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ABSTRACT

The conversion of CQusing light energy (COphotoreduction) has the potential
to produce useful fuels or valuable chemicals wHaereasing COemissions from the
use of fossil fuels. This thesis describes comprtat and experimental studies on the
initial steps of photoinduced GQactivation on TiQ surfaces necessary to develop a
mechanistic understanding of €@hotoreduction. Initially, the state of the arthe field
is reviewed, and the performance of Qihotoreduction catalysts is compared to that of
solar hydrogen production catalysts.

To design efficient C® photoreduction catalysts, we need to understaed th
intermediates and energetics of various reactiomslved in the photoreduction of GO
in greater detail. As a first step in this proceks, ground states of G@hemisorbed on
small clusters from various anatase surface plares modeled (Chapter 2). We find
favorable agreement for the existence of threeeifit CQ-surface complexes on small
TiO; clusters (TiOgH10) extracted from the (010), (001) and (101) anasastace planes.

Secondly, identifying the mechanism and the acthies involved in the
formation of negatively charged GQ@pecies on Ti@surfaces represents a significant
advance in our understanding of £(hotoreduction. Both post-Hartree-Fock
calculations on small model surface clusters a$ ageldensity-functional theory (DFT)
calculations on larger clusters indicate that catidn band electrons in irradiated,
stoichiometric TiQ surfaces may not be transferred to,C@n the other hand, oxygen

vacancies may act as the active sites fog fldtoreduction (Chapter 3).



Y

The role of oxygen vacancies in promoting the ligisdtuced conversion of GO
(CO, photoreduction) on Ti® surfaces is discussed Chapter 4 of this thesiso Tw
different side-on bonded bent-GQbridging Ti-CQ*"-Ti species) were formed on the
reduced rutile (110) and anatase (010), (001) sestaConsistent with Gdsorption on
other n-type metal oxides such as Zre bent-CQspecies do not gain further charge
from the TiQ surface under illumination and are likely photamtégd as neutral species.
Additionally, although the formation of species su@as CO and HCHO is
thermodynamically possible, we find that the enenggded to regenerate the oxygen
vacancy on TiQ surfaces is greater than that available througidigap illumination.
Therefore, C@reactions with water on irradiated anatase,13(rfaces are likely to be

stoichiometric.

The role of lanthanide doping of Ti@n influencing electron-hole recombination
was investigated using EPR (electron paramagnesonance) spectroscopy. In situ
pulsed-EPR experiments on calcined F8amples provide evidence for surface electron
and hole-centers on T¥®Chapter 5). However, contrary to expectationsadditional
paramagnetic centers created due to lanthanidenglagdi TiO, could be detected in the
EPR experiments. Additionally, irradiating Ti@n the presence of GQlid not create

paramagnetic signals corresponding to the'Ceadical anion.
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PREFACE
This thesis comprises a series of four papers refibblished or in-submittal in
journals. In chronological order, these papers are:

1. Indrakanti, V. P.; Kubicki, J. D.; Schobert, H. Quantum chemical modeling of
ground states of CO2 chemisorbed on anatase (1)), and (010) TiO2 surfaces.
Energy & Fuels 2008, 22, (4), 2611-2618. (Chapjer 2

2. Indrakanti, V. P.; Kubicki, J. D.; Schobert, H.,dinduced activation of CO2 on
Ti-based heterogeneous catalysts: Current stagenichl physics-based insights and
outlook, accepted for publication in Energy and iEmvmental Science, 2009.
(Chapter 1)

3. Indrakanti, V. P.; Schobert, H.; Kubicki, J. D., &tum mechanical modeling of
CO2 interactions with irradiated stoichiometric amxlygen-deficient anatase TiO2
surfaces: Implications for the photocatalytic rettut of CO2, to be submitted to
Energy & Fuels. (Chapter 3)

4, Indrakanti, V. P.; Schobert, H.; Kubicki, J. D.,d&nsity functional theory study
of CO2 adsorption on oxygen vacancies on rutiled)1dnd anatase (010), (001)
surfaces: Implications for spectroscopic studiesl amotoreduction of CO2 on
irradiated TiO2., to be submitted to Energy & FuéGhapter 4)

