Chapter 9
Reductive Conversion of Carbon Dioxide
Using Various Photocatalyst Materials

Kojirou Fuku, Kohsuke Mori, and Hiromi Yamashita

9.1 Introduction

Although advances in science and technology have contributed to the development of
society and have made people’s lives increasingly comfortable, various environmen-
tal problems associated with technological advances have become global issues. In
particular, global warming by greenhouse effect gas such as carbon dioxide (CO,)
and exhaustion of fossil fuels are already grave social problems of global dimensions.
The catalytic conversion of CO, has widely been examined as one of the valuable
approaches to solve these problems, but most of the processes require high temper-
ature and pressures. However, various photocatalytic reactions have recently
attracted considerable attention due to their milder reaction conditions (at room
temperature and atmospheric pressure) and their ability to utilize solar light as
inexhaustible energy source. Highly efficient and selective photocatalytic systems
driven under sunlight and accompanied with a large positive change in the Gibbs free
energy is of vital interest [1-8]. These reactions are considered to be an uphill
reaction and are similar to the photosynthesis by green plants which produces glucose
and oxygen from CO,. The photocatalytic conversion of CO, emitted in large
amounts into industrially beneficial compounds would be an alternative protocol
from the viewpoints of green and sustainable chemistry by the solution of exhaustion
of energy resources and global warming. Therefore, the development of efficient
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photocatalytic systems enabling reduction and/or fixation of CO, is the most
desirable and challenging goal [2, 3].

The utilization of solar energy for the conversion of CO, can be realized by
considering the photocatalytic reduction and/or fixation of CO, into CO, HCOOH,
CH;0H, and CHy, etc., by the active photocatalysts such as TiO,, SrTiO3, ZnO, or
SiC semiconductors. Inoue and Fujishima et al. have first reported that HCOOH,
HCHO, and CH3;OH are produced under irradiation of aqueous suspension systems
involving a variety of semiconductor powders or single crystals [9]. Although the
pioneering works on the photoreduction of CO, on semiconductors in aqueous
suspension systems were summarized by Halmann, the efficiency was low when
H,0 was used as the reductant [10]. Substantially improved yields of CH;OH and
CH; from CO, with H,O have been reported by us, in which photocatalytic
reactions successfully proceed in solid—gas systems at room temperature on isolated
tetrahedral Ti centers of macro- or mesoporous silicate sieves instead of dense
phase powdered TiO, materials [2, 3, 11-22]. We focus on the characteristic
features of photocatalytic reduction and/or fixation of CO, with H,O on various
types of active titanium oxide catalysts under heterogeneous gas—solid conditions.

This review report about our approach on the efficient reduction and/or fixation
of CO, using various titanium oxide photocatalysts. Additionally, other novel and
unique systems enabling efficient conversion of CO, using various oxide semi-
conductors other than titanium oxide or localized surface plasmon resonance-
enhanced photocatalysis are also introduced.

9.2 Various Titanium Oxide Photocatalysts

As shown in Fig. 9.1, the electronic properties as well as the photocatalytic activity of
titanium oxide photocatalysts dramatically change depending on their local structure,
from an extended semiconducting structure to nano-sized, extremely small
nanoparticles and molecular-sized titanium oxide species. In the case of the bulk
TiO, materials, photochemical excitation leads to charge separation in the particle, in
which electrons (e~) are promoted to the conduction band (cb) and holes (h*) are left
in the valence band (vb) upon light irradiation. The generated hole in the valence
band and the conduction band electron can react with electron donors and electron
acceptors adsorbed on the titanium oxide surface, respectively. On the contrary, the
Ti-oxide moieties, which are spatially separated from each other, can be implanted
and isolated in the silica matrixes of microporous zeolite and mesoporous silica
materials at the atomic level, and have been named as “single-site photocatalysts.”
The isolated Ti atoms can be substituted with Si atoms in the silica matrixes
(Si/Ti > 30) and coordinated tetrahedrally with oxygen atoms. Such single-site
catalysts can be simply synthesized by various anchoring techniques, such as
hydrothermal synthesis, sol-gel method, and chemical vapor deposition, and are
stable as far as the silica matrixes keep their porous structures. In the case of the
isolated and tetrahedrally coordinated Ti-oxide moiety, excitation by UV irradiation
brings about an electron transfer from the oxygen (O”") to Ti*" ions, resulting in the
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formation of pairs of trapped hole centers (O ™) and electron centers (Ti**). Such
charge-transfer excited state, i.e., the excited electron—hole pair state which localizes
quite near to each other as compared to the electron and hole produced in semicon-
ducting materials, plays a significant role in various photocatalytic reactions.

