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Titanium Dioxide and Photocatalytic CO2 Reduction: 
A Detailed Review of the Current Status and Future 
Prospects 
Dilshod D. Nematov 

Quantum Electronics Laboratory, S.U. Umarov Physical-Technical Institute of National Academy of Sciences of 
Tajikistan, Dushanbe, Tajikistan; dilnem@mail.ru 

Abstract: A significant amount of carbon dioxide is released into the atmosphere as a result of the extensive 
usage of fossil fuels. The photocatalytic reduction and conversion of CO2 under visible light into alternative 
renewable solar fuels or other oxygenated products (methane, formaldehyde, methanol, and formic acid) are 
practical and efficient methods for reducing atmospheric carbon pollution. Functional materials containing 
titanium dioxide (TiO2) have attracted significant interest for the photocatalytic reduction of CO2. In this 
direction, many studies have been conducted in recent years, especially on solar energy harvesting and the 
charge separation, adsorption, activation, and reduction of CO2 on enhanced TiO2. Recent studies have shown 
that brookite TiO2 (BT) was the most active photocatalyst, followed by rutile and anatase. Therefore, this study 
aims to review in detail the recent advances in the development of selective and active catalysts for 
photocatalytic CO2 reduction using titanium dioxide with a brookite structure. Therefore, a review is provided 
to evaluate the most common methods for obtaining BT. Then, developed engineering strategies such as doping 
with metallic or non-metallic heteroatoms, addition of a co-catalyst, formation of heterojunctions, and other 
algorithms to improve the CO2 reduction mechanism are discussed. The influence of another phase and crystal 
facets on the photocatalytic CO2 reduction reaction are discussed in detail. The problems associated with BT-
based photocatalysts, namely, their modest visible-light absorption, slow interfacial charge separation, and poor 
surface catalytic dynamics, are further discussed, along with possible solutions. To stimulate additional research 
in this field, the difficulties and potential advantages of photocatalytic CO2 conversion methods are discussed. 

Keywords: catalytic reactions; photocatalysis; charge separation; titanium dioxide; brookite TiO2; photocatalytic 
CO2 reduction; water splitting; hydrogen production  
 

1. INTRODUCTION 

Technologies for converting solar energy into hydrogen emission reaction or CO2 reduction 
reaction (CO2RR) have attracted a lot of interest as potential solutions to the energy and 
environmental problems brought on by the extensive use of fossil fuels[1]. The use of fossil fuels has 
become a sword of Damocles, looming over human society because of environmental damage, energy 
scarcity, and the greenhouse effect [2–5]. It is crucial to discover new environmentally beneficial ways 
to convert CO2 into clean and sustainable energy. Hydrocarbon fuels (CH)4, CH3OH, CO, and other 
hydrocarbons can be produced from CO2 using semiconductor photocatalytic CO2, which replicates 
plant photosynthesis. 

In addition, they can reduce the effects of energy crises and environmental degradation [5–11]. 
The following procedures are primarily involved in CO2 recovery on solar cells: (a) the catalyst 
absorbs photon energy to form photogenerated carriers and adsorbs the CO2 molecules on its surface; 
(b) photogenerated electrons and holes separate and diffuse onto the photocatalyst surface; and (c) 
once on the surface, the electrons and holes start oxidation and reduction reactions (Figure 1). 
Problems with charge mobility dynamics and the impact of thermodynamic variables characterize 
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these three processes. First, the photon energy directly affects the excitation of semiconductor 
electrons in terms of thermodynamic considerations [12]. 

 
Figure 1. Simple CO2 Photocatalytic Reduction Scheme Using Semiconductor Photocatalysts. 

While CO2 is a linear molecule that needs to absorb sufficient energy to break the C=O bond, 
semiconductors must have a sufficiently high reducing power to reduce CO2 to other substances, 
and their reducing power is primarily related to the position of the conduction band (CB) of the 
semiconductor [12]. In contrast, electrons can be excited by incident light from the valence band (VB) 
to the CB only if the photon energy is equal to or greater than the bandgap of the semiconductor. 
Consequently, semiconductors must be located further away from the reduction potential and closer 
to the negative CB. From a kinetic perspective, the separation or migration efficiency of 
photogenerated carriers determines the rate of CO2 photoreduction; light harvesting has a significant 
influence on this rate, and the selectivity of the reduction products is directly related to the desorption 
of reactants and intermediates. The three main crystalline phases of TiO2 found in nature are rutile, 
brookite, and anatase [13–18]. The TiO6 octahedrons (Figure 2) form the fundamental unit of all three 
crystal structures. The differences between the three crystal forms can be explained by the distortion 
and interconnected [13]. The tetragonal system includes anatase and rutile, whereas the rhombic 
system includes brookite [18–22]. 
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Figure 2. Crystal Structures of TiO2 (A) Anatase (Tetragonal), (B) Brookite (Orthorhombic), and (C) Rutile 
(Tetragonal) polymorphs. 

 
Recent studies on the properties of TiO2 catalysts and their photocatalytic performance have 

shown that, despite its relatively low stability, brookite was found to be the most active photocatalyst, 
followed by rutile and anatase [18–22]. The high activity of brookite, confirming the importance of 
the crystal structure for photoreformation, is attributed to efficient charge-transfer kinetics, a slow 
decomposition rate, abundant formation of •OH radicals, and moderate electron trap depth, which 
can easily motivate researchers and stimulate further research in this area. 

 
BT exhibited much lower crystal symmetry than anatase and rutile. The most stable crystalline 

phase is rutile, and the TiO2 octahedra undergo significant deformation [13–22]. Compared with 
rutile and anatase, the brookite phase is less common because it is more difficult to obtain in pure 
form. However, the unique configuration of octahedral TiO6 in the crystal structure of brookite leads 
to the formation of channels along the C-axis of the crystal. Because some small cations can bind to 
these channels, brookite may have applications in the field of catalysis [22]. In addition, owing to the 
unique octahedral chain connection, the O atoms are in the {1 0 0} crystal plane, and they can be used 
as catalytically active atoms [23]. The three crystalline TiO2 samples exhibited different electron band 
configurations because of these structural variations. Most studies to date show that the forbidden 
band widths (Eg) of brookite, rutile, and anatase are 3.2, 3.0, and 3.2eV, respectively [24–28]. Fattah-
Alhosseini et al.investigated the effect of CuSO4 addition on the variation of current density, 
trisodium phosphate concentration, forbidden zone width, microstructure, and photocatalytic 
efficiency of visible-light-activated TiO2 coatings and showed that increasing the current density 
from 6 to 18A/dm2 increases the pore size in the coating. Phase analysis of the oxide coating showed 
that increasing the current density from 6 to 18A/min decreased the proportion of the rutile phase in 
the coating. Further introduction of 4g/L CuSO4 into phosphate- and hydroxide-based electrolytes 
resulted in Cu(OH)2 precipitation, which destabilized the electrolyte. To stabilize it, potassium 
hydroxide was removed, and the optimum concentration of trisodium phosphate salt was 
determined. Numerous studies have shown that brookite has the highest Fermi level and a negative 
CB position, making it suitable for photocatalytic CO2 reduction. 

 
The three types of TiO2 listed above undoubtedly have the following disadvantages: low photon 

absorption, rapid recombination of photogenerated electrons and holes, and an inevitable reverse 
reaction. Therefore, much work has been done to address these problems and improve the 
photocatalytic reduction potential of CO2. In particular, studies have been conducted to obtain and 
modify anatase-phase TiO2 and its materials in terms of their macroporous structure [30], response 
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to visible light [30], and crystal facet control [26–30]. However, to the best of our knowledge, no 
studies on the CO2 photoreduction of BT materials have been conducted. As early as the last century, 
brookite was found to exhibit greater photocatalytic activity than rutile and anatase [31]. The majority 
of research has focused on five areas: phase transition regulation, cocatalyst loading, heteroatom 
doping, crystal face regulation, and heterostructure creation. Brookite TiO2 can be regulated by the 
aforementioned modifications to maximize the charge separation/transfer, surface active centers, and 
solar energy harvesting for photocatalytic CO2 reduction. 

 
In recent years, there has been an increase in research interest in the design of CO2-based BT 

photocatalysts; nevertheless, clarification of the impact of particular modification strategies on the 
photocatalytic performance is still required. This paper provides an overview of recent developments 
and efforts to develop BT photocatalysts for CO2 reduction, given the ongoing advances in the 
production and modification of this material. This study constitutes the first report on TiO2 synthesis 
strategies of TiO2 been reported. The modification of TiO2-based photocatalysts in the brookite phase 
for CO2 amplification was carefully evaluated. The possibility of reduction was also examined. The 
results also demonstrate how the triggered modification methods improve performance. Finally, we 
provide an overview of the results and discuss the opportunities and challenges associated with the 
use of BT photocatalysts for photocatalytic CO2 reduction. Because of its chemical stability, non-
toxicity, and affordability, titanium dioxide has thus been the most extensively employed 
“promising” photocatalyst in heterogeneous photocatalysis [32,33]. In the past two decades, 
heterogeneous photocatalysis of titanium dioxide has spread very rapidly, undergoing various 
energy and environmental challenges such as direct solar splitting of H2O into H2 and decomposition 
of pollutants [33]. Although much progress has been made in heterogeneous TiO2 photocatalysis, 
much remains unknown, which poses an interesting challenge not only to engineers but also to basic 
research scientists. Generally, a typical TiO2 photocatalytic reaction contains many fundamental 
processes, including charge carrier formation, separation, relaxation, trapping, transport, 
recombination and transport, and bond breaking/forming, which need to be thoroughly investigated. 
Only when all these fundamental processes are clearly identified can a better understanding of TiO2 
photocatalysis be achieved [32,33], which is vital for the development of new photocatalysts and the 
characterization of new photocatalytic processes. 

 
Thus, a series of scientific articles have been devoted to the synthesis and application of brookite 

for the photocatalytic reduction of carbon dioxide, but, despite this, many aspects of this problem 
remain unclear. For example, there is still insufficient data to fully understand how photogenerated 
charge carriers contribute to bond formation and breaking in TiO2 photocatalysis, which is crucial 
for unraveling the nature of TiO2 photocatalysis. Fundamental studies using surface studies are 
needed to obtain a deeper understanding of these processes. In this review, we aim to provide a 
comprehensive overview of TiO2 photocatalysis to identify and clarify the direction of future 
research in this field. 
 

2. EFFICIENT METHODS AND TECHNOLOGIES FOR THE PREPARATION 
OF BT 

TiO2-based functional materials can be synthesized using various physicochemical methods 
[33]. The most common methods for the preparation of BT are hydrothermal method [34], sol-gel 
method [35–38], solvothermal method [39–42], thermal decomposition method [43,44], high 
temperature amine hydrolysis method [45], vapor deposition method [46,47] and other improved 
methods. The following paragraphs describe the process for obtaining titanium dioxide BT using 
specific techniques. The hydrothermal method for obtaining titanium dioxide with a brookite 
structure has received special attention for its use in photocatalytic reactions involving CO2 [48]. 
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2.1. Hydrothermal Synthesis of BT 

The hydrothermal method involves encapsulating a mixed system with deionized water as the 
solvent and a source of titanium in an autoclave in an oven to produce a sample at a specific 
temperature and time. This approach allows for easy control of the shape and process of brookite 
production. TiO2 sources such as TiO2 nanoparticles [48], titanium hydroxide particles [49], TiCl4 
[50], titanium foil [51], titanium butoxide [52], and similar materials are now widely used to create 
brookite TiO2. Studies on photocatalysts with unique morphologies and structures have been quite 
active. Thus far, the hydrothermal approach has been used to create BT with a variety of architectures, 
such as nanoparticles, nanites, and nanotubes [53–57]. 
 

