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Abstract. Human activities and the burning of fossil fuels to meet the planet's energy demands
have triggered a growing emission of carbon dioxide (COz), one of the main causes of the
greenhouse effect today. Searching for ways to reduce CO2 emission or mechanisms that reduce
its concentration in the atmosphere has been a challenge for scientists in recent decades. A path
that is quite promising is the use of solar radiation to convert COz into high value-added products,
through photocatalysis processes, in which the reduction of gas and the oxidation of reducing
agents such as water occur. The application of inorganic semiconductors as photocatalysts in CO2
reduction processes has been extensively studied due to the economic viability that these
materials present, in addition to the thermodynamic properties that favor photocatalysis
processes. This study focused on understanding the basic principles of photocatalysis and the
application of inorganic semiconductors such as sulfides, metal oxides, nitrides and oxynitrides
in photocatalysis reactions, giving special attention to photocatalytic CO2 reduction systems
based on titania (TiOz), an oxide metallic that presents great prominence due to its structure,
chemical and thermodynamic properties. A brief historical summary of highly relevant studies
using TiOz in photocatalysis processes is presented, confirming its potential and outlining future
perspectives for studies of photocatalytic reduction of CO2.

Keywords. Greenhouse effect, Principle of photocatalysis, Photocatalytic conversion of COo,
Inorganic semiconductors, TiOz2-based catalytic systems.
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1. Introduction

In recent years, society has been faced with several
changes in the climate and life dynamics of some
species of fauna and flora, due to the human
influence and the activities developed since the
industrial revolution (18th - 19th centuries) to the
present day [1]. According to the 35% International
Geological Congress, held in 2016, it is possible to
affirm that this influence is altering the planet's
climate on geological scales, confirming that our
planet is in a new era, the Anthropocene [2].

The emission of gases into the atmosphere is one of
the factors that most contributes to these intense
climate changes. With industrial development and
tropical deforestation by burning biomass for
agricultural applications, the global emission of
carbon dioxide (CO2), one of the gases that cause the
greenhouse effect, has increased extensively
between the pre-industrial era and the present day
[1]. Data from the Global Monitoring Laboratory
(GML) of the National Oceanic and Atmospheric

Administration (NOAA) indicate that the monthly
emission of CO: into the atmosphere increased by
about 22.3% between the years 1980 and 2021, from
340 ppm to 415,68 ppm [3]. This emission growth
reflects on the increase in the planet's temperature
and contributes to the occurrence of irreversible
damage to biodiversity, which compromises
agriculture, industry and infrastructure, in addition
to corroborating the intensification of natural events
such as melting of glaciers, rising sea levels and a
major imbalance in aquatic life [4].

Several strategies to mitigate the emission of CO: in
the atmosphere are being studied and some of them
are based on the reduction of COz in products of high
added value. The most prominent techniques are
electrochemical conversion, thermochemical
conversion and photocatalytic reduction [5]. The
electrochemical conversion of CO: is usually
conducted under ambient conditions through the
application of an external bias, which promotes its
feasibility for large scale applications, however,
lower electrode efficiency and stability limit the
efficiency of the process, combined with a large



amount of electrical energy for the reaction [6]. The
thermal conversion of CO: using heterogeneous
catalysts presents significant efficiency, but the
dependence of several reaction conditions such as
elevated temperature and pressure can give the
process an extremely high operational cost [7].
Photocatalytic reduction of CO: to high value-added
products such as carbon monoxide (CO), methanol
(CH30H), methane (CHa4), formaldehyde (HCHO) and
formic acid (HCOOH) is a technique that uses water
as a reactant and an extremely abundant source of
energy: solar radiation. Due to the accessibility to the
reagent and the use of energy from renewable
sources, the absence of toxic residues and the non-
emission of greenhouse gases during the operational
procedure, this technique appears to be the most
viable, from an economic and sustainable point of
view [8].

Fujishima et al. reported in 1978 studies on the
photoelectrocatalytic reduction of carbon dioxide to
form organic compounds, in the presence of
photosensitive semiconductor powders suspended
in water as catalysts [9]. Since then, novel studies
have been conducted to increase the efficiency of the
photocatalytic reduction of CO; and several catalysts
have been used in the photocatalytic reduction of
€Oz, such as zinc oxide (Zn0), tungsten oxide (WO3),
zirconium oxide (ZrO2), cadmium sulfide (CdS),
gallium phosphide (GaP) and titanium dioxide (TiOz)
[10]. Among the catalysts mentioned, titanium
dioxide (TiO:) stands out extensively, due to its
unique properties, such as high chemical stability
and activity under ultraviolet light irradiation [11].
Some strategies have been employed to improve the
performance of TiOz-based catalysts in CO2
absorption, such as surface modifications, doping,
morphological modifications, and other techniques
[10].