The efficiency for the photocatalytic reduction and/or fixation of CO, with H,O
to produce CH, and CH;0H strongly depends upon the type of the employed
titanium oxide photocatalysts [11-22]. The primary processes on semiconducting
TiO, photocatalysts are illustrated in Fig. 9.2. The band gap between the conduc-
tion band and the valence band becomes larger as the particle size of the semicon-
ducting TiO, decreased, making it suitable and applicable to the reduction of CO,
[2, 3]. For extremely fine TiO, particles less than 10 nm in diameter, the size
quantum effect and/or the effects of the surface modification in its coordination
geometry plays a significant role in the appearance of unique activity. Conse-
quently, the electrons and holes which are produced by UV-light irradiation within
the ultrafine particles of TiO, and the highly dispersed titanium oxide species
exhibit more unique and high activities compared to those produced in large
particle TiO, photocatalysts.
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9.3 Small Particle TiO, Photocatalysts

UV irradiation of the powdered TiO, catalysts in the presence of a gaseous mixture
of CO, and H,O led to the evolution of CHy at 275 K, accompanied with the
formation of trace amounts of C,H, and C,Hg [13, 14]. The yields of these products
increased with the UV-irradiation time, while no products were detected under dark
conditions. The CHy yield was almost zero in the reaction of CO, without H,O and
increased with increasing the amount of H,O. These results suggest that the
photocatalytic reduction of CO, to produce CH4 and C, compounds takes place
photocatalytically in the solid—gas phase systems. The formation of CH, as
the main product has also been observed by Saladin et al., and the partially reduced
TiO, species formed under UV irradiation is proposed as an active species [23].

The yields of CH,4 formation in the photocatalytic reduction of CO, with H,O on
several TiO, photocatalysts with different physicochemical property are shown in
Table 9.1. The photocatalytic activity, based on the CH4 yields, was found to
depend on the type of TiO, catalyst, in the order of JRC-TIO-4 > -5 > -2 > -3 [14].
This tendency corresponds with that in the photocatalytic hydrogenation of
methyl acetylene with H,O, proving that the reduction of CO, with H,O
undoubtedly occurs photocatalytically activated powdered TiO, catalyst [24, 25]. It
is likely that the anatase-type TiO, possessing a large band gap as well as numerous
surface —OH groups is preferable for efficient photocatalytic reactions. The band gap
increase is accompanied by a shift in the conduction band edge to higher energy levels.
This shift causes the reductive potential to shift to more negative values, which
ultimately causes a great enhancement in the photocatalytic activity. The surface -OH
groups and/or physisorbed H,O also play a significant role in photocatalytic
reactions via the formation of OH radicals and H radicals.

Preliminary studies by ESR measurement provide an insight into the reaction
pathway. The ESR signals obtained under UV irradiation of the anatase-type TiO,
catalyst in the presence of CO, and H,O at 77 K can be ascribed to the characteristic
photogenerated Ti** ions (g, = 1.9723 and g = 1.9628) and H radicals (with
490 G splitting), as well as CH; radicals having a hyperfine splitting (Ha = 19.2 G,
g = 2.002) [14]. The signal intensity of CH; radicals decreased with increasing the
amount of H,O, indicating that CH; radicals are the intermediate species and react
with H radicals that are formed by the reduction of protons (H") originated from
H,O adsorbed on the catalyst.

Table 9.1 Textural property and photocatalytic activity of TiO, catalysts

Band Reduction Hydrogenation of
Crystal Sger €O, ads. Relative gap of Cco,’ methyl acetylene
Catalyst structure® (mz/g) (pmol/g) —OHconc. (eV) (pmol/h-g) (pmol/h-g)

JRC-TIO-2 A 16 1 1 3.47 0.03 0.20
JRC-TIO-3 R 51 17 1.6 332 0.02 0.12
JRC-TIO-4 A 49 10 3.0 350 0.27 8.33
JRC-TIO-5 R 3 0.4 3.1 3.09 0.04 0.45

%A, anatase; R, rutile
bCH4 yield in the reaction of CO, (0.12 mmol) and H,O (0.37 mmol) for 6 h
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9.4 Metal-Loaded TiO, Photocatalysts

The effect of metal loading on the photocatalytic reduction of CO, with H,O on
TiO, catalysts was investigated [14]. In the case of the Cu/TiO, photocatalyst
(0.3-1.0 wt%), CH, yield was suppressed, but a new formation of CH3;0H could
be observed. Characterization by XPS reveals that the main species of copper in the
catalyst is 1+ oxidation state. It has been also reported that Cu™ catalysts play a
significant role in the photoelectrochemical production of CH3;0H from CO, and
H,O system [26]. Following the photocatalytic reduction, the Cu/TiO, catalysts
exhibited a new peak at 299 eV in the C(1) XPS spectra, suggesting that carboxylate
groups which accumulated on the catalyst may be the primary intermediate species
for this reaction.