Using a water-soluble titanium glycolate complex as a precursor, Tomita et al.in 2012 obtained 
amphiphilic BT nanoparticles via hydrothermal growth modified with sodium oleate. These 
nanoparticles can diffuse widely in cyclohexane and water, indicating their efficiency in the synthesis 
of amphiphilic nanoparticles. In agreement with previous findings, high Na concentrations were 
found to promote the formation of brookite TiO2 [59]. The amphiphilic brookite nanoparticles 
exhibited remarkable photocatalytic activity. The development of dye-sensitized solar cells was 
improved by combining TiCl4 with urea and deionized water [60]. Using a simple hydrothermal 
process and water-soluble titanium and amino acid complexes as morphological and structural 
agents, Xu J et al.fabricated TiO2 nanoparticles with tunable crystalline phases, sizes, and 
morphological structures. By treating the precursors with different amino acids, brookite can exhibit 
different morphologies. Using TiS2 as a precursor in a NaOH solution, Chen et al.created highly 
crystalline nanostructures of pure brookite and biphasic anatase/brookite TiO2 using a simple 
hydrothermal process. The phase composition can be adjusted by varying the solution concentration 
and reaction time. The effects of NaOH concentration and reaction time on the TiO2 crystals are 
shown in Figure 3A and 3B, respectively. 
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Figure 3. The Compositions of Anatase and Brookite in Mixed-phase TiO2 Synthesized. A: with various 
NaOH concentrations; B: Reaction Times under Hydrothermal Reaction; C: The Scheme of Formation of Anatase 
and Brookite. Reproduced from Ref.with Permission from American Chemical Society. 

 
At the beginning of the reaction, TiS2 was hydrolyzed to form Ti4+ (Figure 3A). The Ti4+ and 

OH- in the solution interacted during the hydrothermal process (Figure 3B). Anatase TiO2 is formed 
at low OH concentrations because it leads to a low rate of hydrolysis of Ti4+. Conversely, high OH- 
concentration causes a high rate of Ti4+ hydrolysis, resulting in the formation of a mixed phase of 
TiO2 (brookite and anatase). The graphs show that the brookite content increased with increasing 
NaOH concentration, whereas the crystalline form of the product did not change significantly when 
the reaction time exceeding 6h. In addition, sodium titanate can be converted to brookite. Because 
Na+ can stabilize the layered structure, when Na+ is absent from the reaction system, the layered 
structure becomes unstable and is broken down by the hydrothermal process to form TiO2 anatase. 
When Na+ is present in excess, the layered structure is very stable and eventually forms titanate. At 
moderate Na+ concentrations, the layered structure is partially destroyed and part of it remains 
unstable, forming brookite (Figure 3C) [61]. 

 
Controlling the crystal shape and shape is crucial for the photocatalytic CO2 reduction. Rice-like 

BT was produced by Li et al.using high-temperature calcination and hydrothermal reactions. The 
shape of the BT is significantly influenced by a number of factors, including hydrothermal reaction 
time, titanium concentration, and calcination temperature. The crystal phase of BT is significantly 
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altered when the calcination temperature is too high (>800°C). Kominami et al.produced 
microcrystalline TiO2 brookite with a high specific surface area by solvothermal treatment. 

 
As the temperature increased to 700°C, the brookite became entirely rutile. The findings 

demonstrated that the presence of Na or K alkaline metal ions is critical for the nuclear growth of BT 
and embryo formation and inhibits the growth of the rutile or anatase phases. The produced samples 
have a uniform particle size and good purity, and the solvothermal process tends to control the size, 
shape distribution, and crystallization of TiO2 nanoparticles better than the hydrothermal method. 

 
After combining titanium hydroxide with ammonium lactate, urea, and deionized water, Yang 

et al.hydrothermally produced one-dimensional BT nanorods. Its crystal planes are of two sizes: a 
larger {2 1 0} open crystal and a smaller {2 1 2} exponential crystal. The photocatalytic breakdown 
activity of acetaldehyde was also enhanced by increasing the side ratio following the inclusion of 
polyvinyl alcohol (PVA) or polyvinylpyrrolidone (PVP) as a side-ratio control agent. 

 
This is because the oxidation-reduction reaction takes place on separate crystal facets, which 

increases the photocatalytic activity as a result of the equivalent surface areas {2 1 0} and {2 1 2} of the 
exposed crystalline facets of the reduction and oxidation sites. Since then, titanium hydroxide (BIS) 
and carbamide have been used as raw ingredients by other researchers to create BT nanostructures 
using a slightly modified version of this technique [65,66]. The chemicals used to adjust pH differed. 

 
A new approach to low-alkalinity solution chemistry was developed by Lin et al.As shown in 

Figure 3A and 3B, TiCl4 evolved into a strong acid solution after the formation of the water-soluble 
complex  [Ti(OH)2(O2)4]2+. The combination then forms the brookite precursor  [Ti(C3H4O3)3]2 
upon the addition of sodium lactate and urea, and hydrothermal processes result in the formation of 
brookite nanolists. In comparison with the other configurations, the nanosheets exhibit superior 
photocatalytic activity. The results demonstrated that the photocatalytic activity of BT was 
significantly influenced by its shape, suggesting a novel method for enhancing the activity of BT.  

TiO2 nanoflowers were produced by Huang et al.using a one-step hydrothermal process 
involving tetrabutyltitanate, NaCl, and NH3-H2O. Nanorods of approximately 40nm were used to 
fabricate various floral shapes. It was discovered that, whereas NH+4+ could not stabilize the 
structure because of its quick conversion to NH3-H2O in solution and its inability to supply a positive 
charge to stabilize the negatively charged titanate layer, Na could stabilize the layered floral 
structure. 

 
Notably, the photocatalytic performance of BT was greatly enhanced by its hierarchical structure 

and the presence of oxygen vacancies in the crystal. By employing TiOSO4 as the raw material and 
NaOH or HNO3 as a pH adjuster, Li et al.created BT nanoflowers using a hydrothermal process. The 
generation of BT nanoflowers depends on the pH and formation of alkali metals. Anatase and rutile 
are more likely to nucleate when exposed to alkali metal ions, whereas sodium ions can encourage 
the nucleation of brookite. Other types of amorphous brookite can also be produced by hydrothermal 
methods. Using TiCl4, H2O, and concentrated hydrochloric acid as raw materials, Bellardita et 
al.created a mixed phase of rutile and brookite using the hydrothermal method. Ash exposure was 
used to separate brookite and rutile and to produce pure brookite nanoparticles by repeatedly 
discarding the supernatant and adding water to return the solution volume to its original state. 
Scanning electron microscopy revealed that the structure was an amorphous, friable, and porous 
material. Owing to the disadvantages of this method, including the low crystallinity of the final 
product and high energy consumption in mass production, we believe that it is necessary to take 
appropriate precautions and investigate other methods of brookite synthesis. 
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2.2. Sol-gel Method of BT Synthesis 

Titanium precursor hydrolysis is the primary method used in the sol-gel production of TiO2. 
The precursors included titanium tetrachloride and titanium alkoxide. Hydrolysis of the titanium 
(IV) precursor is the first step in the sol-gel process. This is followed by polycondensation, which 
creates a colloidal solution or sol of hydroxide particles that are no larger than a few tens of 
nanometers. Ti-O-Ti bond formation is aided by a low water content (low hydrolysis) and an 
abundance of titanium alkoxide in the reaction mixture. A nearly organized three-dimensional 
polymer skeleton was formed as a result of chain creation. The rapid rate of hydrolysis hindered the 
growth of the Ti-O-Ti skeleton by encouraging the creation of Ti(OH)4. Loose packing of the particles 
is caused by many Ti-OH groups and inadequate formation of the three-dimensional structure of the 
polymer. Tetraisopropyl titanate was dissolved in isopropyl alcohol by Tran et al.and a mixed 
solution of isopropyl alcohol and water was gradually added. This process produces an amorphous 
TiO2 precursor via condensation and hydrolysis. It can be controlled by adjusting the reaction 
temperature, species, and acid concentration. Perego et al.immediately obtained BT through the 
thermal hydrolysis of TiCl3 and TiCl4 using the sol-gel technique. A standard preparation involved 
bringing the pH down to 4.5 using NaOH, and letting the particles remain at 60°C for a week without 
stirring. 

 
The most homogeneous and environmentally friendly material is obtained by the sol-gel 

method, which is also an inexpensive method to obtain brookite. The disadvantages include a long 
synthesis period and the low crystallinity of the final products. Sol-gel is used to create nanoscale BT 
particles by hydrolyzing titanium precursors [73]. Titanium tetrachloride and titanium alkoxide were 
used as precursors. In the first step of the sol-gel process, the Ti(IV) precursor is hydrolyzed and then 
polycondensed, resulting in the formation of a colloidal solution, called sol, consisting of hydroxide 
particles that are less than a few tens of nanometers in size. The formation of the Ti-O-Ti bond was 
facilitated by the presence of a large amount of titanium alkoxide in the reaction mixture and a low 
concentration of water, which led to weak hydrolysis. As a result of chain formation, a three-
dimensional almost ordered polymer framework was formed. At high hydrolysis rates, Ti(OH)4 was 
formed, which prevented the formation of the Ti-O-Ti skeleton. The poor packing of the particles is 
due to the abundance of Ti-OH groups and insufficient formation of the three-dimensional polymer 
framework [73,74]. 

 

2.3. Thermal Decomposition Method for the Synthesis of BT 

Other ligands were added along with titanium ions during the synthesis process, and the 
concentration of the titanium precursor, anions/cations, and pH of the solution were adjusted to 
regulate the morphology and size of the brookite crystal phase. It has been reported that BT can be 
synthesized by simple thermal decomposition [75]. To obtain titanium oxalate hydrate 
(Ti2O3(H2O)2(C2O4)·H2O) by the precipitation method, a mixed solution of titanium oxide sulfate 
and oxalate precursor was refluxed and stirred at 90°C for various periods. Pure BT was then 
obtained using heat to destroy the Ti2O3(H2O)2(C2O4)·H2O at 300-400°C, pure BT was obtained. 
First, in the synthesis process, amorphous bulk TiO2 aggregates were generated during the initial 
reflux reaction. Alkali metal ions (Li and Na) cause the bulk aggregate to disintegrate, forming a 
small-sized crystalline titanium oxalate hydrate. Ostwald aging causes the small-sized crystalline 
titanium oxalate hydrate to grow progressively larger when the reaction is sustained. The Ostwald 
aging effect eventually ended and the particle size started to progressively shrink. The different 
morphologies of titanium oxalate hydrate resulted from the evident variation in the adsorption 
ability of alkali ions on the crystal face of the material. Thermal destruction then formed the brookite 
phase of TiO2, which had a distinct shape, and it was found that its crystallinity increased with 
increasing temperature. They also described how different anions, such as Cl- and SOସଶି affected the 
crystalline phase of TiO2, with Cl- being more favorable for the formation of the brookite phase. Then, 
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by slightly modifying the procedure, anatase and brookite were obtained according to a previously 
described method for obtaining BT by thermal decomposition [76]. 

 
According to Pottier et al. [77], brookite nanoparticles were prepared by thermal breakdown in 

aqueous media without the need for a potent complexing agent (Figure 4). After aging, the crystalline 
phase of brookite was produced using the precursor Ti(OH)2(Cl)2(H2O)2 complex and TiCl4 was 
dipped in either strong hydrochloric acid or perchloric acid. As illustrated in Figure 4, the water-
based ligand was first removed from the Ti(OH)2(Cl)2(H2O)2 precursor by condensation of water 
and hydroxyl ligands through hydroxylation. To obtain TiO2, hydroxyl groups and ligand chloride 
ions were further condensed by hydroxylation to eliminate HCl under thermal breakdown 
conditions. To obtain TiO2, hydroxyl groups and ligand chloride ions were further condensed by 
hydroxylation to eliminate HCl under thermal breakdown conditions. 
 

 
Figure 4. Possible Reaction Pathway for Brookite Formation from the  [Ti(OH)2Cl2(OH2)2]0 Complex. 
Reproduced from Ref.with permission from American Chemical Society. 

 
Among them, acidity and aging conditions were significant factors affecting the morphology of 

the brookite particles, and Cl- was a necessary condition to stabilize the formation of the brookite 
phase. The results for the TiO2 particles analyzed according to the scheme in Figure 4 are shown in 
Figure 5. 
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Figure 5. Micrographs and characteristics of TiO2 samples obtained by thermal decomposition: (A-B) HRTEM 
Micrographs of Brookite Particles Separated from Rutile by Peptization after One Month of Thermolysis at 

100°C; (C) Fraction of Brookite in the Precipitate and Fraction of Soluble Titanium Moieties; (E) after 24h of 
Thermolysis on TiCl4 (0.15mol dm-3) in HCl Medium in the Presence of NaCl; (F) Ratio of Titanium in the 
Soluble Complex (×) and in the Solid State form (Brookite ● and rutile ○) as A Function of the Ratio of Cltotal:Ti 

after 24h of Thermolysis at 100°C for TiCl4; (F) X-ray Diffraction Patterns of Brookite Particles Resulting from 
Fractionation of the Precipitate Formed by Thermolysis of TiCl4 Solution. Reproduced from Ref.with permission 
from American Chemical Society. 

