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Preface

The use of fossil fuels such as oil and coal has promoted the rapid industrial development,
however, with the excessive utilization of fossil energy, it not only caused a shortage of energy storage,
but also produced a series of environmental problems, such as atmospheric and marine pollution, and
global warming. The International Panel on Climate Change predicted that CO» as one of the main
greenhouse gases in the atmosphere would reach up to 590 ppm by 2100, and the global mean
temperature would rise by 1.9 °C, which may cause disastrous consequences such as ice melting, rise
in sea level, and change of ecosystems. For the sustainable development of human beings, it is urgently
needed to mitigate CO> emission and produce energy in more environmentally friendly and efficient
technique. The capture, storage, and conversion of CO; into other useful chemical compounds, such
as CO, HCOOH, HCHO, CH30H, and CHj4 is considered as one of the promising strategies to solve
the above-mentioned problems. Various technologies, such as thermochemical, photoelectrochemical,
electrochemical, photochemical, and biological conversion of CO; have been developed to reduce CO-
into chemical feedstocks. Among them, the photocatalytic conversion of CO2 by H>O to hydrocarbon
fuels at ambient temperature and pressure using solar light (so-called “artificial photosynthesis™) is a
promising technique to solve the environmental problems and produce energy without secondary
pollution.

Since the discovery of photocatalytic conversion of CO> into hydrocarbons over
semiconductors under light irradiation in the late 1970s, the technical and theoretical research on the
photocatalytic conversion of CO> has made great progress after about 40 years of development.
However, the photocatalytic efficiencies for the conversion of CO: into hydrocarbon fuels are not
satisfactory because the reactions of CO; reduction by H>O are uphill reaction processes (AG > 0) that
need to input high energy due to the stability of CO, molecule.

In the present thesis, the author focuses on highly active and selective photocatalytic
conversion of CO2 by H>O over various heterogeneous catalysts. Particularly, the effects of s on the
photocatalytic performance for the conversion of CO; were studied. The author developed a Ag-Cr
core-shell-structured (Ag@Cr) co-catalyst that modified on the photocatalyst surface could

significantly improve the photocatalytic activity and selectivity for the conversion of CO2 into CO with



H>O as an electron donor. In the Ag@Cr co-catalyst, Ag acted as an active site for the photocatalytic
conversion of CO; into CO, and the Cr(OH)3-xHO layer on the surface of Ag core increased the CO»
adsorption and suppressed the backward reaction for the reduction of CO> (CO + O, — CO3). Although
the formation rate of CO was not stable during the photoirradiation due to the dissolution of Cr** in
Ag@Cr/Gay0s, this loss could be compensated by reloading supplementary Cr*" in Ag@Cr/Gaz0:s.
Interestingly, the author found that Ag/SrNb2Og nanorods exhibited a high CO formation rate and high
selectivity toward CO evolution for the photocatalytic conversion of CO; at low CO; concentrations,
which provides meaningful insight into the practical application of the photocatalytic conversion of
CO; into other feedstocks.
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General introduction

Basic principles of photocatalytic conversion of CO2 by HO

Anthropogenic greenhouse gas emissions since the pre-industrial era have driven large increases
in atmospheric concentrations of CO», which will have a drastic impact on the global climate,
environment, and economy if additional efforts to reduce these emissions are not made.! To mitigate
CO> emissions and address both energy and environmental issues, photocatalytic conversion of CO>
into other feedstocks such as CO, HCOOH, HCHO, and CH4 using solar energy (known as artificial
photosynthesis) has been considered one of the best strategies.>

Since the pioneering work on the photocatalytic conversion of CO2 to HCOOH and CH3OH over
semiconductors by Halmann* and Inoue et al.,’ semiconductor-based heterogeneous photocatalysts as
simple and environmentally friendly photocatalysts have received widespread attention.’* However,
the photocatalytic conversion of CO: usually requires high energy inputs to activate the linear CO-

molecule owing to the high C=0 bond energy (750 kJ mol !).% ° Notably, the proton-assisted multi-

electron reductions of CO; (Eqn. 2—6, vs. normal hydrogen electrode (NHE) at pH 7.00) show much

more moderate potential than the one-electron reduction of CO» (Eqn. 1, vs. NHE at pH 7.00).1%-12
COs+¢ = COy™ EY=—185V (1)
CO, + 2H" +2¢~ = HCOOH E"=—0.61 V 2)
COs + 2H* +2¢~ = CO + H,0 E"=—0.52V 3)
CO, + 4H' + 4¢” = HCHO + H20 B =—0.48 V 4)
COs + 6H" + 6¢~ = CH30H + H20 E" =038V )
COz + 8H" + 8¢™ = CHs + 2H20 E"=-024V (6)
2H,0 +4h* = O, + 4H* E = +0.82 V %
2H +2¢ = Ho EY=—041V @)



Band theory has commonly been used to explain the photoreaction thermodynamics and kinetics
of a semiconductor. Figure 1 shows the main processes during the photocatalytic conversion of CO>
over semiconductor-based heterogeneous photocatalysts. (1) The first process is light harvesting; the
photocatalyst absorbs enough light energy to generate electron-hole pairs. (2) The second process is
charge separation; the photogenerated electrons and holes migrate from the inside of the bulk
photocatalyst to the surface. Generally, most of the photogenerated electrons and holes recombine
before they migrate to the photocatalyst surface, and therefore, it is more difficult for reactions in
which many electrons (e.g., four or eight electrons) are consumed to occur than two-electron reactions.
(3) The third process is a redox reaction; the photogenerated electrons react with adsorbed CO» species
and protons (H") to produce hydrocarbon products (Eqn. 2-6), and the photogenerated holes are

consumed by oxide species, such as added sacrificial reagents or H>O.
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Figure 1. Schematic illustration of probable mechanism of photocatalytic conversion of CO2 over a

semiconductor-based photocatalyst for solar fuel production.

As a ubiquitous substance on Earth, H>O is an ideal electron donor and H" source for the
photocatalytic conversion of CO». In this case, H>O not only provides H' for the reduction of CO», but

also is oxidized to Oz by the photogenerated holes (Eqn. 7). However, there is a dilemma with the use



of H2O as an electron donor; because the redox potential of H" to H» with two electrons is more
favorable, the generation of H, from H" (Eqn. 8) is always preferred to the generation of hydrocarbons
from COz and H" when H>O is used as an electron donor. Consequently, it is necessary to monitor the
evolution of H> and determine the selectivity of the photogenerated electrons during the photocatalytic

conversion of CO2 by H,O (Eqn. 9)."?

Selectivity = (2Rucoon + 2Rco + 4Rucno + 6Rcuson + 8Rcn4)/

(2Rucoon + 2Rco + 4Rucno + 6Rcuzon + S8Rcu4 + 2Ru2) 9)

where Rx represents the formation rate of product x.
Additionally, a stoichiometric amount of O as the oxidation product and hydrocarbons and/or H»
as reduction products should be obtained, which would confirm that H>O functions as the electron

donor (Eqn. 10)."3
Consumed e /A" = (2Rucoon + 2Rco + 4Rucno + 6Rcuzon + 8Rcua + 2Ruz)/4Ro:2 (10)

If the photocatalytic conversion of CO2 by H2O proceeds stoichiometrically, then the value of
e /h" should be equal to 1.

Accordingly, a suitable photocatalyst for the photocatalytic conversion of CO> by H>O should
fulfill the following demands: (1) adsorption of reactants such as H", CO,, or carbon species, and
desorption and diffusion of products into the system from the active site after the photocatalytic
reaction; (2) proper conduction band (CB) and valence band (VB) edges to drive both CO; reduction
and H>O oxidation; and (3) efficient charge separation/trapping for the photocatalytic redox reactions.
On the basis of these considerations, the photocatalytic efficiency of the conversion of CO> by H,O

can be improved by following the methods described below.

Surface engineering

Since the photocatalytic reaction is a surface reaction, the surface states of photocatalysts
determine the CO»/H>O adsorption/activation and charge migration kinetics, which, in turn, greatly

affect the photocatalytic performance in the conversion of CO.!* Unlike the linear CO> molecule, CO;

3



that is chemically adsorbed on a photocatalyst surface (mainly carbonate and/or bicarbonate species)
has a bent O-C-O bond, which will be beneficial for the activation of CO,.!*> Generally, CO; acts as a
Lewis acid and bonds easily with Lewis bases such as alkaline earth oxides/hydroxides, amines, and
amides.'® Many studies have been launched towards improving CO, adsorption by modifying the
photocatalyst surface with a CO, adsorbent.'”!” For instance, Meng et al. reported that surface
modification of TiO2> with NaOH can enhance CO> adsorption and activation and led to highly effective
photocatalytic conversion of CO, into CH4.?° Liao et al. found that amine groups on TiO> surfaces
enable “C-N” bonding with CO> to form carbamates, which improved CO> adsorption for
photoconversion into hydrocarbon fuels.?! Our group also confirmed that the presence of a low amount
of MO (M = Ca, Sr, Ba) can enhance the photocatalytic activity and selectivity in the conversion of

COz by H>0 into CO.?? Additionally, rare earth compounds are also good candidates to be used as CO,

1.23 1-24

adsorbents on photocatalyst surfaces. Recently, Huang et al.> and Tatsumi et al.** in our group reported
that modification of the surface of Ga>O3 with rare earth species enhanced the formation rate of CO
and selectivity toward CO evolution in the photocatalytic conversion of CO2 by H20. If NaHCO3
additives are introduced, the rare earth (RE) species on the Ga;Oj3 surface will transform them into
carbonate hydrates (RE2(CO3)3-nH>0) and/or hydroxycarbonates (RE2(OH)23-x(CO3)x'nH20), which
decompose upon photoirradiation, as shown in Figure 2.2*2* The rare earth species functions as a CO»

capture and storage material that greatly improves the photocatalytic efficiency of the conversion of

CO2 by H>0 into CO.

As-prepared ‘ In NaHCO; aq. - [ During photoirradiation ]

co, w

Prz(OH)z(s-x)(Coa) x Pr,(C0O;);-8H,0 Pry(CO;);-8H,0

_ Ag cocatalyst

Figure 2. Formation of Pr species as a CO; capture and storage material in an aqueous solution of

NaHCOj during the photocatalytic conversion of COz in ref. 23.



Moreover, surface engineering can also be conducted by altering the surface defects (such as
oxygen vacancies (V,)) on a photocatalyst.?> 26 It has been found that the presence of Ti** species or
V, facilitates charge transport and CO> adsorption in TiO2.2” 28 Yin et al. reported that slightly
hydrogenated H-TiO> with a high ratio of trapped holes (O~ centers) and proper surface defects
exhibited enhanced photocatalytic efficiency for CO: reduction compared to that of pristine TiO,.
However, highly hydrogenated H-TiO; with many bulk defects had significantly fewer O™ centers and
enhanced non-radiative recombination; consequently, the photocatalytic efficiency was strongly
decreased.?

The above surface engineering can significantly enhance the photocatalytic activity and
selectivity in the photocatalytic conversion of CO2 by enhancing the CO» adsorption and/or charge
transport. However, there are still some controversial points that need to be clarified, such as (1) how
the CO; adsorbent connects with the active sites for the enhanced activity and selectivity during the
photocatalytic conversion of CO2, since the CO> adsorbent generally does not act as the active site,
and (2) how to process the surface photoreactions, the identity of the intermediate species, and the

effect of H2O on the photoreaction process with the surface modification.

Morphology engineering

Various micro-/nanostructured materials such as nanoparticles (zero-dimensional),
nanorods/tubes/wires (one-dimensional), nanosheets (two-dimensional), and those with further exotic
topologies such as nanoflowers, porous materials, and hierarchical photocatalysts can offer more active
sites, better CO> adsorption, and faster charge transfer than bulk materials can. Therefore, it is expected
that the photocatalytic efficiency in the conversion of CO: can be improved remarkably by constructing
micro-/nanostructured photocatalysts. Zou’s group reported that Zn,GeO4 nanoribbons with a high
surface area (28 m? g ') showed better photocatalytic performance in the conversion of COx to CHs4
than did ZnoGeOs prepared using a solid-state method (surface area: 1 m? g !).2” Moreover, in their
subsequent work, they demonstrated that metal-organic frameworks such as ZIF-8 can effectively
adsorb CO> dissolved in H>O, which increased the photocatalytic activity in the conversion of CO»

into CH;OH.*® Xie et al. successfully synthesized SrNb.Os with nanoplate morphology using a

hydrothermal method.?! The StNb,Og nanoplates gave a higher CO formation rate and exhibited higher
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selectivity toward CO evolution in the photocatalytic conversion of CO2 using H2O vapor compared
to bulk SrNb,O¢ and SrNb,Og nanoparticles and nanorods. This is because the two-dimensional
nanoplate structure and high surface area significantly enhanced the separation of photogenerated
electron-hole pairs and CO> chemisorption. Layered double hydroxides (LDHs) composed of
[M?*1.M>**(OH)2]*" cationic sheets with intercalated anions have been exploited for the photocatalytic
conversion of CO2 because of their good CO; adsorption capacities and high surface areas. Zhao et al.
prepared ultrathin Zn-containing LDH nanosheets that exhibited much better photocatalytic activity in
the conversion of CO; into CO in the presence of H2O vapor compared to a bulk LDH.*? This is because
the formation of Zn"-V, complexes in the ultrathin ZnAl-LDH nanosheets served as trapping sites to
promote the adsorption of CO; and facilitated the electron transfer to the reactant. In a previous work
by our group, a Mg-Al-LDH-loaded Ga,Os photocatalyst was also reported to be highly active in the
photocatalytic conversion of CO> by H>O into CO.** The modification of the Ga>Oj3 surface with Mg-
Al LDHs increased the specific surface area, which resulted in more CO; adsorption sites and
concentrated the CO; species near the Ag co-catalyst. Therefore, the photocatalytic activity and
selectivity in the conversion of CO> by H>O into CO were significantly enhanced compared to those
obtained with bare Ga>Os.

It should be noted that smaller particles do not always correspond to high photocatalytic efficiency.
If the feature size of the particles, particularly of spherical particles, is comparable to the electron mean
free path, a strong quantum confinement effect appears, increasing the recombination probability of
the photogenerated electron-hole pairs.** Moreover, micro-/nanomorphization of a photocatalyst is
accompanied by changes in its surface, structural, and interface properties, and further investigation
and understanding of the CO; adsorption, activation, and charge transfer mechanisms of micro-

/manostructured photocatalysts are critical in both theory and practice.

Band-structure engineering

Generally, oxides or oxide/hydroxide composites containing d° (e.g., Ti*', Zr**, Ta>*, and Nb>*
oxides) or d'° (e.g., In*", Ga’*, and Ge*" oxides) electronic configuration cations are candidates for the
photocatalytic conversion of CO2 by H>O. The typical photocatalysts used for the photocatalytic

conversion of CO; by H2O under similar conditions reported recently are shown in Table 1. Notably,
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most of these photocatalysts show wide band gaps that only respond in the ultraviolet (UV) region. To
extend the absorption range of photocatalysts into the visible region, their band gaps can be narrowed
by lowering the CB level and/or raising the VB level. As reported in earlier papers, cation doping (such
as with Cu,*>3¢ Co,*” Ni,*® Ce,* Ag,**"*! or Cr*?) can be used to adjust the VB level, and anion doping
(such as with C,* N,* S,% or P*®) can be used to raise the VB maximum by introducing these anions

I°* replaced Ti* showed significantly enhanced

into the O sites.* For example, I-doped TiO2 in which
photocatalytic conversion of CO2 by H,0 into CO.*” N-doped InTaO4 gave approximately twice the
formation rate of methanol given by the undoped one in the photocatalytic conversion of CO> by H>O,
as compared with the undoped one.*® TiO: catalysts co-doped with V and W showed enhanced
photocatalytic activity in the conversion of CO; to CO and CH4 compared to pristine and single-metal-
doped TiO; catalysts.*’ The authors believe that V*" doping enhances the visible-light absorption of
TiO: by introducing an intermediate state within the band gap of TiO2, while the V20Os on the surface
of TiO, and W*" doped in the TiO lattice promote the separation of photogenerated electron-hole pairs.
Ye’s group reported that ordered mesoporous cobalt-doped TiO> improved the visible light activity in
the photocatalytic conversion of CO2 by H,O into CO and CHa.?” The doping of Co species increases
the visible-light absorption and promotes the formation of oxygen vacancies, which is beneficial for
enhancing the photocatalytic selectivity toward CH4 evolution under visible-light irradiation.

As mentioned above, although narrowing the band gap of a photocatalyst is beneficial to visible-
light absorption, it simultaneously suppresses the redox potentials. This inevitably gives rise to an
implicit conflict between wide-range light absorption and adequate redox capability. Thus, it is

necessary to fabricate a photocatalyst with a suitable band gap and sufficient CB and VB levels for the

simultaneous reduction of CO; and oxidation of H>O.



Table 1 Summary of photocatalysts for the conversion of CO2 using H2O as an electron donor under

similar experimental conditions.

Activity / pmol h™! Selec.

Catalyst Wiigght SI;E;:; Co-catalyst Additive tozjvgrd Ref.
H: 0 CcO

/%
BaLa,TisOr s 0.3 4O?aanpHg 2.0 [;”gt'% None 100 160 220 688 50
NaTaOs:Ba 1.0 4O?aanpHg 30 /:Vgt'% Ngﬁ%} 310 1700 318 910 51
CaTiO; 0.3 10(1)a\n7\1/pHg 33 X’gt'% N2§%3 310 250 540 940 52
NasTisO13 0.2 1o?a\rzprg 1.0 Xg"% Ngflé\& 160 0.700° 460 740 53
La;Ti>0; 1.0 4O?aanpHg 1.0 Xg% N‘;ﬁlé\& 409 530 520 515 54
ZnGa:04 1.0 4O(l)a\anHg 1.0 g”gt'% N‘;ﬁé\& 850 743 155 950 55
ZnGa:04/Gax0s 1.0 40(1’a‘anHg 1.0 I:Vgt'% Ngﬁé\gg 169 701 117 874 56
St0/Ta,05 1.0 4O?a¥pHg 30 Xg"% Ngﬁlé\& 380 510 680 642 22
KCaStTasOss 0.5 4O?aanpHg 0.3 [;”gt'% N‘;ﬁlé\& 150 460 970 867 57
ZnTa:06 1.0 40(1)aanpHg 1.0 g”gt'% N‘;ﬁé\& 251 186 193 434 58
SrKTasOns 1.0 4O?a¥pHg 1.0 I:Vgt'% Ngﬁ%} 830 343 655 888 59
KYTasO1s o A0WHg 1Owt% — OIM e 435 919 850 60

lamp Ag NaHCO;

400 WHg 1.0wt.% 0.1M

Sr1A6K0A37Na1A43Ta5015 1.0 16.0 53.7 94.6 85.5 61

lamp Ag NaHCO;
Mg-Al LDH/Ga;0s 1.0 40(1)aYanHg 1.0 X;% N‘;ﬁ%} 131 167 212 617 33
Pr/Ga;0s 0.5 4O?a¥pHg 1.0 X;% Ngﬁ%} 647 150 249 794 23
Yb-Zn/GaxOs 0.5 AOWHg 1Owt% — O.IM 3,0 153 150 800 24

lamp Ag NaHCO;

 Estimated from the figure mentioned in the paper.



Co-catalyst loading

Generally, high activity and selectivity are difficult to achieve in the photocatalytic conversion of
CO2 by H20 over a bare photocatalyst. This is because of the facile recombination of electron-hole
pairs before they are transferred to the surface for redox reactions and low surface reaction efficiency.
Suitable co-catalysts loaded onto light-harvesting semiconductors can act as both electron sinks and
proton reduction sites, thereby greatly enhancing the photocatalytic efficiency of the conversion of
CO; by H20.%2 Since Hori et al. reported that metal electrodes (such as Au, Ag, Cu, and Zn) showed
high selectivity toward CO evolution in the electrochemical reduction of CO2,% noble metals (such as
Pt,64% Au,%7%0 AQ,50-52. 57 70 and Pd™ 72), non-noble metals (such as Cu™ ™), and their alloys or
compounds (such as Au/Cu,” Cu/Pt,”® Cu/Pd,”? and Au/Pt’’) have been widely used as co-catalysts in
the photocatalytic conversion of CO.. In addition, certain metal oxides (such as CuOx,’® RuOy,"
NiOx,% Co0x,! and MCo0,04 (M = Zn or Mn)®?) have also been reported as co-catalysts that have been
loaded onto semiconductors to enhance the photocatalytic efficiency of CO2 conversion. Among them,
Ag is considered to be the most effective co-catalyst toward CO evolution for the photocatalytic
conversion of CO, by H,0. Kudo et al.*° reported for the first time that ALasTisO15 (A = Ca, Sr, Ba)
photocatalysts loaded with a Ag co-catalyst showed higher activities and selectivities in the
photocatalytic conversion of CO2 to CO and HCOOH with H20 acting as an electron donor than those
loaded with other co-catalysts (NiOx, Ru, Cu, Au). Consequently, various Ag-loaded photocatalysts
have been reported for highly selective photocatalytic CO, conversion with H,O as an electron donor.>*
52,5770 The photocatalytic conversion of CO2 by H20 over NaTaOs:A (A = Ca, Sr, or Ba) loaded with
a Ag co-catalyst gave much higher CO formation rates than did those loaded with other metals, such
as Ni, Cu, Ru, Pd, and Au, as the co-catalyst.>* Our group also found many photocatalysts that exhibit
high selectivity toward CO evolution in the photocatalytic conversion of CO2 by H,O, such as Ag-
modified ZnGa204/Gaz03,%% 8 ZnGay04,>° Sr,KTas015,°° Mg-Al LDH/Ga203,2* and K,RETas01s,%°

and detailed results are provided in Table 1.

Crystal facet engineering

Owing to the anisotropy properties of crystals, different facets of crystallized photocatalysts have



different surface energies, surface active sites, adsorption properties, and band structures.®* Various
studies have indicated that different facets of TiO» show different photocatalytic activities and
selectivities in the conversion of C0O2.3°% For example, Ye et al. observed that the {010} facet with
the best CO>", M-CO3", and HCO3™ adsorption showed better photocatalytic performance in the
conversion of CO; into CH4 by H>O than the {101} and {001} facets.’® ZnGa,O4 nanocubes with
exposed {100} facets exhibited improved performance in the photocatalytic reduction of CO2 into CHs
under UV-visible light irradiation compared to mesoporous ZnGa>O4, which has a larger specific
surface area. Theoretical calculations indicated that the light-hole effective mass on the {100} facets
of ZnGayO4 corresponds to high hole mobility, which contributes to efficient water oxidation to provide
the protons for promoting the photoreduction of CO; into hydrocarbon fuels. The authors from the
same group further reported that single-crystal Zn,GeO4 nanorods with dominant (110) crystal faces
also exhibited improved photocatalytic activity in CO; reduction, owing to the high specific surface
area and low number of crystal defects.”

It should be noted that the distributions and morphologies of co-catalysts on different exposed
facets also affect the photocatalytic performance in the conversion of CO,. A Pt co-catalyst loaded on
the {010} facets of TiO2 can enhance the photoinduced carrier separation efficiency more effectively
than on the {001} facets, therefore resulting in a photoactivity higher than that of Pt loaded on the
{001} facets of TiO,, although the {010} facets show stronger CO> adsorption than the {001} facets.”!
Li et al. also reported that the particle size and distribution of Ag on the exposed facets of brookite
TiO2 quasi nanocubes showed significant influences on the photocatalytic activity and selectivity in

the conversion of CO, into CO/CH4.%

Hybrid photocatalysts

The photocatalytic activity and selectivity in the conversion of CO2 can be improved through
various approaches such as surface, morphology, band gap, and crystal facet engineering of single-
semiconductor-based photocatalysts. However, much attention has also been paid to the construction
of hybrid photocatalysts, such as semiconductor heterojunctions and Z-scheme systems, to further
increase the photocatalytic efficiency in the conversion of CO2.** 9 In addition to the various well-

known oxides and oxysalt-based hybrid photocatalysts, such as TiO2/Zn0O,* o-Fe,03/Cu20,** and

10



Pt@CdS/TiO2.% Recently, carbon nanostructures (such as graphene oxide,* carbon nanotubes,®’ and
carbon quantum dots®) and g-CsNa-based®*%' hybrid photocatalysts have also been employed
extensively to enhance the photocatalytic activity and selectivity in the conversion of CO2 by H»O. For
instance, a g-CsN4/NaNbOz nanowire heterojunction photocatalyst was developed to remarkably
enhance the evolution rate of CH4 for the photocatalytic conversion of CO, by H,0.!%° The
heterojunction of g-C3N4 with NaNbO3 greatly enhances the absorption of visible light and transfer of
photogenerated electron-hole pairs. However, it should be noted that the selection of the carbon source
in the photocatalytic conversion of CO> is extremely important when carbon-based materials are used.
In addition to conducting blank experiments, **CO; isotopic labeling is also a good technique to
confirm whether carbon-containing products are derived from the introduced CO; rather than from

carbonaceous impurities.

Outline of the present thesis

This thesis focused on improve the photocatalytic performance in the conversion of CO, with
H20 as an electron donor. Particularly, the effects of co-catalysts on the photocatalytic activity and
selectivity for the conversion of CO> to CO evolution. Six chapters are consisted in this thesis.

Chapter 1 investigates the photocatalytic conversion of CO2 by H>O over two strontium niobates
(StNb20O¢ and SroNb2O7) synthesized by a flux method. After modification with a Ag co-catalyst,
SrNb2Og with a nanorod structure exhibited higher photocatalytic activity and selectivity toward CO
evolution as compared to SroNb,O7 with a nanoflake structure and SrNb,Og with a nanoparticle
structure. The separation of the reduction sites from the oxidation sites was observed on the StNb,Osg
nanorod under the photoirradiation, which contributed to the decrease in the recombination of the
photogenerated carriers; hence, Ag/SrNb>Ogs nanorods exhibit good activity and selectivity for the
photocatalytic conversion of CO».