Further detailed study was performed by Gunlazuardi et al. by systematically
varying the Cu loading on TiO, [27]. The CH;0H yield increased with Cu loading,
and the highest yield can be achieved by 3 % Cu/TiO,, which was three times
higher than the original TiO,. Cu can serve as an electron trapper and prohibits the
recombination of electron and hole, significantly increasing photoefficiency. How-
ever, catalysts with more than 3 wt% Cu loading do not further increase the CH;0H
yield due to its shading effects, consequently reducing the photo-exciting capacity
of TiO,. The activation energy for 3 % Cu/TiO, and the original TiO, was
determined to be 12 and 26 kJ/mol, respectively. The apparent lower activation
energy of 3 % Cu/TiO, catalyst indicates that the Cu also acts as active species to
provide CH30H and enhances the photoefficiency of TiO, photocatalysts.

In the case of the Pt/TiO,, the yield of CH, increased remarkably when the
amount of Pt was increased (0.1-1.0 wt%), but the addition of excess Pt was
undesirable for an efficient reaction [13]. Regarding the reaction intermediates,
Solymosi et al. have observed the formation of CO,~ species in bent form under
UV irradiation of the Rh/TiO, in the presence of CO, using FT-IR [28]. The
electron transfer from the irradiated catalyst to the adsorbed CO, takes place,
resulting in the formation of a CO,™ anion as the key step in the photochemical
reduction of CO, using metal-loaded TiO, semiconductor.

9.5 TiO, Single Crystals

With a well-defined catalyst surface such as a single crystal, detailed information on
the reaction mechanism can be obtained at the molecular level [2, 15]. Therefore, the
photocatalytic reduction of CO, with H,O on rutile-type TiO, (100) and TiO, (110)
single crystal surfaces has been performed [15]. As shown in Table 9.2, the efficiency
and selectivity of the photocatalytic reactions strongly depend on the type of TiO,
single crystal surface. UV irradiation of the TiO, (100) single crystal catalyst in the
presence of a mixture of CO, and H,O led to the evolution of both CH4 and CH30H at
275 K, whereas only CH;OH was detected with the TiO, (110) single crystal catalyst.
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Table 9.2 Yields of the formation of CH, and CH3;OH in the photocatalytic reduction of CO,
(124 pmol g~ ") with H,O (372 pmol g ') at 275 K

Single crystal of TiO, Yield of CH30H (pmol/h-g-cat) Yield of CH4 (pmol/h-g-cat)
(100) 2.4 35
(110) 0.8 0

It is likely that the photogenerated electrons localizing on the surface sites of the
excited TiO, play a significant role in the photoreduction of CO, molecules into
intermediate carbon species [2, 15]. The surface Ti atoms may act as a reductive site.
According to the surface geometric models for TiO, (100) and TiO, (110), the atomic
ratio (Ti/O) of the top-surface Ti and O atoms, which have geometric spaces large
enough to have direct contact with CO, and H,O molecules, is higher on TiO, (100)
than on TiO, (110) surface. In the excited state, the surface with a higher Ti/O surface
ratio, i.e., TiO, (100), exhibits a more reductive tendency than TiO, (110). Such a
reductive surface allows a more facile reduction of CO, molecules especially for the
formation of CHy. In the HREELS spectrum of a clean TiO,(100) single crystal
surface after UV irradiation in the presence of CO, and H,O, two peaks due to the
C—H stretching vibration of the CH,. species and the O—H stretching of the surface
hydroxyl groups at around 2,920 and 3,630 cm ™', respectively. On the other hand,
only a weak peak assigned to the O—H stretching vibration was observed without UV
irradiation, suggesting that UV-light irradiation is indispensable for attaining CO,
reduction and the formation of the active H and CH, species.

9.6 Ti-Oxide Anchored on Zeolite (Ion Exchange)

The photocatalyst systems incorporated within the zeolite cavities and frameworks
have been proven to be effective for various reactions [29-32]. The Ti-oxide
anchored onto zeolite, Ti-oxide/Y-zeolite (1.1 wt% as TiO,), was prepared by ion
exchange with an aqueous titanium ammonium oxalate solution using Y-zeolite
(S10,/Al,05 = 5.5) (ex-Ti-oxide/Y-zeolite) [16—18].