Chapters 1, 2, 3 and 4 of this thesis are in parhatim reproductions of the text
of the above journal chapters. In all cases, &rgtiorship establishes my principal role in
developing and executing the analyses. Thereforg,reference to “we” indicates me,

and not the co-authors of these journal publication
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Chapter 1

Photoinduced activation of CO, on Ti-based heter ogeneous catalysts. Current State,
Chemical Physics-based Insights and Outlook

1.1 Abstract

This chapter is a review of current knowledge & tihemical physics of carbon
dioxide (CQ) conversion to fuels using light energy and w#@&D, photoreduction) on
titania (TiGy)-based catalysts and Ti-species in porous matetalirly comprehensive
literature reviews of C@photoreduction are available already. Howeves thapter is
focused on C@ photoreduction on Ti-based catalysts, and incatesr fundamental
aspects of C@photoreduction, knowledge from surface sciencdistuof TiQ and the
surface chemistry of COFirstly, the current state of development of fiedd is briefly
reviewed, followed by a description of and insigfitam surface state and surface site
approaches. Using examples such as metal-dopinD@f, dye-sensitization, oxygen
vacancies in Ti@ and isolated-Ti centers in microporous/mesopormagerials, the
utility of these approaches to understand photaiedureactions involved in GO
activation is examined. Finally, challenges andspezts for further development of this
field are presented. Enhanced understanding cE@eTiO, system, with a combination
of computational and experimental studies is rexlito develop catalysts exhibiting

higher activity towards CQphotoreduction.



1.2 Introduction

“Chemistry began by saying it would change the basetals into gold.
By not doing that it has done much greater things.”

- Ralph Waldo Emerson

1.2.1 CO, Utilization

There is a growing need to mitigate £€missions. Some of the strategies to
mitigate CQ emissions are energy conservation, carbon cajpiudestorage and using
CO, as a raw material in chemical processes as wetl ashanced oil recovery (EOR)
(CO; utilization). Catalytic reactions involving G@nd producing value-added products
are reviewed by Xu and MoulfnMore recent reviews by SohdSakakura et &.and
Aresta and Dibenedeftadetail additional opportunities to use £@s a feedstock.
Reactions involving C@typically require energy input and/or a high eryesgbstrate.
As pointed out by Sorigprocesses involving G@&ould be endergonic (or endothermic)
and can still be feasible, provided the productsvaluable enough. Moreover, as carbon
legislation becomes imminent, a price for J@ither as a carbon tax, or as a,@fset
in a cap-and-trade system) would benefit procesaeisg a positive net C{balance.

What is the potential for utilizing CQOby the use of various renewable energy
technologies? Current global industrial consumptdérCO, (approximately 115 mega
(metric) tonnes (Mt)/yed) is insignificant compared to anthropogenic -Cénissions
(~26 gigatonnes (Gt) of Cfyear). However, we note that U.S. £8bonsumption for
enhanced oil recovery as well as chemical syntHegi8 Mt/yeaf) is similar in scale to

other projected means of U.S. greenhouse gas (Geffuiction (data from a McKinsey
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report), such as using solar PV electricity, wind eneagy cellulosic biofuels, as shown
in Figure 1. With the caveat that most processdxing CO, would need reducing
power and/or a source of energy that is not redban the dotted lines shown in
Figurel-1 , we note that comparatively larger amounts of GhEgation could be
possible if CQ is converted into fuels. This conversion leadsateeduction in C®
emissions only if the underlying energy infrasturet is not based on primary fossil

fuels’.

CyrrentU.S. CO, utilization

50 - q"""s

.

40 —»"‘ [ISOIar :

V PV (¢
. . Projected global,
30 % . ,*° CO,utilization Power and
20 freaeer s iindustrial CCS
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- Nuclear
-10 20 220 420

Cellulosic biofuels
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W N -
o O o O

US mid-range abatement
potential, Mt CO,efyear (2030)

