Environmental Science and Ecotechnology 20 (2024) 100368

Contents lists available at ScienceDirect

Environmental Science and Ecotechnology

journal homepage: www.journals.elsevier.com/environmental-science-and-
ecotechnology/

Review
Enhancing photocatalytic CO; reduction with TiO,-based materials: N
Strategies, mechanisms, challenges, and perspectives Sk

Zhimin Yuan *, Xianglin Zhu ¢, Xiangiang Gao , Changhua An ¢, Zheng Wang ",
Cheng Zuo ?, Dionysios D. Dionysiou ¢, Hong He ™", Zaiyong Jiang * > "

2 School of Chemistry & Chemical Engineering and Environmental Engineering, Weifang University, Weifang, 261061, PR China

b State Key Joint Laboratory of Environment Simulation and Pollution Control, Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences, Beijing, 100085, PR China

€ Institute for Energy Research, School of Chemistry and Chemical Engineering, Jiangsu University, Zhenjiang, 212013, PR China

9 Tianjin Key Laboratory of Organic Solar Cells and Photochemical Conversion, School of Chemistry and Chemical Engineering, Tianjin University of
Technology, Tianjin, 300384, PR China

€ Environmental Engineering and Science Program, Department of Chemical and Environmental Engineering (DChEE), University of Cincinnati, Cincinnati,
OH, 45221-0012, USA

f College of Forestry, Shandong Agricultural University, Taian, 271018, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 13 September 2023
Received in revised form

10 December 2023

Accepted 10 December 2023

The concentration of atmospheric CO, has exceeded 400 ppm, surpassing its natural variability and
raising concerns about uncontrollable shifts in the carbon cycle, leading to significant climate and
environmental impacts. A promising method to balance carbon levels and mitigate atmospheric CO; rise
is through photocatalytic CO; reduction. Titanium dioxide (TiO3), renowned for its affordability, stability,
availability, and eco-friendliness, stands out as an exemplary catalyst in photocatalytic CO, reduction.
Various strategies have been proposed to modify TiO, for photocatalytic CO, reduction and improve
catalytic activity and product selectivity. However, few studies have systematically summarized these
strategies and analyzed their advantages, disadvantages, and current progress. Here, we comprehen-
sively review recent advancements in TiO, engineering, focusing on crystal engineering, interface design,
and reactive site construction to enhance photocatalytic efficiency and product selectivity. We discuss
how modifications in TiO,'s optical characteristics, carrier migration, and active site design have led to
varied and selective CO; reduction products. These enhancements are thoroughly analyzed through
experimental data and theoretical calculations. Additionally, we identify current challenges and suggest
future research directions, emphasizing the role of TiO,-based materials in understanding photocatalytic
CO, reduction mechanisms and in designing effective catalysts. This review is expected to contribute to
the global pursuit of carbon neutrality by providing foundational insights into the mechanisms of
photocatalytic CO, reduction with TiO;-based materials and guiding the development of efficient
photocatalysts.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction substantial dioxide (CO;) emissions, leading to obvious climate
warming and ecological and environmental challenges [1,2]. Con-
trolling the ever-increasing CO, emissions has become an urgent
problem. Inspired by photosynthesis in plants, the concept of

artificial photosynthesis has emerged. This process involves pho-

Recent excessive consumption of fossil fuels has resulted in
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tocatalytic CO; reduction into valuable fuels, such as carbon mon-
oxide (CO), methanol (CH3OH), methane (CH4), and ethylene
(CaHy), thereby aiming to reduce atmospheric CO, concentration.
Therefore, the photocatalytic CO, reduction process garners sub-
stantial interest across science communities, governmental
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agencies, and certain industries due to its cost-effectiveness and
practicality [3—43].

Since 1978, when Halmann used gallium phosphide (GaP)
semiconductor as a photoelectrode to reduce CO, to methanol and
formic acid in H,O solution [44], research in this area has attracted
the interest of many researchers worldwide [45]. The reaction of
photocatalytic CO; reduction only involves H,0, CO gas, solar light,
and suitable photocatalysts, which is widely performed under mild
conditions, i.e., low pressure and room temperature. In this process,
the properties of the photocatalyst are crucial and can significantly
affect the photocatalytic efficiency and the selectivity of the prod-
uct. Therefore, in research efforts on the photocatalytic CO, process,
exploring potential photocatalysts emerges as a critically signifi-
cant area of focus. After decades of exploration, various effective
photocatalysts for photocatalytic CO, reduction have been ob-
tained, including TiO,, bismuth oxychloride (BiOCl), carbon nitride
(C3Ng4), bismuth vanadate (BiVO4), GaP, bismuth tungstate
(Bi;WOg), bismuth oxyiodide (BisOsly), high-entropy oxide
TiZrNbHfTaO¢;, high-entropy oxynitride TiZrNbHfTaOgN3, and
metal-organic framework (MOF) [46—58]. Among them, TiO; is a
promising candidate and has been widely studied due to its low
cost, eco-friendliness, and easy synthesis [59]. Moreover, TiO; is
confirmed to be very stable in the water solution environment and
not sensitive to acid-base conditions, which is advantageous in
photocatalytic CO, reduction processes. Its dependable catalytic
performance has led it to be recognized as a reference material in
the basic research process of photocatalytic CO, reduction. How-
ever, its band gap of 3.2 eV contributes to low solar energy utili-
zation [60]. Meanwhile, it also endures poor separation efficiency of
photogenerated electrons and holes, coupled with low CO;
adsorption and activation capacity [61]. These limitations curtail its
photocatalytic activity and product selectivity toward practical
applications.

To overcome these difficulties in improving the catalytic activity
and product selectivity of TiO,, various modification strategies to-
ward TiO, have been proposed, including element doping [62],
surface plasmon resonance [63], heterojunction construction [64],
control of crystal facets [65], built-in electric field [66], cocatalyst
[67], morphological control [68], construction of oxygen vacancies
[69], CO, adsorption tuning, and surface frustrated Lewis acid-base
pair design [70,71].

Numerous studies have explored one or more strategies for
modifying TiO, [72—75]. Low et al. [73] discussed the surface
modification of TiO; for photocatalytic CO; reduction. Wang et al.
[74] have focused on reviewing the defective TiO, (TiO,_y) strategy
for photocatalytic CO, reduction. Zhang et al. [76] focused on
analyzing the strategies of visible light-sensitive TiO, photo-
catalysts. This review aims to provide a thorough examination of
various TiO; modification strategies (Fig. 1) coupled with state-of-
the-art analysis of pertinent strategies. Moreover, the review
delves into the mechanisms underlying these modifications, elab-
orates on the current research challenges, and presents possible
research directions in the future. This review is intended to serve as
a reference for designing useful strategies to further advance the
scientific knowledge and technological process in photocatalytic
CO; reduction using TiO».

2. Mechanism of photocatalytic CO; reduction

The photocatalytic CO, progress based on the semiconductor
photocatalysts involves generating electron-hole pairs and
reducing CO, through photoelectrons. Meanwhile, the holes are
consumed by H,0 or hole scavengers at the catalyst's surface. An
efficient photocatalyst is characterized by an appropriate band
structure, high carrier separation efficiency, and rich active sites. In
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Fig. 1. The modification strategies of TiO; in this review.

experimental, the photocatalytic reaction mainly involves five
consecutive steps (Fig. 2a) [75,77,78]:

(1) COy adsorption on TiO; surface. The adsorption capacity will
decide the surface reactant concentration, influencing the
kinetic reaction rate. Appropriate adsorption energy can
ensure the progress of the catalytic reaction and the smooth
desorption of the product and regulate the selectivity of the
CO; reduction reaction [8,79]. As a linear and nonpolar
molecule, CO, has a tremendous energy of up to 750 k] mol~!
to split the C=0 bonds [80]. As a result, the activation of CO,
molecules is the first huge barrier for the efficient photo-
catalytic CO, reduction reaction [81]. Unfortunately, the
natural TiO, has insufficient adsorption capacity for CO,,
which seriously limits the final weak reduction efficiency.
Until now, several approaches have been proposed to
improve the CO, adsorption capacity of TiO», such as building
vacancies and modifying cocatalysts. With these strategies, a
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Fig. 2. a, Schematic of the mechanism of photocatalytic CO, reduction on TiO,. b,
Suitable reduction potential (vs. NHE at pH = 7) and corresponding products.
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highly effective site will be constructed on the catalyst sur-
face, which could interact with CO, molecules, forming CO5*
(active species with local charge). Accordingly, the linear
structure becomes distorted and deformed, reducing the
energy barrier of accepting photo-generated electrons [82].