Figure 9.3 shows the Ti K-edge XANES and the Fourier transformation of EXAFS
(FT-EXAFS) spectra of the Ti-oxide/Y-zeolites. The XANES spectra of the bulk TiO,
powder give rise to several well-defined pre-edge peaks attributable to the titanium in
a symmetric octahedral environment [33]. The ex-Ti-oxide/Y-zeolite exhibits an
intense single pre-edge peak at 4,967 eV, suggesting that the Ti-oxide species exist
in a tetrahedral coordination [1-3]. On the other hand, the imp-Ti-oxide/Y-zeolite
prepared by the impregnation exhibits three characteristic weak pre-edge peaks
attributed to crystalline TiO,. The FT-EXAFS spectra of the ex-Ti-oxide/Y-zeolite
exhibit only peak at around 1.6 A assigned to the neighboring oxygen atoms (Ti—-O)
indicating the presence of an isolated Ti-oxide species. These findings indicate that
highly dispersed isolated tetrahedral Ti-oxide species are formed on the ex-Ti-oxide/
Y-zeolite. On the other hand, the imp-Ti-oxide/Y-zeolite exhibits an intense peak
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Fig. 9.3 TiK-edge XANES and FT-EXAFS spectra of anatase TiO, powder (a), imp-Ti-oxide/
Y-zeolite (10.0 wt% as TiO,) (b), and the ex-Ti-oxide/Y-zeolite (c¢)

assigned to the neighboring titanium atoms (Ti—O-T1i) suggestive of the aggregation
of the Ti-oxide species.

The photoluminescence spectra of the ex-Ti-oxide/Y-zeolite at 77 K are shown in
Fig. 9.4. Excitation by light at around 250280 nm brought about an electron transfer
from the oxygen to titanium ion, resulting in the formation of pairs of the trapped hole
center (O7) and an electron center (Ti3+) [1-3]. The observed photoluminescence is
attributed to the radiative decay process from the charge-transfer excited state of the
Ti-oxide moieties in a tetrahedral coordination geometry, (Ti**—O™)*, to their ground
state [34, 35]. The addition of H,O or CO, molecules onto the anchored Ti-oxide
species leads to the efficient quenching of the photoluminescence. Such an efficient
quenching suggests not only that tetrahedrally coordinated Ti-oxide species locate at
positions accessible to the added CO, or H,O but also that CO, or H,O interacts and/or
reacts with the Ti-oxide species in both its ground and excited states. Because the
addition of CO, led to a less effective quenching than that with the addition of H,O, the
interaction of the emitting sites with CO, was weaker than that with H,O.

UV irradiation of powdered TiO, and Ti-oxide/Y-zeolite catalysts in the presence
of a mixture of CO, and H,O led to the evolution of CH, and CH3;0H at 328 K, as
well as trace amounts of CO, C,H,, and C,Hg [16-18]. The specific photocatalytic
activities for the formation of CH, and CH30H are shown in Fig. 9.5. The ex-Ti-
oxide/Y-zeolite exhibits a high activity and a high selectivity for the formation of
CH;0H, while the formation of CH, was predominated on bulk TiO, as well as on
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Fig. 9.4 Photoluminescence spectrum of the ex-Ti-oxide/Y-zeolite catalyst (a) and the effects of
the addition of CO, and H,O. Measured at 77 K, excitation at 290 nm, and emission monitored at
490 nm

the imp-Ti-oxide/Y-zeolite. The deposition of Pt improved the photocatalytic
activity, but the CH30H selectivity significantly decreased. These findings clearly
suggest that the tetrahedrally coordinated Ti-oxide species act as active
photocatalysts for the reduction of CO, with H,O exhibiting a high selectivity toward
CH;0H.

UV irradiation of the anchored Ti-oxide catalyst in the presence of CO, and H,O
at 77 K led to the appearance of ESR signals due to the Ti** ions, H atoms, and carbon
radicals [2, 3]. After the disappearance of these ESR signals in this system at around
275 K, the formation of CH, and CH5OH was observed. From these results, the
reaction mechanism in the photocatalytic reduction of CO, with H,O on the highly
dispersed Ti-oxide catalyst can be proposed as shown in Scheme 9.1: CO, and H,O
molecules interact with the excited state of the photoinduced (Ti**—O™)* species
and the reduction of CO, and the decomposition of H,O proceed competitively.
Furthermore, H atoms and OHe radicals are formed from H,O and such radicals react
with the carbon species formed from CO, to produce CH4 and CH;0H.
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9.7 Ti-Containing Zeolite and Mesoporous
Molecular Sieves

The Ti-oxide species prepared within the ordered silica frameworks have revealed a
unique local structure as well as a high selectivity in the oxidation of organic
substances with hydrogen peroxide [34-36]. Hydrothermally synthesized
Ti-containing zeolites (TS-1, Ti-Beta) and mesoporous molecular sieves (Ti-MCM,
Ti-HMS, Ti-FSM) have been subjected to the photocatalytic reduction CO, with H,O
[18-22, 36-38].

