIN;S 3H,0, CAS: 61-73-4) from Scharlau. The
experiments were carried out following the International standard ISO 10678. The MB
concentration used was 4 mg/l, in which a PEN substrate with the TiO, nanostructured array
produced with each solvent was immersed in 50 ml of this solution for each experiment. Prior
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to UV exposure, the sample was placed in the dark for 30 min to establish absorption-
desorption equilibrium.

For UV exposure, a deuterium lamp model L11798 was used, from Hamamatsu, with an
emission wavelength of 160 nm. In each measurement, 4 ml of MB solution were collected
regular intervals (from 15 min up to a total time of 120 min). At each time, it was tested by a
UV-Vis spectrophotometry, using the same Perkin Elmer lambda 950 UV/VIS/NIR spectro-
photometer. The absorbance (A) was obtained between 250 to 800 nm.

3. Results and discussion

Figure 6 shows a real image of the materials produced after microwave radiation. As it can be
seen, the substrates are fully covered demonstrating that the seed layer is efficient for the
TiO, nanostructured arrays growth (the edges are seed/arrays free, due to the use of kapton
tape for support). Moreover, this also demonstrates that microwave synthesis using flexible
substrates is a valid option for low cost applications. Regarding the solvents tested, several
solvents were used; however only the ones presented on this study resulted in a homogeneous
growth of TiO, nanostructures covering completely the PEN substrate.

Flexible substrate

L, =

hULDADE DE

‘ENCIAS E TECNOLOGIA
'ERSIDADE MOVA DE LISBOA,

Figure 6. Photograph of TiO, nanostructured arrays on PEN substrates. All solvents produced similar samples, such as
the one presented in this image.

3.1. Behaviour of solvents under microwave radiation

To infer the solvent behaviour under microwave radiation, the temperature and pressure
profile of each solvent during TiO, synthesis was recorded and is presented on Figure 7
Pressure and temperature are two important parameters that will influence the nanoparticle
morphology [50]. So, in a typical microwave assisted synthesis, in which the temperature is
controlled, the path will involve ramping up to the desired temperature and holding the
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desired temperature for a specific period of time, while the power fluctuates in order to
maintain the parameters of the reaction (temperature and pressure). Once the holding time is
complete, the reaction is quenched by a stream of nitrogen in order to cold down the vessel
and the solution.
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Figure 7. Profile of (a) temperature and (b) pressure obtained during TiO, nanostructured synthesis with different sol-
vents, water, ethanol, 2 — propanol and methanol, when subject to microwave radiation of 100 W for 120 minutes and a
pressure limit of 250 Psi.

As expected and in accordance to the values presented in Table 1 (Tan ), in the case of water
(a medium absorber), it took a longer period of time to reach the synthesis temperature when
compared to the other solvents (all considered higher absorbers), see Figure 7.a).

The other parameter that is imperative to control in microwave assisted synthesis is the
pressure inside the vessel. A pressurized environment can bring some advantages. As the
temperature of a solvent increase above its boiling point, more pressure builds inside the
reaction vessel [37]. From Figure 7, it is possible to observe that methanol (the solvent with a
lower boiling point) originated a higher pressure value inside the reaction vessel.

3.2. SEM analysis

It is well known that for preparing uniform nanoparticles, it is necessary to induce a single
nucleation event and thus preventing additional nucleation during the subsequent growth
process [51]. Nevertheless, the presence of inorganic and organic anionic species in the starting
solution will affect parameters such as nucleation, crystal growth and morphology of nano-
particles [52]. Moreover, synthesis employing different solvents, such as the ones used in this
work, is highly expected to affect the crystalline phase, microstructure and optoelectronic
properties of the produced nanoparticles, mainly due to the difference in the boiling point,
chain lengths and structure, coordination numbers and polarity [5].

As it has been shown previously, the heating and pressure inside the reaction vessels will
greatly depend on the solvents and precursors used. By this reason, it is clear that the tem-
perature of reaction and the heating method will strongly influence the nucleation and crystal
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growth, which will produce effect on size, shape, morphology and crystal structure (crystal
facets) of the final synthesized nanoparticle.

Figure 8 shows the morphology of TiO, nanostructures formed with the different solvents
under 100 W for 120 minutes with limited temperature and pressure of 110°C and 250 Psi,
respectively. The microwave synthesis with water as solvent resulted in agglomerates with
higher packing density of TiO, nanorods, forming compact structures (see Figure 8.a) and
displaying average width of ~20 nm and length ranging from 1 to 1.5 um. These results are in
agreement to [3], where thin and long nanorods were observed using the same proportion of
water/acid. Ethanol, on the other hand, resulted in TiO, nanorods with approximately 20 nm
in width, however smaller in length (see Figure 8.b). The length varied from 800 to 1000 nm.
When using 2 — propanol, the array structures varied and turned to be a mixture of nanorods
and nanoparticles without a defined shape. These mixed nanostructures appeared as agglom-
erates of flower-like TiO, nanostructures (see Figure 8.c). The agglomerate sizes varied from
800 to 1100 nm. Methanol resulted in TiO, nanowires (~20 nm in width) grouped in agglom-
erates (see Figure 8.d). The compact structure observed with water was not observed, where
the nanorods appeared to be well separated. Two sources of structures could be detected on
the cross-section image, forming a dense layer of TiO, nanorods at the bottom with nanorod
agglomerates on top. The total length of these structures together varied from 800 to 1000 nm.
From the cross-section images, it could be identified that the arrays were grown with similar
thickness, despite the disparities on the structures observed.

In solvothermal synthesis reactions, the temperature has been reported as one of the most
important parameters to control the morphology of nanoparticles [52, 53]. In this present study,
the synthesis temperature was limited to 110°C, due to the use of a low temperature polymeric
substrate, so it will be the pressure inside the vessel that is going to play an important role in
the TiO, nanostructure synthesis.

The use of water, with a higher boiling point but lower tan 6, and thus with a small microwave
coupling efficiency [37], induces a lower heating rate and lower pressure inside the reaction
vessel. The produced nanorods are longer in length (slower reaction rate induces large particle
size). On the other hand, the nanorods produced with ethanol are smaller in length, and this
can be associated to the fact that ethanol displays a higher value of tan 6, and a lower boiling
point (when compared with water) and in consequence with higher microwave coupling
efficiency and thus higher heating rate resulting in slightly higher pressure inside the vessel
(faster reaction rate induces smaller particle size) [54].

In the case of 2 — propanol, as this solvent presents a medium value of tan 6 (see Table 1) it is
one of the most efficient in terms of coupling with microwave radiation. In this case, it is
expected to be promoted a rapid growth of TiO, nanostructures. On the other hand, this is the
solvent that presents higher value of viscosity which will reduce the dipole movement on the
solution. The diffusion of ions in the solvent decrease with increasing viscosity [55].These
characteristics are expected to be responsible for the undefined structures observed for this
solvent.
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Due to the very low boiling point of methanol, the pressure inside the reaction vessel increases
rapidly, reaching the imposed limit. The synthesis of TiO, nanoparticles in such high pressure
condition induces the growth of very thin TiO, nanowires, as reported by Wen et al., [56] that
states the formation of ultra-long nanowires which may arise from the slow nucleation rate
and very fast growth rate.

Figure 8. SEM images of TiO, nanostructures synthesized by solvothermal method, assisted by microwave radiation,
using a microwave power of 100 W for 120 minutes and a temperature of 100°C for the solvents tested: (a) water, (b)
ethanol, (c) 2 — propanol and (d) methanol. The insets show the cross-section of the produced TiO, nanostructures.

3.3. XRD analysis

Due to the intense XRD peak of PEN substrate at 20 = 26°, GIXRD experiments were carried
out for the TiO, nanostructures obtained with all the solvents tested. The results are presented
on Figure 9, where it is possible to observe the experimental diffractograms for the different
materials, together with the simulated diffractograms for anatase, rutile and brookite.

For all the materials synthesized, the XRD peaks could be assigned to either rutile or anatase.
The nanorod arrays produced with water presented a predominant rutile phase, and the
presence of anatase is not clear. This result is expected as the proportion of water/acid used
during synthesis under microwave radiation has been reported to form essentially rutile [3].
For the materials synthesized with ethanol, as for the water arrays, just the rutile phase could
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be assigned. The 2 — propanol solvent, on the other hand, can be expected to contain minor
amounts of anatase, together with rutile. Methanol, just like the 2 — propanol arrays, is expected
to have mainly the anatase phase and rutile. The appearance of the peak of PEN at ~48° is
expected to be related to the thinner array thickness of the materials. Water formed thicker

arrays, and the PEN peak is not evident.
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Figure 9. Grazing incident XRD diffractograms of TiO, nanostructured arrays produced with different solvents: water,
ethanol, 2 - propanol and methanol. The grazing incident angles tested were 0.75, 1.0 and 1.25 °. The simulated rutile,
anatase and brookite diffractograms are presented for comparison.
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The coordination number of different types of alcohol can affect the final non-covalent bonding
between molecules (oligomers) and the final structure of building blocks of a material. So, by
using different types of solvents, it is possible to obtain a fivefold coordinated titanium and
twofold coordinated oxygen in (1 0 1) plane of anatase phase of TiO, nanostructures instead
of a fivefold coordinated titanium and two and threefold coordinated oxygen in (1 0 0) plane
of rutile phase [5].

Asreported by Yoon et al., [57], the TiO, crystal structure of the as-synthesized nanostructures,
may change from anatase to rutile or brookite, with the number of carbon atoms to the solvent
used for synthesis. The reaction between the precursor and the alcohol solvents become less
vigorous with the increase in the number of carbon atoms.

3.4. Optical characterization

The bandgap of the TiO, nanostructured arrays were estimated from transmittance data
through Tauc plots. Transmittance studies were carried out for the TiO, nanostructures
produced with the different solvents tested. The optical bandgap (E,) on the semiconductor is
related to the optical transmittance coefficient (a) and the incident photon energy [58]. The
relation can be given as:

a(hv)=A(hv - E,)"

where « is the linear absorption coefficient of the material, hv is the photon energy impinging
on the material, A is a proportionality constant of the matrix density states and n is a constant
exponent, that for the case of TiO, (a direct band gap semiconductor), presents the value, n =
.

The following relation is obtained:
[a(W)] = A(hv - E,)

The bandgap can be estimated by plotting [a(hv)]* against hv, and extracting the intersection
of the extrapolation of the linear portion with zero in the photon energy axis, when no bandtails
are considered [58]. The results are shown on Figure 10. Similar values were obtained for
synthesis with water, ethanol and 2 — propanol, with a bandgap value of 3.2 eV. For methanol
it was observed at a slight lower bandgap value of 3.16 eV. As most of the materials presented
the rutile phase, and as the bandgap of a TiO, nanostructure is strongly dependent on the grain
size and crystallographic phase, the presence of anatase (with a higher bandgap value) on
TiO, nanostructured arrays could have influenced the bandgap values. Nevertheless, these
values are within the values range reported in the literature for different crystallographic
structures of TiO,.
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Figure 10. [a(hv)]* variation versus photon energy hv. The inset shows the optical transmittance of TiO, nanostruc-
tured arrays on PEN substrate.

3.5. TiO, nanostructures arrays photocatalytic activity

Although it has been reported by several authors that the photocatalytic efficiency of anatase
is higher than rutile or brookite, it has been recognized in the last few years that the simulta-
neous presence of all or some polymorphic phases may also be beneficial in photocatalytic
applications [59].

The photocatalytic activity of TiO, nanostructures is related to the surface-phase structure and
depends on different properties such as bandgap, crystallite size, specific surface are and active
facets [60]. The TiO, active facets are {001} for anatase [22], {110} > {001} > {100} for rutile [11]
and {210} for brookite [9].

The photocatalytic behaviour of different TiO, nanostructures arrays produced with the
different solvents was evaluated by observing their efficiency on degrading the MB under UV
radiation. Figure 11 shows the photocatalytic results for the MB degradation with different
TiO, nanostructures produced with each solvent tested. It is possible to observe that a gradual
MB degradation occur under UV radiation, for all TiO, nanostructures produced, reaching
values of 77% for water, 84% for ethanol, 79% for 2-propanol and 90% for methanol, after 120
min of exposure.

The higher MB degradation obtained for samples produced with methanol can be attributed
to different factors, such as having a higher specific surface area (thin nanorods, relatively
separated, when compared to the other morphologies) or by containing a greater amount of
anatase as TiO, crystallographic phases, being directly related to the different exposed facets

13].
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Figure 11. Normalized absorbance spectra of MB degradation under UV radiation as a function of exposure time in the
presence of each TiO, nanostructured arrays synthesized with (a) water, (b) ethanol, (c) 2 - propanol and (d) methanol
at room temperature and under an UV radiation of 160 nm, for 120 minutes.
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Figure 12. (a) MB concentration versus exposure time for the different photocatalysts produced with each solvent test-
ed; (b) MB degradation ratio (C/Cy) vs. UV exposure time for the TiO, synthesized with methanol, after several UV
exposure experiments. On the inset is possible to observe the colour difference in MB before and after the degradation
experiment.

Figure 12.a presents the degradation ratio (C/C,) as a function of UV exposure time, where C
is the absorbance of the MB solution at each exposure time and C; is the absorbance of the
initial solution [61]. By analyzing the obtained results, the methanol presents an initial higher
efficiency on MB degradation; nevertheless for all the arrays produced, the MB degradation
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appears to be continuous over time, with methanol always showing higher degradation for all
UV exposure times. The efficiency of the TiO, nanostructured arrays synthesized with
methanol under microwave radiation was confirmed and is presented in Figure 12.b. It is clear
that the material presents remarkable stability and reusability after several UV exposures.

4. Conclusion

On the present chapter, we have shown the influence of using different solvents on the
synthesis of TiO, nanostructured arrays under microwave radiation. The solvents played a
crucial role on the final TiO, structure, which influenced directly their photocatalytic behav-
iour. Different TiO, nanostructures morphologies were obtained with an evident effect on the
nanostructure sizes. The produced TiO, nanostructures arrays were essentially from rutile
phase; nevertheless in some conditions they presented a mixture of crystallographic phases
(rutile and anatase) which may enhance the photocatalytic activity of the nanostructured
arrays. The optical bandgap of the materials were measured to be 3.16 and 3.2 eV, consistent
with the theoretical values of the TiO, phases.

Regarding the photocatalytic degradation of methylene blue in the presence of TiO, nano-
structured arrays, the ones synthesized with methanol presented a higher photocatalytic
activity (90% over 120 min) probably due to its higher surface area, and taking the advantage
of having higher amounts of the anatase phase. Some experiments were carried out to infer
the stability and reproducibility for MB photodegradation with arrays synthesized with
methanol, which demonstrated enhanced and comparable results after several exposure
experiences.
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Abstract

Water splitting under the influence of solar light on semiconducting electrodes Im-
mersed in aqueous electrolyte is a potentially clean and renewable source for hydrogen
fuel production. Its efficiency depends on relative position of the band gap edges (the
visible light interval between infrared and ultraviolet (UV) ranges of electromagnetic
spectrum correspondstogap widths1.5-2.8eV)accompanied by a properband alignment
relative to both reduction (H*/H,) and oxidation (O,/H,0O) potentials (-4.44 eV and -5.67
eV on energy scale for vacuum, respectively) which must be positioned inside the band
gap.Itswidth for TiO, anatase-structured bulk is experimentally found tobe 3.2eV, which
corresponds to photocatalytic activity under UV light possessing only ~1% efficiency of
sunlight energy conversion. Noticeable growth of this efficiency can be achieved by by
adjusting the band gap edges for titania bulk through nanoscale transformation of its
morphology toanatase-typenanotubes (NTs) (formedby folding of (001) or (101) nanothin
TiO, sheets consisting of 9 or 6 atomiclayers and possessing either (11,0) or (-#,1) chiralities,
respectively) accompanied by partial substitution of pristine atoms by Co, Fer;, Ny and
So single dopants as well as Ny+S, codopants. In the latter case, the band gap can be
reduced downto2.2 eV whiletheefficiency is achieved up to~15%. The energy differences
between the edges of band gap (VB and CB), the highest occupied and lowest unoccu-
piedimpurity levelsinside the band gap (HOIL and LUIL, respectively) induced in doped
NTs, while preserving the proper disposition of these levels relatively to the redox

potentials, so that &yp<époy < €0,/H,0<¢€ <&y <€cp thus reducing the photon

H*/H
energy required for dissociation of H,O molecule. In this chapter, we analyze applicabil-
ity oflarge-scalefirstprinciplecalculationsonthedopedsingle-walltitaniaNTsof different
morphologies with the aim of establishment of their suitability for photocatalytic water

splitting.

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited. [N
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electronic structure, photocatalytic suitability, ab initio hybrid DFT+HF calculations

1. Introduction

Finding alternative energy sources is one of the most urgent research problems since tradi-
tional fuels run out at an extreme rate as their depleting rate surpasses the rate of restora-
tion. Photocatalytic dissociation of H,O molecules under the influence of solar light on a
semiconductor electrode is a very promising process for production of hydrogen fuel, which
is an environmentally friendly energy source. Indeed, the only combustion product of H, is
water, while traditional hydrogen production technologies (e.g., steam reforming) are
accompanied by CO, release and/or other undesirable side products. Another advantage of
hydrogen as energy carrier is its high energy density ~237 kJ/mol [1]. On the other hand, among
different energy sources surrounding people, the Sun is the most abundant — approximately
3.0x10* J of its emitted energy reaches the Earth every year. In turn, the humanity consumes
around 4.0x10% J [2], so advances in technology are required to converse, use and store the
solar energy with high efficiency. Moreover, photocatalysis is often considered as artificial
photosynthesis and as such is an attractive and challenging research topic in the fields of
contemporary chemistry and renewable energetics [3, 4].

In this chapter, we systematize, analyze and verify, systematize and analyze the results
obtained using first principle calculations on the atomic and electronic structure of pristine
and doped by C,, Fep;, Ny and S, substitutes TiO, anatase-structured single-wall nanotubes
(SW NTs). Their chirality vectors are perpendicular to (001) and (101) nanosheets consisting
of 9 or 6 layers, respectively, while chirality indexes have been chosen among (,0) vs. (—n,1)
sets, respectively. Evaluation of photocatalytic suitability of all titania NTs simulated by us
has been performed taking into account their correspondence to band gaps, widths of which
are smaller than photon energies in visible light interval while redox levels H*/H, and O,/H,0O
(-4.44 and -5.67 eV, respectively) are positioned inside these band gaps. This chapter is based
on results of our own studies [5-9] as well as theoretical and experimental data available in
the literature.

2. Literature review

2.1. Fundamentals of water photocatalytic splitting

In the first publication on water photocatalytic splitting, Honda and Fujishima managed to
split water into oxygen and hydrogen using rutile-structured TiO, anode and platinum
cathode [10], both immersed into water electrolyte solution. Since titania bulk samples were
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found to be suited for solar energy conversion, they attracted a great attention in electrochem-
ical technologies. Figure 1 clearly illustrates the mechanism of photocatalytic splitting.

(i} Photon absorption,

(iii) Construction of Photon generation of - and h*
surface reaction sites He with sufficient potentials for
for Hy evelution water splitting

(band engineering)

H:0
(

{ii} Charge separation
and migration to
surface

H0

(iil) Construction of
surface reaction sites

({ii) Suppression of for O3 evolution
recombination

reaction sites

Figure 1. Elemental stages of photocatalytic water splitting [4].

In the first stage, a photon is absorbed by a semiconductor electrode (anode) which leads to
generation of excitons — pairs of excited electrons and electron holes (second stage). Electrons
being excited migrate to a conduction band (CB), and electron holes stay in a valence band
(VB). The third stage includes charge separation and migration to reaction centers on a
catalyst’s or cocatalyst’s surface. Usually cocatalyst is used because in that case photoanode
and cathode, i.e., areas where hydrogen and oxygen are generated, are divided, and the
backward reaction between the gases cannot happen. Another important aspect is that the
kinetics of electron transfer on a semiconductor surface may cause a necessity of the cocatalyst
presence (such as Pt, NiO or RuO,), which can suppress charge recombination (fourth stage)
occurring mainly due to the presence of irregularities in the semiconductor crystalline
structure. The fifth stage results in the appearance of reaction centers on the electrode substrate.
A better understanding of the whole water-splitting process can be gained from Figure 2.

H* / H;
* cB @ OeV
> v
=| Bandgap o
= .
s y
ve @**;o,.mo
- —1.23 eV

Figure 2. The model of photocatalytic activity of semiconducting electrode [4].

Fundamental requirement to an electrode is to be a semiconductor possessing band gap in the
energy spectrum which cannot be passed by the compound’s electrons. Normally, they are
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localized at the ground states below the top of the band gap. But, when an electron receives
additional portion of energy from an external source (for example, due to rising temperature
or light photon absorption), which is sufficient to overcome the band gap — the electron turns
into an excited state, above the bottom of CB (Figure 2), while an electron hole (positive charge
carrier) is left in a VB. An electron cannot exist in an excited (metastable) state for a long time
— it is not energetically beneficial. This is why electrons transferred to a CB tend to get rid of
energy surplus (e.g., by irradiating it) and to return back into their ground state in a VB.

The next requirement is connected with the positions of the CB and the VB on energy scale.
The bottom of the CB must be situated slightly higher than the standard hydrogen electrode
(SHE) level (0 V, or —4.44 eV, in compliance with vacuum level) as shown in Figure 2, so the
following reaction is energetically favorable in electrolyte contacting the electrode [1]:

2H" (aq) +2¢” — H?(g) (1)

The position of the ¢(H*/H,) level relative to the vacuum level on the energy scale has been
calculated earlier using a Born-Haber thermochemical cycle [11]. Obviously, the electrons lose
a part of their energy while migrating to a reaction center (Figure 1). And the top of the VB
ought to be slightly below the oxidation energy level (Figure 2) at which hydroxyl groups are
oxidized (-1.23 V, or -5.67 V, in compliance with the vacuum level):

(OH)'+2h*—>HZO+%OZ(g) )

It should be also noted that the band structure imaged in Figure 2 does not take into account
the influence of the electrolytic environment to catalyst. When electrodes are put into water
or aqueous electrolyte solution, the band levels and potentials can bend according to different
scenarios, e.g., that suggested by Gratzel (Figure 3).

Figure 3. The band structure bending of n-type semiconductor in the presence of electrolyte [12].
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Changes in the band potentials depend on charge surplus or shortage in the semiconductor.
In other words, is it a p-type or n-type semiconductor? Figure 3 illustrates n-type semicon-
ductor, while for p-type direction of bending is opposite. Bending degree depends on several
factors, e.g., on pH of electrolyte. Obviously, traditional first principle methods of ab initio
simulations cannot describe the bending effect in principle and we do not consider it in this
chapter. An important aspect of photocatalytic suitability is also a width of the band gap.

The energy threshold between SHE level and the level at which hydroxyl groups are oxidized
is found to be 1.23 eV [1]. Taking the aforementioned requirements about the positions of the
bands into account, it is easy to understand that the band gap width has to be larger than 1.23
eV (optimally, it should exceed 1.5 eV), which corresponds to ranges of visible light and near-
infrared (IR) light. Also, the band gap must be narrower than 2.8 eV in order to allow a catalyst
to employ energy of visible light and near-ultraviolet (UV) light, excluding UV range. UV light
constitutes only few percents out of total Sun’s irradiation (4-5% [4, 10, 13]), whereas the visible
light constitutes 43-46% [13, 14]. Obviously, the band gap must correspond to the range of
visible light in order to provide high efficiency of semiconductor photocatalysts.

Titania is considered to be prospective material for solving the problem due to a wide range
of its properties [14]. Those include chemical stability, insolubility in water, nontoxicity, low
price and sustainability against photocorrosion. Its position at the bottom of CB, formed by
empty 3d atomic orbitals of titanium, is very beneficial - slightly above the SHE level, in respect
to the requirement. However, the top of the VB, formed by 2p atomic orbitals of O atoms, is
essentially below the level at which hydroxyl groups are oxidized. And the band gap is too
wide — 3.2 eV in anatase- and brookite-structured phases, vs. 3.0 eV in rutile phase. In general,
most metal oxides have band gaps larger than 3.0 eV [1].

Theoretical maximum of solar energy conversion degree for a titania catalyst with 3.2 eV wide
band gap is approximately 1%. In turn, it is 15% for a catalyst with a 2.2 eV band gap (as for
Fe,O; bulk). A band gap of 2.0-2.2 eV width is generally considered to be optimum [15]. Still,
according to another study, total energy losses are evaluated to be around 0.8 eV, which implies
an optimal band gap of roughly 2.0 eV [16]. Photocatalytic water splitting efficiency must reach
atleast 10% conversion to be competitive against solar-cell-driven water electrolysis and to be
economically profitable [15]. Obviously, photocatalytic properties of pristine TiO, bulk are not
good enough to maintain the process effectively, so there is a need to modify the electronic
structure of the material either by defect engineering (e.g., doping) or nanoscale transformation
of its morphology. Our theoretical simulations show that pristine anatase-structured titania
SWNTs rolled up from both (001) and (101) nanothin sheets possess the band gaps noticeably
larger than those of TiO, bulk (by several tenths eV) [5, 7, 9]. On the other hand, the band gaps
of doped titania NTs are essentially reduced, down to 2.2 eV in the case of Ny+S, codoping of
TiO, (001) NT [7].

2.2. Advances in experimental studies of TiO, photocatalysts

Numerous experiments focused on titania doping by different metal ions have already been
performed. Among effective dopants one can find V, Ni, Cr, Mo, Fe, Sn, Mn and other cations
[13]. In 1982, Borgarello et al. [17] discovered that Cr** doped TiO, could generate hydrogen
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and oxygen in the process of water splitting under visible light irradiation (wavelength interval
400-550 nm). Klosek and Raftery [18] demonstrated that visible light absorption in titania
doped with V* is a result of the electron transfer from the V 3d electron-induced energy level
to the CB. Their research became a key to more effective ways of ethanol photooxidation under
visible light, another route to hydrogen generation. Fe** doped TiO, also exhibits enhanced
photocatalytic activity. Moreover, Fe** 3d electrons induce additional levels in the TiO, CB [19].
Doping of titania photocatalysts by Cr, Mg and Fe cations can improve their efficiency, for
example, magnesium can reduce energy barrier for interphase transfer of electrons [20]. At the
same time, the newly induced electronic states can behave as recombination centers, e.g., shift
the impurity levels lower than the reduction SHE level.

TiO, doped by nonmetal ions exhibits a red shift of the absorption spectrum and possesses a
higher photocatalytic activity than pure TiO,, especially in the visible part of the solar irradi-
ation spectrum [12]. Unlike metal ions, nonmetallic dopants usually do not induce new energy
levels but squeeze the band gap directly by shifting the top of the VB upward [12], still it is not
always the case. Nevertheless, Chen et al. [21] used X-ray photoelectron spectroscopy to show
that in the electronic structure of C-, N- or S-doped TiO, the extra mid-gap states between the
VB and the CB induced by dopants can appear. For example, titania doped by nitrogen exhibits
high photocatalytic activity in water/methanol solution [22]. On the other hand, the S dopants
substituting host oxygens or host titans can improve its photocatalytic activity too [23, 24].
Moreover, sulfur-doped titania exhibits higher photocatalytic activity with respect to the
nitrogen-doped system [25]. The C-doped TiO, compounds were synthesized too [26], which
exhibit a quite narrow forbidden gap and an enhanced photocatalytic activity than pure
TiO, with mixed rutile and anatase domains. C-doped TiO, NTs also possess better photoca-
talytic activity [27]. Levels induced in the band gap were shown to broaden the activity of C-
doped TiO, NTs from the visible to the IR region.

Limited amount of information on codoping of titania photocatalysts is available for nonme-
tallic dopants so far. Yan et al. [28] reported about the study on N- and S-codoping applied to
TiO, NT array films by treatment with thiourea and calcination under vacuum and high
temperature. The codoped NTs exhibit essentially broadened absorption spectrum and
enhanced photocatalytic activity in methylene blue degradation process. Alternatively, Lv et
al. [29] studied N+S codoped TiO,/fly ash beads composite material and its photocatalytic
activity in visible light range. Besides doped photocatalysts, appearance of vacancies as point
defects can lead to rise in electrical conductivity and to changes in band gap structures [30].

2.3. Progress in ab initio modelling of TiO, photocatalytic efficiency

In spite of all the aforementioned efforts, the current understanding of fundamental changes
in the electronic structure with atomic composition of doped semiconducting NTs is not
sufficient for rational design of the atomic composition of these new compounds. To guide the
search, a theoretical procedure is necessary in order to prudently predict the electronic
structure and the charge redistribution in catalyst materials. Theoretical simulations per-
formed up to date deal mainly with doped and codoped photocatalytic bulk materials [31-
33], their low-index surfaces [34, 35] as well as nanoparticles and nanowires (NWs) [36, 37].
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There are two critical issues that are important for photocatalysis but not yet well treated in
the conventional density functional theory (DFT) and other packages: (a) the lack of resources,
essential for simulations of the strong polarization on the charged electrode surfaces in
aqueous electrolyte; (b) the inaccuracy of current DFT functionals in describing the redox levels
of oxides (i.e., the band gap and positions of its edges relative to the H*/H, and H,0/O, levels)
[38]. The great challenges still exist for the computation of photocatalytic reaction kinetics as
it is driven by excess holes/electrons accumulated on the catalyst surfaces.

For titania bulk structure, spin-polarized DFT calculations predict that (2N, W) codoped TiO,
can be considered as an efficient visible-light photocatalyst [31]. Using the projected augment-
ed wave (PAW) method for ab initio calculations, Nolan found that small iron oxide clusters
can be stable at the TiO, surface [34] and their presence squeeze the band gap towards the
frequency range of visible light arising from the presence of iron oxide states lying above the
VBoftitania. The W-doped anatase (101) surface wasalsosimulated using DFTPAW calculations
[35]. C-, N- and S-doped (TiO,), nanoclusters were studied by Shevlin and Woodley using
both DFT and time-dependent DFT calculations [36]. Asahi etal. [32] studied the band structure
of the C-, N-, F-, P- and S-doped anatase structure of titania bulk using the same FP LAPW
method. The substitution of O by N (which led to mixing of N(2p) and O(2p) states) produ-
ces the best conditions for photocatalytic applications since such structural modification results
in upward shift of the top of the VB, thus reducing the width of the band gap.

A number of doped materials exhibit a large mismatch between the length scales over which
the photon absorption takes place (up to micrometers), while at the relatively short distances
within the limit of few tens nanometers, at which electrons can be extracted, electron-hole
recombination was observed [16]. Reliable approach for solving this problem was found to be
the synthesis of nanostructured electrodes with the orthogonalized directions of photon and
electrons propagations, which is caused by markedly increased surface-to-volume ratios [39,
40]. Hollow NTs synthesized from the wide gap materials exhibit not only large surface area,
but also high mechanical stability and integrity leading to both charge transport and electron-—
hole separation [41, 42]. TiO, (6,6) NTs built as regularly distributed bundles consisting of rutile
(110) monolayers were calculated recently using DFT method [37]. Reported electronic
structure of such a materials is predicted to be close to that of TiO, bulk. The electronic
structures of the C, N, V and Cr doped as well as C/V, C/Cr, N/V and N/Cr codoped titania
NWs were calculated too, in the case of C/Cr and C/V codoping a visible-light driven photo-
response was found to be the most enhanced [37].