The aim of this study is to summarize the results of
studies on the application of inorganic catalysts in
the CO: photoreduction reaction.

2. Photocatalytic conversion
of COz

2.1 Principles of photocatalysis

A semiconductor can be defined as a material that
presents  electrical resistivity at ambient
temperatures within the range of 102 to 10° ohm-
centimeter and this characteristic makes this type of
material extremely useful in the manufacture of
electronic devices such as diodes, photovoltaic cells,
transistors and in applications containing
photocatalytic processes [12].

A photocatalytic process wishes to exploit light to
promote chemical transformations. Light
illumination excites the electronic transition from
the valence band (VB) to the conduction band (CB) of
a semiconductor, which has a fully filled VB and a
partially filled or empty CB. The generated electrons

and holes then  experience  subsequent
recombination and are transferred to their
acceptors. The potential difference between CB and
VB is called bandgap energy. The more negative the
CB potential and the more positive the VB potential,
the more easily electrons and holes become capable
of causing a reducing and oxidizing effect [13] [14].

The photocatalytic reduction of CO: occurs by
reducing the gas and oxidation of water, thus
generating different solar fuels, according to the
positions of the conduction and valence bands of the
semiconductor used as photocatalyst [15]. The yield
of photocatalytic reactions depends significantly on
the intensity and wavelength of the absorbed light
since the energy of the generated electron-hole pairs
varies according to the wavelength of the light and
the populations of pairs depend on the intensity of
the light. Semiconductors that have bandgap energy
small enough to function under irradiation of visible
sunlight are widely studied in the photocatalytic
reduction of COz, since the reaction yield increases
with increasing light intensity and decreases with
increasing wavenumber of the light absorbed [12]
[16].

However, semiconductors that present small
bandgap energy and materials in which electrons
and gaps that have lifetime of nanoseconds cannot
find the substrate allow them to be part of the
electrons generated pairing with the gaps,
recombining and losing energy, and another small
amount of electron migrates to the band surface [12].
Serpone et al demonstrated in 1984 that the transfer
of electrons from the CdS conduction band to TiO2
semiconductive particles in alkaline medium
containing bisulfide ions or sulfide ions led to an
effective charge separation, transferring the
photogenerated electron of CdS conduction band to
the TiO2 conduction band and leaving the gaps in the
valence band of CdS [17].

2.2 Photocatalytic CO; reduction
mechanisms

Photocatalytic reduction is a redox reaction that
involves the reduction of CO; and the oxidation of
reducing agents such as water. To turn CO:z into
carbon monoxide or hydrocarbons, electrons in the
semiconductor need to have a more negative
chemical potential, while holes need to have a more
positive chemical potential [18]. This mechanism
was initially proposed by Inoue et al. in 1979 [9] and
the following reduction products are formed
sequentially:

CO2 + 2H* + 2e- - HCOOH (9]
HCOOH + 2H* + 2e-— HCHO + H20 (2)
HCHO + 2H* + 2e- — CH30H 3)
CH3OH + 2H* + 2e- = CH4 + H20 4)

Several mechanisms have been proposed and
validated for CO2 reduction in different studies. Anpo
et al. [19] proposed in 1995 a mechanism for the



formation of CO, CHs+ and CH3OH on TiO2-based
photocatalysts. Another reaction mechanism was
developed and proposed by Subrahmanyam et al.
[20] in 1999, for the conversion of CO2 radicals to
formic acid followed by the formation of
formaldehyde, methane and methanol. A third
reaction mechanism was reported by Shkrob et al.
[21] in 2012, in which CO: radicals were first
converted to glyoxal and then dissociated into
aldehyde.

From a thermodynamic point of view, the formation
of methane and methanol is more favorable for the
reduction of carbon dioxide because these reactions
occur at lower potentials. However, Kinetic
deficiencies make the formation of methane and
methanol more difficult than carbon monoxide,
formaldehyde, and formic acid because more
electrons are needed for the first reaction [22].