Chapter 2 shows that Ag/SrNb,Os nanorods exhibited a high CO formation rate and high
selectivity toward CO evolution in aqueous solutions containing bicarbonate ions even without CO»
bubbling. Both the formation rate of CO and selectivity toward CO evolution increased with the

concentration of HCO3™. According to the experimental results and analytical chemistry calculations,
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it was concluded that the COz (aq) obtained by the dissociation of HCO3™ was the actual reactant for
the photocatalytic conversion of CO». Interestingly, the presence of HCO3;™ showed a great influence
on the photocatalytic activity and selectivity for the conversion of CO», although it is not the direct
reactant for the photocatalytic conversion of CO».

Chapter 3 describes that a core-shell structure Ag-Cr(OH);-xH2O dual co-catalyst loaded Ga,0O3
significantly improved the formation rate of CO and selectivity toward CO evolution, compared with
bare Ga>O3, Ag/Ga,03, and Cr/Ga>O3. The backward reaction tests, which produced CO> from CO and
07 in H>0, indicated that the modification of Cr(OH)3-xH>O thin layer on the surface of Ag co-catalyst
drastically suppressed the backward reaction for the photocatalytic conversion of COo.

In chapter 4, the functions of Ag and Cr species in Ag-Cr/Ga>O3 during the photocatalytic
conversion of CO> were investigated. Ag acted as an active site for the photocatalytic conversion of
CO2 into CO, and the Cr(OH)3-xH20 layer on the surface of Ag@Cr/Ga20z changed to Cr(OH)x(COz)y,
which increased the CO- adsorption on the Ag active site. The Ag@Cr core-shell-structured co-catalyst
modification method provides a general strategy for significantly improving the efficiency of the
photocatalytic conversion of COz into CO by H20.

Chapter 5 presents that the formation rate of CO for the photocatalytic conversion of CO2 by H.O
over Ag@Cr/Ga,O3 decreased with increasing photoirradiation time. It is found that Cr3* in
Ag@Cr/Ga,03 was oxidized to soluble Cr®* during the photocatalytic conversion of CO2 in a NaHCO3
aqueous solution under UV light irradiation. The decrease of CO evolved showed a good dependence
on the dissolution rates of Cr®*, which indicated that the dissolution of Cr** on the surface of
Ag@Cr/Gaz;03 leads to a decrease in the formation rate of CO. However, this loss could be
compensated by reloading supplementary Cr3* in Ag@Cr/GazOs.

In chapter 6, a Ca modification technique was proposed for highly efficient photocatalytic
conversion of CO2 by H20 into CO. When a small amount of calcium was modified on Ga;0s, both
CaO and CaGasO7 were formed on the surface of Ga;0Os, which is beneficial for simultaneously
improving photocatalytic activity and selectivity for the conversion of CO> to CO by H,O. However,
excessive Ca modification caused only CaGasO7 loaded on the Ga>O3 surface, which decreased the
formation rate of CO and selectivity toward CO evolution because CaGasO7 only showed activity for

the water splitting.
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Chapter 1

Highly selective photocatalytic conversion of COz by water over Ag-loaded
SrNb20¢ nanorods

Abstract

Strontium niobates (SrNb2Os and Sr2Nb2O7) with regular nanostructures were synthesized by a
facile flux method. Ag-loaded SrNb2Os and SroNb2O7 exhibited different performances for the
photocatalytic reduction of CO; in H2O. Compared to Sro2Nb2O7 nanoflakes and StNb2Og nanoparticles,
SrNb2O¢ nanorods exhibited higher photocatalytic activity and selectivity toward CO evolution.
Stoichiometric amounts of CO (51.2 umol h™!) and H> (1.1 umol h™!) as the reduction products, in
addition to O (24.8 pmol h™!) as the oxidation product, were obtained, indicating that H,O serves as
an electron donor in the photocatalytic conversion of CO-. In addition, the effect of the Ag co-catalyst

on the photocatalytic conversion of CO; was investigated.
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Introduction

Carbon dioxide (COz2), which is one of the major contributors to the greenhouse gas effect, has
become a worldwide environmental burden because of fossil fuel consumption.!* As a result,
supplementing the natural carbon cycle and addressing climate change are imperative. The conversion
of CO> to other valuable chemical compounds, e.g. CO, HCOOH, HCHO, CH30H, and CHa, under
ambient temperature and pressure conditions has attracted considerable attention as a sustainable
strategy to solve environmental and energy issues,>® especially conversion of CO; into CO, which is
widely studied in recent years as an alternative route to produce syngas components.'® ** Since the
discovery of the photoreduction of CO. into organic compounds using various semiconductors by
Inoue et al.,> 2 several studies on the semiconductor-based photocatalytic conversion of CO, using
H20 as an electron donor have been reported.'*® Nevertheless, the selective activation of CO2 by
electrons and suppression of H evolution in an aqueous solution are difficult because the redox
potential of H/H2 (—0.41 V vs. NHE, at pH 7) is more positive than that of CO/CO2 (—0.51 V vs. NHE,
at pH 7).1% 20 Previously, our group has reported high activity for Ag-loaded ZnGa,Os-modified
Gay03,%" 2 LapTi,07,2 SrO-modified Ta20s,2* ZnGax04,” SroKTas015,2° and ZnTa0¢?’ for the
photocatalytic conversion of CO2 by H>O under UV irradiation. Ag co-catalysts are well known to be
effective for the conversion of CO, to CO in aqueous solutions.* 2 2° However, still only a few
photocatalysts have been reported, which exhibit high activity and selectivity for the photocatalytic
conversion of CO2 by H>O, even with the modification of a Ag co-catalyst. Hence, it is imperative to
develop highly efficient photocatalysts for CO. reduction using water as the electron donor.

Niobium-containing materials, e.g., SrNb2Oe and SraNb.O7, have been reported as promising
candidates for water splitting because of their attractive layered crystal structures, containing the
[NbOs] octahedra that can be distorted, and the high energy of the Nb 4d orbitals.>°3* These structural
advantages of niobium-based materials also make them promising for the photocatalytic reduction of
COa. Nevertheless, only a few studies have reported the photocatalytic performance of niobium-based
photocatalysts for CO; reduction, and the reported activity and selectivity were not satisfactory.>%%7
An inerratic nanostructure for a photocatalyst has been reported to not only increase active sites for

the photocatalytic reduction of CO> in the presence of H>O but also promote the separation of oxidation
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and reduction sites because of its anisotropic effect.1# 26:38:3% |n this study, two strontium niobates (e.g.
SrNb2Os and SroNb2O7) with regular nanostructures were synthesized by a flux method, and their
performance in the photocatalytic conversion of CO2 in H20 was investigated. After modification with
a Ag co-catalyst, SrNb.Og with a nanorod structure exhibited higher photocatalytic activity and
selectivity toward CO evolution compared to SroNb2O7 with a nanoflake structure and SrNb2Oe with a
nanoparticle structure. In addition, the effects of the Ag co-catalyst on the photocatalytic conversion

of CO; were discussed.

Experimental

Photocatalyst preparation

SrNb2Og and SroNb2O7 were prepared by a flux method. To fabricate StNb2Os, 2.0 g of Nb2Os
powder (99.9%, Wako) and 6.0 g of SrCl>-6H>0 (99.9%, Wako) were ground in an alumina mortar for
5 min. SrCl2-6H20 was used as the precursor and flux reagent. The mixture was calcined in air using
an alumina crucible at 1173 K for 2 h. After calcination, the obtained powder was thoroughly washed
three times with hot water (353 K) to remove the residual salt and dried at 353 K in an oven. The
process of synthesizing Sr2Nb2O7 was almost the same as that of synthesizing SrNb2Os, except for the
use of SrCOs3 (99.9%, Wako) as the precursor. Modification using a Ag co-catalyst was performed by
chemical reduction (CR), impregnation (IMP), and photodeposition (PD) methods. For modification
by CR method, the obtained StNb>Og or Sr2NboO7 (1.5 g) was suspended into a 50 mL aqueous solution
of AgNOs (0.1 M), followed by the dropwise addition of a NaPH>O, (0.4 M) solution into the
suspension. After stirring the mixture at 358 K for 1.5 h, it was filtered and dried at room temperature.
For modification by IMP method, StNb2Os (1.5 g) was homogeneously dispersed in an aqueous
AgNOs solution, followed by evaporation at 358 K to remove water and calcination at 723 K for 2 h
in air. Modification by PD method was carried out in situ during the photocatalytic conversion of COo.
The synthetic details have been reported in our previous studies.’* ?” Generally, 1.5 g of StNb>Og
powder was dispersed in 1.0 L of ultra-pure water containing a required amount of AgNO3, and the
dissolved air in the solution was completely degassed by a flow of Ar gas. The suspension was

irradiated under a 400 W high-pressure Hg lamp with a quartz filter using an inner-irradiation-type
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reaction vessel with Ar gas flowing for 1.5 h, followed by filtration and dried at room temperature.
Characterization

The crystal phase and structure of the samples were observed by powder X-ray diffractometry
(Rigaku Multiflex) with Cu Ka radiation (A = 0.154 nm) at a scan rate of 4° min'. Sample
morphologies were observed by field-emission scanning electron microscopy (FE-SEM, SU-8220,
Hitachi High Technologies) and transmission electron microscopy (TEM, JEM-2100F). The
Brunauer—-Emmett—Teller surface areas of the photocatalysts were measured by their N> adsorption
isotherms at 77 K using a volumetric gas adsorption apparatus (BELSORP-mini II, BEL Japan, Inc.).
Prior to the measurements, each sample was evacuated at 473 K for 1 h using a pretreatment system
(BELPREP-vacll, BEL Japan, Inc.). UV—Vis diffuse-reflectance spectra were recorded on a UV—
visible spectrometer (V-650, JASCO) equipped with an integrated sphere accessory.
Photocatalytic reaction

The photocatalytic conversion of CO2 was carried out using a flow system with an inner-
irradiation-type reaction vessel at ambient pressure. First, the synthesized photocatalyst (0.5 g) was
dispersed in ultrapure water (1.0 L) containing 0.1 M NaHCOs3. Second, CO, was bubbled into the

solution at a flow rate of 30 mL min™"

. Third, the suspension was illuminated using a 400 W high-
pressure mercury lamp with a quartz filter connected to a water cooling system. The amounts of the
evolved H> and Oz were detected using a thermal conductivity detector—gas chromatography system
(TCD-GC, Shimadzu Corp; MS-5A column, Ar carrier). The amount of evolved CO was analyzed by
a flame ionization detector—GC with a methanizer (ShinCarbon ST column, N carrier). The selectivity

toward CO evolution compared to H> evolution and the balance between the consumed electrons (e”)

and holes (/") were expressed by egns. (1) and (2), respectively:

Selectivity toward CO evolution (%) = 100 %X 2Rco/(2Rco + 2Ru2) (1)

Consumed e /h" = (2Rco + 2Ru2)/4Ro2 (2)

Here, Rco and Rn2 represent the formation rates of CO and Ho, respectively.
In the isotopic experiment, 2CO, was replaced by '*CO,. The formation rates of Ha, Oz, *CO,
and '?CO under photoirradiation were detected using a quadrupole mass spectrometer (BELMASS,

Microtrac BEL) combined with a TCD-GC detector.
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Results and discussion

Figure 1 shows the XRD patterns of as-prepared SrNb2Ogs and SroNb,O7 fabricated by a flux

method. All the diffraction peaks in the upper and lower patterns were accurately indexed to the pure

monoclinic phase of StNb,Og with a P121/c space group (JCPDS 72-2088) and the orthorhombic phase

of Sra2Nb20O7 with a Cmc2; space group (JCPDS 70-0114), respectively.*? No peaks corresponding to

other impurity phases were observed, indicating that the pure phases of StNb2O¢ and Sr2Nb,O7 are

successfully prepared by calcination at 1173 K for 2 h by the flux method.
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Figure 1 XRD patterns of (a) StNb,Og and (b) SroNb,O7 fabricated by a flux method.
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Figure 2 (A) UV-visible spectra, (B) Davis-Mott plot presenting (ahv)? versus photon energy (hv) for

the determination of band gap of as-synthesized (a) StNb2Os and (b)Sr2Nb2O7 by a flux method.
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Figure 2A shows the UV—vis diffuse reflectance spectra of as-synthesized StNb,Og and SroNb,O7;
diffuse reflectance spectra were converted to absorption spectra using the Kubelka—Munk equation.
The band gaps of Sr2Nb2O7 and SrNb2Os were estimated as 3.97 eV and 3.86 eV, respectively (Figure
2B), based on the Davis—Mott equation*’ using the Kubelka—Munk function F(Rx) obtained from the

diffuse-reflectance spectrum; these values are similar to the reported values.?!> 32

[F (R) hv]= A (hv — Ey)" 3)

Here, &, v, A, and n = 1/2 represent the Planck’s constant, vibrational frequency, proportionality

constant, and direct allowed transition, respectively.

Figure 3 SEM images of as-prepared (a) StNb2Os and (b) Sr2Nb,O7 prepared by the flux method.

Figure 3 shows the SEM images of as-prepared SrNb,Ogs and SrNb>O7. StNb2Os predominantly
consisted of 1D rod-like particles (Figure 3a). The diameters of the nanorods ranged from 100 nm to
1 pm, and their lengths ranged from 500 nm to several tens of microns. On the other hand, Sr2Nb,O~
prepared by the same flux method predominantly exhibited a nanoflake structure with a thickness of
50-250 nm (Figure 3b). The surface areas of StNb2Og nanorod and SrNb,O7 nanoflake were 1.78 m?

g 'and 3.85 m? g, respectively.
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Figure 4 Formation rates of Hz (blue triangles), Oz (green squares), CO (red circles), and the selectivity
toward CO evolution (black diamonds) for the photocatalytic conversion of CO; in an aqueous
NaHCO:s solution using (a) Ag/Sr2Nb20O7 and (b) Ag/StNb2Os as the photocatalysts. Photocatalyst
powder: 0.5 g, reaction solution volume: 1.0 L, additive: 0.1 M NaHCO3, Ag loading amount: 1.0 wt.%,
modification method: chemical reduction, CO, flow rate: 30 mL min~!, light source: 400 W high-

pressure Hg lamp.

Figure 4 shows the formation rates of Hz, O2, and CO for the photocatalytic conversion of CO»
by H20 over Ag/SrNb2Os and Ag/SroNboO7 under UV light irradiation. Ag (1.0 wt.%) was loaded as
the co-catalyst on the sample surface by chemical reduction method. The surface areas of Ag/SrNb20Og
and Ag/StNb,O7 were 2.25 m? g~' and 4.26 m? g~!, respectively; these values are slightly greater than
that of the bare catalyst. High selectivity (greater than 95%) toward the photocatalytic evolution of CO
over Ag/StNb,Og was observed. CO was obtained as the main product (44.1 pmol h™!), with marginal
amounts of Hy (2.7 umol h™!). A stoichiometric formation amount of O (22.4 umol h™'), in addition
to H> and CO, was observed, indicating that H>O serves as the electron donor for the photocatalytic
reduction of CO,. On the other hand, compared to Ag/SrNb>Os, Ag/SroNb,O7 exhibited lower
formation rates of H», CO, and O»; H> was the main product; and the photocatalytic activity also rapidly
decreased after photoirradiation for 5 h. This result clearly indicated that Ag/SrNb>Ogs with a nanorod

structure exhibits better photocatalytic activity and higher selectivity toward CO evolution compared
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to Ag/Sr2Nb2O7 with a nanoflake structure.
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Figure 5 XRD patterns of StNb>Og prepared using different methods: (a) Flux (red). (b) SSR (black),

and (c) solvothermal methods (blue).
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Figure 6 SEM images of the StNb2Os products prepared using different methods: (a) SSR method, (b)
Solvothermal method; (c) Formation rates of H» (blue), O2 (green), and CO (red) and the selectivity
toward CO evolution (black diamond) for the photocatalytic conversion of CO; in an aqueous.
Photocatalyst powder: 0.5 g, reaction solution volume: 1.0 L, additive: 0.1 M NaHCO3, Ag loading

amount: 1.0 wt.%, modification method: chemical reduction, CO. flow rate: 30 mL min~", light source:

400 W high-pressure Hg lamp.
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As SrNb>Og and SraNb2O7 exhibited different structures, StNb2Og with a nanorod structure was
compared with catalysts with other nanostructures synthesized by the solid-state reaction (SSR) and
solvothermal methods. As shown in the XRD patterns (Figure 5), a pure SrNb,Os phase was
successfully prepared, except using the SSR method, which contained few impurity phases of
SroNb2O7. From the SEM images shown in Figure 6, aggregated nanoparticles (Figure 6a) and a
mixture of nanoparticles and nanorods (Figure 6b) were observed for StNb>Os fabricated by SSR and
the solvothermal method, respectively. All of the Ag-loaded StNb>Og products were favorable for CO
evolution; however, StNb>Os nanorods prepared by the flux method exhibited higher photocatalytic
activity and selectivity toward CO evolution compared to the aggregated nanoparticles prepared by
SSR and the solvothermal method (Figure 6¢). On the other hand, the nanorod-containing SrNb2Og
products prepared by the solvothermal method also exhibited higher photocatalytic selectivity toward
CO evolution although its photocatalytic activity was less than that of the SrNb>O¢s nanoparticles
synthesized by the SSR method. This result revealed that Ag/SrNb2Os is promising for the
photocatalytic conversion of CO, and the nanorod structure is favorable for CO evolution, the reasons
for the high selectivity toward CO evolution of SrNb2Os nanorod will be discussed later.

Figure 7 shows the blank tests using the StNb2O¢ nanorods. No product was detected in the dark
(Figure 7a) and without a photocatalyst (Figure 7b). Marginal amounts of H> and Oz were observed,
while the formation rates of CO were rather low without a NaHCO3 additive and a Ag co-catalyst
(Figures 7c and 7d), indicating that the NaHCO3 additive and Ag co-catalyst are indispensable for the
photocatalytic conversion of CO2 in an aqueous solution. The use of inert Ar instead of CO; led to the
decreased formation rate of evolved CO (Figure 7e). The best performance for the photocatalytic
conversion of CO; was using Ag-loaded SrNb.Og nanorods in an aqueous NaHCO3 solution with
bubbling CO, under photoirradiation (Figure 7f). From the photocatalytic result mentioned above, the
SrNb2Os nanorods clearly exhibited good activity for the photocatalytic conversion of CO; by H>O
under UV irradiation. The stoichiometric formation amount of H», CO, and O» indicated that H>O

serves as electron donor for the photocatalytic reduction of COs.
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Figure 7 Amounts of H> (blue triangles), O (green squares), and CO (red circles) from control
experiments for the photocatalytic conversion of COz in water using the Ag/SrNb2Os photocatalyst.
(a) dark condition; (b) no photocatalyst; (c) no additive; (d) no Ag co-catalyst; (e) with Ar gas flow;
(f) typical condition. Photocatalyst powder: 0.5 g, reaction solution volume: 1.0 L, additive: 0.1 M
NaHCO;3, Ag loading amount: 1.0 wt.%, modification method: chemical reduction, CO> flow rate: 30

mL min !, light source: 400 W high-pressure Hg lamp.

It is known that gaseous CO; can dissolve in an aqueous solution, whereas, it is negligible in pure
water.*! Adding additives in the aqueous solution could greatly affect the solubility of gaseous CO2
and pH value into a reactant solution for COx reduction.*’ The effects of bases on the photocatalytic
conversion of CO, over Ag/StNb>Og are shown in Table 1. When NaHCO; (0.1 mol L"), Na,CO;
(0.05 mol L"), and NaOH (0.1 mol L™!) were added into the reactant solution, it showed similar
formation rates of products and pH values for the photocatalytic conversion of COz. Because CO> gas
was continuously bubbled in solution, all the concentrations of COx (aq), HCOs~, and COs> achieve
equilibrium in case that Na,COs3 and NaOH are added as well as NaHCOs.*? In our previous work, the
concentration of CO> (aq), HCO3 ™, and CO3*™ in 0.1 mol L™ NaHCOj3 aqueous solution were calculated
under different pH values, which showed higher dissolved amount of CO; (aq) for the photocatalytic
conversion of CO; (at pH = 6.8) as compared to that in the pure water.*> Whereas, in the solutions of

0.05 mol L™! H2SO4 and 0.1 mol L™! NaCl, the SO4*" and CI ions are hard to keep the high solubility
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of gaseous COz in solution, the concentrations of CO> related species are similar to that in H2O during
the bubbling of CO,.*?> On the other hand, the high concentration of H" in H,SO4 and NaCl solutions

is in favor of water splitting, so H> was the main products when H>SO4 and NaCl were used as additives.

Table 1 Effects of reactant solutions on the photocatalytic reduction of CO» over Ag/SrNb,O.1!

Additive ) Formation rate of products / pmol h™! Selec. toward CO
(mol L) i H, 0, CcoO (%)

None 4.1 8.1 4.2 0.3 3.6
NaHCO:s (0.1) 6.8 2.8 20.1 44.1 94.0
NaxCOs (0.05) 7.0 2.2 23.0 49.7 95.8

NaOH (0.1) 6.9 3.8 24.4 45.2 923
NaCl (0.1) 3.9 10.7 5.8 1.2 9.8
H2S0O4 (0.05) 1.3 176.5 85.0 0.1 0.1

[al Photocatalyst powder: 0.5 g, reaction solution volume: 1.0 L, additive: 0.1 M NaHCO3, Ag loading
amount: 1.0 wt.%, modification method: chemical reduction, CO; flow rate: 30 mL min~!, light source:
400 W high-pressure Hg lamp. ! pH value of reaction solution during the photocatalytic reduction of

COa.

Figure 8 shows the gas chromatograms and mass spectra for the photocatalytic conversion of
3CO, by H20 over Ag/SrNb,Qs. Peaks corresponding to Ha, Oz, and CO were observed in the TCD-
GC chromatogram. The peak at m/z = 29 corresponded to '*CO; in contrast, no peak was detected at
m/z =28. Therefore, CO evolved over Ag/SrNb.Ogs originates from the CO> introduced in the gas phase

and not from the residual organic contaminants on the surface.
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Figure 8 Gas chromatograms and mass spectra (m/z 28, 29) for the photocatalytic conversion of *CO;
by H2O over Ag/SrNb,Oe¢. Photocatalyst powder: 0.5 g, reaction solution volume: 1.0 L, Ag loading
amount: 1.0 wt.%, modification method: chemical reduction, *CO, gas flow rate: 30 mL min ™!, light

source: 400 W high-pressure Hg lamp.

Loading with Ag has been reported to affect the activity and selectivity for the photocatalytic
reduction of CO,.2> Figure 9 shows the formation rates of Hz, Oz, and CO for the photocatalytic
conversion of CO» in an aqueous NaHCO3 solution using Ag/SrNb,O¢ modified by CR, IMP, and PD
method. Ag-loaded SrNb2Og prepared by all methods exhibited high photocatalytic selectivity toward
CO evolution, and stoichiometric formation amount of H>, CO, and O2 were obtained. The amount of
CO obtained as the reduction product of CO2 over Ag/SrNb,Os prepared by CR method was greater
than those obtained by IMP and PD methods. The photocatalytic activity clearly decreased after
photoirradiation for 1 h and gradually became stable with the increase in the photoirradiation time
using CR methods. However, the evolution rate of CO only slightly decreased during photoirradiation

for 5 h by the loading of Ag using PD method.
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Figure 9 Formation rates of H» (blue triangle), O2 (green square), CO (red circle), and the selectivity
toward CO evolution (black diamond) for the photocatalytic conversion of CO2 in an aqueous NaHCO3
solution using Ag-modified StNb,Og by (a) CR, (b) IMP, and (c) PD methods. Photocatalyst powder:
0.5 g, reaction solution volume: 1.0 L, additive: 0.1 M NaHCO3, Ag loading amount: 1.0 wt.%, CO-

flow rate: 30 mL min ', light source: 400 W high-pressure Hg lamp.

Figure 10 SEM images of SrNb2Os modified with Ag by (a), (d) CR, (b), (e) IMP, and (c), (f) PD

methods. (a—c) before and (d—f) after photoirradiation for 1 h. Ag loading amount: 1.0 wt.%.

Figure 10 shows the SEM images of Ag/SrNb>Og prepared by the three methods. Ag particles

modified by CR method were uniformly scattered on the StNb>Og nanorod surface with a size less than
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10 nm (Figure 10a). Ag co-catalysts prepared by IMP method were dispersed on the surface of StNb2Os
nanorod with an aggregate size of 10-50 nm (Figure 10b). The Ag co-catalysts prepared by PD method
were predominantly deposited on the top of SrNb>Og nanorods as nanoparticles with a size of 30—70
nm (Figure 10c). This selective deposition of Ag co-catalysts was also observed for Ag/SrNb>Os
prepared by CR and IMP methods at a photoirradiation time of 1 h (Figures 10d and 10e). The sizes of
the Ag particles, which were prepared by CR and IMP methods, redeposited on the top of nanorods
were 10-30 nm and 20—70 nm, respectively. The particle size of Ag on the top of nanorods was almost
similar to the initial size of Ag/SrNb>Os prepared by PD method after photoirradiation for 5 h (Figure
10f). Ag particles loaded on the top plane with a smaller size prepared by CR method exhibited higher
photocatalytic activity for the reduction of CO2 than those prepared by IMP and PD method. This result

is consistent with those reported previously.'*
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Figure 11 Formation rates of H» (blue), O (green), and CO (red) and selectivity toward CO (black
diamond) evolution for the photocatalytic conversion of CO2 in an aqueous NaHCO3 solution using
the SrNb,Os photocatalyst modified with different contents of Ag. Photocatalyst powder: 0.5 g,
reaction solution volume: 1.0 L, additive: 0.1 M NaHCO3, modification method: chemical reduction,

CO> flow rate: 30 mL min ™!, light source: 400 W high-pressure Hg lamp.