(2) Under solar irradiation, TiO, becomes excited, generating
photo-induced electron-hole pairs. TiO, has a band gap of
3.2 eV, indicating that it is primarily excited by UV light,
which constitutes only 4.7% of the solar spectrum. To better
exploit solar energy to produce more efficient photo-
generated electrons, several modification measures are
necessary to expand the light utilization range [83].

(3) Photo-generated electrons and holes migrate to the TiO,
surface. Typically, only about 10% of the photogenerated
carriers can move to the surface of TiO,. Since the electrons
and holes inside the crystal will recombine in 10 ns, such
high recombination speeds limit the migration of many
photo-generated carriers, resulting in a huge waste of light
energy. Obviously, reducing the recombination efficiency of
photogenerated carriers is critical to enhance photocatalytic
CO; reduction activity. The improvement of the carrier sep-
aration was generally required both in the internal of the
crystal and at the interface. For example, reasonable element
doping or morphology regulation can achieve internal
charge separation efficiency. As a result, the recombination
of the electron-hole pairs will be inhibited by the formed
intermediate energy levels or the nanostructure shortened
migration distance. Besides, heterojunction construction and
cocatalyst loading are widely used as efficient approaches to
boost surface carrier separation [84—86].

(4) The photo-generated electrons on the TiO, surface reduce
adsorbed CO, into CO, CH4, CH3OH, etc.; meanwhile, the
holes are consumed by H,0 or scavengers. It is important to
note that photo-generated electrons need suitable reduction
potential to realize photocatalytic CO, reduction. Different
potentials may correspond to different products; the theo-
retical data are given in Fig. 2b [87]. The conduction band
potential of TiO; vs. normal hydrogen electrode (NHE) at
pH = 7 is —0.5 V, which can reduce CO, into CH4 and CH30H
theoretically [88,89]. However, the vast majority of existing
reports only confirmed the generation of CO [90—96], likely
due to the suitable adsorption and activation of CO, or the
change of pH, etc. In theory, photo-generated holes will
oxidize H,O into Oj, but the slow dynamic rate of H,O
oxidation also limits the final CO; reduction efficiency. The
actual process of photocatalytic CO, reduction is still very
complex, so the rate of product formation and product
selectivity is influenced by many factors, including reduction
potential, charge transfer, pH, TiO, surface environment,
thermodynamics, kinetics, etc. [97,98].

(5) Product desorption from the TiO, surface. The reaction in-
termediates also play an important role in the CO, reduction
process because their adsorption and desorption signifi-
cantly affect the reaction activity and selectivity of products
by controlling different reaction pathways. At present, the
reaction process of photocatalytic CO; reduction using pho-
tocatalyst consists of three main pathways based on the re-
ports of Saeid Akrami and Walsh et al. [53,99]: formaldehyde,
carbene, and glyoxal pathways [99]. Based on the above-
reported results, Wang et al. [100] proposed a detailed
pathway display diagram (Fig. S1). These reaction pathways
are guided via electron transfer, proton transfer (sometimes
hydroxyl transfer), or concerted electron-proton transfer in
photocatalytic CO, reduction. In general, these three main
pathways proceed simultaneously. During the photocatalytic
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CO; reduction, a predominant reaction pathway is typically
selected based on the collective conditions present during
the experiment.

3. Promotion strategies of TiO, toward photocatalytic CO,
reduction

Through nearly four decades of exploration, three main modi-
fication strategies of TiO, have been developed to improve its CO,
reduction activity and product selectivity. This section presents a
detailed discussion and summary of the latest advances and
mechanisms of the aforementioned strategies.

3.1. Crystal engineering strategies

3.1.1. Element doping

The low utilization efficiency of solar light and photogenerated
carriers are two crucial factors limiting the photocatalytic CO,
reduction activity of TiO,. Narrowing the band gap of TiO; is a
useful approach to extend its light absorption capacity. Element
doping has proven to be an effective strategy, facilitating the
expansion of TiO,'s absorption spectrum into the visible range by
reducing its band gap [101,102]. In addition, the induced impurity
energy levels can also promote the charge separation capacity.
According to the type of doped atom, we can divide elemental
doping into non-metal doping and metal doping [103].

Recently, nitrogen (N), carbon (C), boron (B), sulfur (S), phos-
phorus (P), and iodine (I) can used as non-metal elements to
enhance the activity of the TiO, through doping strategy. Adding a
non-metal dopant results in forming an occupied state above the
valence band of TiO, (Fig. 3a), thereby improving the utilization
efficiency of solar light [104—109]. Wang et al. prepared a P-doped
TiO, with enhanced activity toward the photocatalytic CO, reduc-
tion to CH30H, compared to that of pure TiO, (Fig. 3b) [105].
Experimental results proved that P>* is doped into TiO, by
substituting part of Ti** in TiO, to form the Ti-O-P bonds, thereby
reducing the band gap of TiO, to 3.02—3.12 eV, depending on
different P doping contents (Fig. 3¢). The absorption region of P-
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doped TiO, was obviously extended to the visible light (Fig. 3d). In
addition, the formed new occupied state above the valence band
derived from the doping of P element serves as electron acceptor
centers, exhibiting lower recombination rate of photo-generated
carriers. The above two factors are responsible for the improve-
ment of catalytic performance. Besides, Bjelajac et al. [110] syn-
thesized N-doped TiO, nanoparticles, and the successful doping of
N extends the light absorption region (Figs. S2a—b), restraining the
fast recombination of electron and hole pairs. These two factors
resulted in N-doped TiO, with significantly improved photo-
catalytic CO; reduction activity compared to the pristine sample
(Fig. S2c).

In addition, Zhang et al. have investigated I-doped TiO,, which
was synthesized via a hydrothermal strategy [103]. It was found
that I°* replaced Ti** to form I-O-Ti bands because of their similar
ionic radius, thereby making the doped TiO, yellow. Moreover, I-
TiO, catalysts exhibited an obviously enhanced light absorption,
with their band gaps gradually decreasing with the increasing
amount of I doping (Figs. S3a—b). In addition, doping could facili-
tate the separation of photo-generated carriers. Therefore, all I-TiO;
samples exhibited higher CO, reduction activities than pure TiO;
(Figs. S3c—d). But 5% iodine doping sample showed the best ac-
tivity, indicating that high doping concentration could enhance the
number of charge recombination centers that inhibit the effective
separation of photo-generated electrons and holes. Recently, Amin
et al. reported a series of carbon-doped TiO, samples (3D structure
images are shown in Figs. S4a—b) and systematically investigated
their photocatalytic CO; reduction activities [111]. The introduction
of carbon into TiO; caused the narrowing of its band gap and made
it possess significant visible light absorption (Fig. S4c). Moreover,
carbon doping is important in affecting photo-generated carriers'
recombination. In their studies, 4.5C- and 7.5C-TiO, samples
exhibited similar CO, reduction activity to TiO, (Fig. S4d); however,
6C-TiO, showed an obvious performance enhancement compared
to other catalyst tests. This work indicated that a low doping
amount cannot provide enough active sites and significantly re-
duces the rapid recombination of electrons and hole pairs. On the
other hand, excessive carbon doping harms separating photo-
generated carriers due to the formation of charge recombination
centers. In conclusion, optimizing the doping concentration of non-
metals in TiO; is crucial for the maximum possible enhancement of
photocatalytic CO, reduction activity.