In situ photoluminescence, ESR, UV-VIS and XAFS investigations indicated
that the Ti-oxide species in the Ti-mesoporous molecular sieves (Ti-MCM-41 and
Ti-MCM-48) and in the TS-1 zeolite are highly dispersed within the zeolite
framework and exist in a tetrahedral coordination. Upon excitation with UV light
at around 250-280 nm, these catalysts exhibit photoluminescence spectra at around
480 nm. The addition of CO, or H,O onto these catalysts results in a significant
quenching of the photoluminescence, suggesting the excellent accessibility of the
CO; and H,O to the Ti-oxide species [18-21].

UV irradiation of the Ti-mesoporous molecular sieves and the TS-1 zeolite in the
presence of CO, and H,O also led to the formation of CH30H and CH,4 as the main
products [18-21]. The yields of CH3;0H and CH, per unit weight of the Ti-based
catalysts are shown in Fig. 9.6. It can be seen that Ti-MCM-48 exhibits much higher
activity than either TS-1 or Ti-MCM-41. The higher activity and selectivity for the
formation of CH3OH attained with the Ti-MCM-48 than that with the other catalysts
may be due to the combined contribution of the high dispersion state of the Ti-oxide
species and the large pore size with a three-dimensional channel structure: TS-1 has a
smaller pore size (ca. 5.7 A) and a three-dimensional channel structure; Ti-MCM-41
has a large pore size (>20 A) but one-dimensional channel structure; and
Ti-MCM-48 has both a large pore size (>20 A) and three-dimensional channels.
These results strongly suggest that mesoporous molecular sieves containing highly
dispersed Ti-oxide species are promising candidates as effective photocatalysts.

The effect of Pt loading on the photocatalytic activity of Ti-containing
mesoporous silica has also been investigated, and the changes in the yields of
CH,4 and CH;O0H formation are shown in Fig. 9.6. The deposition of Pt onto the
Ti-containing zeolites is effective for promoting the photocatalytic activity, but the
formation of only CH, is promoted [18].

Ti-containing zeolite, Ti-Beta, has attracted much attention because of their
large-pore structure compared to the Y-zeolite [36-38]. The other characteristic
feature is that the H,O affinity of Ti-Beta zeolites can be changed significantly
depending on the preparation methods, and their hydrophobic—hydrophilic proper-
ties can modify the catalytic performances [36—38]. As shown in Fig. 9.7, the
photocatalytic reduction of CO, with H,O was found to proceed in the gas phase
at 323 K with different activity and selectivity on hydrophilic Ti-Beta(OH) and
hydrophobic Ti-Beta(F) zeolites prepared in the OH™ and F~ media, respectively.
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The higher activity for the formation of CH4 observed with Ti-Beta(OH) and the
higher selectivity for the formation of CH;0H observed with the Ti-Beta(F) may be
attributed to the different abilities of zeolite pores on the H,O affinity. These results
suggest that the affinity of the H,O molecules to adsorb on the zeolite is one of
important factors for the selectivity in the photocatalytic reduction of CO, and H,O.

For the reduction of CO, with H,O on the Ti-containing zeolite and mesoporous
molecular sieves, a similar reaction pathway with Ti-oxide anchored on zeolite is
proposed by considering ESR spectroscopy at 77 K, in which CO, reduction and
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H,O splitting proceed competitively at the LMCT-excited Ti—O centers: CO, is
reduced to CO and subsequently to C radicals, while H,O photodecomposes to H
and OH radicals. Reaction of H and OH radicals with carbon species is thought to
yield CH30H and CH,. Frei and co-workers carried out further mechanistic inves-
tigations by monitoring the visible light-induced reaction of '*CO, and H,O gas
mixtures in the framework Ti-MCM-41 molecular sieve with in situ FT-IR spec-
troscopy at room temperature [39]. '2CO gas along with '>CO were observed as the
products by infrared, and the growth of '>*CO depended linearly on the photolysis
laser power. This points out the presence of small amounts of carbonaceous
residues on the high-surface area mesoporous silicates. H,O was also confirmed
as the stoichiometric electron donor. These results suggest that CO is a single-
photon, 2-electron-transfer product of CO, at framework Ti centers with H,O
acting as a direct electron donor. By considering this, the mechanism is proposed
as follows: Excitation of the framework Ti** centers leads to photoinduced
(Ti**—0)* species. Electron transfer from transient Ti** to CO, splits the mole-
cule into CO and O™. The latter is spontaneously protonated by a Si—~OH group or
H* cogenerated upon H,O oxidation to yield a surface OH radical. Another surface
OH radical is formed as a result of the simultaneous H,O oxidation by the
framework oxygen hole. The OH radicals either combine to yield H,O, or
dismutate to give O, and H,O.

