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13.1 Introduction

It is well-established that superabundant CO, emission in the atmosphere
is a main cause of the global warming. The atmospheric CO, concentration
continues to rise from the ongoing burning of fossil fuels. The rapid con-
sumption of fossil fuel and the increase of greenhouse gas emissions have
brought an urgent demand for the development of renewable and clean
energy sources. Several approaches have been pursued to tackle the chal-
lenges. The idea of mimicking the overall natural photosynthetic cycle of
chemical conversion of CO, into useful fuels is gaining increasing attention."
The natural photosynthesis in green plants directly converts sunlight into
chemical energy along with the formation of O, and carbohydrates from
H,0 and CO,, which produces a readily usable carbon source and an aerobic
atmosphere to achieve a nature carbon neutral cycle simultaneously.
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Solar to chemical energy conversion based on artificial photosynthesis is
a silver bullet solution to impact the global energy balance and greenhouse
gas emissions. Solar energy is a cost-free, abundant, and reliable power
supply. Earth receives about 100000 TW of solar power at its surface, and
enough energy every hour to supply humanity’s energy needs for a year.” As
one of the artificial photosynthesis technologies, photocatalytic reduction of
CO, into hydrocarbon fuels using solar energy is one attractive approach for
migrating CO, emission and generating useful fuels at the same time with
the following advantages: (1) it could be carried out under relatively mild
conditions - room temperature and pressure; (2) this process uses a mass of
abandoned CO, as a feedstock for making fuels and chemicals driven by inex-
haustible and clean solar energy; (3) the carbon neutral renewable energy
and chemicals generated from CO, photoreduction can be stored and used
when required, such as CH,, CH;0H, C,Hg, and so on; (4) this technology can
realize a global carbon neutral cycle via the reduction and/or fixation of CO,
as carbon-neutral energy sources to support a high quality of life for eternity.

Semiconductor material, as an artificial leaf, plays an important role in
the development of photocatalytic reduction of CO, into hydrocarbon fuels.
In 1979, Inoue et al initially proposed that semiconductor photocatalysts
such as TiO,, ZnO, CdS, and SiC suspended in CO, saturated water could
photoreduce CO, to organic compounds such as CO, CH,, CH;OH, HCOOH,
or others.? Since then, intense research has been performed on TiO, for CO,
photoreduction owing to its low cost, effectiveness, nontoxicity, and chem-
ical stability. The CO, photoreduction efficiency is primarily determined by
the thermodynamic and kinetic balance of light-harvesting, charge carrier
generation and separation, and catalytic reaction on the material surface.’
Since photocatalysis is a surface/interface-reaction process, the rapid devel-
opment of nanotechnology leads to remarkable progresses in the field of CO,
photoreduction including the development of semiconductor materials, the
design of photocatalysts with different nano-architectures, and the experi-
mental and theoretical research into the reaction mechanism.*?

Although earlier reviews generally introduce the concept of artificial
photosynthesis,®° this chapter begins with a brief description of the basic
principles of photocatalytic reduction of CO, and then aims to cover state-
of-the-art research activities in designing new photocatalytic materials from
the point of light harvesting, adsorption of reactants, charge separation and
transport, and CO, activation.

13.2 Basic Principles of Photocatalytic
Reduction of CO,

In terms of chemistry, the ultimate goal of photocatalysis is to drive a redox
reaction with the assistance of electron-hole pairs generated by light in the
presence of semiconductors, during which the excited electrons and holes
serve as strong reducing agent and oxidant, respectively, to convert solar
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320 Chapter 13

energy into chemical energy.?’ Carbon dioxide shows no light absorption in
the ultraviolet (UV)-visible region (200-800 nm). Photocatalytic reduction of
CO, with H,0 into hydrocarbon fuels such as CH, and CH;OH is an uphill
reaction with a highly positive change in Gibbs free energy:

CO, + 2H,0 — CH,0H + 3/20, (AG° = 702.07 k] mol ™)

and:

CO, + 2H,0 — CH, + 20, (AG° = 818.17 k] mol ™)

Thus, input energy is demanded to overcome these reaction barriers with the
assistance of photocatalysts. Figure 13.1 depicts the basic mechanism of the
photocatalytic CO, reduction. Firstly, under light illumination, a flux of pho-
tons absorbed by the semiconductor excites electrons from the valence band
(VB) to the conduction band (CB), leaving an equal numbers of holes in the VB;
secondly, the excited electrons and holes separate from each other and migrate
to the semiconductor surface; finally, the electrons reduce CO, into hydrocar-
bon fuels such as CO, CH;0H, and CH, in the presence of H,O, while the holes
oxidize H,O. The overall efficiency of photocatalytic reduction of CO, is deter-
mined by the balance of thermodynamics and kinetics of these processes.

To achieve overall CO, photoreduction, the energy requirements imply that
the bottom of the CB must be located at a more negative potential than CO,
reduction potentials, while the top of the VB must be positioned at a more
positive potential than H,O oxidation potential (eqn (13.1)). Eqn (13.2)-(13.6)
list the CO, reduction potentials versus the NHE at pH 7 to afford COOOH,

Surface
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Volume
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CO, CH, i
+

H,0

Co,

Figure 13.1 Illustration of the processes involved in CO, photoreduction with H,O
on the semiconductor surface.
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CO, HCHO, CH;0H, and CH,, respectively. Obviously, a series of different
products (e.g., CO, CH;0H, HCHO, and CH,) could be formed over various
photocatalysts, which is decided by the number of electrons and protons
(e/H") involved in chemical reactions. Two protons and two electrons are
needed in HCOOH formation, while CH, formation occurs by reaction with
eight electrons and eight protons. The selectivity of product formation is one
of the significant problems in CO, photoreduction process, which may be
influenced by reaction conditions and thermodynamic reduction potentials:

H,0 — 1/20,+2H" + 2¢e” (E%qox = 0.82 V vs. SHE) 13.1)
CO, +2e +2H' — HCOOH (E%qox = —0.61 V vs. SHE) 13.2)
CO, +2e +2H'— CO + H,0 (E%gox = —0.53 Vvs. SHE) 13.3)

CO, + 6e +6H" — CH,0H + H,0 (E%g,x=—0.38 Vvs. SHE)

(
(
(
CO, +4e” +4H' - HCHO + H,0  (E%go, = —0.48 V vs. SHE) (13.4)
(
CO, + 8¢ + 8H' — CH, + H,0 (E%qox = —0.24 V vs. SHE) (

