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Herein, we review the significant of ordered macroporous (OM) TiO,-based catalysts for boosting pho-
tocatalytic CO, reduction. Based on the need to improve the three key factors of photogenerated charge
separation efficiency, solar energy utilization and CO, adsorption rate during the conversion of CO, to
H,0, we summarized five modification measures: including doping ions into OM TiO,, introducing sec-
ond semiconductor coupling and noble metal nanoparticles for fabricating multiple Z-scheme heterojunc-
tions, constructing hierarchical pore and carbon-loaded OM TiO, materials, which effectively enhance the
absorption rate of visible light, the separation rate of electrons-hole pairs and the selection of multiple
active sites. The OM structured TiO,-based photocatalysts solve the single or multiple key factors for en-
hancing photocatalytic performances during CO, conversion. The catalytic mechanism and pathways of
OM structured TiO,-based photocatalysts for CO, reduction are discussed and summarized. It provides
new insights on the development of high-efficient catalyst for photocatalytic CO, conversion to solar fu-

els.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

In the past decades, fossil fuels (oil, coal and natural gas) are
still the main sources of energy consumption, provide more than
80% of the global energy demand [1,2]. The excessive combustion
of fossil fuel results in the steadily increasing of annual CO, emis-
sions [3,4], which is the main cause of greenhouse effect. Thus,
the development of sustainable and environmentally friendly en-
ergy resources with reducing CO, emissions is an urgent task re-
lated to the long-term development of human society [5,6]. Pho-
tocatalytic reduction of CO, is an effective strategy to solution the
above crises [7]. Solar energy can be made use of converting CO,
into value-added chemicals, which can reduce CO, emissions and
develop alternative fuel energy [8,9].

In the photoreduction of CO,, the semiconductor catalysts with
appropriate band gaps need to be considered that the conduction
band potential is more negative than the reduction potential of the
reaction for CO, reduction. As shown in the analysis results of Fig.
1 [10-12] the conduction band position of TiO,-based semiconduc-
tor is more negative than that of CO, reduction to CHy, and the
valence band position is more positive than that of H,O oxidation
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to O,. When the reduction potential and oxidation potential of the
reaction are between conduction band (CB) and valence band (VB),
the photogenerated electrons and holes can be used to the maxi-
mum extent [13].

Light source and the catalysts are two important factors affect-
ing photocatalytic reduction of CO,. The interface is not only the
place of reaction, but also the place of light absorption in the case
of photocatalysis reaction. Therefore, the construction of high pore
morphology is usually the direct way to optimize the photocat-
alytic efficiency. Order macroporous (OM) structure of optical crys-
tal catalysts, also known as inverse opal structure, is composed of
highly ordered and tightly connected pores with high porosity and
surface area. OM structure in the crystal morphology has slow pho-
ton effect [14], which can use the refraction principle to extend the
light wave path and make full use of ultraviolet light. OM struc-
tured TiO, can provide the additional space for CO, absorption and
diffusion separation of reduction products. Furthermore, in order
to further enhance the photocatalytic activity of CO, reduction and
improve the adsorption efficiency of CO,, it is necessary to modify
the surface of OM structured TiO,-based catalysts (Fig. 2) [15-17].

2. Principle of photocatalytic CO, reduction

The CO, reactant is a typical symmetrical triatomic molecule of
0=C=O0 straight-line structure with high thermodynamic stability
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Fig. 1. Band gap energy levels for general utilized photocatalysts.

-
e . To, __ CdS  Mos,
o (anatase) Tio, 1
o T (rutile) ) [
& 0 24y 19V Cdse
=
i B Y KV e
¢, +
-
2 3
R
=)
&y
4 —
\oF
o Vi
oY < Aol
sﬁ‘&;\w““ &d Q

\ 3 f<
o S) £z
@- HO" r \ej .o ¢
B OMTiO,- \

based materials b
¥ 5

@ @‘ Jon doping

Fig. 2. Typical surface modification of TiO, for enhanced photocatalytic CO, reduc-
tion.

[18]. Compared with the bond energies of C-C (336 kJ/mol), C-H
(411 kJ/mol) and C-0O (327 kJ/mol), the O=C=0 straight-line bond
has higher binding energy (803 k]J/mol), thus, the breaking of C=0
double bond in the process of transforming CO, into other hydro-
carbons needs to large energy. Basis on the structure of CO, molec-
ular, it is a weak electron donor and a strong electron acceptor. An
effective way of CO, activation is to provide electrons in a proper
way, or capture electrons from other molecules in the process of
reaction. Obviously, the continuous solar energy can provide suit-
able energy for CO, conversion, but under the UV-vis radiation
with the wavelength of 200-900 nm, CO, molecular is optically in-
ert. In this case, the photocatalysts with suitable energy band are
needed to generate photocarriers under the excitation of sunlight,
and then the photoelectrons combine with CO, to complete the
reduction reaction of CO,.