Figure 11 shows the effect of the Ag co-catalyst loading amount on the photocatalytic activity for

COz conversion. Modification of the catalyst with marginal amounts of Ag dramatically improved the
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formation rate of CO and suppressed the formation rate of H», indicating that the modification of the
Ag co-catalyst leads to increased reaction sites on the SrNb2Os nanorod surface for the reduction of
CO; because of its good selectivity toward CO evolution.?® As the active sites for reduction increased
with increasing amounts of added Ag co-catalyst, the formation rate of CO increased with the addition
of a large amount of Ag from 0 to 0.5 wt.%. However, further increase in the amount of Ag led to the
aggregation of Ag particles; hence, the photocatalytic activity decreases with the further modification
by Ag with a loading from 0.5 to 2 wt.%. The particle size of the Ag co-catalysts increased with the
increase in the Ag loading amount, followed by gradual aggregation, which was clearly observed from
the SEM and TEM images in Figure 12. The highest formation rate of the evolved CO (51.2 pmol h™!)
was observed using 0.5 wt.% Ag-loaded SrNb>Og nanorods, as well as high selectivity (98%), although

the conversion efficiency was very low (0.06%).

Figure 12 SEM images of SrNb2Os nanorod modified with different contents of Ag (CR method)
before photoirradiation: (a) 0.01, (b) 0.1, (c¢) 0.5; (d) 1.0, (e) 2.0 wt.%, TEM images of SrNb»Os
nanorod modified with different contents of Ag (CR method) before photoirradiation: (f) 0.01, (g) 0.1,
(h) 0.5; (1) 1.0, (j) 2.0 wt.%; SEM images of SrNb2Os nanorod modified with different contents of Ag
(CR method) after photoirradiation for 5 h: (k) 0.01, (1) 0.1, (m) 0.5; (n) 1.0, (0) 2.0 wt.%.
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Figure 13 Time course for the evolution of CO (red circle), O> (green square), and H» (blue triangle)
evolution and the selectivity toward CO evolution (black diamond) for the photocatalytic conversion
of COz in an aqueous NaHCOs solution using Ag/SrNb2Os. Photocatalyst powder: 0.5 g, reaction
solution volume: 1.0 L, additive: 0.1 M NaHCOs3, Ag loading amount: 0.5 wt.%, modification method:

chemical reduction, CO> flow rate: 30 mL min ™!, light source: 400 W high-pressure Hg lamp.
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Figure 14 XRD patterns of Ag/SrtNb>Og with different photoirradiation time: (a) 0 h (red), (b) 6 h

(black), and (c)15 h (blue). Ag loading amount: 1.0 wt.%, modification method: chemical reduction.
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Figure 13 shows the time course for the evolution of CO, H», and O> during the photocatalytic
conversion of COz by H20O over 0.5 wt.% Ag-loaded SrNb,Og. Stable selectivity toward CO was
observed during photoirradiation (approximately 97%). CO was evolved as the main reduction product,
and marginal amounts of H> were generated. Stoichiometric amounts of O> as the oxidation product of
H>O were obtained, in addition to CO and H> as the reduction products, suggesting that H>O serves as
the electron donor for the photocatalytic conversion of CO». Notably, the formation rate of CO
gradually decreased with the increase in the photoirradiation time for the first 6 h and then was
maintained constant. As shown in the XRD pattern (Figure 14), the crystalline structures of StNb>Os
were very stable under UV light irradiation, while the diffraction peak corresponding to metallic Ag

was not observed because of the low amount of Ag.

Figure 15 TEM images of (a) StNb2Os and Ag-loaded SrNb2O¢ nanorods at different photoirradiation
times: (b) O h, (c) 3 h, (d) 6 h, (e) 10 h, (f) 15 h. Ag loading amount: 0.5 wt.%, modification method:

chemical reduction.

Figure 15 shows the TEM images, which clearly show the variation of Ag particles on the
SrNb2Og nanorod surface. Before the loading of Ag, a smooth SrNb2Os nanorod surface was observed
(Figure 15a). After the loading of the Ag co-catalyst by CR method, Ag nanoparticles with a size less
than 10 nm were highly dispersed on the SrNb2Os nanorod surface (Figure 15b), which were
selectively redeposited on the top of the SrNb2Os nanorod with photoirradiation (Figure 15c). The
particle size of Ag increased with the increase in the photoirradiation time from 0 h to 6 h (Figure 15d)

and gradually maintained constant with the further increase in the photoirradiation time to 15 h (Figure
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15e and 15f). The variation of Ag particles could also be confirmed by EDS analysis (Figure 16).

Figure 16 EDS analysis of Ag-loaded SrNb,Os nanorod with different photoirradiation time. Selected
SEM images (A) 0 h, (B) 5 h; (a) Nb, (b) St, (c) O, (d) Ag mapping images. Ag loading amount: 1.0

wt.%, modification method: chemical reduction.

Figure 17 SEM images of various metals and PbO- loaded on SrNb>Og nanorod by a photodeposition
method; (a) Pt, (b) Pd, (c)Au, and (d) Pb2O. Loading amount: 1.0 wt.%, modification method:

photodeposition.
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Figure 18 EDS analysis of PbO2-loaded SrNb>Og nanorod with different exposed plane. Selected SEM
images (A) side plane, (B) top plane; (a) Nb, (b) Sr, (¢) O, (d) Pb mapping images. PbO> loading

amount: 1.0 wt.%, modification method: photodeposition.

Pt and PbO; have been reported to be reductively and oxidatively photodeposited, respectively,
on surfaces because of their anisotropic properties.*® % Hence, a series of metals and PbO; is examined
to investigate the anisotropy property of the StNb>Os nanorod (Figure 17). Metallic Au, Pt, and Pd
were reductively photodeposited from [AuCls]-, [PtCls]*~, and Pd*" on the top plane of the nanorod,
respectively. In contrast, PbO> was selectivity deposited from Pb?" on the side plane of the nanorod,
which was also confirmed by EDS (Figure 18). This selective photodeposition of different materials
demonstrated that reduction and oxidation by the photogenerated e~ and h" primary occur on the top
and side planes of the nanorods, respectively, indicating that Ag loaded on the SrNb>Og surface in this
study is firstly dissolved by the photogenerated holes to Ag” and then redeposited on the top plane

under photoirradiation because of the anisotropy of the StNb>Og nanorod.
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Scheme 1 Possible mechanism for the redeposition of the Ag co-catalyst on the Ag/SrNb>Os nanorod

surface

Scheme 1 shows the possible mechanism for the redeposition of the Ag co-catalyst on the
Ag/SrtNb2Og nanorod surface. The photocatalytic reduction of CO2 predominantly led to the formation
of CO on the top of the Ag-loaded SrNb2Os nanorods, while Oz was formed on the sides of the nanorods.
The variation of the Ag particles on the SrNb2Os nanorod surface, which were dissolved and
redeposited on the top of StNb2Os nanorod possibly led to the decreased Ag active sites; hence, the
photocatalytic activity decreases during photoirradiation, especially in the first 1 h. The separation of
the reduction sites from the oxidation sites contributed to the decrease in the recombination of the
photogenerated carriers; hence, Ag-loaded SrNb>Os nanorods prepared by the flux method exhibit

good activity and selectivity for the photocatalytic conversion of CO».
Conclusion

SrNb>Os nanorods and SroNb>O7 nanoflakes were successfully synthesized by a flux method.
SrNb>Os with a nanorod structure exhibited higher photocatalytic activity and selectivity toward CO
evolution for the photocatalytic conversion of CO2 compared to Sr2Nb2O7 nanoflakes and SrNb2Os
particles. Ag particles loaded on the SrNb,Og nanorod surface with a smaller size exhibited higher
photocatalytic activity for CO> conversion. The Ag co-catalysts loaded by CR method were uniformly
loaded on the SrNb,O¢ nanorod surface, followed by the selective re-deposition on the top of StNb>Os
nanorod during photoirradiation. The separation of the reduction and oxidation sites was considered to

be crucial for the high photocatalytic activity and selectivity toward CO evolution for CO; conversion.
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Chapter 2

Evaluation of intermediate species for the photocatalytic conversion of CO: with

bicarbonate as a carbon source over Ag/SrNb:Os

Abstract

In this study, Ag/SrNb2O¢ nanorods exhibited a high CO formation rate and high selectivity
toward CO evolution in aqueous solutions containing bicarbonate ions even without CO2 bubbling.
Notably, the formation rate of CO reached as high as 287 pumol h™! with a selectivity toward CO
evolution of higher than 94.1% when NH4HCO3 was used as an additive under the bubbling of Ar gas.
Both the formation rate of CO and selectivity toward CO evolution increased with the concentration
of HCOs™. According to the experimental results and analytical chemistry calculations, it was
concluded that the COz(aq) obtained by the dissociation of HCO3™ was the actual reactant for the
photocatalytic conversion of COz. In contrast, the HCO3™ species in the aqueous solution was
beneficial for improving the photocatalytic activity and selectivity toward CO evolution by increasing
the adsorption of carbon-related species on the surface of the photocatalyst and/or suppressing the

backward reaction for the photocatalytic conversion of COs-.
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Introduction

The Climate Change 2014: Synthesis Report by the Intergovernmental Panel on Climate Change
predicted that anthropogenic greenhouse gas (GHG) emissions since the pre-industrial era have driven
large increases in atmospheric concentrations of carbon dioxide (CO2). Without additional efforts to
reduce GHG emissions, we will exceed 450 ppm COz-eq by 2030 and reach COz-eq concentration
levels between about 750 and more than 1300 ppm CO»-eq by 2100, which will have a disastrous
impact on the global climate, environment, and economy.! Inspired by plant photosynthesis, one of the
best strategies to mitigate CO» emissions is the photocatalytic conversion of CO; into other feedstocks
such as CO, HCOOH, HCHO, CH4, and CH3CH>OH by heterogeneous catalysts using H>O as an
electron donor.”” Especially, the conversion of CO» into CO can be further used for syngas preparation
based on the Fischer—Tropsch process.®!? Nevertheless, it is difficult to activate CO> selectively and
suppress the Hz evolution from protons (H") in aqueous solutions, because the redox potential of
CO2/CO (-0.521 V vs. NHE, pH = 7) is more negative than that of H/H> (—0.414 V vs. NHE, pH =
7).2 To our knowledge, Kudo et al. reported for the first time that the formation of CO from CO»
exceeds that of H» from H', and a stoichiometric amount of O» evolves as an oxidation product for the
photocatalytic conversion of CO> in an aqueous solution over Ag/BaLasTi4O1s.!! Subsequently, various
Ag-loaded photocatalysts have been reported for the highly selective photocatalytic conversion of CO-
into CO with H>O as an electron donor.!>!> Our group also found many photocatalysts that exhibit a
high selectivity toward CO evolution for the photocatalytic conversion of CO by H>O, such as Ag-
modified ZnGa;04/Ga203,' 17 ZnGax04,'® Sr2KTas015,'" Mg-Al LDH/Ga»0;3,2° KoRETas0;5,2! and
Ag-Cr-modified Ga>03.%

According to previous isotopic experiments and in situ FT-IR spectroscopy measurements, it has
been revealed that CO; dissolved in an aqueous solution (CO2(aq)) will react with the hydroxyl group
anchored on the surface and form bidentate bicarbonate, which acts as the intermediate species for the
photocatalytic conversion of CO, where H,O acts as the electron donor.?® 1 found that COx(aq)
functions as the reactant for the photocatalytic conversion of CO; toward CO evolution, and its
concentration ([CO2(aq)]) greatly influences the formation rate of CO and selectivity toward CO

evolution. Based on our previous work,!6"1%- 21-23-25 the main reduction product was found to change
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from CO to H» derived from water splitting when [CO2(aq)] was too low. In fact, the solubility of CO»
in pure H>O was only about 0.033 mol L™! (at 298 K under 1 atm).2%2” Moreover, the capture, storage,
and transportation of CO; are very expensive. Thus, it is crucial to develop a photocatalyst that can
achieve the highly selective and highly active photocatalytic conversion of CO> into CO at low CO»
concentrations. Very recently, I found an interesting phenomenon where the formation rate of CO was
much higher than that of H> in an aqueous solution of NaHCO3 even without the bubbling of CO2 over
Ag-modified SINb2Og (Ag/StNb2Og).2® This result indicates the potential of HCO3™ as a carbon source
for the photocatalytic conversion of COx». In this work, I investigated the photocatalytic performance
for the conversion of CO; over Ag/SrNb>Og with various bicarbonate salts as carbon sources, and
further evaluated the intermediate species for the photocatalytic conversion of CO: through

experiments and analytical chemistry calculations.

Experimental

Preparation of photocatalyst

SrNbOg was prepared by the flux method reported in our previous work.?® Briefly, 2.0 g of Nb2Os
powder (99.9%, Wako) and 6.0 g of SrCl>-6H>0 (99.9%, Wako) were ground in an alumina mortar for
5 min. The mixture was calcined in air using an alumina crucible at 1173 K for 2 h. After calcination,
the obtained powder was thoroughly washed three times with hot water (353 K) to remove the residual
salt and dried at 353 K in an oven. The impregnation method was used the modify 1.0 wt.% of Ag on
the surface of the SrNb>Os photocatalyst. Specifically, 1.5 g of the prepared SrNb>Ogs was
homogeneously dispersed in an aqueous AgNO3 solution (20 mL), followed by evaporation at 358 K
to remove water and calcination at 723 K for 2 h in air.
Characterization

The crystal phase of SrNb>Ogs was observed by powder X-ray diffractometry (XRD; Rigaku
Multiflex) with Cu Ko radiation (A = 0.154 nm). Sample morphologies were observed by field-
emission scanning electron microscopy (FE-SEM, SUS8220, Hitachi High-Technologies) and

transmission electron microscopy (TEM, JEM-2100F, JEOL).
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Photocatalytic reaction

The photocatalytic conversion of CO> was carried out using a flow system with an inner-
irradiation-type reaction vessel at ambient pressure. In ultrapure water (1.0 L) containing a certain
concentration of additives, 0.5 g of the synthesized photocatalyst was dispersed. CO2 and/or Ar gas
were bubbled into the solution at a flow rate of 30 mL min~!. The suspension was illuminated using a
400 W high-pressure mercury lamp with a quartz filter connected to a cooling water system. The
amounts of the evolved Hz, Oz, and N> were detected using a thermal conductivity detector-gas
chromatography (GC) system (Shimadzu Corp; MS-5A column, Ar carrier), and the amount of evolved
CO was analyzed by a flame ionization detector-GC with a methanizer (ShinCarbon ST column, N
carrier). The selectivity toward CO evolution compared to the H> evolution and the balance between

the consumed electrons (e") and holes (/") can be expressed by Eqn. (1) and (2), respectively:>

Selectivity toward CO evolution (%) = 100 x 2Rco/(2Rco + 2Ru2) (1)

Consumed e /h" = (2Rco + 2Ru2)/4Ro2 ()

Here, Rco and Ru2 represent the formation rates of CO and Ha, respectively.

Results and discussion

—
Q
—

1keps.

Intensity

20/ degree

Figure 1 (a) XRD pattern, (b) SEM image, (c) TEM image, and (d) high-resolution TEM (HRTEM)

image of StNb2Og. (d) shows an enlarged HRTEM image of the blue rectangle in (c).
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The crystal structures of StNb2Os were confirmed by powder XRD measurement, as illustrated
in Figure la. All diffraction peaks in the XRD pattern can be exactly indexed to pure monoclinic
StNb2Og with the space group P121/c1 (JCPDS 01-072-2088).2” SEM and TEM images of SrNb,Os
are shown in Figure 1b and 1c, respectively, which indicate that the produced SrNb,Os mainly consists
of a nanorod structure. The corresponding high-resolution TEM image in Figure 1d shows fringe
spacings of 0.395 and 0.542 nm, which correspond to the (012) and (002) lattice planes of monoclinic
SrNb2Og, respectively. These results indicate that the StNb2Og nanorods are of good crystallinity with

a growth direction parallel to the lattice (012) plane.
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Figure 2 Formation rates of H> (blue triangles), O2 (green squares), and CO (red circles), and pH
values of the solution (open diamond) for the photocatalytic conversion of CO> in an NaHCO3 aqueous
solution over Ag/SrNb.Os with the bubbling of (a) CO; and (b) Ar gas. Photocatalyst: 1.0 wt.%
Ag/StNbOg (0.5 g), reaction solution volume: H>O (1.0 L), gas flow rate: 30 mL min ™', light source:

400 W high-pressure Hg lamp.

Figure 2a shows the formation rates of Hz, Oz, and CO during the photocatalytic conversion of
CO; for 5 h with the bubbling of CO; in the NaHCOj solution. The formation rate of CO is about 42.3
umol h™! and is very stable during the photoirradiation for 5 h. A very small amount of H; is formed,
and the selectivity toward CO evolution is higher than 97.3%. The pH value of the reaction solution is
stable at 6.86 during the photocatalytic conversion of CO: for 5 h while continuously bubbling COx.

However, when flowing Ar gas instead of CO> gas, as shown in Figure 2b, the formation rate of CO
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decreases by approximately half to 19.2 pmol h™!, and the formation rate of H» increases slightly after
1 h of photoirradiation. With the increase in photoirradiation time, the pH value of the solution
increases from 8.58 to 8.89, and the formation rate of CO decreases while H» increases after

photoirradiation for 5 h under the flowing of Ar.
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Figure 3 Formation rates of H> (blue triangles), O (green squares), and CO (red circles) for the
photocatalytic conversion of COz in an NaHCOj; aqueous solution over Ag/SrNb2Og with the bubbling
of Ar gas. (a) dark condition; (b) no photocatalyst. Photocatalyst: 1.0 wt.% Ag/StNb.O¢ (0.5 g),
reaction solution volume: H2O (1.0 L), Ar gas flow rate: 30 mL min™!, light source: 400 W high-

pressure Hg lamp.

Various control experiments were investigated to confirm the CO> source under the flowing of Ar.
No products were detected in the dark (Figure 3a) and without a photocatalyst (Figure 3b). Table 1
lists the formation rates of products for the photocatalytic conversion of CO2 over Ag/SrNb,O¢ with
different additives under the bubbling of Ar. H> and O are observed as the main products, while the
formation rate of CO is negligible without any additives (Entry 1). This result indicates that additives
are indispensable for the photocatalytic conversion of CO> over Ag/SrNb,Os in an aqueous solution.
A high selectivity toward CO evolution is obtained in the case of NaHCO3, KHCO3, and NH4sHCO3 as
additives (Entry 2—4). Notably, a very high formation rate of CO and selectivity toward CO evolution
are achieved with NH4HCO3 as an additive under the bubbling of Ar gas instead of CO> gas (287 umol

h™! and 94.2%, respectively). A stoichiometric amount of N is obtained as the oxidation product,
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indicating that ammonia and/or ammonium ions function as electron donors in the photocatalytic
conversion of COz into CO, which have been reported in our previous work.>® 3! A very small amount
of CO is evolved when using other additives, such as NaxCOs, NaOH, and a mixed solution of
NaxHPO4/NaH>POs, which show similar pH values as in the NaHCO3 solution (Entry 5-7). If CO is
bubbled into 0.05 M of Na,COj3 until the pH of the reaction solution at 8.51 is close to that of the
NaHCO:s solution at 8.59 and then changes to Ar gas, comparable amounts of CO, H», and O will be
obtained as compared to those in the case of NaHCOs for the photocatalytic conversion of CO2 under
the bubbling of Ar. According to the carbon equilibrium, after bubbling CO> into 0.05 M of Na,COs3
until the pH value reaches 8.51, the final solution will be similar to 0.1 M of NaHCO3; therefore, the
major species of dissolved CO- is HCO3.>? This result indicates that HCOs™ acts as the carbon source
for the photocatalytic conversion of CO> into CO in the aqueous solution containing bicarbonate ions

under the bubbling of Ar.

Table 1 Photocatalytic conversion of COz over Ag/SrNb,Os with different additives under the

bubbling of Ar gas.
Formation rates of gases / pmol h™'  Selec. toward
Entry Additives pH
Hz 02 CO CO (%)
1 None 6.90 2.9 1.2 0.1 33
2 "NaHCO;3 8.59 3.6 10.7 19.2 87.8
3 *KHCO:; 8.56 2.2 11.2 20.6 90.3
4 *NH4HCO3 8.28 17.9 94.2 (N2) 287 94.1
5 ®Na>COs 11.21 14.9 7.7 0.1 0.7
6 "NaOH 12.89 17.7 8.2 0.3 1.5
7 Na;HPO4/NaH,PO4  8.30 18.3 9.1 0.1 0.5
8 ‘NaxCOs + CO; 8.51 2.0 13.1 26.3 93.0

Photocatalyst: 1.0 wt.% Ag/SrNb2Og (0.5 g), reaction solution volume: H>O (1.0 L), Ar flow rate: 30
mL min~!, light source: 400 W high-pressure Hg lamp; concentrations of additives: #0.1 M; ® 0.05 M,
¢ CO2 was bubbled into 0.05 M of Na,COs3 aqueous solution until the pH of the reaction solution

reached 8.51, and then the CO> gas was changed to Ar gas.
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HCOs™ is converted into H>COs(aq) because there are no CO»-related species in the aqueous
solution. HoCOs(aq) will further produce COz(aq) easily because of the low hydration equilibrium
constant of carbonic acid in pure water.>* Based on the carbon equilibrium in the solution, there are

primarily four equilibria in the solution:

HCO;™ (aq) = H2CO;3 (aq) + OH™ (aq) 3)
H>COs (aq) = CO: (aq) + H20 (1) 4)
CO: (aq) = CO: (g) (5)
HCOs™ (aq) + OH™ (aq) = CO3*" (aq) (6)

Based on Eqn. (3) and (6), the first and second dissociation constants of carbonic acid can be
denoted by the following equations, respectively:

[OH ][H2CO3] _ Kw[H2CO3]

Ki="cosT ~ fmtmcos) 2
_[co371  _ [H*][cO37]
Kz = [HCO3][OH™] ~ Ky[HCO3] ®)

where Ky = 1.0x107'* is the self-ionization constant of water:
K,, = [H*][OH"] 9
As mentioned in our previous paper, because the CO- hydration equilibrium constant is very small,

the [H2CO3] mentioned in Eqn. (3) and (4) is almost equal to [CO2(aq)],? and K1' = Kw / K1, K2' = K2
x Kw. Thus, Eqn. (7) and (8) can be changed to

, _ [H*][HCO3]

K1 = ool (19)
, _ [HF][CO37]

K, = oo (11)

In the NaHCOj3 aqueous solution, there are primarily three kinds of CO»-related species: CO»(aq),

HCOs;™, and COs?". Herein, I define D as the total concentration of all CO»-related species:

D =[CO,(aq)] + [HCO3] + [CO3] (12)
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Substituting Eqn. (10) and (11) into (12) results in

- Ki[H'] )
[HCOs] = [H+]2+K][H]+K] K} D (13)
2-7 _ KiK; .
[COs7] = [H+]2+K] [H*|+K{ K D (14)
_ [H+]2 )

In contrast, according to the ionization balance of ions in the NaHCOj3 solution, which exhibits

electrical neutrality,

[Na*] 4 [H*] = [HCO3] + 2[CO37] + [OH] (16)

When Eqn. (13), (14), and (15) are introduced into (16), the value of D can be obtained as

_ + +1_ Kw ) ([H]2+K{[H*]+K{K;
b= ([Na 1+ [H7] [H+])( Ki[H*]+2K K, ) (17

Plummer and Busenberg>® reported that the dissociation constants of carbonic acid, Ki' and K2,

can be calculated from the temperature of the solution; the empirical expression is as follows:

21834.37 1684915

log K] = —356.3094 — 0.06091964T + +126.8339log T — (18
T 'g T2
log K; = —107.8871 — 0.03252849T + =22 + 38.92561 log T — 222 (19)

where 7 is the temperature of the solution.

Therefore, the concentrations of all the CO»-related species (CO2(aq), HCO3™, and CO3%) in a
carbonic acid buffer aqueous solution can be estimated by the temperature and pH of the solution. In
this work, the measured pH values ranged from 4.0 to 12.0 during the photocatalytic conversion of
COs. Figure 4 presents the calculated concentrations of COz(aq), HCOs~, and COs* in a 0.10 M
aqueous solution of NaHCOs at 303 K under 101.325 kPa of CO.. During the photocatalytic
conversion of CO2 in a NaHCOj aqueous solution with the bubbling of Ar gas, the pH values of the
solutions are about 8.0-9.0. In this pH range, [HCO;] is almost stable at 0.10 M; [CO2(aq)] is quite

low, ranging from 2.11x107> to 1.93x10~* M; and [CO3% ] ranges from 5.09x10™* to 4.66x107> M.
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Figure 4 Calculated concentrations of CO; (aq) (circles), HCOs™ (triangles), and COs>~ (squares) in

0.10 M aqueous solution of NaHCO3 at 303 K under 101.325 kPa of CO..
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Figure 5 Formation rates of H (blue triangles), O> (green squares), and CO (red circles), and
selectivity toward CO evolution (black diamond) at different concentrations of NaHCOs: (a) 0.01, (b)
0.10, (c) 0.30, and (d) 0.50 M for the photocatalytic conversion of CO; after photoirradiation for 5 h.
Photocatalyst: 1.0 wt.% Ag/StNb>Og (0.5 g), reaction solution volume: H>O (1.0 L), Ar flow rate: 30
mL min!, light source: 400 W high-pressure Hg lamp.