For any given photocatalytic material it is necessary to evaluate the effi-
ciency of CO, photoreduction. The efficiency of CO, photoreduction is usually
measured directly from the rate of production evolution, which is indicated
with a unit such as pumol g* h™" or ppm g™ h™. Since the photocatalytic activity
of CO, photoreduction depends on the experimental conditions such as a light
source and the type of a reaction system, the activities cannot be compared
with each other if the reaction conditions are different.'*® Moreover, it is not
easy to compare the efficiency of different samples when two or more kinds
of different products are obtained from CO, photoreduction. Therefore, it is
fairer to measure the apparent quantum yield (AQY), as defined by eqn (13.7):

2y

Number of incident photons

AQY (%) = x 100 (13.7)

Here n; and m; signify the number of electrons for the generated produc-
tion and the molecular number of generated production, respectively. For
example, the generation of one CH, molecule will consume eight electrons,
so n = 8. The solar energy conversion efficiency is usually used for evaluation
of solar cells. Sometimes, the solar energy conversion efficiency (eqn (13.8))
is used for CO, photoreduction:

Out energy of production

— : x100 (13.8)
Energy of incident light

Solar energy conversion(77)(%) =

Activated CO, is probably an important species in photoreduced CO,
reactions. The activation of stable CO, initiates multistep reactions for CO,
reduction, which likely involves one-electron transfer to CO, to generate
CO," species, which is the electron attached state of CO,.'***** However,
the transfer of one electron to free CO, is unfavorable thermodynamically,
because the high LUMO level of CO, leads to a very negative redox potential
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322 Chapter 13

for this process of CO, +e” — CO," (E%qox = —1.90 V, vs. NHE), which has been
proved by scanning tunneling microscopy (STM) experiments.**?*®

It has been revealed in experiment and theoretical research that the surface
sites of semiconductors play an important role in CO, activation, especially Ti**
sites on TiO, surfaces and oxygen vacancy defects.**° The interaction between
CO, and surface sites of semiconductors lowers the barrier for one-electron
transfer into absorbed CO,. Oxygen vacancy defects on a TiO, surface are more
effective for CO, activation than a stoichiometric TiO, surface.*® The CO, mol-
ecules prefer to adsorb at oxygen vacancy sites with one oxygen atom of the
CO, located at bridging oxygen vacancy defects. A missing oxygen atom would
leave two extra electrons at the site of the vacancy, which reduce the adjacent
two surface Ti"" sites to Ti*", creating surface electron centers for the forma-
tion of the negatively charged CO,~ species. The Ti’* sites on TiO, surfaces
are, owing to the much higher reactivity of the charge transfer excited states,
proposed to interact with absorbed CO, to form CO,"” species.?®?*

Carbon dioxide photoreduction demands input energy to break a C=0 bond
and form a C-H bond, involving the participation of multiple electrons and a
corresponding number of protons.”” Methane (CH,) is one of most obtained
products during the process of photocatalytic reduction of CO, in the presence
of H,O vapor. Two plausible pathways for CH, yield are suggested:

(1)co,— CO - C"— CH, — CH,
and:

(2) CO, - HCOOH — HCHO — CH;OH — CH,

The second pathway was initially put forward by Inoue et al. in 1979;® they
thought that each step in the pathways needs two electrons to take partin the
chemical reactions. However, understanding of processes of CO, photoreduc-
tion is still in its infancy due to complex multi-electron transfer processes.

13.3 Materials for CO, Photoreduction

It is known that the rapid development of nanotechnology offers signifi-
cant impact on the progress of semiconductor photocatalysis including the
development of semiconductor materials and the design and construction of
photocatalysts with different nano-architectures. Until now, developed semi-
conductor materials for CO, photoreduction include, but are not limited to,
metal oxides, metal sulfides, nitrides, and phosphides.

13.3.1 Metal Oxides with d° and d"° Electronic Configurations

Most metal oxides are composed of metal cations with d° (Ti*", Zr*", Nb*,
Ta>, v>*, Mo®, W) and d'° (In’**, Ga**, Ge*", Sn**, Sb*") configurations; the d°
transition metal ions have a vacant d orbital and d'° metal ions have a com-
pletely occupied d orbital. Figure 13.2 shows metal oxides consisting of d°
and d'° metal cations as photocatalysts for CO, photoreduction.
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The metal oxides with octahedrally coordinated d° electronic configuration
include titanates[TiO,,>'***** 1 AT{O, (A =Sr, Ca, Ba, Pb),**"** '3 K, TiO,;,"**"’
ALa,Ti,O;5 (A = Ca, Sr, Ba)"*], vanadates (BivVO,,"”* Fe,V,0,;'%), Zr0O,,'*" 1%
niobates [HNb,04,'*>'% InNbO,,"”” ANbO; (A = Li, Na, K)'**'"%], BizMo0,0,;,""*
tantalates [Ta,0;,"”>"° InTa0,,"””” ' ATaO, (A = Li, Na, K)'*?], and tungstates
(WO, 8318 W, 10,4,°° Bi,WO, '*>'%¢). The CB bottom of the d° binary metal oxide
photocatalysts (such as TiO,, ZrO,, Ta,0;, WO,, and so on) is usually composed
of d orbitals, while the VB top consists of O 2p orbitals. The potential of VB for
binary metal oxides is normally located about 3 eV vs. NHE,"¥” which allows
photogenerated holes with strong oxidation ability for H,O oxidation thermo-
dynamically. For partial d° ternary metal oxides, alkali (Li, Na, K, Rb, Cs), alka-
line earth (Mg, Ca, Sr, Ba), and transition metal ions (Y, La, Gd) simply construct
the crystal structure as A site cations in perovskite compounds, but do not
directly contribute to the energy band structure of these compounds. For other
partial d° ternary metal oxides, orbitals of Pb 6s in Pb*>" and Bi 6s in Bi** can
also contribute to the formation of the VB in metal oxides, which results in an
up-shift of the VB due to the positioning of low energy d or s orbitals into VB."®’

Since 2001, Inoue’s group have developed p-block metal oxides with d*° (In*',
Ga*', Ge", Sn*", Sb*>) electronic configuration to form a group of photocatalysts
for water splitting. Compared to vacant d orbital in d” metal ions, d'* metal ions
have a completely occupied d orbital. Recently, d'’ metal oxides have drawn con-
siderable attention for CO, photoreduction (Figure 13.2), including In(OH),,"*
gallates (Ga,0;,'* ! ZnGa,0,,""*'* CuGa0,'"), stannates (Zn,Sn0,'*), and
germinates (Zn,Ge0,,"* ' In,Ge,0,%"). In contrast to d orbitals in the CB of
d® metal oxides, the CB of d'° metal oxides consists of s and p hybrid orbitals
of d'° metal ions, resulting in a large dispersion in k-space on the band.*”" The
well dispersed bands result in high mobility of photogenerated electrons.