Metal doping was also proven an efficient tactic to expand the
solar light utilization of TiO; via introducing the defect level below
the conduction band (CB) of TiO, (Fig. S5a) [112—114]. Furthermore,
the photo-generated electrons can also flow from the CB of TiO; to
the defect level, thereby realizing the effective separation of
photon-generated carriers. Both aspects are very beneficial for the
photocatalytic CO, reduction of TiO,. Recently, metal elements,
including iron (Fe), copper (Cu), cobalt (Co), nickel (Ni), manganese
(Mn), molybdenum (Mo), vanadium (V), europium (Eu), magne-
sium (Mg), and indium (In), have been used to engineer the prop-
erties of TiO, [114—120]. Liu et al. prepared Fe-doped TiO;
octahedra using hydrothermal and calcination methods (Fig. S5b)
[119]. Fe3* ions were uniformly doped into TiO, lattice because of
the similar ion radius of similar size. The Fe doping produced a
dopant energy level below the CB of TiO; (Fig. S5c¢), thus promoting
the effective space separation of photogenerated electrons and
holes and narrowing the band gap of TiO, to 2.42 eV (Figs. S5d—e).
The reduced band gap enables TiO, to absorb more solar light to
participate in the photocatalytic CO, reaction. Therefore, Fe-doped
TiO, exhibited a much higher CH4 yield than pure TiO,
(Figs. S5f—g).

Besides, Feng et al. obtained a series of Mo-TiO, samples using
the hydrothermal method [120]. It was proven that the absorption
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capacity of Mo-TiO; in visible light field gradually increased with
the doping amount of Mo increasing (Fig. 4a). In addition, the re-
sults of photocurrent (Fig. 4b), fluorescence spectra (Fig. 4c) and
electrochemical impedance spectroscopy (Fig. 4d) supported the
conclusion that the efficiency of photo-generated charge-carrier
separation of Mo-TiO, was higher than that of pure TiO-. In addi-
tion, it was confirmed that the doping of Mo could activate H,O
molecules, thereby providing more protons to reduce CO,. These
advantages enabled the Mo-TiO, sample to improve the photo-
catalytic CO, reduction into CH4 (Fig. 4e and f).

3.1.2. TiO, polymorph

In general, the light absorption activity of semiconductor pho-
tocatalysts is strongly influenced by their crystal structure. There
are three main phases of TiO, under air pressure: brookite
(bandgap: ca. 3.3 eV), anatase (bandgap: ca. 3.2 eV), and rutile
(bandgap: ca. 3.0 eV). For the past few years, the three TiO, poly-
morphs have been widely explored and studied in photocatalytic
CO; reduction and have made great progress [121]. However, the
light absorption capacities of the three TiO, polymorphs are all
limited to the ultraviolet light range. Recently, the dopant-free
method in the pristine TiO, crystal also become a research spot-
light to extend its light absorption capacity [122]. The high-
pressure phases of TiO, have been confirmed to exhibit small
bandgaps via theoretical research [123]. For instance, Hadi Razavi-
Khosroshahi et al. [124] reported the bandgap of the nanosized
TiO»-II (columbite) phase is ca. 2.4 eV. Wang et al. [125] found the
TiO,-1I polymorph formed via high-pressure torsion processing
exhibited excellent photocurrent performance under visible light. A
conclusion can be drawn: designing TiO, polymorphs to expand the
light absorption capacity of titanium dioxide is a good modification
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strategy for photocatalytic CO, reduction applications.

Saeid Akrami et al. [126] prepared the TiO»-II polymorph vis
using a high-pressure technique (HPT) to process the initial anatase
TiO,. Their light absorbance result has proved the TiO,-II poly-
morph has a low bandgap, ca. 2.5 eV. Photocurrent tests exhibited
that the current density for initial anatase TiO; is smaller compared
to that of the TiO»-II polymorph. The TiO,-II polymorph enhances
photocatalytic CO, into CO than pristine anatase TiO,. This
expanded light absorption should be important in improving the
above activity.

3.1.3. Morphological regulation

Morphology regulation is another potential method to enhance
the photocatalytic CO, reduction activity over TiO, [127]. The
common morphologies of TiO; include nanoparticles, nanosheets,
microspheres, nanowires, nanoflower, nanorods, mesoporous ma-
terials, nanotubes, hollow structures, etc. [128—133]. The trans-
formation of TiO, morphologies can result in different
characteristics, such as surface area, crystallinity, size dimension,
porosity, and concentration of active site concentration, which in
turn influence the CO, activation, the photon adsorption, the sep-
aration efficiency of photo-generated electrons and holes, and the
desorption of intermediates, and so on [132—135]. Overall, the
transformation of TiO, morphologies can result in significantly
different photocatalytic CO, reduction activity.

Fu et al. [68] synthesized mesoporous TiO, nanofibers via
electrospinning. As shown in Fig. S6, the diameter of the nanofiber
is about 300 nm, and all nanofibers exhibited mesoporous struc-
tures made of interlaced nanocrystals of ca. 10 nm. The special
structure makes TiO, possess large specific surface areas; mean-
while, enough -OH groups exist on the surface of TiO,. These factors
enable TiO; to separate photo-generated charge carriers effectively
and improve CO, adsorption capacity, leading to excellent photo-
catalytic CO; reduction. Di et al. [ 134] prepared porous TiO; (B) with
hierarchical nanostructure composed via ultrathin nanosheets. The
structure possessed a high surface area and offered abundant CO,
adsorption active sites, enabling it to exhibit outstanding photo-
catalytic CO, reduction to CH4 and CH30H. Koci et al. [ 135] prepared
4.5—29 nm sized TiO, particles and studied their photocatalytic CO,
reduction tests. The results showed that 14 nm-sized TiO, particles
possessed the best performance, which could be attributed to the
competing effects of charge carrier dynamics, surface area, and
light adsorption efficiency.

According to the principle of crystallography, the exposed facets
of the catalyst are pivotal for the catalytic reactions. The kind of
exposed atoms and active sites can be achieved by facets engi-
neering. The energy barrier difference between the crystal facets
can also facilitate the separation of charge carriers. In general,
anatase TiO, photocatalyst tends to expose (101) facets because it
has low energy (0.44 ] m~'?) compared to that of (001) facets
(0.90 ] m~12) [65,136]. As an outstanding surface photocatalyst,
pentacoordinate Ti (Tisc) on the facets is a highly active site toward
photocatalytic CO; reduction (Figs. S7a—c). However, the
commonly exposed (101) facets only have 50% Tis. [65], which is
insufficient for photocatalytic CO, reduction, thus possibly limiting
the catalytic activity. It has been confirmed via the DFT (Density
Functional Theory) electronic structure calculations that the sur-
face heterojunction could form between the (001) and (101) facets
(Figs. S7d—e) [136]. The light proportions and the transfer and
separation efficiencies of photo-generated charge carriers would be
improved by adjusting the exposed facets, which is helpful to
enhance the photocatalytic CO, reduction of TiO, [137,138].
Therefore, controlling the crystal facets of TiO, crystal is an
important strategy to promote its CO, reduction activity.