In the previous work, COz(aq) was proved to be the direct reactant for the photocatalytic

conversion of CO; with H>O as an electron donor over Ag/ZnGa>O4/Ga;03; with the continuous
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bubbling of CO».% If Ar was bubbled instead of CO», H> would become the main product and the CO
evolved would be negligible because of the low [CO2(aq)]. On the contrary, the selectivity toward CO
evolution was still very high in this work even though [CO2(aq)] was very low. In order to confirm
which species was the actual reactant during the photocatalytic conversion of CO; under the flowing
of Ar in the aqueous solution of bicarbonate salt, I investigated the effect of the NaHCO3 concentration
([NaHCO:s]) and the dependences of the formation rate of CO on [COz(aq)], [HCOs ], and [CO3*].
Figure 5 shows the formation rates of H, O2, and CO at different [NaHCQO3] for the photocatalytic
conversion of CO; after photoirradiation for 5 h. When [NaHCOs] is 0.01 M, the formation rate of CO
is lower than that of H>. The formation rate of CO and selectivity toward CO evolution steadily
increases with [NaHCO3] from 0.01 to 0.50 M. The formation rate of CO reaches 51.2 pmol h™! with
a selectivity toward CO evolution of higher than 96.5% after photoirradiation for 1 h in 0.50 M of
NaHCO:s solution. It should be noted that the formation rate of H> decreases with [NaHCOs], as shown
in Figure 6 This result indicates that increasing the concentration of HCOs™ is beneficial for improving
the formation rate of CO and suppressing the formation of H. As shown in Figure 7, the pH values of
the reaction solutions increase with the photoirradiation time because the production of CO promotes

the decomposition of HCO3 ™ into H>CO3 and OH™ according to Eqn. (3) and (4).

12

-1

10

Formation rate of H, / pmol h
(=]
T

[NaHCO,] /M

Figure 6 Formation rates of H» at different concentrations of NaHCO3 for the photocatalytic
conversion of CO; after photoirradiation for 1 h. Photocatalyst: 1.0 wt.% Ag/SrNb2Og (0.5 g), reaction

solution volume: H>O (1.0 L), Ar flow rate: 30 mL min "', light source: 400 W high-pressure Hg lamp.
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Figure 7 The pH of the reaction solutions during the photocatalytic conversion of CO2 for 5 h in

different [NaHCOs] solutions: (a) 0.01 M, (b) 0.10 M, (¢) 0.30 M, and (d) 0.50 M.
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Figure 8 Dependences of the formation rate of CO on [CO2(aq)] (circles), [HCO3™] (triangles), and
[COs?7] (squares) at different [NaHCO3] ([NaHCOs] = 0.01, 0.10, 0.30, and 0.50 M).

Based on the pH values and reaction temperatures of different [NaHCOs] solutions, I calculated

the corresponding concentrations of carbon species (CO2(aq), HCO; ™, and CO3%") derived from Eqn.
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(13), (14), and (15) according to Eqn. (17), (18), and (19). Figure 8 displays the dependences of the
formation rate of CO on [COa(aq)], [HCO; ], and [COs>7]. In a fixed concentration of NaHCO;
solution, the formation rate of CO increases with [CO2(aq)] and [HCO3], while it decreases with
[COs%7]. As [NaHCOs] increases from 0.01 to 0.50 M, [COaz(aq)], [HCOs] and [CO3*7] increase
steadily. However, in the whole [NaHCO3] range, the formation rate of CO only shows a good
correspondence with [COz(aq)]. This result clearly indicates that the COz(aq) obtained by the
dissociation of HCO3™ is the actual reactant for the photocatalytic conversion of CO2, although
[CO2(aq)] is very low at solution pH values ranging from 8.0 to 9.0. Consequently, the yield of CO is

defined as

_ Rco
v= [CO, (aq)] (20)

- - N
N (7] o
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[}
T
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[NaHCO,] / mol L-!

Figure 9 Yield of CO for the photocatalytic conversion of CO> with Ar gas bubbling at different

[NaHCO3s].

Figure 2a has showed that the formation rate of CO is about 42.3 umol h™! with the pH value of
the reaction solution stable at 6.86 when CO» gas is continuously bubbled into 0.10 M of NaHCO3
solution. The yield of CO is only about 0.15% in this case. Figure 9 shows the yield of CO for the
photocatalytic conversion of CO> with Ar gas bubbling at different [NaHCO3]. The yield of CO is
about 3.0% when [NaHCO3] ranges from 0.10 to 0.50 M, and reaches about 14.6% when [NaHCO3]

1s 0.01 M, although H> is the main product in this case. This work suggests that using bicarbonate as a
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carbon source can greatly increase the conversion rate of CO2, and Ag/SNb2Os is a promising

photocatalyst for the highly effective conversion of CO: into CO at low CO» concentrations.
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Figure 10 Dependence of formation rate of CO (red circles) and pH values (open diamonds) on
[CO2(aq)] at different partial pressures of CO,. The partial pressure of CO; was adjusted by varying
the flow rate of CO; and Ar in the gas phase of the fluid (flow rate ratio of CO2:Ar = 0:30, 2:28, 3:27,
5:25, 10:20, 20:10, and 30:0), the total flow rate of CO, and Ar gas was 30 mL min, [NaHCO3] = 0.1
M, and T=304.5 K.

I further investigated the dependence of the formation rate of CO on [CO2z(aq)] by varying the
partial pressure of CO; in the gas phase. A change in the partial pressure of CO2 will result in a change
in the pH of the solution. According to Eqn. (15), (17), (18), and (19), [CO2(aq)] can be calculated with
different partial pressures of COz. Figure 10 illustrates the dependence of the formation rate of CO on
[CO2(aq)] at different partial pressures of CO». With the increase in the partial pressure of CO», the pH
of the solution gradually decreases, and the formation rate of CO increases exponentially with
[CO2(aq)] in the reaction solution, which is consistent with the result in Figure 5. This result further
confirms that CO2(aq) is the direct reactant for the photocatalytic conversion of CO; in the aqueous
solution containing bicarbonate ions. Note that the formation rate of CO at low [CO2(aq)] is almost
half that at high [CO2(aq)], indicating that Ag/SrNb,Og acts as an active photocatalyst for the reduction
of CO2 even at low concentrations of CO2 molecules dissolved in an aqueous solution as a real

intermediate species. It already reported that the formation rate of CO dramatically decreases over
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Ag/ZnGa,04/Ga,05 at low [CO2(aq)].!® 7 It is expected that Ag/StNb,Os can make COx(aq) easily

adsorb on the surface and condense near the active sites.
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Figure 11 Formation rates of CO (red circles), H> (blue triangles), O> (green squares), and [CO2(aq)]
(purple diamonds) for the photocatalytic conversion of CO; in (a) an aqueous solution of NaHCO3 and
(b) pure H>O solution. Photocatalyst: 1.0 wt.% Ag/SrNb,Og¢ (0.5 g), reaction solution volume: H>O

(1.0 L), gas flow rate: 30 mL min "', light source: 400 W high-pressure Hg lamp.

Figures 11a and 11b shows the formation rates of Hz, O2, and CO for the photocatalytic conversion
of CO» in an aqueous solution of NaHCOs3 and in a pure H>O solution, respectively. Because COz(aq)
is considered to be the reactant for the photocatalytic conversion of CO> into CO, the partial pressure
of CO2 was adjusted to keep [CO2(aq)] similar in two solutions. Almost no CO is evolved in the H,O
solution, while the formation rate of CO is as high as 30.2 pumol h™! with a selectivity higher than 89%
in the NaHCO3 solution. This result indicates that HCO3;™ has a great influence on the photocatalytic
activity and selectivity for the conversion of CO», although it is not the direct reactant for the

photocatalytic conversion of CO».
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NaHCO; solution H,0 solution

Scheme 1 Adsorbed species on the surface of photocatalyst during the photocatalytic conversion of

CO> in NaHCO:s solution with the bubbling of Ar and in pure H>O solution with the bubbling of CO».

Regarding the role of HCO3™, I think there are two possibilities: (1) As shown in Scheme 1, the
primary adsorbed species on the photocatalyst is carbonate or a bicarbonate species derived from
HCOs", with the pH ranging from 8.0 to 9.0 in an aqueous solution of NaHCO3 with the flowing of Ar
gas. However, hydrogen species are mainly adsorbed on the photocatalyst surface in the pure H.O
solution with the bubbling of CO» because of the low pH value. The high concentration of carbon-
related species on the surface of the photocatalyst will help suppress the formation of Hz and promote
the formation of CO during the photocatalytic conversion of CO;. This indicates that HCO;™ functions
as a buffer for supplying CO> on the surface of Ag/SrNb,Os, and adjusts the pH of the reaction solution
to suppress the photocatalytic conversion of H into H, and promote the photocatalytic conversion of
COz into CO; (2) from Figure 7b and Entry 1 in Table 1, it can observe that the formation rate of H is
quite low in the pure H>O solution. However, the formation rate of H significantly improves by adding
some additives such as NaOH, Na,CO3, or NaxHPO4/NaH>PO4 mixture (Entry 57 in Table 1). Some
papers have reported that alkaline hydroxides or carbonates can inhibit the backward reaction for the
photocatalytic splitting of water.>*38 Arakawa et al.>> %’ reported that HCO3~ can be activated by the
photogenerated holes in the water splitting reaction and form peroxycarbonate, which easily
decomposes into Oz and CO; via holes under the photoirradiation. They thought that the presence of
HCOj;™ easily desorbed the generated O> from the photocatalyst surface, suppressing the backward

reaction for water splitting (H> + O, — H»0). Herein, I consider that the HCO3™ species has a similar
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effect on the photocatalytic conversion of COa: the rapid desorption of Oz from the photocatalyst
surface is beneficial for inhibiting the backward reaction for the photocatalytic conversion of CO, (CO
+ 02 — CO»). Although, in the present study, I unfortunately did not find an effective measure to prove
the existence of peroxycarbonate in this system. Based on the above two possibilities, I suggest that
the presence of HCO;3™ can greatly improve the photocatalytic activity and selectivity toward CO

evolution for the conversion of CO; in the aqueous solutions containing bicarbonate ions.

Conclusions

In this work, I proposed a strategy by using bicarbonate as the carbon source for the photocatalytic
conversion of CO; over Ag/SrNb,Og. The selectivity toward CO evolution was higher than 87% for
the photocatalytic conversion of CO> with various bicarbonate salts as additives. Notably, the
formation rate of CO was as high as 287 umol h™! with a selectivity toward CO evolution of higher
than 94.1% when NH4HCOs was used as an additive under the bubbling of Ar instead of CO.. The
formation rate of CO showed a good correspondence with [COz(aq)], indicating that the CO2(aq)
obtained by the dissociation of HCO3;™ was the actual reactant for the photocatalytic conversion of CO».
The following possible roles of HCO3™ were also proposed: (1) It functions as a buffer for supplying
CO: on the surface of Ag/SrNb>Og, which increases the concentrations of carbon-related species on
the photocatalyst surface; (2) it inhibits the backward reaction for the photocatalytic conversion of CO-
by accelerating the desorption of O> from the Ag/SrNb,Os surface. In conclusion, the presence of
HCOs3™ can greatly enhance the photocatalytic activity and selectivity toward CO evolution for the
conversion of CO; in aqueous solutions. By using bicarbonate as a carbon source for the photocatalytic
conversion of COz over Ag/SrNb2Og, the photocatalytic efficiency and utilization of CO- significantly
improve. I believe this study will provide meaningful insight into the practical application of the

photocatalytic conversion of CO; to other feedstocks.
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Chapter 3

Modification of Ga;0s; by Ag-Cr core-shell co-catalyst enhances photocatalytic CO

evolution for the conversion of CO; by H,O

Abstract

A core-shell structure of Ag-Cr dual co-catalyst loaded-Ga>O3 was found to significantly enhance the
formation rate of CO (480 pmol h™!) and selectivity toward CO evolution (83.8%) for the
photocatalytic conversion of CO2, as compared to that of bare GaxO3, Ag/Ga203, Cr/Ga>03 and other
Ag-metals/Ga,Os3. An isotopic labeling experiment using *CO, confirmed that the CO evolution
originated from the CO: introduced in the gas phase rather than residual carbon contaminants. During
the reaction, stoichiometric amounts of CO, H»>, and O were obtained, which indicates that H,O
functions as an electron donor for the photocatalytic conversion of COz. The modification of Ga;03
by Cr species provided a thin layer of Cr203 on the surface of the Ag co-catalyst, which drastically
suppressed the formation of CO; from the produced CO and O,. This is referred to as the backward

reaction for the photocatalytic conversion of COx.
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Introduction

The conversion of CO; as a fuel feedstock into other valuable chemical compounds, e.g., CO,
HCOOH, HCHO, CH30H, and CH4, under ambient temperature and pressure conditions has attracted
significant attention as a renewable strategy for both environmental and energy issues.' The
conversion of COz into CO in particular has been widely studied as an alternative approach to generate
syngas components.® 7 Nevertheless, the activation of CO» is extremely challenging owing to its high
stability (AGP = —394.4 k] mol ).} It is especially difficult to selectively activate only CO2 molecules
in an aqueous solution in cases where H>O is used as an electron donor, because the redox potential of
H'/H, (—0.41 V vs. NHE, at pH 7) is more positive than that of CO/COz (—0.51 V vs. NHE, at pH 7).*
10 Thus, the reduction of protons (H") is preferred to that of CO».

Since the pioneering work by Halmann'! and Inoue et al.,'?

significant efforts have been devoted
to the semiconductor—based photocatalytic conversion of CO2.!% 317 However, most bare
semiconductors without co-catalyst modifications exhibit very low photocatalytic activity for CO>
conversion due to the facile recombination of electron-hole pairs before they migrate to the surface of
the semiconductor.'® Proper co-catalysts loaded onto light harvesting semiconductors can serve as both
electron sinks and proton reduction sites, and can hence dramatically promote photocatalytic activity
for the conversion of CO,."-?° Hori et al. reported that metal electrodes (Au, Ag, Cu, Zn) showed high
selectivity toward CO evolution for the electrochemical conversion of CO».2! Kudo and coworkers
were the first to report the photocatalytic conversion of CO2 into CO by HO prior to the conversion
of H" into Hz over Ag co-catalyst-loaded BaLasTisO1s, whereas in the absence of an Ag co-catalyst,
water splitting was predominant.?? Since then, various co-catalysts have been investigated for the
photocatalytic conversion of COz in an aqueous solution. At present, Ag is considered to be the most
effective co-catalyst toward CO evolution for the photocatalytic conversion of CO; using H>O as an
electron donor.?*3°

Recently, some dual co-catalysts, such as Au-Cu and Ni-NiO, with proper structures have been
designed to facilitate high CO; conversion activity by taking advantage of the synergistic effect

between the two co-catalysts.’!>*> However, the formation rates of products for the photocatalytic

conversion of CO; are still very low, and only a very few papers in the literature have confirmed that
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carbon-containing products are derived from the CO; introduced in the gas phase rather than from
residual organic contaminants where H>O is an electron donor. Herein, I present a facile strategy for
designing and preparing a core-shell structure of an Ag-Cr dual co-catalyst that significantly improves

the photocatalytic efficiency for conversion of CO; into CO with H>O as an electron donor.

Experimental

Preparation of Ag-Cr/Ga203

Ag-Cr/Ga,Os was prepared by a facile simultaneously photodeposition method.** 3> Generally,
1.0 g of GaxO3 (Kojundo, 99.99%) powder was dispersed in 1.0 L of ultra-pure water containing a
required amount of AgNO3 and Cr(NOs3)3, and the dissolved air in the solution was completely
degassed by a flow of Ar gas. The suspension was irradiated under a 400 W high-pressure Hg lamp
with Ar gas flowing for 1.0 h, followed by filtration and drying at room temperature. The amount of
Ag and Cr was the molar ratio of Ag/Ga and Cr/Ga.
Characterization

The as-prepared Ag-Cr/Ga>O3 was studied by X-ray diffractometry (XRD, Rigaku Multiflex) with
Cu Ka radiation (A = 0.154 nm), field-emission scanning electron microscopy (FE-SEM, SU—8220,
Hitachi High Technologies), transmission electron microscopy (TEM, JEM-2100F), X-ray
photoelectron spectroscopy (XPS, Shimadzu, ESCA 3400, Mg Ka), and X-ray absorption fine
structure (XAFS) at the Ag K-edge and Cr K-edge (beam line BLO1B1 of Spring-8).
Photocatalytic reaction

The photocatalytic reduction of CO2 was carried out using a flow system with an inner-irradiation-
type reaction vessel at ambient pressure. First, the synthesized photocatalyst (0.5 g) was dispersed in
ultrapure water (1.0 L) containing 0.1 M NaHCO3. Second, CO; was bubbled into the solution at a

flow rate of 30 mL min™!

. Third, the suspension was illuminated using a 400 W high-pressure mercury
lamp with a quartz filter connected to a water cooling system. The amounts of evolved Hz and O2 were
detected using a thermal conductivity detector-gas chromatography system (TCD-GC, Shimadzu Corp;

MS—5A column, Ar carrier). The amount of evolved CO was analyzed by a flame ionization detector-

GC with a methanizer (FID-GC, ShinCarbon ST column, N> carrier).
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In the backward reaction, the processes were almost the same as those of the photocatalytic
reduction of CO, except that the CO, O, and diluent gas Ar were bubbled into the ultrapure water
solution with a total flow rate of 30 mL min~', and the amount of evolved CO, was analyzed by FID-

GC.

Results and discussion
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Figure 1 Formation rates of Hz (blue), O2 (green), CO (red), and selectivity toward CO (black
diamonds) evolution for the photocatalytic conversion of CO; in water over Ag/Ga,O3 and Ag-
metals/Ga;Os3 photocatalysts. Photocatalyst powder: 0.5 g, reaction solution volume: 1.0 L, additive:
0.1 M NaHCOs3, Agloading amount: 1.0 mol% (Ag/Ga), metals loading amount: 1.0 mol% (metals/Ga),
modification method: simultaneously photodeposition (SPD) method, CO, flow rate: 30 mL min !,

light source: 400 W high-pressure Hg lamp.

I preliminarily investigated the catalytic performances of different Ag-metal dual co-catalyst-
loaded Ga,Os3 for the photocatalytic conversion of CO» (Figure 1). Among these, Ag-Cr co-catalyst
loaded-Ga,03 (Ag-Cr/Ga>O3) exhibited the highest activity for the formation of CO and the highest
selectivity toward CO evolution. Thus, the present work focuses on Ag-Cr/Ga;0s and investigates the

reasons for its excellent photocatalytic performance for the conversion of COo.
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Table 1 shows the formation rates of Hz, O, and CO as products and their selectivity toward CO
evolution for the photocatalytic conversion of CO> vs. bare Ga;03, Ag/Ga>03, Cr/Ga03, and Ag-
Cr/Gax03. Compared with bare Ga,0s, the formation rate of CO increased after loading with the Ag
co-catalyst, as Ag is well known to be effective for the conversion of CO; to CO in an aqueous solution;
however, the selectivity toward CO evolution was still low. If only the Cr co-catalyst was loaded, the
formation rates of all the products decreased, because Cr species on the Ga>Os3 surface do not induce
the migration of photogenerated electrons from the bulk to the surface of the catalyst.*® Surprisingly,
when Ag and Cr were simultaneously loaded, the result was a very high formation rate of CO (480
umol h™!) and high selectivity toward CO evolution (83.8%). The formation rate of CO and selectivity
toward CO were 2.4 times and 2.0 times higher, respectively, than those of Ag/Ga>0Os. It is worth
mentioning that the formation rate of CO in this work showed great improvement when compared with
the other representative photocatalysts reported in the literatures for the photocatalytic conversion of
CO, by H>0.2* The conversion efficiency over Ag-Cr/Ga,Os is as high as 0.60% for the

photocatalytic conversion of CO».

Table 1 Photocatalytic conversion of CO, by H>O vs. different photocatalysts.?!

Formation rate of products / pmol h™! Selec. toward CO

Catalyst
H> 02 CO (%)
Bare Ga,03 163 90.6 11.5 6.6
Ag/GaxO3 219 166 140 38.9
Cr/Gax03 100 48.2 9.36 8.5
Ag-Cr/Gax0; 92.9 281 480 83.8

[a] Photocatalyst powder: 0.5 g, reaction solution volume: 1.0 L, additive: 0.1 M NaHCO3, Ag loading
amount: 1.0 mol%, Cr loading amount: 1.0 mol%, CO> flow rate: 30 mL min ™!, light source: 400 W

high-pressure Hg lamp.
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Figure 2 Amounts of H. (blue triangle), O2 (green square), and CO (red circle) from controlled
experiments for the photocatalytic conversion of CO. in water using the Ag-Cr/Ga>O3 photocatalyst.
(a) dark condition; (b) no photocatalyst; (c) no additive; (d) with Ar gas flow; (e) typical condition.
Photocatalyst powder: 0.5 g, reaction solution volume: 1.0 L, additive: 0.1 M NaHCOs3, Ag loading
amount: 1.0 mol%, Cr loading amount: 1.0 mol%, CO- flow rate: 30 mL min™?, light source: 400 W

high-pressure Hg lamp.

Almost no product was detected under dark conditions (Figure 2a) or without a photocatalyst
(Figure 2b). Using inert Ar instead of COz or not using an NaHCOs3 additive led to the primary
formation of H» (Figures 2c and 2d). The best performance for the photocatalytic conversion of CO»
was using Ag-Cr/Ga;O3 in an aqueous NaHCOs3 solution with bubbling CO» under photoirradiation
(Figure 2e). Stoichiometric amounts of CO and H> as the conversion products and O as the oxidation
product were obtained, indicating that H>O serves as an electron donor for the photocatalytic
conversion of COx.

In the isotopic experiments using *CO, over Ag-Cr/Ga,Os (Figure 3), peaks corresponding to Ha,
02, and CO were observed in the thermal conductivity detector-gas chromatogram (TCD-GC). The
peak at m/z = 29 corresponds to the evolved *CO because the peak position is consistent with that
detected by TCD-GC, and the detected '>)CO at m/z = 28 was negligible. Moreover, the amount of 1*CO
detected by mass spectrometry was approximately equal to the total amount of CO determined using
a flame ionization detector (FID-GC) (Figure 4). These results indicate that the evolved CO originated

from the CO; introduced in the gas phase and not from the carbon contaminants.
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Figure 3 Gas chromatograms and mass spectra (m/z 28, 29) for the photocatalytic conversion of **CO;
by H>O over Ag-Cr/Ga>0s. Photocatalyst powder: 0.5 g, reaction solution volume: 1.0 L, additive: 0.1
M NaHCOs, Ag loading amount: 1.0 mol%, Cr loading amount: 1.0 mol%, CO> flow rate: 30 mL

min~?, light source: 400 W high-pressure Hg lamp.
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Figure 4 Time course of CO (blue triangles) and '*CO (red circles) determined by FID-GC and mass,

respectively, for the photocatalytic conversion of CO; over Ag-Cr/GaxOs. Photocatalyst powder: 0.5 g,
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reaction solution volume: 1.0 L, additive: 0.1 M NaHCOs3, Ag loading amount: 1.0 mol%, Cr loading

amount: 1.0 mol%, CO> flow rate: 30 mL min™', light source: 400 W high-pressure Hg lamp.

Herein, an Ag-Cr dual co-catalyst was simultaneously photodeposited on Ga>O3z using AgNO3 and
Cr(NOs); as precursors, which is known as a simultaneous photodeposition (SPD) method.** 3% One
focus of this work was determining the chemical states and distributions of the two co-catalysts in Ag-
Cr/GaxOs to understand the significant enhancement of activity and selectivity for the photocatalytic

conversion of COs.
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Figure 5 (A) Ag K-edge XANES of (a) Ag2CO;3, (b) Ag20, (c) Ag foil, and (d) Ag-Cr/Ga203; (B) Cr
K-edge XANES of (a) CrOs3, (b) Cr203, (c) Cr(OH)3-xH20, and (d) Ag-Cr/Ga0s.
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Figure 6 Ag K-edge (A) EXAFS and (B) Fourier transforms (FT) of the EXAFS spectra of (a) Ag2COs3,
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(b) Ag20, (c) Ag foil, and (d) Ag-Cr/GaxO3; and (C) Fourier-filtered EXAFS function (solid line) and
resulting curve fit (dotted line) for the main peak appearing at 2.0-3.0 A in FT of k’-weighted EXAFS

(Ag-Cr/Gax0Os3 spectrum in Figure 6B).

Table 2 Curve-fitting analysis of Fourier-transformed EXAFS of Ag-Cr/Ga,0s.

Samples Scatter atom N2 RY(A) A(c?)¢ (A?) Ry
Ag-Cr/GaxO3 Ag 4.80 2.87 1.08x 1072 577 %1073
Ag foil® Ag (12) 2.89 - -

8 Coordination number, ® Bond distance, ¢ Debye—Waller factor, d Residual factor, ¢ Data from X-ray

crystallography
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Figure 7 Cr K-edge (A) EXAFS and (B) Fourier transforms (FT) EXAFS spectra of (a) CrOgz, (b)
Cr20s3, (c) Cr(OH)3-xH20, and (d) Ag-Cr/Gaz0s.