d’ metal oxides d!” metal oxides

TiO,, ATiO; (Sr, Ca, Ba,
Pb), K, TicO,;, ALa,Ti O,
(A= Ca, Sr, Ba),

)

|
Ti4+ V5+ Cr

Ga,0;, ZnGa,0,, Zn,GeO,
CuGaO, In,Ge,0O-
4 4
[ |

Ga3* | Ge* | As
In(OH); [«

- | -
«—Zr4+ Nb3* | Mo®:L[ Bigho,0,. | | Tn3* | Sn#+ | Sb*

Hf | Ta || W1 | w,,0,.

( -
[T&IZOS, InTaO,, ) HNb;O4, InNbO,, } | Zn,Sn0, I

ATa0; (A= Li, Na, K) |  ANbO; (A= Li, Na, K)

TI | |Pb | Bi

Figure 13.2 Metal oxides with d° (yellow) and d'° (green) electronic configuration
as recent photocatalysts for CO, photoreduction.
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Zn,GeO, and ZnGa,0, have been developed for CO, photoreduction in the
last few years. The VB of Zn,GeO, is formed by the hybridization of Zn 3d and
O 2p orbitals. This p—d repulsion (e.g., O 2p-Zn 3d) shifts the VB maximum
upwards without affecting the conduction band minimum. The CB bottom
of Zn,GeO, is composed of the Ge 4p orbital with a small contribution of Zn
4s4p orbitals. A willemite crystal structure of Zn,GeO, consists of tetrahedral
GeO, and ZnO,, where one tetrahedral GeO, and two kinds of tetrahedral
ZnO, are combined with each other through the edge oxygen (Figure 13.3).
Interestingly, the heavy distortion of GeO, tetrahedron generates a dipole
moment of 1.6 D inside, and this local electric field is beneficial for elec-
tron-hole separation upon photoexcitation.?®® Thus, tetrahedral GeO, is a
main unit of the photocatalytic active site, although the ZnO, unit influences
the geometric and electronic structures of GeO,. For ZnGa,0,, the VB is pri-
marily derived from Zn 3d and O 2p orbitals, whereas the CB is formed by
hybridization of Ga 4s4p and Zn 4s4p orbitals (Figure 13.3). A cubic struc-
ture of ZnGa,0, is composed of GaO4 octahedra and ZnO, tetrahedra. The
GaOg octahedral unit in ZnGa,0, also exists as a major photocatalytic active
site.””® Due to the large bandgap of Zn,GeO, (4.5 eV) and ZnGa,0, (4.4 eV),
these metal oxides for CO, photoreduction only utilize UV light. Nitrida-
tion of Zn,GeO, and ZnGa,0, under NH, flow produces (Zn,,,Ge)(N,O,) and
(Ga;~Zn,)(N,—,0,) solid solutions, respectively. These solid solutions possess
a suitably narrow bandgap of about 2.2-2.7 eV. The VB top of these solid solu-
tions is made up of O 2p, N 2p, and Zn 3d orbitals. The p-d repulsion of N
2p and Zn 3d orbitals raises the VB top and therefore decreases the bandgap.

13.3.2 Metal Sulfides and Phosphides

Metal sulfides such as MnS, CdS, and ZnS have been applied for CO, pho-
toreduction in various solvents.>****'* The CB of these binary metal sulfides
is composed of d orbitals, while the VB is formed by S 3p orbitals. Since S
3p orbitals have atomic orbitals with a potential energy higher than that
of O 2p orbitals, the VB of metal sulfides shifts upward compared to their
oxide analogues. Thus, the CB of these binary metal sulfides has a more neg-
ative potential, which is more favorable for CO, photoreduction. The major

Figure 13.3 Schematic structural models of (left) Zn,GeO, and (right) ZnGa,0,.
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problem in CO, photoreduction process is that photocorrosion damages the
stability of the photocatalysts under light illumination, owing to the oxida-
tion of S*” in lattices by photogenerated holes (XS + 2h* — X** + S). However,
these metal sulfides can show efficient activity for CO, photoreduction, when
hole scavengers exist such as S*7, SO;*". The Cu,Ag,In,Zn;S solid solutions
could undergo photocorrosion under visible light irradiation without the
assistance of hole scavengers.”'” Partial metal sulfides (PbS, Bi,S;) with a nar-
row bandgap have been used as photosensitizers for CO, photoreduction.
Cu,ZnSnS, modified with a metal-complex electrocatalyst has served as pho-
tocathode for highly selective photoelectrochemical CO, reduction.>*®

The p-type phosphides, especially InP>'">"? and p-GaP,**° are mainly used
as photocathodes to achieve photoelectrochemical CO, reduction. GaP is
a p-type semiconductor with a narrow band gap of 2.3 eV. One of the ear-
liest works, reported by Halmann in 1978, achieved photoelectrochemical
reduction of aqueous CO, by using p-type GaP cathode as a photocathode in
liquid junction solar cells.”*! Recently, a p-GaP semiconductor was used as
electrode in a photoelectrochemical cell to reduce CO, to methanol with near
100% faradic efficiency at underpotentials greater than 300 mV below the
standard potential of —0.52 V vs. SCE in our system with a pH of 5.2.