TiO,, as a semiconductor material, its internal energy band
structure is characterized by the discontinuity of valence band and
conduction band. There is an empty energy region between them,
which is called forbidden band. Photocatalytic CO, reduction can
simulate the natural light synthesis system, and convert the inci-
dent solar energy into valuable solar fuel without other high en-
ergy input. Whether a photocatalyst can be excited by light to pro-
duce electron-hole pairs is related to its band width, the narrower
the band width, the wider the light absorption range, and the eas-
ier it is to be excited by light. It is generally believed that the pho-
tocatalytic reduction of CO, on TiO, with H,O includes the follow-
ing four main steps, which can be illustrated as in Fig. 3 [19-21].
The detail steps of CO, reduction are exhibited in Supporting in-
formation. At 298K and 1 atm pressure, the standard oxidation-
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Fig. 3. Fundamental of photocatalytic CO, reduction on TiO, semiconductor cata-
lyst.

reduction potentials for different CO, reduction are listed in Egs.
1-9 [22-24].

H,0+ht — OH. + H*t (1)
H* +e~ - H- (2)
H.-+H-— H, (3)
COy+e~ —-CO,~, E°=—1.90V (vs. NHE, pH 7) (4)

CO, +2H+ +2e~— HCOOH, E°=—-0.61V (vs. NHE, pH 7)  (5)

€Oy 4+ 2H* 4+ 2e~— CO+H,0, E®=-0.53V (vs. NHE, pH 7) (6)

CO, +4H* +4e~— HCHO+H,0, E°=-0.48V (vs. NHE, pH 7)
(7)

CO, +6H* + 6e~— CH30H +H,0, E°=—-0.38V (vs. NHE, pH 7)
(8)

CO, +8H* +8e~— CH4+2H,0, E°=-0.24V (vs. NHE, pH 7)
9)

3. OM structured TiO,-based photocatalytic materials

3.1. Preparation of OM TiO,-based photocatalysts for CO, reduction

The diffusion rate of molecules and ions is one of the key fac-
tors affecting the catalytic performances for CO, reduction [25,26].
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According to calculation and experiment, it is known that the op-
tical gap ratio of the photocatalyst is related to the diffusion rate
[27], and the porosity is closely related to the specific surface area.
To some extent, the crystal morphology is a key factor affecting
the photocatalytic performance of semiconductors [28,29]. The OM
structured materials have the characteristics of general porous ma-
terials, and have the advantages of periodic arrangement of pores,
uniform distribution and 3D ordered overall structure. The periodic
structure of 3D optical materials can suppress the propagation of
light through the effect of band gap scattering, increase the path
length of light through “slow photon effect” [30,31], and gener-
ate forbidden band reflection due to the diffraction of Prague. The
preparation process of OM TiO,-based catalysts is shown in Fig. S1
(Supporting information).

3.2. Photocatalytic performances of OM TiO,-based catalysts

The internal structure of the 3D cross-linked macroporous net-
work can effectively reduce the resistance of mass transfer, and
the macroporous channel are arranged and distributed periodically,
which is conducive to the diffusion and mass transfer of macro-
molecular reactants between the catalyst surface and the catalyst
body [32-34]. OM materials can also be used as catalysts with
larger specific surface area, so that the catalysts have more reac-
tion active points, which effectively enhances the degradation ac-
tivity of the catalyst [35,36]. It is proved that the porous TiO, has a
wide application prospect in the field of photocatalysis (examples
in Figs. S2 and S3 in Supporting information).

4. Modified OM TiO,-based photocatalytic materials for CO,
reduction

4.1. Ions doped OM TiO,-based photocatalysts

The doping of ions can be divided into metal ion/cation doping
and non-metal ion/anion doping (Fig. 4) [37]. Since the 1980s, TiO,
has been widely reported to enhance its visible light absorption
and charge separation performance and improve its photocatalytic
performance by doping ions in TiO, [38,39]. It has been proved
that the metal ion/metal oxide doping could reduce the band gap
energy level of TiO, to a certain extent [40], which made the light
response range of TiO, red shift to the visible light part [41,42].
The ions doped TiO,-based photocatalysts for CO, reduction are
showed in Table S1 (Supporting information).

4.1.1. Metals-doped OM TiO,-based photocatalysts

Through metal doping, energy bands can be generated under
the conduction band of TiO,, and the introduction of new energy
levels can improve the utilization efficiency of the whole spectrum.
The visible light response can be adjusted by doping low band gap
metal to reduce the absorption edge of TiO,. In short, the doped
metal acts as an electron receiver to capture the excited electrons
produced by the valence band (Fig. 5A) [43].