Figurel-1: Comparison of the greenhouse gas (GHG) abaterpetdntial (in
megatonnes of COequivalents (MtCge)/year) for selected technology options.
Aresta and Dibenedeftproject that globally, direct solar conversion@®, to fuels
would mitigate 300-700 Mt Cg&year. This is comparable in scale to U.S. GHG
mitigation via carbon capture and storage (CCS)
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For example: the quantity of U.S. @Qmissions mitigated by solar PV

technologies (50 Mt Cg/year by 2030) represents approximately 50% of Glay
currently utilized by the global chemical industiyhe data shown in Figure 1 for solar
photovoltaic (PV) technologies could be considemedepresenting the upper limits for
converting light energy to electricity. Solar fupfoduction could be thought of as
involving solar PV electricity production, followetly generation of hydrogen or
reduction of CQ using the electrical energy. If we assume (siripafly) that the
efficiency of conversion dictates the potentialesof the market, using 10% efficiency
for this solar-electricity-chemicals conversionuks in a 5 Mt CQ/year potential for the
abatement of greenhouse gas emissions using sodéorpduction (of C®or water).
Given reasonable economies of scale, and convee$ii@iencies, the costs of producing
fuels from sunlight and C{rould be offset by COemission credits (under a carbon cap-
and-trade framework) and the sale of the hydrocaharoduced. On the other hand,
Aresta and Dibenedeftgoint that global C@utilization to make chemicals and fuels
could reach 300-700 Mt Cfyear globally in the near- to long-term. Therefotiee
potential for the indirect utilization of COby using renewable electricity/hydrogen
would be less than the direct solar conversion©j &d water to chemicals or fuels.
Although CQ utilization may not make an impact on directlyuethg emissions,
it may provide a means to limit the use of fosgelé and thereby contribute indirectly.
As noted by Aresta and Dibenedéfta life cycle analysis (LCA) approach should be
used to determine whether a given process indem@akes fossil fuel use and the carbon

intensity.



1.2.2 CO, photoreduction

CO, photoreduction refers to the conversion of ;G0 reduced € and G
compounds using light-induced reactions. Since @&2s not absorb either visible or UV
radiation in the wavelengths 200-900 nm, this pseaequires suitable photosensitizers.
Both metal complexes and semiconductors have bééred to absorb visible/UV
radiation and transfer this energy to £DAdditionally, various Ti species in silicate-
based micro/mesoporous materials are also actwartts CQ photoreduction. These
include isolated, tetrahedral Ti species substitutframework-Si in mesoporous
silicates™ *2 TiO** species prepared via ion-exchange in microportumsinosilicate®’,
isolated* '° and bimetallit® zr**- and Tf*-containing species grafted onto the pore
surface of mesoporous materials.

Whereas the semiconductor-mediated reduction of i6®@lves the generation of
electron-hole pairs and their subsequent transf€@ and a reductant respectively, the
metal complexes undergo local charge transfer itrans leading to electron transfer to
CO,. Analogously, the isolated and bimetallic Ti-a@stin micro/mesoporous silicates
also undergo local ligand-to-metal charge trang$fdCT) and metal-to-metal charge
transfer (MMCT) transitions respectively. Althougihe metal complex photocatalysts
exhibit comparatively higher yields and turnovemwvards CQ photoreduction, a
sacrificial electron donor (typically an amineyéguired to regenerate the photocatalyst.
On the other hand, a semiconductor that has itglwiion and valence bands placed
suitably to transfer electrons to g@nd oxidize inexpensive reductants, such as water,

can be designed. Among various semiconductors,, Tig®Owidely used in many
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photoinduced processes because of its comparatigalycost, low toxicity’ and its
ability to resist photocorrosioh TiO, is a wide-band gap semiconductog (8.2 eV)
and occurs as three polymorphs: anatase, rutilebamokite. Among these, anatase is
obtained via “soft” chemical syntheses, and tramsfoupon heating (to temperatures
greater than 700-800 K) to the rutile phase. Serfedence aspects of Ti®ave been
described in detail by Diebdid Anatase is the more photocatalytically activerfasf
TiO,, though not for all applications. Anatase also adarger band gap compared to
rutile. However, surface science studies of anagasge crystals have only begun in the
past eight yeaf$?® whereas the rutile surfaces have been studied mdaensivel§?>>

A semiconductor photocatalyst mediating £f@duction and water oxidation
needs to absorb light energy, generate electroe palrs, spatially separate them,
transfer them to redox active species across ttexface and minimize electron hole
recombination. This requires the semiconductoraeehits conduction band electrons at
higher energy compared to the £@duction potential while the holes in the valence
band need to be able to oxidize water t© M single semiconductor does not usually
satisfy these requirements. Moreover, current, @Qotoreduction catalysts do not
perform as effectively as current solar hydrogemegation catalysts. Therefore, to
develop better Ti-based GOphotoreduction catalysts, one needs to understand
interactions between G@n ground and excited state Fi€urfaces or Ti-based catalyst

sites.