The chemical states of Ag and Cr in Ag-Cr/Ga2Os were characterized using X-ray absorption fine
structure (XAFS) measurements. Figures 5A and 5B show the Ag and Cr K-edge X-ray absorption
near edge structure (XANES) spectra of Ag-Cr/Gaz0s, respectively. In these experiments, Ag2COs,
AQ20, Ag foil, CrO3z, Cr203, and Cr(OH)s-xH>O were used as references. The absorption edges in the
Ag and Cr K-edge XANES spectra were similar to those of Ag foil and Cr(OH)3z-xH-O, which indicates

that the Ag and Cr elements loaded on the surface of Ga,Os were zero valent Ag species (Ag°) and
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trivalent Cr species (Cr®*), respectively. As shown in Figure 6B, the peak at 2.6 A is assigned to the
Ag-Ag shell. Inverse Fourier transform of the Ag-Cr/Ga;0s spectrum at 2.6 A (R = 2.0-3.0 A) in
Figure 6B gives the EXAFS oscillation of Ag-Ag shell, as shown in Figure 6C. The dotted line in
Figure 6C shows the result of a curve-fitting analysis using Ag-Ag shell parameters in the k region of
3.0-14.0 AL, A simulated spectrum fitted well with the experimental one. As shown in Table 2, the
curve-fitting analysis of the peak at 2.6 A showed that this peak can be assigned to Ag-Ag shell with
a coordination number of 4.8 and bond distance 2.87 A, which is smaller with Ag foil.3” The height of
Ag-Ag shell peak of Ag-Cr/Ga,03 was lower than that of Ag foil, which indicates that the particle size
of Ag in Ag-Cr/Gaz0zs is smaller than Ag foil. As shown in Figure 7B, the peak with the largest FT
moduli at 1.7 A is assigned to oxygen atoms in the first coordination sphere of Cr (Cr-O). At further
radial distance of about 2.6 A and 3.2 A with smaller FT moduli are assigned as contributions from
distal Cr atoms (Cr-Cr).%® The corresponding extended Ag and Cr K-edge XAFS (EXAFS) and the
specific characteristic distances of Ag-Ag and Cr-(O)-Cr shell peaks in the Fourier transforms of
EXAFS spectra (detail parameters are shown in Figures 6, 7, and Table 2) further confirm that the Ag

and Cr species act as Ag metal and Cr(OH)3z-xH20, respectively.®

Figure 8 TEM images of (a) Ag/Gax0Os3; (b), (¢) Ag-Cr(OH)3.xH20/Gax03; (d) High-resolution TEM

(HRTEM) image of Ag-Cr core-shell structure ((c) and (d) are the enlarged TEM images of the yellow
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rectangular in Figure 8b and blue rectangular in 8c, respectively).

Figures 8a and 8b show transmission electron microscope (TEM) images of Ag/Ga>O3 and Ag-
Cr(OH)3-xH20/Gay03, respectively. Ag with nanoparticle structures were loaded on the surface of
Ga0s for Ag/GaxOs3, while in the case of Ag-Cr(OH)3-xH20/Ga203, some secondary particles with an
antenna-like structures were aggregated onto the primary Ag particles, as confirmed by a scanning
electron microscope (SEM) image (Figure 9a). Energy-dispersive X-ray spectroscopy (EDS) mapping
for Ag-Cr(OH)3-xH20/Ga;03 indicated that the antenna-like structure particles were also composed of
Ag (Figures 9b and 9c). From the enlarged TEM image in Figure 8c, an obviously thin layer with
shallow contrast was observed outside the Ag nanoparticles. The high-resolution TEM (HRTEM)
image in Figure 8d shows lattice fringes with an interplanar spacing of 0.124 nm for the core, which
is ascribed to the (311) facet of Ag, and a Cr(OH)3-xH2O shell with an amorphous structure of about
3—-5 nm coated onto the surface of the Ag core, which together forms a core-shell nanostructure. Figure
10 shows TEM images of another Ag-Cr co-catalyst, which further demonstrates that the

Cr(OH)3-xH2O shell uniformly covers the surface of the Ag core.

1
500 nm

Figure 9 (a) SEM image of Ag-Cr(OH)3-xH20/Ga20s3; EDS analysis of Ag-Cr(OH)3z-xH20/Ga20z: (b)
selected SEM images, (c) Ga, O, Ag, and Cr mapping images. Ag loading amount: 1.0 mol%, Cr

loading amount: 1.0 mol%.
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Figure 10 (a), (b) TEM images, and (c) high-resolution TEM (HRTEM) image of Ag-Cr(OH)3z-xH20
co-catalyst ((b) and (c) are the enlarged TEM images of the yellow rectangular in Figure 10a and blue

rectangular in 10b, respectively).

It has been reported that a core-shell structure of Rh/Cr203 can suppress the backward reaction
for overall water splitting, which is the formation of H>O from H, and 02> % On the other hand, Ag
has been used as an active co-catalyst for CO oxidation at low temperatures.*!**} Therefore, during the
photocatalytic conversion of CO, the backward reaction, which is oxidation of CO into CO», over an
Ag co-catalyst would greatly decrease the photocatalytic efficiency for conversion of CO2 into CO.
This fact inspired us to confirm whether the backward reaction for the photocatalytic conversion of
COz can be suppressed by loading Cr(OH)3-xH>O shell on the surface of Ag. The backward reaction
was carried out in the same reactor as the photocatalytic conversion of CO,, with CO and O»
simultaneously bubbling into an ultrapure water solution. I then detected the formation rate of CO» gas
under photoirradiation. As the backward reaction was carried out in an aqueous solution, water splitting
could also happen during the photoirradiation, which produces H> and O,. The possible reactions in

the reactor are:

2CO + 0y — 2CO; (1)

2H,0 — 2H, + O3 ()
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According to Eqn. 1 and Eqn. 2, the consumed amounts of CO and O> can be calculated from the

detected amounts of Hy, CO», CO, and O», the calcination details are shown as follows:

Balance 1: Produced CO,/Consumed CO = Rcoz/Rco 3)

Balance 2: 0.5 x Produced CO2/Consumed O2 = Rco2/2Ro2 4)

where Ry is the formation rate of species x

Table 3 Backward reactions for the photocatalytic reduction of CO> in H,O over Ag/Ga>Os and Ag-
Cr(OH)3-xH20/Ga,03.1!

Flow rates of gases  Rates of detected gases
Balancel Balance 2

Catalyst / umol h™t / umol h™t
Rco2/Rco  Rco2/2Roz
CO 02 H: 02 CO CO:
487 301 20.8 260 382 103 0.98 1.01
Ag/Ga203 982 538 56.8 420 670 320 1.03 1.03
2500 1590 7.45 1200 1750 820 1.09 1.02
487 301 226 383 402 845 0.99 1.03
Ag-Cr/Ga,03 982 538 282 590 782 202 1.01 1.02
2500 1590 300 1560 2170 320 0.97 0.99

bl photocatalyst powder: 0.5 g, reaction solution: 1.0 L H,0, Ag loading amount: 1.0 mol%, Cr loading

amount: 1.0 mol%, light source: 400 W high-pressure Hg lamp.

Since about 480 umol h™' CO and 280 pmol h™! O» were formed for the photocatalytic conversion
of CO; over Ag-Cr(OH)3-xH20/Ga>03, similar amounts of CO and O, were initially bubbled in the

reactor (Table 3). The formation of a stoichiometric amount of CO; as the oxidation product with the
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consumption amount of CO and O, indicated that a backward reaction for the photocatalytic
conversion of CO; occurred on the surface of the Ag/Ga>O3 and Ag-Cr(OH);3-xH20/Ga,03 according
to Eqn. 1. Compared to Ag/GaOs, the formation rate of CO> was much lower over Ag-
Cr(OH)3-xH20/Gay03 with same amount of CO and O bubbling, especially when the flow rates of CO
and O were high, as shown in Figure 11, as more CO could be dissolved in the solution and absorbed
on the photocatalyst. It is worth mentioning that there is still obvious CO; formed for the backward
reaction over the Ag-Cr(OH)3-xH20 co-catalyst. As shown in TEM images of the as-prepared Ag-
Cr(OH)3-xH20/Ga»03 in Figure 12, besides the uniform Ag-Cr(OH)3-xH2O core-shell structure, some
Ag-Cr(OH)3-xH20O core-shell co-catalyst were covered by many small Ag particles. The exposure of
Ag may lead to the formation of CO; over Ag-Cr(OH)3-xH20/Ga;03. These results demonstrate that
the modification of the Cr(OH)3;-xH2O thin layer on the surface of the Ag co-catalyst drastically
suppressed the backward reaction for the photocatalytic conversion of CO». Consequently, the
formation rate of CO and selectivity toward CO evolution were significantly enhanced over Ag-

Cr(OH)3-xH20/Gax0O3 as compared with Ag/Ga;0s.
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Figure 11 Rates of H> (blue triangle), O> (green square), CO (red circle) detected and the formation
rate of CO; (black diamond) of the backward reaction for the photocatalytic conversion of CO> in H,O
over (a) Ag/Gax0O3 and (b) Ag-Cr(OH)3.xH20/Gax0O3. Photocatalyst powder: 0.5 g, reaction solution:

1.0 L H>O, flowing rates of gases: CO/Ar mixture gas (5.0%): 20 mL min!, O,: 0.64 mL min !, Ar:
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9.4 mL min !, solution: H>O 1.0 L, Ag loading amount: 1.0 mol%, Cr loading amount: 1.0 mol%, light

source: 400 W high-pressure Hg lamp.

Figure 12 (a) TEM image and (b) HRTEM image of the as prepared Ag-Cr(OH)3-xH20/Ga.0:s.

Lindbergh et al. have reported that the formation of Cr(OH)3;.xH2O film on the surface of Pt
cathode effectively hindered the reduction of O, while the hydrogen evolution could still proceed.*
Yoshida et al. also confirmed this phenomenon using Cr>03-coated metal electrodes.>® The reason is
considered to the selective permeation mechanism of Cr(OH)3-xH2O layer which is permeable to small
hydroxide and/or hydrogen ions, and impermeable to the large O2 species. Because the hydroxide are
easily converted to carbonic compounds in the presence of a large amount of carbonates, it was
expected that the Cr(OH)3-xH>O layer would change to Cr2(OH)2m(CO3):3-m)-xH20 under the flowing
of CO» gas in an NaHCOj3 solution.!'® It has already reported that the same structure intermediates were
formed in the case of rare-earth elements.*’ The formed Cra(OH)2m(CO3)3-m)-xH20 layer continuously
provides CO2 molecules to the active sites in the Ag core for the photocatalytic conversion of CO2, and
prevents O from penetrating deeply into the Ag co-catalyst. This selective permeation mechanism

might suppress the backward reaction for the photocatalytic conversion of COx.

Conclusions

In conclusion, a facile core-shell structure Ag-Cr(OH)3-xH>O dual co-catalyst loaded Ga>O3

significantly improved the formation rate of CO (480 pmol h™!) and selectivity toward CO evolution
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(83.8%), compared with bare Ga,03, Ag/Ga>03, Cr/GaxO3, and other Ag-metals/Ga20O3. The backward

reaction tests, which produced CO, from CO and O; in H;O, indicated that the modification of

Cr(OH)3-xH20 on the surface of Ag co-catalyst drastically suppressed the backward reaction for the

photocatalytic conversion of CO,. This Ag-Cr dual co-catalyst modification strategy offers a facile

approach for remarkably enhancing the photocatalytic efficiency for the conversion of CO> by H>O.
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Chapter 4

Chromium hydroxide layer on Ag co-catalyst surface for highly selective

photocatalytic conversion of CO: by H:0

Abstract

In this study, I developed a Ag-Cr core-shell-structured (Ag@Cr) co-catalyst that modified the
surface of the Ga>Os3 photocatalyst. Compared to results provided by modifications with Ag co-
catalysts and M-Cr dual co-catalysts (M = Au, Cu, Pd, and Pt), this change significantly improved the
formation rate of CO and selectivity toward CO evolution in the photocatalytic conversion of CO2 by
the electron donor H»O. As a result of this modification, the Cr(OH)3.xH>O shell changed to
Cr(OH)«(CO3), during the photocatalytic conversion. Furthermore, the thickness of the Cr(OH)3-xH>O
shell was found to influence the photocatalytic performance. More specifically, Cr(OH)3-xH2O shells
that were too thick or too thin were not beneficial to the CO evolution and suppression of Hz evolution.
Notably, the highest photocatalytic activity (525.3 pmol h™!), selectivity toward CO evolution (85.2 %),
and turnover number of CO to Ag (167) was achieved over 0.25 mol% (Ag@Cr)/Ga20s. In addition
to Gax0s, the Ag@Cr co-catalyst modification strategy can also be applied to other photocatalyst
materials such as NaTaOs, ZnGa;04, and ZnGa>04/Gaz0; for the highly effective photocatalytic

conversion of CO2 to CO when using H>O as an electron donor.
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Introduction

The photocatalytic conversion of CO» into hydrocarbon fuels has been consistently drawing
attention for over 40 years.!”” The process is also referred to as artificial photosynthesis, based on the
natural photosynthesis undertaken by green plants, where carbohydrates and O are produced from
CO; and H>O using solar light energy. It represents a promising way to environmentally friendly energy
production. Since Halmann® and Inoue et al.” reported the photocatalytic conversion of CO, using
heterogeneous photocatalysts in the late 1970s, substantial efforts have been devoted to the
semiconductor-based photocatalytic conversion of CO2.!%!> Our group has also reported various
semiconductor-based photocatalysts, such as ZnGa,Os-modified Ga,0s,'® 7 La;Ti»07,'® Ta,0s,"
7ZnGa204,%° S12KTas015,2! ZnTax06,2% and SrNb,Os*, which have shown relatively high photocatalytic
activity and selectivity toward CO evolution for the photocatalytic conversion of COz into CO by H>0,
which acts as an electron donor. As a result, I found that it was difficult to selectively activate CO; and
suppress H» evolution in the photocatalytic conversion of CO; in H>O over the bare semiconductors.
However, the photocatalytic performance for the conversion of CO2 was significantly facilitated by
the modification of the photocatalyst surface with a Ag co-catalyst, which can offer reaction sites and
promote charge separation. '

Various co-catalysts have been investigated for the photocatalytic conversion of CO; in the past
40 years.!l> 13- 15: 24.25 I particular, the conversion of CO; into CO has been widely known as an
alternative approach to generating syngas components.?® 2’ Ag is thought to be the most effective co-
catalyst in the photocatalytic conversion of CO; into CO when using H>O as an electron donor.
Unfortunately, Ag, being a noble metal, is not an economical co-catalyst for practical applications.
Therefore, there is an urgent need to develop cheap and sustainable photocatalysts for the
photocatalytic conversion of CO; into CO with high efficiency.

Recently, dual co-catalysts with particular structures have attracted significant attention because
of their excellent catalytic performances.?®! The simultaneous presence of two metals, both acting as
co-catalysts, could lead to new catalytic properties that differ from those of monometallic co-
catalysts.>? Base metals such as Cu, Ni, and Cr could be used as dual co-catalysts, which is cost-

effective for practical applications. Previously, I have reported that a Ag-Cr core-shell-structured co-
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catalyst loaded on Ga;0O3 (Ag@Cr/Gax03) significantly enhances the formation rate of CO and
selectivity toward CO evolution in the photocatalytic conversion of CO> when H>O was used as an
electron donor.*> However, detailed studies on the effect of the Ag and Cr species on the core-shell
structure and photocatalytic activity have not yet been carried out. In this work, I investigated in detail
the functions of the Ag and Cr species in the photocatalytic conversion of CO2 with the aim to develop
a cost-effective and sustainable co-catalyst. As a result, I found that the Ag@Cr core-shell-structured
co-catalyst modification method could provide a general strategy for significantly improving the
photocatalytic activity and selectivity toward CO evolution in the photocatalytic conversion of CO»

using H>O as an electron donor.

Experimental

Preparation of metal-Cr/Gaz0s.

A simultaneous photodeposition (SPD) method was used to load Cr and a series of metals on the
surface of Gax03.>*3% In each case, 1.0 g of Ga,03 (Kojundo, 99.99%) powder was dispersed in 1.0 L
of ultra-pure water containing the required amount of Cr(NO3)3 (95%, Kanto Chemicals Co.) and one
of the specific metal precursors: AgNO3, PdClz, Cu(NOs3)2, H2PtCls, or HAuCly (all purchased from
Wako Pure Chemicals Co.). The solution was completely degassed by a flow of Ar gas. The suspension
was irradiated under a 400 W high-pressure Hg lamp under Ar gas flow for 1 h, followed by filtration
and drying at room temperature. The calculated metal/Ga and Cr/Ga molar ratios were both 1.0 mol%.
Preparation of Cr(OH)3.xH20

Cr(OH)3-xH20 was prepared by an ammonia precipitation method. The hydroxylation was carried
out by dripping ammonium hydroxide solution into Cr(NOz)s aqueous solution (0.1 M, 100 mL) until
the pH value reached to 9.5. After continuously stirring for 3 h, the suspension was filtered and dried
in vacuum at 313 K for 12 h.

Preparation of Cr(OH)x(COs)y

The synthesized Cr(OH)s-xH20 (2.0 g) was dispersed in an NaHCOs3 solution (0.1 M, 1.0 L). CO>

was bubbled into the solution at a flow rate of 30 mL min~?. The suspension was stirred at 283 K for

20 h, and then filtered and dried in vacuum at 313 K for 12 h.
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Characterization.

The morphologies of the as-prepared metal-Cr/Ga>O3; samples were observed by transmission
electron microscopy (TEM, JEM—2100F, JEOL). Inductively coupled plasma-optical emission
spectrometry (ICP-OES, iCAP7400, Thermo Fisher Scientific, Inc) was used to determine the metal
compositions (Ag, Au, Cu, Pt, and Pd) and Cr species in the metal-Cr/Ga;O3 samples. The X-ray
absorption fine structure (XAFS) of the Ag K-edge and Cr K-edge was measured at the beamline
BLO1BI1 of Spring-8 (Japan Synchrotron Radiation Research Institute, Hyogo, Japan). Cr(OH)3.xH>O
and Cr(OH).(CO3), samples prepared in-house were used as references. The preparation methods are
provided in the supporting information.’” All reference samples for the transmission mode
measurements were diluted by boron nitride (BN, Wako Pure Chemicals Co.) and pressed into pellets
with a diameter of 10 mm to give the appropriate absorption edge jump. Due to the low concentration
of Ag and Cr in Ag@Cr/Gax0s, 19¢ch Ge solid state detectors (SSDs) was used to obtain the Ag K-edge
and Cr K-edge XAFS spectra of the Ag@Cr/Ga>O3 samples.

Photocatalytic conversion of CO2

The photocatalytic reduction of CO> was carried out using a quasi-flowing batch system with an
inner-irradiation-type reaction vessel at an ambient pressure. The synthesized photocatalyst (0.5 g) was
dispersed in ultrapure water (1.0 L) containing NaHCOj at a concentration of 0.1 M. CO2 was bubbled
into the solution at a flow rate of 30 mL min~!. The suspension was illuminated using a 400 W high-
pressure mercury lamp with a quartz filter connected to a cooling system. The amounts of H> and O:
evolved were detected using a thermal conductivity detector—gas chromatography system (TCD-GC,
Shimadzu Corp; MS—5A column, Ar carrier). The amount of CO evolved was analyzed by a flame
ionization detector—GC system with a methanizer (FID-GC, ShinCarbon ST column, N; carrier). High-
performance liquid chromatography (HPLC, LC—4000, JASCO) was used to detect any liquid product.

The selectivity toward CO evolution compared to Hz evolution and the balance between the
consumed electrons (¢”) and holes (4") generated by charge transfer can be expressed by Eqns. (1) and

(2), respectively:®

Selectivity toward CO evolution (%) = 100 X 2Rco/(2Rco + 2Ruz2) (1)
Consumed e /h" = (2Rco + 2Ru2)/4Ro2 ()
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where Rco, Ru2, and Ro2 represent the formation rates of CO, H», and O», respectively. The
turnover number (TON)*® for the evolution of CO, expressed against the total amount of Ag atoms

loaded as a co-catalyst on the surface of Ga,O3 was calculated for the photocatalytic conversion of

CO; by H>O for 5 h using Eqn. (3).

TONco/ag = amount of CO evolved/amount of Ag atoms loaded 3)

Results and discussion

Table 1 Photocatalytic conversion of CO- by H,0 vs. different metal-Cr/Ga,03.1%

Formation rates of products / umol h™  Selec. toward Consumed

Catalyst
H2 O2 CO CO (%) e /h*
Ag-Cr/Gaz0s3 92.9 281.2 480.3 83.8 1.02
Au-Cr/Ga03 2819.1 1463.4 0.3 0 0.96
Cu—Cr/Gaz0s3 423.5 203.9 14.3 3.2 1.07
Pd—Cr/Ga.03 4485.2 2418.0 0.2 0 0.93
Pt—Cr/Ga203 7970.3 4456.1 0.2 0 0.90

2] Photocatalyst powder: 0.5 g, reaction solution volume: 1.0 L, additive: 0.1 M NaHCO3, CO>
flow rate: 30 mL min™?, light source: 400 W high-pressure Hg lamp.

Table 1 shows the formation rates of H, O2, and CO as products, and their selectivity toward CO
evolution for the photocatalytic conversion of CO2 over various metal-Cr/ Ga;0O3 samples. In those
reactions, no liquid product, such as formic acid, methanol, and ethanol, was detected in the reaction
solution, and only CO was identified as a reduction product in the gaseous phase. Ag@Cr/Ga,O3 led
to a significant formation of CO (480 umol h™!) and high selectivity toward CO evolution (83.8%),
although low selectivity toward CO evolution (38.9%) was obtained over Ag/Ga>Os. In order to
confirm the active site for the photocatalytic conversion of CO2, I carried out the photocatalytic
conversion of CO; by H2O over Ga;0s using various dual metal-Cr co-catalysts including metals such

as Au, Cu, Pd, and Pt, which have all been reported to show activity for overall water splitting. The

85



exact amounts of metals (Au, Cu, Pt, and Pd) and Cr species loaded on the Ga,O3 photocatalyst were
determined using ICP-OES, and the results are shown in Table 1. Very small amount of CO was
generated in all cases, although most of them showed a similar metal-Cr core-shell structure, as shown
in Figure 1. This result indicates that the role of Cr was limited, and it did not work as an active site
for the reduction of CO; but mainly suppressed backward reactions such as the formation of H>O from
H, and 02%%#? and the oxidation of CO by O> on the co-catalyst metals.>* This suggests that Ag works

as an active site in the photocatalytic conversion of CO; into CO more effectively than the other metals.

Figure 1 TEM images of various metal-Cr/Ga203. (a) Au-Cr/Ga;03, (b) Cu-Cr/Gay0s, (c) Pd-
Cr/Ga;03, (d) Pt-Cr/Gay03, and (e) Ag-Cr/GaxOs.
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Table 2 The actual molar ratio of M/Ga and Cr/Ga in different M-Cr/Ga>O3 samples estimated

by ICP-OES.

M-Cr/Gaz20s3 M/Ga (mol%o) Cr/Ga (mol%)
Ag-Cr/Gaz0s3 0.89 0.82
Au-Cr/Ga20s3 0.48 0.83
Cu-Cr/Gaz0s3 0.12 0.80
Pd-Cr/Ga203 0.94 0.81
Pt-Cr/Gaz0s3 0.95 0.23
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Figure 2 Formation rates of H> (blue), O> (green), and CO (red) for the photocatalytic conversion of

COz in H>O over (a) different loading amounts of Ag, and (b) different loading amounts of Cr. The
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actual amounts of Ag and Cr in the various Ag@Cr/Ga>0O3 samples estimated by ICP-OES are shown
in Table 3.

Table 3. The actual molar ratio of Ag/Ga and Cr/Ga in various Ag-Cr/Ga>0O3 samples estimated

by ICP-OES.
Sample Ag/Ga (mol%) Cr/Ga (mol%) AQ/Cr
0.1 mol%Ag-1.0 mol%Cr/Gaz0s3 0.10 0.80 0.13
0.25 mol%Ag-1.0 mol%Cr/Ga>03 0.22 0.81 0.27
1.0 mol%Ag-1.0 mol%Cr/Ga203 0.89 0.82 1.09
5.0 mol%Ag-1.0 mol%Cr/Gaz03 4.10 0.50 8.20
1.0 mol%Ag-0.1 mol%Cr/Ga20s 0.73 0.09 8.11
1.0 mol%Ag-0.25 mol%Cr/Gaz0s 0.70 0.26 2.69
1.0 mol%Ag-1.0 mol%Cr/Ga203 0.89 0.82 1.09
1.0 mol%Ag-2.0 mol%Cr/Gaz03 0.72 1.6 0.45
1.0 mol%Ag-3.0 mol%Cr/Ga203 0.33 2.2 0.14
1.0 mol%Ag-5.0 mol%Cr/Ga20s 0.31 3.0 0.10
0.1 mol%(Ag-Cr)/Ga203 0.07 0.06 1.17
0.25 mol%(Ag-Cr)/Gaz0s3 0.22 0.24 0.91
0.5 mol%(Ag-Cr)/Ga203 0.33 0.43 0.77
1.0 mol%(Ag-Cr)/Gaz03 0.88 0.81 1.09
2.0 mol%(Ag-Cr)/Gaz0s 1.60 1.3 1.23

In order to clarify the effect of the Cr species, I adjusted the loading amounts of Ag and Cr on the
surface of GaxOs. Figure 2a shows the formation rates of Hz, Oz, and CO in the photocatalytic
conversion of CO; for different loading amounts of Ag. More specifically, a marginal loading amount
of Ag with Cr on the surface of Ga,Os drastically improved the formation rate of CO: it increased with
an increase in the loading amount of Ag from 0 to 1.0 mol% and slightly decreased on further
increasing the loading amount of Ag. In contrast, the formation rate of H> showed a slight increase for

Ag loading amounts of 0.05 to 2.0 mol% and dramatically increased at 5.0 mol%. This significant
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change was assumed to be due to the fact that all Ag co-catalyst could not have been covered by the
Cr species in the case of 5.0 mol% Ag@Cr/Ga20s because the loading amount of Cr was kept at 1.0
mol%. Figure 2b shows the formation rates of Hz, Oz, and CO in the photocatalytic conversion of CO>
for different loading amounts of Cr. As can be seen, the formation rate of CO initially increased and
then began to decrease at 2.0 mol% loading. The formation rate of H> decreased upon increasing the
loading amount of Cr and became stable after the loading amount of Cr reached 1.0 mol%. This result
suggests that the addition of Cr species into the Ag co-catalyst suppressed the evolution of H> and
enhanced the formation rate of CO. However, an excess amount suppressed not only the formation of

H; but also that of CO.