Jiang et al. produced TiO; (100) facets via a Zeeman-effect-
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assisted anodic oxidation way, which contained lower coordi-
nated Ti atoms [65]. It exhibited high photocatalytic CO; reduction
into ethanol, 22 times higher in yield than pure TiO,. In situ Fourier
transforms infrared spectroscopy (FTIR) and DFT calculations both
revealed the low coordinated Ti atoms at the (100) facets are
helpful to couple CO* intermediates adsorption. In addition, the
exposure ratio of (100) facets was up to 48.01%, and the remaining
were (101) and (001) facets. As mentioned, the facets hetero-
junction resulted in a more effective migration of photo-generated
charge carriers in the CO, reduction reaction. These factors are
responsible for the improvement of converting CO, to ethanol.
Recently, platinum (Pt) single atoms (SAs) and Ni nanoclusters
(NCs) have been introduced onto the (001) facet, and a small
amount of Ni clusters were deposited on the (101) facet of hydro-
genated TiO, nanosheets by a room temperature Hy/Ar (argon)
plasma method. The H-O bond of the adsorbed H,0 molecule was
significantly activated on the Pt SAs-TiO, and Ni NCs-TiO;. This
work provides a new opportunity to design advanced crystal facet-
induced engineering nano-catalysts [139].

3.2. Design of interface heterojunction catalyst

3.2.1. Construction of semiconductor/semiconductor heterojunction

Combining TiO, with another semiconductor can form a com-
posite catalyst with excellent contact called TiO, heterojunction.
Based on the type of the combined semiconductor, the traditional
heterojunction could be divided into two categories: n-n hetero-
junction and p-n heterojunction. Recently, the new Z-scheme
heterojunction photocatalysts have been proposed, and many of
these materials demonstrated excellent performances. In photo-
catalytic CO, reduction using TiO, heterojunction, the hetero-
junction could significantly facilitate the effective separation of
photo-generated electrons and holes, resulting in good photo-
catalytic activity [140—152].

In general, the TiO»-based n-n heterojunction has three types of
band alignments, including the straddling gap (Fig. 5a), staggered
gap (Fig. 5b), and broken gap (Fig. 5¢) [153]. As shown in Fig. 53, the
electrons and holes simultaneously assemble at CB and VB of B
semiconductors, not realizing their effective separation. It can be
observed that the electrons and holes could not transfer between A
and B semiconductors due to the broken gap (Fig. 5¢). However, the
staggered gap (Fig. 5b) could enable electrons to accumulate at CB
of B semiconductor and holes to accumulate at VB of A semi-
conductor, thereby achieving effective spatial separation. There-
fore, the staggered gap, also usually named type-II heterojunction,
was widely studied in the process of photocatalytic CO, reduction.

Kim et al. [154] synthesized the TiO,/ZnIn,S4 composite as a
type-II heterojunction via simple hydrothermal and impregnation
methods (Fig. S8), named TNT-ZIS. Subsequently, the photocatalytic
€O, reduction of all samples was performed using Co(bpy)3* as
catalytic active centers and triethanolamine (TEOA) as the electron
donor. As shown in Fig. 6a, the TNT-ZIS sample improved perfor-
mance compared to bare TiO, and ZnInyS4. Moreover, it can be
observed in Fig. 6b that TNT-ZIS possessed excellent stability in the
process of CO; reduction. In Fig. 6¢, TNT-ZIS heterojunction
exhibited an obvious strong photocurrent and relatively weak
electrochemical impedance compared to pure TiO2 and ZnIn,Sg,
indicating a more effective separation of photo-generated electrons
and holes. Fig. 6d shows the schematic mechanism of the TNT-ZIS
composite toward photocatalytic CO, reduction. In the reaction
process, the generated electrons accumulated at CB of TiO», and
holes left or flowed to VB of ZIS, separating the photo-generated
charge carriers and enhancing the photocatalytic activities.

The formed heterojunction that combines the p-type semi-
conductor with TiO; is called TiO,-based p-n heterojunction. After



Z. Yuan, X. Zhu, X. Gao et al.

Environmental Science and Ecotechnology 20 (2024) 100368

a Semiconductor (A and B) b Semiconductor (A and B) c Semiconductor (A and B)
20 - Red 2.0 A 20 A4 Z N
-2.07 eduction —2.07 Reduction —49U7 |
:
~1.01 4 - S 1.0 ’ Reduction
W w ™ . = " l —
I I ! 4 T ! @
z =z 0.0 | | b4 - | Oxidati
Q ? - : : Q ol ! xidation
S S 1.01 : : g ' B Reduction
s 3 ; I s 20 @ J
< € J . < +
§ g 20 @ 2 30 | Oxidation
o) o @ o ,
: N : ®
’ Oxidation 4.01| Oxidation
4.0- Type-l 4.0 Type-ll 5.0 Type-lll

Fig. 5. Three types of band alignments for n-n heterojunction: a, straddling gap (Type-I); b, staggered gap (Type-II); ¢, broken gap (Type-III).

a s Eco mH,|b 5 Oco mH,
O ~ 2 —
SL 4] L4
S v 3 ST
So S o3
S 5 o] 85
2g° QS E2
O £ 14 <
o~ o~ 1
0] 0
ZIs 4 6 8 10 12 TNT 2nd  3rd  4th
Loading of TNT (wt%) on ZIS Recycle
c _ d 9
3 —TNT/ZIS 80 — TNT/ZIS
8 —zs 70 —zis
> —TNT —~ 60 —TNT
2 < 50
3 40
< T30
2 20
3 10
30 90 150 210 0 5 10 15 20 25
Time (s) Z' (kQ)
e
-20 A
y T
£ -1.0 * Co® co,
1 [y
. ]
g 00 : | < Co? co
< ] 1
=0 ®)
-%’ 2.0 .
o @@
S 304 TEOA*
o TEOA ®

4.0

Fig. 6. a, Photocatalytic CO, reduction activities of all samples. b, Repeated experi-
ments of TiO,/ZnIn,S4-10. ¢, Photocurrent and electrochemical impedance spectra. d,
Mechanism illustration of CO, reduction of TiO,/ZnIn,S4. Adapted with permission
from Ref. [154]. Copyright 2022, Elsevier B.V.

forming p-n heterojunction, an electric field will be produced be-
tween TiO, and p-type semiconductor due to their disparity of
Fermi level, accelerating the separation of charge carriers more
effectively [155—157]. For instance, Yang et al. [155] fabricated the
TiO2/Cuy0 (cuprous oxide) p-n heterojunction via a simple chem-
ical reduction procedure. Compared to pure TiO, and Cuy0O, the
TiO2/Cu0 composites exhibited an enhanced photocatalytic CO,
reduction activity performance (Figs. S9a—b). In addition, the
photocurrent and electrochemical impedance properties have been
tested to discover the separation of charge carriers’ capacities. As
shown in Fig. S9c, the TiO,/Cu,0-15% showed better photoelectric
activity than pure TiO, and Cu,0. Moreover, it can be observed that
the TiO,/Cuy0-15% sample exhibited the smallest electrochemical
impedance (Fig. S9d). The results indicated that forming p-n het-
erojunction could improve the separation of electron-hole pairs

and boost the rapid charge migration. Based on the proposed
possible mechanism in Fig. S10, under solar light irradiation, TiO;
and CuyO0 are induced to generate electrons and holes, which will
accumulate at CB of TiO, and VB of Cu,0 under the function of the
internal electric field, respectively. The internal electric field in-
duces a more efficient charge separation. Therefore, the photo-
catalytic CO; reduction activities of TiO2/Cu0 were enhanced.

Although the TiOy-based Z-scheme heterojunction has a similar
band structure to the aforementioned two kinds of heterojunction,
the photo-induced electrons and holes exhibit a different trans-
mission path [158—160]. In the Z-scheme heterojunction, the
photo-generated electrons of TiO2 will recombine with the holes
derived from the coupled photocatalyst [161,162]. Subsequently,
the holes at VB (valence band) of TiO,, possessing a much stronger
oxidation capacity than that of coupled photocatalysts, would be
maintained. On the other hand, the photo-generated electrons with
a stronger reduction capacity are kept on the CB (conduction band)
of the coupled photocatalyst. Therefore, Z-scheme heterojunction
could not only inhibit the recombination of photo-generated elec-
tron-hole pairs but also take full advantage of the strongest redox
capacities of the composite photocatalyst. These advantages will
promote the photocatalytic CO, reduction activity of TiO [163].