On the whole, rather scarce number of publications focused on the computer simulations of
defective NTs and NWs, including their photocatalytic properties, can be explained by a lack
of methodical solutions for their construction in a variety of existing ab initio codes, which
makes their comprehensive study very time-consuming and expensive. Meanwhile, the last
versions of CRYSTAL code based on DFT-LCAO formalism, allow users either to exploit
periodic rototranslation symmetry of 1D NTs, or to generate differently structured 1D NWs,
setting the properly chosen Miller indexes of their lateral facets and simultaneously defining
their crystallographic orientations, both for efficient ground-state calculations on their
structural and electronic properties [43].
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3. Theoretical background

3.1. Computational details

We have performed first-principle ground-state calculations on the SW anatase-structured
TiO, (001) and (101) NTs, with fixed number of atomic layers as well as chiral indexes (1,0) vs.
(-n,n), respectively, doped by C, N, S, or Fe atoms and codoped by pair of N and S atoms. We
have simulated periodic and cluster models of doped NTs, for which either CRYSTAL code
[43] or NWChem code [44] has been applied, respectively. For both types of DFT-LCAO
calculations, we have used the formalism of the localized Gaussian-type functions (GTFs),
which form the basis set (BS) of atomic orbitals for each chemical element as implemented in
CRYSTAL and NWChem codes using crystalline and molecular orbitals constructed within
either CO LCAO or MO LCAO approaches.

To avoid shortcomings of the traditional DFT methodology, especially underestimate of band
gap widths, we have gone beyond this approach, applying the hybrid DFT-HF method for the
electronic structure calculations. The hybrid functionals incorporate traditional Hartree-Fock
(HF) approach determining the exchange energy E* [45]. Practical justification for this
approach is the fact that errors of HF and DFT calculations often have opposite signs. For
example, the former overestimates the values of band gaps while the latter underestimates
them. The exchange-correlation energy in hybrid DFT-HF methods is expressed as linear
combination of two quasi-independent contributions [43]:

DFT+HF __ DFT HF
Exc' - aDFTExc + aIIFEx (3)

where coefficients determine hybrid functional parameters. It is very important to find such a
functional which can be used for qualitative description of a large number of systems without
additional parameters involved during calculation.

Values ayr=14% oy =20% Exp’
Ecp €V -4.3 -4.2 -4.3
Eyp €V 74 7.8 7.3
Ae, eV 3.1 3.6 3.2

"Experimental values are taken from Ref. [4].

Table 1. Edges of the CB bottom (&), the VB top (eyp) and the band gaps (A¢, eV) calculated for 20-layer TiO, (101)
slab using the hybrid B3LYP functional vs. varied ay;.

To perform all calculations on the pristine and doped titania NTs considered in this chapter,
a modified B3LYP hybrid exchange-correlation functional [46] has been adopted by us since
it provides the better reproduction for parameters of their atomic and electronic structure
obtained earlier in experiments and theoretical simulations. To achieve a quantitative agree-
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ment with the experimentally observed band gap for bulk anatase-structured TiO, (Ae =3.18
eV) and the positions of band edges (Table 1), the admixture of nonlocal HF exchange in the
B3LYP functional defined by apgy in Eq. (3) has been reduced from the standard 20% [43] to
14% [5].

The following configurations of localized GTF functions describing atoms of doped titania NTs
are adopted by us for further first principle calculations:

(i) For Ti atoms in TiO,, the basis set (BS) has been chosen in the form 411sp-311d, using the
efficient core potentials (ECPs) implemented by Hay and Wadt [47].

(if) Full-electron basis sets have been adopted for all other atoms, except Ti, which are contained
in doped titania NTs, i.e., O: 8s—411sp-1d; C: 6s—411sp-11d; N: 6s-31p-1d, S: 8s-63111sp-11d
and Fe: 85-6411sp—41d [43].

The most comprehensive simulations have been performed by us for periodic models of NTs,
for which the formalism of periodic rototranslation symmetry [43] has been exploited. This
approach has been successfully applied by us earlier for simulations of perfect SW TiO, NTs
of either anatase or fluorite phases [48, 49] as well as [001]- and [110]-oriented titania NWs of
rutile phase [50, 51]. Reciprocal space integration over the direct and reciprocal lattices of NTs
has been done by sampling the Brillouin zone of 2x2 supercells with 6x1x1 Pack-Monkhorst
k-mesh [52] in order to ensure an equable summation over the direct and reciprocal lattices of
NTs [45]. The outcome is 4 evenly distributed k-points within the segment of the irreducible
Brillouin zone. Further increase of k-mesh results in much more expensive calculations
yielding at the same time a negligible change in the total energy (~107 au). Self-consisted field
calculations are considered as converged when the total energy differs by less than 107 au in
two successive SCF cycles. For Fe- and N-doped NTs of both types as well as for the S+N
codoped TiO, NT, spin-polarized calculations have been performed (as shown in Section 4.1
by the presence of doubly-generated DOS) since numbers of electrons per unit cell with
opposite spins do not coincide, unlike pristine NTs and that doped by C and S atoms where
these numbers are equal.

Hybrid DFT-HF calculations on cluster and periodic models of pristine and doped titania (001)
NTs have been simultaneously performed by us using hybrid B3LYP functional as imple-
mented in NWChem [44] and CRYSTAL [43] codes, respectively. Other computational
parameters have been chosen similar in both codes. The obtained results have been compre-
hensively analyzed and compared [8]

3.2. Definition and verification of calculated properties

For reliable first-principle calculations of TiO, anatase-structured NTs, verification of bulk
titania properties is a necessary step. Moreover, variation of ay; when using B3LYP exchange-
correlation functional has been performed as described in Section 3.1, to reproduce parameters
of titania band structure with maximum precision (Table 1). Obviously, we have to check
whether it is also true for structural parameters of anatase bulk crystal (Figure 4). Its lattice is
characterized by tetragonal space group 14,/amd (space group Nr 141) [43, 49] with two formula
units in the primitive cell. Two lattice parameters a and ¢ measured experimentally (3.78 and
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9.51 A, respectively) are well correlated with those values calculated using hybrid DFT-LCAO
B3LYP method (3.80 and 9.65 A). Dimensionless parameter u of anatase lattice exactly
reproduces its experimentally observed value (0.208 [45]). Thus, verification of obtained results
gives us grounds to predict reliability of computational parameters for large-scale calculations
on pristine and doped titania NTs possessing either (001) or (101) rectangular morphologies
as well as (1,0) vs. (—n,n) chiralities, respectively.

Figure 4. Unit cell of anatase-type titania lattice possessing tetragonal space symmetry.

To estimate the ability of forming single substitutional dopant in a substrate, e.g., NT, one has
to calculate the corresponding formation energy:

form __ ytot tot _ prtot __ potot
EA,, - EAh/NT + Eh EA,, ENT (4)

where E 1")y; is the calculated total energy of a NT containing substitutional A, atom, E,* is
the total energy of the host (h) atom, which is removed from the NT and E If{:t is the total energy

calculated for the impurity atom while E 1. stands for the total energy calculated for the perfect
NT. Obviously, comparative analysis of formation energies for different dopants and sites of
their location within various substrates allows one to determine energetically most favorable
configurations of titania NTs for photocatalytic applications although conclusion on their
suitability can be done when analyzing band structures.

Defective NTs are often characterized by the presence of defect levels inside the band gaps. In
this case, the energy balance for possible water splitting under influence of visible light photons
is changed. The differences between the highest occupied and lowest unoccupied impurity
levels inside the band gap (HOIL and LUIL, respectively) are reduced in doped NTs, while
preserving the proper disposition of these levels relatively to the redox potentials, so that [7]
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Evp < €hor < €o,/m,0 < SH*/HZ <Eruécs < €c (5)

thus, reducing the photon energy required for dissociation of H,O molecule. Should a stand-
alone electrode be unable to fulfill these requirements, other steps may be undertaken, e.g.,
application of external bias voltage or fabrication of a system consisting of two (or more)
materials which are capable to ensure the required exciton generation as well as charge
separation and migration when acting jointly. The redox potentials displayed in Figure 2 are
related to standard conditions and aqueous medium with pH =0; further increase in pH value
results in shifting both redox levels towards the vacuum level (Figure 3) [42].

3.3. Models and properties of (001) and (101) TiO, anatase slabs

Before folding of titania anatase-structured nanothin films to TiO, NTs, we have to understand
their structure and main properties. Figure 5 shows two slab models with the highest and
lowest surface energy among anatase structures, i.e., (001) (0.90 J/m?) and (101) (0.44 J/m?),
respectively [53].
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Figure 5. Atop and across views of 9-layer (001) (a) and 6-layer (101) (b) nanosheets of anatase-type titania [5]. Ti atoms
are shown in gray, while O atoms are in red (dark gray) [5].

Obviously, (101) surfaces, normally the majority of the external surface of anatase titania (more
than 94%, according to the Wulff’s construction), are thermodynamically stable with a low
surface energy, which determines its low reactivity [54]. On the contrary, (001) surface is
characterized by the highest reactivity, e.g., towards adsorption of various species. To improve
titania’s reactivity, the preparation of shape-controlled TiO, nanocrystals with specific reactive
facets exposed is a greatly desired, and the minority (001) surfaces with a higher surface energy
attract extensive interest [55]. From the other side, an interesting effect was observed by
Herman et al. who discovered reconstruction of (001) titania surface under ultrahigh-vacuum
(UHYV). This reconstruction significantly stabilizes the high-energy surface, but at the same
time reduces its reactivity [56]. Therefore, investigation of possible facet reconstruction is
important, and developing novel synthesis routes is necessary to prevent the reconstruction.
Reactivity of the NTs under consideration is another important aspect.

115



116

Semiconductor Photocatalysis - Materials, Mechanisms and Applications

3.4. Models of pristine and doped titania NTs

First, we have studied photocatalytic efficiency of pristine anatase (001) NTs (Figure 6) folded
from 9-layer (001) slab (Figure 5). Range of NT diameters has been varied from 0.6 to 4.0 nm
[5]. Optimized model of TiO, NT (Figure 6) has been used for simulation of different properties
as described in Section 4.1 (formation energies, widths of band gaps and positions of their
edges at the top of the VB and the bottom of the CB as well as mid-gap levels induced by
dopants).

(a) AT (b) 5

Figure 6. Schematic images of a unit cell monoperiodically repeated along a (36,0) TiO, (001) NT (dy;=4.81 nm) having
the substitutional point defects: (a) nanotube’s top view; (b) nanotube’s side view. Ti atoms are shown in gray, while O
atoms are in red (dark gray). At the inset drawn in (a) the basic unit cell of the TiO, NT is repeated by 18 symmetry
rototranslational operators. The numbered titan and oxygen atoms of the inset show the substitutional sites for impuri-
ty defect atoms (A, where “h” is for “host” atom) [7].

We have chosen the 2x2 supercell of the (001) nanosheet prototype (Figure 5a), when con-
structing pristine 9-layer TiO, (36,0) NT with an internal diameter of 3.47 nm and walls of
thickness 0.67 nm (Figure 6) for further doping. Such a NT contains 648 atoms per NT unit
cell. In our study, C, N and S impurities substitute the host oxygens in six possible positions
(shown in the inset of Figure 6), while three possible dopant positions have been considered
for Fey; substitute. We define the defect concentration as the number of dopant atoms relative
to the number of atoms per supercell of a periodic structure which can be substituted by the
dopant. Since the extended periodically repeated 2x2 supercell possesses 12 TiO, formula units,
incorporation of the doping impurity leads to the 8% defect concentration in the titania NT for
the Ti site and ~4% for the O site. Modelling nitrogen and sulfur codoping at the titania NT
with similar defect concentration, we have substituted oxygens in O, and O, sites by S- and N-
dopants as shown in Figure 6. We note that reduction of defect concentration results in larger
supercell and leads to expensive calculations beyond our current computer facilities. For the
same reason, charge compensation defects for anionic dopants are not considered in this study
at all.
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b)

a) X

Figure 7. Cluster models of TiO, (001) NTs: (a) ring fragment and (b) arc segment of ring.

For cluster models of TiO, (001) NTs, we use either several rings cut from periodic NT models
(Figure 7a), lengths of which correspond to the period of 1D NT, or even arc fragments of rings
(Figure 7b), which can be transformed to the whole rings using rototranslational symmetry.
Important part of cluster models is their boundary conditions around broken edges which
substitute the absence of periodicity in 0D models by hydrogen atom termination of all broken
bonds [8].

Initial internal morphology of cluster corresponds to analogous NT structure. Cluster models
have been used for simulation of (001)-oriented TiO, NTs only. In Section 4.2, we perform
comparative analysis of photocatalytic properties of doped anatase-structured NTs obtained
in cluster and periodic models.
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Figure 8. 6-layer TiO2(101) NT with chirality indexes (-12,12): front view (left panel) and aside view (right panel).
Large Ti atoms are shown in gray, while O atoms are in red [9].

A number of pristine 6-layered anatase (101) NTs with chirality indexes (1,n) and (-n,1) have
been modelled. TiO, (101) NT with chirality indexes (-12,12) has been chosen (Figure 8) as
optimal for further doping. This choice is a result of compromise between the minimal
formation energy estimated according to Eq. (4) and a number of atoms in the NT unit cell.
Such a NT consists of 432 atoms per unit cell. Here, we consider NTs 1x3 and 2x3 periodically
repeated “basic” unit cells containing 36 and 72 atoms, respectively, giving dopant concen-
tration of 2.78% (12 dopant atoms per NT unit cell) and 1.39% (6 dopant atoms per NT unit
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cell), respectively. Suitability of these (101) titania NTs for photocatalytic applications is
discussed in Section 4.3.

4. Photocatalytic efficiency of doped titania NTs

4.1. Periodic model of doped (001)-oriented NTs

The energy balance between the band gap edges (e.g., mid-gap levels induced by defects) and
the redox levels described in Eq. (5) is considered as a criterion for efficiency of photocatalytic
water splitting [1, 4, 38]. Figure 9 includes a pair of vertical lines denoting the reduction and
oxidation levels fixed in the plots of the densities of states calculated for pristine and doped
TiO, NTs. The band gap edges of the titania anatase-structured (101) slabs are compared with
the corresponding experimental values presented in Table 1 (Section 3.1).

We note that the band gap edge positions presented in Table 1 differ not more than 0.1-0.2 eV
from those experimentally observed, which gives us a reason to believe that predictions made
by us on the electronic structure of doped TiO, NTs are at least qualitatively and possibly
semiquantitatively reliable.

n Cou No Son Fer,,
1 1.16" 3.79 2,617 5.58
2 3.23 3.56" 3.6 542
3 2.99 3.95 4.34 5.37"
4 3.13 3.88 5.33 -

5 3.31 4.08 5.65 -

6 3.78 411 3.37 -
Bulk™ 4.12 3.22 5.36 4.44

*Host atoms A,, substituted by impurities (h) are labeled in Figure 8.
**The lowest formation energies for each dopant are shown in bold.

***The last row contains E /{lorm values calculated for doped anatase bulk using 2x2 supercell.

Table 2. Defect formation energies (E f{mm , €V) in doped TiO, NTs calculated using Eq. (4)*. n is index number of O(,)

or Ti(,) atoms imaged in Figure 6 (inset).

In our study, impurity atoms have substituted each possible irreducible host O or Ti atom in
the NTs with rototranslationally and periodically repeated cells as shown in Figure 6 (Sec-
tion 3.4). Therefore, one of the six types of O atoms and one of the three types of Ti atoms have
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been consequently substituted by Cg, N, Sp and Fey;. According to our calculations, the carbon
and sulfur dopants would prefer to be positioned at the site of the outermost oxygen, while
nitrogen would prefer the second oxygen layer counting from the outer side (Table 2).

Obviously, the smallest formation energy of anion dopants has been found for C,, (1.16 eV).
For Sp-doped TiO,NT, E Afh"”” = 2.61 eV, while 3.56 eV is required for N, dopant. The most

energetically favorable position for the host Ti atom to be substituted by iron atom (E f{;"’m =

5.37 eV) to be located in the Ti layer closest to the inner wall of the titania NT (inset of Figure 6
and Table 2). When calculating the band structure of the doped NTs, only the NTs with the
smallest defect formation energies have been taken into account. The formation energy of the
nitrogen-sulfur pair has been obtained to be 5.64 eV, which fulfils the relation 2E°"(Sy) <
EPrm(So+Np) < 2EP"™(Ny) (in accordance with Table 2), thus confirming the approximate
additivity of estimated dopant formation energies, when these contain different numbers of
impurity atoms, irrespective of their chemical nature. Substitutional point defects in TiO, NTs
reveal a tendency to form defect-induced levels inside the optical band gap. In the case of the
Co,/TiO, NT, the filled band is positioned ~2.2 eV above the top of the VB (Figure 9b), while

in the case of the Ny, [ TiO, NT impurity (Figure 9¢), the induced mid-gap state is found to be
0.9 eV above the top of the VB. The mid-gap states computed for the S, /TiO, NT (Figure 9d)

forms the top of the VB (for the S-doped bulk, the defect level lies ~0.2 eV above the top of the
VB), and in the case of Fer; /TiO, NT, the vacancy-induced level is positioned in the middle of

the band gap (Figure 9f). The top of the VB of the perfect titania NT is formed by O 2p orbitals,
while the bottom of the CB is formed by Ti 34 states.

The projected DOS computed for the nitrogen and sulfur codoped TiO, NT is shown in
Figure 9e. For the nitrogen and sulfur codoped TiO, NT, the N-dominated mid-gap levels shift
by 0.3 eV downward, formed the occupied gap level below the O,/H,O redox potential. By the
presence of the sulfur codopant, the bottom of the CB shifts downward with an energy gap of
about 2.2 eV, thus reducing the photon energy required for water splitting reaction. The
nitrogen and sulfur codoped structure exhibits a gap state below the top of the VB because of
defect—defect interactions. For this system the top of the VB and the bottom of the CB shift
downward relative to the nitrogen-doped structure. Relative to the bottom of the CB of the
sulfur-doped structure, the CB shifts back toward the CB position of the pristine structure.
Codoping thus gives rise to visible-light-driven excitation from the mid-gap states of 2.3 eV,
which is just slightly smaller than for the nitrogen-doped NT. This allows one to predict that
nitrogen and sulfur codoped TiO, NTs can be suggested as a good candidate for the visible-
light-driven photocatalytic water splitting [30].

On the basis of the standard thermodynamic conditions of an active photocatalyst for H,O
splitting, we discuss and evaluate the influence of the incorporated cation and anion species
on the photocatalytic activity of TiO, NTs. We have calculated the total and projected DOS for
C-, N-, 5- and Fe-doped NTs, as compared with that of pristine TiO, NT (Figure 9). The
schematic representation of the band gap edges and mid-gap states of all these NTs is shown
in Figure 10.
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Figure 9. Total and projected densities of states calculated for perfect and doped titania nanotubes: (a) pristine, (b) C-
doped, (c) N-doped, (d) S-doped, (e) N+S codoped and (f) Fe-doped. Vertical lines stand for &g ;0 and &y, potentials.
Zero of the energy scale corresponds to the vacuum level [7].
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Figure 10. Schematic representation of the band edges and mid-gap states of pristine and doped TiO, nanotubes. The
blue and red horizontal dashed lines correspond to the redox €0,/H,0 and SH*/H potentials, respectively. Zero of the
2

energy scale corresponds to the standard hydrogen electrode (SHE) [7].

As can be seen from Table 2, the most energetically favorable positions for anion dopant on
titania NT are the outer host oxygen atoms, while Fe prefers to substitute the inner titan atoms.
For pristine TiO, (001) NT, the bottom of the CB is ~1.0 eV above the H'/H, potential, whereas
the top of its VB is ~1.2 eV below the O,/H,O potential (Figures 9a and 10). A carbon substi-
tutional impurity in a TiO, NT induces an occupied defect level ~0.2 eV above the oxidation
potential (Figures 9b and 10). This leads to an unsuitable VB position for the oxygen evolution
reaction. The N-doped TiO, NT possesses an occupied impurity level practically at the O,/H,O
potential (Figures 9¢ and 10), while the bottom of the CB relative to the perfect NT is almost
unchanged. For the sulfur-doped titania NT, we predict that the bottom of the CB is located
almost at the level of reduction potential, while the top of the VB corresponds to that of the
ideal NT being practically unchanged (Figures 9d and 10). The iron-doped titania NT exhibits
defect-induced mid-gap states about 0.5 eV lower than the i, level (Figures 9f and 10),

which results in the recombination of electrons and holes. On the whole, considering the
possible configurations of the doped titania NT, we predict that the most efficient nanopho-
tocatalyst for the visible-light-driven H,O splitting could be N and S codoped titania NTs (cf.
Figures 9e and 10).
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4.2. Cluster models of doped (001)-oriented NTs

To verify the periodic model of doped SW nine-layer (36,0) TiO, (001) NT (Figure 6) and results
obtained in its DFT-LCAO calculations, we have performed time-dependent TD DFT-LCAO
calculations, using NWChem code [44], on 2x2, 3x3 and 4x4 arc-segment models of TiO, NT
(Figure 7), reproducing the morphology of periodic NT and providing adequate boundary
conditions around each cluster model as shortly described in Section 3.4 [8]. Positions of N
and S, (as the most preferable dopants) are also reproduced from the periodic model of doped
titania NT (Figure 6).

To perform simultaneously 1D NT and 0D cluster calculations within the same theoretical
approach described in Section 3.1, we have used a modified B3LYP hybrid exchange-correla-
tion functional [46] adopted earlier to perform periodic calculations on the doped titania NTs
[5-7].

Figure 11. (a) Schematic representation of the 0D 4 x 4 fragment of TiO, NT (chosen as its cluster model) with dangling
bonds saturated by hydrogen atoms (black). (b) Front view [8].

We have studied 0D cluster models of the 1D periodic NTs intending to perform TD-DFT
calculations, which unfortunately are still not possible using the periodic first principle codes.
Meanwhile, it is possible to run these calculations within cluster approach, e.g., using
NWChem code [44]. On the other hand, this code does not admit performance of periodic 1D
calculations, which also should take into account the symmetry of system allowing growth of
size for model with correspondingly arranged atoms. To reduce the total number of atoms,
while preserving geometry and stoichiometry, we have generated a number of 0D clusters by
slicing the NT (Figure 11). Since it is possible to perform both 1D and 0D calculations at the
same level of theory with the same set of parameters, the results calculated for the 1D NTs can
serve as a performance benchmark for the 0D cluster models. We have sliced the NT into
different arc-segments nxnxd (Figure 7), where d is the NT’s thickness (a constant, and therefore
omitted from the clusters’ shorthand notation nxn), while n has been chosen to be 2, 3 and 4.
During calculations, positions of atoms in clusters have been kept fixed to avoid relaxation
and to preserve the curvature of the NT.

We have simulated stoichiometric segment-like 0D clusters with varying parameter n and with
different terminations of the bonds that were broken while cutting the NT. In such models, a
common practice is to saturate broken bonds with hydrogen atoms [57]. However, in order to
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reproduce a partial charge on the outermost Ti atoms, we explored several saturation modes
other than H. Hydrogen is less electronegative than oxygen, and when slicing the NT, we
disconnect titanium from oxygen and pair Ti with H, effectively altering metal’s partial charge.
To compensate for that, we have tried also to terminate our clusters with hydroxyl groups OH
and with halogens F and Cl. However, our results indicate that these substituents not only
introduce a number of electronic levels, polluting the gap between the highest occupied
molecular orbital and the lowest unoccupied molecular orbital (HOMO/LUMO), but they also
shift the energies of these orbitals by 1-2 eV. Hydrogens do that as well (Figure 12), but their
effect on the HOMO/LUMO energies is less pronounced.
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Figure 12. Left: MO levels of the 4 x 4 0D cluster model for the N-doped TiO, NT. Right: The total density of states for
the 1D NT model of the analogous N-doped titania nanotube [8].

Arrangement of H-saturated atoms is another important issue. A change between relaxed and
unrelaxed geometry (effectively, a difference of ca. 0.1 A in Ti-H bond length) translates into
0.5 eV large shift of the band edges. We have achieved the best agreement between 0D and 1D
models (in terms of band edges’ energies and HOMO/LUMO energies, respectively) for H-
terminated 0D clusters. Coordinates of terminating atoms in them have been relaxed relative
to the TiO, backbone (which has been kept rigid during the optimization to preserve the
geometry of the NT). To sum up, in all our calculations that we shall discuss further, clusters
are arc-segments of the NT, that preserve stoichiometry and curvature of the NT, with any
dangling bonds saturated by hydrogen atoms. Positions of these atoms relative to fixed
coordinates of Ti and O atoms are relaxed in order to minimize the total energy of the object.
To avoid a gap pollution, we have decided not to analyze any states dominated by energies
arising due to hydrogen atoms. We have achieved this by excluding all the states in which
hydrogen orbitals contribute to the electron density more than 2.25%.
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The 0D cluster models have been investigated with the goal of using NWChem’s implemen-
tation of the TD-DFT method [44] to perform nonadiabatic simulations of the relaxation on
both NT and its environment following absorption of a photon. For direct verification of cluster
calculations using results obtained for periodic NT, we have considered 4x4 cluster model of
N-doped TiO, (001) NT (Figure 11). However, due to size restrictions, this model does not
allow us to simulate N+5 codoped NT. To compare with results of periodic model calculations,
we construct MO level distribution in cluster models vs. total DOS for TiO, NT (Figure 12) as
well as schematic representation of the band edges and mid-gap states of pristine and doped
TiO, NTs imaged for periodic and three cluster models: 2x2, 3x3 and 4x4, where the extension
numbers denote the number of elementary cells along and perpendicular to the NT axis,
respectively (Figure 13). Within our notation, the top of the VB and the bottom of the CB have
been defined as, respectively, the highest occupied level and the lowest unoccupied level the
contribution to which from dopant atom orbitals is relatively small. Figure 13 displays the
band edges within this set of definitions. It also shows a converging trend: while for the
undoped 2x2 clusters the disagreement with the pristine 1D NT model is quite noticeable,
while it becomes less significant for the 3x3 clusters and even more so for the 4x4 clusters.
Unsurprisingly, 0D models reproduce the top of the VB more accurately than the bottom of
the CB. What is surprising is that the relative positions of the defect-induced mid-gap states
with respect to the band edges between the 1D and 0D models are similar, even though they
possess very different defect concentrations. For example, the left side of Figure 12 shows the
single level at the gap between the LUMO and HOMO levels which is dominantly composed
of N 2p, states (along the NT axis). The band edges of 0D and 1D models become closer while
the 0D cluster size increases, yet the position of the defect-level does not show any convergence.
At-5.1eV, it is significantly higher for the 4x4 0D cluster than the value of -5.8 eV for the 1D
NT.
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Figure 13. Comparison of band edges and gaps obtained for 0D and 1D NT models. All values are given in terms of

electron volt vs. vacuum level; € and & ,/H,0 potentials are given for reference. CRYSTAL data refer to 1D mod-
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els while 0D results are obtained using NWChem code [8].
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Noncoincidence of the dopant-induced levels in both 0D and 1D NT models may be a
consequence of the effectively larger defect concentration in the latter, which is 1 dopant per
24 O atoms in the periodically repeated unit cell (=4%), versus 1 dopant per 96 O atoms (=1%)
in the 4x4 0D cluster. For S-doping, size of the cluster heavily affects position of the defect level.
Moreover, for 2x2 and 3x3 models, the positions of S-induced levels are qualitatively different
from those of 4x4 and NT models: the former are in-gap while the latter are located below the
top of the VB.

To conclude, we observe that the 0D model qualitatively corresponds to the 1D model as far
as the band edges are concerned. Positions of the dopant-induced states, however, strongly
depend on the size of the cluster and, therefore, differ from those calculated for the NT. In N-
doped cluster, where this effect is the most emphasized, it can be partially attributed to the
spin polarization of the system, although the relatively naive definition of the cluster model
could have affected it just as much. More elaborate schemes exist, for example, polarizable
polar background embedding [58], but these schemes are beyond the scope of our study.

4.3. Periodic models of doped (101)-oriented NTs

For energetically more stable but possessing lower reactivity (101) types of TiO, NTs with
anatase morphology, we have considered only N and S dopants as well as N+S codoping since
C- and Fe-substitutes have been found to be ineffective for photocatalytic applications of (001)-
oriented TiO, NTs (Section 4.1). Calculations on these NTs have been performed using the
same DFT-LCAO method with the hybrid exchange-correlation functional B3LYP [46] as used
earlier having 14% of nonlocal Fock exchange as implemented in CRYSTAL code [43].

Figure 14. Nonequivalent S or N dopant positions in the segment of 6-layer wall of (-12,12) TiO, (101) nanotube (Fig-
ure 4) [9].

As mentioned in Section 3.4, the pristine titania NT with chirality indexes (-12,12) (Figure 8)
has been chosen as the most suitable for our simulations on the doped TiO, (101) NTs. We
consider four possible dopant sites to substitute the nonequivalent oxygen atoms (Figure 14).
We denote the outermost O site as position 1, while the innermost O site is position 4. The S1
site is found to be the most energetically favorable - it requires the lowest formation energy
per unit cell/dopant, 2.47 eV for both concentrations (Table 3). As it has been found in all cases
the S dopant shows a tendency to be displaced from its initial position. The displacement
direction is orthogonal to the tangent line passing through the initial S atom position, and the
S atom is protruding out the NT wall. Obviously, it is easier to follow such displacement from
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initial positions S1 and S4, which explains that the dopant formation energies are lower for
these cases. Formation energies of S dopants presented in Table 3 almost do not depend on
their concentration, unlike N dopants for which this dependence is noticeable, excluding
external N1 site.

Concentration of defects

Site 1.39% 2.78%

So No So No
1 247 3.39° 247 3.39°
2 2.89 3.49 2.90 4.10
3 343 3.51 3.47 4.15
4 2.62 3.51 2.62 3.39

"The lowest energies are shown in bold.

Table 3. Defect formation energy (in eV) of S and N dopants at 2.78% and 1.39% defect concentrations as calculated
using Eq. (4).

For the two sulfur dopant sites lying closer to the outer surface, sites S1 and S2 (Figure 14),
there is a negative shift in energy for both the bottom of CB and the top of the VB. In fact, there
is no difference between CB/VB positions of the pristine NT and the NTs containing S dopants
at the positions S3 and S4. Doping at positions S1 and S4 promotes the highest photocatalytic
enhancement, reducing the gap between the lowest unoccupied state and the highest occupied
state, from 4.19 eV to 3.14 eV (3.12 eV) vs. 3.08 eV (3.07 eV) for 1.39% (2.78%) defect concen-
trations, respectively. It means that sulfur atoms themselves do not provide sufficient rise of
photocatalytic activity. S-induced occupied levels have been found to be lower at 1.39%
concentration. Unlike S-doped NTs, N dopants do not induce any visible shift in positions of
the VB top and the CB bottom, levels are almost the same as in the case of the pristine structure.
N dopants, however, induce empty states inside the band gap. For 2.78% defect concentration
these empty states are not always higher than the highest occupied state. For N2 case, the
empty state is located below an occupied state and is very close to the VB top, which means
that in reality it will be easily occupied by electrons with similar energies.