Figure 3 TEM images of Ag-Cr/Ga.Os with different loading amounts of Ag: a) 0.05 mol%,
(b) 0.1 mol%, (c) and (e) 1.0 mol%; (d) and (f) 5.0 mol%. ((e) and (f) are the enlarged TEM
images of the blue rectangular in Figures (c) and (d), respectively). The loading amount of Cr

is kept to 1.0 mol% (molar ratio of Cr to Ga).
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Cr species R

Cr species 3[

Figure 4 TEM images of Ag-Cr/Ga>Os3 with different loading amounts of Cr: (a) 0.1 mol%, (b)
0.5 mol%, (c) 1.0 mol%,; (d) 3.0 mol%. The loading amount of Ag is kept to 1.0 mol% (molar
ratio of Ag to Ga).

TEM images of these catalysts showed that the Ag particles had formed aggregates ranging in
size from several dozens of nanometers to hundreds of nanometers, depending on loading amount of
Ag (Figure 3). Unsurprisingly, the thickness of the Cr shell increased upon increasing the loading
amount of Cr (Figure 4). When the loading amount of Ag was high, such as 5.0 mol%, while that of
Cr was kept at 1.0 mol%, the Ag particles became larger than those formed using a loading amount of
Ag lower than 5.0 mol%, suggesting that, in this case, it was difficult to cover all the Ag nanoparticles
by the Cr species introduced (Figures 3d and 3f). The exposed Ag particles would facilitate the
formation of H», because Ag/Ga>O3 favors the evolution of H» and the Ag co-catalyst would increase
the backward reaction for the photocatalytic conversion of CO2.>* As a result of both the Ag and Cr
loading amounts being optimal, Ag(1.0 mol%)@Cr(1.0 mol%)/Ga>O3 exhibited the highest formation
rate of CO (480 umol h™!) and selectivity toward CO evolution (83.8%). In order to enhance the
formation of CO and suppress the production of H», it is critical to completely wrap all Ag particles

with sufficient Cr species. In this respect, an appropriate Ag-Cr ratio needs to be determined.
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Figure 5 Formation rates of H> (blue), O2 (green), and CO (red) for the photocatalytic conversion of
COz in H>0 over x mol% Ag@Cr/Ga;03 (x = 0.1. 0.25, 0.5, 1.0, 2.0). The actual amounts of Ag and

Cr in various Ag@Cr/Ga203 samples estimated by ICP-OES were shown in Table 3.

Figure 5 shows the formation rates of Hz, Oz, and CO for the photocatalytic conversion of CO-
by H>0O over x mol% Ag@Cr/Ga,0s3 (x =0, 0.1, 0.25, 0.5, 1.0, 2.0). The loading amounts of both Ag
and Cr were fixed to be the same (Ag-Cr = 1.0) because the high formation rate of CO and good
selectivity toward CO evolution were obtained using Ag(1.0 mol%)@Cr(1.0 mol%)/Ga,0s. When bare
Ga;03 was modified with very small amounts of Ag and Cr (0.1 mol%), a large amount of CO was
suddenly generated and the production of H> was suppressed. The formation rate of CO increased with
an increase in the loading amounts of both Ag and Cr and plateaued at 0.25 mol%. Notably, the highest
formation rate of CO (525 umol h™1) with good selectivity toward CO evolution (85.2%) was achieved
over 0.25 mol% Ag@Cr/GaxOs. As described above, almost the same activity and selectivity have
already been obtained using 1.0 mol% loading, which indicates that one-fourth of the loading amount
of Ag used initially was enough to achieve the relatively high activity and selectivity. However, the

TON increased fourfold in this case and was as high as 167 for 5 h.
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Figure 6 TEM images of x mol% (Ag@Cr)/Ga203.x = (a), (b) 0.1; (¢), (d) 0.25; (e), (f) 1.0; and (g),
(h) 2.0.

Figure 6 shows the TEM images of different x mol% Ag@Cr/Ga>O3 samples. When the loading
amounts of Ag and Cr were low, Ag particles tens of nanometers in size were uniformly covered by
the Cr shell. Increase in the loading amounts of Ag and Cr led to the aggregation of Ag particles from
tens of nanometers to hundreds of nanometers in size, which indicates that the specific surface of one
Ag particle decreased. Consequently, the thickness of the Cr(OH)3-xH2O shells increased from 2.1 to
4.8 nm upon increasing the loading amounts of Ag and Cr. 1 found that the thickness of the
Cr(OH);-xH20 shell covering the surface of the Ag particles significantly affected the photocatalytic

performances in the conversion of CO> over Ag@Cr/Gaz0s.
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Figure 7 Dependence of the formation rates of CO (red solid circles) and Ha (blue solid triangles) on
the thickness of the Cr(OH)3;-xH>O shell: (a) based on Figures 1b and S3, in which the amount of Ag
is almost constant; (b) based on Figures 1, 2, S2, and S3, with various loading amount of Ag and Cr.

The red and blue dotted lines represent the fitting curves for red and blue solid circles, respectively.

In order to eliminate the influence of the Ag structure, I maintained a constant loading amount of
Ag in the investigation on the dependence of the formation rates of CO and Ha, i.e., the reduction
products, on the thickness of the Cr(OH)3;-xH2O shell, based on Figures 2b and 4. According to the
obtained results, the formation rate of CO was found to increase upon increasing the Cr layer thickness
from 0 to about 2.9 nm, from the beginning of the Cr coating to the point when the Cr layer thickness
reached 2.9 nm. The formation rate of the H> curve matched well the exponential fitting curve,
indicating that the formation rate of H> decreased upon increasing the thickness of the Cr layer, with a
first-order dependence (Figure 7a). Furthermore, Figure 7b shows the dependence of the formation
rates of CO and H» on the thickness of the Cr(OH)3-xH>O shell, based on Figures 2-6, in which both
the Ag structure and thickness of the Cr(OH)3-xH>O shell were different. Surprisingly, the dependence
of the formation rates of CO and Hz on the thickness of the Cr(OH)3;-xH2O shell showed very similar
tendency as to when the structure of Ag was constant. When considering the fitting curves of the
formation rates of CO, one can see that the highest formation rate of CO was achieved when the
thickness of the Cr(OH)3.xH2O shell was about 2.8 nm. This result indicates that the thickness of the
Cr(OH);-xH20 shell covering the Ag particles displayed a greater influence on the formation rate of

CO than on the structure of the Ag particles for the photocatalytic conversion of CO2 over
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Ag@Cr/Gaz0s. Based on the fitting curves and actual results, I concluded that the optimal thickness
of the Cr(OH)3-xH>O shell to achieve the high formation rate of CO was in the range of 2.8-3.2 nm.
Generally, the formation rate of products depends on the number of active sites. However, in our case,
the active sites for the evolution of Hz did not vanish, because, as Domen et al.*>*® reported, H*, which
is necessary for the reduction of CO, (CO, + 2H" + 2e” — CO + 2H,0), can go through the thin Cr
layer. Therefore, I expected that the concentration of CO2 can be kept at a high level by using a thin
Cr layer around the active sites so that the electrons generated by the charge transfer can go out through

and reach the surface of the Ag co-catalyst.

—

A)

C

|o‘z (a) (©) |20 (a)

)

%

(b)

PR

(c)

Normalized absorption
4 %ﬂ
Normalized absorption

I S B L [ | ey | [ R N RS BN B
25450 25500 25550 25600 25650 25500 25550 25600 25650 2.0 3.0 40 50 60 7.0 8.0

Photon energy / eV Photon energy / eV K/ A—1

Figure 8 (A), (B) Ag K-edge XANES and (C) EXAFS spectra of (a) 1.0 mol% Ag@Cr/Ga,Os after
photoirradiation for 5 h (pink), (b) as-prepared 1.0 mol% Ag@Cr/Ga20Os3 (blue), and (c) Ag foil (black)
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Figure 9 (A), (B) Cr K-edge X-ray absorption near edge structure (XANES) and (C) extended Cr K-
edge XAFS (EXAFS) spectra of (a) 1.0 mol% Ag@Cr/Ga,Os after photoirradiation for 5 h (pink), (b)
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as-prepared 1.0 mol% Ag@Cr/Gax03 (blue), (¢) Cr(OH)(CO3), (red), and (d) Cr(OH)3-xH20 (black)
( (B) is the overlapped and enlarged Cr K-edge XANES spectrum in the photon energy range of 6000—
6100 eV in (A)).

XAFS measurements were used to identify the chemical states and changes in the local structures
of the Ag and Cr species on the surface of Ga;O3 during the photocatalytic conversion of CO,. The Ag
K-edge X-ray absorption near edge structure (XANES) and extended Ag K-edge XAFS (EXAFS)
spectra shown in Figure 8 indicate that the Ag particles were in Ag® state, which was very stable during
the photocatalytic conversion of CO> for 5 h. In addition, Figure 9 shows the Cr K-edge XANES
spectra of 1.0 mol% Ag@Cr/Ga;Os before and after photoirradiation for 5 h, with those of
Cr(OH)3-xH20 and Cr(OH).(COs3), as references. The XANES spectrum of the as-prepared
Ag@Cr/Gax0s3 was fairly consistent with that of Cr(OH)3-xH20, as reported previously.*® Since the Cr
K-edge XANES spectra of the Cr(OH)3-xH>O and Cr(OH).(COs3), references were very similar, in
order to determine the changes after the photocatalytic conversion of CO2 over Ag@Cr/Ga;03, 1
overlapped their spectra and then compared them with the references (Figure 9B). The Cr K-edge
XANES spectrum of Ag@Cr/GaxOs3 after photoirradiation for 5 h showed a lower absorption at 6010
eV and higher absorption at 6017 eV of white line, as compared with that obtained for the as-prepared
Ag@Cr/Gaz0s. The corresponding Cr K-edge EXAFS spectrum in Figure 9C shows a slight change
in the oscillation between 3.0 and 7.4 A™! for the as-prepared Ag@Cr/Ga>O; sample after
photoirradiation for 5 h. This spectrum was consistent with that of Cr(OH).(CO3),, thus indicating that
the Cr(OH)3-xH>O shell covering the Ag co-catalyst absorbs CO; dissolved in the solution and
transforms into Cr(OH).(COs3),. Heald et al.’” have reported that Cr(OH)3-xH>O could be converted
into chromium carbonic compounds in the presence of a large amount of carbonate species. Notably,
the differences between the Cr K-edge XANES and EXAFS spectra of Cr(OH)s;.xH,O and
Cr(OH)x(CO:s3), reported in this paper were consistent with their results. When Cr(OH);-xH20 was
treated in an aqueous solution of NaHCO3 under a flow of CO», it changed to Cr(OH),(CO3),. In that
case, the XANES and EXAFS spectra showed the same trend as that of Ag@Cr/Ga>0Os. Therefore, 1
concluded that the Cr(OH)3-xH2O species in 1.0 mol% Ag@Cr/Ga0O3 changed to Cr(OH),(COs3), in
the NaHCO3 solution under CO; flow during the photocatalytic conversion of CO». The formation of

the Cr(OH).(CO:s3), shell significantly improved the concentration of carbon species on the surface of
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the Ag active sites.

Since the reduction of CO» to CO and the reduction of protons into H» in the aqueous solution are
two competitive processes, increasing the concentration of carbon species around the active sites would
be beneficial to the reduction of COx. In this respect, I expected that the formation of CO could be
promoted and that of H> could be suppressed by covering the Ag active sites with a Cr(OH)3.xH>0O
shell of suitable thickness. Moreover, because the Cr shell is not permeable to O, as previously
reported,*> ** it appreciably suppresses the backward reaction of the photocatalytic conversion of

CO»,** which, in turn, further improves the photocatalytic activity for the evolution of CO.

Cr(OH);-xH,0

Scheme 1 Schematic illustration of the mechanism for the photocatalytic conversion of CO> into CO

on Ag@Cr/Gay03

Here, I propose a mechanism for the photocatalytic conversion of COz into CO on Ag@Cr/Gaz03
(Scheme 1), according to which the CO2 molecules dissolved in an aqueous solution of NaHCO3 were
incorporated into the Cr(OH)3-xH2O shell. This is followed by the formation of Cr(OH)x(CO3),, which
indicates that CO»-related species were liberally stored found around the Ag co-catalyst and were
promptly supplied to the active sites. Therefore, CO2 can be preferentially reduced into CO using two
generated electrons and protons, because CO; is captured at the active site consistently. An increase in
the amount of Cr can also lead to an increase in the thickness of the Cr(OH)s3-xH2O shell (Figure 4),
which makes it difficult for the carbon species and protons to permeate the Cr(OH);-xH2O layer and
reach the surface of Ag active site. Additionally, because the Cr species was not in favor of inducing

t,45

the migration of photogenerated electrons from the bulk to the surface of the catalyst,™ the evolution

of CO will be inhibited if the Cr shell is too thick. Only a Cr shell of suitable thickness loaded on the

surface of the Ag core would provide the best photocatalytic performance for the conversion of CO».
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Table 4 Photocatalytic conversion of CO, by H.O over different photocatalysts.®!

Formation rates of products Selec.

Consumed
Catalyst Co-catalyst / umol h™t toward
e~/h*
H> O2 CO CO (%)
Ag 248.4 154.2 67.7 21.4 1.02
NaTaO3
Ag@Cr 437 118.8 194.8 81.7 1.00
Ag 2.8 30.2 59.5 95.5 1.03
ZnGaz0y4
Ag@Cr 18.8 147.6 2959 94.0 1.06
Ag 8.9 56.6 108.0 92.4 1.03
ZnGax04/Gax03
Ag@Cr 17.6 116.7 218.7 92.6 1.01

[®] Photocatalyst powder: 0.5 g, reaction solution volume: 1.0 L, additive: 0.1 M NaHCO3, Ag
loading amount: 0.25 mol% (Ag/Ga), Cr loading amount: 0.25 mol% (Cr/Ga), CO2 flow rate:

30 mL min~%, light source: 400 W high-pressure Hg lamp.

Next, in order to confirm the general versatility of the Ag@Cr co-catalyst, I investigated further
the photocatalytic performances of other Ag@Cr core-shell-structured co-catalyst-loaded
photocatalysts such as NaTaO3, ZnGaxO4, and ZnGax04/Gaz0s for the conversion of COz. As shown
in Table 4, only Ag-loaded ZnGa>O4 and ZnGa>04/Ga>03 showed high selectivity toward CO evolution,
as reported in our previous work.!® 2% After loading the Ag@Cr dual co-catalyst, the formation rate of
CO improved significantly with high selectivity. Surprisingly, in the case of NaTaOs, which has been
reported to show high activity for overall water splitting,*®*’ the formation rate of H> was dramatically
suppressed whereas that of CO improved. This result suggests that the thin Cr(OH)3.xH2O layer
suppresses the production of H> from H>O as well as improves the formation rate of CO even in cases
involving solid-state materials showing good activity for overall water splitting, such as Ga,0O3 and
NaTaOs;. The Ag@Cr core-shell-structured co-catalyst modification method provides a general
strategy for significantly improving the efficiency of the photocatalytic conversion of CO; into CO by

H»O.
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Conclusion

In this study, the functions of the Ag and Cr species in the photocatalytic conversion of CO2 were
clearly investigated. Ag acted as an active site for the photocatalytic conversion of CO; into CO,
exhibiting better photocatalytic performance than other metals, such as Au, Pt, Cu, and Pd. Notably,
the Cr(OH)3-xH2O layer on the surface of Ag@Cr/Ga;Os changed to Cr(OH)(CO3), during the
photocatalytic conversion of CO». According to the obtained results, a high amount of Ag and Cr would
not be conducive to improving the activity for the photocatalytic conversion of CO». Notably, the most
critical factor in the stated reaction was to ensure that the Ag particles were surrounded by a Cr shell
of suitable thickness. The highest photocatalytic activity (525.3 pmol h™!) with good selectivity toward
CO evolution (85.2%) and high TONco/ag (167/5 h) was achieved over 0.25 mol% Ag@Cr/Gaz0s.
Based on these results, I believe that this Ag@Cr dual co-catalyst modification strategy can be widely
used to increase the photocatalytic activity and selectivity toward CO evolution through photocatalytic

conversion of CO2 by H20 in an efficient and sustainable way.
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Chapter 5

Effect of Cr species on photocatalytic stability during the conversion of CO: by
H.O

Abstract

Ag@Cr/Gaz0s is one of the most active photocatalysts for the photocatalytic conversion of CO>
by H>O; however, the formation rate of CO steadily decreases with increasing photoirradiation time.
In this study, the reasons for the decreasing CO evolution were investigated in detail. The formation
rate of CO was strongly dependent on the amount of Cr** in Ag@Cr/Ga>O3. Dissolution of Cr** during
the reaction led to a decrease in the thickness of the Cr(OH);-xH,O shell. The Cr** in Ag@Cr/Ga,0s
was oxidized to dissolvable Cr®" during the photocatalytic conversion of CO; in a NaHCO3 aqueous

solution under UV light irradiation. NaHCO3 as an additive facilitated the dissolution of Cr**.
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Introduction

The anthropogenic emission of carbon dioxide (CO>) into the atmosphere undoubtedly increases
the global mean temperature, which in turn leads to a wide range of climate impacts.!*® Thus, there is
an urgent need to accelerate the carbon cycle to solve energy and environmental problems. The
photocatalytic conversion of CO2 with H>O into renewable solar fuels such as CO, HCOOH, HCHO,
CH30H, and CHj4 (so-called artificial photosynthesis), is a promising approach to solve both energy
and environmental issues that has attracted great attention since the 1970s.”!> However, there are two
main challenges for the photocatalytic conversion of CO2 by H>O: (1) COz is a very stable, linear, and
centrally symmetric molecule, making it extremely difficult to convert into other compounds; and (2)
photocatalytic water splitting occurs more easily than the photocatalytic conversion of CO; in an
aqueous solution, leading to lower CO; conversion selectivity.'*!* Since Kudo and coworkers reported
that the photocatalytic conversion of CO> into CO precedes the conversion of H' into Ha in an aqueous
solution over Ag-loaded BaLasTi4O1s,” numerous photocatalysts have been reported for the highly
selective photocatalytic conversion of CO» into CO using H»O as an electron donor.!'® 1619
Unfortunately, photocatalytic activity for the conversion of COz is still quite low, far less than what is
required for actual applications.

Recently, I reported a core-shell-structured Ag@Cr(OH)3-xH>O co-catalyst loaded-Ga>O3
(Ag@Cr/Ga,03), which exhibited very high activity toward CO evolution (> 480 pmol-h™!) for the
photocatalytic conversion of CO2 where H>O is used as an electron donor. The Cr(OH)3-xH2O shell
on the surface of the Ag co-catalyst increased the adsorption of CO> and suppressed the backward
reaction for the photocatalytic conversion of CO,.2%2! Modification of Ag@Cr(OH);-xH,O co-catalyst
on the surface of photocatalysts seems a promising approach to improve the formation rate of CO and
simultaneously suppress the formation rate of H» for the photocatalytic conversion of CO2 by H2O.
However, it has been reported that Cr** can be oxidized by some oxidants (e.g., O2, manganese oxides,
and hydroxyl radicals) to form soluble Cr®*, which is toxic, pollutes the environment, and harms
creatures.’”?* Therefore, it is important to evaluate the stability of chromium-containing materials.
Moreover, the stability of the photocatalyst is of great significance for evaluating its photocatalytic and

practical performance. Maeda et al. have reported that the formation rates of H2 and O decreased with
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increasing photoirradiation time beyond 10 h for the photocatalytic water splitting over Rh-
Cr/(Gai-xZnx)(N1-xOx).2® Some reports have established that Cr** can be more easily oxidized to Cr®"
in the presence of alkali metal oxides or alkali metal salts.>’>° Thus, it is proposed that Cr(OH);-xH20O
in Ag@Cr/Gax0s will be oxidized to Cr®" during the photocatalytic conversion of CO> in an aqueous
solution containing NaHCO3 under UV-light irradiation. Herein I investigated the Cr species present
during the photocatalytic conversion of CO2 and focused on the influence of Cr in Ag@Cr/Ga203 on

structure and valence stability.

Experimental

Preparation of Ag@Cr/Ga203

Ag@Cr/Ga,O3 was prepared as described in our previous paper.?’ Briefly, 1.0 g of Ga;03
(Kojundo, 99.99%) powder was dispersed in 1.0 L of ultra-pure water containing the necessary amount
of AgNO3 and Cr(NO3)3. The suspension was purged with Ar gas and then irradiated under a 400 W
high-pressure Hg lamp with Ar gas flowing for 1.0 h, followed by filtration and drying at room
temperature (~298 K).
Photocatalytic conversion of CO2

The photocatalytic conversion of CO; was carried out using a flow system with an inner-
irradiation-type reaction vessel at ambient pressure. The synthesized photocatalyst (0.5 g) was
dispersed in ultrapure water (1.0 L) containing 0.1 M NaHCO3. CO; was bubbled into the solution at
a flow rate of 30 mL-min"!. The suspension was illuminated using a 400 W high-pressure Hg lamp
with a quartz filter connected to a water-cooling system. The amount of CO evolved was analyzed by
a flame ionization detector-GC with a methanizer (FID-GC, Shimadzu Corp; ShinCarbon ST column,
Nz carrier). The amount of evolved Hz and O2 were detected using a thermal conductivity detector-gas
chromatography system (TCD-GC, Shimadzu Corp; MS-5A column, Ar carrier). The selectivity
toward CO evolution compared to H> evolution and the balance between the consumed electrons (e”)
and holes (/") can be expressed by Eqn. (1) and (2), respectively:'°

Selectivity toward CO evolution (%) = 100 X 2Rco/(2Rco + 2Ru2) (1)
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Consumed e /h" = (2Rco + 2Ru2)/4Ro2 (2)

Here, Rco and Ru2 represent the formation rates of CO and Ho, respectively.
Characterization

The crystal phases of the samples were observed by powder X-ray diffractometry (XRD, Rigaku
Multiflex) with Cu Ka radiation (A = 0.154 nm) at a scan rate of 2°-min"'. The morphology of the
Ag@Cr co-catalyst was observed by transmission electron microscopy (TEM, JEM-2100F).
Inductively coupled plasma-optical emission spectrometry (ICP-OES, iCAP7400, Thermo Fisher
Scientific, Inc) was used for determining the composition of Ag and Cr in Ag@Cr/Ga>0Os. Absorbance
spectra were obtained using a multi-scan UV-Vis spectrophotometer (MCPD—7700, Ohtsuka, Japan).

Determination of Cr¢*

Cr®" content was analyzed by a spectrophotometric standard addition method using 1,5-
diphenylcarbazide (DPC).3*3! If Cr®" is present in the sample solution, it reacts with DPC to produce
a pink color in an acidic solution. The DPC solution was prepared by dissolving 0.05 g of DPC (Wako
pure chemical, Japan) in 10 mL of acetone, and then dispersing 1.0 mL of this DPC solution in 50 mL
of H20. An aliquot (0.2 mL) of the sample solution was delivered into 5 mL of sulfuric acid (0.1 mol
L") containing 0.8 mL of the DPC solution. After the mixture remained stable for 5 min, the
transmittance spectrum was measured using a multi-scan UV-Vis spectrophotometer (MCPD—7700,
Ohtsuka, Japan). KoCrO4 standard solutions (1, 2, 5, 10, and 50 ppm) were used as reference solutions.
The concentration of Cr®" in solution was quantified by measuring the absorbance of the DPC-Cr®"

complex formed at 543 nm.

Results and discussion

Figure 1 shows the time course of the formation rates of CO, H», and O during the photocatalytic
conversion of CO2 by H,O over Ag@Cr/Gay03. In addition to CO and H» as the reduction products, a
stoichiometric amount of O as the oxidation product was obtained, suggesting that H>O serves as the
electron donor for the photocatalytic conversion of CO». After photoirradiation for 1 h, the formation
rate of CO was as high as 494 umol-h™! with a selectivity toward CO evolution of ~87%. However,

the rate decreased exponentially from 494 umol-h™! to 221 pmol-h™! as photoirradiation time increased
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from 1 h to 20 h. Conversely, the rate of H, formation remained stable after photoirradiation for 20 h,

which led to a decrease in the selectivity toward CO evolution.
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Figure 1 Time course of the formation rates of Hz (blue triangles), O2 (green squares), CO (red circles),

and selectivity toward CO (black diamonds) evolution for the photocatalytic conversion of CO2 in H2O

over Ag@Cr/Gaz0s. The theoretical loading amounts of both Ag and Cr are 1.0 mol% (molar ratio to

Ga).
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Figure 2 XRD patterns of Ag@Cr/Ga>0O3 samples: (a) as prepared; (b) after photoirradiation for 5 h.

The XRD patterns of Ag@Cr/GaO3 before and after photocatalytic reaction for 5 h showed no
obvious change (Figure 5), which indicates that the Ga>Os photocatalyst is stable during the
photocatalytic conversion of CO2. We have already reported that the modification of Ga;0O3; with Cr

species resulted in a thin layer of Cr(OH)3;"xH20 on the surface of the Ag co-catalyst, remarkably
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enhancing the formation rate and selectivity toward CO evolution as compared to that of Ag/Ga>03.%°
Thus, the decreasing rate of CO formation during photocatalytic conversion of CO> is expected to be
related to changes to the surface Cr(OH)3;-xH2O.

The composition of Ag and Cr loaded on the surface of Ag@Cr/Ga,0O; with different
photoirradiation times was determined by ICP-OES, as shown in Figure 3a. Although 1.0 mol% Ag"
and 1.0 mol% Cr** were added during the photodeposition process, 0.86 mol% Ag and 0.81 mol% Cr>*
were actually loaded on the surface of Ga;Os. The Ag content on Ag@Cr/GaxOs3 slightly decreased
with increasing photoirradiation time from 1 h to 20 h. Conversely, the Cr*" content decreased rapidly
to less than half of the original amount within the initial three hours of photoirradiation, ultimately
decreasing by nearly three-quarters the original amount within 20 h. Figure 3b shows the dependence
of Cr’" in Ag@Cr/Ga;Os on the formation rate of CO with different photoirradiation times. The
decrease of CO evolved shows a linear dependence on the dissolution rates of Cr**, which suggests

that the decreasing formation rate of CO is mainly due to the dissolution of Cr** on the surface of

Ag@Cr/Gaz0s.
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Figure 3 (a) Content of Ag (green square) and Cr*" (blue circle) on the surface of Ag@Cr/Ga,0s; (b)

dependence of Cr** content in Ag@Cr/Ga>Oj3 on the formation rate of CO.