Tahir et al. [164] prepared a (zinc ferrite) ZnFe;04/TiO; Z-
scheme heterojunction via a facile hydrothermal method. It was
found that the ZnFe;04/TiO, composite exhibited a significantly
improved photocatalytic CO, reduction to CO (Fig. S11a). The PL
spectra analysis was performed to study the recombination of
photo-generated electrons and hole pairs in pure TiO, and ZnFe;04/
TiO, composite. The ZnFe;04/TiO, showed a much lower PL in-
tensity under 325 nm excitation wavelength than pure TiO,, indi-
cating an effective charge separation between TiO, and ZnFe;04
[164]. A Z-scheme heterojunction mechanism was proposed in
Fig. S11b. The CB and VB positions of ZnFe;04 are about —1.36 and
0.63 eV, respectively. Its VB position keeps a proper distance from
the CB of TiO; (—0.5 eV), resulting in the CB electrons of TiO;
transferring toward the VB of ZnFe,04 to recombine with its holes.
Finally, holes with stronger oxidation capacity and electrons with
stronger reduction capacity would be effectively separated. The CB
electrons of ZnFe;04 will reduce CO, into CO, and the holes at VB of
TiO; will oxidize the H,0 molecule to produce H* to meet the need
for CO; reduction. In addition, when a metal (e.g., Ag nanoparticle)
is introduced between TiO; and ZnFe,04 heterojunction, the elec-
trons transfer from CB of TiO, to VB of ZnFe;04 is promoted
(Fig. S11c). The functionality of the Z-scheme heterojunction is
significantly enhanced, confirmed via PL spectra and photocatalytic
CO; reduction of ZnFe,04/Ag (silver)/TiO,.
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3.2.2. Surface plasmon resonance enhancement strategies

Recently, plasmonic metals, such as Ag, Au (gold), and Cu, with a
strong special SPR effect, are generally used to modify TiO; to boost
its photocatalytic CO, reduction of TiO; [165—173]. Each plasmonic
metal has its unique oscillation frequency of free electrons. In the
process of photocatalytic CO, reduction, if the energy of incident
light is consistent with the frequency, this light will induce the
surface plasmon resonance (SPR) effect to generate a localized
electromagnetic field and hot electrons on the surface of metals
(Fig. S12a) [63,174—177]. These hot electrons could transfer to the
conduction band of neighboring TiO, to improve the surface elec-
tron density, enhancing the photocatalytic CO, reduction activity of
TiO,. In addition, due to the difference in Fermi level between the
plasmonic metal and TiO,, the photo-generated electrons derived
from the conduction band of TiO; will transfer to plasmonic metals
to realize the Fermi equilibrium of the composite materials
(Figs. S12b—c), achieving effective separation of photo-generated
charge-carrier. The above two causes are responsible for
improving TiO; activity via the SPR effect.

Tahir et al. [178] prepared an Ag/TiO, composite in which Ag
nanoparticles were uniformly distributed on the surface of TiO,.
Large- and small-size Ag nanoparticles with similar content coex-
isted in the sample. The absorption spectra showed that an obvious
plasmon response located between 470 and 670 nm was generated
due to the load of Ag (Fig. S13a), which significantly improved the
light absorption capacity of TiO,. Under the irradiation of visible
light, hot electrons will be excited by the large-size Ag particles due
to the localized SPR and then migrate to the surface of TiO,. Sub-
sequently, these electrons are trapped by the small-size Ag
(Fig. S13b). The above process gives Ag/TiO, the capacity to achieve
a more efficient photocatalytic CO, reduction under visible light
than pure TiO,. Additionally, under UV light irradiation, TiO; is
excited and produces photo-generated electrons that flow into the
CB of TiO,. These electrons are captured by Ag, thereby achieving
the effective spatial separation of photo-generated charge carriers.
The photocatalytic CO, reduction activity of Ag/TiO; is thus
significantly improved (Figs. S13¢—d).

3.2.3. Surface built-in electric field construction

In photocatalytic CO; reduction over TiO,, the separation effi-
ciency of photo-generated electrons and holes is crucial for the final
reaction efficiency. Recently, constructing a built-in electric field
using the different properties of semiconductor photocatalysts has
been considered an excellent method to efficiently separate pho-
togenerated electrons and holes [11,179]. This efficiency is attrib-
uted to the migration of electrons and holes in opposite directions,
driven by the electric field at the interface [180,181]. Therefore, it is
reasonable to enhance its photocatalytic CO, reduction activity by
modifying the built-in polar field on the TiO; surface [182].

Li et al. [66] designed the Bi (bismuth) ions-modified TiO;
nanosheets via an ionic adsorption strategy. DFT calculations
demonstrated that the electrons of Bi transfer onto TiO; through
the connection between TiO, and the absorbed Bi ions, which could
induce a built-in electric field from the surface to the interior of the
TiO, substrate. Subsequently, the surface photovoltage (SPV) and PL
(photoluminescence spectroscopy) spectra measurements were
performed to confirm that the separation capacity of the photo-
generated charge carrier could be effectively increased after
introducing Bi ions. As a result, the TiO,-Bi sample exhibited a
significant enhancement of photocatalytic CO, reduction compared
to pure TiO,. Therefore, the design of a built-in electric field is very
feasible to facilitate fast charge transfer and effective separation,
further improving the photocatalytic CO, reduction of TiO5.
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3.3. Creating reactive sites

3.3.1. Cocatalysts modification

Recently, many researchers have proven that the loading of
cocatalysts on the surface of TiO, could significantly improve
photocatalytic CO, reduction activity and selectivity [183—185]. In
the whole catalytic process, the cocatalysts could influence several
reaction factors: (1) decreasing CO; activation energy and reaction
overpotential; (2) accelerating the effective separation of photo-
generated electrons and holes; (3) tuning the activation and
adsorption of different intermediates; (4) inhibiting the side re-
actions (such as H; evolution reaction) [186,187]. Up to now, many
cocatalysts have been found and applied in the photocatalytic CO;
reduction of TiO,, for example, noble metals (i.e., Ag, Pt, palladium
(Pd), ruthenium (Ru)), non-noble metals (i.e., Cu, Ni), and other
some materials (such as graphene, chromic oxide (Cr;03), molyb-
denum sulfide (MoS;), Tri-nickel boride (Ni3B)) [188—196].

Zhang et al. [197] deposited Pt nanoparticles onto the surface of
TiO, to obtain a series of Pt/TiO, samples. Subsequently, their
photocatalytic CO, reduction reactions were tested, and the results
are shown in Fig. S14a. It could be seen that the load of Pt signifi-
cantly improved the photocatalytic activities of TiO,. The 0.12 wt%
Pt loading amount on TiO, has exhibited the best performance
toward the CH4 product. The further enhancement of the loading
amount is likely to result in the covering of the active sites and the
hindering of the solar light absorption (resulting in a reduction of
the number of photo-generated charge carriers) [187]. A feasible
photocatalytic mechanism was proposed and shown in Fig. S14b.
Under UV light irradiation, TiO, is excited to generate electrons,
which are subsequently transferred to the CB of TiO,. Because the
work function of Pt is higher than that of TiO,, the photo-generated
electrons continued to migrate to the Pt surface, further prompting
the effective separation of charge carriers. Therefore, the loading of
Pt cocatalyst significantly improved the photocatalytic CO, reduc-
tion of TiO».