1.3 Current state of CO, photoreduction on TiO,-based catalysts

Titania (TiQ) based photocatalysts have been used to convertt@€Qseful
compounds, both in gas and aqueous phase phoioreacthe conversion of GGand
water to simple C products such as formic acid &vdhaldehyde using irradiated
aqueous suspensions of titania was first demoesittag Inoue et af*. Researchers have
also used homogeneous metal complexes in solutiaeduce C&°. A summary of
recent literature on C{photoreduction involving isolated Ti-species adl &g bulk TiQ
materials is given in Table-1 and Tablel-2.

Some recent developments in this field have beewesdowards rational
photocatalyst design, the use of highly activeats Ti-species in mesoporous and

microporous materiatg 14 15 36-40

metal-doping of TiQ development of catalysts active
at longer wavelengths than can be achieved withnoercially available titania, and the
elucidation of reaction mechanisms through in s$pectroscopic studits * A
comparison of the C{conversion rates from various studies is showFigire1-2.
Although it would be more instructive to comparee thonversion efficiencies and
guantum yields of various Tibased catalysts, often such data are not readdyadble.
The data in Figuré-2 illustrate typical rates of COphotoreduction, and are dependent
upon many variables such as metal doping,.:B&D ratios, dispersion of Ti,
coordination of Ti species, light intensity, typé lamp used, etc., which are already

discussed in detail in the literature (see for epl@mUsubharatana et ®jand references

therein). In references b-c, f and g in Figi#®, Anpo and coworkers used Ti-species in
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microporous or mesoporous silicates as catalysesedls the rest of the works cited used

doped/undoped Ti©

Tablel-1: Summary of results from recent literature on isdafi-species used as
photocatalysts mediating G@duction

Catalyst Reaction T, CO,:H,0 Light Notes References
system used (K) mole source
and ratio used
P,
(Pa)

Pt Gas-solid 328 0.2 75 W Pt addition Anpo et
impregnation system. Flat- K, high- increased selectivity  al.’®,
of a) Ti-ion- bottomed pCG; pressure towards CH Yamashita

exchanged quartz cell = Hg lamp, compared to etal?,
zeolites and, connectedto 734 A > 280 CH;0OH, and Anpo et

b) conventional  Pa nm quenched alt
framework-Si vacuum photoluminescence
substituting system yields.

Ti-MCM-48.  (1x10* Pa),
88 ml
Fluorination do 323 0.2 100 W Fluorination Ikeue et
of K high- (hydrophobicity) al®
Ti-FSM-16 pressure increased selectivity
Hg lamp, towards CHOH
A > 250 over CH.
nm
Ti-containing do 323 0.2 100 W Thin film Ikeue et
porous silica K high- photocatalyst al®
thin film pressure exhibited high
photocatalyst Hg lamp, quantum yield
A > 250 (0.28%).
nm
Framework-  Miniature 298 61.67 266 nm  CO, Odetected as Lin et al’®

Si infrared K, P products of single
substituting  vacuum cell, =0.1 photon, two-
Ti-MCM-41 3.4 ml MPa electron transfer.

H,0 confirmed as a
stoichiometric
electron donor.

Ti(IV)-Sn(ll) Infrared - - Third Ti** centers formed  Lin and
bimetallic vacuum cell harmonic under 355 nmand  Frei*®
redox centers emission visible light
in MCM-41 of a irradiation due to
Nd:YAG Sn(ll) — Ti(1V)
laser, 355 MMCT.

nm
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Tablel1l-2: Summary of recent literature on doped-Tif3ed as photocatalyst mediating