Figure 4 shows the TEM images of the thickness of the Cr(OH)3;-xH>O shell on Ag@Cr/Ga>O3
after different photoirradiation times (i.e., 0, 5, 10, and 20 h). The thickness of the Cr(OH)3-xH>O shell

decreased from 4.8 nm to 2.0 nm when the photoirradiation time increased from 0 h to 20 h. This
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suggests that the dissolution of Cr*" in Ag@Cr/Ga,Os directly leads to a decrease in the thickness of
the Cr(OH)3-xH>O shell. In our previous work, I have confirmed that the thin Cr(OH)3-xH>O layer on
the Ag co-catalyst surface easily transformed to Cr(OH),(CO3), during photocatalytic conversion of
COz in an aqueous NaHCOj3 solution.?° The formation of Cr(OH),(COs), increases the concentration
of carbon species on the surface of the Ag active site, which is beneficial for the formation of CO and
suppression of H». However, the dissolution of Cr’* led to a decrease in the thickness of the
Cr(OH);-xH20 layer with increasing photoirradiation time, undoubtedly influencing the adsorption of

COa, and therefore, the formation rate of CO decreased.

Figure 4 TEM images of the thickness of Cr(OH);-xH2O shell on Ag@Cr/Ga;0Os after different
photoirradiation times: (a) 0 h; (b) 5 h; (¢) 10 h; (d) 20 h.

Because Cr** can be oxidized to Cr®" by some strong oxidants, the Cr®" content in the solutions
was analyzed at different photoirradiation times by a spectrophotometric standard addition method
using 1,5-diphenylcarbazide (DPC). The colorless solution after photoirradiation for 1 h turned pink
in an acidic DPC solution, indicating the presence of Cr®" (Figure 5 insert). An intense absorption peak
around 543 nm was observed in the UV-Vis absorption spectra (Figure 5), which is assigned to the
formation of a DPC-Cr* complex.*® 3! The Cr®" content in the solutions with different photoirradiation
times was estimated using the absorbance at 543 nm. The amount of Cr®" dissolved in solution
increased exponentially, while the amount of Cr** on the Ag@Cr/Ga,Os surface estimated by ICP-OES

decreased exponentially when the photoirradiation time increased from 1 h to 20 h as shown in Figure
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5.1 calculated the total amount of Cr** and Cr®* detected during different photoirradiation times (Figure
5), which was close to the detected amount of Cr’" species loaded on Ag@Cr/Ga,O; after
photodeposition (0.81 mol%). This suggests that the Cr** species on the surface of Ag@Cr/Ga03 is

oxidized to Cr®" during the photocatalytic conversion of COx.
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Figure 5 UV—Vis spectra of reacted solutions at different photoirradiation times. The inset picture is
of the solutions before photoirradiation (colorless) and after photoirradiation (pink) for 1 h in an acidic

DPC solution.
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Figure 6 Content of Cr’" in Ag@Cr/Ga,0; (blue circle); Cr®" in reaction solution (green circle)
estimated by ICP-OES and DPC methods, respectively; and the sum of Cr*" and Cr®" detected (black

diamond) with different photoirradiation times.
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Reloading 0.5 mol% Cr3* on Ag@Cr/Ga,0;

| | (a)
- 600F J90
ET L eeeee| o d
€ so0f MR IR IR AR * o %0
SN 70 8
~ Fo [ °. =
2 : ...g g Q
g 400 . gy - dg0 O
[ s =
g t .""“_._. ®-g 50 5
a r H
o 300 (- u, £
° S - S - B 440 35
2 F e Bl g
& 200F e 430 £
L @
S [ A 420 @
® 100F & VSR N Wy y— O VO Wa— Y [
E [ T hA-Aa 310
G
* L = T O N N I L 1 L | 1 I L1 40
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Photoirradiation time / h (b)
T S00F o 90
= r L3 *
8 [ * L 2 I 480
E 500 o ¢ * o0 -
IS r 2 TS J70 =
] [ P o0 o
faor  Te, jo 8
e Ll R T d50 §
5 300¢ .9, | ® ]
[ B |, 440 3
% 200 L e L - R F R
& F " 20 %
B 100 - [T VR TP VT G vy Vg e ¥ I W S S 7
g P E
2 L
[ ) I I 1 1 I 1 1 L I I I 1 1 L 40

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
Photoirradiation time / h

Figure 7 The formation rates of H» (blue triangle), O> (green square), and CO (red circle), and the
selectivity toward CO evolution (black diamond) for the photocatalytic conversion of CO2 by H.O
over various Ag@Cr/Gay0s: (a) after photoirradiation for 5 h, Ag@Cr/Ga>O3 was filtered and dried,
and then 0.5 mol% Cr** was reloaded; this was repeated twice; (b) after photoirradiation for 5 h,

Ag@Cr/GaO3 was filtered and dried, then reused without loading Cr3*.

From Figure 3, it is evident that ~0.5 mol% Cr’** species were oxidized into dissolvable Cr®" in
the solution after photoirradiation for 5 h. In order to further verify the effect of Cr** on the formation
rate of CO, Ag@Cr/Ga,Os was filtered and dried after photoirradiation for 5 h, and then 0.5 mol% Cr**
was reloaded on the surface of Ag@Cr/Ga,O; following the photodeposition method.? Figure 7a
shows the formation rates of H», O, and CO, and the selectivity toward CO evolution for the
photocatalytic conversion of CO2 by H,O after reloading Cr** twice. The formation rate of CO
gradually decreased with photoirradiation over 5 h, whereas it significantly increased after reloading
0.5 mol% Cr’" in Ag@Cr/Ga,0s. The selectivity toward CO evolution was comparable with that of

the previous 5 hours. Even if I repeated this Cr’* reloading process for a second time, it also tended to
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be similar to the first reloading, thus decreasing CO activity could be recovered by reloading 0.5 mol%

Cr*" in Ag@Cr/Ga>03. During the durability test when Cr was not reloaded, as shown in Figure 7b,

the formation rate of CO decreased and formation rate of H; increased, which led to a decrease in the

selectivity toward CO evolution. This result further confirms that the dissolution of Cr** on the surface

of Ag@Cr/Ga;03 leads to a decrease in the formation rate of CO, however, this loss could be

compensated by reloading supplementary Cr*" in Ag@Cr/Gax0s.

Table 1 Formation rates of products, consumed h* and the detected Cr®" in reaction solutions under

different conditions after photoirradiation for 1 h.

Formation rates of
products / pmol h™!

Consumed h* Molar ratio

Entry Experimental condition i of Cr® to
/ pmol h
H, 0, CcO Ga / mol%
- + +
. Ag-Cr/Ga,O3 + NaHCO; + CO; 0.0 0.0 0.0 0.0 0.00
+ O, + dark
- + +
5 Ag-Cr/Ga,O3 + NaHCO; + CO; 0.0 0.0 0.0 0.0 0.00
+ dark
Ag- + NaH +
3 g-Cr/Ga,0; + NaHCO; + CO; 73.8 272.4 4943 1089.6 0.44
+hv
Ao- + NaH + Ar +
4 gCrGa0; + NaHCOs +Art f0n 3 950 31 1180.8 0.61
hv
5 Ag-Cr/Ga;0s + HO + COx +hv 59.1 32.9 5.9 131.6 0.01
6 Ag-Cr/Ga,03 + H,O + Ar + hv 119.1 57.6 0.0 230.4 0.02
7 Ag-Cr/Ga,Os + HySOs + Ar+hv 1484 68.8 0.0 275.2 0.03
8 3Cr** + NaHCOs + CO, + hv - - - B 0.64
9 aCr3t + H,O + Ar + hv - - - - 0.45
+ b 2—- +
10 Ag/GaO3 + °CrOq4 NaHCOs _ _ _ - 0.68
+ Ar + hv
+ b =+ +
1 Ag/GaO3 + °CrOy H,O + Ar _ _ _ — 0.06

+ hv

? The adding amount of Cr(NO3)3 is 1.0 mol% (molar ratio of Cr to Ga).

® The adding amount of K2CrO4 is 1.0 mol% (molar ratio of Cr to Ga).

Verbinnen et al. have reported that the leaching of Cr®" from the initial Cr** was elevated in the
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presence of alkali and alkaline earth salts.?” To investigate the effect of NaHCOs additives on the
oxidation of Cr*" during the photocatalytic conversion of CO», we compared the generated amounts of
Cr®" under various reaction conditions, as shown in Table 1. From Entries 1 and 2, it can be seen that
Cr’* does not convert to Cr® under dark conditions, whether or not in the presence of Q.. When
NaHCO3 was used as an additive, a considerable amount of Cr** was oxidized to Cr®" under UV light
irradiation. Zhang et al. have reported that holes could transfer to Ag species from the semiconductor,
and we can see that the generated amount of Cr®" increased with an increase in the amount of consumed
h" (Entries 3 and 4). It should be noted that although the absence of NaHCOs resulted in a low
consumption rate of h*, the generated amount of Cr" in the reaction solution was much lower than
that in the presence of NaHCO3 (Entries 5-7). Therefore, we consider that NaHCO3 as an additive has
a critical impact on the generation of Cr®" during photocatalytic conversion of COz. In fact, Cr*" is
easily oxidized to Cr®" under UV light irradiation even without any photocatalyst (Entries 8 and 9).
Prof. Maeda’s group has used CrO4>" as the chromium precursor to load Cr,03 on the photocatalyst
surface via a photodeposition method.*** This indicates that Cr%* can also be reduced to Cr** under
photoirradiation. To verify this assumption in our system, we added 1.0 mol% (molar ratio of Cr to
Ga) of K»CrOy4 into the suspension of Ag/Ga>0s. After photoirradiation for 1 h, only a small amount
of Cr®" was detected in solution (Entry 10), which indicates that most of the Cr®* was reduced under
UV light irradiation. Nevertheless, the Cr®* species was difficult to reduce and still remained in solution
after photoirradiation for 1 h in the presence of NaHCO3. The above results suggest that the presence
of NaHCOj3 as an additive inhibits the reduction of the generated Cr®", resulting in a large amount of

detected Cr®".

Conclusion

The formation rate of CO for the photocatalytic conversion of CO> over Ag@Cr/Ga>0Os3, where
H>O acts as an electron donor, decreased with increasing photoirradiation time. The decrease of CO
evolved exhibited strong dependence on the dissolution rate of Cr**. It was found that the dissolution

of Cr** in Ag@Cr/Ga,0s leads to a decrease in the thickness of the Cr(OH)s;-xH2O shell. Cr*" in
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Ag@Cr/Ga,O3 was oxidized to soluble Cr®* during the photocatalytic conversion of COz in an aqueous
NaHCO;3 solution under UV light irradiation. The presence of NaHCOs3 suppressed the reduction of
generated Cr®", which greatly improved the dissolution of Cr**. Our study provides meaningful insight
into understanding the mechanism of photocatalytic conversion of CO> and the corrosion process of

Cr-containing photocatalysts.
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Chapter 6

Remarkable enhancement of CO evolution by Ca modification technique for

photocatalytic conversion of CO: by H:0

Abstract

In this study, [ used a Ca modification strategy to synthesize Ga;Os-based photocatalysts in order
to achieve highly efficient photocatalytic conversion of COz into CO by H>O. With this strategy, the
formation rates of CO and H> can be controlled by varying the amount of Ca species on the Ga>0O3
surface. I found that the formation rate of CO was enhanced while the formation of H> was suppressed
during photocatalytic conversion of CO; by H>O at low amounts of Ca. In contrast, excessive amounts
of Ca reduced the photocatalytic activity and selectivity toward CO evolution due to the large amounts
of CaGasO7 generated on the Ga>Os surface. The Fourier transform infrared spectra confirmed that
CaO was formed on the Ga>O3 surface for low amounts of Ca, which enhanced CO: adsorption at the
Gay03 surface. The presence of CaGasO7 generated on the GarO; surface enhanced the total
photocatalytic efficiency; however, this photocatalyst only showed photocatalytic activity toward H>
evolution. By exploiting the high CO» adsorption of CaO and the high photocatalytic efficiency of
Gax0;_CaGasO7, I achieved a very high formation rate of CO (835 pumol h™!) and high selectivity
toward CO evolution (94.5%) for the Ag-Cr/Ca0O/Ga>O3_CaGasO7 photocatalyst.
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Introduction

Carbon dioxide (CO») concentrations in the atmosphere have increased dramatically over the past
few centuries due to the combustion of carbon-rich fossil fuels such as coal, oil, and natural gas. As a
major anthropogenic greenhouse gas, the ever-increasing CO; emissions are detrimental to the
environment, which will affect global climate and ecosystems.' Therefore, there is an critical need to
mitigate CO2 emissions in order to achieve sustainable development. Ever since the pioneering works
on photocatalytic conversion of CO; into formic acid (HCOOH) and methyl alcohol (CH30H) over
semiconductors by Halmann and Inoue et al.,>* the photocatalytic conversion of CO2 into other
valuable feedstocks at ambient temperatures and pressures has attracted considerable attention from
the scientific community as a feasible strategy for CO; storage and conversion.*®

In general, the photocatalytic conversion of CO; using a heterogeneous catalyst consists of three
main steps. First, the CO2 molecules are adsorbed on the photocatalyst surface (Eqn. 1). Second, the
photogenerated electrons react with the adsorbed CO> species and protons (H") to produce
hydrocarbon products such as carbon monoxide (CO) (Eqn. 2) and the photogenerated holes are
consumed by the oxide species such as additional sacrificing reagents or water (H2O) (Eqn. 3). Third,
the products are desorbed from the photocatalyst surface. As an economic and environmental resource,
H>O is an ideal electron donor and source of H* for photocatalytic conversion of CO,.” However,
because the redox potential of H/H> is more positive than that of CO2/CO, the generation of H> from
H" (Eqn. 4) is preferable for photocatalytic conversion of CO; into CO (Eqn. 2), where H>O is used
as the electron donor.”? Hence, it is necessary to evaluate the selectivity of the photocatalyst toward
H> and CO evolutions during photocatalytic conversion of CO2 by H2O (Eqn. 5). In addition, it is
crucial to obtain the stoichiometric amounts of O» (oxidation product), H> and/or CO (reduction

products) to confirm that the H>O functions as an electron donor (Eqn. 6).1°

CO2(g) — CO2 (ad) (1)
COz(ad) +2H" +2¢” — CO + H20 (2)
2H20 — Ox +4H" +4e” 3)
2H +2e — H» 4)
Selectivity toward CO evolution (%) = 100 x 2Rco/(2Rco + 2Ru2) (5)
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Consumed e /h " = (2Rco + 2Ru2)/4R02 (6)

Here, Rco Ru2, and Roz represent the formation rates of CO, Ha, and O», respectively.'”

To the best of our knowledge, Kudo et al.'! were the first to report the synthesis of
Ag/BalLasTi4015 photocatalyst, which had higher selectivity toward CO evolution than that toward H»
evolution and the stoichiometric amount of O» evolved as an oxidation product during the
photocatalytic conversion of CO2 by H>O. Since then, various heterogeneous photocatalysts have been
reported for highly selective photocatalytic conversion of CO; into CO with H2O as the electron
donor.'??* Nevertheless, the photocatalytic efficiency for CO2 conversion is still rather low because
of the high thermodynamic stability of the CO linear molecules. Based on the processes involved in
the photocatalytic conversion of CO> described previously, it can be deduced that the photocatalytic
activity of the photocatalyst for CO2 conversion can be improved by increasing the CO, adsorption,
charge separation, and desorption of products.

According to a few published reports,>!">* the photocatalytic activity and selectivity of the
photocatalyst during the conversion of CO; into CO by H2O can be enhanced by modifying its surface
using CO;, adsorbents such as alkaline earth metals (Ca, Sr, and Ba). However, to date, there are no
breakthroughs in the photocatalytic efficiency of the photocatalysts synthesized using this approach.
Very recently, I proposed an Ag-Cr dual co-catalyst modification strategy, which is a facile approach
to enhance the photocatalytic efficiency of photocatalysts during the conversion of CO> into CO with
H>O as the electron donor.?* In this work, I report the remarkable increase in the photocatalytic
efficiency of Ga>Os-based photocatalysts for CO» conversion, where I modified the Ga>O3 surface
with Ca species and Ag-Cr was used as the co-catalyst. With this approach, I achieved a high formation
rate of CO (835 umol h™") per 0.5 g of catalyst and high selectivity toward CO evolution (> 94.5%)
during photocatalytic conversion of CO; by H>O. I also conducted a systematic investigation on the

role of the Ca species in enhancing the photocatalytic efficiency.

Experimental

Preparation of Ag-Cr/Ga203_Ca

The Ca-modified Ga>O3 (Ga;03_Ca) was prepared using an ammonia precipitation method
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reported by Sakata et al.2® In this method, Ga(NO3)3;-nH>O (12.6 g) was dissolved in deionized water
or CaCls-ultrapure water solution (200 mL) at various molar concentrations. Hydroxylation was
carried out by dripping the ammonium hydroxide solution until the pH value reached 9.1. The
hydroxides obtained were centrifuged and dried overnight. The Ga,O3; Ca was obtained by calcining
the precursor at 1273 K for 10 h. The Ag-Cr/Ga>O3_Ca was synthesized using the photodeposition
method reported in our previous work.2* In this method, the as-prepared Ga>O; Ca powder (1.0 g)
was dispersed in ultrapure water (1.0 L) containing the necessary amounts of silver nitrate (AgNO3)
and chromium(III) nitrate (Cr(NO3)3). The suspension was purged with Ar gas and irradiated under a
400 W high-pressure Hg lamp with Ar gas flowing for 1.0 h, followed by filtration and drying at a
room temperature of ~298 K. The Ag/Ga and Cr/Ga molar ratios were the same, with a value of 1.0
mol%. Next, the Ga,0O; surface was modified with Ca (0.62 mol%) using the impregnation method.
In this method, the as-prepared Ga>O3 (1.5 g) was homogeneously dispersed in calcium chloride
(CaCly) aqueous solution (20 mL), followed by evaporation at 358 K (to remove water) and calcination
in air at 1273 K for 6 h.
Characterization

The as-prepared Ga.Os_Ca samples were characterized using the following instruments: X-ray
diffractometer (XRD, Model: Multiflex, Rigaku Corporation, Japan) with Cu Ka radiation (A = 0.154
nm), X-ray photoelectron spectrometer (XPS, Model: ESCA 3400, Shimadzu Corporation, Japan) with
Mg Ko radiation, field-emission scanning electron microscope (FESEM, Model: SU-8220, Hitachi
High-Technologies Corporation, Japan), and field-emission transmission electron microscope
(FETEM, Model: JEM-2100F, JEOL Ltd, Japan). The Brunauer-Emmett-Teller (BET) surface areas
of the photocatalyst samples were measured based on their N2 adsorption isotherms at 77 K using a
volumetric gas adsorption measuring instrument (Model: BELSORP-minill, MicrotracBEL Corp.
(formerly BEL Japan, Inc.), Japan). Prior to the measurements, each sample was evacuated at 473 K
for 1 h using a sample pretreatment system (Model: BELPREP-vacll, MicrotracBEL Corp. (formerly
BEL Japan, Inc.), Japan). Inductively coupled plasma optical emission spectrometer (ICP-OES, Model:
ICAP7400, Thermo Fisher Scientific, USA) was used to determine the actual amounts of Ca modified
on the Ga>Os surface. The Fourier transform infrared (FTIR) spectra of the adsorbed carbon species

were recorded using an FTIR spectrometer (Model: FT/IR-4700, JASCO International Co., Ltd., Japan)
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equipped with a mercury-cadmium-tellurium (MCT) detector and cooled by liquid N2 in transmission
mode at 303 K. Each sample (~30 mg) was pressed into a wafer (diameter: 10 mm) and introduced
into the instrument in a cylindrical glass cell with calcium fluoride (CaF2) windows. The wafer was
evacuated at 673 K for 30 min before measurements, followed by treatment under ~40 Torr of O for
30 min, and the wafer was subsequently evacuated for 30 min and cooled to 303 K. The data for each

FTIR spectrum were obtained from 128 scans with a resolution of 4 cm™,
Photocatalytic reaction

The photocatalytic reduction of CO> was carried out using a flow system with an inner irradiation-
type reaction vessel. The synthesized photocatalyst (0.5 g) was dispersed in ultrapure water (1.0 L)
containing 0.1 M sodium bicarbonate (NaHCO3). The CO, was bubbled into the solution at a flow rate
of 30 mL min~t. The suspension was illuminated using a 4000-W high-pressure Hg lamp with a quartz
filter and the assembly was connected to a water-cooling system. The amounts of evolved H2 and O
were detected using a thermal conductivity detector-gas chromatography system (TCD-GC, Model:
GC-8A, Shimadzu Corporation, Japan) with a 5A molecular sieve (MS 5A) column, where Ar was
used as the carrier gas. The amount of evolved CO was analyzed using a flame ionization detector-gas
chromatography system (FID-GC, Model: GC-8A, Shimadzu Corporation, Japan) with a methanizer
and ShinCarbon ST column, where N2 was used as the carrier gas. A high-performance liquid
chromatograph (HPLC, Model: LC-4000, JASCO, USA) was used to detect the presence of liquid

products.

Results and discussion

Material characterization. The actual amounts of Ca species loaded into Ga2Os at different
CaCl; concentrations were measured using the ICP-OES and the results are presented in Table 1. I
found that almost all of the Ca species could be loaded into the Ga>O3 when the CaCl> concentration
was less than 0.001 mol L™!. However, not all of the Ca species could be loaded into Ga>Oj at higher
CaClz concentrations. It shall be noted that even if I did not add any CaCl> during the preparation of

Gax0s, trace amounts of Ca were detected in Ga;03, which is likely due to Ca impurities present in the
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experimental vessels or precursor reagents. Hereinafter, I named the Ca-loaded Ga>O3 photocatalysts

as Ga203_Ca x (x=0.32,0.62, 1.1, 1.6, 2.1, 3.3 mol%) based on the Ca/Ga molar ratios measured by

the ICP-OES.

Table 1 Comparison between the calculated Ca/Ga molar ratios and those measured by ICP-OES at

different CaCl; concentrations.

CaCl: concentration Ca/Ga molar ratio (mol%) Ca/Ga molar ratio (mol%)
(mol L) (Calculated) (ICP-OES)
0.0000 0.00 0.056
0.0005 0.31 0.32
0.0010 0.63 0.62
0.0020 1.3 1.1
0.0030 2.0 1.6
0.0050 3.3 2.1
0.0100 6.5 3.3
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Figure 1 (A) X-ray diffractograms and (B) enlarged X-ray diffractograms at a diffraction angle 26 of

29-31°C for (a) bare Ga>O3, Ga;03_Ca_x with a Ca/Ga molar ratio x of (b) 0.32 mol%, (c) 0.62 mol%,

(d) 1.1 mol%, (e) 2.1 mol%, and (f) 3.3 mol%, and (g) CaGasO».

122



Figure 1A shows the XRD patterns of the bare Ga>O3, Ga;0O3_Ca_x, and CaGasO7 samples. There
were gradual changes in the diffraction peaks assigned to the (020), (311), (400), (002), and (330)
facets of CaGasO7 (JSPDS01-071-1613) with an increase in the amount of Ca species. In general, a
high Ca loading is favorable for the formation of CaGa4O7. Figure 1B shows the enlarged XRD patterns
at a diffraction angle 26 of 29-31°. I observed that there were no obvious shifts in the diffraction peaks
for all Ga,0O3_Ca_x samples compared with those of the bare Ga>Os. Because the ionic radius of Ca*"
(0.099 nm) is larger than that of Ga®*" (0.062 nm), the unshifted peak position in the X-ray
diffractograms implies that the Ca®" does not act as a dopant in the bulk Ga,Os lattice. However, there
was an obvious increase in the peak intensity at 26 = 30.1° whereas there was an apparent decrease in
the peak intensity at 26 = 30.5° with an increase in the amount of Ca species, indicating that the amount

of Ca plays a role in altering the morphology of GaxOs.

00um | SU820010. OkV 8.3mm x50.0k SE(U)

(e) |

Figure 2 SEM images for (a) bare Ga;03 and Ga;0;_Ca_x with a Ca/Ga molar ratio x of (b) 0.32 mol%,
(c) 0.62 mol%, (d) 1.1 mol%, (e) 2.1 mol%, and (f) 3.3 mol%.

I confirmed the morphological changes of the Ga,O3; by SEM, as shown in Figure 2. It can be

seen that both ends of the Ga,O3 nanoparticles were gradually sharpened and the surface of the Ga,0O3
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nanoparticles became smoother as the amount of Ca species increased. The increase in the smoothness
of the Ga;0s surface with an increase in the Ca/Ga molar ratio resulted in a decrease in the BET specific
surface area of Ga;O3 Ca x (Figure 3). This can be attributed to the modification of CaGasO7 since I
have confirmed from the X-ray diffractograms that the Ca species was not doped into the Ga>Os lattice.
I further measured the Ca 2p XPS spectra of the Ga,O3_Ca_x samples and the results are shown in
Figure 4. The increase in the peak intensity of the Ca 2p XPS spectra indicates that the Ca species on
the Ga>Os3 surfaces increased as the amount of Ca increased. In addition, the peak locations in the Ca
2p XPS spectra of the Ga,O3 Ca x samples were similar to those of CaGasO7. This suggests that a
thin CaGasO7 layer forms on the Ga>Os surface and the thickness of this thin layer increases with an

increase in the amount of Ca.
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Figure 3 BET specific surface areas for GaxO;_Ca_x with a Ca/Ga molar ratio x of 0.056, 0.32, 0.62,
1.1, 2.1, and 3.3 mol%.
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Figure 4 Ca 2p XPS spectra for (a) bare Ga2O3, Ga2O3;_Ca_x with a Ca/Ga molar ratio x of (b) 0.62
mol%, (c) 1.1 mol%, (d) 2.1 mol%, and (e) 3.3 mol%, (f) CaGa4O7, and (g) CaO.