 
The method developed by Buonsanti et al.for the high-temperature ammonolysis of titanium 

carboxylate complexes allowed the selective isolation of anisotropic TiO2 nanocrystals in the 
metastable brookite phase. TiCl4 was added to a solution containing oleylamine, oleic acid, and 
octadecene surfactants, as shown in [78], and the mixture was destroyed at 290°C.  This process has 
been successfully applied by other groups to obtain BT [79]. TiO2 nanorods were created by 
introducing a standard molar amount of OLAC/TiCl4 mixture into the reaction system. A rod-like 
structure was observed in the resulting TiO2 brookite with 20mmol of TiCl4. TiO2 can be obtained 
and grown using this synthetic technique, and the obtained material has a predominantly anatase or 
brookite structure. Significant phase purity and BT can be produced using a straightforward 
algorithm; however, similar to the hydrothermal approach, this process has significant energy 
consumption and requires painstaking control over the feedstock shape. 

 

2.4. Solvothermal Synthesis of BT 

Except for the use of a non-aqueous solvent in the solvothermal method, the hydrothermal and 
solvothermal procedures are nearly identical. The solvothermal process can operate at substantially 
higher temperatures owing to the higher boiling points of certain organic solvents, the solvothermal 
process can operate at substantially higher temperatures [80]. Generally, the solvothermal process 
can be used to adjust the size, shape, and crystal structure of BT particles. This approach is a flexible 
strategy for creating several types of TiO2 with a limited dispersity and size distribution. It is possible 
to create TiO2 nanoparticles with a characteristic size of less than 5nm using the solvothermal 
approach [81,82]. However, this method has several drawbacks, including the inability to control 
contaminants, product shape, and size. However, this method is prima facie known in terms of ease 
of operation, high scalability, and low cost of obtaining brookite. 
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To conclude this chapter, it should be noted that, despite the modern techniques developed, 

researchers face three main problems: firstly, obtaining pure brookite phase is a difficult task. Second, 
pure BT is not photocatalytically active in the absence of co-catalysts or structural modifications of 
the dopant. Third, since BT is metastable and transforms into rutile at high temperatures, it is difficult 
to obtain a pure brookite phase, unlike a combination containing titanium or anatase phase. However, 
literature review has shown that the hydrothermal reaction temperature, electrolyte concentration, 
pH, reaction duration, sample size and crystalline phase can be varied with various additives to solve 
this problem. In general, the shape and reaction process of BT can be controlled by hydrothermal 
technology, which is considered one of the simplest ways to produce this material. 

 

3. ENHANCEMENT OF CO2 PHOTOREDUCTION BY MODIFICATION OF 
BT 

The limitations of photocatalytic CO2 reduction can be overcome using BT modified in various 
ways. To achieve heterojunctions, various engineering techniques such as fitting crystal faces, 
attracting heteroatoms, loading of co-catalysts, and interaction with other phases of TiO2 or 
semiconductors are discussed herein. Table 1 provides an overview of the various modification 
methods and the associated photocatalytic efficiency of CO2 reduction by BT photocatalysts. 

Table 1. Performance of Photocatalytic CO2 Reduction Using BT with Different Modifiers Obtained by 
Hydrothermal Method. 

Materials Light Source 
Performance 

(μmol·h-1∙g-1) 

Strategies for CO2 
Photoreduction 

Promotion 

Reaction 
Medium 

Reduction 
Products Ref. 

Pure TiO2 
365nm light-

emitting diode, 
0.3mW/cm2 

1.17 Crystal facet 
regulation 

0.2M KHCO3 
aqueous 
solution 

CH3OH  [83] 

Cu - TiO2 300W Xe-lamp 
17.81 
4.23 

Schottky junctions 
H2O vapor 

and CO2 
CH4 
CO 

 [84] 

Ti3+ - TiO2-x 

≥420nm visible 
light, 300W Xe 

lamp, 
0.216W/cm2 

11.9 
23.5 

Ti3+ defects 
enhances the visible 
light absorption and 

narrows the 
bandgap 

H2O vapor 
and CO2 

CH4 
CO 

 [85] 

Anatase/broo
kite 

Solar simulator, 
200-1,000nm, 
69.6mW/cm2 

2.1 
Phase junction 

facilitates interfasial 
electron transport 

H2O vapor 
and CO2 

CO  [86] 

Ag/MnOx - 
TiO2 300W Xe-lamp 

129.98 
31.70 

Ag/MnOx 
nanoparticles serve 

as electron/hole 
sinks, and improve 

the 
adsorption/activatio

n 

H2O vapor 
and CO2 

CH4 
CO  [87] 

Pt- 
TiO2/C3N4 

300W Xe-lamp 31.8 
3.8 

p-n heterojunction H2O vapor 
and CO2 

CH4 
CO 

 [88] 
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SrCO3 - 
anatase/brook

ite 
300W Xe-lamp 

19.66 
2.64 

SrCO3 species 
improve the CO2 
adsorption and 

activation abilities 

H2O vapor 
and CO2 

CH4 
CO 

 [89] 

NH2 - TiO2 -
CuxS 

300W Xe-lamp 3.34 p-n heterojunction H2O vapor 
and CO2 

CH4  [89] 

NH2-B-
TiO2/Cu 

300W Xe-lamp 
2.39 
1.97 

p-n heterojunction H2O vapor 
CH4 
CO 

 [90] 

NH2-B-
TiO2/Ag 300W Xe-lamp 9.26 p-n heterojunction H2O vapor CH4  [90] 

NH2-B-
TiO2/Ni(OH)2 

300W Xe-lamp 1.26 
0.15 

p-n heterojunction H2O vapor CH4 
CO 

 [90] 

 

Table 1 shows that the photocatalytic activity of modified BT is almost always higher than that 
of pure BT, and the photoreduction product is usually CH4CO. The following is a list of known 
methods for improving photocatalysis that can be used with BT. 
 

3.1. Optimization of Photocatalytic Activity of BT by Tailoring Crystal Faces 

One promising way to increase the catalytic activity of TiO2 is to tune the crystalline faces of the 
brookite phase, which can be achieved by adjusting the synthesis conditions. Through the 
hydrothermal treatment of a titanium precursor in the presence of PVA or PVP, Ohno et al.created 
BT nanorods with particular crystal faces. The reducing center was located on the {2 1 0} crystal face 
and the oxidation center was located on the {2 1 2} crystal face. Pt and PbO2 were loaded as reduction 
and oxidation sites, respectively, on the distinct crystal faces of brookite. Owing to the separation of 
the redox centers, the photocatalytic reduction activity of CO2 was higher than that of the commercial 
spherical BT, and the multi-electron reduction ability was enhanced. The primary result of the CO2 
reduction to CH3OH using the obtained BT as a photocatalyst without a co-catalyst is shown in 
Figure 6. 
 

 
Figure 6. Diagram of Photocatalytic Activity of BT, PVА and PVP Nanorods Without Polymer. The diagram was 
redrawn from Ref. [84]. 
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The results demonstrated that commercial BT had lower CO2 reduction activity than BT, with a 

high elongation ratio of two nanorods with an open crystal phase. Stated differently, it is crucial to 
enhance the photocatalytic CO2 reduction activity by expanding the {2 1 0} crystal plane reduction 
site, even if the co-catalyst particle size and aggregation state greatly impact the selectivity of CH3OH 
generation. 

 

3.2. Effect of Metal Ion Doping on the Photocatalytic Activity of BT 

The electrical structure of a semiconductor can be modified by doping it with metals or 
nonmetals. This can affect the optical absorption and transport of photoinduced electron-hole pairs, 
which is crucial for the subsequent photocatalysis process. This is one of the most commonly used 
methods for modifying semiconductors to improve their photocatalytic efficiency. It has been 
reported that a hydrothermal approach based on surface oxidation has been used to obtain single-
crystalline Ti3+ self-alloyed BT nanosheets [86]. Figure 7A and 7B show the SEM and TEM images of 
the obtained samples, respectively. 
 

 
Figure 7. SEM/ТEM Analysis and Evaluation of Photocatalytic Activity of Ti3+ Self-alloyed BT Samples: (A) 
SEM and (B) ТEM Images of Ti3+ Self-alloyed BT Samples; (C) UV-visible Diffuse Reflectance Spectra; (D) CO2 
Photoreduction Rate of TiO2-x, Samples T300, T500 and T700. Reproduced from Ref.with Permission from 
Springer Nature Ltd. 

 
This synthesis approach is gentle and simple compared to other complex and expensive physical 

methods, such as high-temperature pressurized hydrogenation and plasma treatment. By annealing 
at different temperatures, TiO2 nanosheets with a tunable number of Ti3+ defects can be obtained by 
self-alloying with Ti3+ brookite TiO2. As shown in Figure 7C, the color of ideal nanocrystalline TiO2 
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with Ti3+ defects was dramatically different from that of white TiO2, and the absorption range of BT 
with Ti3+ defects significantly increased. Without annealing, the activity of self-alloyed Ti3+ brookite 
was low, as shown in Figure 7D. The CO2 reduction rate reached its maximum at a calcination 
temperature of 500°C. 

 

3.3. Loading of Co-catalyst in BT 

It is well-known that the surface catalytic ability of BT is insufficient. One of the most effective 
ways to solve this problem is the addition of co-catalysts to the BT surface. The authorseffectively 
loaded Ag nanoparticles on BT by a chemical reduction method after adding AgNO3 and NaBH4 
solution to the native BT. The selectivity for CO2 reduction is discussed in detail in this study. The 
size of the TiO2 brookite and the loading of Ag on the different exposed crystal surfaces significantly 
influenced the activity and selectivity of CO2 photoreduction from CO/CH4. The selectivity of CO2 
and its intermediates, such as COଷଶି , HCO3- and other carbonates, is directly correlated with the 
adsorption of CO2. Figure 8 shows the composition and crystal phase of the prepared samples 
supplemented with single or double cocatalysts. The maximum reducing activity was observed at a 
Ag dosage of 0.5% CO2, as shown in Figure 8A and 8B. At a relatively low Ag loading, as shown in 
Figure 8C, Ag nanoparticles were mainly distributed on the {2 1 0} crystal plane, and CO2 was mainly 
converted into CO. When the Ag dosage is too high, the redox activity of CO2 is very low. Transition 
metals/metal oxides are preferred co-catalysts in low-cost photocatalytic applications over noble 
metals (such as Pt, Ag, and Rh) [91,92]. Cu-TiO2 synthesized in Ref.demonstrated excellent 
photocatalytic activity and selectivity for CO2/CH4 photoreduction compared with the chemical 
reduction approach. This was mainly caused by the adsorption of CO2/H2O Cu-brookite onto TiO2 
and the varying amounts of unoccupied surface oxygen. The effect of dual cocatalysts on the 
photocatalytic CO2 reduction of BT was further studied by Xiao et al [94].  

 
Based on these data, the Ag/Mn species that decorate BT appear to have a very low crystallinity 

and real load content. The Ti/O molar ratios of pure TiO2 and its composites are generally comparable 
to the expected stoichiometric ratio (1:2) of dioxide. The results of elemental analysis also showed the 
presence of Ag/Mn species in the TiO2-based composites (Table 2).  

 

Table 2. Elemental Composition of Pristine Brookite Titanium Dioxide (BT) and its Typical Composites [94]. 

Sample Ti (wt%) O (wt%) Ag (wt%)a Mn (wt%)a 

BT 59.90 40.10 - - 

0.5Ag- BT 59.56 40.00 0.44 (88%) - 

1.0Ag- BT 59.33 39.78 0.89 (89%) - 

BT -0.5Mn 59.65 40.12 - 0.23 (46%) 

BT-1.0Mn 59.39 40.13 - 0.48 (48%) 

0.5Ag- BT -0.1Mn 59.64 39.85 0.43 (86%) 0.08 (80%) 

0.5Ag- BT -0.2Mn 59.42 39.97 0.44 (88%) 0.17 (85%) 

0.5Ag- BT -0.5Mn 59.12 39.99 0.45 (90%) 0.44 (88%) 

0.5 Ag- BT -1.0Mn 58.81 39.85 0.45 (90%) 0.89(89%) 

 

The observed weight ratio of Ag species in the xAg-BT and 0.5Ag-BT-yMn composites was only 
marginally less than the equivalent added content, indicating that the majority of the added Ag 
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species could be reduced and utilized as Ag metal nanoparticles to adorn the TiO2 surface. A degree 
of loss (up to 50%) of Mn content was observed in comparison with the theoretical added amounts 
(0.5 and 1.0%) of Mn particles. This suggests that the photooxidation of Mn2+ ions was inadequate 
because, as previously noted, an acceptable electron capture reagent was not present. 