9.8 Ti-Oxide Anchored on Porous Silica Glass (CVD)

The Ti-oxide anchored onto porous silica glass (PVG) plate was prepared using a
facile reaction of TiCl, with the surface OH groups on the transparent porous Vycor
glass (Corning Code 7930) in the gas phase at 453-473 K, followed by treatment
with H,O vapor to hydrolyze the anchored compound [11-13]. UV irradiation of
the anchored Ti-oxide catalysts in the presence of a mixture of CO, and H,O led to
the evolution of CH4, CH30H, and CO at 323 K. The total yield was larger under
UV irradiation at 323 K than at 275 K. The efficiency of the photocatalytic reaction
strongly depends on the ratio of H,O/CO,, and its activity increases with increasing
the H,O/CO, ratio; however, an excess amount of H,O suppresses the reaction
rates. Figure 9.8 shows the effect of the number of anchored Ti—O layers on the
absorption edge in the UV-VIS spectra of the catalysts and the efficiency of the
photocatalytic reactions as well as the relative yields of the photoluminescence. It
was proven that only catalysts with highly dispersed monolayer Ti-oxide exhibit
high photocatalytic activity and photoluminescence at around 480 nm. Only the
tetrahedrally coordinated Ti-oxide species exhibit photoluminescence emission
upon excitation at around 250-280 nm. These findings also clearly suggest that
the tetrahedrally coordinated Ti-oxide species function as active photocatalysts for
the reduction of CO, with H,O.
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9.9 Ti-Containing Porous Silica Thin Film

In the syntheses of zeolites and mesoporous molecular sieves, the morphology of
these materials was mainly in powdered form. However, powdered material sys-
tems are difficult to handle for practical use as photocatalysts. Therefore, the
synthesis of transparent porous silica thin films is a subject of current interest.
Such transparent porous silica thin films have a larger surface area, in contrast to
metal oxide thin films on a quartz substrate, and can realize the efficient absorption
of light, showing that they have potential for use as effective photocatalysts.

Self-standing Ti-containing porous silica (PS) thin films with different pore
structures and Ti contents were synthesized by a solvent evaporation method.
Ti-PS(h, 25) and Ti-PS(c, 50) mean hexagonal and cubic structure with a Si/Ti
ratio of 25 and 50, respectively [40, 41]. The synthesized thin films are colorless
and completely transparent. Mesoporous structure was confirmed by a characteris-
tic diffraction peak at around 2-3° associated with the d,qy spacing.

UV irradiation of these Ti-containing porous silica thin films in the presence
of CO, and H,O at 323 K led to the formation of CH, and CH;OH as well as
CO and O, as minor products. Ti-PS(h, 50) thin film was proven to be the most
effective photocatalyst with a high quantum yield of 0.28 %, which was larger than
the Ti-MCM-41 powder catalyst even with the same pore structure (Fig. 9.9). This
quantum yields obtained with transparent Ti-PS (50) thin film photocatalyst has
been improved in contrast to the value obtained with the titanium oxide anchored on
transparent porous silica glass (0.02 %). In powdered form, the effect of the
scattering of light on the particle surface would be large so that effective light
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absorption and measurement may not be realized. Thus, the high photocatalytic
activity of such thin films can be attributed to the efficient absorption of UV light
due to its high transparency. From FT-IR investigations, it was found that these
Ti-containing porous silica thin films had different concentrations of surface OH
groups and showed different adsorption properties for the H,O molecules toward
the catalyst surface: photocatalysts having small amounts of surface OH groups
showed high selectivity for the formation of CH;OH.