Suitability of No+S, codoped TiO, (101) NTs is likely noticeably higher than S and N mono-
doped ones. Indeed, in the latter, there are only four nonequivalent dopant positions
(Figure 14). However, after one dopant is already introduced, a number of options for different
combinations of codopant positions appear. Due to limited computational resources, we have
decided to put S dopant in its preferable position, S1 (Figure 14 and Table 3). Therefore, in
every modelled codoped structure the S atom is fixed in position 1, while N dopants can be
inserted in different surrounding positions. Possible dimer-type sites for S+N codopants are
assigned by additional indexes for identification (Figure 15: “FR” stands for “front”, “B” for
“between”, “N” for “near” and “UND” for “under”).
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Figure 15. Possible sites for N dopant if S atom is located in position S1 (Figure 14), in the segment of 6-layer wall of
(-12,12) TiO, (101) nanotube [9].

Electronic diagram of six studied Ny+S, codoped TiO, NT configurations with defect concen-
tration of 2.78% is shown in Figure 16. Obviously, (N3-S1)B and (N3-S1)N are identical
(Figure 15), and one of them (the latter) must be excluded from further consideration. The
general observation is that the enhancement of the photocatalytical efficiency of the simulated
structures may be expected. In four cases out of six, the lowest empty state is induced slightly
below the &g 4 o level (oxygen potential), and the highest occupied state is located between

the empty state and the VB top. The distances between the empty and the occupied induced
states are the smallest for (N1-S1); or (N4-S1); configurations, which means that it might be
relatively easy for electrons to transfer to the empty state and, consequently, to overcome the
Egpofrt, ~€0L/H,0 interval between redox potentials (Figure 16). The general observation is that in

most cases S and N atoms have a tendency to be found closer to each other.
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Figure 16. Energy diagram for the band gap edges and mid-gap states of pristine and N+S codoped TiO,(101) NTs.
Gray column correspond to pristine (-12,12) NTs while green columns from the second to the sixth from the left corre-
spond to (N1-S1)FR, (N1-S1)B, (N2-S1)N, (N3-51)B, (N4-S1)B and (N4-S1)UND codopants imaged in Figures 14 and 15
[9].

Based on the results of our calculations, we predict that S or N dopants alone introduced into
the 6-layer TiO, (-12,12) NT cannot result in a significant rise of photocatalytic response. For
instance, the N doping may induce empty mid-gap states that can disrupt the photocatalytic
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process. We found that defect concentration does not have a big impact on the electronic
structure of NTs under study; our results show that rise in defect concentration from 1.39% to
2.78% (of doping atoms per unit cell) practically does not shift the band gap edges and mid-
gap states induced by these defects. We show that the S+tN codoping of titania NT can result
in enhancement of photocatalytic efficiency, at least qualitatively. At the same time, we have
to conclude that changes of titania NT electronic structure induced by codoping depend on
defect concentration.

5. Summary

1. In a series of recent papers [5-9], we have formulated main goals of our studies:

a.

d.

To evaluate photocatalytic suitability of inorganic nanostructures, as a first step we
have considered SW titania anatase-structured (101) and (001) NTs, both pristine and
doped.

To justify application of computational methods of ground state ab initio DFT-LCAO
calculations, e.g., CRYSTAL code (periodic structures of different dimensionalities)
and TD DFT NWChem code (0D cluster structures), reliability of both models as well
as reliable choice of hybrid Hamiltonian.

To calculate the structural and electronic properties of nanomaterials under study in
order to estimate their mechanical durability and homogeneity, electronic structure
and photocatalytic efficiency.

To search for novel nanomaterials suitable for photocatalytic applications.

2. Main results obtained in our large-scale computer simulations:

a.

Both SW (001) and (101) titania NTs are suitable for photocatalytic applications:
although the latter is more stable energetically, the former possesses noticeably
higher chemical reactivity.

The necessary condition to achieve suitability of doped nanostructures for photoca-
talytic application is a proper disposition of band gap edges and impurity levels

relative to the redox potentials: eyg<éyoq <€ 1 0<¢y: Jir, < ELUIL <€cp where HOIL and

LUIL are the highest occupied and the lowest unoccupied impurity levels, respec-
tively.

The next condition for such a suitability is the absence of the impurity levels between
oxidation and reduction levels ¢g 5 and €y respectively, in order to exclude

electron-hole recombination.

The best candidates for doping of titania NTs have been found to be N, and S,
substitutes, however, Ny+Sy codoping of TiO, NTs is certainly the best choice.
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3. Further activities in the field of theoretical simulations in order to evaluate photocatalytic
suitability of nanoelectrodes:

a. To look for the best nanomaterials, both NTs and NWs, we have already studied
SrTiO; NWs [59] and continue comprehensive simulations on ZnO NWs including
their doping.

b. To look for new types of defective structures of studied nanomaterials suitable for
photocatalytic applications, e.g., vacancies and cation dopants.

c.  For better understanding of photocatalytic processes upon nanoelectrodes we are
beginning TD DFT calculations on their charged and excited states.

d. To study the charge transfer at the surface of doped nanoelectrodes immersed in
aqueous electrolyte we intend to perform large-scale nonadiabatic molecular
dynamics (MD) calculations.

This study has been supported by the EC project WATERSPLIT (ERA.Net RUS Plus project
No. 237). The authors are indebted to A.V. Bandura, P.N. D’yachkov, R.A. Evarestov, E. Spohr
and M. Wessel for stimulating discussions.
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Abstract

Active under visible light, photocatalysts based on doped titania were obtained via
pulsed laser deposition (PLD) method. To find out the crystalline structure, optical
properties, and electronic structure, the following techniques such as X-ray diffrac-
tion, electronic spectroscopy, electrical conductivity measurements, and X-ray
photoelectron spectroscopy (XPS) are used. Photocatalytic activity is monitored by
applying the photoreduction of dichromate ions under UV and visible light. The
influence of zirconium ions and its content and synthesis conditions on the efficiency
of nitrogen incorporation into titania structure that, in turn, determines the electronic
structure and photocatalytic ability of the semiconductive materials are discussed. A
substitutional nitrogen (Ti-N) rather than an interstitial one (Ti-O-N) is mainly
responsible for the observed photoactivity. It is pointed that substitutional nitrogen is
responsible for bandgap narrowing or formation of intragap localized states within
semiconductor bandgap. The bandgap energy values are sharply decreased, while the
relative intensity of substitutional nitrogen XPS peaks is increased. Pulsed laser
synthesis of TiO, films in N,/CH, atmosphere not only leads to nitrogen incorporation
but also to the formation of defects including oxygen vacancies and Ti* states which
are all contributing to light absorption. An appropriate ratio of gas mixture, optimum
zirconia content, suitable pressure, and temperature during synthesis was found for the
synthesis of highly active semiconductive films. The highest photocatalytic conver-
sion yields are obtained for nitrogen-doped 10% ZrO,/TiO, synthesized in N,:CH, = 5:1
at 100 Pa and at 450°C under both UV and visible light.
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1. Introduction

Among the ways leading to the intensive climate change, the widespread contamination of air,
soil, and water sources are to be considered. Titania is recognized as the most prospective
photocatalyst used in air purification, surface self-cleaning, and wastewater treatment [1-7].
Since solar radiation includes light of wavelengths from 280 to 4000 nm, the use of titania that
absorbs the edge (3-5%) of solar energy is not efficient. Many studies are performed to design
and develop photocatalysts based on titania to allow for their use under visible-light irradia-
tion [8, 9]. Nitrogen, the most promising among nonmetal dopants, facilitates visible light
absorption by nanomaterials based on TiO, as a result of its incorporation into titania matrix
due to its comparable atomic size with oxygen, small ionization energy, and high stability.
Another approach to change the physical, optical, structural, and photocatalytic properties of
titaniaincludes employment of d-block metalions (e.g., zinc, zirconium, iron, chromium, nickel,
vanadium, or copper).

An incorporation of zirconium ions in TiO, lattice was reported to enhance the specific surface
area and the surface acidity and to modify the photo-electrochemical properties, leading to the
improvement of the photocatalytic activity [10]. Ti, ,Zr,O, solid solution containing anatase
led to the increase of bandgap energy with the anodic shift of the upper edge of the valence
band position accelerating photocatalytic processes due to the improvement of charge
separation. It was found an optimum content of ZrO, in TiO, that increased the quantity of the
surface active sites such as OH-groups [11]. In the case of zinc-containing nanocomposites,
their crystallinity slightly increased with Zn content and ZnTiO; perowskite phase is formed.
The films with low Zn content (1-5 wt%) exhibited superhydrophilicity. Direct photo-
electrochemical measurements showed the cathodic shift of the flat band potential position
and the increase of the photocurrent quantum yield for TiO,/ZnO in comparison with un-
modified TiO, electrodes that coincided with the increase of their photocatalytic activity [11].
More effective degradation was observed for Zn*-doped samples with homogeneously
distributed noble metal nanoparticles as a result of synergetic effect of new formed Zn,Ti;O;
phase and the charge separation promoted by the noble metal nanoparticles. It was found that
a higher dispersion of noble metal crystallization centers did occur near zinc ions in titania
matrix [12, 13]. Nanostructured iron titanate and ruthenium-modified titania thin films are
reported to catalyze the photocatalytic dinitrogen reduction that is the second, after photo-
synthesis, most important chemical process in nature. A detailed mechanism investigation
clarified the role of metal ions in all complicated steps of this process [14, 15]. However, d-
block metals may also act as recombination sites for the photo-induced charge carriers
lowering the activity of the semiconductors. Despite the fact that a decrease in bandgap energy
was achieved by metal doping, photocatalytic activity has not been remarkably enhanced [16].
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Since Sato [17] reported the visible-light activity of N-doped titania in the oxidation of carbon
monoxide and ethane, and later, Asahi [18] explored the visible-light activity of N-doped
TiO,, there have been many efforts dealing with nitrogen doping of TiO,. Numerous physical
techniques such as sputtering [19, 20] and ion implantation [21], atomic layer deposition [22],
pulse laser deposition [23], gas phase reaction [24], and the sol-gel method [16] have been
successfully applied to obtain nitrogen-modified TiO,.

It is reported [18] that the doping of nonmetals could narrow the bandgap and might drive
the response to visible light due to the similar energies of oxygen and nitrogen resulting in the
hybridization of N 2p with O 2p states in anatase TiO,. On the other hand, it is stated [25] that
isolated impurity energy levels above the valence band are formed as a result of oxygen atoms
substitution by nitrogen ones. Irradiation with UV light excites electrons in both the valence
band (VB) and the impurity energy levels, but illumination with visible light only excites
electrons in the impurity energy level. An alternative point of view, where the visible-light
activation of anion-doped TiO, originates from the defects associated with oxygen vacancies,
was also reported. As a result, the color centers appeared displaying these absorption bands,
and not to a narrowing of the bandgap of TiO, [26]. Whereas surface oxygen vacancies were
reduced considerably after reheating at 400°C, the activity of N-doped TiO, was enhanced
fourfold suggesting no oxygen vacancies influence on visible-light activity [27]. In addition,
nitrogen-modified titania powder obtained by mixing a commercially manufactured titania
powder and the different nitrogen containing organic substances were applied for photomi-
neralization of formic acid under visible light. It is concluded that neither nitridic nor NO,
species nor defect states are responsible for the visible-light photocatalytic activity of modified
titania prepared from urea, but higher melamine condensation products acting as visible-light
sensitizers [28].

The main technique proving the nitrogen incorporation into a semiconductor structure as
substitutional nitrogen atom (IN;), where nitrogen substitutes oxygen lattice ions or interstitial
one (N;), and N binds to O lattice ions, is X-ray photoelectron spectroscopy (XPS). There is no
definite opinion about the XPS measurements of N1s binding energy (BE). The peak at 395.7
eV is assignable to N* bonded to three Ti atoms because the measured binding energy is very
close to that of titanium nitrides (ca. 396.0 eV) [29, 30]; the values of 396-397 eV are assigned
to the N-Ti-N [31] or O-Ti-N bonds [32]. The formation of N-N or N-C, N-O groups or
chemisorbed dinitrogen was suggested for higher energies of (400-402 eV) [33]. Note that N1s
binding energies of 399.1 and 400.5 eV measured for modified by urea commercially available
TiO, powder were assigned to carbon nitrides (399-400 eV, C=N-C), graphite-like phases
(400.6 eV, N-Csp?), and to polycyanogen (399.0, 400.5 eV (-C=N-),) [34]. XPS and electron
paramagnetic resonance (EPR) measurements showed that the interstitial nitrogen atoms
corresponded to BE of 400401 eV are the photoactive species and can be prepared from
discharge in molecular nitrogen in the presence of pure anatase [35]. However, the intensity
of 400 eV peak belonged to the nitrogen atom from ammonium ions is reduced after rinsing
as provided by XPS and solid-state nuclear magnetic resonance (NMR) [36].

The geometric structures of diamagnetic (Scheme 1, i) and paramagnetic (Scheme 1, ii-vi)
nitrogen species incorporated into titania suggested from the literature were summarized in
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Ref. [29]. Nitrogen species with a binding energy of ca. 396 eV represent TiN species (nitrida-
tion of titania) described as structure i, where N* species are directly bonded to three Ti*
cations [29]. The N contained species corresponding to structure ii are related to a binding
energy in the range of 397-399 eV [30, 37]. The formation of O-Ti-N-Ti during the synthesis
could take place (structures iii and iv), when nitrogen substituted the lattice oxygen atom of
O-Ti-O-Ti [38]. The structure v where the nitrogen atom connected with two oxygen of the
TiO, lattice depicted as imino-type species and may be formed as a result of the incomplete
reaction of ammonia with surface oxygen atoms [39]. It is believed [40] that the imino-type
species undergoes to nitrate-type species (structure vi) where the last is the photoactive
nitrogen species.

T

[+]
=3

Scheme 1. Proposed structures of N species incorporated into titania as summarized in Ref. [29]. Reproduced with per-
mission.

In light of numerous literature investigations, the applied synthesis conditions and the source
of nitrogen are the turning points for the level of nitrogen doping and its states that change
optical, electronic, and photocatalytic properties of a semiconductor.

The main principles of heterogeneous photocatalysis are presented as follows (Figure 1): (i) A
semiconductor is characterized by an electronic band structure in which the highest occupied
energy valence band (VB) and the lowest empty conduction band (CB) are separated by
bandgap; (ii) only a photon of energy higher or equal to the bandgap energy (3.2 eV for
anatase) promotes to a charge separation resulting in an electron (") transferring from the VB
to the CB with simultaneous generation of a hole (h*) in the VB (pathway 1); (iii) an electron
and a hole can be trapped in surface states and react with donor (D) and acceptor (A) species,
respectively, adsorbed or close to the surface of the particle resulting in the simultaneous
oxidation and reduction (pathways 1.1 and 1.2); or (iv) a photoformed electron-hole pair can
be recombined (pathway 2) on the surface or in the bulk of the particle in a few nanoseconds.
The energy level at the bottom of the CB is actually the reduction potential of photoelectrons
and the energy level at the top of the VB determines the oxidizing ability of photoformed holes.
The flat-band potential presents the energy of both charge carriers at the semiconductor—-
electrolyte interface and depends on the nature of the material and the system equilibrium.

From a thermodynamic point of view, the trapped electron reduces an electron acceptor only
if its redox potential is more positive than the flat-band potential of the CB, while the trapped
hole oxidizes the adsorbed species having the redox potential more negative than the flat-band
potential of the VB. The visible-light photoactivity of metal-ions-doped TiO, can be explained
by a new energy level produced in the bandgap where an electron can be excited from the
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Figure 1. Schematic presentation of possible pathways after light absorption by doped titania particle.

defect state to the TiO, conduction band by photon with the lower energy (pathway 3).
Inhibition of charge carrier recombination rate resulting in enhanced photoactivity is attrib-
uted to the transition metal ions doping of TiO,. Visible-light illumination can generate a hole
in the mid-gap level above the top of the VB for the N-doped TiO, (pathway 4).

The nitrogen-modified TiO, thin films exhibited photocurrents in the visible up to 700 nm as
a result of occupied nitrogen-centered surface states above the valence band edge as noted in
Ref. [41]. Moreover, the observed photocurrent under visible-light irradiation of N-doped
TiO, in the presence of reducing agent strongly depend on the reaction mechanism of oxidation
rather than on the redox potential of the whole acceptors [42]. Photo-electrochemical meas-
urements showed that the visible-light photogenerated holes in TiO, modified by urea are able
to oxidize formic acid comparing with ammonia modified one. An enhanced stabilization of
the photogenerated hole against recombination with conduction band electrons for the former
sample is explained [43]. In addition to the electrochemical investigations, preliminary
computer simulations based on innovative cluster approaches demonstrated that nitrogen
doping narrowed the optical bandgap of TiO, generating N(2p) states [44]. Density functional
theory (DFT) was employed to demonstrate the interstitial nitrogen character within anatase
TiO,. No significant shift in the CB or VB of the TiO, was recognized. The energy bonding
states associated below the valence band and anti-bonding states present above the valence
band. The anti-bonding nitrogen orbital between the TiO, VB and CB is suggested to be
responsible for the visible light absorption by acting as a stepping stone for excited electrons
between conduction and valence bands [45].

Our investigation was directed to the synthesis of nitrogen-doped photocatalysts based on
titania and/or mixed semiconductive oxides films and understanding the relationship between
synthesis conditions, electronic structures, and photocatalytic activity. The influence of
zirconium ions and its content as well as pulsed laser synthesis conditions on the efficiency of
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nitrogen incorporation into titania structure that, in turn, determines the photocatalytic ability
of the semiconductive materials are obtained.

2. Correlation of electronic structure, optical, structural, and photocatalytic
properties of TiO,-doped films

Pulsed laser deposition method used for the film synthesis allows obtaining high purity thin
films of single or multicomponent materials [46]. PLD or laser ablation is a physical vapor
deposition process based on the vaporization of condensed matter by means of photons [46-
50]. A highly intense short-pulsed high-power laser beam (usually a ns UV one) is focused
under vacuum or a working gas atmosphere on a piece of material (on a material specimen)
called “target.” If the laser fluence exceeds a specific threshold, one after one, each tiny quantity
of ablated material by a laser pulse, is directed forward, in form of a plume, towards the
deposition substrate, where the growing film is formed by recondensation [47-50]. Due to the
high energetic species arriving on the substrate, the synthesized films are very adherent. The
plasma plume plays a significant piston-like role, pushing and carrying the removed matter
from the target to the substrate [49]. In the most common setup geometry, “on axis,” the
collector is placed parallel to the target, at a distance of some centimeters and, after being
focused and transmitted by suitable optics, the laser pulses hit the target under 45°. The target
is normally rotated in order to get a uniform ablation of its surface, avoiding drilling, thus
obtaining a homogenous film. The collector, which is named usually “substrate,” may be
heated if a high degree of crystallinity or even epitaxy is of interest for the obtained coating.
A schematic of PLD setup is given in Figure 2.

Heater

Gas mixture
Flowmeters

Sample | Substrate

MgF2
Focussing Lens

Excimer KrF “=Vacuum Chamber
Laser Sourse

(248nm, 26ns)

i e
Target / Holder

Quartz Windows

Vacuum Pumps

|_IHFLPR - LSP1 _Labovatory

Figure 2. Schematic setup of a PLD system: The laser source is outside the deposition chamber, which is coupled to a
vacuum system. Inside chamber, a classical “on axis” geometry is presented.
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The PLD presents a series of advantages [47-50], among which we mention: almost any
material or materials’ combination may be congruently transferred as thin film on a suitable
substrate after the identification of a selected deposition regime, a fine control of thickness is
obtained by the number of the applied laser pulses (and the appropriate setting of various
parameters), it is a clean, non-contaminating method, also allowing for an easy doping or
multilayer structures. These and others made PLD a tool of remarkable performance, versa-
tility, and simplicity for the growth of various types of thin films: complex oxides, high-
temperature superconducting, protective or ultrahard coatings, polymer or organic thin films
[50-52].

Zr0,% in TiO, Ratio of gases Sample code P, Pa t,°C Ey,, eV
0 0O, TiO/20 20 450 3.3
0 N,:0,=1:1 TiNO/10 10 450 2.8
0 N, TiN/20 20 450 2.6
0 CH, TiC/5 5 450 -
0 N,:CH,=5:1 TiN5C1/100 100 450 3.3
0 N,:CH, =51 TiN5C1/3 3 450 -
25 0O, 2.5ZrTiO0/100 100 450 33
5 0O, 5ZrTiO/100 100 450 3.4
10 0, 10ZxTiO/100 100 450 35
2.5 N,:CH,=9:1 2.5ZrTiN9C1/100 100 450 3.0
5 N,:CH,=9:1 5ZrTiN9C1/100 100 450 29
2.5 N,:CH, =51 2.5ZrTiN5C1/100 100 450 3.4
5 N,:CH, =51 5ZrTiN5C1/100 100 450 3.3
10 N,:CH, =5:1 10ZrTiN5C1/100 100 450 31
50 N,:0,=1:1 50ZrTiN101/5 5 600 3.5
50 0O, 50ZrTiO/10 10 600 3.7
50 N, 50ZrTiN/10 10 600 3.0
50 CH, 50ZrTiC/10 10 600 3.2
50 N,:CH, =10:1 50ZrTiN10C1/3 3 600 -
50 CH, 50ZrTiC/5 5 600 -
50 N,:CH, =51 50ZrTiN5C1/10 10 600 3.6

Table 1. PLD conditions and bandgap values of TiO,-based films.
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PLD experiments were performed using a KrF* laser source (COMPexPro 205 Coherent, Ty
< 25 ns). Pristine TiO, or ZrO,-mixed TiO, targets with different content of zirconium oxide
were laser ablated to grow coatings on glass plates. The films were synthesized at substrate
temperatures of 450 or 600°C. The samples were deposited at different pressure of pure oxygen,
nitrogen, methane, and mixed N,:CH, atmosphere with 1:1, 5:1, 9:1, and 10:1 ratios.

Photocatalytic activity of the films was assessed via dichromate ions reduction reaction. The
film was immersed in 15 ml of an aqueous solution of potassium dichromate (in all
experiments, the initial concentration of dichromate ions was 2*10™* M) and the reducing agent
(disodium salt of ethylenediaminetetraacetic acid) in the molar ratio 1:1 adjusted to pH >2 by
perchloric acid. The mass of the films was found to be 0.40 + 0.02 mg (the concentration of the
catalyst in aqueous solution of redox couple was 2.7 x 10 g/L, 37 times lower than usually
used suspension 1 g/L). The reaction temperature was kept constant (25°C) during the
experimental procedure. The change of Cr(VI) ions concentration was monitored with a
Lambda 35 UV-Vis spectrophotometer (PerkinElmer) every 20 min. The film was immersed
in the solution until complete adsorption in the dark occurred and then irradiated by 1000 W
middle-pressure mercury lamp for 120 min. The distance lamp reactor was set at 90 cm. Two
blank experiments were carried out: the catalytic reduction of dichromate ions (dark
condition) and photoreduction reaction (a bare glass was used instead of film). The conversion
percentage of every photocatalytic run is given after subtraction of the corresponding value
of the last blank. For testing the visible-light sensitivity, a filter transmitting light with A > 380
nm was introduced in the photocatalytic setup.

The sample codes that will appear over the chapter can be easily understand as x(Zr) TiYy(Zz)/
P, where x is the ZrO, percentage, (Zr)Ti is a target composition, ¥ and Z mean gas atmosphere
(Ois Oy, Nis N,, Cis CH,), y and z are the ratio of Y and Z, P is the gas pressure during PLD
procedure. The synthesis conditions and the measured value of bandgap energy (E,,) are
collected in Table 1.

2.1. Nitrogen-doped TiO, films

Pulsed laser synthesis of TiO, films in oxygen, nitrogen, methane and their mixtures was
performed (Table 1) [53]. Excluding the UV part of spectrum by cut-of-filter, the films obtained
at different atmospheres exhibited the visible light absorption (Figure 3). Compared to bare
TiO,, nonmetal-doped films show a change in optical absorption that was originally associated
to abandgap narrowing. Comparing the values of bandgap energy calculated by extrapolating
the linear parts of the (ahv)"? ~ f(hv) curves, that is assuming an indirect electronic transition
(Table 1), the decrease in its values for the doped samples is obvious proving that the electronic
structure of a photocatalyst affects its optical absorption. The sharp decrease of E,, was
demonstrated when pure dinitrogen or the mixture of dinitrogen and oxygen has been applied.
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Figure 3. Absorption spectra of TiO (1), TiN (2), TiN5C1 (3), TiNO (4), and cut-of-filter (dashed line).

As revealed by X-ray diffraction (XRD) spectra (Figure 4), anatase phase formation has been
obtained for all films excepting TiC/5. Moreover, the samples TiNO/10 and TiO/20 present a
preferential texture along the <004> plane. On the other hand, the peaks at 37.80°, 43.30°, and
62.80° visible in the diffractogram of the TiO, film deposited in CH, (TiC/5 film) could be
related to <004>, <002>, and <202> planes of TiO phase indicating the formation of a sub-
stoichiometric compound [53] or even Ti crystalline phase [29, 54, 55]. It is obvious that pure
methane used in PLD prevents anatase formation providing oxygen atoms deficiency.

Intensity (a.u.)

TiN/20

A A TiINO/10
a

TiO/20
* TiC/5

20 9 4 S0 6 70 80
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Figure 4. XRD spectra of TiO, films deposited at 450°C in oxygen, nitrogen, methane, and mixture of nitrogen and oxy-
gen (*—anatase phase and #—TiO or Ti phase). Reproduced with permission from [53].

143



144 Semiconductor Photocatalysis - Materials, Mechanisms and Applications

Intensity belonging to substitutional Ns (N-Ti) lines at 395.2 and 395.8 eV for TiYy(Zz)/P is
varied as clearly seen from Figure 5 and Table 1. In addition, the appearance of the line at
397.8 and 398.1 eV accompanied by characteristic lines in the OIs and Ti2p spectra (not shown
here) reveals a more complex structure of nitrogen in the doped TiO, films. The peak at BE ~
457.5 eV in the Ti2p XPS spectrum of this film can be attributed to either the Ti atoms in the
N-Ti-O linkages or Ti species interacting with V,,, whose formation is highly favored in the
oxygen-poor conditions (Table 2) [57].
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Figure 5. XPS spectra of N1s binding energy for samples TiNO/10 (a) and TiN/20 (b) adopted from [9] and TiN5C1/100
(c) and TiN5C1/3 (d). Adapted with permission from [56].

Replacing dinitrogen or the mixture of dinitrogen/oxygen by the mixture of dinitrogen/
methane leads to the change not only the line intensities but also some peaks position. Quite
surprisingly, the intensity of N1s peak of N, is sharply raised and reached ca. 90% for
TiN5C1/3. It points that no other nitrogen contained species are present in the lattice structure
of titania for this materials. A new additional peak of Ti2p;, region at lower BE (456.3 eV) is
observed for TiN5C1/3. Similarly, the Ti2p;,, lines corresponded to 455.6 and 456.9 eV appeared
with increasing nitridation temperature leading to the formation of TiN phase as proven by
XRD [29]. Taking into account that the peak at 456.3 eV is assigned by the published literature
to TiN phase [30], it could be suggested the deeper nitrogen doping into titania at the low
pressure (N-Ti-N and the dative-bonded N atoms). Thus, the deposition atmosphere and
pressure have strong influence on the efficiency of N, and N; atoms incorporation.
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BE, eV TiNO/10 TiN/20 TiN5C1/100 TiN5C1/3
I, %
N1s
395.2 - 26.4 - -
395.8 252 - 9.7 90.1
397.8 - - 274 -
398.1 - 7.3 - -
399.1 12.9 33.2 39.6 5.6
400.3 61.9 18.0 - -
400.8 - - 23.3 43
409.2 - 15.1 - -
Ti2p;,
456.3 - - - 15.3
457.5 2.6 16.8 244 20.3
458.1 - - 60.6 48.1
458.3 62.9 67.9 - -
458.8 34.5 15.3 15.0 16.3

Table 2. N1s and Ti2p;, binding energy values and their relative intensity.

Comparing the bandgap energy values of TiN/20 (2.6 eV), TiNO/10 (2.8 eV), and TiN5C1/100
(3.3 eV) with their intensity of N, peak 26.4, 25.2, and 9.7, respectively, the bandgap narrowing

of anatase could result in the incorporation of substituted nitrogen.

Sample UV, % vis, %
TiC/5 3
TiO/20 3
TiNO/10 3
TiN/20 9
TiN5C1/100 9
TiN5C1/3 1

Table 3. Conversion percentage of dichromate ions after 120 min under UV and visible light.

The catalytic response under UV light exposure was observed for TiC/5, TiO/20, and
TiN5C1/100 samples (Table 3). TINO/10 and TiN/20 films were completely inactive under UV
light, while the activity of TiN5C1/100 is comparable with pure TiO, (TiO/20). The low activity
of former N-doped materials could be explained by the nitrogen-induced levels formation in
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the banggap of TiO,, acting as recombination centers for charge carriers under irradiation with
UV light. TiN/20 and TiN5C1/100 exhibited an identical level of photocatalytic conversion
under visible light, while the relative intensities of N, (26.4 and 9.7 for TiN/20 and TiN5C1/100,
respectively) and N; (7.3 and 27.4 for TiN/20 and TiN5C1/100, respectively) are different for
these samples. No photocatalytic activity in the presence of TIN5C1/3 is observed.

2.2. Nitrogen-doped ZrO,/TiO, films

2.2.1. Low content of ZrO, in the target

Incorporation of transition metal oxides into titania improved the photocatalytic activity due
to the mutual action of metal ions and anatase resulting in increased specific surface area,
surface acidity, and changed photo-electrochemical properties. Coupling of two semiconduc-
tors is useful to achieve a more efficient separation of photogenerated electron-hole pair that
led to the improvement of the photoactivity. Itis found that the photocatalytic activity depends
on the phase composition and crystalline size that modify the TiO, bandgap [11]. Zirconium
incorporation into TiO, lattice by sol-gel synthesis was achieved with the formation of
Ti;_ Zr, O, solid solution for the film with a Zr content up to 10 mol% as evidenced by XRD and
XPS. It was demonstrated that the formation of Zr—O-Ti bonds has an influence on the thermal
stability during sintering of the mesoporous structure of the films, surface texture, and optical
properties as well as in the changes of number of surface active sites for nanocomposite films
[10, 58].

Pulsed laser-deposited (2.5, 5, and 10%) ZrO,/TiO, thin films were synthesized under various
gas atmospheres (see Table 1). We inferred the characteristic E,, values for pure titania and
zirconia of 3.3 and 4.2 eV. All nonmetal-doped films showed more intensive absorption
extending into the visible-light region comparing xZrTiO/100. A shift to the longer wavelength
from lower to higher contents of ZrO, results in decrease of bandgap energy, as oppositely
observed for the samples synthesized in O,. The bandgap values of the films synthesized in a
gas atmosphere with a higher ratio of N, to CH, (9:1) are lowered when increasing zirconia
content.