The inherent costliness and limited availability of noble metals
generally pose significant challenges to their extensive application
in photocatalytic CO, reduction on a large scale. Therefore, non-
noble metals (i.e., Cu, Ni) cocatalysts have attracted increasing
attention and have been widely studied [198—200]. For example,
our group has synthesized a series of Cu/TiO; by an in situ online
synchronous photo-deposition method [198]. Fig. S14c shows the
Cu element was atomically dispersed on the surface of TiO, nano-
sheets. Subsequently, the photocatalytic CO, reduction experi-
ments were performed, and the results are shown in Fig. S14d. It
can be found that the introduction of the Cu element improved CO
yield after 2 h of light irradiation compared to that of pure TiO5.
Similar to the above-mentioned Pt excess load, a further increase in
Cu loading resulted in a decreased CO; conversion rate. Similarly,
the non-noble metal Cu cocatalyst enhances the photocatalytic CO,
reduction of TiO, by facilitating the effective separation of photo-
generated electrons and holes.

During the progress in the field of photocatalytic CO, reduction,
researchers realized that the improvements using a single cocata-
lyst to enhance the activity and selectivity of TiO, in photocatalytic
CO, conversion, the efficiency was still insufficient to meet the real
demand. Based on this point, the alloy cocatalysts or bimetal co-
catalysts have been considered a novel strategy for further
improving the performance of TiO, [201—206]. Wei et al. [207]
constructed Pt-Ru alloy on the surface of TiO, by a simple photon-
assisted method. The EDS elemental mapping in Fig. 7a indicated a
similar dispersion of Pt (light blue) and Ru (dark blue) in the
sample. Moreover, the Pt nanoparticles help accelerate the strip-
ping of H atoms from H,O and accumulate the surface photo-
generated electrons, exhibiting relatively high selectivity for CHa.
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The Ru nanoparticles showed strong adsorption/activation capa-
bilities for CO,; thus, Ru/TiO, mainly produced CO gas during CO,
reduction. Moreover, coupling Pt with Ru together as an alloy
cocatalyst on the surface of TiO; could effectively exert a synergistic
effect. So, among these samples, the PtRu/TiO, exhibited the best
activity in photocatalytic CO, reduction into CH4 (Fig. 7b). The
relevant mechanism was proposed and is shown in Fig. 7c. In the
process of photocatalytic CO; reduction, photo-generated-electrons
derived from TiO, migrated to PtRu alloy to spatially separate the
charge carrier and reduce CO,. Meanwhile, the Ru component in
alloy plays an important role in CO; adsorption and activation, and
Pt constituently enriches H species from the oxidation of H;O.
Finally, under the synergic effect of Ru and Pt, the modified TiO;
exhibits a high reaction rate and selectivity of CHg.

Although metal cocatalysts have many advantages for
improving the photocatalytic CO; reduction of TiO,, pristine metal
cocatalysts also have some intractable problems. For instance,
many metals have too strong adsorption effects for CO, which will
impede further transformation of CO,, even though excessive CO
accumulation may lead to partial deactivation of catalysts [193]. In
addition, the strong adsorption effect for some intermediates in-
creases the difficulty of changing the selectivity of the reaction
product. Therefore, researchers have begun to explore other ma-
terials, such as graphene, Cr,03, MoS,, and Ni3B, when conducting
in-depth research on metal cocatalysts [182,193,195]. Zhou et al.
[193] loaded Ni3B on the surface of TiO,, in which the Schottky
junction is formed between TiO, and Ni3B because of the low Fermi
energy level of Ni3B, making the photo-generated electrons of TiO;
transfer to Ni3B. The p-states of B atoms and d-states of Ni could
induce strong hybridization to form new d-band centers. This could
activate the adsorbed CO, on the catalyst's surface and induce a
continuous protonation effect to produce deep hydrocarbons.
Therefore, Ni3B on the surface of TiO; could be used as a co-catalyst
to improve the generation rate and selectivity of CHg.

3.3.2. Oxygen vacancies construction
Constructing oxygen vacancies in TiO crystals could adjust their
electronic structures, enhance the surface-active sites, tune the
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adsorption capacity for gas oxides, and modulate the band gap,
influencing their photocatalytic activity [74]. Due to the absence of
oxygen atoms in the crystal of TiO,, the obtained oxygen vacancy
sites could serve as the center of a negative charge, meanwhile
generating an oxygen defect level between the CB and VB of TiO,
(Fig. S15) to reduce its band gap [208]. It enables TiO, to absorb
visible light to expand the utilization of solar light, and a reasonable
concentration of oxygen vacancies can even extend light absorption
of TiO, to the near-infrared region [74,209]. In addition, defect
levels could accumulate the photo-generated electrons on the CB,
facilitating the effective separation of electrons and holes. Some
research studies have confirmed that surface oxygen vacancy could
improve the CO, adsorption capacity and bend the linear CO;
molecule via the bonding of oxygen atoms of CO,, reducing the
reaction barrier for the breakage of the C-O band [210]. Based on
these advantages, constructing oxygen vacancies in TiO, crystal is
expected to become a promising method to enhance the photo-
catalytic CO; reduction activity [211-216].

Deng et al. [217] prepared TiO;_x nanostructures via a simple
hydrothermal strategy. They found that all TiO,_, samples exhibi-
ted an obvious visible light absorption between 400 and 600 nm. As
the oxygen vacancy concentration increases, the band gap of TiO,_x
gradually decreases; meanwhile, the redox capacity also decreases
gradually. The photocatalytic CO, reduction study of the samples
indicated the TiO,_,-24 h sample possessed the highest catalytic
activity. Excessive oxygen vacancies resulted in the formation of
electron recombination centers, leading to decreased performance
because of the weakened redox capacity. In this paper, they pro-
posed a possible mechanism for improved photocatalytic CO,
reduction. The oxygen vacancies in TiOy_ improved the chemical
adsorption of CO; and activated CO, to generate *CO; species.
Under the light irradiation, photo-generated electrons derived from
TiO, reduced *CO3 to CH4. Meanwhile, the photo-generated charge
carriers were effectively separated due to oxygen vacancies at
proper concentration. In addition, the narrowed band gap extended
the light absorption region of TiO,, thereby enabling TiO,_x to
exhibit visible light activity [218].

3.3.3. CO; adsorption capacity enhancement

As is well-known, reducing a linear CO, molecule to CO5™ via a
single electron needs a very high reduction potential, ca. —1.90 V vs.
NHE [218]. It is very hard for TiO, to transform the linear CO;
molecule directly into high-value-added organic products. To
reduce the high energy demand, the structure reorganization of
CO, molecules is necessary. Fortunately, the function of CO, surface
adsorption on TiO; can distort the linear structure to generate bent
*CO, species [219,220], significantly decreasing the catalytic
reduction potential. Therefore, in photocatalytic CO, reduction on
the TiO,, CO, adsorption is a crucial factor [221]. Recently, re-
searchers developed several methods to improve the CO, adsorp-
tion properties of TiO,, mainly consisting of increasing specific
surface area, compositing activated carbon with high CO, adsorp-
tion capacity, modifying Lewis base on its surface, etc. [222].

The construction of hollow structures represents a clear strategy
to realize efficient photocatalysts with a high specific surface area.
Lee et al. prepared TiO; hollow spheres (TOH) with a diameter of ca.
200 nm using a wrap-bake-peel method (Fig. 8a) [223]. It was
observed that the TiO, wall exhibited a porous structure with a
thickness of 25 nm. Due to the excellent porous and hollow
structures, TOH exhibited a much larger BET surface area
(228.6 m? g ') compared to that of TiO, nanoparticles (TON,
881 m? g 1), resulting in a significant improvement of CO,
adsorption capacity compared to TON (Fig. 8b). Correspondingly,
the TOH exhibited much higher CO, reduction activity than TON.
We used the activated carbon (AC) to modify TiO, and increase CO,
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adsorption capacity (Fig. 8c) [224]. The resulting TiO,/AC exhibited
six times higher activity than pure TiO; towards photocatalytic CO,
reduction. Moreover, we designed a Lewis base [WO4*~ to
immobilize the TiO, surface [225]. Although the specific surface
area (BET) of TiO, and TiO2/WO4-3 were similar, it was found that
the CO, adsorption capacity of TiO, was significantly increased
after the introduction of [WO4]%~ (Fig. 8d). It is well known that CO,
is a weak Lewis acid, so Lewis base could favor the CO, adsorption.
This should be the main role of [WO4]*>~. Subsequently, the TiO,/
WO4-3 exhibited excellent photocatalytic CO, to CO activity, much
better than Ag/TiO, and Au/TiO,. The enhancement of separation
efficiency of photo-generated carriers due to the introduction of
[WO4]?>~ is another important factor.