 
The 0.5Ag-BT-yMn composites have a rather high Mn content because Ag species are utilized to 

adorn the BT nanoparticles. These findings are in line with the preceding X-ray photoelectron 
spectroscopy (XPS) results and imply that Ag loading is beneficial for the creation and ornamentation 
of MnOx on BT. For instance, the measured Mn content (0.23wt%) in the BT-0.5Mn composite is equal 
to 46% of its theoretical composition, whereas the measured Ag and Mn contents (0.45 and 0.44wt%) 
in the 0.5Ag-BT-0.5Mn composite are 90 and 88% of their theoretical additions, respectively (Table 2). 
These data demonstrate that Ag and MnOx nanoparticles can be used to successfully adorn BT 
nanoparticles; however, given the current deposition conditions, Ag nanoparticles are more effective 
at decorating the BT surface than MnOx nanoparticles. 
 

 
Figure 8. Analysis of the influence of co-catalysts on the structure and properties of BT using XRD and XPS 
methods. A: Typical X-ray Diffractometers of Primordial BT and its Composites (xAg-BT and BTN-yMn). B: 
Typical x-ray Diffraction Patterns of Composites 0.5Ag-BTN-yMn; C: High Resolution XPS Spectres of Ti2p; D: 
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High Resolution XPS Spectres of O1s; E: High Resolution XPS Spectres of Ag3d;  F: High Resolution XPS 
Spectres of Mn2p for Primary BT and its Typical Composites (0.5Ag-BT, BT-0.5Mn/5G). Reproduced from 
Ref.with Permission from American Chemical Society. 

 
Nonetheless, the X-ray photoelectron spectra published by the authors showed that Ag and Mn 

were both successfully used to decorate brookite nanoparticles during the photodeposition process, 
as these composites, 0.5Ag-BT, BT-0.5Mn, and 0.5Ag-BT-0.5Mn, display signals of Ag and/or Mn 
species in addition to random carbon and binding energy peaks of Ti and O (Figure 9).  

 
Figure 9. Survey XPS Spectra of the Pristine BT and its Typical Composites (0.5Ag-BT, BT-0.5Mn and 0.5Ag-BT-
0.5Mn). Reproduced from Ref.with Permission from American Chemical Society. 

 
Figure 8A illustrates that the XRD pattern of the hydrothermally produced product closely 

matches the standard map of BT (JCPDS no. 29-1360). Because rutile or anatase titanium does not 
exhibit any noticeable reflection signal, it is likely that the result of hydrothermal synthesis is brookite 
titanium dioxide with high phase purity. The XRD patterns of the resulting composites loaded with 
a single cocatalyst (xAg-BT and BT-yMn) were extremely similar to those of pure BT after loading 
with Ag or Mn particles, and there was no noticeable silver/manganese metal reflectance signal or 
their oxides were visible (Figure 8A). As for the composites supplemented with dual cocatalyst 
(0.5Ag-BT-yMn) and 0.5wt% silver content, the XRD pattern also perfectly matches brookite titanium 
(JCPDS no. 29-1360) and silver/manganese metals or their oxides are clearly visible (Figure 8B).  

 
The high-resolution XPS spectra of Ti2p of pristine BT and its composites show the same two 

peaks at 458.6 and 464.3eV (Figure 8C) which indicates that the chemical state of Ti(IV) in brookite 
titanium does not change after the photodeposition process [88,95]. Two Gaussian components at 
529.8 and 530.9eV (Figure 8D) can be primarily fitted to the high-resolution spectra of O 1s for the 
pure BT. These components are associated with the oxygen of the surface − OH groups of titanium 
and their lattice oxygen, respectively [88,96]. The oxygen lattice peak (529.8eV) in the 0.5Ag-BT, BT-
0.5Mn, and 0.5Ag-BT-0.5Mn composites was identical to that of pristine BT. It is assumed that Ag 
and Mn were not doped into the crystal lattice; rather, they decorated the surface of the BT 
nanoparticles, as evidenced by the similar chemical states of Ti(IV) and Ti lattice oxygen for these 
samples. In the high-resolution spectrum Ag3d (Figure 8E) of the 0.5Ag-BT composite, two groups 
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of peaks can be distinguished: Ag(I) species are represented by relatively weaker peaks located at 
levels 368.2 (3d5/2) and 374.2 (3d3/2)eV, and the stronger peaks at 367.5 (3d5/2) and 373.5 (3d3/2)eV 
are attributed to the metal forms of Ag [97]. This indicates that very few Ag(I) particles coexist with 
the metal composite coated with Ag nanoparticles and that these particles cannot be photoreduced 
by the photodeposition process. Nevertheless, the high-resolution XPS spectra of Ag3d for the 0.5Ag-
BT-0.5Mn composite showed no discernible Ag(I) signal (Figure 8E). These findings imply that, for 
the 0.5Ag-BT-0.5Mn composite, the longer photoreduction duration used to prepare the 0.5Ag-BT-
yMn composite cannot cause the Ag(I) species to vanish, but the additional Mn2+ ions in the solution 
photodeposition can successfully encourage the photoreduction of Ag ions by absorbing holes 
created by BT. 

 
The high-resolution XPS spectra of Mn 2p for the 0.5Ag-BT-0.5Mn composite can be 

deconvoluted into two Gaussian components at 640.7/652.6 and 642.1/653.7eV, which can be assigned 
to Mn(II)2p3/2/Mn(II)2p3/2 and Mn(III)2p1/2/Mn(III)2p1/2, respectively [98–100]. These results 
indicate that mixed valence states of Mn(II)/Mn(III) species (hereafter referred to as MnOx) exist in 
Mn-containing composites [100]. However, the BT-0.5Mn composite exhibited very weak Mn2p 
signals, implying a very low actual load magnitude. A possible reason may be that the 
photooxidation of Mn2+ ions is difficult due to the lack of an electron capture reagent when only 
Mn2+ ions are added to the BT suspension during the precipitation process. In other words, by 
absorbing the photoinduced BT electrons, the Ag ions introduced initially to the photodeposition 
solution will encourage the photooxidation of the Mn2+ ions, which will later be added together with 
the remaining photoinduced holes. Consequently, compared to BT-0.5Mn, the Mn2p peaks of 0.5Ag-
BT-0.5Mn were substantially stronger. The BT-1.0Mn composite, which has a theoretical Mn content 
of 1.0 weight percent, displays a substantially brighter Mn2p XPS spectrum than the BT-0.5Mn 
composite, which lends more credence to this theory (Figure 8F). According to the aforementioned 
findings, Ag species are primarily found in metallic Ag nanoparticles, whereas Mn species are 
primarily found in MnOx with Mn(II)/Mn(III) valence states in BT-based composites. 

 
The results show that a straightforward photodeposition technique is effective for producing 

Ag/MnOx supported BT. The photocatalytic CO2 reduction activity and CH4 selectivity are 
significantly enhanced. The photoluminescence spectra of the samples demonstrated that the BT-
based Ag/MnOx binary cocatalysts could more successfully prevent photogenerated electrons and 
holes from recombining. The in-situ drift spectra under both light and dark conditions are shown in 
Figure 10. 

 

 
Figure 10. In Situ DRIFT Spectra of CO2/H2O Pair on Pristine BT and its Typical Composites. A: In the Dark; 
B: Under Illumination for 20min for the Entire Spectrum of Xe Lamps. Reproduced from Ref.with Permission 
from American Chemical Society. 
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The BT-0.5Mn composite exhibited a drift spectrum in situ that was comparable to that of the 
0.5Ag-BT composite (Figure 10A), but the adsorbed CO2/H2O molecules clearly showed lower 
signals. This suggests that the CO2/H2O adsorption capacity of the composite BT-0.5Mn was lower 
than that of its product decorated with Ag in the dark. According to these findings, Ag/MnOx Double 
Co-atalizers can be employed as holes and electron scavengers to separate photogenerated electrons 
and holes. MnOx can be used as a hole scavenger for hole traps, and Ag can be used as an electron 
scavenger for electron capture. 

 
More significantly, it can alter the surface characteristics of BT nanoparticles, enhancing 

CO2/H2O adsorption or activation capability, and enhancing CH4 selectivity. The amplification of 
the signal of these infrared absorptions reaches a maximum (at 1.555/1.471/1,406, 1.449/1.430/1,221, 
and 1.358/1.335cm-1) for the composite 0.5Ag-BT after loading with Ag nanoparticles and was more 
noticeable than for the original BT after illumination. One possible explanation for the higher CO2RR 
capacity of the Ag-decorated composite is the chemicals produced by the 0.5Ag-BT composite during 
lighting. Further evidence that BT composites decorated with Ag provide increased CO generation 
activity may be due to the composite 0.5Ag-BT after lighting (Figure 10B), which exhibits more 
prominent and stronger IR peaks at a distance of 1.358/1.335cm-1 for COଷଶି (which promotes CO2 
formation) than a single BT under darkness or light (Figure 10). 

 

3.4. Effect of Single/Double Cocatalyst on BT Photoactivity 

Experiments have demonstrated that CO/CH4, which is the primary reducing product, 
originates from the photoreaction of CO2/H2O rather than from the breakdown of another material 
in the photocatalyst, as indicated in Section 3.3. Clean BT exhibited a CO/CH4 production of 
20.55/6.37μmol·g-1·h-1, as shown in Figure 11A. The CO2RR increased quickly upon loading with Ag 
nanoparticles and then decreased slightly when excess Ag nanoparticles were loaded. The 0.5Ag-BT 
composite CO/CH4 output is the highest, measuring 61.50/83.46 μmol·g-1·h-1 with a total 
photoactivity of 790.68 μmol·g-1·h-1, which is 8.58 times higher than a single BT [94]. 
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Figure 11. The influence of cocatalytic materials on the photocatalytic activity of BT: (A) Influence of Ag and 
B: Influence of Mn on Photocatalytic CO2RR Activity of Obtained Nanoparticles BT; (C) Influence of Loading 
Concentration Mn on Photocatalytic CO2RR Activity of Composite 0,5Ag-BT; (D) Photostability of 
Photocatalytic CO2 Composite 0,5Ag-BT-0,5Mn. Reproduced from Ref.with Permission from American 
Chemical Society. 

 

The composite 0.5Mn-BT exhibits the best CO/CH4 production (10.58/27.85μmol·g-1·h-1 with a 
total photoactivity of 243.96μmol·g-1·h-1) 2.65 times greater than BT alone. However, the CO2RR 
improvement with MnOx nanoparticles was quite weak (Figure 11B). These findings indicate that BT 
nanoparticles decorated with Ag and MnOx nanoparticles may both increase CO2RR; however, the 
stimulating effect of Ag nanoparticles is evidently greater than that of MnOx nanoparticles. It is 
possible to determine that the CH4 composite selectivity of BT-0.5Mn is up to 72.5% based on the 
corresponding product selectivity, which is defined as the output percentage of a particular reduced 
product relative to the total output of all reduced products. This is significantly higher than that of 
the original BT composite (23.7%) and composite 0.5Ag-BT (57.6%), indicating that MnOx species on 
BT are more favorable for CH4 production. 