For films synthesized at 3 Pa, the calculation of E,, was impossible because of the strong
absorption in the visible region (Figure 6 inset) [56]. Similar broad absorption was reported
for N-doped TiO, after the nitridation by ammonia at 650°C or above and explained by the
metallic property of samples as indicated by the XRD and transmission electron microscopy
(TEM) result [29].

The N1s line at 395.8 eV attributed to N, is present for all nonmetal-doped samples. The XPS
spectra of 2.5ZrTiN9C1/100 and 2.5ZrTiN5C1/100 films showed almost the same relative
intensity of N; lines as TiN5C1/100 (Figures 5c and 7b, d) and Tables 2 and 4). On the other
hand, the increased intensity of N, lines is fixed for the samples containing 5% ZrO,, especially
for the film synthesized at higher ratio of N, to CH, (5ZrTiN9C1/100). It shows that the higher
the dinitrogen content in the gas mixture, the more substitutional nitrogen is incorporated in
the semiconductive structure. Comparing the intensity of N1s line at 395.8 eV of all samples
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synthesized at 100 Pa, it is evident that highest peak intensity (~43%) corresponds to the sample
with the largest content (10%) of zirconia, while the lowest intensity at 397.8 eV is observed.
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Figure 6. Absorption spectra of 2.5ZrTiN5C1/100 (1), 5ZrTiN5C1/100 (2), and 10ZrTiN5C1/100 (3). Inset: samples
5ZrTiN5C1/3—a, 5ZrTiN9C1/3—b, 5ZrTiN5C1/100—c. Reproduced with permission from [56].
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Figure 7. XPS spectra of N1s binding energy for 2.5ZrTiN9C1/100 (a), 2.5ZrTiN5C1/100 (b), 5ZrTiN9C1/100 (c), and
5ZrTiN5C1/100 (d) samples. Reproduced with permission from [56].
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BE, eV 2.5ZrTiN9C1/100 2.5ZrTiN5C1/100 5ZrTiN9C1/100 5ZrTiN5C1/100
I, %

N1s

395.8

397.8 3.8 144 11.6 18.1
399.2 60.3 55.5 445 47.0
400.8 27.9 21.4 22.5 21.5
Ti2py,
457.5 3.2 7.2 11.2 5.1
458.3 68.3 57.4 729 63.5
458.8 28.5 35.4 15.9 31.4

Table 4. N1s and Ti2p;, binding energy values and their relative intensity.

Analogous to TiN5C1/3, N, peak for 10ZrTiN5C1/3 films contains the single high-intensity N1s
line at 395.7 eV. No other deconvoluted peaks were found (Figure 8; Table 5). Thus, an
incorporation of substitutional nitrogen ions without any other forms can be achieved by

carrying the synthesis at 3 Pa pressure.
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Figure 8. XPS spectra of N1s binding energy for 10ZrTiN5C1/100 (a) and 10ZrTiN5C1/3 samples (b).

Such effective nitrogen incorporation in oxide matrix can be the effect of an interaction between
carbon (and/or hydrogen) and laser ablated oxygen atoms forming CO, during PLD that leads
to the oxygen deficiency and the formation of nonstoichiometric TiO, N, structure. This can
be confirmed by the lower ratio (1.6) of Oy1s/Ti2p for samples synthesized at 3 Pa in compar-

ison with pristine TiO, where this ratio equals 2 [56].
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BE, eV 10ZrTiN5C1/100 10Z+TiN5C1/3

(a) (b)
I, %

Nis

395.7 432 86.8

397.8 2.8 -

399.1 26.2 4.6

400.8 27.9 8.7

Ti2py,

456.3 - 8.1

457.5 21.0 37.2

458.1 72.80 47.1

458.8 6.24 7.6

Table 5. Relative intensity of N1s and Ti2p,, binding energy.

A significant intensity of peak at 457.5 eV assigned to the Ti-N bonds was observed for
10ZrTiN5C1/100 and 10ZrTiN5C1/3, assuming also the presence of Ti** states. According to
the literature [59], such titanium species have oxidation states between +3 and +4. Moreover,
the appearance of additional Ti2p,, peaks with lower BE similar to TiN5C1/3 (Section 2.1) is
assigned to the change of surrounding titanium, where more oxygen atoms are substituted by
nitrogen. The Zr3;), line (E,, = 182.3 eV) was recorded for all zirconia-containing samples,
meaning the formation of Zr* ions surrounded by O* ions [10]. No signal pointing on the
formation of Ti-O-Zr bonds was obtained (not shown here).

Additionally, the ratio of N1s line at 395.8 eV to Ti2ps, line at 457.5 eV corresponds as 1:2 and
2:1 for TiN5C1/100 and 10ZrTiN5C1/100, respectively. It is supposed that the distortion of
Ti*O, lattice with the advent of Ti* states occurs due to larger size of zirconium ions (Ry,,. =
0.720 A vs. Ry, = 0.650 A). The relatively high stability of Ti** states of the tested samples is
associated to the presence of Zr*" ions. Note that the non-equilibrium character of the PLD
processis favorable to the generation of strains in the lattice. XPS data pointed to the correlation
between zirconium contents and ratio of number of nitrogen atoms linked in Ti-N bonds to
the number of Ti* states as well as the relative contents of N1s at 395.8 eV. This can be indicative
for the formation of Ti-N fragments in the coordination sphere of Ti** ions. In other words, the
N, states (395.8 eV) responsible for photocatalytic activity of doped samples could be also
connected with Ti* states of Ti*O, lattice.

Certainly, the non-doped ZrO,/TiO, films (columns 7, 8, and 9 in Figure 9) exhibit much lower
activity under both UV and visible light compared to nitrogen-doped synthesized at 100 Pa.
The highest yield under both UV (51% reduced ions) and visible light (14%) was demonstrated
by 10ZrTiN5C1/100. The activity of this film is twice higher than Ti0/20 and TiN5C1/100 under
UV light and 1.5 times higher comparing with TiN/20 and TiN5C1/100 under visible light. We
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have shown that the conversion percentage under UV light is strongly correlated with the
contribution of N1s at 395.8 eV which in turn depends on the zirconia content (Tables 4 and
5). Hence, the photocatalytic activity strongly depends on the efficiency of substitutional
nitrogen incorporation inside titania matrix that is, in turn, affected by zirconia content and
the gas ratio used during PLD synthesis.

Figure 9. Conversion of dichromate ions after 120 min under visible (a) and UV (b) light: 1—TiN5C1/100; 2—
2.5ZrTiN5C1/100; 3—5ZrTiN5C1/100; 4—10ZrTiN5C1/100; 5—2.5ZrTiN9C1/100; 6—5ZrTiN9C1/100; 7—2.5ZrTi/100; 8
—5Z7rTi/100; 9—10ZrTi/100.

It must be emphasized that all films obtained at lowest pressure are completely inactive under
both UV and visible-light irradiation (not shown here). In order to understand in depth this
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Figure 10. Electrical conductivity of 10ZrTiN5C1/X: 3 (1), 6 (2), 10 (3), 50 (4), and 100 Pa (5).
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phenomenon, the electrical conductivity (Figure 10) measurements were performed. The
samples obtained in the range of (3-10) Pa are black colored (Figure 11) and exhibit the
electrical conductivity pointing on the appearance of oxygen vacancies, which results in
metallic character of these materials. The formation of nonstoichiometric TiO, N, containing
in excess of Ti-N bonds exhibiting a low semiconductive behavior is concluded.

Moreover, no electrical conductivity (Figure 10, curves 4 and 5) was observed for the samples
obtained at 50 and 100 Pa providing their semiconductive behavior. This indicates that anatase
in conjunction with a certain numbers of Ti-N bonds is beneficial on the effective photocatalytic
transformations.

3Pa_ _ 6Fa |  10Pa |  s0Pa | 100Pa

Figure 11. Images of 10ZrTiN5C1/X obtained under different gas pressures.

As seen from Figure 11, the level of nitrogen incorporation strongly affects the optical
properties of the films which turned from black to dark yellow color.

2.2.2. High weight content of ZrO, in the sample

The next series of the films used in our investigation was based on the mixed titania—zirconia
films with the component ratio 50:50 wt%. The synthesis conditions are detailed in Table 1.
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Figure 12. Absorption spectra of 50ZrTiO/10 (1), 50ZrTiN101/5 (2), 50ZrTiN5C1/10 (3), and 50ZrTiN/10 (4) films.
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TiO,/ZrO, films prepared in ambient N, and/or CH, atmosphere had different absorption
spectra. The shift of the absorption band edge to the red region of the spectra with the increase
of N, content in the gas mixtures was observed (Figure 12). The influence of the doping agent
nature and its content was observed in the variation of bandgap energy values (Table 1).

Similar to the bandgap values of low zirconia content films (Section 2.2.1), E,,, values correlate
with dinitrogen content in the gas mixture and applied pressure. For non-doped ZrO,/TiO,
(60ZrTiO/10), the bandgap energy value is higher (3.7 eV) than for anatase, pointing on the
presence of wide bandgap semiconductor as zirconia. In particular, the E,, values are de-
creased with the increase of dinitrogen content in a gas mixture, reaching 3.0 eV for 50ZrTiN/
10. On the other hand, for the doped composite samples 50ZrTiN10C1/3 and 50ZrTiC/5, the
calculation of E,, was impossible because of the strong absorption in the visible region.

Unexpectedly, no crystallization of titania but incipient crystallization corresponding to the
(101) line of ZrO, were confirmed by XRD investigation (not shown here) [60]. It can be
explained by the existence of undetectable very small TiO, particles or by the excess of ZrO,
in the film matrix inhibiting the titania crystallization.

Intensity {arb.units)
.
£
E
f

B ot o —

——
3092 394 398 398 400 402 404
E_ . eV

n

Figure 13. XPS spectra of N1s energy for the samples 50ZrTiN/10 (a), 50ZrTiN5C1/10 (b), 50ZrTiN10C1/3 (c).

The sample synthesized at the high content of N, in the gas mixture (50ZrTiN10C1/3) contains
the most prominent peaks of Ti2p,, at 457.5 eV and N1s at 395.8 eV (Figure 13; Table 6),
indicating the effective N, incorporation at low pressure similar to low zirconia content films
(Section 2.2.1). Existence of other nitrogen species (400 eV) could be explained by high content
of zirconia that caused the distortion of the crystalline lattice and easier incorporation of other
N species. Almost equal intensity of the peaks at 395.8 and 400.0 eV was observed for sample
deposited in pure N,. The Ti2p,, signal at 457.5 eV was weaker for sample obtained in pure
N, than in 5:1 N,:CH, at 10 Pa. The binding energy of Zr3ds, peak for all samples (182.3 eV)
corresponded to Zr* species in ZrO,.
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BE, eV 50ZrTiN/10 (a) 50ZrTiC/5 (b) 50ZrTiN5C1/10 (c) 50ZrTiN10C1/3 (d)
L%

Nis

395.8 42.5 - 27.6 67.6

400.0 57.5 100 68.5 324

Ti2ps,

457.5 7.5 - 8.1 23.5

458.3 36.9 9.0 31.7 27.8
55.6 91.0 60.2

Table 6. Relative intensity of N1s and Ti2p;, binding energy from Figure 13.

All the films were inert under UV and visible-light irradiation showing an activity similar to that of
blank sample. The photocatalytic performance of 50ZrTiN10C1/3 film was comparable to TiO,
one under UV light. The highest activity for this series of films was reached for the structure
with the largest number of N [60]. As clearly seen, no favorable effect of half doping level of
ZrQ, in titania was recognized as a result of the low crystallization degree of anatase, while
the synthesis conditions for the effective nitrogen substitution were chosen.

3. Conclusions

In summary, an appropriate selection of gas mixture, pressure, and temperature during PLD
synthesis is identified for the optimum photocatalytic activity of semiconductive materials.
The highest photocatalytic conversion yields in the dichromate ions reduction are obtained for
nitrogen-doped 10% ZrO,/TiO, synthesized in N,:CH, =5:1 at 100 Pa and at 450°C under both
UV and visible light. This is the result of effective nitrogen atom substitution into titania lattice
as confirmed by N1s XPS line at 395.8 eV. When the films were synthesized at low pressure of
3 Pa, the only Ns peak with the binding energy 395.8 eV was observed and photocatalytically
inactive nonstoichiometric TiO, N, structures were deposited. The absence of semiconductive
properties of the films obtained at the low pressures is a direct evidence of no anatase formation
and, respectively, their photocatalytic performance remained at the level of blank experiments.
It can be suggested that carbon and hydrogen radicals/atoms forming as a result of laser action
react with oxygen species causing the subsequent oxygen substitution by nitrogen atoms. This
mechanism is supported by the XPS evidence, according to which the intensity of N-Ti peak
at 395.9 eV is lower for the samples synthesized in a pure N, atmosphere. Thus, the effective
incorporation of substitutional nitrogen in oxide matrix can be caused by a direct interaction
of carbon or hydrogen atom with oxygen species during PLD resulting in an oxygen deficient
lattice, taking into account that pure methane used in PLD prevents anatase formation
providing oxygen atoms deficiency. At high pressure, a number of collisions between C or H
species and ablated oxygen atoms are less probable owing to the screening effect of other
atoms/species (Figure 14a). When pressure is decreased, the deposition rate is enhanced in
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addition to much higher probability for carbon/oxygen and hydrogen/oxygen interactions
(Figure 14b). This can result in the higher efficiency of Ti-N as compared with Ti-O fragments
formation.
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Figure 14. Schematic representation of pulse laser deposition in a mixture of N,/CH, at 100 Pa (a) and 3 Pa (b).

As seen from Figure 15, the percentage of reduced dichromate ions under UV light is correlated
with the contributions of N1s at 395.8 eV which is in turn dependent on the zirconia content.
The ratio of line intensities of N1s at 395.8 eV to Ti2p;, at 457.5 eV is pointing to the large
number of O-Ti*-N bonds with the increase of ZrO, contents. It is obvious that photocatalytic
activity under UV light strongly depends on the efficiency of substitutional nitrogen incorpo-
ration inside titania matrix. The high ZrO, content (50%) induces the deceleration of anatase
crystallization rate leading to the activity decrease, while a much lower zirconia amount (2.5
and 5%) is still not enough to stimulate an appropriate quantity of substituted nitrogen
embedded in titania matrix. The correlation between the zirconia content and the efficiency of
substitutional N incorporation is established. The distortion of Ti*'O, lattice with the advent
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Figure 15. Influence of zirconia contents in (xZr)TiN5C1/100 films on the photocatalytic conversion under UV (black
column), ratio of N1s at 395.8 eV to Ti2p at 457.5 eV (red column) and Nls at 395.8 eV to total N1s (blue column).
Reproduced with permission from [56].
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of Ti** states occurred due to the larger radius of zirconium ions (Ry,,, = 0.720 A vs. Ry, =
0.650 A). The relative high stability of Ti** states is assigned to the presence of Zr* ions.
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Figure 16. Dependence of bandgap energy of the semiconductive materials with the relative intensity of N1s XPS sig-
nal at 395.2-395.8 eV.

In general, the low photocatalytic efficiency is explained by the limited photo-excitation of
electrons in the intragap localized states, the very low mobility of photogenerated holes [2],
and the high recombination rate due to the creation of oxygen vacancies by doping [61]. Hence,
the photoreactivity of doped TiO, appeared to be a complex function of the doping agent
concentration, the energy level of doping agent within the TiO, lattice, their d electronic
configurations, the distribution of doping agent, the electron donor concentrations, and light
intensity.

The debates concerning the preferred N substitutional or interstitial sites which induce the
highest photocatalytic action is still alive in the literature [62-64]. Our investigation suggests
that the substitutional nitrogen (Ti-N) that belongs to XPS lines at 395.2-395.8 eV is basically
responsible for the observed photoactivity. Additionally, it can be proved by the next two
observations. (i) The peak at 397.8 eV has the negligible relative intensity (2.8%) for most active
10ZrTiN5C1/100, and (ii) the peaks in the range of 398-401 eV are observed for the other
samples with low reactivity. We also underline that N, species with 395.2-395.8 eV binding
energy are responsible for bandgap narrowing or formation of intragap localized states of the
doping agent within bandgap (Fig. 16). Itis pointed that the bandgap energy values are sharply
declined when the relative intensity of this XPS peaks is increased, while no dependence
between 397.8 or 398-401 eV peaks and E,, is observed. PLD synthesis of TiO, films in
N,/CH, atmosphere not only leads to nitrogen incorporation but also to the formation of defects
including oxygen vacancies and Ti** states which are all contributing to light absorption.
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Abstract

The glancing angle deposition (GLAD) method in physical vapor deposition is proved to
be a versatile tool to fabricate nanostructured TiO, as the photocatalyst on specific
substrates to form self-standing structures, which are much easier to be recycled. And
novel designs of doping, decorating photocatalytic active substance, are brought in to
make TiO, respond to visible light. In this chapter, we introduce our previous works such
as TiO, nanorods with CdS quantum dots, noble metallic nanoparticles, coating TiO, via
atomic layer deposition (ALD), and so on.

Keywords: Nanostructured, TiO,, GLAD, visible light, degradation

1. Introduction

Asweall know, population growth and rapid industrial development lead to global energy and
environment crisis. However, sufficient utilization of solar energy could alleviate these issues,
as the solar energy irradiating the surface of the Earth exceeds the current global human energy
consumption by nearly four orders of magnitude. Thus, there has been keen interests in
developing photocatalysts like semiconductors that can produce chemical energy from light.
Semiconductor photocatalysis, which is regarded as a good candidate to convert renewable
photon energy into chemical energy and decompose organic pollutants, has drawn much
attention of researchers.

Since the first report of photocatalytic splitting over water taking use of TiO, photoanode by
Fujisima and Honda in 1972 [1], TiO, has been widely studied and considered as one of the
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superior candidates to settle the environmental concerns owing to its chemical inertness, low
cost, photostability, nontoxicity and strong photocatalytic activity [2]. However, the industrial
applications of it are also limited due to its large band gap (ca. 3.2 eV and 3.0 eV for anatase
and rutile, respectively), which makes it to become active only under ultraviolet (UV) light
(accounting for ~5% of the solar energy) [3]. And many efforts are made to enhance the
photocatalytic performance of TiO, under visible lights range. So far, there are three main
strategies to improve the photocatalytic efficiency and visible light utilization of TiO,: (1)
coupling with different semiconductors (e.g., TiO,/Cu,O [4] and TiO,/WO; [5]), (2) combining
with noble metals (e.g., Au/TiO, [6], Pt/TiO, [7] and Ag/TiO, [8, 9]), and (3) introducing dopants
(e.g., oxygen defects [10], and sulfur [11], nitrogen [12]). Here, we will introduce these three
methods in detail.

From previous studies, there are many methods to fabricate nanostructured materials. Among
them, the glancing angle deposition (GLAD) technique is regarded as one simple but highly
repeatable physical vapor deposition technology to prepare 1-dimensional and 2-dimensional
nanomaterials, such as slanted posts, spirals, zigzag columns, nanopillars, etc. [13]. This
method takes advantage of atomic shadowing and adatom diffusion to grow nanostructure
materials. And these specific shaped nanostructures can be applied in many areas such as
catalyst, optical element and magnetic storage media, etc. For instance, HfO, nanocolumn
arrays can be applied as antireflection coating [14]. And altering GLAD fabrication conditions
could also adjust relating the property parameter. Ag nanorod arrays (NRAs) could serve as
surface-enhanced Raman scattering substrates. The limit Rhodamine 6G concentration of 107
mol/L can even be perceived using such kind of array structure. [15]

2. Doping

Traditional strategies in previous researches to broaden the solar spectral response of TiO,
include surface sensitization by organic dyes and doping with transition metals. However, the
commonly used dyes are in high price and the long-term stability of many dyes is also
uncertain. Doping with transition metals makes the absorption shift to the visible region, even
including all the solar spectra. While the metal ions could form recombination centers in the
TiO, [16], which will reduce the efficiency of its photocatalytic activity.

Doping non-metal ion into TiO, may be a promising way to avoid the deterioration of the
thermal stability of oxide lattice [17]. Many researchers reported doping experiments with
various substances, such as nitrogen [18], sulfur [19] and fluoride [20] elements. Asahi et al.
[21] reported that the band gap narrowed by N-doping, which improves the photocatalytic
activity of TiO, under visible light irradiation. Since this work, such type of doping has been
considered as one of the most effective approaches to shift the optical response of TiO, from
the UV to the visible spectral range. There are mainly two major ways to prepare the N-doped
TiO,. One of them is using incorporation of N into TiO, lattice by ion-implantation technique,
or other techniques, such as magnetron sputtering, hydrothermal method, etc. Another way,
described in this work, relies upon the oxidation process of TiN,, like powders and films
prepared by these techniques.
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2.1. Fabrication of N-doped TiO, NRAs

The TiN NRAs were deposited on F-doped SnO, (FTO) and quartz substrates through GLAD
method. The substrate temperature was controlled at ca. —20°C by using liquid nitrogen to
maintain the temperature. The N-doped TiO, NRAs were obtained by oxidizing the as-
prepared TiN NRAs in a tube furnace under atmosphere at 330°C, and the N contents in
TiO, NRAs were controlled by varying the annealing time (i.e., 5, 15, 30, 60 and 120 min). For
the sake of convenience, one mark the TiN NRAs annealed for 5, 15, 30, 60 and 120 min as 5N-
TiO,, 15N-TiO,, 30N-TiO,, 60N-TiO, and 120N-TiO,, respectively.

Figure 1. SEM images of the as-deposited TiN NRAs (a) 5N-TiO, NRAs (b), 15N-TiO, NRAs (c), 30N-TiO, NRAs (d),
60N-TiO, NRAs (e) and 120N-TiO, NRAs (f). The insets in (a) and (b) are the corresponding SEM images with a tilt
angle of 45°.

Figure 1 is the scanning electron microscope (SEM) images of samples with various annealing
time. Top-view image from Figure 2(a) shows that the as-prepared TiN NRAs exhibits porous
structure. These nanorods (NRs) are found to be quite uniform with the length of ~600 nm,
which are separated by voids as exhibited specially in the inset of Figure 1(a). Moreover, it can
be seen that the NRs are tilted with an angle of ~30° in the case of the substrate normal because
of high angle of the incident adatom plume related to the substrate (a = 85°) [22]. The porous
structure was also formed during the deposition process due to the self-shadowing effects and
the limited mobility of the deposited atoms. The morphologies of the TiN NRAs annealed at
330°C for 5, 15, 30, 60 and 120 min do not change mainly and is corresponding with that of the
as-deposited NRAs as exhibited in Figures 1(b)—(f).
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To study the microstructures of the as-prepared TiN NRAs and annealed samples furthermore,
transmission electron microscope (TEM) is performed. Figure 2(a) shows the low-resolution
TEM image of the TiN NRAs. It can be seen that the NR is of length ~600 nm and diameter of
~80 nm, which is in agreement with the SEM results. These pine needle structure NRs lead to
an important enhancement in the total surface area, which is much higher than that of NRs
with smooth surface. This microstructure can promote the performance of photoelectrochem-
istry because of the 1D structure with high specific surface area. Figure 2(b) exhibits the high-
resolution TEM (HRTEM) image of the as-prepared TiN NRAs. The TiN crystalline grains can
be observed clearly with interplanar lattice spacing of 0.212 nm, corresponding to (200) plane.
TiN can be converted into TiO, by a complete oxidation at medium temperature in air
condition. The oxidation occurs from the surface to the inner of NRs with diffusion of O,. And
the annealing time is also the critical parameter to decide the final oxidation degree. 15N-
TiO, NRAs that annealed for 15 min at 330°C have huge amount of amorphous state, and only
trace amount of TiO, crystalline grains with lattice spacing of 0.354 nm existed as shown in
Figure 2(c). Prolonging the annealing time to 120 min, huge amount of TiO, crystalline grains
appeared and no TiN crystalline is found as shown in Figure 2(d).

Figure 2. (a) Low-resolution cross-sectional TEM images of the as-prepared TiN NRAs; (b) HRTEM images of (a); (c)
and (d) are the HR-TEM of the images of the 5N-TiO, NRAs and 120N-TiO,, respectively.

Figure 3(a) exhibits the UV-visible light transmittance spectra of the TiN NRAs sample
annealed during different time at 330°C. The as-prepared TiN films were assumed to be opaque
with thickness of several tens of nanometers in previous report [23]; however, the transmit-
tance of the as-prepared TiN NRAs actually in this study is ~25% under visible light test. With
the increase in annealing time, the transmittance increases step by step at the wavelength of
300 to 600 nm, may due to the discrepancy in the degree of oxidation of the films from TiN to
TiO,. The spectra are studied by a high regularity of the interference fringes and a systematic
increase in wavelength in which the film practically is no longer transparent in the visible
range. This behavior has been previously found in TiO, doped with metals [24]. The optical
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gap (E,) of the semiconductor with large band gap can be calculated from the absorption
coefficient a.. The absorption coefficient can be expressed by, if scattering effect is neglected:

(«E,) = 4(Eg-hv), 1)

where 1 = 1/2 is for an indirect transmission [25]. It could be assumed that the film contained
both TiO, and TiN is the indirect semiconductor, similar with TiO,. The Tauc plot of (¢E)2 vs
photon energy (E = hv) is shown in Figure 3(b). Usually, the band gap can be gained by
extrapolating the linear region to (aE)"”*=0. The band gap of the as-deposited TiN NRAs is ca.
1.49 eV. The band gap of the 120N-TiO, NRAs is 3.19 eV, which is very close to that of reported
anatase TiO, (3.2 eV). It confirms that the TiN is turned to TiO, completely by annealing. The
band gap varies from 1.49 to 3.19 eV with prolongation of annealing time. This result is pretty
interesting from the photocatalysis viewpoint since it is possible to tune the onset of the
absorption to the required visible wavelength range.
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Figure 3. (a) Transmittance spectra of the doped samples annealed in different time; (b) Tauc plot of (@E)"? vs photon
energy (E = hv) for the doped samples annealed for different time.
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3. Coupling with other semiconductors

PbS [26], CdSe [27], ZnS [28] and CdS [29, 30] are semiconductors which own narrow band
gap. They can be used as a sensitizer combined with TiO, to enhance the photocatalytic
property. Especially, the band gap of CdS is about 2.4 eV which is of great advantage in
photoelectrochemisty and photocatalysis [32]. Researchers have reported many works on
growing CdS nanoparticles (NPs) on TiO, directly by chemical bath deposition (CBD) [34],
electrodeposition [33] and successive ion layer adsorption and reaction (SILAR) [35, 36].
Improving electron-hole separation efficiency is beneficial for the photocatalytic performance
[37]. Nano-sized TiO, is also good for reduction on recombining with photo-generated
electrons [38]. What is more, nanostructured TiO, always shows various characteristics on
property enhancement according to huge surface areas, high optical absorption degree and
low reflectivity [39].

3.1. Decoration CdS NPs on TiO, NRAs

3.1.1. Fabrication of TiO, NRAs

Choosing FTO and Si as substrates to deposit Ti NRAs using GLAD technique, in which the
morphology of nanostructure was investigated by SEM. Firstly, clean the substrates sequen-
tially in acetone, alcohol and deionized water by ultrasonic, respectively, and each for 5 min.
Then, the as-prepared samples were oxidized from Ti NRAs to TiO, NRAs using tube furnace
of 450°C for 2 hrs with a rate of 5°C min™ in air.

3.1.2. CdS NPs deposition on TiO, substrates

CdS NPs deposited TiO, NRAs by SILAR method have been reported previously [30, 46].
TiO, NRAs substrates were alternatively dipped in Cd(Ac), and Na,S solutions each for 30 s
to react with CdS nanostructure for each time. They were also rinsed in deionized water
between every solutions for 30 s. The SILAR process was repeated until it reached the satisfied
cycle numbers.

Top-view SEM image of Ti NRAs is showed in Figure 4(a) and the insert picture exhibits tilted
angle-view SEM image of the samples. And the Ti NRs are uniformed with ~70 nm in diameter,
~220 nm in length. The top-view SEM image of oxide sample was exhibited in Figure 4(b)
which kept the similar dimensions and sample compared to Ti NRAs. Figure 4(c—f) are the
top-view SEM images of CdS deposition samples with 5, 10, 15 and 20 SILAR cycles. SILAR
method has been used in previous research and it is thought as an effective way to synthesis
of CdS [47]. Large CdS particles were formed after 15 cycles, and after 20 cycles CdS particles
even aggregated with each other.
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Figure 4. SEM images of the as-prepared samples: (a) Ti NRAs; (b) TiO, NRAs sample, the insets in (a) and (b) are the
images recorded at a tilt angle of 45°; CdS deposition with cycle number of (c) 5, (d) 10, (e) 15, and (f) 20 SILAR.

Different cycle numbers of CdS SILAR coating on TiO, NRs were observed by HRTEM
technology. The morphology of TiO, NRs are exhibited in Figure 5(a—b). It can be seen that
TiO, NRs are polycrystalline which contain two phases (anatase and the rutile). And the
heterojunction of these two phases could block recombination of electrons and holes [48].
HRTEM images of 15 cycles CdS NPs decoration are shown in Figure 5(c—d). And we can see
that the average diameter of CdS NPs is ~5 nm, which attach to TiO, NRs forming heterojunc-
tions of TiO, and CdS. And large amount of CdS wraps up TiO, NRs when cycle number
reaches to 25.

Figure 5. TEM images and HRTEM images: (a, b) TiO, NRAs; (c, d) 15 SILAR cycles TiO, NRAs/ CdS NPs; (e, f) 25
SILAR cycles TiO, NRAs/CdS NPs.
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Discoloration of methyl orange (MO) under visible light of different SILAR cycle numbers is
measured to test its photocatalytic performance. As we all know, the absorbance peak intensity
of the A = 462 nm is proportional to the concentration of MO solution [49]. And the reaction
rate ) can be computed by

A(?)
=1-22
n @)

where A, and A(t) are absorbance intensity values at the 0 and f reaction time, respectively.

Discoloration rate of prepared samples with the irradiation time is exhibited in Figure 6. It can
be seen that discoloration rate of pure TiO, NRAs was only 3.2% just due to photobleaching
process [50]. Then with the increase in SILAR cycle number, the discoloration rate improved
first and then reduced. Specially, when cycle number is 20, it showed the best photocatalytic
performance which reached to 42.0% after 150 min irradiation.
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Figure 6. Visible light (A > 420 nm) discoloration of MO of samples.

When visible light irradiate on materials, the CdS reacted due to the narrow band gap and
produce electrons and holes. What is more, CdS decorated with TiO, NRAs also reduced the
happening of recombination because of band gap matching, thus improving the photocatalytic
performance. The electrons accumulated at the conduction band (CB) of semiconductors
change to active oxygen species (e.g., -O,) with oxygen, which could also participate in
discoloration [51]. Meantime, the formed hydroxyl radicals (-OH) could also help break down
organic molecule. Holes produced in the valence band of CdS often take part in decomposition
to let the dye turn to intermediates or mineralized products [52]. Thus, the addition of CdS is
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beneficial to the enhancement of MO discoloration in a degree. The whole reaction process is
shown in Figure 7.
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Figure 7. Schematic of degradation process of MO process for TiO, NRAs/CdS NPs.