3.3.4. Building surface frustrated lewis acid-base pair sites

Recently, constructing the frustrated Lewis pairs (FLPs) on the
surface of photocatalysts has been proven to be a promising
method to activate CO, molecules [226,227]. Typically, in a pho-
tocatalyst, the Lewis base could offer a lone electron pair, thereby
coordinating the Lewis acid with an unoccupied orbital to generate
a steady adduct. However, when there is a large steric hindrance,
the coordination bonds between them cannot be generated,
thereby forming an active region, that is, FLPs, rather than an acid-
base adduct (Fig. 9) [71,228]. After the formation of FLPs, the Lewis
acid with the unoccupied orbital could accept the lone pair elec-
trons derived from the oxygen atom of CO,. Non-bonding orbitals of
Lewis base can donate electrons to the carbon atom of CO,, thereby
forming a s synergistic activation and dissociation effect for CO;
molecules [229]. Therefore, the existence of FLPs could significantly
improve the CO, photoreduction of photocatalysts.

Since 2016, when Ozin's group applied the FLPs theory to
improve the CO; photoreduction of In;O3_x(OH),, FLPs quickly
attracted the wide interest of CO; researchers [230]. Meanwhile,
this strategy has been applied to modify TiO, to improve CO,
photoreduction. Jia et al. [71] prepared hollow TiO,_x boxes with
FLPs active sites, in which the oxygen vacancies are considered as
Lewis acid, and Lewis base is its proximal surface hydroxyl radicals.
Because of the large steric hindrance between the vacancies and
surface hydroxyl radicals, the FLPs have been formed [71]. The CO;-
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temperature programmed desorption (TPD) tests (Fig. 10a)
confirmed that FLPs could improve the CO, adsorption capacity
compared to pure TiO,-A (hollow TiO, without FLP sites). Fig. 10b
shows the Lewis acid (oxygen vacancies or Ti>*) would link the
oxygen atom of CO,; meanwhile, the Lewis base (proximal surface
hydroxyls) would bond to the carbon atom of CO,, realizing the
activation of the CO, molecule and reducing CO; adsorption energy
of on the TiO;_y. Therefore, the TiO,_x sample exhibited a 19.1
times higher yield of CO than pure TiO,-A (Fig. 10c and d).

4. In situ characterization and theoretical calculations

For photocatalytic CO, reduction, although a great deal of
research studies have been made to upgrade the catalytic perfor-
mance of the catalysts, it is still a challenge to design catalysts with
desired activity and products because of the lack of understanding
of the internal reaction progress and mechanism of CO reduction.
To discover the mystery of CO, reduction, in situ characterization
techniques were developed to monitor the transient kinetic process
during the reaction [231]. Based on the results of various in situ
characterizations, the building of theoretical calculation models
can be more accurate, and the photocatalytic reaction mechanism
will be clarified more clearly.
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Recently, Dong's team reported the synergy effect of metal alloy
nanoparticles (NPs) and single atoms (SAs), which can work
together to maximize the catalytic performance. In this report, Cu
SAs were successfully maintained on the surface of Au-Cu alloy NPs
through a photo-deposition operation using TiO, photocatalyst
[232]. Utilizing the advanced properties of Cu SAs and Au-Cu alloy
NPs cocatalyst, the optimized photocatalyst showed photocatalytic
CH4 and CHy4 evolution activity using CO, and H,0 as reactants.
The electron transfer progress during the photocatalytic reduction
was studied by in situ irradiated XPS [232], and it found that the
binding energy of Au 4f occurs a negative shift of about 0.3 eV,
while the Ti 2p shift to the positive direction by 0.2 eV, meaning the
transfer of electrons from TiO; to Au—Cu alloy under light irradia-
tion. The in situ irradiated XPS (X-ray Photoelectron Spectroscopy)
results can indicate that the metal cocatalyst is the final reactive
site for the reaction. Besides, in situ, FT-IR spectra were further used
to identify the transient reaction intermediated in the reaction
progress. The in situ FT-IR spectra of CuggAug/TiO,, Au/TiO,, Cu/
TiO,, and TiO, were compared (Fig. S16). It was found that only in
the in situ FT-IR spectra of CuggAug/TiO,, CoHg* (at around 1440
and 1690 cm™!) were observed, indicating the generation ability of
CyHy4 by Cug gAug/TiO; photocatalyst.

Based on experimental conclusions, the DFT calculation was
carried out to give the possible reaction routes in the photocatalytic
CO; reaction progress (Fig. S17). Combing the results of experi-
mental and DFT calculation, it was concluded that the C-C coupling
progress between CH,* and CHy* rather than CO* and CO* coupling
is the key to producing C;H4 for Cu SAs and Au-Cu alloy modified
TiO, catalyst. The synergistic effect of Cu SAs and Au-Cu alloy de-
creases the activation barrier required for the CH4 and C;H4 gen-
eration, thus largely promoting the evolution rate of CH4 and C;Hy
in the photocatalytic reduction of CO;. In another work by Zhu and
coauthors, the photocatalytic CO, reduction properties of Pd-
porphyrin-based polymers coated hollow TiO, (Pd-HPP-TiO,)
were investigated [233]. By assembling Pd (II) sites into CO,-
adsorptive polymers and hollow TiO,, CO, reduction progress using
H>0 molecules as electron donors was achieved even in the aerobic
environment. In this work, in situ FT-IR characterization was also
used to elucidate the gas adsorption mechanism during the reac-
tion. The CO, molecules are activated at Pd (II) sites and then
reduced to the proton and photo-electron to form an *COOH in-
termediate. The reduction of *COOH into *CO can be finished by
further reaction with the electron and proton. The generation of CO
is achieved through the direct *CO desorption process. Meanwhile,
part of the adsorbed *CO on Pd can be further reduced by the ¢H
radicals in Pd-H species to generate CH4 product.

Several kinds of in situ characterization techniques have been
used to characterize the reaction mechanism, such as in situ ESR
measurements, in situ Mass Spectrometry (MS), and in situ Raman.
Recently, Sun's team gave a demonstration of using in situ electron
paramagnetic resonance (EPR), affirming the real active site of Zr-
MOF catalysts in photocatalytic CO,, and it was proposed that
both the organic ligands and the inorganic building unit could work
as the reactive sites to boost the photocatalytic CO, reduction [234].
Regrettably, the application of other advanced in situ character-
ization techniques to study the photocatalytic CO; reduction
mechanism of TiO,-based catalysts remains limited. This limitation
largely stems from the low activity of TiO, and the shortcomings of
in situ characterization techniques. However, it is difficult for TiO,
to exhibit satisfactory activity in practical photocatalytic CO,
reduction applications due to the drawback of its wide band gap.
They exhibited much better stability of TiO, than other nitrides,
sulfides, and pure organic photocatalysts, making them a suitable
model catalyst to explore the intrinsic mechanism of photocatalytic
CO; under different conditions.
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5. The O, evolution issue in photocatalytic CO, reduction