 
The dual co-catalyst composites provided higher productivity for CO2RR compared to the single 

co-catalyst composites (xAg-BT and BT-yMn). With a yield of 31.70/129.98μmol·g-1·h-1, the 0.5Ag-
BT-0.5Mn composite exhibits the highest CO/CH4 activity among them (Figure 11C). The 
corresponding total photoactivity can reach 1103.28μmol·g-1·h-1, which was 11.98, 1.39 and 4.52 
times higher than those of pure BT, 0.5Ag-BT, and BT-0.5Mn samples, respectively. In addition, 
0.5Ag-BT-0.5Mn exhibited much higher selectivity for the CH4 product (80.4%) than the 0.5Ag-BT 
(57.6%) and BT-0.5Mn (72.5%) composites. The significantly better CO2RR performance of the 0.5Ag-
BT-0.5Mn composite was the result of the synergistic action of the Ag/MnOx dual catalysts on the BT 
nanoparticles. Apparent quantum yield (AQY), defined as the molar percentage of the number of 
electrons consumed by reduced products, in relation to the number of incident photons [101,102], can 
be calculated as 2.25% for composite take 0.5Ag-BT-0.5Mn with CO/CH4 output level 
31.70/129.98μmol·g-1·h-1 (Figure 11B). The output of CO/CH4 (31.7/129.98μmol·g-1·h-1) and AQY 
(2.25%) of the composite is 0.5Ag-BT-0.5Mn better than that of the majority of BT-based catalysts 
reported recently, according to a comparison of the performance of CO2RR based on TiO2 
photocatalysts previously reported [101–103]. Furthermore, by employing the same procedure to 
replace BT nanoparticles used to decorate Ag and MnOx with commercial TiO2 (P25, Degussa) or 
homemade γ-Al2O3 nanoparticles, the resultant 0.5Ag-P25-0.5Mn merely offers CO/CH4 output 
closer to 23.52/58.26μmol·g-1·h-1 and CH4 selectivity 71.2%, which is significantly lower than 0.5Ag-
BT-0.5Mn. Furthermore, there was no visible photoactivity in 0.5Ag-Al2O3-0.5Mn. These findings 
demonstrate that photoactive TiO2 is essential for photocatalytic CO2 production and that its 
photoactivity is highly dependent on its microstructure and constituents. Specifically, the synergistic 
effect of the two BT counteratalizers on the nanoparticles causes a notable increase in the CO2RR 
concentration, offering a straightforward yet widely used method for producing a high-performance 
TiO2-based CO2RR photocatalyst. 

 

3.5. Photocatalytic Reduction of CO2 Using Mixed TiO2 

One of the main sources of greenhouse effects leading to global warming is CO2. However, CO2 
is also a viable source of carbon as it can be converted into a number of valuable fuels and chemical 
compounds, including CH4, CH3 OH, and HCOOH. In order to provide a sustainable energy future 
while reducing CO2 emissions, new materials and technologies have been created to convert CO2. 
Solar-activated photocatalytic CO2 reduction using TiO2 in water at ambient temperature and 
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atmospheric pressure has attracted attention due to its “green chemistry” and relatively low cost, in 
addition to solar thermochemical conversion and electrochemical reduction methods. In the 
photoreduction process of CO2/H2O, electron-hole pairs are formed on the surface of the TiO2 
catalyst under photo-illumination. CO2 can be reduced by excited electrons in the CB of TiO2 
migrating to the surface. H2O can be converted to O2 in the intermediate state by holes still present 
in the VB of TiO2. 

 
It has been shown that the type of TiO2 phase and photocatalytic process discussed above are 

closely related. In Ref. [104], three polymorphic varieties of TiO2 nanocrystals (anatase, rutile, and 
brookite) were used to study the photoreduction of CO2 using water vapor. According to the 
experimental data, the photocatalytic reduction activity is distributed as follows: 

 
Brookite>Anatase>Rutile 
 
Rutile is the least active mineral, mainly due to the rapid recombination of e- and h+. In addition, 

they studied the photoreduction behavior of helium-treated TiO2 catalysts. According to the 
photoreduction results, the helium-treated catalysts were more active than the untreated catalysts. In 
addition, according to Figure 12, the sequence of catalytic activities for CO and CH4 generation 
during CO2 photoreduction is as follows: brookite>anatase>rutile, with brookite showing the highest 
photocatalytic activity. According to the results of this study, the brookite phase is a promising for 
the reduction of CO2. 
 

 
Figure 12. Results of TEM analysis of TiO2 polymorphs and Production of CO and CH4 based on them. The 
Upper Figures Represent the TEM Images of Anatase, Brookite and Rutile (From Left to Right). The Lower Figure 
Represents the Production of CO and CH4 in Three Different TiO2 Polymorphs. Reproduced from Ref.with 
Permission from American Chemical Society. 
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Additional research on this subject was conducted by the authors, including an investigation of 

mixed phases containing brookite. A hydrothermal approach was used to create bicrystalline 
anatase/brookite TiO2 [105]. Additionally, CO2 was photoreduced in the presence of water vapor 
using freshly prepared bicrystalline TiO2 to produce CO and CH4. Commercial anatase/rutile TiO2 
(P25), pure anatase, and pure brookite were used to compare their photocatalytic activities. 
According to the data shown in Figure 13, bicrystalline anatase/brookite was typically more active 
than pure anatase, brookite, and P25. With almost twice the photocatalytic activity of pure anatase 
(A100) and three times that of single-phase brookite, the bicrystalline combination consisting of 75% 
anatase and 25% brookite demonstrated the highest level of activity. It is suggested that the 
interaction between anatase and brookite nanocrystals is responsible for the enhanced activity of the 
bicrystalline anatase/brookite. Moreover, the anatase-rich bicrystalline anatase and brookite mixtures 
were superior to the anatase and rutile mixtures of P25, suggesting that the interaction between 
anatase and brookite with CO2 photoreduction is more efficient than the interaction between anatase 
and rutile (as in P25). 
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Figure 13. Analysis of the morphology of TiO2 catalysts (anatase and brookite) and CO production based on 
them: (A) TEM and (B) HRTEM Images of Mixed Phase TiO2 with Anatase/Brookite ratio=75:25 (A75B25); (C) 
CO Production on Different TiO2 Catalysts (A=Anatase, B=Brookite, Subscript Numbers are Phase Fraction of 
Anatase and Brookite). Reproduced from Ref.with permission from the Royal Society of Chemistry. 

 
Que et al.investigated a coexisting brookite/anatase/rutile TiO2 composite as a photocatalyst for 

the degradation of organic pollutants (Figure 14A). They found that in nanopowders composed of 
brookite/anatase/rutile, the rutile phase crystallizes into single-crystalline nanorods with a diameter 
of ~20nm and a size of 100-500nm in length, whereas the brookite phase crystallizes into irregular 
nanoparticles with a diameter of <20nm. It was shown that under UV light irradiation, the three-
phase TiO2 catalyst exhibited higher photocatalytic activity for the cleavage of methyl orange (MO) 
than the two-phase commercial catalyst P25. The sample with the highest photocatalytic activity, 
designated T2, contained 29.9% anatase, 27.9% brookite, and 42.2% rutile. This sample bleached more 
than 90% of the MO solution in only 20min (Figure 14B). Furthermore, as shown in Figure 14C, 
photocatalyst recycling studies were conducted using the best TiO2 photocatalyst sample. It is 
evident that following five recycling cycles, the sample’s photocatalytic activity only marginally 
drops, suggesting that the three-phase TiO2 catalyst exhibits high stability during the photocatalytic 
degradation process. 
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Figure 14. Schematic and SEM Image of Brookite/Anatase/Rutile Nanocomposites. A: Photocatalytic 
Degradation of MO Aqueous Solution Using Brookite/Anatase/Rutile Nanocomposites Synthesised Using 
Different Reagents, the Inset Shows MO Removal Controlled by Total Organic Carbon (TOC) with Sample T2 as 
Photocatalysts. B: Cyclic Degradation Curves of Coexisting Brookite/Anatase/Rutile Nanocomposites. C: For 
Sample T2. This Sample’s Deterioration Rate Constant (k) was 0.10180min-1, Nearly Twice as High as P25’s 
(k=0.05397min-1). Reproduced from Ref.with Permission from Royal Society. 

 

Numerous studies have been conducted on the improved photocatalytic performance of mixed-
phase TiO2 over single-phase TiO2 however, numerous issues remain. For example, distributed TiO2 
nanoparticles in a mixed phase are prone to agglomeration, which significantly reduces the 
photocatalytic activity of materials and prevents their further growth. On the other hand, the use of 
mixed-phase TiO2 in photocatalysis is limited by the relatively narrow band gap of rutile, which 
extends the absorption of the material to part of the visible light range, but is still not sufficient to 
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exploit the full spectrum of sunlight [107]. Consequently, to verify the mechanism underlying the 
enhanced photocatalytic activity of brookite in mixed-phase TiO2, more research is needed. 
Therefore, the development of mixed TiO2 nanomaterials and the integration of other useful 
structures (e.g., hierarchical structures), optimizing the use of visible light, and investigating the 
mechanism using newly developed characterization techniques will remain challenges and current 
research topics in this field. 

 
The chapter summarises some effective methods and technologies for the improvement of BT-

based photocatalysts for efficient CO2 reduction. It is found that the thermodynamics, kinetics and 
selectivity of CO2 photoreduction depend significantly on the use of visible light, the separation 
efficiency of photogenerated carriers and the adsorption capacity of CO2. It is shown that the 
configuration of surface atoms and the surface electronic structure of TiO2 brookite can be changed 
by adjusting the crystal facets and applying a phase shift [107]. Although the narrow band gap of 
rutile in the mixed phase allows the absorption of mixed-phase TiO2 to extend over part of the visible 
light range and provides efficient separation of photogenerated electrons and holes, thereby 
enhancing photocatalytic activity. It is shown that dispersed mixed-phase TiO2 nanomaterials are 
prone to agglomeration, which significantly reduces the photocatalytic activity. 

 

4. MECHANISMS FOR ENHANCING THE REACTION OF CO2 REDUCTION 
BASED ON BT 

 
For photocatalytic CO2 reduction, the development of highly efficient photocatalysts is usually 

crucial. The growth of BT is hindered by two key defects: the low utilization of visible light, limited 
by thermodynamic and kinetic factors, and the rapid recombination of photogenerated 
electrons/holes [107]. In fact, manipulation of the surface/interface of TiO2 brookite can enhance the 
CO2 photoreduction activity. Among them, the introduction of a co-catalyst/heterojunction structural 
material is crucial for carrier photogeneration, and the modification of the crystal face can enhance 
product selectivity and activity [108–110]. 

 

4.1. Heterojunction Construction 

The theory of zone alignment states that semiconductors with distinct zone structures can form 
heterojunctions. An embedded electric field is created because of the different carrier concentrations 
on either side of the interface. This embedded electric field transfers photogenerated electrons and 
holes to other semiconductors, resulting in the separation of the photogenerated carriers [111]. 
Conventional heterojunction photocatalysts are of three different types. Semiconductors A and B in 
a step-gap photocatalyst (type II) have distinct zone structures, as shown in Figure 15A. The CB and 
VB levels of A are higher than those of B. Electron-hole pairs are spatially separated upon light 
irradiation, as photogenerated holes migrate to A and photoinduced electrons to B [111]. The 
photogeneration of electrons and holes at the anatase-brookite interface can be directly transferred 
due to the difference in the position of CB and VB in the TiO2 crystal phase. This facilitates the 
separation of the photogenerated electron-hole pairs, creating a type II heterojunction between them. 
As mentioned in the previous section, the creation of an anatase-BT composite was demonstrated to 
improve the CO2 photoreduction performance [112]. Furthermore, r-C3N4 has a small bandgap 
compared to that of BT. When they combine to form a hybrid, they not only enhance visible light 
absorption but also align well with the band position of the type-II heterojunction (Figure 15B). This 
helps improve the photocatalytic CO2 reduction by separating the photogenerated carriers at the 
interfaces [88,113]. 
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Figure 15. Illustration of the Mechanism of Charge Carriers CO2 Photoreduction on BT-photocatalysts Based on 
Modification Strategies. A: Type II Heterojunction; B: g-C3N4-TiO2 Heterojunction; C: Mechanism of 
Photocatalytic CO2 Photoreduction by BT Modified with Amine Containing Metal Particles. The figure has been 
significantly altered and redrawn from Ref. [90]. 