Metal doﬁed Non-metal d/oped
TiO, TiO,

Pure Tidz

Fig. 4. Schematic illustration for the comparison of band structure of the pure TiO,,
metal doped TiO, and non-metal doped TiO,. Reprinted with permission [37]. Copy-
right 2017, Elsevier.
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Fig. 5. (A) Schematic of Metal doping. Reprinted with permission [43]. Copyright
2018, Elsevier. (B) Mechanism of photocatalytic CO, reduction over 10-B-TiO,/Ni.
Reprinted with permission [44]. Copyright 2019, Elsevier.

According to the study results, Ni element had low price and
high thermal catalytic activity. It is an ideal dopant (Fig. 5B) that
can replace the titanium atom in the lattice to construct impurity
energy levels in the TiO, band gap, and introduce new energy level
to produce visible light response to TiO,, which can improve its
comprehensive utilization of light. For instance, as shown in Fig.
6A, Ye and coauthors [44] synthesized 3D nickel doped OM black
TiO, by hydrogenation. OM black TiO,/Ni was used as a versatile
and excellent CO, reduction photocatalyst by coupling the slow
photon effect of the OM structure, the high separation efficiency
of Ni-doped TiO,, and the disorderly nature of the black TiO, hy-
drogenation surface. The SEM images of OM TiO, showed that the
black pores were the cavities formed during the calcination pro-
cess, while the white skeleton represented the pore walls of TiO,
with an ordered and interconnected macropore structure. The mor-
phology of the material did not change after doping with Ni (Fig.
S5 in Supporting information). TEM images indicated that the addi-
tion of Ti3+ results in the formation of about 1 nm disordered layer
over the surface. The results showed that the disordered layer and
nickel element were introduced into OM TiO,/Ni, so that the ab-
sorption of visible light by OM TiO,/Ni with low bandgap was sig-
nificantly stronger than that of other materials (Fig. 6B). The band
gap energies of commercial-P25, OM TiO, and OM TiO,/Ni calcu-
lated by tangential method were 3.12, 2.34 and 1.71 eV, respectively
(Fig. 6C), the lower the energy band gap, the larger the range of
wavelengths available. The results in Fig. 6D showed that the sig-
nificant decrease in the OM TiO,/Ni signal indicates a low recombi-
nation rate of electron and hole. In addition, the introduction of Ni
transfers electrons from the black TiO, to the Ni surface, which can
suppress the rapid compounding of electrons and holes. The for-
mation rate of CO product over OM TiO,/Ni catalyst was 12.1 pmol
g~1 h=1, which was 10.1 and 2.0 times higher than commercial-P25
and OM TiO,, respectively. Fig. 6E showed that OM TiO,/Ni could
be used as a stable and efficient CO, photocatalytic reductant.

4.1.2. Nonmetals-doped OM TiO,-based photocatalysts

Generally, the doping of non-metallic elements, such as N
[45,46], S [47] or C [48,49] elements, is done by replacing part of
0 in TiO, with anions to form TiO,_xAx (A represents non-metallic
elements) crystals (Fig. 4). As the 2p orbital of O hybridize with the
p orbital of non-metallic energy level close to its energy, the va-
lence band is widened and the band gap width is correspondingly
reduced. In conclusion, non-metals doping reduces the band gap of
TiO, via introducing new energy states into the valence band [50],
which broadens the light response range of TiO, [51].

Asahi and coauthors [52] calculated the energy density of state
of anatase-type TiO, doped with C, N, S and P instead of O and
found that doping with N was the most effective for a reason that
N element is closer to the O element and the radius of N atom
is as similar as O atom. In fact, as early as 1986, Sato [53] had
reported that the addition of N into the TiO, lattice would cause
visible light response. In recent years, N doping has become a re-
search hotspot. Cho and coauthors [54] prepared 3D nanostruc-
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Fig. 6. (A) Schematic diagram of 10-B-TiO,/Ni preparation. (B) UV-vis DRS. (C) the corresponding hv-[hvF(R*)]!/2 curves. (D) PL spectra and (E) evolution of CO formation
for photocatalytic CO, reduction. (a) commercial-P25, (b) [0-W-TiO,, (c) I0-B-TiO,, (d) 10-B-TiO,/Ni. Reprinted with permission [44]. Copyright 2019, Elsevier.
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Fig. 7. (A) flowchart of 3D N-doped TiO, film production. (B) Comparison of band
diagrams of undoped and N-doped TiO, films. Reprinted with permission [54].
Copyright 2018, Royal Society of Chemistry.

tured N-doped TiO, monomers with thin layers of about 10 nm by
atomic layer deposition (Fig. 7A). Compared with pure OM TiO,
of the same thickness, the band gap of the N-doped TiO, was re-
duced by 3.2 to 2.75eV, and the photocatalytic performance was
improved by about 33% (Fig. 7B). The absorbance of N-doped TiO,
was higher than that of undoped TiO, in the whole UV and visible
wavelengths (300-800 nm). Moreover, Li and coauthors [55] firstly
reported a novel and efficient 3D nanorod catalyst synthesized by
surface-reaction-limited pulsed chemical vapor deposition technol-
ogy in TiO, nanorods doped with N elements. They found that N
doping reduced the band gap of TiO, nanorods and effectively ac-