9.10 Ti/Si Binary Oxide (Sol-Gel)

Ti/Si binary oxides involving different Ti contents were prepared by the sol—gel
method using mixtures of tetraethylorthosilicate and titanium isopropoxide. Ti/Si
binary oxides with only a small Ti contents exhibited the photoluminescence emis-
sion at around 480 nm upon excitation at around 280 nm [22, 42]. UV irradiation of
the Ti/Si binary oxide catalysts in the presence of a gaseous mixture of CO, and H,O
led to the formation of CH, and CH3OH as the main products. A parallel relationship
between the specific photocatalytic activities of the titanium oxide species and the
photoluminescence yields of the Ti/Si binary oxides was observed. This phenomenon
clearly indicates that the appearance of high photocatalytic activity for the binary
oxides is closely associated with the formation of the charge-transfer excited complex
due to the highly dispersed tetrahedral Ti-oxide species.

The XAFS, ESR, and photoluminescence investigations of the Ti/Si binary
oxide indicated that these catalysts prepared by the sol-gel method can keep
tetrahedral coordination geometry of Ti-oxide species until the TiO, content
approaches up to approximately 20 wt%. Consequently, the Ti/Si binary oxides
having a high Ti content can be successfully utilized as active photocatalysts for the
efficient reduction of CO, with H,O in the gas—solid system.
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9.11 Visible Light-Sensitive TiO,-Based Catalysts

The development of visible light-sensitive photocatalysts was intensively pursued
since the pure TiO, and Ti-oxide species only shows fascinating photocatalytic
activities under UV-light irradiation, which limit the utilization of a small UV
fraction of natural solar light. One of the most promising strategies to use higher
wavelength of the solar spectrum is the dye sensitization of TiO,. The organome-
tallic dye, especially (2,2'-bipyridine) ruthenium (II) chloride hexahydrate, attached
TiO, absorb sunlight and injects electrons into the conduction band of TiO,, which
ultimately promote the CO, reduction to produce CH, [43]. It was also reported that
the perylene diimide derivatives have shown high light-harvesting capacity similar
to the Ru complex dye.

Nguyen et al. found substantial improvements in the photoactivity of metal-doped
TiO,—SiO, mixed oxide-based photocatalysts toward CO, photoreduction in the
presence of H,O and concentrated sunlight in an optical fiber photoreactor (OFPR)
[44]. Fe atoms are introduced into the TiO,—SiO, lattice during sol-gel process,
resulting in the full visible light absorption as well as the effect on product selectivity
of the obtained catalyst. Cu—Fe/TiO, catalyst mainly produced ethylene with the
quantum yield of 0.024 %, whereas Cu—Fe/TiO,—SiO, catalyst exhibited favorable
methane production with the quantum yield of 0.05 %. The overall energy efficiency
is found to be higher on Cu-Fe/TiO,—SiO, (0.018 %) than on its Cu—Fe/TiO,
(0.016 %). The superior photoactivity of Cu—Fe/TiO,—SiO, catalyst under natural
sunlight could be ascribed to the efficient charge-transfer mechanism between TiO,
and Cu as well as Fe as co-dopants and its full absorption of visible light.

9.12 Various Metal Oxide Photocatalysts

The reviews concerning the photocatalytic reduction of CO, using various metallic
oxides other than TiO, have been previously summarized by Navalon et al. [45] In
general, ZnO and NiO are widely known as versatile oxide semiconductors except
for TiO,. Because these ZnO and NiO semiconductors possess negatively high
conduction band potential compared to the TiO, (TiO,, —0.29 V; ZnO, —0.31 V;
NiO, —0.50 V at pH 7) [46]. Yahaya et al. focused on these conduction band
potential for efficient CO, reduction, and the photocatalytic reduction of CO, to
CH;0H was performed in an aqueous suspension of these oxide semiconductors
under laser light irradiation at 355 nm [47]. The ZnO and NiO semiconductors
exhibited more efficient CH3;0H production performance than the TiO,. The
amounts of produced CH;0OH decreased with irradiation time when TiO, and
ZnO were used as photocatalysts, indicating that the produced CH3;OH was further
oxidized to HCHO, HCOOH, or CO, by the high oxidation ability of these
materials, while no decrease of produced CH;OH was confirmed in the presence
of the NiO semiconductor. In addition, they discovered that more efficient CH;0H
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production was achieved to convert CO, into H,CO3, because the pH of the system
decreases by production of H,COj3 (dissolution of CO,), resulting in the shift of
conduction band edge to more positive value.