13.3.3 Other Materials

SiC has received attention for CO, photoreduction, because the CB potential of
SiC is more negative than those of other photocatalysts (GaP, CdS, TiO,, WO,),
resulting in the much stronger reductive power of photogenerated electrons in
SiC.**22223 Recently, layered double hydroxides (LDHs) such as Zn-Al LDH,***
Mg-In LDH,** and Zn-Cu-Ga LDH>***?® have been utilized for CO, photore-
duction. The versatility of the LDH structure allows tuning of the compositions
of metal cations, charge balancing anions, and hydroxyl layer, which can adjust
the adsorptive power of CO,, tolerance of water, and active sites. However, the
poor chemical stability of LDH destroys the photocatalytic performance of CO,
photoreduction. Polymeric graphite phase carbon nitride (g-C;N,), as a met-
al-free polymeric material, is considered to be a promising visible-light-driven
photocatalyst for CO, photoreduction, because it possesses very high thermal
and chemical stability.”*”**® The surface-modified small carbon nanoparticles
(average diameter ~9 nm) decorated with Au or Pt nanoparticles have showed
photocatalytic activity for CO, photoreduction.**

13.4 Strategies for Designing Effective
Photocatalytic Materials

Since the nature of surface/interface chemistry is one of the key issues for
semiconductor photocatalysis, a series of characteristic properties of materi-
als have a direct impact on the CO, conversion efficiency, including the sur-
face area, pore structure, exposed crystal facets, surface defects, and so on.
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Moreover, strategies such as cation or anion doping, solid solution forma-
tion, sensitization, and construction of heterojunction structures can tune
the bandgap and band edge positions of photocatalysts. This section intro-
duces research activities in designing new photocatalytic materials from the
point of view of adsorption of reactants, light harvesting, charge separation
and transport, and CO, activation.

13.4.1 Surface Sites for Reactant Adsorption
and Chemical Reaction

The surface structure of a nanomaterial affects its physicochemical prop-
erties, such as the adsorption of reactant, susceptibility of photocatalyst
toward photocorrosion, and surface energy. The surface area, pore structure,
exposed crystal facets, and surface defects show significant impact on the
activity of CO, photoreduction.

13.4.1.1 Porous Structure with Large Surface Area

A large surface area can increase the adsorption of reactants (e.g., CO,, H,0)
and also supply abundant surface active sites for chemical reaction. Accord-
ing to an IUPAC definition, porous materials are classified into three major
categories depending on their pore sizes: microporous materials with pore
sizes below 2 nm, mesoporous materials with pore sizes between 2 and 50
nm, and macroporous materials with pore sizes exceeding 50 nm. Micro/
mesoporous nanomaterials have attracted considerable attention in the field
of CO, photoreduction, due to the specific surface area, ordered pore struc-
ture, and readily accessed channels.

To date, a limited number of routes including evaporation-induced self-as-
sembly and nonaqueous solvent methods have been developed to synthesize
mesoporous metal oxides. In these routes, surfactant molecules or a tem-
plate is generally introduced to construct mesoporous structures. Maintain-
ing mesoporous structures during removal of the templates is a key process
for obtaining the expected structures. Ordered mesoporous CeO,-TiO, com-
posites with 2D hexagonal structure and hierarchical porosity for CO, pho-
toreduction were synthesized through evaporation-induced self-assembly
using ordered mesoporous SBA-15 as template.'™

Natural leaves have demonstrated the perfect assembly of hierarchical
levels of porosity into 3D elaborated architectures with high porosity, high
connectivity, and high surface area. Ye et al. utilized the 3D hierarchical
architecture of a leaf as an ideal parent template to fabricate perovskite tita-
nates (ATiO,, A = St, Ca, and Pb) with hierarchical anatomy from macro- to
nanoscales for CO, photoreduction (Figure 13.4)."" This method converts the
morphological elements of the natural photosynthetic system into artificial
photosynthetic system, including: (1) unique 3D architecture for enhanced
light harvesting; (2) efficient mass flow network with 3D multiple-scaled
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Figure 13.4 Schematic illustration and comparison of the key processes in a natural photosynthetic system (NPS) and an artificial pho-
tosynthetic system (APS). (a) Basic process of photosynthesis in NPS at the macroscale. (b) Light harvesting and gas diffu-
sion processes in NPS at the microscale. (c) Gas conversion process in mesophyll cells at the nanoscale. (d) Basic process of
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hierarchical porosity to suffer minimum gas diffusion; and (3) high surface
areas for improved overall reaction performances. This general method for
the construction of 3D architectures of perovskite titanates (ATiO;, A = Sr,
Ca, and Pb) can be extended to other multi-metallic oxides. A series of alka-
line tantalates (MTaO;, M = Li, Na, K) with hierarchical porous anatomy for
CO, photoreduction were fabricated using activated carbonized tree trunks
as templates.?*® Mesoporous B-Ga,0, with an average pore size of 3.8 nm real-
ized enhanced activity for CO, photoreduction into CO and CH, compared
with that of commercial f-Ga,0;, due to higher surface area and mesoporous
channels for efficient CO, adsorption.**

Metal-organic frameworks (MOFs) are a class of crystalline micro/meso-
porous hybrid materials with an extended 3D network, which is constructed
by metal ions or small discrete clusters through the linkage of multidentate
organic molecules.”! Zeolitic imidazolate frameworks (ZIFs), as a type of
MOF, have excellent chemical and thermal stability, and structural stability
in water. Zn,GeO,/ZIF-8 hybrid nanorods containing 25 wt% ZIF-8 exhib-
ited 3.8-times higher dissolved CO, adsorption capacity than bare Zn,GeO,
nanorods, resulting in a 62% enhancement in CO, photoreduction into lig-
uid CH,;0H fuel.

In recent years, a simplified soft-chemistry route based on a reactive tem-
plate has been developed to allow the synthesis of pure mesoporous semicon-
ductors to proceed at room temperature without requiring the introduction
or removal of a template. Mesoporous ZnGa,O, with a wormhole framework
was prepared by an ion-exchange reaction at room temperature involving
a mesoporous NaGaO, colloid precursor, which does not require the intro-
duction of morphology controlling agents.'** Significantly, this method can
be extended to prepare ZnGa,0, nanocubes'® and other porous materials,
such as CoGa,0,,'"* NiGa,0,,'"* Zn,Ge0,,"”**! zinc gallogermanate solid
solution,*? and Bi,WO4."*® Mesoporous ZnGa,0, with 1 wt% RuO, co-catalyst
showed higher activity for CO, photoreduction into CH, than that obtained by
solid-state reaction (ss-ZnGa,0,), owing to strong gas adsorption by the meso-
structure and more reaction sites arising from a high specific surface area.'”