—TONTs 44

2|

i 0i

g 38

£ 38

§ =14

] 12
.E 26 28 30 32 34 36 38 40

g Photo Energy (eV)
300 350 400 450 500 550 600
Wavelength (nm)

Fig. 8. UV-vis DRS of TiO, NTs and N-doped TiO, NTs. Reprinted with permission
[56]. Copyright 2013, Elsevier.

tivated the optical activity of visible light. In the UV range, the
conversion efficiency of incident photons to current was greatly
improved. On this basis, Sun and coauthors [56] synthesized N-
doped TiO, nanotube arrays by using a simple and safe hydrother-
mal method. The mixing of the electronic states of the 2p orbitals
of N and the 2p orbitals of O that led to a narrowing of the band
gap and a slight red-shift of the intrinsic absorption band, and the
doping of N caused the TiO, nanotubes to exhibit catalytic activity
in the visible region (Fig. 8).

4.2. Noble metal supported on OM TiO, photocatalysts

In principle, the Fermi energy level of metal nanoparticles
is lower than the conduction band of TiO,, which creates the
Schottky barrier between the metal-TiO, interface (Fig. 9). Un-
der the condition of illumination, photogenerated electrons are
rapidly transferred to the metal surface through the Schottky bar-
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Fig. 9. Formation of Schottky barrier between TiO, and metal. Reprinted with per-
mission [57]. Copyright 2015, Royal Society Chemistry.

rier until their Fermi energy levels equal [57-59]. The noble met-
als supported on the surface of TiO, can influence the selectivity
of photocatalytic reduction of CO, [60,61]. Ishitani and coauthors
[62] showed that the main product of photocatalytic reduction of
CO, was methane when Pt and Pd were supported on TiO, sur-
face, while acetic acid was the main product when Ru, Rh, Au was
supported.

4.2.1. Localized surface plasmon resonance of metal nanoparticles

Surface plasmon resonance (SPR) is the collective oscillation of
electrons in metal nanoparticles such as Au, Ag and Pt and their
interaction with resonance photons. When the wavelength of the
incident photon matches the natural frequency of the free elec-
tron oscillation on the plasmonic metal surface, a resonance can
be formed. The generation of electron hole pairs in plasma metal
under light irradiation is shown in Figs. S6A and B (Supporting in-
formation). The SPR excited electrons (so-called hot electrons) have
high energy and can be directly transferred to the semiconductor
to induce the photocatalytic reaction (Figs. S6C and D in Support-
ing information).

For example, the macroporous structure of OM TiO, synthe-
sized by Zhao and coauthors [63] and the plasmon resonance effect
of deposited Ag nanoparticles synergistically modified TiO, phys-
ically and chemically, which significantly enhancing visible light
photocatalytic performance (Fig. S7 in Supporting information).
Analogously, Chen and coauthors [64] used a pulse current deposi-
tion method to prepare OM TiO, coated with highly dispersed Ag
nanoparticles as plasma photocatalyst driven by visible light. Figs.
10A-D show that the size of the Ag nanoparticles gradually en-
larges as the deposition time increases to 45s while maintaining a
high dispersion. In addition, no agglomerations of Ag nanoparticles
were observed to block the pores of Ag/TiO, samples. As shown
in Fig. 10E, in contrast to the pure OM TiO,, all of Ag/TiO, com-
posites exhibit strong absorption in the range of 380-500 nm. The
absorption intensity of the corresponding samples increased with

009 o0
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the addition of deposition time. The excellent SPR properties of Ag
nanoparticles and the homogeneous dispersion of Ag nanoparticles
for photoexcited electrons make the compound material with good
electron-hole separation efficiency and photocatalytic reduction of
polluting gasses.

Jiao and coauthors [65] systematically investigated effect of
Au nanoparticle supporting on photocatalytic CO, reduction ac-
tivity of three-dimensionally ordered macroporous (3DOM) TiO,.
Au nanoparticles with different concentrations as well as uniform
sizes of were loaded onto 3DOM TiO, using a unique and facile
method of gas bubbling-assisted membrane reduction (GBMR). The
morphological structure of the 3DOM Au,/TiO, material obtained
by GBMR is consistent with that of the 3DOM TiO,-carrier ob-
tained after calcination of the template PMMA, and all Au nanopar-
ticles were highly dispersed and uniform in size (Figs. 11A-F). Com-
pared with commercial-P25, the absorption of 3DOM TiO, was
slightly red shifted (Fig. 12A). By loading Au nanoparticles, a broad
absorption peak was found at about 550 nm, which was attributed
to the collective oscillation of the free conduction band electrons
on Au nanoparticles interacting with the incident electromagnetic
radiation. With the increase of Au loading, the absorption effi-
ciency of visible light increased significantly. In addition, all sam-
ples showed obvious PL signal, and the luminescence intensity of
Au nanoparticles decreased after deposition (Figs. 12B). Therefore,
the CH4 content of the optimized 3DOM Aug/TiO, catalyst for pho-
tocatalytic CO, reduction was 2.6 and 2 times higher than 3DOM-
TiO, and commercial-P25, respectively (Figs. 12C).