2.3 Semiconductors as photocatalysts

The application of inorganic semiconductors such as
sulfides, metallic oxides, nitrides and oxynitrides
have been widely studied in reactions that are driven
by solar energy, due to their significant stability, low
cost compared to other photocatalyst materials and
light absorption capacity consisting of photons with
energy equal to or greater than its bandgap energy
[23].

Sulfide-based semiconductors have a valence band
formed by the 3p orbitals of sulfur atoms, which
gives it a higher location compared to analog oxides,
resulting in a more reductive conduction band. In
addition to the bandgap energy suitable for various
applications, other factors such as surface area and
recombination rate indicate an influence on the yield
of photocatalytic reactions. Liu et al. studied the
catalytic performance of a series of Mo-Co-K sulfide
catalysts, prepared by co-precipitation with the
addition of some components such as SIO;, Alz203,
TiO2 and activated carbon to improve the catalytic
properties of the catalysts, in the hydrogenation of
carbon dioxide in Cz+ alcohols and other products
[24].

Semiconductor metal oxides have excellent stability
when used as photocatalysts, due to their resistance
to photocorrosion by irradiation. In general, oxides
are divided into two distinct groups when employed
in photocatalytic reactions. The first group contains
octahedrally coordinated transition metal ions, such
as Ti#*, Zr#+, Ta5*, V5, in addition to various binary
oxides such as Zr0Oz, Ta20s, among others. The second
group is composed of main group metal oxides in a
d!0 configuration, such as Ga, Ge, In, Sn and Sb. The
properties of metal oxides play a significantly critical
role in determining the feasibility of their application
in photocatalyzed CO: reduction reactions [23].
Mgolombane et al. studied the photoreduction of CO-
to CHsOH with the application of nanocomposites of
zinc, ZnO, doped ZnO and co-doped ZnO. The
research results indicated that the doping of ZnO
with Co?* ions facilitated the formation of adsorbed
carbonate or CO? species on the surface of doped

zinc nanocomposites, opening the way for new
perspectives in the systematic adaptation of the
material's properties for the desired photocatalytic
applications [25].

The insertion of nitrogen atoms in metal oxide
photocatalysts favors an extension of several optical
properties of metal oxynitride, since the 2p orbital of
nitrogen has a higher potential energy than the 2p
orbital of oxygen. Furthermore, the presence of
nitrogen in the photocatalyst structure facilitated the
determination of the band gap energy of oxynitrides
and nitrides. Metal oxynitrides demonstrate
significant activity in reducing CO2 under irradiation,
but precisely controlling the cation ratios in the
structures of these materials is a challenge, making
bandgap energy adjustment complex and
corroborating a lower efficiency in COz reduction
[23]. Maiti et al. reported in 2019 calculations based
on density functions in structure-function
relationships of oxynitrides based on zinc and
gallium, exploring various parameters of material
properties, such as elemental composition, intrinsic
lattice voltage and vacancy defects, to obtain a
process of synthesis of stable oxynitride
photocatalysts that demonstrate promising activity
in the conversion of CO2 to CO under simulated solar
spectrum. The study indicated that the higher CO
production rate exceeded that of TiO: under the
same conditions, thus stimulating future research on
oxynitride materials in sustainable photocatalytic
activities and in large-scale applications [26].

Studies show that nitride-based catalysts have a high
potential to increase selectivity, through the
engineering of cocatalysts or hybrid catalysts [23].
Roy et al. reported in 2019 a photocatalyst for CO:
reduction consisting of a polymeric cobalt
phthalocyanine catalyst coupled with mesoporous
carbon nitride, which acts as a photosensitizer. The
studies indicated that this noble metal-free hybrid
catalyst selectively converts CO: to CO in organic
solvents under ultraviolet light irradiation in the
visible region. The in-situ polymerization of
phthalocyanine allowed the control of the catalyst
charge and was fundamental to achieve the
photocatalytic conversion of COz [27].

Among the main inorganic semiconductors
mentioned above, TiO: has significant advantages in
the photocatalytic process of CO: reduction.
Titanium dioxide-based catalysts have high thermal
and chemical stability, good availability, and
excellent charge transfer potential. In addition, this
material is advantageous because it has a low cost,
which from an economic point of view favors the
study and applications outside the laboratory scale.
These characteristics of several other properties of
Ti02 have made it appreciated and widely studied not
only in photocatalysis, but in other catalytic and
redox processes.



