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This entry describes the basics of photocatalysis. It also presents properties and applications of C-,N- and S-Doped TiO2
as a photocatalyst.
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| 1. Introduction

More than ever before, environmental problems have become a major concern. Urbanization and rapid growth of
industries generate abundant amounts of pollutants which are released into the environment. Among them, there are
highly hazardous materials such as pharmaceuticals 2, dioxins &1, pesticides [, herbicides [, phenols BlE], and textile
dyes WHIBEIE This increasing occurrence of organic pollutants in the environment is a serious danger for health and the
lives of humans and other living beings. Conventional treatment methods very often fail in the removal of these kinds of
residues entirely, because of their high (bio)chemical stability. Moreover, a conventional approach is associated with the
operational problems and high costs. Hence, the development of new and efficient methods of the removal of organic
contaminants is a matter of growing interest (214!,

In recent decades, semiconductor photocatalysis has been proved to be an efficient approach for organic compounds
decomposition and degradation. TiO, has been widely and successfully used as a photocatalyst in many different areas
(Eigure 1) due to its advantages, such as low cost and good chemical stability. However, it requires employing relatively
high photon energy to be activated. For this reason, many methods of narrowing of the band gap of TiO, have been
proposed, aimed at the direct usage of sunlight [&l. Amongst them, doping of TiO, with non-metals such as carbon,
nitrogen and sulfur is often reported as one of the most effective ways of increasing its photocatalytic activity under visible
light &Y Non-metal doping of TiO, leads to changes in the electronic band structure, resulting in a smaller band gap
energy value, and thus an improved response in the visible light [EILL],
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Figure 1. Applications of photocatalysis.

The idea of non-metal doping of TiO, has been discussed in numerous reviews through the years [LISILOI12][13][14][15][16][17]
(18][19][20]1211(22](23] \ost of the recent reviews referred to nitrogen only, which is one of the most frequently used non-metal
dopants 171241(25][26][27](28][29][30][311[32)[33](34] On the other hand, the reviews devoted exclusively to S-doped TiO, are very
limited B3], In some papers, the modifications of TiO, with carbon are also summarized QBT ghj et al. B9 presented
various carbon-based (nano)composites, including C-doped TiO,. Moreover, diverse, more complex configurations, e.g.,
with multi-walled carbon nanotubes (MWCNT) in TiO,-SiO,/MWCNT B4, with carbon dots (CDs) in CDs-N-TiO, 28], and
Ag-modified g-C3N4/N-doped TiO, 24 have been reported. There is only one review referring to the beneficial effects and
challenges of tri-doping of TiO, with carbon, nitrogen, and sulfur, which was published in 2017 B2, Moreover, recently, a
review on single doping of TiO, with various non-metals, including C, N, and S was published [,



| 2. TiO, Photocatalysis

The discovery of the photocatalytic splitting of water on TiO, electrodes in 1972 heralded a new era of heterogeneous
photocatalysis 9. Despite several decades having passed since then, the most popular photocatalyst is still TiO,.
Amongst the different structures of titania, anatase and rutile are commonly used in photocatalysis, with anatase
displaying a higher photocatalytic activity.

In heterogeneous photocatalysis, a reaction takes place on the surface of a photocatalyst. The general mechanism of
photocatalytic decomposition of organic compounds is summarized in Eigure 2.
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Figure 2. The mechanism of photocatalytic decomposition of organic compounds.

First, the energy higher than the band gap energy of the semiconductor is required for photon absorption and excitation of
an electron (e”) from the valence band (VB) to the conduction band (CB), resulting in hole (h*) generation. The holes in
the VB can react with the surface adsorbed water or hydroxyl ions to form hydroxyl radicals, which are extremely strong
oxidants (oxidation potential around +2.7 V). The photoexcited electrons in the CB can generate superoxide radicals due
to the reaction with oxygen, being the main electron acceptor in the system. Further reactions lead to the formation of
other reactive oxygen species (ROS) such as hydrogen peroxide, hydroperoxyl radicals, or hydroxyl radicals. These
species participate in the degradation of organic contaminants 41[42][43](44]