4.2.2. Core-shell structure of supported binary metals

The state energy of Fermi level of noble metal is lower than
the edge of TiO, conduction band, the photogenerated electrons
excited to the conduction band can be quickly transferred and
captured on the surface of noble metal, realizing the separa-
tion of photogenerated electron-hole pairs. Jiao and coauthors
[66] successfully fabricated a series of novel core-shell structured
AuPd nanoparticles bi-functional catalysts loaded on 3DOM TiO,
(AuPd/3DOM TiO,) using a facile one-pot method of GBMR (Fig.
13A). The TEM image (Figs. 13B and C) could be clearly seen the
ordered overlapping macropores and the AuPd nanoparticles were
uniformly dispersed on the 3DOM TiO,. Fig. 13D indicated that Au
was enriched in the core and Pd was gathered in the shell. The
synergistic effect of core-shell type Au-Pd nanoparticles became
the design highlight of the material. Among these samples, the
PL intensity of catalyst AusPd;/3DOM-TiO, was the lowest, so an
appropriate Au/Pd ratio could effectively improve the separation
efficiency of photogenerated electron-hole pairs (Fig. 13E). Com-
pared to 3DOM TiO,, the product of CO, reduction by Au nanopar-
ticles were more inclined to CH, with a selectivity of 95.08% for
CHy, which inhibited the formation of CO. The introduction of Pd
nanoparticles significantly increased the total production rate of

".._300 400 500 600 70q
- Wavelength (nm)

—Tio,

Intensity (a.u.)

——155-Ag/TiO,
—th-!\g/TiOz 60s-Ag/ l'i()x
——45-AgTIO, —— PR-AZ/TIO,

300 400 500 600 700

Wavelength (nm)

Fig. 10. (A-D) SEM images of the top view for the different samples prepared by the pulsed current deposition method. (E) UV-vis absorption spectra of the different

samples. Reprinted with permission [64]. Copyright 2014, Royal Society of Chemistry.
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Fig. 11. SEM images of (A) TiO,, (B) Auy/TiO5, and (C) Auy/TiO,. (D) TEM, (E) HRTEM and (F) Au nanoparticles size distribution of 3DOM Auy/TiO,. Reprinted with permission

[65]. Copyright 2015, Elsevier.
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Fig. 12. (A) Photoluminescence spectra. (B) Schematic illustration of the SPR effect

for photocatalytic CO, reduction on 3DOM Au/TiO,, (a) commercial-P25, (b) TiO,;

(c) Auy/TiO,. (C) UV-vis DRS and (D) CH4 production. (A, C) (a) Commercial-P25, (b)

TiO,, (c) Augs/TiO,, (d) Auy[TiOy, (e) Auy/TiO,, (f) Auy/TiO,, (g) Aug/TiO,. Reprinted

with permission [65]. Copyright 2015, Elsevier.

CH4 and CO. In particular, among Au-Pd bimetal loaded compos-
ite, the selectivity of AusPd;/3DOM-TiO, to CH4 was the highest
(93.91%), and the CH, production rate was up to 18.5 pmol g-!
h~1 (Figs. 13F and G).

4.3. Semiconductor coupled OM TiO,-based photocatalysts

The structure design of the interface is related to the photoelec-
trochemical properties of the catalyst, in the study of improving
the performance of TiO,, the construction of heterojunction is one
of the most used methods [67,68]. The recombination of two semi-
conductors can accumulate photogenerated electrons and holes on
different semiconductors to achieve effective separation of photo-
generated carriers [69], which prevents the bulk phase and surface
recombination of certain electrons and holes [70,71]. There are four
types of OM TiO,-based heterostructures for photocatalytic reduc-
tion of CO, as followed (Fig. 14), including conventional type-II, p-
n, direct Z-scheme and indirect Z-scheme heterojunction [72,73].

4.3.1. Conventional type-II heterojunction

The conventional type-II heterojunction has been used to im-
prove the performance of photocatalytic CO, reduction on account
of the different arrangement of energy level [74]. The traditional
type-Il heterojunction is formed by combining semiconductor I
with semiconductor Il with higher conduction band and lower va-
lence band [75-77]. Under the irradiation of sunlight, photogener-
ated electrons from semiconductor I to semiconductor II [78,79].