13.4.1.2 Optimized Surface Reactivity via Facet Engineering

The photocatalytic activity and selectivity of semiconductors are inherently
determined by the surface atomic structure tuned via crystal facet engineer-
ing, because the surface atomic arrangement and coordination affect physico-
chemical properties of semiconductors such as surface energy, surface active
site, and electronic band structure.?®® Due to the minimization of surface
energy during crystal growth, anatase TiO, under equilibrium conditions is
dominated by the thermodynamically stable {101} facets (up to 94%) and few
{001} facets, no {100} facet will appear, owing to the Wulff construction and
theoretically calculated surface energy ({101} (0.44 J m™) < {100} (0.53 ] m?)
<4001} (0.90 J m™2)).>***** Anatase TiO, crystals with ~47% exposed {001} fac-
ets were fabricated using hydrofluoric acid (HF) as morphology controlling
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agent.”® It revealed that the formation of high F-Ti bonding energy signifi-
cantly lowers the energy of the (001) surfaces, making them more stable than
(101) surfaces in the reaction media. The yield of CH;OH formation was much
higher on TiO, (100) than on TiO, (110), while the formation of CH, was only
observed on TiO, (100) and not on TiO, (110), revealing that the exposed crys-
tal facets play important role in photocatalytic reactivity and selectivity.>*”:*3
Hollow anatase TiO, single crystals with dominant {101} facets featuring the
use of F/PO,*>” as morphology controlling agent showed improved activity
for photoreduction of CO, into CH, compared with solid anatase TiO, single
crystals, due to shortened diffusion length of carriers and increased surface
area.”® The {100} facets have 100% five-coordinated Ti (Tis.) atoms in contrast
to {101} facets with only 50% Ti;, atoms, because Ti;. atoms can act as active
sites in the photocatalytic reaction.?** TiO, ultrathin nanosheets with 95% of
exposed {100} facet exhibited significantly higher photocatalytic activity for
reduction of CO, into CH, compared with TiO, cuboids with 53% of exposed
{100} facet, because the higher percentage of exposed {100} facets and larger
surface area offer more active sites (Tis. atoms) in the photocatalytic reac-
tion.""* A {010} with a surface energy of 0.53 ] m™* has the same 100% Tis,
atoms as {100}.* Theoretically, H,0 molecules at low coverage can be dis-
sociatively adsorbed on the (010) surface with 100% Ti,. atoms, while the
H,O0 molecules can only be molecularly adsorbed on (101).>*° Furthermore,
the interaction of CO, on the (010) is predicted to be stronger than that on
both (101) and (001).>*° Therefore, acquiring a high percentage of {010} fac-
ets is of great significance in optimizing the photocatalytic activity of anatase
TiO,. Single crystalline anatase TiO, rods with dominant reactive {010} facets
showed a superior photocatalytic conversion of CO, into CH, compared to
benchmark P25 TiO, nanocrystals.*

Recently, ZnGa,0, nanocubes with {100} facets were prepared via an
ion-exchange process using the GaOOH single crystal nanoplate as a precur-
sor without requiring the introduction of morphology controlling agents.'*?
ZnGa,0, nanocubes with exposed {100} facets exhibited improved perfor-
mance in the photocatalytic reduction of CO, into CH, under UV-vis light
irradiation, compared with mesoporous ZnGa,O, that has a larger specific
surface area than that of ZnGa,O, nanocubes. Theoretical calculations
indicates that the light-hole effective mass on the {100} facets of ZnGa,O,
corresponds to the high hole mobility, which contributes to efficient H,O
oxidation to offer the protons for promoting CO, reduction into CH,. Single
crystal Zn,GeO, nanorods with dominant (110) crystal face were also pre-
pared by an ion-exchange process of mixing Na,GeO, and Zn(CH;COO), solu-
tions, which exhibited improved photocatalytic activity for CO, reduction,
owing to the high specific surface area and dominant (110) crystal facet."”’

Exposed facet engineering can adjust the electronic band structures of
semiconductors.'® % A single-crystal WO, ultrathin nanosheet ~4-5 nm
thick, corresponding to six repeating unit cells of monoclinic WO; along the
c-axis, was synthesized with laterally oriented attachment of tiny WO, nano-
crystals formed using a solid-liquid phase arc discharge route in an aqueous
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solution.' In accordance with the reported dimensions, no quantum con-
finement is expected in the lateral direction, whereas the structures should
be strongly confined vertically due to their extremely small thickness. This
WO, ultrathin nanosheets with dominantly exposed {001} facets exhibited
enhanced performance for photocatalytic reduction of CO, into CH, under
visible light irradiation, because size-quantization effects in this ultrathin
nanostructure alter the WO; band gap. Moreover, theoretical calculations
indicate that exposure of the {001} crystalline facet of the well-defined
Bi,WO, nanoplate gives a particularly reactive surface energetically favoring
the reduction of CO,.'%

13.4.1.3 Surface Modification

Because photocatalytic redox reactions take place on the surface, modifica-
tion of the semiconductor surface can affect the physicochemical properties
for the CO, photoreduction. The surface chemistry of CO, demonstrated
that adsorption of CO, molecules on the semiconductor surface is usually
accompanied with activation processes. Compared with the normal mole-
cule, CO, in a chemisorbed state (mainly carbonate and/or CO*” anion) has
a lower LUMO level with a bent O-C-0 bond angle, which favors charge
transfer from photo-excited semiconductors to the adsorbed CO, mol-
ecules.'” The nonlinear CO, molecules generated on the surface of solid
bases are more destabilized than the linear CO, molecules, showing high
reactivity for CO, photoreduction. Amine groups on the semiconductor sur-
faces can promote CO, capture, because the chemical interactions between
amine groups and CO, result in formation of carbamate (or bicarbamate)
that can transform into carbonate upon hydrolysis. Amine-functionalized
TiO, nanoparticles were prepared by a simple solvothermal process with
monoethanolamine and TiCl, as starting materials; these nanoparticles
show substantially increased affinity for CO, on TiO, surfaces for more
effective CO, activation.*' The amine groups enable C-N bonding with CO,
to form activated CO, molecules and efficient charge transfer between CO,
molecules and TiO,, significantly enhancing the photocatalytic rate of CO,
reduction into CO and CH,. Similarly, surface modification of TiO, with
NaOH was found to be an effective way for CO, adsorption, activation, and
high efficiency for CO, photoreduction into CH,."*® Optimized loading of
NaOH kept a good balance between CO, chemisorption quantity and BET
surface area of TiO,.