Based on the photocatalytic mechanism, an ideal photocatalytic
CO, reduction progress should contain CO, reduction and H;O
oxidation. However, limited by the low efficiency, the use of hole
scavenges, the low sensitivity of reaction equipment, and the im-
purity of the reaction CO, gas, the photocatalytic CO, reduction
reaction along with O, evolution is rarely reported in TiO»-based
catalysts. A practical photocatalytic CO, reduction technique should
prohibit using non-renewable hole scavengers unless more valu-
able oxidation products can be produced in this process. As an
important component of artificial photosynthesis, the O, evolution
reaction is one committed step to produce green energy using H,O
and CO; as reactants. Recently, single atoms modification presented
a significant advantage in driving CO; reduction, water splitting, O
reduction, etc. In photocatalytic CO, reduction reaction, the surface
constructed single atom sites can activate CO,, adjusting the
selectivity and accelerating the charges' separation. Jing and his
coauthors reported a single Ni atom immobilized Ti-MOF and BiVO4
(Ni@6MOF/BVO), which presented a nearly 100% CO selectivity and
a greatly enhanced CO; reduction efficiency [235]. The presence of
Ni single was confirmed with X-ray absorption near edge structure
(XANES). In Ni@6MOF/BVO material, the Ni-Ni interaction in Ni
metal was not found, confirming that the dispersion of Ni species is
the single-atom state (Figs. S18a—c). The photocatalytic CO;
reduction activity with H,O as an electron donor was presented as
shown in Figs. S18d and e. It is worth noting that the O, evolution
was observed in the reaction, and the provided electrons by
oxidizing H,O are very close to the required electrons in CO;
reduction, indicating the overall water splitting and CO, reduction
progress. The achievement of overall water splitting is attributed to
the S-scheme, which was proved by in situ XPS (Fig. S18 f—h).
Another work from Jing presented a Zinc Phthalocyanine/BiVOg4
system with a Z-scheme electron-holes separation route, which
obtained the purpose of O, evolution in photocatalytic CO; reduc-
tion, demonstrating the importance of the separation of oxidation
and reduction sites [236].

6. Future perspectives and summary

In the past forty years, Over the past four decades, substantial
research efforts have focused on enhancing the photocatalytic CO,
efficiency of TiO, to meet emerging practical requirements. In this
review, we have summarized current popular modification strate-
gies toward TiO, from the viewpoints of crystal engineering,
interface design, and reactive site construction. These methodolo-
gies delve into the optical properties, carrier migration behaviors,
and active site design principles of TiO,-based photocatalysts,
aiming to adjust the activities and selectivity of CO, reduction
products. Although the current activities of CO, photoreduction
over TiO,-based materials have been significantly enhanced
compared to pure TiO,, the efficiency remains suboptimal, indi-
cating a significant gap for practical applications. Therefore,
intensive investigations are still necessary to improve and optimize
existing methods or develop new strategies to modify TiO,. Such
advancements are essential to realize its full potential for efficient,
cost-effective, and sustainable deployment in practical
applications.

(1) The preparation methods of TiO, are crucial, as they signifi-
cantly influence its activity. In preparing TiO», it is necessary
to avoid organic carbon pollution. Otherwise, carbon depo-
sition will lead to the inactivation of TiO, during the photo-
catalytic CO, reduction. Furthermore, using environment-
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friendly (“green”) preparation methods is highly desirable
under current environmental pressures.

(2) For many modification strategies, such as heterojunction
construction, simply combining two materials improves the
activity of TiO,. However, existing research scarcely ad-
dresses the optimization of their interfacial connections. An
excellent interface between the TiO, and another composite
material can establish a low or negligible energy barrier
between them, thus facilitating accelerated charge carrier
transfer. Moreover, the intimate interface could effectively
avoid separating two materials, maintaining the stability of
the composite materials. Therefore, an excellent interface
design is worthy of in-depth consideration in future research.

(3) In previous work, most researchers have studied the
enhancement of TiO, activity from the views of physics di-
rection, such as change of band gap, separation of charge
carriers, crystal plane control, etc. However, there are limited
studies on the chemical interactions, for instance, how the
CO, molecule adsorbs to the surface of TiO,-based composite
photocatalysts. The recent introduction and developments of
FLP theory provide good opportunities to model the photo-
catalytic activity considering chemical interactions and re-
actions. Therefore, combining the FLP method with other
conventional methods (i.e., cocatalysts, crystal plane control)
is an outstanding strategy.

(4) The photoreduction of CO, on TiO;, involves two critical
steps: reducing CO, by photo-generated electrons and
oxidizing H,O molecules through photo-generated holes.
While most studies have focused extensively on the CO,
reduction aspect, the oxidation of HO has received relatively
less attention. Both reactions occur simultaneously, and the
latter is also an important rate-determining step. Therefore, a
thorough investigation of this oxidation process is essential
for enhancing the photocatalytic CO, reduction activity of
TiOs.

(5) The excellent CB position enables TiO, to possess
outstanding reductive ability toward CO,, yet this also leads
to the production of multiple potential products, posing a
challenge in terms of low selectivity. Therefore, tuning the
selectivity toward the target products is crucial. This opti-
mization often involves lowering the reduction potentials of
photo-generated electrons from the CB of modified TiO,
materials at the expense of decreasing the reducing capa-
bility. Furthermore, exploring efficient ways to maintain the
reductive ability of electrons from CB of TiO, and changing
the CO, reaction path may be viable strategies to enhance
selectivity tuning.

(6) The mechanisms underlying the photocatalytic reduction of
CO; using TiO», as explored in many prior studies, have not
been thoroughly investigated, primarily due to constraints
imposed by experimental equipment. Photocatalytic CO,
reduction using TiO,-based catalysts is a complex multi-step
reaction and presents significant challenges to fully elucidate
the mechanism of the process. Recent advancements in
various in situ spectroscopic techniques, such as in situ
diffuse reflectance infrared Fourier transform spectroscopy,
in situ attenuated total reflectance infrared spectroscopy, and
other methods, provide opportunities to further explore the
detailed reaction mechanism of photocatalytic CO, reduc-
tion. Combining these advanced analytical techniques and
current theoretical DFT calculations can provide further in-
sights into the mechanism of adsorption, desorption, for-
mation of transient intermediate species, and energetics of
the specific individual reaction steps in the process.
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(7) The light adsorption properties of TiO,-based catalysts are an
important factor for the photocatalytic CO; reduction activ-
ity. To extend TiO; light absorption capacity, element doping
and heterojunction construction strategies have shown
obvious effectiveness. In general, these strategies enable the
extension of the light absorption range of TiO, to extend to
the visible region, but progress in the absorption of near-
infrared light has been limited. Developing effective
methods to further extend TiO,'s light absorption to near-
infrared light for photocatalytic CO, reduction is an open
field of research under the condition of maintaining suffi-
cient carbon dioxide reduction capacity.

(8) Although the CO, photoreduction on the TiO, has been
studied for several decades, the generated rates of products
rarely reach the mmol g~! h™! range, mainly limited in the
pmol g~ h~! range. This is far from the rate needed for actual
industrial production. Considering a single modification
strategy, it may enhance only one or a few specific capabil-
ities of TiO; rather than all abilities. Thus, integrating mul-
tiple, effective modification strategies warrants further
exploration to enhance the reaction efficiency. In this
context, the potential benefits of incorporating photothermal
synergy should also be thoroughly investigated.

Overall, CO, photoreduction on the TiO, still faces great chal-
lenges and is far behind the practical requirements. However, based
on the increasingly serious problem of the CO, greenhouse effect,
research into TiO,-based CO, photoreduction holds considerable
importance. It is imperative to persistently strive for its rapid
advancement. A critical step in this endeavor is the comprehensive
elucidation of the photocatalytic CO, reduction mechanism on TiO,.
A thorough understanding of this mechanism will enable the
identification of the rate-limiting step in the reaction, thereby
facilitating the rational design of highly efficient and targeted
photocatalysts. This review aims to serve as a valuable resource on
the mechanistic aspects and modification strategies of TiO, for
photocatalytic CO, reduction and to inspire further research
directed at mitigating greenhouse gas emissions.
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