 
The physicochemical characteristics and photoactivity of titanium have been improved through 

the development of strategies involving heterojunction creation, heteroatom doping, oxygen vacancy 
creation, and cocatalyst decoration [94]. Decorating co-catalysts is one of the simplest and most 
effective ways to promote charge separation, enhance the adsorption-activation ability of reactants, 
and extend the spectral response region [114–117]. In addition, most co-catalyst loading methods are 
simple, which is ideal for large-scale applications and production [118–120]. To facilitate the 
reduction reactions in the photocatalytic CO2RR semi-catalyst, some noble metal co-catalysts (e.g., 
Pt, Au, and Ag) are commonly used to promote charge separation, product selectivity, and/or visible 
light collection (based on the localized surface plasmon resonance effect) [115–124]. However, various 
metal oxides, including RuOx, NiOx and MnOx, have been used as co-catalysts to regulate the 
photoinduced holes for the oxidative half-reaction of the photocatalytic system [125–127]. These 
MnOx species are of particular importance because of their non-toxicity and availability. Arash 
Fattah-alhosseini et al.obtained TiO2 oxide coatings incorporating ZrO2 nanoparticles formed from 
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anatase and/or rutile, t-ZrO2 and ZrTiO4, which were successfully prepared on Cp-Ti using PEO 
process in electrolyte solutions containing zirconium nanoparticles. They showed that the higher the 
concentration of ZrO2 nanoparticles in the electrolyte solution, the greater the porosity, thickness and 
roughness of the coatings. Consequently, they are often used to harvest photoinduced holes and 
active sites [122–127]. Thermodynamic hole trapping is likely to be utilized to enhance the 
photoactivity. In addition, the joint exposure of two different types of co-catalysts to a single 
photocatalyst is expected to enhance the photoinduced charge separation and improve the efficiency 
of CO2RR [122–126]. For example, spatially separated dual CoO and Au co-catalysts can be deposited 
on the inner and outer surfaces of hollow TiO2 spheres as hole and electron collectors, respectively, 
a kind of Au@THS@CoO composite was obtained [117]. The final product provided CH4 production 
of 13.3μmol·g-1·h-1, which was 60 times higher than that of THS alone, and exhibited significantly 
enhanced activity [117]. This finding also suggests that the CO2RR efficiency is positively affected by 
a reasonable BT co-catalyst design. 
 

4.2. Contribution of Doping of Metallic and Non-metallic Components 

The structure and characteristics of oxide materials are known to be strongly impacted by 
doping with metal impurities [129]. Based on the aforementioned information, Figure 15C depicts 
the potential mechanism of photocatalytic CO2 reduction by metal particles acting as a co-catalyst. A 
certain quantity of CO2 molecules must first be adsorbed onto the surface of the photocatalyst to 
support the next photocatalytic CO2 reduction reaction. CO2 adsorption benefits from the use of 
amino functional groups as the adsorption sites. When NH2-BT is exposed to sunlight, the 
photogenerated holes remain in the VB, whereas the electrons in the VB are stimulated to the CB. The 
enhanced photocatalytic activity of CO2 photoreduction in CH4 and CO on the metal rock surface is 
the result of the metal particles capturing electrons after loading to provide a more effective 
photogenerated carrier separation. Figure 16A and 16B illustrates that following 4h of illumination, 
the CH4 yields of NH2-BT/Cu, NH2-BT/Ag, and NH2-BT/Ni(OH)2 are 2.37, 9.26, and 1.26μmol·g-
1·h-1, respectively. These values are approximately 3.2, 12.51, and 1.7 times greater than those of pure 
NH2-BT (0.77μmol·g-1·h-1). In addition, following loading with metallic rocks, the trace amount of 
CO also improved. In NH2-BT/Cu, NH2-BT/Ag, and NH2-BT/Ni(OH)2, the CO creation rates are 2.5, 
1.97, and 0.15μmol·g-1·h-1, respectively. Furthermore, NH2-BT modified with amine (0.74μmol·g-
1·h-1) exhibits a greater CH4 performance than amine-free BT (0.54μmol·g-1·h-1), and metal-loaded 
NH2-BT composites have a CH4 performance that is almost double that of metal-loaded amine-free 
BT composites. 
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Figure 16. The ability of BT for photocatalytic reduction of CO2 taking into account the band structure and 
charge transfer mechanism in the presence of a cocatalyst. (A) Diagrams of Photocatalytic CO2 Reduction 
Activity Versus NH2-BT and its Composites and (B) Photocatalytic CO2 Reduction Activity Versus BT and its 
Composites; Illustration of the Charge Carrier Mechanism for CO2 Photoreduction on BT at: (C) Doping with 
Metal Ions, (D) Doping with Nonmetal Ions, (E) Loading of A Single Metal Co-catalyst, and (F) Loading of Dual 
Co-catalysts. Reproduced from Ref.with Permission from Royal Society; (G) relationship between band structure 
of b-TiO2 and redox potentials of CO2 reforming of CH4. Reproduced from Ref.with Permission from American 
Chemical Society. 
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By capturing electrons in the CB, the doping of TiO2 brookite with metal ions can, on the one 
hand, lead to the formation of defects or change the crystallinity of the semiconductor lattice. On the 
other hand, doping with nonmetal ions often changes the location of the VB, and photogenerated 
electron-hole pairs on the TiO2 surface recombine because of competition with electrons. This extends 
the absorption wavelength range of TiO2 into the visible-light region and increases its photocatalytic 
activity. The location of the CB of TiO2 can be changed by doping with metal ions, as shown in the 
zone theory in Figure 16C and 16D. When properly doped with metal ions, it functioned as an 
interfacial medium. Dopants can achieve this goal by capturing electrons and holes and providing 
local separation. The trapped electrons and holes must be able to move to the reaction boundary and 
simultaneously be released at the same time. Doping with non-metallic elements leads to an increase 
in the number of oxygen vacancies on the surface and improved photocatalytic activity in visible 
light, in addition to improved light absorption. In 2016 Wang et. al.showed that self-doped Ti3+ 
hydrothermally produced BT nanosheets enhanced photocatalytic CO2 reduction activity and 
increased solar energy absorption. Han B et al.showed that as the temperature increased to 650°C, 
the reduction potential of CO2/CO became more positive and the oxidation potential of CO/CH4 
became more negative. As shown in Figure 16J, one can see that those energies meet the 
thermodynamic requirements for visible-light photocatalytic CRM: 

 
(I) Although CO2/CO redox potential is slightly more negative than the TiO2 CB edge at room 

temperature, it changes to become more positive than the CB edge at 150°C or higher. This indicates 
that the reduction of CO2 to CO prefers a temperature above 150°C. The redox potential of CO/CH4 
is always more negative than the energy level of the Ti3+ at room temperature or above, satisfying 
the energy requirement for the oxidation of CH4 to CO. 

 
(II) The energy gap (1.3eV) between the Ti3+ level and TiO2 CB ensures the absorption of visible 

light (and even near-infrared). This encouraged us to select the black TiO2 as a semiconductor for our 
catalyst. It is well-known that platinum possesses a high conductivity to transfer electrons and an 
excellent activity to break the C-H bonds of CH4. 

 

4.3. Co-catalytic Effect 

As mentioned above, the loading of appropriate co-catalysts can effectively enhance the 
photocatalytic activity of BT with respect to CO2 reduction [129,130], enhancing the photocatalytic 
reaction by (a) reducing the surface activation energy and loss of superpotential, (b) forming surface-
active sites, and (c) forming Schottky junctions at the metal/semiconductor interface to separate the 
photogenerated electrons and holes [130,131]. 

 
Common metal species used to modify BT for efficient CO2 reduction in a single co-catalytic 

system are Ag [26], Auand Cu [85]. By interacting with these metals, such photocatalytic systems can 
improve the absorption of visible light and provide more active centers on the catalyst surface. A 
Schottky connection forms when the co-catalysts simulate contact with one another, as illustrated in 
Figure 16D, because they work harder than TiO2. This makes it harder for electrons stored on the 
metals to cross the Schottky barrier for TiO2, which prevents photoinduced electron-hole pairs from 
recombining [132,133]. In other words, effective photocatalytic CO2 reduction activity results from 
improved charge separation via the Schottky transition as well as active metal centers in the metal 
co-catalyst-brookite-brookite hybrid TiO2. 

 
Reduction and oxidation co-catalysts are often present in the TiO2 brucite phase in a binary co-

catalyst system. Generally speaking, transition metal oxides like CoOx, MnOx, NiO, and FeOx can 
act as oxidation catalysts, while metal species like Cu, Ni, Ag, Au, Pd, Pt, etc. can be utilized as 
reduction co-catalysts. In photocatalysis, these two types of co-catalysts work in different ways. 
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Specifically, oxidizing co-catalysts are helpful for activating HO molecules and can capture holes, 
whereas reducing co-catalysts can improve light harvesting and electron capture. In other words, the 
co-utilization of these two types of co-catalysts increases the effectiveness of photocatalytic CO2 by 
facilitating surface catalytic processes, charge separation/transfer, and sunlight harvesting (Figure 
16E). A similar occurrence was noted in a previous study [94]. Specifically, the Ag/MnOx introduction 
of as a dual co-catalysts may accelerate the formation of CH4, improve the adsorption and activation 
of CO2/H2O molecules, and encourage the separation of electron-hole pairs (Figure 16F). 

 

4.4. Crystalline Facet Effect 

One of the most researched photocatalysts is titanium dioxide (TiO2), particularly in light of its 
use in the photocatalytic degradation of micropollutants. During photocatalysis, TiO2 may trigger 
certain redox processes using photogenerated charge carriers. This process can be broken down into 
the following steps: (1) electrons in the TiO2 structure are excited, (2) excitons are generated and 
dissociate into free electrons and holes, (3) charge carriers migrate to the surface, and (4) h is 
transferred to the substrate that is present on the surface. Each of these phases, which is universal to 
all photocatalytic reactions, addresses limitations that affect the overall efficiency of the process. 

 
Of the mentioned phenomena, steps (3) and (4) occur on the surface layers. As a result, any 

modification at the substrate-photocatalyst boundary can significantly change the main processes. 
Early photocatalytic studies that addressed topics such as surface polarization by redundant 
electrons, modification of precious metals, and complex surface formation by bidentate benzene 
derivatives to improve the transportation of charge carriers clearly indicated the importance of this 
boundary between the partition and the surface of the photocatalyst [134–136]. Using DFT 
computations and DRIFTS spectra, Liu et al.examined the adsorption of CO2 and its conversion into 
TiO2 crystals with various face ratios of {101}/{001}. DRIFT spectra results indicate that while a high 
face ratio {101}/{001} may improve the interaction between CO2 and TiO2 surfaces, it may also slow 
down the activation and transformation of CO2 that has been adsorbed (Figure 17A-17C). Theoretical 
computations have demonstrated that {001} faces lack the greater acid-alkaline features of {101} faces, 
which are conducive to stronger CO2 adsorption. On the other hand, CO2 binds to TiO2 if the 
adsorption is too intense. Thus, it is crucial to have the correct ratio of photoreduction reactions 
between {001} and {101} for CO. 
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Figure 17. DRIFTS in Situ Spectra for CO2 and Water Adsorption on the BT Crystals. A: With Open {101} 
Faces; B: With {001}, {101}; C: {001} Faces. Reproduced from Ref.with Permission from American Chemical 
Society. 

 
The development of heterojunctions other than TiO2 has also been observed in CeO2and BiOCl 

[139]. This suggests that one of the most frequent methods for promoting the spatial separation of 
photogenerated charges and enhancing the photocatalytic performance of semiconductor materials 
is the creation of surface heterojunctions by building open faces. As in the case of anatase and rutile 
TiO2, the variations in the surface energy are due to changes in the number of low-coordinated 
titanium atoms [140]. Using density functional theory (DTF) calculations, Zhao et al.examined the 
atomic structures of the {121} and {211} surfaces of BT crystals. The findings indicate that the atomic 
ratio of Ti4s: Ti5s: Ti6s for the {121} surface was 12.5%: 75%: 12.5%, while the atomic ratio of Ti5s: Ti6s 
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for the {211} surface was 75%: 25%. The {121} surface has a greater surface energy (0.66 J/m2) than the 
{211} surface (0.59 J/m2) because of the presence of more uncoordinated Ti atoms (Ti4s). 

 
The surface adsorption characteristics and surface electronic structures of the different TiO2 

faces were highly variable. The redox potential of the excited charges and light absorption are 
determined by the electronic structure of TiO2, which also influences the photocatalytic activity. 
Numerous studies have reported different electron band configurations for different facets of TiO2 
[142–144]. Using XPS and UV-visible absorption spectroscopy, Pan et al.verified the CB and VB 
potentials of the {0 1 0}, {0 0 1}, and {1 0 1} facets of anatase TiO2 crystals. According to their findings, 
different atomic configurations on each surface explain the larger band gaps and higher VB locations 
on faces {1 0 1} and {0 1 0} than on faces {0 0 1} [146]. Because the reaction at the surface is crucial for 
the photocatalytic process, the corresponding photocatalytic performance of the semiconductor is 
inextricably dependent on the atomic structure of the surface, which can be modified by crystal-phase 
engineering [28,146]. 

 
The surface potentials of the different crystal faces of semiconductors are different. 