Figure 5 TEM images for (a) GaxO3; Ca 3.3 and (c) Ag-Cr/Ga>O3_Ca 3.3. HRTEM images for (b)
Ga;03 Ca 3.3 and (d) Ag-Cr/GaxO3_Ca_ 3.3. It shall be noted that (b) and (d) represent the enlarged

TEM images of the marked areas in (a) and (c), indicated by the yellow and blue boxes, respectively.
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The close linkage between the CaGasO7 and Ga2O3 was further confirmed from the TEM and
high-resolution TEM (HRTEM) images (Figures 5a and 5b). The marked lattice spaces of 0.296 and
0.255 nm in Figure 5b correspond to the (130) and (111) planes of CaGa40O7 and Ga>Os3, respectively.
Ag-Cr co-catalyst with a core-shell structure was successfully loaded onto the Ga>O3_Ca surface using
the photodeposition method (Figures 5c and 5d), which is consistent with the results of our previous
work. 2

Photocatalytic conversion of CO:2. Figure 6 shows the formation rates of CO, H», and O», as
well as the selectivity toward CO evolution for the Ag-Cr/Gax0Os3, Ag-Cr/Ga;O3 Ga x, and Ag-
Cr/CaGasO7 photocatalysts during the photocatalytic conversion of CO: by H:O. In these
photocatalytic systems, no liquid products were detected in the reaction solutions, and Hz, Oz, and CO
were detected as gaseous products during the photocatalytic reactions. Stoichiometric amounts of H»
and CO (reduction products) and O> (oxidation product) were obtained, indicating that H,O serves as
the electron donor. The amount of Ca species was found had a significant effect on the formation rates
of Hz and CO. The formation rate of CO increased when the Ca/Ga molar ratio was increased from 0.0
mol% to 1.1 mol% whereas it decreased when the Ca/Ga molar ratio was increased from 1.6 mol% to
3.3 mol% (Figures 6a—6g). In contrast, the formation rate of H> of the Ag-Cr/Ga;O3;_Ca_x samples
increased monotonically with an increase in the amount of Ca species. The Ag-Cr/CaGasO7
photocatalyst only showed activity for the H» evolution derived from water splitting (Figure 6h). It is
apparent that the formation rates of H, were lower for the Ag-Cr/Ga,Os_Ca x photocatalysts with
lower Ca/Ga molar ratios compared to that for Ag-Cr/Ga,0O3 during the photocatalytic conversion of
COz. I observed that the Ag-Cr/Ga;O3;_Ga_1.1 photocatalyst had the highest formation rate of CO (794

umol h™!) and the selectivity toward CO evolution was more than 82%.
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Figure 6 Formation rates of H» (blue bars), O2 (green bars), and CO (red bars) and selectivity toward
CO evolution (black diamonds) for the (a) Ag-Cr/Gax03, Ag-Cr/Ga203_Ca_x with a Ca/Ga molar ratio
x of (b) 0.32 mol%, (c) 0.62 mol%, (d) 1.1 mol%, (e) 1.6 mol%, (f) 2.1 mol%, and (g) 3.3 mol%, and
(h) Ag-Cr/CaGasO7 during the photocatalytic conversion of CO; by H>O. Amount of photocatalyst:
0.5 g; Volume of reaction solution (H20): 1.0 L; Additive: 0.1 M NaHCO3; CO; flow rate: 30 mL

min'; Light source: 400 W high-pressure Hg lamp.

Various controlled experiments were carried out to confirm the source of CO2 during the
photocatalytic conversion of CO, by H>O and the results are shown in Figure 7. There were no
appreciable amounts of products detected in dark conditions or in the absence of a photocatalyst. In
addition, H> was the main product formed when Ar gas was used instead of CO> or in the absence of
NaHCOs. The results obtained from the controlled experiments confirmed that the evolved CO

originated from the gaseous CO: introduced to the samples and not from carbon contaminants.
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Figure 7 Formation rates of H> (blue bars), O> (green bars), and CO (red bars) for the Ag-
Cr/Ga20;_Ca_0.62 photocatalyst during photocatalytic conversion of CO». The data markers o and x
indicate the presence and absence of each component, respectively. Amount of photocatalyst: 0.5 g;
Volume of reaction solution (H20): 1.0 L; Additive: 0.1 M NaHCOs; CO: flow rate: 30 mL min™;

Light source: 400 W high-pressure Hg lamp.

Based on the XRD results (Figure 1) and SEM images (Figure 2), the increase in the amount of
Ca species led to changes in the Ga20Os structure for the Ca-modified Ga>Os synthesized using the
ammonia precipitation method. To confirm that the improvement in the photocatalytic conversion of
CO: by H>O is due to modification of the Ga>O3 surface by the Ca species, I modified the Ga>O3
surface with 0.62 mol% of Ca using the impregnation method. This method ensures that the structure
of Gax0;_Ca is the same as that of bare Ga,0s. Figure 8 shows the formation rates of Hz, Oz, and CO
during the photocatalytic conversion of CO2 by H>O for the Ag-Cr/Ga,O3;_Ca_0.62 photocatalysts
prepared by the ammonia precipitation and impregnation method. The formation rate of CO and
selectivity toward CO evolution for the Ag-Cr/Ga;Os Ca 0.62 photocatalyst prepared by the
impregnation method were similar to those for the Ag-Cr/Ga>xO3_Ca_ 0.62 prepared by the ammonia
precipitation method. The results confirmed that the modification of the Ga>Oj; surface with Ca species

contributes to the improved CO evolution during photocatalytic conversion of CO2 by H>O. However,
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the formation rate of CO will decrease and H» will become the main product if excessive amounts of

Ca are loaded onto the photocatalyst surface.
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Figure 8 Formation rates of CO (red circles), O2 (green squares), H (blue triangles) evolutions, and
selectivity toward CO evolution (black diamonds) over Ag-Cr/Ga;O3; Ca 0.62 prepared using (a)
ammonia precipitation and (b) impregnation method. Photocatalyst amount: 0.5 g, reaction solution
volume: H>O (1.0 L), additive: 0.1 M NaHCOs3, CO; flow rate: 30 mL min™', light source: 400 W high-

pressure Hg lamp.

Role of the Ca species. To gain a better understanding on the higher formation rate of CO and
lower formation rate of H> during photocatalytic conversion of CO2 by H2O for the Ca modified-Ga>O3
with lower Ca/Ga molar ratios compared to those for bare Ga>O3, I characterized the samples by FTIR
spectroscopy, which is an effective technique to investigate the CO» species adsorbed on the surface
of a material. Figure 9 shows the FTIR spectra of the COz-adsorbed samples after introducing ~0.2
Torr of CO,. When CO> was introduced to the Ga>0Os3 sample, three absorbance peaks were observed
at 1634, 1432, and 1225 cm™!, which can be ascribed to asymmetric CO; stretching vibrations
[Vas(CO3)], symmetric COs stretching vibrations [vs(CO3)] of monodentate bicarbonate species (m-
HCOs-Ga), and OH deformation vibrations [8(OH)], respectively.?*2® The absorbance peaks at 1699
and 1636 cm™! for the CO»-adsorbed CaO sample can be attributed to bridging carbonate stretching

and asymmetric COs3 stretching vibrations [vas(CO3)] of the bicarbonate species, respectively. The
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broad structureless absorbance peaks between 1480 and 1318 cm™' can be attributed to symmetric and
asymmetric COs stretching of unidentate carbonate, as well as symmetric CO3 stretching [vs(CO3)] of
bicarbonate.?**3 When the Ga,Os surface was modified with a small amount of Ca species, absorbance
peaks were observed at 1225, 1433, and 1633 cm™!, which can be attributed to the adsorption of CO;
on Gay0s. In addition, absorbance peaks were observed at 1320, 1408, 1589, and 1694 cm™!, which
can be attributed to the adsorption of CO2 on CaO and CaGasO7 after CO2 was introduced to the
Gay03_Ca 0.62 sample. Based on the Ca 2p XPS spectra (Figure 4), I confirmed that CaGasO7 was
present on the Ga>O3 surface. The results also indicated that CaO was generated on the Ga,Os3 surface
modified with low amounts of Ca species. However, when the Ga>O3 surface was modified with high
amounts of Ca species, the absorbance peaks attributed to CO> adsorption on Ga>O3 were very low
and mainly broad absorbance peaks at 1630 and 1325 cm™! were observed, which were derived from

the adsorption of CO2 on CaGas07.
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Figure 9 FTIR spectra of the COz-adsorbed (a) GaxOs, (b) Ga,O; Ca 0.62, (c¢) CaO, (d)
Gay03_Ca 3.3, and (e) CaGasO7 after introducing ~0.2 Torr of COx.

Figure 10 shows the FTIR spectra of the COz-adsorbed Ga>0O3, Ga,O3_Ca 0.62, Ga,O3 Ca 3.3,
and CaGasO7 samples after introducing the same amount of CO2 within a range of 0.1-40.0 Torr. The

CO; adsorption on the Ga2O3_Ca_0.62 surface was significantly higher than that on the Ga,0Os surface

130



due to the adsorption of CO; at both Ga and Ca sites. However, the CaGasO7 surface was not conducive
for CO; adsorption and therefore, the CO> adsorption on the Ga>xO3 Ca 3.3 surface was lower than
that on the Ga,O3 Ca 0.62 surface, as indicated by the OH deformation vibration band [6(OH)] at
1225 cm!. which is known to be an intermediate species for photocatalytic conversion of COz by
H,0.** Because the photocatalytic conversion of H into H and conversion of CO; into CO are two
competing processes in an aqueous solution, the low adsorption of CO; at the base site leads to low
photocatalytic activity and selectivity toward CO evolution during photocatalytic conversion of CO>
by H>0. Consequently, the CaGasO7-covered Ga,O3; showed high selectivity toward H> evolution as
well as a very low formation rate of CO during photocatalytic conversion of CO> into CO. In addition,
the high photocatalytic efficiency of CO2 conversion for the Ga;O3; Ca 0.62 photocatalyst is likely
due to the high adsorption of CO; at the base site of GaxO3 Ca 0.62.

Absorbance (a.u.)

1800 1600 1400 1200
Wavenumber /cm™~

-

Figure 10 FTIR spectra for the COz-adsorbed (a) Gax03, (b) Ga;0;_Ca 0.62, (c) Ga;0;_Ca 3.3, and

(d) CaGasO7 samples after introducing the same amount of CO> within a range of 0.1-40.0 Torr.

The photocatalytic efficiency of various Ag-Cr/Ca0O/Ga20O3 photocatalysts was investigated in
order to demonstrate that the presence of CaO on the Ga;Os surface provides a conducive environment

to enhance the photocatalytic activity and selectivity during the photocatalytic conversion of CO; into
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CO. Figure 11 shows the formation rates of Hz, Oz, and CO as well as the selectivity toward CO
evolution for various photocatalysts during photocatalytic conversion of CO;. I found that the
Gay03 Ca 1.1 photocatalyst (with a low amount of CaO generated on the Ga,Oj3 surface) significantly
enhanced the formation rate of CO during the photocatalytic conversion of CO> by H>O compared
with the bare Ga>O3 (Figures 11a and 11b). However, when 1.1 mol% of CaO was physically loaded
on the Ga;03 by grinding (1.1mol%Ca0O/Ga>03) and then the Ag-Cr co-catalyst was loaded onto the
Ca0/Gay0s surface, there were no significant changes in the formation rate of CO and selectivity
toward CO evolution compared with those for the bare Ga>Os3 (Figures 11c and 11b). Because CaO-
loaded Ga>O3 without calcination can easily dissolve in H>O, I increased the CaO loading on the Ga;O3
surface to 70 mol% and observed that there was an increase in the formation rate of CO and there was
a decrease in the formation of H> for the Ag-Cr/70mol%Ca0O/Ga>O; photocatalyst obtained using the
same grinding method (Figure 11d). However, when I mixed 70 mol% of CaO with the prepared Ag-
Cr/Ga0s, I observed that there was no improvement in the photocatalytic activity and selectivity
during the conversion of COz into CO by H2O regardless if I mixed them by grinding (Figure 11e) or
if I mixed them directly in the reaction solution (Figure 11f). This indicates that the addition of CaO
onto the Ga;03 surface enhances the formation rate of CO and suppresses the formation of H» during
the photocatalytic conversion of CO2 by H>O. In addition, the tight junction between the Ga,03, CaO,
and Ag-Cr co-catalyst is crucial to improve the photocatalytic activity and selectivity of the
photocatalyst for the conversion of CO; into CO.

In my previous work,?* I had confirmed that Ag works as an active site while the chromium
hydroxide layer outside the Ag core increases the CO; adsorption.>® Thus, the Ag-Cr co-catalyst should
be loaded at the interface of CaO and Ga,0s3, which will facilitate the adsorbed CO> species on the
CaO to contact with the Ag active site, and further lead to high photocatalytic activity and selectivity
during the photocatalytic conversion of CO> into CO. It shall be noted that even though the formation
rate of CO was enhanced for the Ag-Cr/70mol%Ca0O/Ga;O; photocatalyst compared with that for the
Ag-Cr/GaxOs3 photocatalyst, the formation rate of CO was still significantly lower than that for the Ag-
Cr/Gax0s_Ca_1.1 photocatalyst. Because CaGasO7 can form easily after calcination of CaO and Ga;03
at high temperatures, both CaGasO7 and CaO were generated on the Ga>O3_Ca_1.1 surface, as shown

in the X-ray diffractograms (Figure 1), Ca 2p XPS spectra (Figure 4), and FTIR spectra (Figure 10). I
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believe that the high photocatalytic efficiency for the Ag-Cr/Ga>Os_Ca 1.1 photocatalyst during the
conversion of COz is not only due to the high CO> adsorption at the CaO site, but also due to the

presence of CaGasO7.
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Figure 11 Formation rates of H> (blue bars), O (green bars), and CO (red bars), as well as selectivity
toward CO evolution (black diamonds) for various photocatalysts: (a) Ga>Os3, (b) Ga;03_Ca 1.1, (¢)
Gay0;3 physically mixed with 1.1 mol% of CaO (with grinding), (d) Ga,O3 physically mixed with 70
mol% of CaO (with grinding), (e) Ag-Cr/Ga;Os3 physically mixed with 70 mol% of CaO (with
grinding), (f) Ga2O3 physically mixed with 70 mol% of CaO (without grinding) before being added
into the reaction solution. Schematics of various types of photocatalysts are shown in (a)—(f). The
photocatalysts in (a)—(e) were loaded with Ag-Cr co-catalyst. Amount of photocatalyst: 0.5 g; Volume
of reaction solution (H20): 1.0 L; Additive: 0.1 M NaHCO3; CO; flow rate: 30 mL min~!; Light source:

400 W high-pressure Hg lamp.
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Figure 12 Formation rates of H» (blue bars), O (green bars), and CO (red bars), as well as the
consumed electrons (open diamonds) for (a) Ag-Cr/Ga>03, Ag-Cr/Ga;0O3_Ca_x with a Ca/Ga molar
ratio x of (b) 0.32 mol%, (c) 0.62 mol%, (d) 1.1 mol%, (e) 1.6 mol%, (f) 2.1 mol%, and (g) 3.3 mol%,
and (h) Ag-Cr/CaGasO7 during photocatalytic conversion of CO2 by H20O. Amount of photocatalyst:
0.5 g; Volume of reaction solution (H20): 1.0 L; Additive: 0.1 M NaHCOs; CO» flow rate: 30 mLmin™;

Light source: 400 W high-pressure Hg lamp.
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Figure 13 Formation rates of H» (blue triangles), O» (green squares), and CO (red circles), and selectivity

toward CO evolution (black diamonds) during the photocatalytic conversion of CO> by H>O for the
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Gax03_CaGasO7 photocatalyst physically mixed and 70 mol% of CaO with Ag-Cr as the co-catalyst.
These results were obtained after photoirradiation for 5 h. Amount of photocatalyst: 0.5 g; Volume of
reaction solution (H20): 1.0 L; Additive: 0.1 M NaHCO3; CO; flow rate: 30 mL min!; Light source:

400 W high-pressure Hg lamp.

As shown in Figure 12, the total amount of consumed electrons increased with an increase in the
amount of CaGa4O7 on the Ga;Os3 surface. Moreover, even though the CaGa4O7 showed high selectivity
toward H> evolution, the formation rate of Ho for CaGasO7 was significantly lower than that for
Ga03 Ca 3.3 (GaxO3_CaGas0O7). This indicates that the presence of CaGasO7 on the GaxO3 surface
enhances the overall photocatalytic efficiency during CO> conversion and water splitting. I expect that
by exploiting the high CO; adsorption of CaO and the high photocatalytic efficiency of Ga,03; CaGasOy,
the photocatalytic activity and selectivity of the photocatalyst can be further improved to maximize the
conversion of COz into CO by H>O. Figure 13 shows the formation rates of Hz, Oz, and CO during the
photocatalytic conversion of CO2 by H20O for the Ga;O3_CaGasO7 photocatalyst physically mixed with
70 mol% of CaO with Ag-Cr as the co-catalyst. I achieved a very high formation rate of CO (835 pmol
h™!) and the selectivity toward CO evolution was more than 94.5%. This confirms that the modification
of the Ga>0O3 surface by the CaO and CaGasO7 can significantly enhance the formation rate of CO and
selectivity toward CO evolution during photocatalytic conversion of CO2 by H20O because of the high

COz adsorption of CaO and the high photocatalytic efficiency of GaxO;_CaGasO7.

Conclusions

In this work, I used a facile Ca modification strategy to synthesize Ga>O3-based photocatalysts in
order to achieve highly efficient photocatalytic conversion of CO; into CO by H>O. When the Ga,03
surface was modified with a small amount of Ca, both CaO and CaGa40O7 formed on the Ga>Os3 surface,
which improved the photocatalytic activity and selectivity for the conversion of CO; into CO by H>O.
However, excessive amounts of Ca resulted in the formation of CaGasO7 on the Ga;O3 surface, which

decreased the formation rate of CO and selectivity toward CO evolution because CaGa40O7 only showed
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activity for water splitting. The highest formation rate of CO (794 pmol h™!) was achieved for the Ag-

Cr/Gax0s3_Ga 1.1 with a selectivity toward CO evolution of more than 82% during photocatalytic

conversion of CO2 by H>O. I physically mixed Ga,0O3; CaGasO7 with CaO and Ag-Cr co-catalyst to

exploit the high CO, adsorption of CaO and high photocatalytic efficiency of Ga,O3 CaGasO7 and

indeed, a very high formation rate of CO (835 pmol h™!) and selectivity toward CO evolution (94.5%)

were obtained during photocatalytic conversion of CO; by H>O. I believe that the Ca modification

strategy can be used to modify the surface of other photocatalysts in order to achieve a highly efficient

photocatalytic conversion of CO2 by H>O.
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Summary

In this thesis, the author is dedicated to high active and high selective photocatalytic conversion
of CO2 by H>O over heterogeneous catalysts, such as StNb2Og and Ga,0Os. It was found that the
morphology, bandgap structures, crystal structure, and surface states of catalyst, co-catalysts modified
on the catalyst, and additives in the reaction solution show great effect on the photocatalytic activity
and selectivity for the conversion of CO; by H>O. The general conclusion of this thesis is as follows:

In chapter 1, well-shaped SrNb,O¢ nanorod and SrNb,O7 nanoflake were fabricated using a flux
method. High selectivity (greater than 95%) toward the photocatalytic evolution of CO over
Ag/StNb,O¢ was observed, while H> was the main product over Ag/SrNb>O5. It was found that the
preparation methods of SrNb2Os, loading method of Ag co-catalyst significantly affected the
photocatalytic activity and selectivity for the conversion of CO; into CO by H20 over Ag/SrNb2Os.
Due to the anisotropic property of StNb2Os nanorod, the Ag co-catalysts was selectively re-deposited
on the top of StNb2Ogs nanorod during photoirradiation, although the Ag particles were uniformly
loaded on the SrNb>Og nanorod surface via a chemical reduction method. The separation of the
reduction and oxidation sites was considered to be crucial for the highly active and selective
photocatalytic conversion of COz into CO with water as an electron donor.

In chapter 2, the photocatalytic performance for the conversion of CO; over Ag/SrNb,Og with
various bicarbonate salts as carbon sources was investigated. The selectivity toward CO evolution was
higher than 87% for the photocatalytic conversion of CO; with bicarbonate salts as additives. Notably,
the formation rate of CO was as high as 287 umol h™! with a selectivity toward CO evolution of higher
than 94.1% when NH4sHCO;3; was used as an additive under the bubbling of Ar instead of CO». The
formation rate of CO showed a good correspondence with [COz(aq)], indicating that the CO2(aq)
obtained by the dissociation of HCO3™ was the actual reactant for the photocatalytic conversion of CO».
In contrast, the HCO3™ species in the aqueous solution was beneficial for improving the photocatalytic
activity and selectivity toward CO evolution by increasing the adsorption of carbon-related species on
the surface of the photocatalyst and/or suppressing the backward reaction for the photocatalytic
conversion of COx.

Chapter 3 presents that a core-shell structured Ag-Cr dual co-catalyst loaded-Ga>O3 showed much
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higher formation rate of CO (480 pmol h™!) and selectivity toward CO evolution (83.8%) for the
photocatalytic conversion of CO, as compared to that of bare Ga>03, Ag/Ga,03, Cr/Ga203 and other
Ag-metals/Ga>O3. Stoichiometric amounts of CO and H» as reduction products, and O; as oxidation
product were obtained, which indicated that H>O functioned as an electron donor for the photocatalytic
conversion of CO,. An isotopic labeling experiment using '*CO: confirmed that the CO evolution
originated from the CO; introduced in the gas phase rather than residual carbon contaminants. The
modification of GaxO3 by Cr species provided a thin layer of Cr2O3 on the surface of the Ag co-catalyst,
which drastically suppressed the backward reaction (CO + O, — CO.) during the photocatalytic
conversion of CO2 by H>O.

Chapter 4 describes the effects of Ag and Cr species on the photocatalytic conversion of CO2 by
H>0 over Ag@Cr/Gax0Os3. Ag worked as an active site for the photocatalytic conversion of CO; into
CO, exhibiting better photocatalytic performance than other metals, such as Au, Pt, Cu, and Pd.
Notably, the Cr(OH);-xH20 layer on the surface of Ag@Cr/Ga,03 changed to Cr(OH).(COs3), during
the photocatalytic conversion of CO2, which increased the CO2 adsorption on the Ag active sites.
Furthermore, it was found that the most critical factor in the stated reaction was to ensure that the Ag
particles were surrounded by a Cr shell of suitable thickness. The highest photocatalytic activity (525.3
umol h™!) with good selectivity toward CO evolution (85.2%) and high TONco/ae (167/5 h) was
achieved over 0.25 mol% Ag@Cr/Gaz0s. In addition to Gax0s, the Ag@Cr co-catalyst modification
strategy could also be applied to other photocatalyst materials such as NaTaOs, ZnGa;O4, and
ZnGay04/Gax03 for the highly effective photocatalytic conversion of CO> to CO when using H>O as
an electron donor.

In Chapter 5, the effects of Cr species on photocatalytic stability during the conversion of CO2 by
H>O were demonstrated. It was suggested that the formation rate of CO steadily decreased with the
increasing of photoirradiation time. Cr>* in Ag@Cr/Ga,O3 was oxidized to soluble Cr®" during the
photocatalytic conversion of CO> in a NaHCO3 aqueous solution under UV light irradiation, which led
to a decrease in the thickness of the Cr(OH)s;-xH>O shell. Based on the results in chapter 4, the
Cr(OH)«(CO:3), shell with suitable thickness was critical to ensure the high formation rate of CO,
therefore, the decrease in the formation rate of CO for the photocatalytic conversion of CO2 by H,O

was attributed to the dissolution Cr** in Ag@Cr/GayOs.
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In chapter 6, a very high formation rate of CO (835 umol h™') with high selectivity (94.5%) was
achieved for the photocatalytic conversion of CO2 by H>O over calcium modified Ga;0O3 with Ag@Cr
as a co-catalyst. It was found that both CaO and CaGasO7 were generated on the Ga;O3 surface when
the modification amount of calcium was low. CaO greatly increased the CO; adsorption on Gay0Os3,
consequently, the formation rate of CO was enhanced and the formation of H> was suppressed for the
photocatalytic conversion of CO2 by H>O in this case. However, excessive Ca modification caused
only CaGasO7 loaded on the Ga,03 surface, which decreased the formation rate of CO and selectivity
toward CO evolution because H, was the main product for the photocatalytic conversion of CO> by
H>0 over Ag@Cr/CaGasO7.

In summary, the morphology, crystal facet, and surface compositions of photocatalyst, the co-
catalysts loaded on the photocatalyst, and the additives in the reaction solution have great influence on
the activity, selectivity, and stability for the photocatalytic conversion of CO». Photocatalyst with
special structure such as nanorod (chapter 1 and 2), loading suitable co-catalyst such as Ag@Cr dual
co-catalyst (chapter 3 and 4), and surface modification of CO, absorbers (such as CaO) on
photocatalyst (chapter 6) are found to achieve the enhancement of photocatalytic activity and
selectivity toward CO evolution for the conversion of CO; by H20. Moreover, it should be noted that
although additives such as NaHCO; is beneficial for improving the photocatalytic activity and
selectivity by increasing the adsorption of carbon-related species on the photocatalyst and/or
suppressing the backward reaction for the photocatalytic conversion of CO», it may also react with the
catalyst and/or co-catalyst to affect the photocatalytic activity and stability for the conversion of CO>

in an aqueous solution (chapter 2 and 5).
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