3.2. TiO, NRAs/CdS quantum dots by coating TiO, via atomic layer deposition (ALD)

One big disadvantage of CdS QDs is that the excited electrons and holes of CdS QDs will be
trapped by the surface states in ambient conditions. This problem causes the degradation of
photostability and photocatalytic efficiency. Hence, it is crucial to reduce the recombination
of electrons and holes, in order to improve the photostability of CdS and enhance the photo-
catalytic efficiency [53]. One effective way to decrease the surface recombination velocity is to
fabricate a surface coating on CdS QDs. ALD is a kind of coating technique to deposit a very
thin film that could passivate the surface states and then reduce the surface recombination
velocity. The layer-by-layer deposition allows highly conformal coating even on the dense and
rough surface of certain nanostructures. In previous study, ALD technique has had success in
preventing anodic corrosion on other nanostructured materials [54].

Here, a TiO, NRAs/CdS QDs/ALD-TiO, composite material is investigated. The TiO, NRAs
were also made by GLAD method, while the CdS QDs and the ultra-thin TiO, film were coated
alternatively by SILAR and ALD technique, respectively. Outstanding photocatalytic property
and stability were achieved in this kind of structure, which predicts huge potency on solar
energy conversion.

3.2.1. Fabrication ALD on TiO, NRAs

The substrate temperature of ALD was controlled at 150°C during the coating process. Four
dimethylamino titanium, the precursor, was maintained at 110°C and water at 40°C. N, was
assumed as purge and carrier gas. To guarantee enough penetration of the precursors into the
whole NRs, a soak step was taken, which is very similar to that adopted in previous study [55,
56]. First, four dimethylamino titanium was pulsed for 250 ms and kept for additional 5 s, and
then the chamber was evacuated. After that H,O was pulsed in for 5 ms and allowed to soak
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for another 3 s, followed by a 20 s purge step. This process was repeated until the demanded
deposition of TiO, was complicated.

The typical top-view SEM image of 5 SILAR cycles CdS QDs decoration was showed in Figure
8(a), and the inset image of the NRs with a tilt angle of 45°. The uniform NRAs are about ~70
nm in diameter, and ~220 nm in length, while the CdS QDs deposited on TiO, NRAs are rather
small with size below 20 nm. Figure 8(b—f) show the top-view SEM images of the TiO, NRAs/
CdS QDs coated with TiO, layers by 20, 40, 60, 80 and 160 ALD cycles, respectively. Specially,
there is no obvious change in morphology when the ALD cycles are less than 80.

Figure 8. SEM images of the samples: (a) TiO, NRAs/CdS QDs, inset is the image with a tilt angle of 45°; TiO,
NRAs/CdS QDs coated with ALD TiO, with different cycles: (b) 20 cycles; (c) 40 cycles; (d) 60 cycles; (e) 80 cycles; (f)
160 cycles.

The TiO, layers deposited on TiO, NRAs/CdS QDs by ALD were studied in detail by HRTEM
technique. Figure 9(a—b) are the images of TiO, NRAs/CdS QDs before coating with TiO, layer.
The TiO, NRs are in polycrystalline state with the length of ~220 nm and diameter of ~50 nm,
which is corresponding with SEM results. Ultrafine CdS QDs with diameter of ~3 nm are coated
on TiO, NRs, making up the CdS/TiO, heterojunction. Figure 9(c—d) are the HRTEM images
of TiO, NRAs/CdS QDs decorated with 60 ALD cycles TiO, layer (i.e., TiO, NRAs/CdS QDs/
60c-ALD-TiO,). It is obvious that an ultrathin amorphous TiO, layer (~2 nm thick) was
deposited completely and uniformly on the TiO, NRAs/CdS QDs, forming another CdS/TiO,
heterojunction. Furthermore, Figure 9(e—f) exhibit the TEM images of TiO, NRAs/CdS QDs/
80c-ALD-TiO,, and the thickness of the amorphous TiO, layer is ~2.8 nm which can be seen
clearly in the HRTEM image corresponding to Figure 9(f).
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100 nm

Figure 9. TEM images and HRTEM images: (a, b) TiO, NRAs/CdS QDs; TiO, NRAs/CdS QDs coated with ALD TiO,
with various cycles: (c, d) for 60 and (e, f) for 80 cycles.

We also test the photocatalytic performance of composite materials by the photodegradation
experiments of MO under visible light irradiation. It is also following the Beer’s law as
introduced previously [49]. Figure 10 shows the degradation rate of MO after 1 h irradiation
under visible light range, choosing TiO, NRAs/CdS QDs/ALD-TiO, as the photocatalyst. The
degradation rate is only 2.92% when choosing TiO, NRAs/CdS QDs without coating ALD
TiO,. And enhancement of degradation rate occurred when taking TiO, NRAs/CdS QDs/ALD-
TiO, as the photocatalyst.

For instance, the degradation rate was 4.16% for TiO, NRAs/CdS QDs/20c-ALD-TiO,, and it
promoted 7.47% for TiO, NRAs/CdS QDs/60c-ALD-TiO,, in which the rate improved 156%
compared to that of TiO, NRAs/CdS QDs in the absence of coating. However, it is also obvious
that when taking the TiO, NRAs/CdS QDs/80c-ALD-TiO, and TiO, NRAs/CdS QDs/160c-
ALD-TiO, as photocatalysts, the degradation rate of both decreases greatly. The annealed
samples exhibit similar catalytic performance without obvious variation of degradation
between the annealed and the original samples.
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Figure 10. Visible light (A > 420 nm) degradation behavior of MO using TiO, NRAs/CdS QDs/ALD-TiO, as catalyst.

4. Coupling with noble metal

Combining with metal is a promising method to develop highly efficient visible light photo-
catalyst. On one hand, the deposition of the metal on TiO, can greatly improve its photoeffi-
ciency through the Schottky barrier CB electron trapping and consequent longer electron-hole
pair lifetime [57]. Hu et al. [58] reported a highly efficient Pt-doped TiO, which have enhanced
photocatalytic activity for NO, oxidation both under UV and visible light irradiation. Ingram
et al. managed to reduce the high rate of charge-carrier recombination by combining a
semiconductor photocatalyst with tailored plasmonic-metal nanostructures [59]. The presence
of Pt deposited on TiO, is believed to retard the rapid charge-pair recombination by serving
as an electron sink and facilitating interfacial electron transfer to dioxygen or other electron
acceptors. Pt can also trap electrons on the CB, which are subsequently transferred to electron
acceptors [60]. On the other hand, some noble metal NPs, such as Ag and Au, exhibit strong
UV-vis absorption due to their plasmon resonance, produced by the collective oscillations of
surface electrons. Pu et al. demonstrated those Au NPs, Au NRs and a mixture of Au NPs and
NRs on the surface of TiO, nanowire arrays could be prepared for effective photocatalysis and
the activities were enhanced in both the UV and the visible regions [61].

Despite these promising studies, combining the plasmonic effect of Au and electron sink effect
of Pt has not been reported so far to our knowledge. Furthermore, photocatalysts in previous
reports were usually in the form of powders and in an amorphous state, which was hard to
handle and restricted its practical applications. In the present work, we designed a plasmonic
photocatalyst consisting of bimetallic Au-Pt/TiO, supported on specific SiO, substrates. Firstly,
the vertically aligned TiO, NRAs were fixed on specific SiO, substrates by GLAD technique.
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Then, the Au and Pt NPs were deposited on TiO, by using SILAR method. Excellent photo-
catalytic property and stability were achieved and the fabrication of TiO, self-standing
structures, which will be easier for recycling and thus facilitating their potential applications
in solar energy-driven photocatalysis.

4.1. Metallic NPs deposition on TiO, NRAs

Au/Pt NPs were deposited on TiO, NRs through SILAR method with slight modification as
previously reported [30]. Briefly, the TiO, NRAs substrates were successively exposed to
HAuCl, (or HPt,Cl;) and NaBH, solutions to deposit nanocrystallites. The TiO, NRAs were
immersed in 0.1 mg/mL HAuCl, (or 0.1 mg/mL HPt,Cl,) solution for 60 s, followed by rinsing
with DI water and then immersed in NaBH, solution (1 mg/mL) for another 60 s, after which
the resultant was rinsed with DI water for several times. This SILAR process was repeated for
several cycles until the desired quantity of metallic nanocrystallites was achieved. Here,
Au/Pt-TiO, sample was alternately coated with Au and Pt NPs, respectively, for 5 times.

Figure 11 presents the X-ray diffraction (XRD) patterns of different samples. All samples
exhibited diffraction peaks at 25.2° and 27.3° corresponding to the (101) crystal planes of the
anatase phase (JCPDS No. 21-1272) and (110) crystal planes of the rutile phase (JPCDS No. 21-
1276). Besides this, the diffraction peaks (38.2°, 41.4°) assigned to Au (JCPDS No. 04-0784) and
the peak at 39.7° assigned to Pt (JCPDS No. 04-0802) were displayed in Au-TiO, and Pt-TiO,,
respectively. These three peaks were also observed in Au/Pt-TiO, sample.

Intensity (a.u.)

20 30 40 50 60
2Theta (degree)

Figure 11. XRD patterns of the Au/TiO, NRAs coated with 10 cycles, Pt/TiO, NRAs coated with 10 cycles and
Au/Pt/TiO, NRAs.
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Figure 12 shows the SEM images of the pure TiO, film and those coated with Au, Pt and
Au/Pt NPs with 10 cycles, respectively. As-annealed film consists of vertically aligned TiO,
NRs with a diameter of ~50 nm and a length of ~200 nm (Figure 12(a)). Au and Pt NPs distribute
uniformly on the TiO, NRAs surface (Figure 12(d) and 12(c)).

Substrate

m 200 nm
— —

Figure 12. SEM images of the different samples: (a) TiO, NRAs; (b) cross-section of TiO, NRAs; (c) Pt-TiO, NRAs coat-
ed with 10 cycles; (d) Au-TiO, NRAs coated with 10 cycles; (e) Au/Pt-TiO, NRAs; (f) cross-section of sample Au/Pt-
TiO, NRAs.

Furthermore, TEM images in Figure 13 show that Au and Pt were uniformly dispersed on the
surface of TiO,. Their average sizes were about ~4 nm, and in a regular cubic shape. According
to the measurement of lattice fringes, d =0.23, 0.24, 0.34 and 0.32 nm match very well with the
crystallographic planes of Pt (111), Au (111), anatase (101) and rutile (110), respectively. This
result indicated that Au, Pt and TiO, were effectively interfaced. The formation of metal-
semiconductor nanojunctions, including Au-TiO, and Pt-TiO,, could be favorable for interfa-
cial charge transfer among the three components, enhancing photocatalytic activities of the
composites. In addition, the existence of anatase-rutile heterojunction in the NRs may help the
rutile particles to efficiently collect photon-induced electrons from the anatase particles to
reduce the carrier recombination [48].
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Figure 13. TEM images and HRTEM images of (a-b) Pt/TiO, NRAs coated with 10 cycles; (c-d) Au/TiO, NRAs coated
with 10 cycles; (e—f) Au/Pt/TiO, NRAs.

To evaluate the effect of bimetal Au-Pt on the photocatalytic activity of TiO,, the photodegra-
dation of MO was carried out under visible irradiation. As a comparison, MO degradation
were also performed in Pt/TiO,, Au/TiO, and TiO,. As shown in Figure 14, neither TiO, nor
Pt-TiO, showed any activity for the MO degradation, while 20% MO was degraded by Au-
TiO, after 120 illumination under otherwise condition. In the range of wavelength A > 420 nm,
only AuNPs havelight absorption, and the degradation of MO in Au-TiO, is from the plasmon-
induced Au NPs. Moreover, the rate of MO photodegradation on Au/Pt-TiO, was 1.36 times
faster than that on Au-TiO,. Therefore, Pt NPs also played an important role in the enhanced
activity of Au-Pt/TiO,. Compared with the photocurrent of Au-TiO,, which of Au-Pt/TiO, was
remarkably enhanced, indicating that the latter sample exhibited higher charge separation
efficiency.
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Figure 14. UV-vis light discoloration of (a) MO and (b) current versus time measurements; visible light (A © 420 nm)
discoloration of (c) MO and (d) current versus time measurements.

Surface plasmon resonance (SPR) peak wavelength of Au NPs in visible light region is ~520
nm. And the incident photons are absorbed by Au NPs through SPR excitation [62]. Soon
afterwards, hot electrons move from the plasmon-excited Au to the CB of TiO, [63]. And then
electrons transfer from CB to Pt due to the work function of Pt larger than Au. Here, Pt NPs
take part in the process as cocatalyst at which electrons could react with electron acceptors
(O, absorbed on the surface of Ti* or dissolved in water) to create superoxide radicals (O,").
At the meantime, the resultant electron-deficient Au particles can oxidize the organic molecule
or react with OH" to form hydroxyl radicals, OHe, which are highly oxidizing species. The
process is shown in Figure 15. And co-decoration of Au/Pt not only improves the efficiency of
charge separation, improving its photocatalytic efficiency, but also expands the active range
of TiO, to visible light region. What is more, it was also verified that active radicals produced
from UV-photoexcited TiO, create electron-hole pairs reacting with adsorbed oxygen/H,O
[65]. As a result, the highly efficient degradation of dyes came from both photoexcited TiO,
and plasmon-excited Au NPs under UV irradiation.

Visible-light SPR excitation
—
‘Q‘.

isfls

MO+ OH Prod

Figure 15. The photocatalytic process for Au/Pt/TiO, NRAs under UV-vis lights.
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5. Summary

In this chapter is introduced three main methods of coupling with different semiconductors,
combining with noble metals and introducing dopants to make TiO, be active in visible light
region. Our studies demonstrate that through rational design of composite nanostructures,
one can achieve on utilizing a high-energy photon under sunlight. And combining different
materials together, which matches their bands with each other and with various nanostruc-
tures, could both eventually realize higher efficiency of solar spectrum.
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Abstract

Photocatalyticdegradationisacost-effectivetechnology fortheremovalof volatileorganic
compounds. However, the mechanism of photocatalytic degradation of volatile organic
compounds on TiO, is still a challenging issue. Fortunately, infrared spectroscopy is a
powerful technique, able to provide information about adsorption/desorption, inter-
mediates/products, and interfacial reaction. The aim of this chapter is to review several
aspects of our current understanding of the role of TiO, in the degradation of volatile
organic compounds, by using in situ diffuse reflectance infrared Fourier transform
spectroscopy. We firstly review the state of photocatalytic degradation of volatile organic
compounds briefly. This is followed by a summary of in situ infrared techniques. The
interaction of TiO, surfaces with vapor organic molecules and other species is then
reviewed with the representative works in recent years. It ends with a brief future outlook
on the mechanism of photocatalytic air purification of TiO,.

Keywords: infrared spectroscopy, photocatalysis, volatile organic compounds, TiO,,
DRIFTS, air purification

1. Introduction

Volatileorganiccompounds (VOCs), suchas toluene, formaldehyde, and benzene, emitted from
decoration materials, paint and cementing compound, are the major pollutants inindoor air [1].
There is evidence that most of the VOCs significantly impact human health. In general, they can
irritate the mucous membranes of eyes and respiratory tract, and even damage the nervous
system [2,3]. Compared with adsorption by activated carbon, biofiltration, or thermal cataly-
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sis, photocatalytic degradation is a cost-effective technology for removal of VOCs, because the
pollutants can be oxidized to mineral salts, CO,, and H,O under mild operating conditions [4,5].
In a typical process, a semiconductor is irradiated with light whose energy is higher than the
band gap energy of the semiconductor, generating an electron (e”) from the valence band to the
conduction band and leaving a hole (h*) in the valence band. Some electron-hole charge carriers
can in turn undergo recombination and dissipate the excess energy, while the other carriers can
migrate to the surface of the semiconductor and initiate redox reactions with the surface-
adsorbed organic compounds.

One of the most widely used semiconductor photocatalysts at present is TiO,, due to its good
chemical and thermal stabilities, low cost, innocuousness, and relatively high photocatalytic
activity [7-9]. As evidenced by a wide number of publications that have appeared in the past
20 years, the photocatalytic degradation of VOCs on TiO, mainly involves three aspects:

i Given that TiO, possesses the relatively large band gap (3.2 eV) so that only UV
radiation can activate it, many modification methods, including ion doping and
semiconductors coupling, are developed on TiO, to use low-energy photons available
in the visible spectral region. In the meantime, efforts have been made to enhance its
photocatalytic performance by increasing the electron-hole pair separation and/or
specific surface area.

ii. Photocatalytic reactor development, as an engineering approach to enhance the
efficiency of degradation of VOCs, involves updating existing fixed and flow bed
reactors, and designing new reactors.

iii. Various researchers were dedicated to interpreting the mechanism and kinetics of
photocatalytic degradation of VOCs. Since the photocatalytic degradation of VOCs
is a complicated process and critically depends on the temperature, humidity level,
pressure, and the composition of the reaction’s gaseous environment, it is desirable
to identify the mechanism to help researchers rational design new photocatalysts and
reactors for better photocatalytic activities of degradation of VOCs.

Until now, the use of infrared (IR) spectroscopy has become one of the most powerful
techniques to study the photocatalytic mechanism of degradation of VOCs with the advent of
in situ accessories [10,11]. A greater variety of important information about the nature of
adsorbed molecules and reaction intermediates can be obtained by using IR. In many cases, it
has been possible to establish relationships between surface properties of photocatalysts,
interactions of interfacial species, and the changes of these species and the photocatalytic
activities. The improved understanding obtained from such in situ IR characterizations has
led to the developments of new photocatalysts and better understanding of photocatalytic
processes. We have also noticed that some reviews and books had highlighted the represen-
tative examples in this field [12,13]. Given that the mechanism of photocatalytic degradation
of VOCs on TiO, is still a challenging issue, herein, we review several aspects of our current
understanding of the role of TiO, in the degradation of VOCs by using in situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS). Special interest is taken in describing the
interaction of TiO, surfaces with vapor organic molecules and other species, considering that
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the target pollutants, humidity level and oxygen play an important role in TiO, photocatalysis
in gaseous. A summary of the remaining challenges and prospects of in situ IR for photoca-
talytic air purification investigation is also given.

2. In situ DRIFTS technique and related accessories

IR is the vibrational technique based on the interaction of electromagnetic radiation with
species that possess a permanent or induced dipole moment and the excitation of different
vibrational states [14]. The test forms of IR mainly include transmission/absorption spectro-
scopy, internal reflection spectroscopy (IRS) which is well known for attenuated total reflection
(ATR), and DRIFTS. In principle, DRIFTS is most suitable for in situ measurements of gas—
solid interface reaction, especially for photocatalytic degradation of VOCs on solid photoca-
talysts, because it can collect and analyze the surface-reflected electromagnetic radiation
carrying surface and interfacial information. As shown in Figure 1, the regular and specular
reflection from the photocatalyst powders with infrared beam incidence can be obtained by
using a particular reflection light collector. Moreover, this collection mode allows the intro-
duction of gaseous species to the surface of the photocatalysts so that the in situ experimental
condition can be achieved [10,15].

%

o s

Figure 1. Basic scheme of DRIFTS technique.

Generally, an in situ DRIFTS experimental apparatus consists of one reaction cell, one diffuse
reflectance accessory, and one gas-dosing system. A typical design of the diffuse reflectance
accessory with on-axis geometry (Figure 2) has a higher optical efficiency than the other
designs, off-axis accessory and integrating spheres [16]. However, one major drawback of on-
axis geometry is that much of the front-surface reflection is collected along with the diffusely
reflected reflection that has penetrated into the sample before reemerging from its top surface.
It means that bands become distorted, and the ratio of the absorption coefficient and the
scattering coefficient versus concentration becomes nonlinear at low concentration [16]. All
specularly reflected radiation can be eliminated by accessories with off-axis design (Fig-
ure 3a). In this case, it should be pointed out that band shapes are more symmetrical, apart
from the contribution of compensation by the Kubelka-Munk transform,
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f(R) = (1 - R)?/2R =2.3ac/s,

where R is absolute reflectivity, a is absorbance, c is concentration, and s is scattering coefficient.

Figure 2. The principle of DRIFTS accessory with on-axis optical geometry. M;, M,, M;, and M, are plane mirrors,
while M; and M, are opposed ellipsoids (©2007 John Wiley & Sony Inc. [16]).

Commercial DRIFTS accessories usually consist of the reaction cell covered by a dome with
three windows (Figure 3b,c) for solid—gas interfacial investigation in photocatalysis. Two of
them are IR-transparent windows for the spectrometer infrared beam to enter and exit the cell,
while the third one allows for observation or irradiation by excitation light source on photo-
catalysts. IR-transparent windows can be made of KBr, ZnSe, and CaF, for mid-infrared test,
and polyethylene (PE), Ge, and Si for far-infrared test, respectively. Quartz is the common
material for viewing window.

Figure 3. (a) Interior view of Harrick Scientific’s Praying Mantis DRIFTS accessory with off-axis design, and images of
(b) Harrick Scientific’s DRIFTS accessory product, and (c) reaction cell enclosed with a dome with three windows. The
cell enables a reaction gas to be introduced and reacted with the sample so that the reaction can be studied in situ.

In situ experimental conditions can be achieved by coupling the gas-dosing system with
DRIFTS accessory and its cell. Photocatalytic air purification, compared with degradation in
aqueous, water splitting and CO, reduction, seldom uses commercial gas-dosing systems to
meet the requirement of DRIFTS investigation, because the gas-dosing system should offer
each reaction gas with different concentrations, flow rates and humidity levels in a wide range,
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and different residual gas absorbers for different VOCs. Therefore, the gas-dosing system was
always built by independent groups. Figure 4 shows the schematic diagram of the gas-dosing
system for photocatalytic air purification and in situ DRIFTS measurements by Zhang et al.
[17,18]. Take toluene for example; mass flow controllers were used to control the 20 vol%
0,/N, compressed air which carried toluene vapor from the saturator containing toluene. The
water vapor was supplied to the cell via a bypass line. Argon (Ar) was used as purging gas.
In the experiment, the accurate concentration of toluene was analyzed by gas chromatography.
The relative humidity (RH%) in the cell was determined using an electronic hygrometer fixed
in the bypass line. The whole system operating interface has been renovated based on the

previous study for convenience and user-friendliness (Figure 5).

muass flow Taluene miple
valve controller salution
- valve

Figure 4. Schematic diagram of the gas-dosing system for (Part I) the photocatalytic activity and (Part II) in situ
DRIFTS (©2015 Elsevier [17]).
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Figure 5. Images of the operating interface of reaction gas-dosing system for in situ DRIFTS test (©2014 Springer [18]).
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The setup reported by Deveau et al. [23-25]. But describing in situ IR cells and gas-dosing
system in DRIFTS investigation in photocatalysis is the scope of the present view. It can be
concluded that although DRIFTS provides a useful means for gathering information concern-
ing the photocatalytic air purification, it is still on the initial stage, both for in situ cells and
gas-dosing systems.

3. In situ DRIFTS investigation of photocatalytic degradation of VOCs
on TiO,

Although many studies have focused on photocatalytic degradation of VOCs on TiO,, the
reaction mechanism and a comprehensive picture of the adsorption structure and degradation
route are unclear or remain controversial. In principle, the photogenerated e and h* can
directly initiate redox reaction with surface-adsorbed molecules of VOCs: electron donors
(D.4s) and acceptor (A,4,) on TiO,, respectively. If multiple kinds of electron donors (D,4,) and/
or acceptor (A,q4,) are present on the surface, however, the e” and h* may be trapped to form
secondary radicals which further react with the target VOCs. For pure TiO,, its surface
coordinatively unsaturated Ti* and O* species allow dissociative chemisorption of molecular
water to satisfy the coordination of Ti** and O* sites, making the surface of TiO, hydroxylated
[31-33], making the air purification complex. Here, some representative works in recent years
and several examples from our group are discussed.

3.1. Degradation of toluene

Reports have shown that surface hydroxyl groups formed by water vapor interacting with
TiO, surface can easily affect the adsorption and photocatalytic processes of toluene degrada-
tion. Augugliaro and coworkers [34] carried out the toluene and toluene/water adsorption
experiments on TiO, samples. The corresponding IR spectra are shown in Figure 6. Curve a is
the spectrum of the TiO, powder pre-outgassed at room temperature, exhibiting a peak at 3665
cm™ and a very broad adsorption in the high wavenumber region. These components can be
assigned to the stretching mode of free hydroxyl groups, hydrogen-bonded OH groups, and
water molecules coordinated to surface Ti*". In contact with toluene, the band at 3665 cm™, due
to the free hydroxyl groups, completely disappeared, indicating that free hydroxyl groups are
effective Lewis acid adsorption sites for toluene, and a new broad and complex band appeared
at lower wavenumber region, the shift resulting from the interaction between the OH groups
and the 7t electrons of the aromatic molecules. In addition, peaks due to adsorbed toluene
appeared in the 3100-2800 cm™ (CH stretching) and 1610-1360 cm™ (ring stretching, CH
deformation) ranges. After short outgassing at room temperature, the bands of the adsorbed
toluene disappeared, and the characteristic bands of the free OH species were completely
restored (curve c), indicating that the interaction between aromatic molecules and hydroxyl
group is quite weak and fully reversible.
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Figure 6. IR spectra of TiO,: (a) outgassed at room temperature for 45 min; (b) in contact with 3 Torr toluene; (c) after 5
min re-outgassing at room temperature (©2015 Elsevier [34]).
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Figure 7. IR results for the photo-oxidation of toluene on the TiO, pre-outgassed at room temperature. IR spectra of

TiO,: (a) in the presence of the toluene/H,0/O, mixture, (b) after 10 min UV irradiation and subsequent outgassing at
room temperature for 45 min, (c) in the presence of benzaldehyde (©2015 Elsevier [34]).
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Then they investigated toluene photocatalytic oxidation on two TiO, samples with different
surface hydration states: one pre-outgassed at room temperature and the other pre-outgassed
at 873 K without the occurrence of the anatase—rutile phase transition. Figure 7 shows the
results of the toluene photocatalytic oxidation experiment obtained in the case of TiO, pre-
outgassed at room temperature. After exposing TiO, to the toluene/H,0/O, mixture, bands
due to adsorbed water (peak at 1640 cm™) and aromatic molecules (signals at 1600, 1496, and
1460 cm™) were observed (Figure 7a). After irradiation, a slight decrease in the toluene bands
at 1496 and 1460 cm™ was observed, while new bands appeared (Figure 7b). This suggested
that a fraction of toluene transformed to a new species under UV irradiation. Finally, they
found that the main oxidation product of toluene was benzaldehyde. In the case of the
dehydroxylated TiO,, the admission of the toluene/H,0/O, mixture onto the TiO, produced
bands due to physically adsorbed water and toluene molecules (Figure 8a). Nevertheless, after
UV irradiation, traces of bands due to benzaldehyde were hardly recognizable in the spectrum
(Figure 8c). Compared with the fully hydroxylated TiO,, the dehydroxylated one exhibited
strongly reduced photocatalytic activity, confirming that surface OH groups play an important
role in the photocatalytic oxidative process.

Absorbance

-

1800 1700 1600 1500 1400

wavenumber (cm-! )

Figure 8. IR results for the photo-oxidation of toluene on the TiO, pre-outgassed at 873 K. IR spectra of TiO,: (a) in the
presence of the toluene/H,0/O, mixture, (b) after exposure to the UV light for 10 min, (c) after subsequent outgassing
at room temperature for 45 min (©2015 Elsevier [34]).

Maira et al. [35] studied the photocatalytic activities of TiO, which are prepared by thermal
and hydrothermal methods, respectively, for the gas-phase photocatalytic oxidation of
toluene. A comparative IR study of the surface structure of the samples was also conducted.
Figure 9 shows the results of photocatalytic oxidation of toluene on the TiO, prepared by
thermal method. Upon adsorption of toluene, the bands (3630, 3674, and 3687 cm™) of the
isolated hydroxyl groups were replaced by a broad band centered at 3550 cm™ (Figure 9c),
indicating that toluene was mainly adsorbed on the isolated hydroxyl groups at the TiO,
prepared by thermal method. The irradiation of TiO, under H,0/O, condition (Figure 9d)
caused a slight decrease of the bands due to the adsorbed toluene (3085, 3066, 3027, 3927, and
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2872 cm™) and the formation of several small bands due to benzaldehyde in the 1900-1100 cm
“range. The band at 1682 cm™ was attributed to the carbonyl vibration of the aldehyde group,
and the bands at 1641, 1595, and 1580 cm™ may arise from the different vibrational modes of
the aromatic ring. After a subsequent outgassing at room temperature (Figure 9e), the 3550
cm™ band and the bands due to adsorbed toluene practically disappeared, and the bands of
isolated hydroxyls were partially recovered. This indicated that toluene was weakly adsorbed
on the hydroxyls. In addition, the decrease of the bands due to benzaldehyde indicated that a
small amount of benzaldehyde was also desorbed. After exposing the treated sample to water
vapor and subsequent irradiation, the bands due to benzaldehyde reduced but did not
disappear. Toluene adsorption on the TiO, prepared by hydrothermal method resulted in
several changes. Toluene was adsorbed not only on the isolated hydroxyls, but also on the H-
bonded hydroxyls. The irradiation of TiO, under H,O/O, condition caused decrease of toluene
and hydroxyl species, and formation of benzaldehyde. A subsequent outgassing of the sample
resulted in the disappearance of the bands related to toluene adsorption and a slight decrease
of the adsorbed benzaldehyde bands. By considering the photocatalytic activity of these two
samples and the IR results, they concluded that the interaction of toluene with the hydroxyl
groups of isolated types mainly leads to the formation of benzaldehyde, while the interaction
with H-bonded hydroxyls leads to nearly complete degradation. Both types of hydroxyl
groups are lost during the reaction, which produces a decrease in the photocatalytic degrada-
tion of toluene. The photocatalytic degradation of toluene adsorbed on H-bonded hydroxyls
can be regenerated in the presence of water vapor.
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Figure 9. IR spectra of TiO, prepared by thermal method after the following treatments performed at room tempera-
ture: (a) evacuation for 15 min, (b) evacuation for 2 h, (c) introduction of 5 Torr of toluene into IR cell and subsequent
introduction of 50 Torr of oxygen, (d) irradiation for 30 min, (e) evacuation of the sample for 15 min, (f) introduction of
5 Torr of H,O into the cell, and (g) irradiation for 30 min (©2001 Elsevier [35]).
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Figure 10. In situ DRIFTS spectra of (a) fresh Fe-TiO,, (b) Fe-TiO, used for 20 consecutive reaction runs, and (c) Fe—
TiO, after heat-treatment at 653 K for 3 h (©2012 Elsevier [40]).