A thin Nafion overlayer on Pd-TiO, significantly increased photocatalytic
activity for CO, reduction into CH, and C,H under UV and solar light.”
The Nafion layer enhances the local proton activity within the layer to facil-
itate multi-electron transfer reactions, during which the production of
C,H requires even more protons and electrons than that of CH,. Moreover,
various intermediates involved in the formation of C,H, can be stabilized
in the Nafion layer and the re-oxidation of CO, reduction products could
be inhibited.
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13.4.1.4 Surface Oxygen Vacancy

Oxygen vacancy defects play an important role in the adsorption and acti-
vation of CO, (as discussed in Section 13.2). Recently, ultrathin W;;0,,
nanowires (0.9 nm in diameter) with a large number of oxygen vacan-
cies were prepared by a very simple one-pot solution-phase method,
which showed strong light absorption from the visible to the near-infra-
red region.’® Oxygen vacancy-rich ultrathin W,;,0,, nanowires showed an
excellent capability of selective reduction of CO, into CH, under visible
light irradiation (4 > 420 nm) because oxygen vacancies provide reductive
sites for CO, adsorption and reduction. Oxygen vacancies were fully con-
sumed after irradiation for 90 h, but could be easily recovered by utilizing
the strong reducing power of NaBH,. Self-doped SrTiO;_; upon treatment
in Ar at temperatures from 1200 to 1400 °C showed increasing photocat-
alytic activity for CO, reduction under visible light irradiation (1 > 420
nm), due to the increasing concentration of surface oxide vacancies with
increasing heating treatment.*® The oxygen vacancies and Ti*" together
induce an in-gap band to enhance visible light absorption. The sample
at 1300 °C realized the highest photocatalytic activity for CO, reduction
with a quantum efficiency of 0.21% at 600 nm. Higher temperature treat-
ment, at 1400 °C, damaged the photocatalytic activity, owing to the dis-
order of atom arrangement and the loss of crystallinity at the relatively
high temperature. Similar phenomenon for CO, reduction was observed
over monoclinic phase Bi;M0,0,; microwires (20-60 pm long, 200-400 nm
in diameter) with post-heating treatment at different temperatures.’’* The
surface oxide vacancies can greatly prolong the lifetime of photoexcited
carriers for efficient electron-hole separation.

13.4.2 Light Harvesting for Effectively Utilizing Solar Energy

The energy band configuration of semiconductors plays a significant role
in the absorption of light. Bandgap engineering is an effective approach to
adjust band position and bandgap for effectively utilizing solar energy, includ-
ing cation or anion doping, solid solution formation, and sensitization.

13.4.2.1 Ion Doping

As the VB potential of developed metal oxide photocatalysts is normally
located about 3 eV vs. NHE, these metal oxide photocatalysts only utilize UV
light."¥” Doping with anions such as N and C is an effective strategy to raise
the VB maxima and narrow the bandgap of metal oxides so as to extend the
absorbed light range. TiO, is one of most effective semiconductors for CO,
photoreduction, due to its nontoxicity, low cost, and chemical stability. How-
ever, a large bandgap (3.2 eV) of anatase TiO, utilizes only about 3-5% of
solar spectrum. N-doped TiO, showed high activity for CO, photoreduction
under visible light irradiation (2 > 420 nm)."*® The mixing of N 2p orbitals
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with O 2p orbitals results in up-shift of VB, leading to bandgap narrowing
and visible absorption. N-doped InTaO, with Ni@NiO core-shell nanostruc-
ture as co-catalyst was prepared for photocatalytic reduction of CO, with H,O
into CH;OH under light irradiation (1 ranges from 390 to 770 nm).'*" Orthor-
hombic Ta,0;, an n-type semiconductor, has a wide band gap of 4.0 eV. Inter-
estingly, nitrogen doping in Ta,O; not only caused a redshift of 200 nm at the
absorption edge of Ta,O; but it also provides p-type conductivity in N-doped
Ta,0;."7>® N-doped Ta,O; linked with Ru complex electrocatalysts showed
selective conversion of CO, into HCOOH under visible light irradiation
(410 <A <750 nm).

Doping cations into the lattices of TiO, can create impurity energy lev-
els within the band gap. The behavior of charge carriers such as interfacial
electron transfer rate and the recombination rate is significantly influenced
by doping cations.>*? Cerium-doped TiO, showed a redshift in the range
400-500 nm, which contributes to enhanced activity for CO, photoreduc-
tion.'** However, higher Ce concentration destroyed activity for CO, pho-
toreduction, owing to the formation of recombination centers by excess Ce.
The yield of CH, and CH;OH over Ag-doped TiO, (1-7 wt% Ag) was caused
by two mechanisms: Ag doping in TiO, (up to 5 wt%) resulted in the shift
of absorption edge towards visible light and increased generation of elec-
tron-hole pairs, and when Ag content was above 5 wt% the formation of a
Schottky barrier at the metal-semiconductor interface around Ag metallic
clusters enhanced electron-hole separation.'??

13.4.2.2 Solid Solutions

In 2006, (Ga, ,Zn,)(N,_,O,) solid solution modified with nanoparticles of a
mixed oxide of rhodium and chromium was developed for overall splitting of
water under visible light with a quantum efficiency of 2.5% at 420-440 nm.***
Yellow Zn, ,GeN, ;O solid solution (2.6 eV) was obtained through nitriding
Zn,GeO, crystals with sheaf-like hyperbranched nano-architectures, which
showed a substantially smaller bandgap than that of the Zn,GeO, precur-
sor (4.5 eV).*** The visible-light response of Zn, ,GeN, ;O originates from p-d
repulsion of N 2p and Zn 3d orbitals, which lifts the VB top and thus narrows
the bandgap. Zn, ,GeN, ;O with 1 wt% Pt and 1 wt% RuO, co-catalysts exhib-
ited the highest activity for CO, photoreduction with an apparent quantum
yield of 0.024% at a wavelength of 420 + 15 nm. Zinc gallogermanate solid
solution (denoted as 4.5(ZnGa,0,):(Zn,Ge0,)) was successfully synthesized
through a hydrothermal ion exchange reaction.?** Introduction of Zn,GeO,
into ZnGa,0, can effectively narrow the bandgap by an upshift of VB edge
from the enhanced p-d (O 2p-Zn 3d) repulsion effect via incorporation of
s and p orbitals of Ge, and the downshift of CB edge through introducing
the low-energy s orbital of Ge. The zinc gallogermanate solid solution also
possesses a light-hole effective mass with high mobility and thus enhances
the ability of the photocatalyst in water oxidation to provide protons for
CO, photoreduction.
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13.4.2.3 Sensitization

Sensitizing wide-bandgap semiconductors with dye molecules or nar-
row-bandgap semiconductors is an effective approach to realize visible CO,
photoreduction. Both CdS- and Bi,S;-sensitized TiO, nanotubes showed high
activity for CO, photoreduction into CH;OH using Na,SO; as a hole scavenger
under visible light irradiation.** Photogenerated holes react with adsorbed
H,0 molecules on a AgBr/TiO, catalyst surface to form "OH radicals and H",
which will benefit the generation of CH, and CH;OH under visible light irra-
diation (4 > 420 nm)."** The yields of CO, CH,, and C,H, were detected over
PbS QDs sensitized TiO, with Cu co-catalyst.'*® However, the photocatalysts
became inactive after 8 h of continuous visible light irradiation due to the
photo-oxidation of PbS QDs.