Consequently, photoelectrons and holes can spontaneously move to different crystal faces with 
different energies. During catalytic processes, different crystal faces exhibit different redox 
properties. In addition, the ratio of the two neighboring open facets is important for the transport and 
separation of photogenerated carriers [147]. Ohno et al.showed that the aspect ratio during 
photocatalytic CO2 reduction affects the BT nanomatrices with {2 1 0} and {2 1 2} open crystal faces. 
Owing to electron separation, larger {2 1 0} and smaller {2 1 2} open crystal faces often avoid backlash 
and accelerate multielectron reduction. Ohno et al.showed that the aspect ratio during photocatalytic 
CO2 reduction affects the BT nanomatrices with {2 1 0} and {2 1 2} open crystal faces. Because of the 
separation of oxidation and reduction centers, the larger {2 1 0} and smaller {2 1 2} open crystal faces 
often avoid backlash and accelerate multi-electron reduction; hence, they would be the ideal surface 
structure for the multi-electron CO2 reduction process. 

 
Literature analysis showed that the selectivity and activity of photocatalytic CO2 reduction 

correlate with the ratio of BT open faces and the co-catalyst loading. It has also been shown in many 
publications that doping of photocatalysts with metal or nonmetal ions improves their electronic 
structure and visible light absorption properties. The selectivity and activity of photocatalytic CO2 
reduction correlate with the number of open facets and the co-catalyst loading. This is because the 
energy band structure is crucial for the photocatalytic reduction of CO2 from a thermodynamic point 
of view. We have considered and analysed the effects of several co-catalysts and concluded that many 
of them can enhance the selectivity of the reaction, act as reaction centres to reduce the overpotential 
of CO2 reduction and promote the separation of photogenerated electrons and holes. 

 

5. UNRECONSTRUCTED BT SURFACES 

Recently, computational techniques have been selectively used to study the precise atomic 
structures of potential crystal face terminations and their accompanying surface energies. This makes 
it possible for scientists to explain surface geometry and look into how it may alter in a new setting. 
Therefore, one can forecast the energy stabilization of a certain aspect to aid in its experimental 
acquisition. Nonetheless, the models examined are frequently investigated in vacuum, which enables 
researchers to assess the relative stability of various architectures and offers a helpful foundation for 
additional studies. However, even with many committed scholars in this field, there are still many 
unanswered questions that need to be thoroughly investigated. In contrast to other polymorphs, 
brookite surfaces frequently expose 4f-Ti and form intricate structures. The computed proportion of 
uncoordinated particles for brookite surfaces is only shown for Ti atoms, owing to their complexity. 
Furthermore, several terminations can be considered for the majority of surfaces. The models of the 
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most stable brookite surfaces or those whose reconstructed geometry demonstrated notable 
stabilization were compiled by Szymon et al. (Figure 18) [148]. 
 

 
Figure 18. Perfect, bulk-cut atomic geometries of different BT surfaces. The Mark “X” Indicates Possible Bond 
Breaking After Relaxation  [147]. 

 
The brookite surface {0 0 1} immediately exposed 4f-Ti and 6f-Ti; nevertheless, deeper areas of 

the surface included some additional partially exposed 6f-Ti, as Figure 18A illustrates (after 
incorporating a deeper Ti layer, the proportion of 4f-Ti was 1/4). The 2f-O network that links the 
higher Ti atoms is limited to the deeper regions of the surface where saturated O exists. Even with a 
basic optimization, the computed energy of this geometry was 1.18 J/m2; however, an alternative 
geometry may be stabilized using a potential reconstruction, which will be covered in more detail 
later. Furthermore, with a top layer of (2f-O)-(4f-Ti)-(2f-O) bonding to 6f-Ti in cavities, the surface 
structure of brookite {0 1 0} is comparable to that of anatase {1 1 0} and rutile (0 0 1). For this geometry, 
the proportion of 4f-Ti was 1/4, assuming exposure to the first three Ti layers. Furthermore, as 
indicated by a “X” in Figure 18B, relaxation reports revealed that the topmost 6f-Ti increased 
noticeably toward the top, breaking one link to the deeper 3f-O layer. Therefore, more 5f-Ti was 
expected to be exposed on the relaxed surface. This structure had a final surface energy of 0.77 J/m2. 
With emphasis on the above structure, the brookite surface {0 1 1} in Figure 18C exhibits a mixture of 
4f-Ti (1/8), 5f-Ti (3/8), and 6f-Ti (1/2), all linked together by a complex network of both fully 
coordinated and uncoordinated O atoms. The uncoordinated titanium relaxes inward into the crystal 
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structure, creating a final surface energy of 0.74 J/m2 , while the 6f-Ti shifts outward as a result of 
structure relaxation. Similar to anatase {1 1 2}, brookite {1 0 0} had a sawtooth surface profile, as 
shown in Figure 18D. A sequence of 5f-Ti (1/2) atoms bonded by 2f-O was visible directly at the top 
of the surface, whereas deeper layers showed complete coordination. As seen in Figure 18D, it should 
be highlighted that this structure can have two very similar but not exactly the same 
conFigureurations, in which the first or second Ti layer makes up the top of the surface. The surface 
energy of these two arrangements is somewhat different (0.88 or 0.93 J/m2) according to Gong and 
Selloni [149]. All things considered, their general geometry is rather similar, with the main differences 
between the two designs being minute differences in the precise length and angles of the connection 
at the top. Figure 17E illustrates the structure of an ideal {1 0 1} brookite surface, revealing the 
combination of 2f-coordinated O atoms with saturated and 5f-coordinated Ti (1/8) and 6f-Ti (5/8) 
bonds. Subsurface 6f-Ti (highlighted as «X» in Figure 18E) and a disconnect between 3f-O, which 
links two 4f-Ti surface atoms, are two notable alterations to the ideal structure during relaxation. The 
resultant 5f-Ti in this instance is in the subsurface zone, but there was also an extra 2f-O that was 
directly on the surface. For this shape, the resulting surface energy is 0.87 J/m2. Figure 18F shows the 
surface structure of brookite {1 1 0}, which is made up of terraces that terminate at the 4f-Ti edge and 
then continue to fall. On this surface, distinct varieties of Ti were observed. Uncoordinated atoms 
relax more near the margins, that is, Ti atoms relax inward and O atoms relax outward from the 
crystalline structure. There was 0.85 J/m2 of comparable surface energy. Gong and Selloni examined 
the surface of brookite {1 1 1} in detail. The most plausible {1 1 1} structure, which represents 1/8 of 
the Ti sites as 4-fold coordinated and 3/8 as 5f-Ti, is shown in Figure 18G. No appreciable relaxation 
changes were observed for this structure, and the associated surface energy was 0.72 J/m2. Figure 
17H depicts the surface {1 2 0} of brookite, displaying 4f-Ti and 5f-Ti [150].  

 
The surface model with the symbol “X” illustrates the possibility of breaking the bond between 

saturated Ti and O after relaxation on the additional brucite surface, resulting in the formation of a 
5f-Ti site at the top of the surface. The equivalent surface energy was 0.82J/m2. In addition, no 
computational techniques have been used to scrutinize the brookite surface {2 0 1}; however, reports 
of sufficiently strong photocatalytic activity have attracted considerable experimental attention. 
Figure 18I shows the atomic model of the {2 0 1} surface proposed by Lin et al.atomic model of the {2 
0 1} surface. Small terraces exposed to either 4f-Ti (2/7) or 5f-Ti (2/7) are scattered across this surface. 
In the “flat” section, two 5f-Ti atoms are connected by two 2f-O, while two 4f-Ti atoms are connected. 
There was an additional 2f-O at the boundary of each step. Finally, Figure 18J shows the brookite {2 
1 0} surface, which is energetically the most stable, with a surface energy of 0.70J/m2. Similar steps of 
uncoordinated 5f-Ti bonded to 2f-O at the step edge were revealed by the atomic geometry of this 
surface and anatase {1 0 1}. Below the (5f-Ti)-(2f-O) steps, the lower parts of the surface were fully 
coordinated. For this surface, the limiting fraction of 5f-Ti was 1/2. While 5f-Ti appears to relax 
inward, 6f-Ti and the upper part of 3f-O relax outside the crystal structure, as in other TiO2 materials. 
Overall, a review of the literature shows that unlike anatase and rutile, brookite surfaces have rarely 
been studied. However, a comprehensive analysis of several brookite surfaces has been conducted 
[149], and further details regarding the {1 0 1}, {1 2 1}, and {2 0 1} structures are available [150]. 

 
Key points of the chapter. It has been reported in the literature that brookite surfaces form rather 

complex structures, often exposing 4f-Ti. Due to this complexity, the calculated fraction of 
undercoordinated species for brookite surfaces is presented only for Ti atoms. Moreover, in the case 
of most surfaces, multiple endings can be considered. 

 

6. ADVANTAGES OF BROOKITE PHOTOCATALYSIS IN RELATION TO 
ANATASE AND RUTILE 
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Anatase, brookite and rutile were used in the study by Zhang et al.to study the photocatalytic 
degradation of rhodamine B. The authors showed that the degradation efficiency of rhodamine B 
increased with the order of anatase, rutile and brookite. It was also observed that for the degradation 
and mineralization of various pharmaceutical chemicals and phenol, brookite was a better 
photocatalyst than anatase and rutile [153]. When the degradation of tetramethylammonium and 4-
chlorophenol was compared, the photocatalytic activities of anatase, brookite and rutile were also 
investigated [154]. When it came to tetramethylammonium and 4-chlorophenol, brookite had the 
highest photodegradation efficiency. The application of different TiO2 polymorphs for photocatalytic 
hydrogen production resulted in a hydrogen production rate of 0.9742μmol·h-1·m-2 from brookite 
and 0.3719μmol·h-1m-2 from anatase [154]. The main discrepancy is that the rate of hydrogen 
synthesis by photoreforming is about 5 times higher than conventional water splitting, even though 
the high hydrogen production using brookite is consistent with the results of this study (Figure 19A 
and 19B). This suggests that photoreforming not only increases hydrogen production activity, but 
also breaks down plastic waste and avoids costly sacrificial electron donors such as methanol in water 
splitting. 
 

 
Figure 19. Photocatalytic Hydrogen Production From PET Plastic Degradation Using Anatase, Brookite and 
Rutile. A: Including Blank Data; B: Recyclability of Brookite TiO2 Catalyst; C: PL Spectrum of Anatase, Brookite 
and Rutile at 325nm; D: Fluorescence Intensity of TiO2 at 450nm after 20min Irradiation; E: X-ray Diffraction; F: 
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Raman. Spectra of BT Before and After the Photocatalytic Reaction. Reproduced from Ref.with Permission from  
Elsevier. 

 
The study demonstrates that the recombination rate of charge carriers during photocatalytic 

reduction of CO2 is one of the primary determinants in the adoption of brookite over other phases 
[156]. The photoluminescence signals, which indicate the degree of radiative recombination of 
photogenerated electrons and holes, rise with the order of brookite, rutile, and anatase, as Figure 18C 
and 18D illustrated. As a result, of photogenerated electron-hole pairs, brookite has the lowest 
radiative recombination. According to Choi et al.’s investigation on the charge transfer kinetics of 
brookite and anatase, brookite has a charge transfer resistance that is significantly lower than 
anatase’s, making it easier to separate the charge carriers in brookite [154]. Anatase and brookite have 
significantly lower conductivity when it comes to the rapid transfer of photogenerated electrons, 
according to studies using open circuit voltage decay [157]. In addition, it has been shown using time-
resolved photoluminescence spectroscopy that brookite decays slower than anatase. According to 
this, the charge carriers in brookite have a longer lifetime and a lower recombination rate, leading to 
the formation of ∙OH and hydrogen radicals, which are also shown in current photoreformation 
studies [157]. Regarding the stability issues of brookite-based photocatalysts, despite previous claims, 
Thanh Tam Nguyen and Kaveh Edalatishowed that BT retains its suitability for reuse very well 
(Figure 19E, 19F and 19B). In this study, the authors showed that there is no noticeable change in the 
Raman spectra as well as the X-ray diffraction pattern, which speaks about the stability of BT for the 
photocatalytic process. The depth of charge carrier traps, as previously shown, can both increase and 
decrease the lifetime of electrons, which explains why anatase, brookite, and rutile exhibit different 
levels of photocatalytic activity [158]. When electrons and holes have long lifetimes, a reasonable 
depth of traps can ensure that they remain reactive, aiding in reduction and oxidation processes. The 
number and lifetime of holes in brookite have been found to increase when there are somewhat deep 
electron traps in the mid-shell states [159]. Electron traps in brookite are deeper than in anatase and 
shallower than in rutile, according to the results of a study of the behavior of photogenerated 
electrons and holes in TiO2, in which absorption spectroscopy in the visible and mid-infrared regions 
was used [160]. According to the results, the depth of electron traps for rutile, brookite and anatase 
were 0.9, 0.4 and 0.1eV, respectively [160]. It turned out that most of the photogenerated electrons in 
brookite are trapped by defects within picoseconds, which has a double effect - a decrease in the 
number of free electrons and a lengthening of the electron lifetime. The high activity of brookite in 
the photoreformation of CO2 and plastic waste is also explained by the fact that the large number of 
holes is a favorable characteristic for accelerating photocatalytic oxidation processes. Compared to 
rutile and anatase, brookite shows higher photocatalytic activity. This can be explained by a number 
of factors such as strong ∙OH radical formation, moderate carrier trapping depth, long degradation 
process and efficient charge separation. The low activity of anatase practically ruled out the use of 
TiO2 for photoreforming; however, the present results open the possibility for the use of brookite 
TiO2. Other advantages of using brookite include its excellent environmental qualities. Considering 
the strong correlation between crystal structure and photoreforming activity, other TiO2 polymorphs 
for photoreforming are worth investigating in the future. Examples include the high-pressure 
columbite phase, which shows high CO2 conversion activity [161], and mixtures of different TiO2 
phases, such as the P25 catalyst [162,163]. 