3. TiO,-based catalytic
systems

3.1 Brief historical summary of studies
using TiO2

The first work using TiO: in the photocatalytic
reduction of COz was reported in 1979 by Fujishima
et al [9]. In 2005, Tamaki et al. reported the
absorption of trapped holes formed in TiO:
nanocrystal films by ultraviolet irradiation, which
was measured by extremely sensitive femtosecond
and nanosecond spectroscopy, under low-intensity
excitation conditions, to avoid the recombination
process. This study made it possible to evaluate the
rates and yields of photocatalytic oxidation of some
alcohols in TiO2. The authors observed that the
developed method can be applied to studies of
oxidation reactions in molecules for which the
oxidized forms are experimentally difficult to detect
[28].

Li et al. demonstrated in 2014, through ultrafast
spectroscopy, that charge transfer can occur
between photoexcited inorganic semiconductors and
MOFs, indicating that this charge transfer suppresses
electron-hole recombination in the semiconductor,
in addition to providing electrons with a longer
lifespan for the process of reducing gas molecules
adsorbed on the MOF. The authors also developed a
synthesis method and evaluated its photocatalytic
efficiency in gaseous reactions using CO2 as a model
system [29]. Xiong et al. reported in 2015 the
synthesis of TiO2 nanoparticles modified by Pt?* ions
and (Pt#* - Pt°/TiO2) nanoparticles, using a sol-gel
method. The catalysts were characterized by X-ray
diffraction, X-ray photoelectron spectroscopy,
transmission electron microscopy, UV-Vis
absorption spectroscopy and photoluminescence
spectroscopy. The catalytic activity of each material
was analyzed through the photocatalytic reduction of
CO: with water vapor under ultraviolet irradiation
and visible light, in a continuous flow reactor [30].

Fang et al. reported in 2015 a scalable template-free
synthesis strategy to manufacture hollow TiO2
microspheres embedded in CuO on a large scale. The
results of the study indicated that the TiO2 hollow
microsphere catalyst incorporated with CuO
demonstrated much higher photocatalytic activity
towards photo-directed reduction of CO2 with H20 to
CHs4 compared to a commercial state-of-the-art
photocatalyst. The authors pointed out the synthesis
strategy as viable for the large-scale production of
CuO-TiO2 hollow microspheres [31]. Reli et al
reported the preparation of anatase-brookite
mixtures by preprocessing with ethanol and
methanol and the evaluation of the influence of
alcohol on photocatalytic activity. The TiO2
photocatalysts were prepared by the controlled sol-
gel process inside reverse micelles and by hot
pressurized solvent processing. The efficiency of the
prepared photocatalysts was evaluated in the
photocatalytic reduction of CO2 and compared with a

commercial photocatalyst [32].

Jiang et al. proposed in 2018 the use of silver and
activated carbon obtained from biomass with high
CO; adsorption capacity to modify TiO2, thus
composing a TiO2/AC-Ag ternary composite
photocatalyst through ultrasonic and in situ
photodeposition methods. The confectioned material
showed a sixfold increase in CO yield compared to
pure TiO2 [33]. Kreft et al. reported in 2019 the
synthesis of a highly porous copper and TiO2 aerogel
photocatalyst and its application in aqueous CO:
reduction using external sacrificial electron donors.
Complete selectivity towards CO and improved
catalyst productivity were observed in the presence
of oxygen. The detection of oxygen from the catalyst
in the presence of 02/CO: mixtures indicated an
unexpected photoadsorption of oxygen on the titania
surface. The authors then proposed photooxidation
of surface hydroxyl groups to be the electron source
for CO2 reduction, which is supported by
consumption of hydroxyl groups, detection of
hydroxyl radicals using EPR in situ, and detection of
surface peroxide species after the reaction [34].

3.2 Properties and structure of TiO>

TiO2 has three crystalline structures that can be
found naturally in minerals: anatase, rutile and
brookite, in addition to a fourth crystalline phase not
found naturally, called TiOz(B). From a
thermodynamic perspective, rutile is the most stable
form, while anatase shows the highest performance,
due to its high mobility and electron affinity, as it has
a more elongated crystal structure, to expose more
active sites [23][35].

Studies indicate that the mixture of different
crystalline phases of TiO: exhibit a greater
photocatalytic activity, in relation to the pure phases,
in addition to providing synergistic effects to the
combined structure. Bouras et al. reported in 2007
that anatase with a small amount of rutile make up
an optimal mixture of phases. The increase in
photocatalytic activity is attributed to the formation
of energy wells, due to the lower band gap energy of
rutile, which serves as an electron-hole trap that
reduces the recombination of photogenerated
electron-hole pairs [35][36].
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