Dye molecules have also been coupled with TiO, for CO, photoreduction
under visible light irradiation.''67121124:130,141L,142,146 Ry (Bpy).1** dye sensi-
tized TiO, films showed efficient activity for CO, photoreduction into CH,
under visible light irradiation, owing to the generation of catalytically active
electrons from organic dye to TiO,.'"”'*® The hybrid system consisting of
a ruthenium bipyridyl sensitizer (RuP) and TiO, functionalized with the
enzyme CODH was developed for CO, photoreduction into CO under visi-
ble light irradiation.”**"*° RuP dyes transfer electrons into the CB of TiO,,
and these electrons are injected into CODH and the active sites where CO,
is reduced to CO. The dye could be regenerated by a sacrificial electron
donor of 2-(N-morpholino)ethanesulfonic acid. An air-stable copper(1) dye
sensitized TiO, exhibited efficient light harvesting and high efficiency for
CO, photoreduction into CH, under visible light irradiation (1 > 420 nm).**?
Cobalt-phthalocyanine (CoPc) dye''®'2*!*! or zinc-phthalocyanine (ZnPc)
dye'" has been linked with TiO, for CO, photoreduction in NaOH solution
containing Na,SO; as a hole scavenger.

13.4.3 Charge Separation for Effectively Utilizing
Solar Energy

During photocatalytic process, electron-hole pairs separate effectively from
each other and arrive at the semiconductor surface, minimizing the recom-
bination of electron-hole pairs and thus resulting in efficient performance
of CO, photoreduction.

13.4.3.1 Loading Co-Catalysts

Loading appropriate co-catalysts such as metals (Pt, Rh, Pd, Cu, Ag, and Au)
and metal oxides (NiO and RuO,) on semiconductor surfaces can enhance
the efficiency of CO, photoreduction. As shown in Figure 13.5, metals
(Pt, Rh, Pd, Cu, Ag, and Au) and NiO could act as reduction sites whereas
metal oxides (RuO,, IrO,, and Co0O,) are oxidation sites.**>**® Co-catalysts
could promote the separation and migration of photogenerated charge
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Figure 13.5 Illustration of semiconductor with co-catalysts (Pt, Rh, Pd, Cu, Ag, Au,
and NiO) as reduction sites or co-catalysts (RuO,, IrO,, and CoO,) as
oxidation sites for CO, photoreduction with H,O.

carriers to inhibit the electron-hole recombination, due to the form of an
internal electric field between semiconductors and co-catalysts.

Electron transfer from semiconductors to metals is feasible thermody-
namically, because the Fermi level of the metals normally lies below the
CB edge of semiconductors. Deposition of a series of 2 wt% metals (Pt, Rh,
Pd, Cu, Ru, and Au) on TiO, considerably accelerated CO, photoreduction
into CH, and/or acetic acid.** TiO, with Pt or Pd mainly produced CH,, but a
considerable amount of acetic acid was produced using other metal loaded
TiO,. A TiO, 1D film with ultrafine Pt nanoparticles (1.04 + 0.08 nm) exhib-
ited the highest performance for CO, photoreduction into CH,.'** It is pro-
posed that the smaller Pt nanoparticles possess a higher Fermi level due to
quantum confinement, preventing electron transfer from CB of TiO, to Pt,
and the properties of bigger Pt nanoparticles may approach that of bulk Pt,
capturing both photoelectrons and holes and acting as recombination cen-
ters. Co-loading RuO, and Pd on TiO, apparently enhanced activity for CO,
photoreduction, because photogenerated electrons transfer from TiO, to Pd
sites to promote the reduction of CO, to HCOO™ and photogenerated holes
inject into the RuO, site to accelerate the oxidation of SO,*” to SO,>".°” The
perovskite BaLa,Ti,O,; with Ag co-catalyst on the edge exhibited high activ-
ity for CO, photoreduction into CO."*® The basal plane of BaLa,Ti,O;; is the
oxidation site for water splitting, while the edge is the reduction site. The
separation of reaction sites could suppress back reactions such as oxidation
of formed CO.

InTaO, with NiO co-catalyst exhibited a steady rate of CH;OH produc-
tion of 11.1 umol g h™, because the formation of a Schottky barrier at the
surfaces traps electrons and suppress the electron-hole recombination. To
effectively extract photogenerated electrons to surfaces, a core-shell struc-
ture of metallic Ni core and NiO shell (denoted as Ni@NiO) was formed on
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the surface of InTaO, through reduction-oxidation pretreatment.'”” The Ni
core benefits the transport of photogenerated electrons to NiO shell surfaces
while the NiO shell offers active sites to react with absorbed CO,. A simi-
lar core-shell-structured Pt@Cu,O co-catalyst on TiO, was also designed to
promote photoreduction of CO, with H,O into CH, and CO.'**> Moreover, the
deposition of a Cu,O shell on Pt markedly suppresses the reduction of H,O
to H,, a competitive reaction with the reduction of CO,.

In addition to appropriate metals and metal oxides, carbon materials such
as carbon nanotubes (CNTs) and graphene can also act as electron transporter
and acceptor to efficiently reduce electron-hole recombination, playing the
role of co-catalyst for CO, photoreduction. CNT@Ni-doped TiO, displayed
higher activity for CO, photoreduction into CH, than that of Ni-doped TiO,
under visible light irradiation, mainly owing to the electron transfer from
TiO, to CNTs through d-n conjugation between TiO, and CNT."*> Graphene is
a zero bandgap semiconductor, possessing unique electrical properties such
as massless fermions, ballistic electronic transport, and ultrahigh electron
mobility.>"” Robust hollow spheres consisting of Ti, 4,0, nanosheets and
graphene nanosheets showed higher enhancement for CO, photoreduction
into dominant CO and minor CH, than that of commercial P25, due to (1)
the ultrathin nature of Ti, 4,0, nanosheets, which allows charge carriers to
transfer rapidly onto the surface for redox reaction; (2) the compact contact
of Ti, 4,0, nanosheets with graphene nanosheets, which allows photogene-
rated electrons to move rapidly from Ti,,,0, nanosheets to graphene to
the prolong lifetime of the charge carriers; (3) the hollow structure, which
potentially enhances light absorption via the multi-scattering of incidence
light.'” Graphene-TiO, hybrid nanosheets exhibited high and selective activ-
ity for CO, photoreduction into CH, and C,H,, owing to the electron transfer
from TiO, to grapheme via Ti-O-C.'” The synergistic effect of graphene and
the surface-Ti** sites benefits the generation of C,Hg, and the yield of C,Hg
increased with the content of incorporated graphene. The influence of defect
densities of graphene on CO, photoreduction was investigated by preparing
graphene-P25 nanocomposite thin films through two major solution-based
pathways, oxidation reduction and solvent exfoliation.*® The improved elec-
trical mobility of the less defective graphene allows photoexcited electrons to
more effectively diffuse to reactive sites, facilitating photoreduction reactions.