Novel oxide photocatalysts by composite compounds of various metal species
were also reported for photoreduction of CO, [48]. Various cocatalyst nanoparticles
such as NiO,, Ru, Cu, Au, or Ag were loaded on ALa,Ti4O5 (A = Ca, Sr, or Ba).
Among those synthesized, 2 wt% Ag loaded on BalLa,Ti4O,5 (Ag/BaLa,Ti4O5)
exhibited the highest CO, reduction performance, resulting in the formation of CO
as a main product. The Ag cocatalyst acted as a reduction site to produce CO from
CO,. Interestingly, the photocatalytic activity for CO, reduction strongly depends
on the loading method of Ag nanoparticles. The small-size Ag nanoparticles
(10 nm) were prepared on the edge of plate particle of the BalLa,Ti4O;5 by
liquid-phase chemical reduction method, and the performance of photocatalytic
CO; reduction was significantly improved compare to the Ag/BalLa;Ti4O,5 using
conventional method such as impregnation or photodeposition. It is concluded that
the separation of reaction sites (reduction and oxidation) and the loading of small-
size Ag cocatalyst on the edge of plate play important roles to achieve efficient
activation of CO, reduction using Ag/Bala,Ti4O,5 photocatalyst.

As discussed in Sect. 9.11, the development of visible light-sensitive photocatalyst
is also absolutely imperative for more efficient CO, reduction. The unique
photocatalyst system for CO, reduction using composite oxide of Pt/ZnAl,O4 mod-
ified with mesoporous ZnGaNO was reported by Yan et al. [49]. The photocatalytic
reduction of CO, to CH, was efficiently confirmed in the presence of H,O under
visible light irradiation (4 > 420 nm), because this novel and unique photocatalyst
possesses high CO, adsorption property derived from mesoporous structure, basicity,
and visible light absorption ability by narrow band gap structure to achieve efficient
CO, reduction. This photocatalytic activity is about seven times higher than that of
Pt-loaded N-doped TiO, known as versatile visible light-sensitive photocatalyst.

9.13 Localized Surface Plasmon Resonance-Enhanced
Photocatalyst

Au nanoparticle can absorb visible and infrared light in particular regions due to
localized surface plasmon resonance (LSPR) [50, 51]. In simple terms, LSPR is
made up of collective oscillations of free electrons in metal NPs driven by the
electromagnetic field of incident light [4]. This unique characteristic has given rise
to a new approach to the fabrication of visible light-sensitive photocatalysts, known
as plasmonic photocatalysts, through the deposition of Au nanoparticle onto suit-
able semiconductors [52]. It has been proposed that in the case of Au/TiO,, at an
excitation wavelength corresponding to the LSPR of Au, the Au nanoparticle
absorb photons and inject photogenerated electrons into the TiO, conduction
band [53].
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Fig. 9.10 The energy level of anatase-type TiO, and Au nanoparticle and reduction of CO, to
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The photocatalytic reduction of CO, to CH, using the unique LSPR property of
Au/TiO, was recently performed by Hou et al. [54, 55]. In this system, the main
product was CH,, but the methanol and formaldehyde were also observed. When
the light (4 = 532 nm) matched to the LSPR absorption of Au nanoparticle was
utilized in this system, the reduction efficiency of CO, was about 24 times higher
than that of bare TiO,. They discussed that the excited electrons produced in the Au
nanoparticles by the LSPR did not directly transfer to the conduction band of TiO,.
However, when the photon possessing high enough energy to excite the electrons in
d-band of Au nanoparticles was irradiated, the charge was directly transferred
between Au nanoparticle and TiO, (Fig. 9.10). Since the LSPR can absorb light
of long-wavelength region, this unique photocatalytic system is one of promising
approach for efficient CO, reduction by beneficial use of photo-energy.

9.14 Conclusions

In this chapter, we have focused on the progress in the very stimulating field of the
photocatalytic reduction of CO, with H,O on various types of Ti-oxide catalysts.
Upon UV-light irradiation, the reactions on TiO, powders in the presence of gaseous
CO, and H,O at 275 K produced CH4 as the major product, while on the highly
dispersed titanium oxide anchored on porous glass or ordered porous silicas, the
formations of CH3;OH as well as CH, were observed as the major products. In situ
spectroscopic studies of the system indicated that the photocatalytic reduction of CO,
with H,O is linked to a much higher activity of the charge-transfer excited state, i.e.,
(Ti*—07)* of the tetrahedral coordinated Ti-oxide species formed on the surface.
Owing to the dramatically growing nature of this research field, we expect that the
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design strategy described here can offer a helpful overview to the readers in this
fascinating area. In recent report, the highly efficient reduction of CO, was achieved
using various oxide semiconductors or the LSPR property of metallic nanoparticles.
These photocatalytic systems are expected for solution of various global environment
problems including CO, problem.
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