 
The crystal structure and band structure of semiconductor photocatalysts greatly affect their 

light absorption ability. Three polymorphs of TiO2 have been extensively studied in the past few 
years and have achieved significant progress in the photocatalytic reduction of CO2 [164]. In the 
ultraviolet light range, the light absorption ability of TiO2 has been shown to be limited for anatase 
and rutile, and only brookite is the best due to its favorable structural modification. However, 
extensive research is still required for brookite to achieve the desired level of photocatalytic activity. 
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A dopant-free method to enhance the light absorption in pure TiO2 crystal has also been recently 
investigated [165]. The band gap of TiO2 has been shown to decrease under high pressure 
theoretically [166]. For example, the band gap of nanoscale TiO2-II (columbite) phase was reported 
by Hadi Razavi-Khosroshahi et al.to be approximately 2.4eV. The TiO2-II polymorph prepared by 
high-pressure torsion processing was found by Wang et al.to have excellent visible light photocurrent 
performance. For photocatalytic CO2 reduction, it can be concluded that the development of TiO2 
polymorphs to enhance the light absorption ability of titanium dioxide is an effective modification 
strategy. 

 
In the present section, the photocatalytic activity of TiO2 polymorphs anatase, brookite and 

rutile has been discussed and compared. It was found that the yield of degradation products depends 
on the phase of TiO2. The photocatalytic activity was found to increase in the order of anatase, rutile 
and brookite. The photocatalytic activity of brookite for photocatalytic CO2 reduction has been 
investigated by various scientists, although the number of relevant publications is small, so it is 
necessary to go deeper into the study and photocatalytic application of brookite for other CO2 
photoreduction reactions and photoreforming of plastic waste, and to carry out careful DFT 
calculations to find out the high photocatalytic activity of brookite with regard to charge carrier 
separation, transport, recombination and trap depth. 

 

7. OPPORTUNITIES AND APPLICATIONS 

Despite many years of research, BT remains a highly sought-after material owing to its 
exceptional photocatalytic activity. The use of BT is expected to attract much attention as more serious 
energy and environmental problems emerge. Necessary steps are being taken, and new mechanisms 
are being developed to improve the photocatalytic CO2 reduction reaction involving brookite [169–
172]. Despite the possibility of combining several modification methods to create highly efficient 
hybrid photocatalysts, the mechanisms by which the different components work together. In 
particular, to directly measure the kinetics of the charge transfer channel and active center, a better 
characterization approach is required [172]. To comprehensively understand the correlation between 
the CO2 activity/selectivity of photoreduction and the movement of active centers/charges, 
knowledge of the catalytic process at the electronic and molecular levels should be connected to both 
in situ approaches and theoretical calculations. Because thin-layer photocatalysts have special 
features, they can be used to reduce photoreductive effects in structural design. Usually, only a few 
or even one atom forms the thickness of an ultrathin 2D material. Because of its high surface area, it 
can absorb UV and visible light more effectively than other materials because it has more reactive 
active centers and low-coordinated atoms. Simultaneously, actual surface-active objects are impacted 
by thin-layer 2D materials, which tend to form dense stacking structures [173]. In this case, the 
electrical structure of the thin-layer structure can be corrected, and additional active centers can be 
revealed by the participation of several mesopores. Furthermore, by adding oxygen vacancies to the 
BT thin layer using a variety of techniques, such as thermal, solvothermal, reduction, and 
photochemical treatments, it is possible to improve light harvesting while simultaneously providing 
a channel for charge transfer to the CO2 photoreduction, adsorption, and activation sites. 

 
Doping BT with nonmetallic heteroatoms to modify its local electronic structure and improve 

light utilization and charge separation is a viable strategy. Specifically, the introduction of 
heteroatoms into a pristine lattice may impure the development levels [174]. This effect accelerates 
the separation of electron-hole pairs and extends the light adsorption range. Furthermore, the CO2 
adsorption state is affected because the inclusion of heteroatoms increases the local electron density. 
Crucially, a great deal of work will be done using theoretical calculations and modeling to fully 
comprehend the function of doping sites in CO2 adsorption kinetics and reactions. In general, the 
effectiveness of BT modified with a single co-catalyst for CO2 photoreduction is limited. On the one 
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hand, research into novel co-catalysts for BT-based CO2 reduction that exhibit high activity, 
selectivity, stability, and low cost is crucial. Another tactic is the logical design of a single-atom-
embedded BT Photocatalysis System. Single-atom catalysts exhibit high activity, maximal atom 
utilization, and high selectivity and are therefore often used in catalysis applications. According to a 
previous study, when used in conjunction with two co-catalysts, BT may provide a variety of sites 
and channels for charge migration and separation as well as catalytic CO2 reduction and H2O 
oxidation during photocatalytic CO2 conversion [175,176]. 

 
Binary co-catalysts, including metals, hydroxides, phosphides, and carbon-containing materials, 

can be used as reduction co-catalysts to capture electrons in similar systems. Dual 
reduction/oxidation co-catalysts can be simultaneously added to BT oxidation. In general, the 
recombination of photoinduced charge carriers can be suppressed by creating transition-metal oxides 
such as MnO. The localized effect of surface plasmon resonance can also lead to increased light 
absorption in certain plasmonic noble metals. Therefore, the kinetics of surface reactions can be 
enhanced by a binary reductive co-catalyst containing noble metals, and it is important to consider 
how the composition of dual-metal co-catalysts affects the production selectivity. In particular, the 
adsorption capacity for CO photoreduction varies among metallic steels with different exposed faces 
[177]. Additionally, various binary metal co-catalysts (such as alloys, intermetallides, and two 
independent metal nanoparticles) can be used to adapt their intrinsic electronic properties to engineer 
the activity and selectivity in CO for electron/hole trapping and photocatalytic CO2 reduction. NiO, 
CoOx, and RuO2 can also be used as oxidation co-catalysts. However, there is an urgent need to 
address the problem of controlling remote dual co-catalysts with different functionalities. An 
effective method for creating active centers and catalyzing the photocatalytic process is the creation 
of cocatalysts for metal reduction in BT. Another significant difficulty is differentiating the selectivity 
of CO2 photoreduction owing to the action of metal/metal and BT molecules and intermediates [178]. 
However, there is an urgent need to address the problem of controlling remote dual co-catalysts with 
different functionalities. 

 
Because reduction and oxidation reactions occur on BT, which has a lower reduction potential, 

and on p-type semiconductors, which have a lower oxidation potential, an analysis of the literature 
has demonstrated that the formation of heterojunctions in TiO2 reduces the redox capabilities of the 
p-n junction. The aforementioned issue was avoided by a recently developed step-scheme 
heterojunction (S-scheme) [179,180].. Reductive photocatalysts and oxidation photocatalysts with 
well-matched band structures often exhibit S-scheme transitions. Photogenerated electrons and holes 
are collected on the valence and CBs, respectively, during this transition. In this sense, the CO2 
photoreduction process benefits from the ability of the photocatalytic system to stop charge-carrier 
recombination and maintain a high redox potential. 

 
The effective CO2 photoreduction of future tailored BT systems can be attributed to the 

movement and spatial separation of the photogenerated charge carriers. In general, three different 
types of compounds, crystalline facet transition, homophase, and heterophase BT, can be used as 
photocatalytic CO2 reduction agents. Because TiO2 is a typical n-type semiconductor, it can be 
bonded to a p-type semiconductor (Cu2O, CuO, Ag2O, etc.), and the resulting p-n heterojunction can 
efficiently separate photoinduced electrons and holes through an internal electric field. While co-
exposed BT faces with distinct morphologies or exposed crystal faces can have varied band-energy 
structures and band-edge locations, BT can create a homojunction between them by varying the 
reaction conditions) [181–192]. Consequently, a surface heterojunction formed inside the 
morphological BT can facilitate the separation and transport of interfacial electrons and holes. 

 
  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 January 2025 doi:10.20944/preprints202501.1197.v1

https://doi.org/10.20944/preprints202501.1197.v1


 38 of 46 

 

8. CONCLUSION 

A review of the literature shows that, despite the best efforts of researchers, the most 
underestimated difficulty in TiO2-based photocatalytic techniques is the optimization of bare BT. 
Three main problems can be distinguished: First, obtaining a pure brookite phase is a problem. 
Second, pure BT is not photocatalytically active in the absence of co-catalysts or structural 
modifications of the dopant. Ultimately, because BT is metastable and converts to rutile at high 
temperatures, it is difficult to obtain a pure BN phase as opposed to a mixture containing TiO2 
anatase. In general, it is possible to vary the hydrothermal reaction temperature, electrolyte 
concentration, pH, reaction duration, sample size, and crystalline phase by using various additives. 
Several surfactants, including PVP, PVA, and NaBH2, were reviewed. The shape and reaction process 
of BT can be controlled using hydrothermal technology, which is considered one of the easiest ways 
to produce BT. There are several methods for improving the efficiency of TiO2 brookite-based 
photocatalysts for CO2 reduction. The thermodynamics, kinetics, and selectivity of CO2 
photoreduction depend significantly on the utilization of visible light, the separation efficiency of the 
photogenerated carriers, and the adsorption capacity of CO2. The configuration of surface atoms and 
electronic structure of TiO2 brookite can be modified by adjusting the crystal faces and applying a 
phase shift. Despite the fact that the narrow band gap of rutile in the mixed phase allows extending 
the absorption of mixed-phase TiO2 to a part of the visible-light range and provides effective 
separation of photogenerated electrons and holes, thus increasing the photocatalytic activity, it has 
been shown that dispersed TiO2 nanomaterials with mixed phases are prone to agglomeration, which 
significantly reduces their photocatalytic activity. 

 
The interfacial electron transfer kinetics and photovoltaic conversion characteristics were found 

to depend significantly on the crystalline facets of BT, and the photocatalytic processes of CO2 and 
H2O adsorption states were investigated. In addition, the selectivity and activity of the photocatalytic 
CO2 reduction were correlated with the ratio of BT open faces to co-catalyst loading. A literature 
study showed that doping photocatalysts with metal or nonmetal ions improves their electronic 
structure and visible-light absorption properties. The selectivity and activity of the photocatalytic 
CO2 reduction were correlated with the number of open facets and the co-catalyst loading. This is 
because the energy band structure is crucial for the photocatalytic reduction of CO2 from a 
thermodynamic perspective. We considered and analyzed several co-catalysts that can enhance the 
selectivity of the reaction, act as reaction centers to reduce the overpotential of CO2 reduction, and 
promote the separation of photogenerated electrons and holes. An efficient photocatalytic system 
with a wide range of light absorption, high charge separation efficiency, and multiple active centers 
should be developed as a result of the growing interest in crystal facet control, heteroatom doping, 
phase transition creation, and heterojunctions in BT-mediated CO2 photoreduction. 
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Abbreviation List 

AQY, Apparent quantum yield 
BT, Brookite titanium dioxide 
CB, Conduction band  
VB, Valence band 
CO2RR, CO2 reduction reaction 
DFT, Density functional theory 
MO, Methyl orange 
PVA, Polyvinyl alcohol 
PVP, Polyvinylpyrrolidone 
XPS, X-ray photoelectron spectroscopy 
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