The effectiveness of the photodegradation of pollutants on the semiconductor surface is influenced by: (i) the chemical
composition, structure and concentration of pollutants, (ii) the radiation intensity, (iii) the exposure time, (iv) the amount of
photocatalyst used, (v) the oxygen content in the reaction medium, (vi) the pH value of the solution, (vii) the properties of
a photocatalyst (specific surface area, crystallographic structure, number of surface defects, presence of additives and
dopants, etc.) [45148],

| 3. C-,N- and S-Doped TiO2

The most widespread approaches of the synthesis of the C, N or S-doped TiO2 photocatalysts are sol-gel, hydrothermal,
solvothermal and wet impregnation methods, while the major precursors of TiO2, carbon, nitrogen and sulfur are titanium
alkoxides, sugars, urea, and thiourea, respectively. However, great ambiguity in the case of the application of thiourea as
a modifying agent exists. Thiourea has been used as the source of sulfur in S-doped, C,S-co-doped, and N,S-co-doped
TiO2 or as the source of carbon and sulfur in the C,S-co-doped TiO2, while for the C,N,S-tri-doped TiO2 it was the
precursor of all three non-metals. Thus, it remains vague as to what the role of thiourea is and which of the three
mentioned above non-metals are built in the structure of the modified TiO2 photocatalysts. This leads to the conclusion
that further thorough research regarding the effect of not only thiourea, but also other C, N and S sources on the structure
and properties of the doped TiO2 is essential.

Numerous studies have shown that the incorporation of non-metals into TiO2 usually results in the narrowing of the band
gap due to the formation of new impurity levels (C 2p, N 2p, S 2p) above the VB of the semiconductor. As a result, a red
shift of optical absorption leading to an enhancement of the visible light photocatalytic activity is commonly reported.
Moreover, the presence of C, N, or S could also contribute to the increase in the specific surface area or the improvement
in crystallinity, thus additionally enhancing the photocatalytic performance.

The most common method of doping of TiO2 is modification with nitrogen. This issue has been widely investigated over
the years. Presently, there is growing interest in the doping of TiO2 with more than one non-metal, including C,N-, C,S-,
and N,S-co-doping or C,N,S-tri-doping. Two possible modes of nitrogen incorporation can occur, depending on the



preparation conditions, i.e., interstitial (Ti-O-N) and substitutional (O-Ti-N) doping. In the case of sulfur, anionic (as S2-) or
cationic (as S4+ or S6+) doping is possible, with the latter case being more energetically favorable and, thus, more
commonly reported. The modification with carbon includes the widest range of species that could possibly be formed,
such as Ti-C, C-C, C-N, C=N, C=0 or C-O, etc. The reported pathways of C-doping include: (i) substitution of lattice
oxygen with carbon (formation of Ti-C bonds); (ii) replacement of Ti by C (formation of C-O bonds); or (iii) stabilization of C
at the interstitial position. The various mechanisms of doping affect the properties of the photocatalysts, although clear
correlations between the modification procedure and the type of doping difficult to find. Therefore, more extensive
investigations regarding this issue are necessary, especially when the photocatalysts with designed properties are
considered.

It is not possible to unambiguously indicate the most advantageous mode of non-metal doping of TiO2. Each of them has
some advantages and disadvantages. Moreover, a clear correlation between the doping mode and the physicochemical
properties or photoactivity of the modified TiO2 is difficult to find. Co-doping and tri-doping of TiO2 can result in combining
the properties of the particular single doped TiO2, leading to the enhancement of photoactivity. However, such
improvement usually requires the employment of more reagents and more complicated synthesis procedures. Moreover,
only a few authors compared the co-doped or tri-doped photocatalysts with single doped ones, while most of the others
referred their results to an undoped TiO2. On the other hand, comparing the photocatalysts obtained by different authors
would not be reliable since various conditions of experiments were applied, e.g., light sources and intensity, type and
concentration of model pollutant, or dose of photocatalysts. Therefore, simple and reliable standard methods for testing of
photocatalytic activity that will be widely applied by scientists around the world are a key issue to enable the comparison
of the results obtained in different laboratories. That would contribute to defining the correlations and development of
methods for designing the highly active photocatalysts.

A majority of applications of doped photocatalysts refer to the removal of pollutants from water and wastewater. The C-,
N-, and S-doped photocatalysts were applied mainly for the decomposition of various dyes. Considering that the main aim
of modification of TiO2 with the non-metals is the enhancement of its visible light photoactivity, such an attempt is not
appropriate, as was already widely discussed in the literature. This is because of the dye sensitization effect. Therefore, it
is very important to study the photocatalytic activity with the application of colorless compounds, such as phenols,
pharmaceuticals, etc. Moreover, the determination of mineralization efficiency apart from decomposition rates is also
important. A detailed evaluation of the mechanisms of the visible light photocatalysis, with reference to the by-product
formation or the role of various ROS is also of high significance. Finally, the toxicity of the treated solutions should be
carefully examined as one of the most important parameters reflecting the treatment efficiency and environmental safety.
The important research should also focus on applications of doped photocatalysts other than water/wastewater treatment.
The visible light photocatalytic air treatment, hydrogen production, CO2 photoreduction, and bacterial inactivation are still
not thoroughly examined.
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