Ibusuki et al. [37-39]. Our group has also carried out some research on the photocatalytic
degradation of toluene by using in situ DRIFTS. Sun et al. [40] found that the Fe-TiO,
photocatalyst was partially deactivated after 20 consecutive reaction runs. A DRIFTS
experiment was then performed to investigate the deactivation mechanism, and the results are
shown in Figure 10. From Figure 10a, the surface of a fresh photocatalyst was relatively clean.
After 20 consecutive reaction runs, many new bands appeared (Figure 10b). The bands at 3092,
3071, 3030, 2931, 2875, 1646, 1602, 1495, 1452, and 1355 cm™ were due to the adsorbed toluene
on the surface of the photocatalyst. The band at 1684 cm™ was attributed to the carbonyl
vibration of the aldehyde group, and the bands at 1520 and 1416 cm™ may arise from the
asymmetric and symmetric vibrations of the COO™ group. This result indicated that the
intermediates benzaldehyde and benzoic acid were formed during the photocatalytic
degradation of toluene. After heat treatment at 653 K for 3 h in air, the bands of benzaldehyde
and benzoic acid disappeared completely (Figure 10c). From this experiment, the reason for
deactivation was attributed to the formation of stable intermediates, such as benzaldehyde
and benzoic acid, which occupied the active sites on the surface of the photocatalyst. These
intermediates can be removed with heat treatment at 653 K for 3 h, and the deactivated
photocatalyst can be regenerated completely.
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Figure 11. DRIFTS spectra of TiO,—p, TiO, modified with H,S, and TiO, modified with NH, (©2015 Elsevier [17]).
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Figure 12. In situ DRIFTS spectra of toluene adsorption on (a) TiO,—p, (b) TiO,-H,S, and (c) TiO,~NH; photocatalysts
(©2015 Elsevier [17]).
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In order to understand the influences of H,S/NHj; species on the photocatalytic degradation of
toluene on TiO,, Zhang et al. [17] investigated the adsorption and photocatalytic degradation
of gaseous toluene on TiO, surface modified with H,S and NH; species. Figure 11 shows the
DRIFTS spectra of the samples. The surface of fresh TiO, (TiO,-p) was relatively clean. A small
band attributed to the bending vibration of 5(H-S) was observed at 1439 cm™ (curve TiO,~H,S),
suggesting the presence of sulthydryl on the TiO,-H,S surface. In the curve TiO,~NHj, the
band at 1596 cm™ was attributed to the coordinated NH;, and the bands at 1231 and 1166 cm
! were due to the symmetric deformation of NH;. Figure 12 shows the DRIFTS spectra of
toluene adsorbed on the samples. After toluene was introduced, the characteristic bands of
toluene (3074, 3035, 2940, and 2877 cm™) appeared. The intensities of these bands on TiO—~
NH,; were obviously weaker than those on TiO,—H,S and TiO,—p after 70 min of adsorption,
indicating that the adsorption capacity of TiO,~NHj for toluene is smaller than those of TiO—
p and TiO,-H,S. After the adsorption of toluene reached equilibrium, the samples were
irradiated by UV light (Figure 13). In the high wavenumber region, the characteristic bands of
toluene decreased in different degrees for all the samples, indicating that adsorbed toluene
was decomposed. In the low wavenumber region, many bands of benzaldehyde and benzoic
acid appeared, and these bands on TiO,-H,S were significantly strengthened, suggesting that
there were more intermediates on TiO,~H,S. Combined with the results of photocatalytic
activity and other characterizations of the samples, it is concluded that surface modification
with H,S enhanced the adsorption of toluene and promoted the degradation rate at the start
of photocatalytic degradation, while that with NH; inhibited the adsorption of toluene but
enhanced the photocatalytic activity for the degradation of toluene. For TiO,-H,S, the sulf-
hydryl group formed from the dissociation of H,S molecules was favorable for toluene
adsorption. The low photocatalytic activity may be caused by the inhibition of the regeneration
of surface hydroxyl groups, poor generation of O* e radicals, and accumulation of highly stable
intermediates. For TiO,~-NH,, steric hindrance interfered with the adsorption of toluene, while
the abundant surface hydroxyl groups were likely to contribute to the degradation of toluene.
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Figure 13. In situ DRIFTS spectra of toluene oxidation on (a) TiO,—p, (b) TiO,~H,S, and (c) TiO,-NH; photocatalysts
with UV irradiation (©2012 Elsevier [17]).
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Figure 14. DRIFTS spectra of pure T001 and T101 (©2015 American Chemical Society [41]).

Wang et al. [41] identified the facet-dependent adsorption of toluene on TiO, by using an in
situ DRIFTS apparatus. Figure 14 shows the DRIFTS spectra of TiO, with dominant {001} facets
(T001) and TiO, with dominant {001} facets (T101) before toluene adsorption. The bands at
3449, 2991, and 1630 cm™ were assigned to O-H stretching mode of the terminal Ti-OH,
adsorbed water Ti—-OH, species, and H-O-H bending mode of free molecularly adsorbed
water, respectively. The intensities of these bands suggested that the hydroxyl groups tend to
be formed as terminal Ti-OH on the {001} facets and the {101} facets favor the formation of
adsorbed water Ti—-OH, species. Additionally, there is a large amount of free water on the {001}
facets. Figure 15 shows the in situ DRIFTS spectra of toluene adsorbed on T001 and T101. After
toluene was introduced, the characteristic bands of toluene appeared. The positions of these
bands on T101 were red-shifted slightly, compared to that on T001, which may be attributed
to the different Ti* adsorption sites on {001} and {101} facets for toluene adsorption. The toluene
adsorption increased more rapidly on {001} facets and the adsorption process was typically in
accordance with Langmuir-Hinshelwood model of first-order reaction, while the adsorption
process on {101} facets was in accordance with the two-step kinetic equation. The distinction
of the adsorption capability was probably due to the different number of unsaturated 5¢-Ti,
capable of forming the main active adsorption sites (terminal Ti-OH species). During the
photocatalytic degradation of toluene, TiO, with dominant {001} facets showed a significantly
high photocatalytic activity. This outstanding performance was mainly attributed to the high
adsorption ability and the preservation of the free molecularly adsorbed water, which can be
dissociated to form hydroxyls and further promote the degradation.
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Figure 15. In situ DRIFTS spectra of toluene adsorption on (a) T001 and (b) T101 (©2015 American Chemical Society
[41]).

3.2. Degradation of formaldehyde

The adsorption and photocatalytic oxidation of formaldehyde have been frequently studied
on TiO, with metal co-catalyst. The related mechanisms have also been investigated by in situ
IR. In these cases, it was noteworthy that the formate species did not appear on pure TiO,
without UV irradiation, indicating that the noble metal addition promoted the formation of
formate species [42,43]. However, a few literature paid attention to the photocatalytic degra-
dation process of formaldehyde on TiO,. In the adsorption process, the interaction between
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formaldehyde and the hydroxyl groups depends on hydrogen bonding. As shown in Fig-
ure 16 [44], when water vapor was introduced, a large part of weakly adsorbed water can be
detected from the broad band in the 3600-3050 cm ™ range and the band at 1652 cm™. However,
no obvious difference about formaldehyde adsorption appears, because even in the dry
condition, TiO, can provide the hydroxyl sites from dissociative chemisorption of water onto
the Ti* sites.
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Figure 16. Differential spectra of TiO, after 30 min adsorption in (a) dry and (b) humidity condition (©2010 Springer
[44)).

It yields significant difference after introduction of UV irradiation (Figure 17). In the dry
condition, the bands at 2956, 2913, 2759 cm™ decreased, and almost disappeared after UV
irradiation for 30 min, while the bands at 2863 cm™ decreased slowly relatively. All of these
bands can be assigned to the C-H stretching mode v(C-H) of formaldehyde. The small bands
at low frequency (1551, 1413, 1357, 1303, and 1254 cm™) were also decreased. Meanwhile, two
strong bands at 1572 and 1361 cm™ appeared and reached a steady level after 30 min. The two
bands could be assigned to asymmetric and symmetric v(COO) on TiO, sites, respectively.
These spectra suggest that the adsorbed formaldehyde converts to formate species on TiO,. In
the humidity condition, according to the changes of the integrated areas of the bands as a
function of time for TiO, under UV irradiation, the characteristic bands of formaldehyde
decrease more quickly along with quick increasing of formate species. In other words, the
introduction of water promotes the conversion of adsorbed formaldehyde to formate species.
It can be attributed to the fact that oxidation of water and hydroxyl groups by the photogen-
erated holes produces very active OHe radicals that take part in the redox reactions and
improve significantly the mineralization rate of formaldehyde.
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Figure 17. Differential spectra of TiO, without UV irradiation to the spectra under 30 min UV irradiation for (a) dry
and (b) humidity condition (©2010 Springer [44]).

It should be pointed out that water produced during the photocatalytic process can redistribute
on the surface in the form of different hydroxyl groups and further contribute to the degra-
dation of formaldehyde. But, excessively high concentration of water vapor negatively affects
the degradation efficiency because of the competitive adsorption between water and formal-
dehyde [46-48].

3.3. Degradation of other VOCs

The adsorption and photocatalytic oxidation of ethanol and acetone vapor on TiO, have been
studied by Coronado et al. [49] using in situ DRIFTS. The in situ DRIFTS spectra obtained
during the photocatalytic oxidation of ethanol and acetone vapor over TiO, powder are shown
in Figures 18 and 19, respectively.

They found that ethanol was adsorbed on the TiO, surface either molecularly or in the form
of ethoxide complexes. Acetates (the bands at 1540 and 1440 cm™ can be assigned to the
asymmetric and symmetric v(COO), respectively, of acetate complexes) and formates (the
band at 1360 cm™ can be attributed to the symmetric (COO) mode of formate species) were
intermediates during the photocatalytic oxidation of ethanol. In the case of acetone, it was
suggested to be adsorbed exclusively in a molecular form on TiO,. Acetates and formates were
detected as the major intermediates and secondary intermediates, respectively. Adsorbed
acetaldehyde (the peak at 1715 cm™ can be assigned to the v(C=0) vibration mode of aldehyde,
and the band at 2870 cm™ is characteristic of the v(C-H) vibration of aldehyde molecules) and
formic acid (the shoulder at 1745 cm™ can be ascribed to the dimeric form of formic acid) were
also observed. They suggested that the hydroxyl groups on the TiO, surface play a key role in
the photocatalytic degradation of ethanol and acetone. However, Mattsson et al. [50] found
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that the bidentate bridged formate and carbonate were the main intermediates during the
photocatalytic degradation of acetone on TiO,.
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Figure 18. In situ DRIFTS spectra obtained during the photocatalytic oxidation of ethanol vapor over TiO, powder (©
2003 Elsevier [49]).

The illuminated TiO, surfaces, in the presence of methanol, were studied using in situ DRIFTS
by Balcerski [51]. It was found that the irradiation of TiO, in the presence of methanol and
O, produced H,0O, CO,, and surface-bound formic acid.

An in situ DRIFTS study of acetic acid adsorption and photocatalytic oxidation on TiO, by
Backes et al. [52] suggested that acetic acid adsorbed both molecularly and dissociatively as
acetate on TiO,. Molecularly adsorbed acetic acid was oxidized by first generation acetate.
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During the photocatalytic oxidation of acetic acid on TiO,, the a-carbon in acetate directly
formed CO,, whereas the B-carbon formed CO, through intermediates, such as methoxy,
formaldehyde, and formate.
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Figure 19. In situ DRIFTS spectra obtained during the photocatalytic oxidation of acetone vapor over TiO, powder (©
2003 Elsevier [49]).

A comparative study of the photocatalytic degradation of trichloroethylene on titanate and
TiO, nanostructures was reported by Hernandez-Alonso et al. [53]. In this study, in situ DRIFTS
approach was adopted for surface analysis. They found that at least three different carboxylate
species with different kinds of coordination symmetry (e.g., bridged dichloroacetate, bidentate
formate, etc.) were present on the surface of the samples. The main difference between TiO,
and nanotubes was suggested to be the larger proportion of formate species for the nanotubes.
Moreover, the nanotube samples showed selective removal of some specific hydroxyl groups,
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which may be due to the accumulation of carboxylate complexes (mainly dichloroacetate and
formate) and/or chloride on the surface.

4. Summary and outlook

Ithas been demonstrated that VOCs can be efficiently photocatalytic-mineralized on TiO,. This
chapter reviewed a series of studies investigating the mechanism of photocatalytic degradation
of VOCs on TiO, by using in situ DRIFTS. It involves in situ infrared techniques with the
development of reaction cells, in situ accessories and gas-dosing systems, representative
examples of spectral analyses, and special understanding of the adsorption and degradation
processes. The nature of toluene, formaldehyde, and acetone, adsorbed and decomposed on
TiO,, has been obtained from in situ DRIFTS under simulated operating photocatalytic
conditions. In general, surface hydroxyl groups are considered to be the major active species
that the adsorption is taking place. Photogenerated charge carriers most likely react with these
species to generate extremely powerful radicals which can further react with surface-adsorbed
molecules of VOCs. Therefore, it drives the rising of some surface modification strategies, such
as NH,/H,S treatment and facet engineering, to promote the performance of TiO,. Considering
that other factors, such as the oxygen adsorption, operating temperature, the initial concen-
tration of VOC:s, etc. also influence the adsorption and degradation, much work is needed to
perform experiments in such conditions.

Although in situ DRIFTS is very useful to investigate the photocatalytic air purification, it
should be recognized that the development of reaction cells and accessories lags behind the
experimental demands. We noticed that exploiting the related accessories and gas-dosing
systems is only facing limited consumer groups; therefore, it may be worthwhile expanding
the success from the independent scientific group. Furthermore, coupling in situ DRIFTS with
other characterization techniques, for example, gas chromatography and mass spectroscopy,
is essential to obtain more kinetic information. It can be expected that further insights of in situ
DRIFTS in photocatalytic air purification will be fruitful with huge amount of effort on the
extension of the concept and development of instruments.
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Abstract

Photocatalysishasreceived muchattentionasapotential solutiontotheworldwideenergy
shortage and for counteracting environmental degradation. However, the traditional
photocatalyst, TiO,, cannotmakeuseof visiblelightthataccountsfor45% of solarspectrum
because of a large bandgap (3.2 eV). Therefore, it is urgent to develop visible-light-
driven photocatalysts. On the one hand, some modification technologies were explored
to extend the light absorption of TiO, to visible-light region, such as doping of metal and
non-metal elements, dye sensitization, and so on. On the other hand, much efforthasbeen
directed toward the development of new visible-light photocatalysts. The good news is,
some novel and efficient non-TiO,-based photocatalysts have been discovered, such as
WO,, Ag,PO,, BiVO,, g-C;N,. In this chapter, these four typical visible light-driven
semiconductor photocatalysts were highlighted. WO; is a visible light-responsive
photocatalyst that absorbs light up to ca. 480 nm. Besides that, WO; has some advantag-
es, such as low cost, harmlessness, and stability in acidic and oxidative conditions.
Preparationof WO, films with the deposition of noble metalis considered tobeapromising
approach for the photocatalytic applications. In addition, the characteristic morpholo-
gy and improved photocatalytic performance of Ag,PO,-based and BiVO,-based have
been raised up. New methods for fabrication Ag,PO, with exposed high-energy facets
and novel heterogeneous Ag;PO, co-catalysts have been developed. Monoclinic BiVO, is
apromising photo-anode material for photocatalyticwatersplitting to produce hydrogen.
Co-catalysts loaded on BiVO, could improve the surface charge transfer efficiency.
Furthermore, g-C;N, isa promising visible-light photocatalystdue toits uniqueelectronic
structure. To date, g-C;N,-based photocatalysis hasbecome a very hot research topic. The
synthesis, bandgap engineering, and semiconductor composites of g-C;N,-based
photocatalysts are highlighted.

Keywords: visible-light-driven photocatalysts, WO,, Ag,PO,, BiVO,, g-C;N,, struc-
tures, morphologies, heterojunction
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1. Introduction

In the past decades, the development of photocatalysis has been the focus of considerable
attention with photocatalysis being used in a variety of products across a broad range of
research areas, including especially environmental and energy-related fields [1]. The
pioneering discovery from the water splitting reported by Fujishima and Honda in 1972 [2]
is considered to be unlock the doors of the photocatalysis research. This is because they found
that the photocatalytic properties of certain materials could convert solar energy into chemical
energy to oxidize or reduce materials to obtain useful materials including hydrogen [3, 4]
and hydrocarbons [5] and to remove pollutants and bacteria [6] on wall surfaces and in air
and water [7]. Among the various photocatalysts developed, TiO, is undoubtedly the most
popular and widely used photocatalyst since it is of low cost, high photocatalytic activity,
chemical, and photochemical stability [8]. However, due to the wide bandgap of TiO,, it could
absorb and utilize ultraviolet (UV) light, which accounts for a small fraction of solar light (3-
5%). Hence, it is necessary to develop a particular photocatalyst, which is sensitive to sunlight.
The range of optical absorption of TiO, could be extended from UV to visible light, which is
a good way to utilize of solar energy effectively in photocatalytic reactions. In the past
decades, researchers spent a great deal of time and resources developing visible light-
active photocatalysts [9]. In order to design visible-light response photocatalysts, two
strategies have been proposed. One approach is the modification of the wide bandgap
photocatalysts (such as TiO,, ZnO) by doping or by producing between them and other
materials. The other approach is the exploration and development of novel semiconductor
materials capable of absorbing visible light.

From the view point of using solar light, the first step in the development of a technology
that makes efficient use of solar energy is the discovery of a photocatalyst that becomes highly
active under visible light (A > 400 nm). Since the optical absorption properties of a photoca-
talyst is determined by the energy bandgap of semiconductor photocatalyst, it is necessary
to choose a narrow band of semiconductor as photocatalyst. Hence, the energy band
engineering is a fundamental aspect of the design and fabrication of visible-light-driven
photocatalysts. Considering the optical absorption, direct, and narrow bandgap semiconduc-
tors are more likely to exhibit high absorbance and be suitable for the efficient harvesting of
low-energy photons. However, it is a pity that the recombination probability for photo-
excited electron-hole pairs is rather high in direct and narrow bandgap semiconductors, and
the band-edge positions are frequently incompatible with the electrochemical potential that
is necessary to trigger specific redox reactions [10]. Therefore, the energy band structure of a
photocatalyst plays a significant role in the light absorption property and in determining the
redox potentials. In order to effectively utilize the solar energy, design and adjustment of
band structure are an effective approach to obtain visible-light response photocatalyst with
excellent performance. Through unremitting efforts, researchers have developed some typical
and excellent visible-light-driven semiconductor photocatalysts, such as WO,, Ag;PO,, BiVO,,
g-C;N,-based photocatalysts, which possess suitable energy band configurations. In this
chapter, we would like to focus on these four typical visible-light-driven semiconductor
photocatalysts and summarize the recent progress of enhanced visible-light efficiency.
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Furthermore, we also highlight the crucial issues that should be addressed in future re-
search activities.

2. WO;-based photocatalysts

2.1. Structures and morphologies of WO,

The crystal structures of WO, are described below: WO; crystals are generally formed by corner
and edge sharing of WO, octahedra. The following phases are obtained by corner sharing:
monoclinic II (e-WQ,), triclinic (0-WQO;), monoclinic I (y-WQ,), orthorhombic (3-WO,),
tetragonal (a-WQO;), and cubic WO; [11]. However, cubic WO; is not commonly observed
experimentally. Szilagyi et al. [12] found that the monoclinic WO, always shows the best
photocatalytic activity among these crystal phases.

The electronic band structure of WO, can be described as follows: WO; is an n-type semicon-
ductor, with an electronic bandgap (Eg), corresponding to the difference between the energy
levels of the valence band (VB), formed by filled O 2p orbitals and the conduction band (CB)
formed by empty W 5d orbitals [13]. It is known that the cubic phase is the ideal crystal phase
of WO,, and the crystal phase changes with the distortion degree from the ideal phase, which
is accompanied by a change in Eg since the occupied levels of the W 5d states change [14]. As
a photocatalytic material, stoichiometric WO; has a CB edge, which is positioned slightly more
positive (versus NHE (normal hydrogen electrode)) than the H,/H,O reduction potential [15]
and a VB edge much more positive than the H,0/O, oxidation potential, which makes WO,
capable of efficiently photo-oxidizing a wide range of organic compounds [16] such as textile
dyes and bacterial pollutants. When compared to TiO,, another advantage of WOsis that it can
be irradiated by the blue region of the visible solar spectrum. Furthermore, WO, has a
remarkable stability in acidic environments, making it a promising candidate for treatment of
water contaminated by organic acids [17].

The preparation of nanometer-sized crystalline WO, particles and control of their morphology
is important to improve photocatalytic activity. Zhao and Miyauchi [18] developed a facile
and economical method to produce high-purity tungstic acid hydrate nanotubes and nano-
porous-walled WO, nanotubes on a large scale. They found that the WO, nanotubes loaded
with Pt nanoparticles show larger surface area and higher visible-light-driven photocatalytic
activity compared to Pt-nanoparticle-loaded commercial WO,. Recently, attention has been
focused on three-dimensionally ordered macroporous (3DOM) materials with pores sizes in
the sub-micrometer range, because of the potential of photocatalysis application. Generally,
the 3DOM materials can be prepared by three steps. Firstly, some mono-disperse polymer
spheres such as poly(methyl methacrylate) (PMMA), and polystyrene (PS) were selected as a
colloidal crystal template. Secondly, the colloidal crystal template was immersed into the
material precursors. Thirdly, the polymer colloidal crystal template was removed by the
calcination removed to form an ordered porous structure. The ordered (“inverse opal”)
structures prepared by this method consist of a skeleton surrounding and a uniform close-
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packed macropores. For instance, Sadakane et al. [19] prepared 3DOM WO, using a colloidal
crystal template of PMMA spheres.

2.2. WO, films and photocatalytic applications

Generally, WO, exhibits low photocatalytic activity for decomposing organic compounds
compared with traditional TiO, photocatalyst under UV light irradiation. However, WO, could
show high photocatalytic activity for the decomposition of organic compounds under visible
light when the surface is modified with noble metal nanoparticles, such as platinum (Pt),
palladium (Pd), and so on. For instance, Abe et al. demonstrated that WO, deposited with Pt
nanoparticles exhibits good photocatalytic activity for the decomposition of liquid and gaseous
organics. It was an impressive performance that the photocatalytic activity of Pt/WO; was
almost close to that of TiO, under UV light irradiation and much higher than that of N-doped
TiO, under visible irradiation [20]. In the Pt/WQO, system, the electrons were excited to the CB
from the VB of WO; and then were injected into Pt nanoparticles, which act as electron pools
to participate in two or four electron reductions of the adsorbed oxygen molecules. Hence, the
particle size of the Pt nanoparticles plays a very important role in the multi-electron reduction
process. On the other side, the metal surface of Pt induces the photocatalyst is more hydro-
phobic compared with a metal oxide surface. These findings were widely concerned in the
past years and were considered to open up a research upsurge of WO, photocatalyst.

Large area uniformity, low production cost, and excellent durability of WO, thin films can play
a very important role in the fabrication of electrochromic devices and photocatalytic materials.
In the past years, the electrodeposition, sol-gel processing, one-pot direct hydrothermal
growth, chemical vapor deposition, sputtering, and vacuum evaporation methods were used
to prepare WO, thin films. In particular, Miyauchi M synthesized WO, films with underlying
Pt nanoparticles (WO,/Pt/substrate) and those with overlying Pt nanoparticles (Pt/WO,/
substrate) by sputtering and sol-gel methods [21]. Figure 1 shows the SEM images of different
Pt layer surfaces. Moreover, it is found that underlying Pt nanoparticles greatly enhanced the
photocatalytic oxidation activity of WO, without decreasing the photo-induced hydrophilic
conversion between these films. The optimum structure for high performance in both photo-
catalysis and photo-induced hydrophilicity was WO; (50 nm)/Pt(1.5 nm)/substrate, and this
film exhibited a significant self-cleaning property even under visible-light irradiation.

3. Ag,PO,-based photocatalysts

In2010, abreakthrough on visible-light-driven photocatalysts was made by Ye’s research team,
who reported the use of Ag,PO, as an active visible-light-driven photocatalyst for the oxidation
of water and photodecomposition of organic compounds [22]. Ye's research team demonstrat-
ed that Ag;PO, photocatalyst could achieve high quantum efficiency under visible-light
irradiation. The quantum efficiency of this novel photocatalyst could up to 90% which is
significantly superior to others such as BiVO, or N-doped TiO,. However, it should be noted
that there are still some limitations in the Ag,PO, photocatalytic system. Firstly, the particle
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size of Ag,PO, is relatively large (0.5-2 um) that limits the photocatalytic performance. To
enhance photocatalytic activity of this new material, it is desirable to synthesize nanosized

Ag,PO, particles with higher

surface area which is beneficial to the photocatalytic reaction.

Secondly, the Ag,PO, photocatalyst suffers from serious stability issue which is the main
hindrance for the practical application of Ag,PO, as a recyclable and highly efficient photoca-

talyst. This is because the CB

potential of Ag;PO, is more positive than that of the hydrogen

potential (0 V). As shown in Figure 2, the CB and VB potentials of Ag;PO, are +0.45, +2.9 V vs.
NHE, respectively [23]. Thus, under visible-light irradiation, electrons and holes were
generated in the CB and VB of Ag;PO,, and then, the photogenerated electrons could reduce

Sheet resistance
=107 9

Figure 1. SEM images of different Pt

layer surfaces: (a) 0.5 nm, (b) 1.5 nm, (c) 3 nm, and (d) 10 nm thick. The inset

words describe the sheet resistance of the film surfaces measured by a four-pin probe method (reproduced with per-

mission from [21]).

Figure 2. Schematic drawing of redox

g | A,
MO, f O

potentials of Ag,PO, (reproduced with permission from [23]).
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the interstitial silver ions (Ag") to form the silver atoms (Ag), resulting in the photocorrosion
of Ag,PO, without a sacrificial reagent. The formed Ag nanoparticles would adhere to the
surface of the Ag,PO, photocatalyst and suspend in the photocatalytic reaction systems, giving
rise to the prevention of absorption of visible light and the decrease of photocatalytic activity
[24]. Hence, it is necessary to enhance the photocatalytic activity and stability of Ag,PO,.

3.1. Morphology-controlled syntheses of Ag,PO,

The morphology control of photocatalysts has been considered to be one of the most promising
avenues to improve the photocatalytic properties. This is because photocatalytic reactions are
typically surface-based processes, and thus, the photocatalytic efficiency is closely related to
the morphology and microstructure of a photocatalyst. Accordingly, further studies on
Ag;PO, crystals with new morphologies and structures will be of great value.

To investigate the effects of the shapes and facets of particular photocatalysts on their photo-
catalytic properties, single-crystals of Ag;PO, were synthesized in two forms by Ye’s research
team [25], firstly with thombic dodecahedron shapes and exposed {110} facets, and secondly
cubes bounded by {100} facets. Ye's research team found that rhombic dodecahedral Ag,PO,
crystals could be prepared using CH,;COOAg as the silver ion precursors, while cubic
Ag,PO, crystals could be prepared using [Ag(NH;),]* as the silver ion precursors. The
Ag;PO, dodecahedrons were formed by 12 well-defined {110} planes with cubic crystal
symmetry (Figure 3a), whereas the Ag;PO, cubes showed sharp corners, edges, and smooth

"
Time /mim

Figure 3. SEM images of Ag;PO, sub-microcrystals with different morphologies: (A) rhombic dodecahedrons and (B)
cubes. The photocatalytic activities of Ag;PO, rhombic dodecahedrons, cubes, spheres, and N-doped TiO, are shown
for the degradation of (C) MO and (D) RhB under visible-light irradiation (A > 400 nm) (reproduced with permission
from [25]).



Typical Non-TiO,-Based Visible-Light Photocatalysts
http://dx.doi.org/10.5772/62889

surfaces (Figure 3b). The results of photocatalytic degradation of methyl orange (MO) and
RhB dyes indicated that the rhombic dodecahedral Ag;PO, exposed {110} facet showed higher
photocatalytic activity than the cubic Ag;PO, exposed {100} facet (Figure 3¢, d) under visible-
lightirradiation, which is in accordance with the higher surface energy of 1.31 J/m? for the {110}
facet compared to 1.12 J/m? for the {100} facet.

Very recently, some morphologies of Ag,PO, have been reported by other research teams. For
examples, Liu and co-workers [26] reported Ag,PO, crystals with porous structure. Guo and
co-workers synthesized tetrahedral Ag,PO, crystals with exposed {111} facets and tetrapod-
shaped Ag,PO, microcrystals with exposed {110} facets [23, 27]. Teng and co-workers [28]
synthesized Ag,;PO, crystals with tetrapod morphology by a hydrothermal method. Liang et
al. [29] synthesized hierarchical Ag,PO, porous microcubes with enhanced photocatalytic
properties. However, these reported various morphologies of Ag,PO, crystals were obtained
by adjusting internal experimental conditions such as raw materials, solvents, pH values, and
additives. Our research team found that the Ag,PO, products with various new morphologies
such as branch, tetrapod, nanorod, and triangular prism were prepared via a facile and efficient
synthesis process [30], as shown in Figure 4. It is demonstrated that the morphology of
Ag,PO, crystals can be controlled by simply adjusting external experimental conditions such
as static and ultrasonic conditions. When the product was prepared under static conditions
for 0 h, branched Ag;PO, was achieved. Increasing the static time led to the formation of

Figure 4. SEM images of branched (a), tetrapod (b), nanorod-shaped (c), and triangular-prism-shaped (d) Ag,PO, crys-
tals (reproduced with permission from [30]).
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tetrapod morphology. When the synthesis process was completed under ultrasonic conditions
within 2 h, nanorod-shaped Ag;PO, was obtained. Prolonging the ultrasonic time could result
in the formation of triangular-prism-shaped Ag,;PO,. The photocatalytic results indicate that
the branched Ag,PO, sample shows greatly enhanced photocatalytic activity compared with
other as-prepared Ag,PO, samples.

3.2. Theoretical study of the electronic structure of Ag,PO,

To elucidate its mechanism of the extremely high photo-oxidative activity under visible-light
irradiation of Ag;PO,, theoretical works have been carried out using first-principle method.
So far, theoretical investigations are mainly focused on the energy band configuration because
photo-excited carriers are generated when the incident photon energy is higher than the
bandgap of Ag,PO,. Besides that, the alignment between the band edges and the redox
potentials of the target molecules should also be considered. This is because the photogener-
ated electrons can be transferred to the adsorbed oxygen molecules only when there is a
sufficiently large negative offset of the conduction band minimum (CBM), and the photogen-
erated holes could combine with water molecules when there is a sufficiently large positive
offset of the valence band maximum (VBM) according to the redox potentials [31].

To obtain insight into the high photo-oxidative activity of Ag;PO,, ab initio density functional
theory (DFT) calculations have also been carried out by Ye’s research team [22]. It is found that
Ag,PO, is an indirect bandgap semiconductor, and the bottoms of the CB are mainly composed
of hybridized Ag 5s5p as well as a small quantity of P 3s orbitals, whereas the tops of the VB
are composed of hybridized Ag 4d and O2p orbitals. Moreover, Ye’s research team further
studied the electronic structures of three different Ag-based oxides Ag,PO, Ag,O, and
AgNDbO; to understand the high photocatalytic performance of Ag;PO, [32]. The total and local
DOS results were shown in Figure 5. The calculated DOS results revealed that the CBM of
Ag,PO, is made up of Ag s states due to the formation of the rigid tetrahedral units PO,, which
decrease and increase the strength of Ag-O and Ag-Ag bonds, respectively. This induces to a
very dispersive electronic structure at the CBM, resulting in a highly delocalized and isotropic
distribution of wave function. Therefore, they conclude that the excellent photocatalytic
performance of Ag,PO, is attributed partly to the highly dispersive band structure of the CBM,
resulting from Ag s—Ag s hybridization without localized d states.