13.4.3.2 One-Dimensional Nanostructures

One-dimensional nanostructures provide a direct pathway for electron
transport, which should be beneficial for electron-hole separation. Nitro-
gen-doped TiO, nanotube arrays up to 130 pm in length with Cu and Pt
nanoparticles as co-catalysts showed an enhanced activity for CO, photore-
duction.®® It was revealed that the hole and electron diffusion lengths in
TiO, nanotube arrays are about 10 nm and 10 pm, respectively, while half
nanotube wall thickness is approximately 10 nm. Single-crystalline Zn,GeO,
nanobelts that were hundreds of micrometers long, 20-50 nm wide, and as
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thin as ~7 nm (corresponding to five repeating cell units) exhibited efficient
activity for CO, photoreduction.'” The ultralong longitudinal dimension
provides a sufficiently spacious transport channel for charge separation and
transportation. One-dimensional Fe,V,0,; nanoribbons 300-400 nm wide,
20-30 nm thick, and 10-20 pm long were directly grown on a stainless-steel
mesh (SSM) by a simple and facile hydrothermal approach without surfac-
tants or templates.’ Fe,V,0,; nanoribbons with a bandgap of 1.83 eV also
served as a new candidate for CO, photoreduction into CH, under visible
light irradiation. Growing a 1D nanostructure directly on substrates avoids
the complex recycling process of powders from solution when CO, photore-
duction is carried in aqueous systems.

13.4.3.3 Heterojunction Construction

The type II semiconductor heterostructure is one of the most typical het-
erostructures that promotes spatial electron-hole separation via transferring
photoexcited electrons in the higher CB to the lower CB and holes in the
lower VB to the higher VB. Well-defined homogeneously hybrid TiO, mes-
oporous “French fries” (TiO,/ZnO, TiO,/Fe,0;, TiO,/CuO, TiO,/NiO, TiO,/
Cr,0;, and TiO,/Ce0,) with high specific surface area, large pore volume, and
pore walls were prepared by a furfural alcohol-derived polymerization-oxi-
dation route.”® TiO,/ZnO exhibited higher enhancement for CO, photoreduc-
tion into CH,, mainly because electrons in the CB of ZnO (—0.31 V) transfer to
the CB of TiO, (—0.29 V) and holes in the VB of TiO, transfer to the VB of ZnO.
TiO, exhibits three crystalline polymorphs in nature: anatase, rutile, and
brookite. Rutile TiO, nanoparticle modified anatase TiO, nanorods with
exposed {010} facets showed higher activity for CO, photoreduction into CH,
than that of pure anatase TiO, nanorods, due to the transfer of electrons from
anatase TiO, to rutile TiO,.'” TiO, consisting of anatase and brookite exhib-
ited remarkable performance for CO, photoreduction into CH;OH, which was
assigned to the transfer of electrons from brookite TiO, to anatase TiO,."*

13.4.3.4 Z-Scheme CO, Reduction

The artificial Z-scheme system inspired by natural photosynthesis in green
plants has been employed for CO, photoreduction.?'®*!%2*8 The artificial
Z-scheme photocatalytic system uses two different semiconductor photocat-
alysts with reversible redox mediators driven by a two-step photoexcitation,
keeping holes/electrons with stronger oxidation/reduction abilities on differ-
ent active sites (Figure 13.6). Ishitani et al. synthesized a visible-light-driven
Z-scheme consisting of a Ru(11) dinuclear complex (RuBLRu’) for CO, reduc-
tion and Ag-loaded TaON for methanol oxidation under visible light irradi-
ation (4 > 400 nm).>*® Isotope experiments clearly showed that this hybrid
photocatalyst mainly produced HCOOH from CO, and HCHO from metha-
nol, converting solar energy into chemical energy with a positive change in
Gibbs energy of 83.0 k] mol™.
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Figure 13.6 Illustration of a Z-scheme system (two-step photoexcitation system)
for CO, photoreduction with H,O.

13.5 Conclusions and Perspectives

In this chapter, we demonstrates a clear phenomenon, namely, that the
development of materials offers increasing opportunities in the field of
CO, photoreduction into hydrocarbon fuels using abundant solar energy
in terms of (1) a large surface area for molecular adsorption and chemical
reaction, (2) adjusting of band position and bandgap for effective utiliza-
tion of solar energy, and (3) effective charge separation and transfer for a
chemical reaction. The development of nanotechnology allows us to design
and fabricate new photocatalytic materials to match the breakthrough in
photocatalytic efficiency, such as d'° metal oxides or oxynitrides (ZnGa,0,,
Zn,Sn0,, Zn,Ge0y, (Zn, 4,,Ge)(N, 130, 35), ZNGaNO). It is of great importance
to explore possible cost-effective approaches for constructing nanomateri-
als for the photocatalytic reduction of CO,. The present goal is to synthe-
size photoactive materials able to chemically couple these light driven redox
reactions together and achieve conversion efficiency and selectivity that
exceeds nature’s photosynthesis. It is also needs to be founded on photoac-
tive materials made of earth abundant, non-toxic, light-stable, scalable and
low-cost materials.

The quantum yield of CO, photoreduction is still lower than that of natural
photosynthesis. Strategies used to improve the efficiency include the explo-
ration of novel photocatalytic materials, tracing the photocatalytic process
through in situ observations, and an understanding of the mechanism via
experimental analysis and theoretical calculations. It is sincerely hoped that
the multiple collaborations for this rapidly evolving field can provide the
breakthrough in overall efficiency leading to commercialization and indus-
trialization in a way that is cost-competitive with fossil fuels.
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