Ce0, has a narrow band gap (2.81eV), which can absorb visible
light [80]. Zhao and coauthors [81] successfully synthesized 3DOM
Ce0,/TiO, heterojunction photocatalyst with different mass ratio
and high photocatalytic performance for CO, reduction (Fig. 15A).
3DOM TiO, with large specific surface area provides a rich cou-
pling interface for CeO,. The loading of semiconductor CeO, ex-
tended the absorption edge of TiO, at 380nm to the visible light
range (Fig. 15B), which improved the light utilization efficiency.
The amount of CO produced by CO, photocatalytic reduction under
simulated light conditions is shown in Fig. 15C. It was found that
3DOM TiO,/Ce0,-4 had the highest catalytic activity, produced the
highest amount of CO (2.06 pmol). These results indicated that the
synergistic effect of photonic crystal and the heterojunction be-
tween TiO, and CeO, enhance the photocatalytic performance.

CdS is widely used in TiO, sensitization driven by visible light
because of its reasonable band gap (2.43 eV) well matched with the
solar visible spectrum [82]. A series of characterization tests by Xie
[83] and coauthors showed that the catalytic activity of the CdS-
sensitized 3DOM TiO, films under visible light was much higher
than that of the non-CdS-sensitized 3DOM TiO, films and the CdS-
loaded TiO, films that did not form an OM structure, and the re-
sults demonstrated that a heterojunction structure was established
between them to facilitate the effective separation of photogener-
ated electrons and holes. Besides, Chen and coauthors [84] pre-
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pared 3DOM CdS/TiO, films using a generalized sol-gel method. As
shown in Fig. 16A, with the benefit of photoexcited electron trans-
fer from CdS to the conduction band of TiO,, which promotes the
separation of electrons and holes, the PL peak intensity of CdS/TiO,
composites is lower than that of pure TiO, (Fig. 16B).

4.3.2. The p-n heterojunction

Indeed, the p-n heterojunction can be constructed between n-
type semiconductor TiO, and p-type semiconductor with a match-
ing electronic band structure [85,86]. The difference Fermi energy
levels lead to the migration of negative charges near the p-n in-
terface in p-type semiconductor to TiO,. This process makes the
region near the p-n interface electrified for forming an internal
electric field. The separation of TiO, electron-hole pairs was accel-
erated by forming p-n heterojunction and establishing an electric
field to create a potential difference.

Cu,0 is a typical p-type semiconductor with narrow band gap,
which is widely applied in CO, emission reduction. In previous
studies, Bi and coauthors [87] reported the use of Cu,0/TiO, hol-
low nanosphere composites for photocatalytic reduction of CO, to
CHy. It was found that the internal electric field of p-n hetero-
junction and the combination effect of band arrangement between
Cu,0 and TiO, greatly facilitated the separation of photogener-
ated electrons and holes. Therefore, Cu,0/TiO, hollow nanospheres
showed higher activity in photocatalytic reduction of CO, to CHy
compared with pure TiO, and Cu,O (Fig. 17). In another study,
Wang and coauthors [88] prepared Cu,0/OM TiO, composite nano-
materials with p-n heterojunction structure by electrodepositing
Cu,0 into OM TiO,. It was obvious from the SEM cross-section and
top view that the outer wall and top of the OM TiO, are tightly
wrapped by Cu,0 nanoparticles (Figs. S8A and B in Supporting in-
formation). Under the condition of visible light, only Cu,0 could
produce excited electrons. Nevertheless, for composite system nder
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UV-vis irradiation, both Cu,0 and TiO, could be excited to gen-
erate photogenerated electrons, and then the potential difference
between Cu,0 and TiO, leaded to the transfer of photogenerated
electrons from Cu,0 to the TiO, conduction band (Figs. S8C and D
in Supporting information). Cu,0/OM TiO, showed the best photo-
catalytic activity in the reduction of CO, to CH3;0H by the presence
of p-n heterojunction in nanomaterials.

4.3.3. Direct Z-scheme heterojunction

In order to maximize the redox ability of photocatalyst, Z-
scheme heterostructure (Fig. S9 in Supporting information), which
is different from the traditional II-type and p-n-type heterostruc-
tures [89,90], emerged as the times require. Yang's group [91] de-
signed and constructed a 3D ZnIn,S,4/TiO, Z-scheme system with-
out solid electronic medium for photocatalytic reduction of CO, to
renewable hydrocarbon fuel (Fig. 18A). The 3D Znln,S4/TiO, system
exhibited excellent light absorption performance in photocatalytic
reduction of CO, attributed to the larger specific surface area of the
Z-scheme heterojunction, more active centers, and the electron-
holes separation by the complexing of the holes on the Znln,S4
nanosheets with the electrons in the TiO, nanoribbons. Under sim-
ulated sunlight, ZnIn,S4 nanosheets and TiO, nanobelts had almost
no photoreduction CO, activity. However, Znln,S4/TiO, could sig-
nificantly improve the efficiency of CO, photocatalytic reduction to
CHy4. As shown in Fig. 18B, the production rate of CHy was 1.135
pmol g=1 h=1, which was about 39 higher than that of ZnIn,S,,
greatly improved the catalytic activity.