In addition, Ma et al. [33] used first-principles density functional theory incorporating the LDA
+U formalism to investigate the origin of photocatalytic activation of Ag;PO,. They found that
AgsPO, has a great distribution of CB and the inductive effect of PO,*, which is benefit for the
separation of photogenerated electron-hole pairs. It is theoretically demonstrated that Ag
vacancies in Ag,PO, with high concentration have an evident influence on the separation of
electron-hole pairs and the optical absorbance of visible light, which presents a rational
interpretation of the experimental results of high photocatalytic activity of Ag,PO,.
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3.3. Ag,PO,-based composites

To harvest photons in visible region, many narrow bandgap metal oxides or chalcogenides
have been coupled with TiO, to fabricate visible-light photocatalysts, which exhibit visible-
light photocatalytic activity to a certain extent. Such a strategy is also applied to modify
Ag,PO, photocatalyst to enhance its photocatalytic activity and/or improve its stability.

Recent reports indicated that the insoluble AgX (X = CI, Br, I) nanoshells on the surface of
Ag;PO, could improve its photocatalytic activity and stability [24]. In addition, various
coupled systems, such as Ag;PO,/TiO, [34], Ag,PO,/Ag [35] composites have been developed
to improve the photocatalytic activity and/or stability of Ag;PO,. Our research team found that
Ag;PO, and reduced graphite oxide sheets (RGOs) nanocomposites show the enhanced
photocatalytic activity and structural stability [36]. We also found that, when Ag,PO, and
TiOF, were compounded, the stability of composite photocatalysts was highly enhanced but
the photocatalytic activity was not improved. In the case of Ag;PO,/TiOF, composite, Ag,PO,
and TiOF, have different conduction bands (Ec), valence bands (Ev), and Fermi levels (Ef) (the
detail analysis of level energies was shown in the Supplementary data). When the mixed
Ag,PO,/TiOF, composite is formed, the Fermi energies of these two phases have to be the same
in the boundary between the Ag;PO, and TiOF, phases. This leads to both of the Ec and Ev of
Ag,PO, lie above that of TiOF,, as shown in Figure 6. Under visible-light irradiation, a larger
number of electrons are excited to the Ec from the Ev of Ag;PO, and then transferred to the Ec
of TiOF,, while the holes left on the VB of Ag;PO,. Thus, the enriched electrons on the surface
of TiOF, could facilitate their participation in a multiple-electron reduction reaction of oxygen
(O, +2H*+ 2 — H,0,), which effectively protects Ag;PO, semiconductors to avoid its self-
corrosion by a single-electron reduction reaction (Ag'+ e — Ag). Therefore, the Ag,PO,/
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Figure 5. (Color) Total and local DOS for (a) Ag;PO,, (b) Ag,O, and (c) AgNbO;. For the local DOS, we use spheres of
radii 1.503, 0.82, 1.233, and 1.503 A for Ag, O, P, and Nb, respectively. The VBM represents the zero energy. The insets
in (a) and (b) display the extended plots of DOS for Ag s and d at the energy range near the CBM. The partial charge
density corresponding to one of the P-O bonding states is illustrated in the leftmost area in (a). The mauve and red
spheres denote the positions of P and O atoms, and the isosurface (yellow surface) is at 0.03 /A3, respectively (repro-
duced with permission from [32]).
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TiOF, composite photocatalyst exhibits enhanced photocatalytic stability compared with that
of pure Ag,PO,. It is thought that TiOF, was used as an electron acceptor and protected
Ag,PO, particles to avoid the self-corrosion of Ag;PO,. On the other hand, the left holes on the
VB of Ag;PO, could migrate to the surface of photocatalysts and participate in the photo-
oxidative reaction and then decompose the methylene blue (MB) molecules.
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Figure 6. Schematic diagram for the CB, VB, and Fermi level of Ag,PO, as well as TiOF,, and the electron-hole separa-
tion and energy band matching of Ag;PO,/TiOF, composite under visible-light irradiation (reproduced with permis-
sion from [37]).

4. BiVO,-based photocatalysts

BiVO, is one of the typical complex oxides with narrow bandgap, which possess excellent
visible-light photocatalytic properties. As an n-type semiconductor with a direct bandgap of
2.4 eV, BiVO, could absorb ample visible light and is stable in neutral electrolyte, nontoxic,
and relatively cheap [38]. BiVO, has three crystal systems of zircon-tetragonal, scheelite
tetragonal, and scheelite-monoclinic. However, only the scheelite-monoclinic phase is report-
edly active in the photocatalytic oxygen evolution [39]. In addition, the scheelite-monoclinic
can be obtained from the irreversible phase transformation of the zircon-tetragonal structure
at the temperature of 400-500°C [40].

4.1. Syntheses of BiVO, with different morphologies

BiVO, could be synthesized by various methods, such as solid-state reaction, metal organic
decomposition, hydrothermal treatment, and coprecipitation.

BiVO, prepared via a solid-state reaction always shows big particle size and low surface area,
which resulted in poor photocatalytic activity. So, it is encouraged to synthesize BiVO, by new
methods.
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Zhang et al. [41] reported BiVO, nanosheets were hydrothermally synthesized by a simple
one-step route in the presence of sodium dodecyl benzene sulfonate (SDBS) as a morphology-
directing template. The BiVO, nanosheets had a monoclinic structure, were ca. 10-40 nm thick,
and showed a preferred (010) surface orientation.

Single-crystalline BiVO, microtubes with square cross sections and flower-like morphology
was prepared by a facile reflux method at 80°C [42]. In the synthesis process, no surfactants
or templates were involved. The prepared microtubes show the monoclinic structure with a
growth direction of [010], and the side length is about 800 nm as well as the wall thickness is
around 100 nm.

Li et al. [43] describes a nanocasting synthesis of ordered mesoporous BiVO, photocatalyst
with the help of a template of silica (KIT-6) using ammonia metavanadate and bismuth nitrate
hydrate as vanadium and bismuth sources, respectively. Monoclinic scheelite BiVO, crystals
were formed inside the mesopores of hard template (silica) by a mild thermal process, and
mesoporous BiVO, was obtained after the removal of silica by NaOH treatment. The prepared
mesoporous BiVO, showed not only the activity for photocatalytic O, evolution but also the
photocatalytic oxidation of NO gas in air under visible-light irradiation.

In particular, Li’s research team prepared BiVO, crystals exposed with {010} and {110} crystal
facets, as shown in Figure 7. They found that the reduction reaction with photogenerated
electrons occurs separately on the {010} facet under visible-light irradiation, while the oxidation
reaction with photogenerated holes takes place on the {110} facet. Therefore, a conclusion that
efficient charge separation can be achieved on different crystal facets was given. Based on this
finding, they further demonstrated that the reduction and oxidation co-catalysts could be
selectively deposited on the {010} and {110} facets, respectively, giving rise to a much higher
photocatalytic and photo-electrocatalytic activity for water oxidation reactions than the
photocatalyst with randomly distributed co-catalysts. Overall, these results indicate that the
photogenerated electrons and holes can be separated between the different facets of semicon-
ductors.

Figure 7. SEM images of BiVO, (a), Au/BiVO, (b), Pt/BiVO, (c), Ag/BiVO, (d), MnOx/BiVO, (e), and PbO,/BiVO, (f).
The deposited contents of the metals/metal oxides are all 5 wt%. The scale bar is all 500 nm (reproduced with permis-
sion from [44]).
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4.2. Modification of BiVO, with enhanced photocatalytic performance

Heterostructure formation is widely utilized to improve the properties of a semiconductor by
combining with other functional materials. It has a large scope of materials as well as appli-
cations including photocatalysis, photovoltaics, light-emitting devices, and optoelectronics
[45]. Combination of two semiconductors (n/n or p/n) with proper band positions can make
cascade electron transfer from CB of upper potential to CB of lower potential. Successful
heterojunction formation of BiVO, has been reported with WO,, SnO,, Fe,O,, CuWO,, and CdS,
in which the WO,/BiVO, has been the most common. WO, (Eg =2.6-2.8 eV) is one of the most
active metal oxide photocatalyst with CB at 0.42 Vy; (RHE: reversible hydrogen electrode)
and VB at 3.12 Vpy [46]. With such band configurations presented at Figure 8a, the photo-
induced electrons transfer from BiVO, to WO,, whereas holes cannot. This prevents electron/
hole recombination in BiVO,. Since WO; has better mobility and longer diffusion length than
BiVO,, the photo-induced electrons collected in WO, can be more efficiently converted to
photocurrents with much reduced recombination compared to the case when the photo-
induced electrons are locked in BiVO,. Since BiVO, has a smaller bandgap and wider pH
stability, BiVO,/WO; heterojunction can absorb larger portion of solar light and has better
neutral stability compared with pure WO,. The improved charge transfer characteristics of
BiVO,/WO, heterojunction was confirmed by electrochemical impedance spectroscopy (EIS)
that showed that resistance of the heterojunction is reduced almost to that of WO;. Moreover,
nanostructured WO; was found to be more effective. As shown in Figure 8b, WO; prepared
in one-dimensional (1D) nanorods or nanowires makes the BiVO,/WQO, heterojunction more
effective [47]. The particular geometry reduces the distance that the photo-induced holes have
to travel in radial direction to reach the surface of WO, photocatalyst. On the other hand, the
photo-induced electrons have to flow along the axial direction making a vectorial flow.
Another successful heterojunction is BiVO,/SnO,, as shown in Figure 8c. SnO, has a large
bandgap of 3.5 eV and potentials of CB (0.27 Vi) and VB (3.77 Vi), which are favorable for
cascade the photo-induced electron transferred from BiVO, [48]. In addition, SnO, has a
passivation effect of FTO glass. Thus, a large number of interfacial defects and the potential
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Figure 8. Schemes of BiVO,-based heterojunction: (a) BiVO,/WO; [46], (b) BiVO,/WO; 1D nanostructure [47], (c) Bi-
VO,/SnO, (hole mirror) [49, 50], and (d) BiVO,/SnO,/WO; dual-hole mirror [48] (reproduced with permission from [46—
501).
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electron trap states of FTO can be passivated by a thin SnO, layer, improving charge transfer
at BiVO,/FTO interface [49]. Also very positive VB of SnO, prevents a backward hole transfer
through SnO, layer forming a “hole mirror.” As CB potential of BiVO,, SnO,, and WO; is
aligned in cascade (0.02/0.27/0.41 Vyyg), ternary composite of BiVO,/SnO,/WO; could be
prepared as an effective heterojunction, as shown in Figure 8d [48].

5. g-C;N,-based photocatalysts

Since the pioneering work in 2009 on graphitic carbon nitride (g-C;N,) for visible-light
photocatalytic water splitting [51], g-C;N,-based photocatalysis has become a very hot research
topic. Unlike TiO,, which is only active in the UV region, g-C;N, has a bandgap of ca. 2.7 eV,
with the CB and VB positions at ca. 1.1 and ca. +1.6 eV vs. NHE, respectively. This electronic
structural character suggests the g-C;N, could be a visible-light active photocatalyst. g-C;N,
is not only the most stable allotrope of carbon nitrides at ambient atmosphere, but it also has
rich surface properties that are attractive for catalysis application due to the presence of basic
surface sites. The ideal g-C;N, consists solely of an assembly of C-N bonds without electron
localization in the m state (this material is a -conjugated polymer).

5.1. Syntheses of pristine g-C;N,

The most common precursors used for chemical synthesis of g-C;N, are reactive nitrogen-rich
and oxygen-free compounds containing prebonded C-N core structures, such as triazine and
heptazine derivatives, but most of them is unstable and difficult to obtain and/or highly
explosive. The synthesis of single-phase sp>hybridized carbon nitrides is a challenging task
due to their low thermodynamic stability. Generally, the defect materials are much more
valuable than the ideal one, in particular for catalysis, which requires surface defects. Thus,
the synthesis of g-C;N, with defects is an interesting topic, when the material is going to be
used in catalysis.

Pure g-C;N, can be obtained at ca. 500°C when the precursor cyanamide is pretreated with a
basic solution (like aqueous NaOH) [52]. It is found that the presence of hydroxyl ions
facilitates the transformation of cyanamide to g-C;N,, probably due to the hydroxyl ions that
promote the condensation process, by reacting with the hydrogen atoms on the edges of the
intermediate.

Generally, porous photocatalysts are very fascinating, because the porous structure can
provide a large surface area and a lot of channels, which is benefit for the diffusion of con-
taminant molecules, as well as charge migration and separation. Researchers always synthe-
size the porous g-C;N, photocatalyst using hard and soft templates because the porous
structure of g-C;N, can be tuned by choosing different templates. Recently, porous g-C;N, can
also be synthesized using surfactants (e.g., Triton X-100, P123, Brij 58) or ionic liquids as soft
templates through a self-polymerization reaction [53].

1D nanostructured photocatalysts such as nanorods, nanowires, nanobelts, and nanotubes
continue to attract special attention. This is because unique chemical, optical, and electronic
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properties can be achieved by tuning their length, diameter, and aspect ratio, which is
beneficial for optimizing their photocatalytic activity. For example, g-C;N, nanorod networks
were fabricated by a solvothermal method using cyanuric chloride and melamine in a sub-
critical acetonitrile solvent [54]. It needs only a temperature of 180°C, which is much lower
than that of traditional solid-state synthesis method (normally 500-600°C). The as-prepared
sample mainly consists of regularly nanorods (accounts for 90%). The average diameter of
these nanorods is 50-60 nm, and the length is about several micrometers.

5.2. Bandgap engineering of g-C,N,

Bandgap engineering of g-C;N, to control its light-absorption ability and redox potential plays
an important role in enhancing its photocatalytic performance. The main strategies to adjust
the band structure of g-C;N, are operated at the atomic level (such as elemental doping) and
the molecular level (such as copolymerization).

On one hand, elemental doping plays an essential role in tuning the electronic structure of g-
G;N,. Non-metal doping occurs via substitution of the C or N atoms, which affects the
corresponding CB and VB, while metal doping occurs via insertion into the framework of g-
C;N,. In most cases, a decreased bandgap can be obtained, resulting in extending the light
absorption ability. This is quite a flexible strategy that enables the bandgap engineering of g-
C;N, by choosing specific doping elements and their amounts, depending on the desired band
positions. On the other hand, molecular doping is a unique way for modifying the bandgap
of g-C;N, but is usually not available for inorganic semiconductors. Anchoring a very small
amount of structure matching organic groups at the edges of g-C;N, nanosheets can signifi-
cantly affect its bandgap and light-harvesting ability. The doping amount of organic additives
can be changed to obtain g-C;N, with the desired bandgap. To illustrate the bandgap engi-
neering of g-C;N, by both elemental doping and molecular doping, the band structures of some
typical samples of modified g-C;N, are summarized in Figure 9 [55].
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Figure 9. Schematic illustration of the band structures of typical samples of g-C;N, in comparison with TiO, (repro-
duced with permission from [55]).
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5.3. g-C;N,-based semiconductor composites

To develop effective g-C;N,-based nanocomposites with enhanced photocatalytic perform-
ance, several main requirements must be considered. Firstly, the composite semiconductor
should absorb efficient sunlight. Secondly, the photogenerated charges should be separated
effectively and the transfer process should be accelerated. Thirdly, the composite semicon-
ductor must have sufficient redox potential for the desired photochemical reactions. Finally,
the composite semiconductor should be stable during the photocatalytic reaction process [56].
Of course, it is difficult to meet all these requirements for a single-material system, while the
composite photocatalysts may have the potential to achieve these goals.

So far, a large number of semiconductors have been coupled with g-C;N, to form semicon-
ductor-semiconductor heterojunctions. Among them, two types of heterojunctions have been
mainly investigated: traditional type-II heterojunctions and all-solid-state Z-scheme hetero-
junctions.

A g-C;N,-based traditional type-II heterojunction is constructed using g-C;N, and another
semiconductor, in which both the CB and VB positions of the g-C;N, are higher or lower than
those of another semiconductor. Due to the difference of chemical potential between the two
semiconductor units, the band at the contact interface of the heterojunction could bend. This
band bending induces to a built-in electric field, resulting in an opposite migration of photo-
generated electrons and holes (Figure 10a) [57]. For example, g-C;N,/In,O; heterojunctions
were prepared by in situ growth of In,O; nanocrystals on the surface of g-C;N, via dimethyl
sulfoxide (DMSO)-assisted solvothermal method [58]. The traditional type-II heterojunction
has been proved to be an efficient method for spatial charge separation. However, the major
shortcoming of this heterojunction is the weaker redox ability of the photogenerated electrons
and holes originated from the less-negative CB of semiconductor II and the less-positive VB
of semiconductor I. Hence, it is difficult to achieve both of the outstanding charge separation
efficiency and a strong redox ability for the traditional type-II heterojunction. Fortunately, a
new type of all-solid-state Z-scheme heterojunction has been developed recently [59], which
could overcome these shortcomings. There are two main types of all-solid-state Z-scheme
heterojunctions: semiconductor—semiconductor (S-S) Z-scheme heterojunctions (Figure 10b)
and semiconductor-conductor-semiconductor (S-C-S) Z-scheme heterojunctions (Figure
10c). Such a heterojunction allows for the utilization of semiconductor pairs with narrow
bandgap without losing the strong redox ability of the photo-induced electrons and holes. In
the S-S Z-scheme heterojunction, the photogenerated electrons from semiconductor II with
less-negative CB tend to transfer to semiconductor I with less-positive VB via the contact
interface and are further excited to the CB of semiconductor I to participate in the reduction
reaction, leaving holes in the VB of semiconductor II to involve into the oxidation reaction. For
example, Kumar et al. [60] reported the synthesis of N-doped ZnO/g-C;N, hybrid core—shell
nanoplates via a dispersion—-evaporation method. By investigating the reactive species of the
photocatalytic degradation of rhodamine B in the presence of N-doped ZnO/g-C;N, core-shell
structures, a mechanism for S-S Z-scheme heterojunction was proposed. In the case of the S—
C-5 Z-scheme heterojunction, the conductor material between the two semiconductors serves
as an electron mediator to enable the migration of photo-induced electrons from semiconduc-
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tor Il to semiconductor I. For example, Katsumata et al. [61] obtained a similar S-C-S Z-scheme
heterojunction composed of Ag,PO,, Ag, and g-C;N, for the efficient photocatalytic decolori-

zation of methyl orange.
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Figure 10. Proposed transfer pathways of photo-induced carriers for different semiconductor heterojunctions: tradi-
tional type II heterojunction (a), all solid-state S-S Z-scheme heterojunction (b), all-solid-state S-C-S Z-scheme hetero-
junction (c). The abbreviations of A, D, S 1, and S II denote the electron acceptor, electron donor, semiconductor I, and
semiconductor II, respectively (reproduced with permission from [59]).

5.4. Photocatalytic applications of g-C;N,

g-C;N, can be used for various photocatalytic applications, such as water splitting, CO,
reduction, pollutant degradation, organic syntheses, and bacteria disinfection. Remarkable
accomplishments have been already achieved in the area of the g-C;N,-based photocatalytic
hydrogen evolution by dye sensitization, hybridization with carbon materials, and introduc-
tion of non-noble-metal co-catalysts. Also, g-CsN,/carbon composites and g-C;N,-based all-
solid-state Z-scheme heterojunctions have been shown to be superior for the photocatalytic
degradation of organic pollutants. However, visible-light photocatalytic efficiency of g-C;N,
is still relatively low and far from the requirements of practical applications. Therefore, it is
required to develop higher performance g-C;N,-based photocatalysts in the future.
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Abstract

Among all kinds of green earth and renewable energy projects underway, semiconduc-
tor photocatalysis has received wide interest because it provides an easy way to directly
utilize theenergy of either natural sunlight orartificialindoor illumination. TiO,, the most
widely used photocatalyst, due to its wide band gap, can only be activated under UV
irradiation, and thus, the development of novel semiconductor photocatalysts makes a
significant advancement in photocatalytic functional materials. One of the effective
strategies to overcome this shortcoming is photosensitizing these wide band gap
semiconductors with narrow band gap semiconductors which have proper energy levels.
This method can not only improve the photocatalytic activity, due to increasing visible-
light-harvesting efficiency, but also can decrease the recombination of the charge carriers,
because the formation of n—n or n—p heterojunctions between the combined semiconduc-
tors can induce internal electric fields between them. In this regard, this review presents
some unitary, binary, and ternary non-TiO, photocatalysts used for the degradation for
organic pollutants and for water splitting.

Keywords: semiconductor photocatalysis, non-TiO, photocatalysts, composite photo-
catalysts, pollutant degradation, photoactivity under UV-Vis or visible light

1. Introduction

Among the various Advanced Oxidation Process methods, semiconductor-mediated photoca-
talysis has been accorded a great significance in recent times due to its potential to mineralize
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a wide range of organic pollutants at ambient temperature and pressures into harmless
substances, to produce hydrogen in photocatalytic water-splitting process, and to apply in dye-
sensitized solar cells [1-3].

From the simple oxides (e.g., TiO,, ZnO, WO, Fe,0;), anatase-TiO, is a dominant structure
employed for sunlight applications mostly due to its charge carrier handling properties.
However, the TiO,-based photocatalyst cannot effectively absorb visible solar light due to a
rather large band gap (>3.2 eV), rendering it of little practical significance for solar energy
harvesting. Additionally, pure TiO, used during photocatalytic processes has few disadvan-
tages, such as low quantum yield due to a high recombination rate between photogenerated
electron-hole pairs, or the need of high-energy photons to activate the semiconductors in the
UV region.

Queetal. [4] pointed that designing of an efficient and stable photocatalysts must follow several
critical requirements: (i) Semiconductor must have band gap large enough to provide energetic
electrons and smaller enough to allow for efficient absorption overlap with the solar spectrum
(1.23 eV < E; < 3.0 eV, typically >2.0 eV); (ii) there must be a mechanism to efficiently drive
charge separation and the transportation process; and (iii) there must be a mechanism to
efficiently drive charge separation and the transportation process.

Because, in most cases, single semiconductors are unlikely to satisfy all these requirements,
one of the important issues in the photocatalysis fields is to exploit new combining of some
semiconductors to form composites which can improve the efficiency of a photocatalytic
system. This fact provides an excellent opportunity to continue developing new materials with
higher photocatalytic activity and capable to use the sunlight as a green energy source.

The current review is focused on non-TiO, materials with particular emphasis placed on
application of these photocatalysts in heterogeneous photocatalysis and insight into explana-
tion the photocatalytic mechanism of the composite photocatalyst. This review is organized
into four sections: (1) single-semiconductor photocatalysts for pollutant degradation, (2)
single-semiconductor photocatalysts for water splitting, (3) semiconductor composite photo-
catalysts, and (4) conclusions and perspectives.

2. Single-semiconductor photocatalysts for pollutant degradation

In general, fundamental principles of photodegradation mechanism was based on oxidation
and reduction reactions of induced charged carriers. Ultimately, in both reactions from water
oxidation and dissociation of H,0O,, hydroxyl radical could be produced, which are highly
powerful and nonselective oxidizing agent. During the past few years, numerous efforts have
been made for the discovery of new visible-light-responding semiconductors. Among the
created groups of photocatalysts, the biggest part in the literature belongs to ferrates, halides,
oxides, tungstates, sulfides, and vanadates. All the groups utilized recently in heterogeneous
photocatalysis are listed in Table 1, while band gap values for selected groups of photocatalyst
are shown in Figure 1.
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Recently, metal sulfides received much attention because their promising properties. CdS is
one of the intensively investigated semiconductors owing to the narrow band gap (2.1-2.5eV)
in comparison with TiO, which may extend the utilization of visible light. For instance,
Eskandari et al. [99] synthesized CdS by simple chemical precipitation method using mercap-
toethylamine hydrochloride (MEA) as a capping agent. CdS showed higher photocatalytic
activity than P25-TiO, in the photodegradation of methylene blue under blue LED and solar
light irradiation. Reusability of the photocatalyst was checked five times; during the first three
times, the activity decreased gradually, but in the last two cycles, they observed very sharp
drop in photoactivity. Chen et al. [100] also observed higher activity of CdS in comparison
with P25-TiO,, after 60 min of UV irradiation nearly 95% of rhodamine B (RhB) was degraded.
The band gap (2.24 eV) was calculated according to the UV-Vis absorption spectra [100].
Another very often mentioned material is ZnS. Chen et al. used ZnS rods as photocatalysts for
the degradation of methyl orange (95% of MO was degraded after 20 min) and 2,4-dinitro-
phenol (54% of 2,4-NP was degraded after 20 min) under UV irradiation [105]. ZnS with a band
gap equals to 3.84 eV exceeded activity of commercial P25-TiO,. Chen et al. also proposed
photocatalytic degradation mechanism of OM and 2,4-NP over ZnS under UV light. For this
reason, EDTA-Na, and potassium iodide (KI) were introduced as the scavengers for h*,
isopropanol, and ethanol were used for *OH, and 1,4-benzoquinone for *O,, respectively. They
confirmed that the photocatalytic process proceeds analogously like for TiO,, and thus, h* and
*O," are the crucial in the degradation pathway under UV irradiation [105]. Chen et al. [115]
applied simple wet chemical method for obtaining Bi,S;. The photocatalytic activity was
measured by methyl orange degradation in the presence of UV light. After 4 h of irradiation,
97% of methyl orange was decolorized in the presence of Bi,S; photocatalyst with specific
surface area about 20 m* g™ [115]. Luo et al. [116] performed Bi,S; nanorods which exhibited
superior activity than P25-TiO, in rhodamine B degradation under visible light (A > 420 nm).

Another extensively examined groups are wide band gap oxides such as ZnO, WO;, Nb,O;,
and Bi,O;. Nanosized ZnO photocatalysts were synthesized by Liu et al. Obtained samples
exhibited high activity in methyl orange degradation under UV light. After 30 min irradiation,
the efficiency was nearly 100%. ZnO was proved to be very stable during 4 cycles. In many
publications, some of the photocatalysts are perceived as a narrow band gap semiconductor
such as Bi,O;, CeO,, Fe,O,, and WOs;. This dispersion in the values of the band gap is inter alia
due to different preparation method. Zheng et al. [166] synthesized WO; nanorod arrays by
hydrothermal method, and the results showed that the pH value of the precursor solutions
plays crucial role in the formation of the as-prepared structures, which leads to different band
gap values. Ameen et al. [50] synthesized ZnO flower-like photocatalysts (E, = 3.24 eV) which
showed very high efficiency for crystal violet degradation under UV light irradiation. After
80 min of irradiation, about 96% was degraded. Mahmodiet al. [51] investigated the photoca-
talytic activity of ZnO on stainless steel support. The activity measurements were concerned
with photoreduction of carbon dioxide in the presence of H,, H,O, and CH,. It was noticed
that TiO, has better photoreduction activity while the highest result for ZnO was achieved in
the presence of CH, [51]. Li et al. [52] tested ZnO nanoparticles in the degradation reaction of
methyl orange under UV light illumination. ZnO exhibited excellent degradation efficiency of
methyl orange reached 97.84% after 30 min. Moreover, ZnO showed no significant loss of
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photocatalytic activity during four repeated cycles [52]. Bismuth oxide with optical band gap
value of 2.7 eV could be utilized as a visible-light-driven photocatalyst [79]. Iyyapushpam et
al. prepared Bi,O; by sol-gel method Samples were calcined at two different temperatures
(600 and 700°C), and the highest degradation efficiency was attained by semiconductor with
higher crystallinity and specific surface area (sample calcined at 600 ©C). The degradation
percentage of methyl orange was found to be 76% [79].
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Figure 1. Band gap values for selected groups of photocatalyst collected based on the literature review.

Tungsten-based materials with a low band gap seemed to be promising candidate for the
degradation of organic compound under visible light. For instance, Phattharanit et al. [128]
obtained multi-layered flower-like Bi,WO, by hydrothermal method and estimated activity of
the powder in the degradation of rhodamine B under visible light. The results shown that after
360 min of irradiation, 88% of thodamine B was degraded, which could be related to photo-
sensibilization of semiconductor by dyes. In comparison, Saison et al. [129] synthesized
Bi,WO, with the band gap equals 2.9 eV and measured photocatalytic efficiency for Bi,WOj
and TiO,. They observed relatively low activity of Bi,WO, during rhodamine B and stearic acid
degradation process under visible light. After calculation of the band diagram, Saison et al.
explained that bismuth tungstate has inadequate band positions resulted in rapid recombina-
tion of excited pairs because electrons are not able to react with dioxygen.

Among the vanadates, BiVO, paid much attention because of the stability, nontoxicity, and
relative high activity under the visible irradiation. In the most of the published papers, the
photocatalytic activity of BiVO, was measured on model reaction of rhodamine B degrada-
tion [145-152]. Lin et al. [145] synthesized BiVO, (E, = 2.36 eV) by simple hydrothermal
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method. After 180 min of visible light illumination, 100% of rhodamine B (A >420 nm) was
degraded. The stability was evaluated during four cycles, which indicated no significant
decrease in photocatalytic activity [145]. Tan et al. [148] synthesized BiVO, powders by
hydrothermal method. By the manipulation of reaction condition, different hierarchical
structures such as octahedron, decahedron, spherical, and polyhedral were obtained [148].
The influence of pH values on the crystalline phase and morphology of the BiVO, pow-
ders was examined. The highest visible light photocatalytic activity for the thodamine B
degradation was achieved by sample prepared at pH 7.81 with specific surface area equals
515 m? g'. Lin et al. [145] also observed high activity of fishbone-like BiVO, for RhB
degradation. The band gap around 2.36 eV was estimated from UV-Vis spectra. After 180
min irradiation, 100% of dye was removed.

Recently, encountered research about silver halides provides information about excellent
activity, however, suffers by very low stability of AgX, which radically limited potentially
reuse and application [38]. On the other hand, majority of the bismuth oxyhalides described
in literature are perceived as a wide band gap semiconductor with high stability. Guan et al.
[21] compared properties of two different kinds BiOCl nanoplates and ultrathin nanosheets.
They indicated that these powders varied in band gap value, for BiOCl nanoplates E, reached
3.25 eV while for nanosheets 3 eV. The higher photocatalytic activity for the degradation of
RhB was observed in the case of ultrathin BiOCI. This phenomenon was explained by the
creation of different defects which are formed after reducing the thickness of the nanosheets
to the atomic scale [21]. Xiao et al. [35] prepared Bi,Oyl; microsheets using simple microwave
heating route. The degradation of bisphenol A induced via visible light irradiation was
investigated. After 60 min of irradiation, almost 100% of bisphenol A was degraded. The
reaction rate constant of the optimal sample was over 16 times greater than that of TiO,-P25.
Bi,O,l; microsheets revealed high mineralization capacity of bisphenol A and good stability
during the recycle tests, implying a promising forecast in the industrial application of the
photodegradation of organic pollutants. The mechanism analyses conducted by LC-MS
suggested that the degradation of bisphenol A under visible light irradiation occurred
predominantly by direct holes, and the main detected intermediates were hydroquinone and
methyl 4-hydroxybenzoate [35].