4.3.4. Indirect Z-scheme heterojunction

Zhao and coauthors [92] firstly demonstrated the response of
all-solid-state 3DOM Pt@CdS/TiO, Z-scheme heterojunction com-
posite photocatalyst with core-shell structure to visible light. The
thickness of CdS shell on the surface of Pt nanoparticles could be
controlled by the ratio of CdS/Pt. 3DOM Pt@CdS/TiO,-1 catalyst
had the highest photocatalytic activity and selectivity for CO, re-
duction (Table S2 in Supporting information). The CH, production
rate of the catalyst was 36.8 pmol g~! h~!, and the selectivity of
CO, reduction to CH4 was 98.1%. The mediator Pt and semiconduc-
tor CdS embedded in CdS (shell)-Pt (core)-TiO, (support) Z-scheme
heterojunction catalysts constructed vector electron transfer chan-
nels, and the direction of electron transfer facilitated the separa-
tion of photogenerated electrons and holes (Fig. 19), and greatly
improved the reduction efficiency of CO,.

Furthermore, Wei and coauthors [93] used the same gas
bubbling-assisted membrane reduction precipitation (GBMR/P)
method to establish a Z-scheme nanojunction system of
Au@CdS/OM TiO, photocatalyst. From the SEM and TEM im-
ages (Fig. S10 in Supporting information), it can be seen that all
the samples have a clear OM structure with large pores inter-
connected by windows. Subsequently, the core-shell nanoparticles
with different CdS/Au molar ratios were uniformly dispersed on
the inner wall of the OM TiO, carrier. The results showed that the
CdS (shell)-Au (core)-TiO, (support) nanosystem was constructed
to ensure the effective transfer of photogenerated electrons (Fig.
20). Appropriate addition of CdS can boost the selectivity of CO, to
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CO, on the contrary, the addition of Au can significantly improve
the selectivity of CO, to CHy. As shown in Table S3 (Supporting
information), among all the samples, Au@CdS/OM TiO,-1 had the
highest CH, production rate (41.6 umol g~! h~1). The catalytic ac-
tivity was 26, 8 and 23 times higher than that of OM TiO,, Au/OM
TiO, and CdS/OM TiO,, respectively. The Z-scheme heterojunction
constructed between CdS and TiO, effectively enhances the spatial
separation of photogenerated electron-hole pairs, providing more
reactive sites and vector electrons.

4.4. Carbon-loaded materials OM TiO,-based photocatalysts

Carbon nanomaterials with many excellent properties are con-
sidered to be one of the viable alternatives to noble metal ele-
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Fig. 19. Schematic diagram for photocatalytic CO, reduction of Pt@CdS/TiO, Z-
scheme heterojunction catalyst. Reprinted with permission [92]. Copyright 2015,
Royal Society Chemistry.
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Fig. 20. Schematic diagram for photocatalytic CO, reduction of Au@CdS/IO-TiO,.
Reprinted with permission [93]. Copyright 2015, Elsevier.

ments and can be widely used to improve the performance of pho-
tocatalytic CO, emissions [94-96]. Detailed descriptions of differ-
ent forms of carbon materials are shown in Supporting informa-
tion.

Wang and coauthors constructed an all-solid-state Z-scheme
g-C3N,4/Pt/3DOM-TiO,@C (3DOM-CNPTC) photocatalyst by high-
temperature calcination and GBMR method (Fig. 21) [97]. The
ternary solid system formed by Pt as an electron transport medium
realizes the two-step transfer of vector electrons, which greatly im-
proves the separation efficiency of photogenerated electrons and
holes. Overall, it is beneficial to obtain high selectivity of CO,
photocatalytic reduction to CH4. As shown in Figs. 22A-C, TEM
and HRTEM images clearly showed that the pore walls of anatase
3DOM-TiO,@C were surrounded by a 1-2 molecular carbon layer.
After introducing of Pt nanoparticles, the spheres with a lattice
spacing of 2.3 A were uniformly loaded on the 3DOM TiO,@C pore
wall. Compared with P25 and 3DOM TiO,, 3DOM TiO,@C showed
higher photocatalytic activity for CO, photoreduction. The good ad-
sorption and activation properties of pure g-C3N4 for CO, reac-

| =
9
L

Production Rate(umol g-1 ! )

Samples

Fig. 18. (A) HRTEM image of ZnIn,S4/TiO,. (B) CH,4 generation velocity of (1) ZnIn,S4 nanosheets, (2) ZIS-0.25/TO, (3) ZIS-0.33/TO, (4) ZIS-0.50/TO, (5) ZIS-1/TO, and (6) TiO,

nanobelts. Reprinted with permission [91]. Copyright 2017, Elsevier.
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Fig. 21. Schematic of synthesis procedures for 3DOM-CNPTC photocatalyst.
Reprinted with permission [97]. Copyright 2020, Elsevier.

tants and the coordination of 3DOM TiO, and g-C3N, significantly
improved the selectivity of g-C3N4/3DOM TiO,@C catalysts for CO
product formation. The three-component 3DOM-CNPTC catalyst ex-
hibits the highest CH4 product formation rate (6.56 umol/h) and
the highest CO, reduction selectivity (97.1%) (Figs. 22D, E and F).

4.5. Hierarchical porous TiO,-based photocatalysts

Semiconductor photocatalysts have great potential and far-
reaching significance in solving environmental pollution problems,
especially porous TiO, nanomaterials. The construction of larger
interconnected macropores inside and outside the mesoporous
films formed a hierarchically porous system in order to improve
surface transport efficiency and diffusion rates of reactants and
products, increasing internal availability, reducing the length of
mesoporous channels [98,99].

Green leaves, as a system with multidimensional pores, fix CO,
and convert it to hydrocarbons through photosynthesis, which pro-
vides inspiration for constructing artificial simulations of photocat-
alytic reduction in porous channels. For instance, Wang and coau-
thors [100] planned to synthesize a kind of macroporous TiO, con-
sisting of interconnected mesoporous channels using a combina-
tion of hard template and soft template from lotus root starch as
the raw material (Fig. 23A). SEM and TEM images were shown
in Supporting information. Gas chromatography analysis showed
that CH4 was the only product of photocatalytic CO, reduction
by macro-mesoporous TiO,. The macroporous structure promoted
gas diffusion of reactants and products, lengthened the internal re-
flection path of sunlight, and maintained a longer duration, which
provided opportunities to absorb more sunlight. More importantly,
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the presence of mesoporous structure enhanced the gas adsorption
and afforded more active sites for photoreduction of CO,. The CHy
conversion of macro-mesoporous TiO, (5.13 ppm/h) was 2.60 times
higher than that of OM TiO, (1.97 ppm/h) (Fig. 23B).

5. Research progress on the mechanism of photoreduction of
C02 with Hzo

The photocatalytic reduction of CO, process simulating natu-
ral photosynthesis converts greenhouse gasses into usable clean
energy such as CHy4, CO, CH30H, HCHO, and HCOOH, providing
a practical and effective solution to resource and environmental
problems [101]. According to the literature, the bond energy of
C=0 double bond is 800 kJ/mol, however, the C-C, C-0, C-H bond
energies mentioned in the second part are all significantly lower
than the C=0 bond energy, thus, the energy required to cleave the
C=0 bond is much higher than them [102,103]. In addition, the
relatively wide energy gap and the electron affinity energy of CO,
allow for a negative redox potential for single electron transfer, and
therefore different low-energy reaction pathways have been devel-
oped to address the problem of reducing CO, emissions [104,105].

The reaction mechanism of photocatalytic reduction of CO,
with H,0 is discussed broadly in three aspects: Firstly, the adsorp-
tion, activation and dissociation of CO, on photocatalysts. Secondly,
the mechanism of electron transfers from photocatalysts to CO,.
Thirdly, the formation of intermediate products and the selectivity
of final products. Since the recombination rate of photogenerated
electrons and holes is twice or even three times of the migration
rate [106], reducing the recombination rate of photogenerated car-
riers is one of the important methods to achieve high CO, con-
version. For OM TiO,-based photocatalytic system, the separation
and transportation of photogenerated charges are closely related
to three main factors: the first factor is the crystal phase, for pure
TiO,, anatase with low electron-hole recombination rate and high
surface adsorption energy has stronger photocatalytic activity than
rutile [107]. The second factor is defect disorders, where doping
with N, C and other anions creates defect vacancies under pho-
toexcitation conditions [108]. The third factor is the surface mod-
ification of TiO,. The doping of nonmetallic elements can create
impurity energy level from which electrons are transferred to TiO,
under visible light irradiation. In addition, the introduction of no-
ble metals or metal oxides as electron acceptors promote electron
transfer. The experimenters used density functional theory (DFT)
and in-situ IR to verify the mechanism of CO, adsorption/activation
(shown in Fig. S14 in Supporting information).
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6. Conclusion and future perspectives

This review briefly summarizes the recent research progress of
OM TiO, photocatalysts for CO, reduction. Some newly developed
photocatalysts extend the absorption wavelength of TiO, to the
visible light region and accelerated the separation of photogener-
ated electron holes in TiO,, and the most basic characteristics of
OM TiO,-based photocatalysts are the increase of specific surface
area and the improvement of active sites. However, in addition to
the research on catalyst modification, the mechanism of TiO, pho-
tocatalytic CO, reduction should be studied and analyzed in more
depth to provide a more favorable theoretical basis for the design
of new materials. According to the catalytic mechanism, both the
surface electron density and redox potential have significant effect
on determining that CO, reduction can be converted into a variety
of products, so how to obtain highly selective reduction products
has become another key research direction. To sum up, this infi-
nite potential technology has both opportunities and challenges in
future development.
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