Ferrates can be specified as a semiconductor with narrow band gap. There are several
synthesis methods described in the literature used for ferrate preparation such as hydro-
thermal [11, 13, 14, 17], microwave hydrothermal [15], microwave [16], solid-state reactions
[12], and solution combustion method [18]. These photocatalysts possess superior proper-
ties, and therefore, they seemed to allow their use in environmental purification. Due to
magnetic properties of ferrates, they can be easily separated from reaction suspension.
Shahid et al. reported high photocatalytic activity of MgFe,O, in the degradation of methyl-
ene blue under UV (350 nm) and visible light (A > 420 nm). In comparison with ferrate,
TiO,-P25 exhibited poor photocatalytic activity under visible light; after 50 min of irradia-
tion, only 10% of dye was decomposed, whereas in the presence of MgFe,O, even 95% of
MB was degraded [12]. Tang et al. indicated that LaFeO, with band gap equals 2.36 eV and
strong visible light absorption exhibited much higher activity in the MB degradation than
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TiO,-P25 [16]. Li et al. [11] have examined activity of GdFeO; in the degradation of 4-
chlorophenol under visible light irradiation (A > 420 nm). After 5 h of illumination, only 20%
of 4-chlorophenol was removed by TiO,-P25, while almost 85% was degraded over GdFeQO,.
That obtained GdFeO, microspheres have characterized by broad absorption in visible light
region and quite well photocatalytic stability after fifth run [11].

According to the literature data, many other groups of semiconductors are also used in
heterogeneous photocatalysis, such as tantalates, titanates, molybdates, niobates, selenides,
phosphates, stannate, carbonate, germanate, and cobaltites. Most of tantalate- and titanate-
based materials can be activated only via UV light due to generally wide band gap, which
can reached even 5.05 eV [167-169]. Nevertheless, it has been reported that these photoca-
talysts exhibited high activity which may be attributed to crystal structure of perovskites.
Liang et al. [47-49]. Microcrystalline AgNbO; was synthesized by Wu et al. [47] by sol-gel
method. The photocatalyst has proved to be stable for all recycle experiments. However,
AgNbO, has shown high activity only for the decomposition of methylene blue and
rhodamine B, and for 4-chlorophenol and methyl orange, there was no obvious drop of
contaminants concentration. Bismuth niobate prepared by a facile hydrothermal route
showed very good visible-light-induced performance for the removal of nitrogen monox-
ide [48]. It has been shown that the activity results of bismuth niobate are better than that
for C-doped TiO,, InVO,, and BiOBr nanoplates [48]. Promising properties have been noticed
also for molybdate-containing materials such as Bi,MoO, with interesting layered perov-
skite structure [40]. Sun et al. [40] tested Bi,MoO, with nanoplate like morphology pre-
pared via hydrothermal method. The photocatalytic performance was evaluated by the
degradation of rhodamine B and phenol under environment-friendly blue light emitting
diode (A = 465 nm) irradiation. They have found that after 30 min of illumination, almost
100% of rhodamine B was degraded, while in the presence of TiO,-P25, only several percent
of dye was removed even with addition of H,O,. Phenol was chosen as another model
substance in order to exclude the influence of photosensitization. They have examined
synergistic effect of photocatalysts and H,O, for the phenol degradation After 2 h of
irradiation, the amount of phenol decreased up to 8% in over Bi,MoQO;. They have conclud-
ed that Bi,MoO, with narrow energy gap is able to respond directly to blue light emitting
diode in contrast to TiO,-P25 [40]. Bi et al. [41] have investigated the stability of Bi,MoQO,,
and during five-cycle experiments, they have not observed any obvious decrease in photo-
catalytic activity for rhodamine B degradation. Hipolito et al. [46] prepared bismuth
molybdate photocatalysts using co-precipitation method. The activity of so obtained
Bi,Mo0;0,, was further investigated for the removal of nitric oxide under UVA light irradia-
tion. In comparison with Bi,MoO, with a band gap equals 2.44 eV, the Bi,Mo0,0;, (E, =2.7 eV)
turned out to be more active reaching around 30% more of NO removal. This dispersion of
results could be attributed to higher surface area of Bi,M0,0,, and its abundant adsorption
sites for NO adsorption [46].

Summarizing, itis possible to find several photocatalysts which provide better light-harvesting
performance than TiO,, and it is assumed that they can be good replacement of TiO,. Unfortu-
nately, there is still lack of precise research related to possibility of reuse the powders. It is
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needed to search new materials which will be environmental friendly, resistant to photocor-
rosion, and will not dissolve in water; otherwise, toxic metals and compounds such as Cd, Pb,
or semiconductor sulfides will be useless for practical application. Most of the current research
based on degradation of dyes, which can act as an organic semiconductor and participate in
charge transition into CB under visible light irradiation. Therefore, the use of dye-photocata-
lysts system should be taken into consideration in the process of sewage treatment. Also, it
should be noticed that the examination of activity in the degradation compounds such as 4-
chlorophenol under UV light must be consider due to sensitivity to photolysis. Furthermore,
results from the photolysis should be always placed with actual photocatalytic activity in order
to make a reasonably comparison. There is still need for the standardization of photocatalytic
measurements by utilizing the identical test equipment, photocatalysts dosage, kind and
concentration of model compound, and other experiments condition, which allow making
proper worldwide comparison of photocatalytic results.

Group Semiconductor, Eg (eV) Model pollutant Irradiation range Ref.
Antimonate GaSbO, (3.7) Acetone, salicylic acid uv [5]
AgSbO, (2.6) Rhodamine B Vis [6]
Carbonate  Ag,CO; (2.46) Rhodamine B, methyl Vis 7]
orange, methylene blue
(BiO),CO; (3.09-2.67) Rhodamine B uv [8]
Cobaltites  LaCoO; (n/a) Methyl orange Vis 9]
Lal-xBaxCoO; (2.80-2.21)  Formalachite green Vis [10]
Ferrate GdFeO; (1.97-2.18) 4-Chlorophenol Vis [11]
MgFe,O, (n/a) Methylene blue Vis [12]
BiFeO; (2.1) Rhodamine B Vis [13]
Bi,Fe,O, (1.94-2.06) Methyl orange Vis [14, 15]
LaFeO; (2.36) Methylene blue Vis [16]
ZnFe, O, (1.9) Rhodamine B Vis [17, 18]
Germanate CeGeO, (3.1) Terephthalic acid uv [19]
ZnGa,O, (4.5) Ethylbenzene, methyl orange, UV-Vis [20]
rhodamine B, methylene
blue benzene, toluene
Halides BiOClI (2.87-3.2) 17 Alpha-ethinyl estradiol UV, Vis [21-29]
(EE2) and estriol, methyl
orange, methylene green,
rhodamine B, tetracycline
hydrochloride
BiOBr (2.45-2.9) Methyl orange, rhodamine UV, Vis [22-24, 28, 30, 31]

B, tetracycline hydrochloride
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Group Semiconductor, Eg (eV) Model pollutant Irradiation range Ref.
BiOI (1.43-2.03) Methyl orange, rhodamine UV, Vis [22-24, 32-34]
B, tetracycline hydrochloride,
17 alpha-ethinyl estradiol
(EE2), estriol
Bi,O0l; (2.23-2.30) Bisphenol-A Vis [35]
Bi;0,1 (1.73) Rhodamine B Vis [36]
Hgl, (2.10) Rhodamine B Vis [37]
AgBr (2.58-2.68) Methylene blue, methyl orange Vis [38, 39]
Molybdate Bi,MoOj (2.51-2.73) Phenol, rhodamine B Vis [40, 41]
BiMoO; (2.64) Phenol, ibuprofen, rhodamine B Vis [42, 43]
PbMoO, (3.1-3.2) Methyl orange, rhodamine B, UV, Vis [44, 45]
indigo carmine, orange G
Bi,Mo0;0,, (2.73-2.70) Nitric oxide uv [46]
Niobate AgNbO; (2.9) 4-Chlorophenol, methyl blue, Vis [47]
methyl orange, rhodamine B
Bi;NbO, (2.89) Nitrogen monoxide Vis [48]
SnNb,Oy (2.3-2.6) Rhodamine B, methyl UV, Vis [49]
orange, malachite green
Oxides ZnO (2-3.37) 4-Chlorophenol, alizarin UV, UV-Vis [50-70]
red S, CO2 reduction,
hexane, methylene
blue, reactive
brilliant red K-2BP,
methyl orange,
rhodamine B,
thionine, estrone,
H202 generation,
yellow 15
ZrO, (n/a) Direct Red 81 UV-Vis [71]
victoria Blue
WO, (2.4-3.21) CO,, CR, methyl UV, Vis [72-77]
blue, methylene blue,
Orange II, rhodamine B
In,0O; (3.6) Perfluorooctanoic acid uv [70]
a-Fe,0; (2.33) Methylene blue Vis [78]
Bi,O; (1.3-2.73) Cr(VI], aldehydes, UV, Vis [79-82]

congo red, thodamine

B, methyl orange
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Group Semiconductor, Eg (eV) Model pollutant Irradiation range Ref.
CeO, (2.81-3.2) 4-Nitrophenol, indigo UV, Vis [83-86]
carmine, AO7, methylene
blue, rhodamine B
Cu,0 (n/a) Methyl orange Vis [87]
Ga,0; (n/a) Methyl orange, uv [88]
rhodamine B
Nb,Os Rhodamine B UV, Vis [89]
Phosphates  Ag,PO, (2.35-2.47) Bisphenol A, Vis [90-92]
rhodamine B
BiPO, (3.35-4.4) Benzene, rhodamine B uv [93, 94]
selenides ZnSe (2.9) Methylene blue Vis [95]
Stannates ~ CdSnO; (4.4) Benzene uv [96]
Zn,SnO, (n/a) Reactive Red 141 Sunlight [97]
ZnSnQO; (3.34) Methylene blue UV-Vis [98]
Sulfides Cds (2.1-2.5) Methyl orange, UV, Vis [99-104]
methylene blue,
methylene blue,
rhodamine B
ZnS (3.37-3.97) 2, 4-Dinitrophenol, uv [105-108]
dinitrobenzene
methylene
green, thodamine
B, methyl orange
SnS, (2.1-2.25) Methyl orange Vis [109-111]
phenol, rhodamine B
In,S; (1.89-2.0) DNA purine bases, UV, Vis [112, 113]
formic acid,
hydrogenation
of 4-nitroaniline
SnS (1.6-1.3) Methylene blue Vis [114]
Bi,S; (n/a) Methyl orange UV, Vis [115, 116]
rhodamine B
Ce,S; (2.1) Nitrobenzene reduction UV, Vis [117]
ZnIn,S, (2.72-1.92) Benzyl alcohol Vis [118]
CdIn,S,(n/a) Inactivation of Vis [119]
Escherichia coli
ZnIn,S, (n/a) Methyl orange Vis [120]
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Group Semiconductor, Eg (eV) Model pollutant Irradiation range Ref.
CdIn,S,(n/a) Methyl orange Vis [121]
Tantalates  Sr,sH, 5 Benzene oxidation uv [122]
Ta,0, H,0 (4.9)
B-BiTaO, (2.45-2.65) Methylene blue Vis [123]
Ba,Ta,0, (5.05) Methyl orange uv [124]
Titanate K,TigO4; (3.06-3.48) Methyl orange uv [125]
FeTiO; (2.54-2.58) Rhodamine B Vis [126]
BaTiO; (n/a) Rhodamine B Vis [127]
Tungstates Bi,WO, (2.48-3.4) 2,4-Dichlorophenoxyacetic UV, Vis [128-139]
acid, methylene
blue, rhodamine
6G, rhodamine
B, tetracycline
FeWO, (2.17 eV) Methyl orange UV-Vis [140]
SrWO, (n/a) Rhodamine B, uv [141]
rhodamine 6G
Na,W,,0;, (n/a) Coumarin propan-2-ol uv [142]
NiWO, (n/a) Methylene blue Vis [143]
PbWO, (3.54) Acid orange II uv [144]
Vanadates BiVO, (1.85-3.3) Blue, ciprofloxacin, UV, Vis [145-158]
methylene phenol,
rhodamine B
AgVO; (2.11-2.25) Bisphenol A, Vis [159]
rhodamine B
Ag;VO, (1.95) Rhodamine B Vis [160]
InVO, (2.4-3.0) Ciprofloxacin, Vis [161-163]
methylene
blue, rhodamine B
FeVO, (2.02-2.55) Phenol UV-Vis [164]
Cu,V,04 (2.11-2.05) Methyl orange Vis [165]

Table 1. Selected representative photocatalysts and model substances used for activity measurements.

3. Single-semiconductor photocatalysts for water splitting

Photocatalytic water splitting, which is a process of decomposition of water into hydrogen and
oxygen, is a promising method for obtaining clean and renewable energy. When light with an
energy equivalent or greater than band gap of the semiconductor photocatalysts is irradiated,
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the electrons in the valence band are excited into the conduction band. The excitation of
electrons creates holes in the valence band. These photogenerated electrons and holes trigger
the redox reaction [170]. There are three main steps of photocatalytic water splitting: (1) The
photocatalyst absorbs photon energy and electron-hole pairs are generated in the bulk; (2) the
photo-excited charge carriers should separate and migrate to the surface with minimal
recombination; and finally, (3) the free charge carriers triggers the oxidation and reduction
reaction respectively at the surface, that is, the electron reduces H,O to H, and the hole oxidized
H,O to O,, respectively.

The production of hydrogen using a particulate photocatalyst has been examined by various
research groups since 1972 and since that time scientists are trying to obtain the most efficient
combination of semiconductors which will give payable level of hydrogen recovery [171]. In
recent years, many various types of homogeneous and heterogeneous photocatalysts have
been developed and intensively analyzed. Summary of studied heterogeneous photocatalysts
used for water-splitting process are presented in Table 2. In fact, heterogeneous photocatalysis
received lately more attention because of wider application scale. There is no single photoca-
talyst which can meet all the requirements to proceed efficient water-splitting process for H,
production. The success is not only in careful selection of semiconductor photocatalysts but
also their optimal surface structures. Additionally, a suitable band gap, matching energy band
for H, and O, evolution, high quantum efficiency and stability are also important. The main
task of scientists is to develop the composition of semiconductor materials, which will carry
out suitable optical absorption, reduction, and oxidation abilities and increase efficiency in
solar energy conversion [197]. It is thought that co-catalyst components such as Pt, Ni, Rh, and
Ru can promote H, evolution because of their lower over potentials, while they are also active
for the oxygen reduction reaction (ORR), which corresponds to the reverse of the water-
splitting reaction [36]. Positive water splitting was also observed in the presence of co-catalysts
such as Pt, Pd, and Rh or a metal oxide such as NiO, RuO,, and Cr,O,, which are loaded onto
the photocatalyst surface to produce active sites for water reduction reaction [171]. Following
the assumption of water-splitting process for hydrogen production, we chose these examples,
which demonstrate the best perspectives.

Following the idea of development of better photocatalysts for water splitting in visible light
spectrum, we chose the most promising examples by comparing energy band gaps and
hydrogen production rate, not considering TiO, photocatalysts. The apparent quantum yield
(AQY) for the production of hydrogen and oxygen gas can be estimated by the following
Equation (1):

AQY ( 9% ) _ number of r‘eac'ted electrones <100 )
number of incident photons

Liao et al. [180] conducted water-splitting process using cobalt oxide particles. The
photocatalysts were obtained from nonactive CoO micropowders with two distinct methods
—femtosecond laser ablation and mechanical ball-milling. Water-splitting experiments were
performed in air-tight flasks with CoO nanoparticles suspended in neutral water. Generation
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of hydrogen and oxygen was measured by a gas chromatograph (GC) equipped with a thermal
conduction detector (Gow-Mac). High photocatalytic activity of the nanoparticles was
analyzed by electrochemical impedance spectroscopy (SRS residue gas analyser, RGA200),
which comes from a significant shift in the position of the band edge of the material with regard
to water redox potential. The conduction band of CoO micropowder is located below the
hydrogen—evolution potential what leads to inactivity in water splitting process. A mass
spectrometer was also used to identify isotope gas species from water splitting. Received CoO
nanoparticles can decompose pure water under visible light irradiation without any co-
catalysts or sacrificial reagents with the hydrogen production assessed for 71,429 umol/h g™
[180].

Twinned Cd,5Zn,sS anisotropic nanocrystals (called nanorods) with controllable aspect ratios
and a high proportion of long-range ordered twin planes were investigated by Liu et al. [195].
Between the planes in the crystal, the zinc-blende (ZB) and wurtzite (WZ) were generated.
The TEM image revealed that nanorods consisted of a high density of stacking faults with
parallel distribution, which were coherent twin boundaries. During the process between the
segments of ZB and WZ, the type Il staggered band was created which in particular dimension
cause the generation of myriad homojunctions. This formation leads to photocatalytic hydro-
gen production with a remarkable QE of 62% and 25,800 pmol/h g™. Different combinations
of the same elements were investigated by Li et al. [194], where the solid solution of Zn, . Cd,S
was analyzed. Obtained structures characterized with a small crystallite size and precise band
structure. The photocatalytic hydrogen production experiment was performed at ambient
temperature and atmospheric pressure, using 350 W xenon arc lamp through a UV cut-off filter
(A>400 nm). Study revealed that sample containing Zn,;Cd, S is the most promising in terms
of hydrogen production with the rate of 7420 umol/h g™, which is much more than amounts
produced with the pure CdS or ZnS samples.

Group Semiconductor, Irradiation ~ H, production O, production Apparent  Ref.

Eg (eV) range(nm) rate (umol/h g) rate (umol/h g™) quantum
yield (%)

Sulfides CdS (24) A>420 25 n/a n/a [172]
Caln,S,(1.84-168) A>420 2.64 n/a n/a [173]
Sb,TiS; (1.87) uv 104 n/a n/a [174]
(CuAg)y1sIng; A>420 1750 n/a 12.8 [175]
Zn,,S, (2.72-1.92)
Znln,;S,,, A>420 363 n/a n/a [176]
(4.894)
Cu,SnS,(1.38) A>420 1100 n/a 3.9 [177]
Mn,,,Cdy 7 A>420 10,900 n/a 9.5 [178]
5(2.28)

Oxides Ta,0; (3.9) A>420 7100 n/a n/a [179]
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Group Semiconductor, Irradiation  H, production O, production Apparent  Ref.
Eg (eV) range(nm) rate (umol/h g) rate (umol/h g™) quantum
yield (%)
CoO (2.6) A>420 71,429 35714 5 [180]
Fe,0; (2.3) A>420 n/a 3 n/a [181]
Vanadates  InVO,(3.0) A>420 14.16 n/a n/a [182]
Ag,S1(VO,),(2.4) A>420 n/a 81 n/a [183]
Sr(VO;), (2.7) A>420 n/a 12 n/a [183]
Halides LaOF (4.7) uv 27 n/a n/a [184]
Tantalites NaTaO; (4.1) uv 3106 n/a n/a [185]
Cd,Ta,0; (3.35) uv 173 86.3 n/a [186]
Ferrates GaFeO, A>395 289 n/a n/a [187]
(2.02-2.18)
LaFeO, (2.07) A>420 3315 n/a n/a [188]
ZnRh,0,(1.2-2.2) UV, Vis 500 n/a 27 [189]
NiFe, O, (1.7) A>420 1.97 n/a 0.07 [190]
Ta;N; (2.08) A>420 410 n/a - [191]
ZnIn,S,(2.59-2.83) A>420 220.45 n/a 13.16 [192]
BijsNay;TiO; UV-Vis 3245 n/a 3 [193]
(2.82-2.92)
Zny5CdysS A>420 7420 n/a 9.6 [194]
(2.45)
CdysZnysS A>420 25,800 n/a 62 [195]
(2.62)
Ky sLaysBi2 uv 5.9-531 3.4-182 n/a [196]
Ta,0o/ KysLags
Bi,Nb,O,
(3.22-3.9)

Table 2. Non-TiO, single photocatalysts for water splitting in UV/visible light spectrum.

Solid solutions of Mn, ,Cd,S were fabricated by hydrothermal route in low temperature
(130°C) by Liu et al. [178]. The H, evolution from water was performed under 300 W Xe lamp.
0.025 g of powder photocatalyst was dispersed in a pyrex cell with aqueous solution of 0.1 M
Na,S and 0.5 M Na,SO;. The characterization of samples revealed that with growing value of
x, the rate of hydrogen increases. The highest value of H, production presented Mn,,,Cd, 7S
which in fact exceeds rate for pure CdS. The procedure was continued, and after third turn,
the amount of H, decreased, what can be the result of consumption of the sacrificial agents—
Na,5 and Na,S50;. The examined solution shows good photocatalytic stability and anti-
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photocorrosion capability during water-splitting reaction what can be a promising discovery
for the future. There are some examples of semiconductors which generate smaller amount of
hydrogen than compounds described above; however, it still have potential for further studies
in water-splitting area. ZnRh,0O,with rate of hydrogen production of 500 pmol/h g was
studied by Takimoto et al. [189]. The measurements were conducted under monochromatic
light and full Xe light lamp in wide range of wavelengths (400 <A <770 nm) with an intensity
of 10 pW/cm?. The amount of hydrogen produced is much less than in case of other presented
semiconductors, but it is extraordinary because of a high efficiency yield (12%) at a wavelength
of A=770nm. The study revealed that this photocatalyst should be deeper investigated mainly
because of possible usage in a wide range of light spectrum both visible and infrared light what
is quite unique [189].

The overall compilation of already conducted experiments shows that there is a big potential
for hydrogen production in photocatalytic water splitting in visible light range. The values of
energy band gap indicate that non-TiO, single photocatalysts should be good candidates used
in hydrogen production process without light limitations. The most promising results were
obtained for different combinations of Cd composite what can lead to further studies in this
particular area. Unfortunately, it is clear that single photocatalysts are not as efficient as should
be expected. This is the reason why attention of researchers has been moved to more promising
topics as the binary and ternary compounds or doping processes. Moreover, the demonstration
of the simultaneous evolution of H, and O, is extremely difficult in the two-step water-splitting
system because backward reactions easily proceed over each photocatalyst.

4. Binary composite photocatalysts

There are number of different types of photocatalytic materials, which are inefficient or not
active during the light-mediated process of pollutants degradation. Various methods are used
to improve the oxidation ability of photocatalysts in purification systems, such as doping with
nonmetal ions, rare-earth metals, noble metals and transition metal ions, surface modification,
dye sensitizing [198]. Among them, enhancing the photocatalytic activity can be achieved by
coupling single semiconductors in composites.

Synthesis of new 3D semiconductor composites creates the opportunity to use materials with
lower energy activation as a photocatalysts. Furthermore, application of the composite
structures can lead to photocatalysts activated by low powered and low cost irradiation
sources (such as LEDs or black fluorescent UV lamps) and can be used both in air and water
purification systems. Therefore, it is important to develop convenient, low-cost, and environ-
mental-friendly methods to synthesize high-quality photocatalysts.

Nowadays promising idea based on combining wide band gap semiconductors with narrow
band gap materials. The narrow band gap photocatalyst can be excited in visible light region.
The photogenerated holes and electrons can be transported to the wide band gap semicon-
ductor and photo-excited with lower energy transfer. Furthermore, the nanocomposites
materials exhibit improved quantum efficiency. Therefore, composites with narrower band
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gap semiconductors have been developed to extend the photo-absorption range, facilitate the
separation of the photo-induced carriers, and extend the activity into the visible light region.
A composite of two photocatalysts with surface contact formed a heterojunction which limits
the electron transfer. There are three main processes which may lead to consumption of the
photo-induced electrons: (i) volume recombination (recombination with produced holes inside
the photocatalyst), (ii) surface recombination (reaction with spices on surface of the particle,
and (iif) the H, production as a result of reaction with protons.

4.1. Photo-excitation mechanisms of binary composites

In general, there are three different mechanisms of binary composite photo-excitation under
ultraviolet and visible light. Most of the current research is focused on efficiently suppression
of the recombination processes. Summary of studied composites and possible mechanisms of
photo-excitation (named mechanism A, B, and C) are presented in Table 3. During the
irradiation, both photocatalysts can be excited with photogenerated charge carriers depending
on the band gap energy (E,). Usually under visible light irradiation, the electrons produced in
narrow band gap semiconductor (named semiconductor A) with less positive conduction band
(CB) can be transferred quickly to the more positive CB of the photocatalyst with the wider
band gap (semiconductor B). In the other hand, the photo-excited holes from semiconductor
B could be shifted easily into the valence band (VB) of the semiconductor A. The each position
of conduction and valence band in photocatalysts according to the mechanism A is presented
inFigure 2a. The Ag,PO,/ZnFe,O, composite was synthesized by Chen et al. via a solvothermal-
liquid phase deposition method [230]. The photocatalytic activity test was performed as a 2,4-
dichlorophenol degradation under visible light irradiation. During the process using Ag;PO,/
ZnFe,O, with mass ratio 9:1, 95% of the pollutant was decomposed after 70 min of irradiation
(two and three times higher than result for single photocatalyst). It was found that the
conduction and valence band of ZnFe,O, is more negative than CB and VB of Ag;PO,. Structure
formation of Ag,PO,/ZnFe,O, material resulted in expanding the spectral responsive range of
Ag,PO,. High-effective photocatalyst under Vis light was obtained by combining the single
BiVO, with FeVO, [222]. The heterojunction composite photocatalysts was stable in photoca-
talytic removal of metronidazole in aqueous phase. Moreover, enhanced oxidation properties
resulted from the fast transfer of photogenerated charge carriers. The optimal weight ratio in
Ag,;PO,/BiOBr composite was equal to 0.7. The process of energy bias generation at hetero-
junction plays significant role in electron and hole pair transfer. The rate of removal rhodamine
B under visible light was maintained at 95% after 6 recycling processes [224].

In view of the internal field between semiconductors, in some composites used for photode-
gradation under visible light, only electron transfer exists without hole migration in the valence
band (the process is named mechanism B, see Figure 2b) [199, 213, 214, 218, 219]. Xu et al. [213]
synthesized CdS/MoS, composite active under visible irradiation range. The favorable
heterojunction between CdS and MoS, extended lifetime of the charge carriers [213, 214]. The
same type of mechanism was observed for CdS/SnO, photocatalyst where electrons shift from
cadmium sulfides conduction band to the thin oxides band [199]. Consequently, the charge
carriers in junction between semiconductors were effectively separated via one-step process.
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All types of described mechanisms (mechanism A, B, and C) are caused by the presence of
heterojunctions among different semiconductors that enhance the separation of the photo-
generated electron-hole pairs, hindering their recombination.

Whereas, under the ultraviolet light illumination, both semiconductors simultaneously or the
semiconductor with wider band gap in the composite could be excited. The mechanism of
photo-excitation in binary composites was investigated by Hamrouni et al. Two photocata-
lysts: ZnO/ZnWO, and ZnO/SnO, prepared by a facile sol-gel method were examined in the
photocatalytic decomposition of 4-nitrophenol under ultraviolet light range [200]. It was found
that the local heterojunction between the photocatalysts pair facilitates the separation of the
photogenerated e/h" pairs (mechanism C, see Figure 2c). A photocatalysts with enhanced
electron-hole separation and excellent photocatalytic performance was investigated by Duo
etal. [215, 217]. The methyl orange solution and Rhodamine B were used as a model substance
in degradation under simulated sunlight. Both composites BiPO,/BiOCl and BiPO,/BiOBr
exhibited significantly higher activity in dyes elimination than single semiconductors [216,
217].

Mechanism A Mechanism B Mechanism €

Figure 2. Possible mechanism of semiconductors composite photo-excitation: (a) Mechanism A under UV-Vis light, (b)
Mechanism B under Vis light, and (c) Mechanism C under Vis light.

Semiconductor A Semiconductor B Irradiation range Excitation mechanism Ref.
CdS (2.17) SnO, (3.3; 3.55) Vis Mechanism C [199]
Zn0, (3.2) uv Mechanism A [200]
Zn0, (3.2) ZnWO, (3.14) uv Mechanism A [200]
Zn0, (3.2) Bi,0; (2.8; 2.38; 2.75; 2.89) uv Mechanism A [201]

NaBiO; (2.36) Vis Mechanism B [202, 203]
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Semiconductor A Semiconductor B Irradiation range Excitation mechanism Ref.
BaTiO; (3.18) uv Mechanism A [204]
NaBi(MoOy), (3.08) Vis Mechanism B [205]
Bi;O,1 (3.13) Vis Mechanism B [206, 207]
Bi,O; (2.9) Bi,WO, (2.8; 3.1; 2.97) Vis Mechanism B [208]
ZnWO, (3.75) UV-Vis Mechanism A [209]
CeO, (2.58) UV-Vis Mechanism A [210]
Bi;,TiOy (2.57 UV-Vis Mechanism A [211]
CdS (2.22) Bi,MoO; (2.8) Vis Mechanism B [212]
CdS (2.25) MoS, (1.75) Vis Mechanism C [213, 214]
BiOBr (2.62) BiPO, (4.16; 3.83; 4.11) Sunlight, Vis Mechanism A, Mechanism C [215, 216]
BiOCl (3.12) Sunlight Mechanism A [217]
Bi,MoQy (2.53) Vis Mechanism C [218]
Bi,MoO;, (2.71) BilO, (3.02) Vis Mechanism C [219]
Cu,0O (2.5) BiVO4 (2.0; 2.47) Vis Mechanism B [220, 221]
FeVO, (2.05) Vis Mechanism B [222]
BiVO, (2.49) Bi,V,0;, (2.22) Vis Mechanism B [223]
Ag,PO, (2.36) BiOBr (2.74; 3.13; 2.76; 2.81) Vis Mechanism B [224]
BiOI (2.45; 1.74; 1.72) Vis Mechanism B [225-227]
BiOlI (1.90) WO; (2.60) Vis Mechanism B [228]
WO; (2.68) H,WO, (2.45) Vis Mechanism B [229]
ZnFe,O, (1.88) AgPO, (2.44) Vis Mechanism B [230]
Ag;VO, (2.05) Co,0, (2.07) Vis Mechanism B [231]
ZnFe, 0, (1.90) Vis Mechanism B [232]
Ag,P,0; (2.63) AgBr (2.6) Vis Mechanism B [233]
AgBr (2.64) Zn0 (3.0; 3.22;3.3; 3.37;3.26)  Vis Mechanism C [234-237]
Ag,S (1.0) Sunlight Mechanism A [238]
Agl(-) Vis Mechanism C [239]
Agl (2.51) Ag,CO; (2.30) Vis Mechanism B [240]
SmCrO; (2.7) Sm,Ti,O, (3.2) Sunlight Mechanism A [241]
In,0; (2.90) o-Fe,0; (2.03) Vis Mechanism B [242]

Table 3. Summary of studied composites and possible mechanisms of photo-excitation.
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4.2. Ternary composite photocatalysts

Based on the literature data, it could be expected that ternary semiconductor composites
provide an opportunity for multi(two)-photons excitation of photoactive materials with lower
energy photons and utilization of heterojunction to drive electronic processes in the desired
direction. Consequently, the selective photo-excitation of localized electronic states to gain
better selectivity should be achieved [243].

The composite of KTaO,-CdS-MoS, with different molar ratio was synthesized by Bajorowicz
et al. [244] via hydrothermal method. The micromaterials were prepared under strictly
controlled conditions of temperature and pressure depending on the material type.
Hydrothermal method does not require a calcination step and is easy to carry out technological
conditions. Various st