CO;reduction
Catalyst Reaction system T.(K) .
7 and P, CO;H,O Light source Notes References
modification used (Pa)
Gas-solid
system. Flat-
Cu(ll) bottomed quartz 75 W high- Increased selectivity .
. . cell connected to pressure Hg Yamashita
impregnation of . 275 K 0.33 towards CHOH 42
- conventional lamp,\ > 290 et al.
JRC-TiO-4 over CH, .
vacuum system nm
(1.33x10%Pa),
60 ml
. ~323 Increased selectivity
Cu(l) (_:loplng of Slurry K P = 8 W Hg I_amp, towards CHOH Tseng et
TiO,, photoreactor, - UV-C, A =254 43
) 0.1 over CH,, Cu(l) al.
sol-gel synthesis 300 ml nm . :
MPa active species.
Gas-solid 348
Cu(l) doping of got?é;ﬁi%ﬁ K, Cu,0 clusters
TiO,, P pCoO, 50 L=365nm influenced CHOH  Wu et al**
sol-gel photoreactor =0.1 formation
(OFPR), 120 ' '
. ] MPa
optical fibers
Small TiG,
High-oressure nanoparticles (4-6
Nanoscale Ag- og ticpal cell co, nm) embedded in
coated TiQ P ' P _ 990 W Xe arc  ionomer. CHOH
h stacked catalyst = - Pathak et
particles . - source, water  main product after 45
. films. 2 ml H,O 13.7 ' . . al.
embedded in filter. Ag-coating of TiQ.
; added after MPa ;
Nafion membrane - o Catalyst films could
irradiation be reused and were
chemically stable.
Pt-impregnation
resulted in higher
CH, yields under
(Ru (%S)a]p UV irradiation
perylene diimi,de 298 75 W visible compared to sol-gel
b o Glass chamber K, . synthesized Pt/TiQ
ased)-sensitized, daylight lamp, . o Ozcan et
- connectedtoa pCO, 345 Organic sensitizers 46
Pt-promoted, thin . r 150 W UV A . al.
o vacuum line =0.09 decreased catalytic
and thick film- lamp L
. MPa activity under UV
TiO, light and lted i
hotocatalysts ight and resulted in
P CH, evolution
under visible light
irradiation.
TiO,-coated Pe_lcked bed, _ 4 near-UV CH,, CO and GH,
Pyrex glass circulated 1, HxCO, _ . a7
. 316 K _ lamps, A =365 formed as reaction Lo et al.
pellets, H, H,O photocatalytic =90
nm products.

as reductants

reactor
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Table1-2 continued

Catalyst Reaction system T.(K) .
7 and P, CO;H,O Light source Notes References
modification used
(Pa)
Fe substitution
. resulted in full
150 W hiar- visible light
Cu, Fe P e absorption. Cu-
T lamp, X = 320- .
substitution in Same as above, 348 K 500 nm FelTiO, favors Nguyen et
TiO,-SiO,, 216 fibers ' C,H,formation, Cu-  al.*®4®
. concentrated . .
sol-gel synthesis ; _ FelTiO-SiO,
sunlight, 2 = favoredCH
500-800 nm, -
formation (quantum
yield: 0.0235%).
Dye sensitization
resulted in higher
CH, yields under
Ruthenium dye same as above, concentrated
(N3)-sensitized  Same as above, 348 K [0 = 20 sunlight due to Nguyen et
Cu-FelTiQ 216 ml mWicn?, 1™ stronger absorption al>®
catalysts =225 mW/cm  bands in the visible
spectrum. N3 dye
stable after 6 h-
photoreactions.
Anatase-rutile
nanocomposite
exhibited higher
Mixed phase CH, evolution
) rates compared to
TiO, 450 W,
. Annular glass . Degussa P-25
nanocomposite medium- .
reactor, 293 - TiO, and pure
prepared by . pressure Hg . 51
. . isopropanol 298 anatase catalysts. Lietal.
TiCl, hydrolysis lamp, UV- .
. hole scavenger, K o Effective charge
in the presence visible :
1280 ml . - separation
of anatase irradiation
between anatase
powder

and rutile phases
postulated to

explain the higher
photoactivity.
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Figurel-2: The highest specific rates of @@hotoreduction(mol CGO, converted/g
TiO,/h) obtained using various doped and undoped Tedastalysts in selected recent
articles. (A): Yamashita et al., a%9‘3%&)(8) Anpo et al®, (C): Yamashita et &, (D):
Kaneco et al’, (E): Kaneco et (F) lkeue et af®, (G): Ikeue et al®, (H): Tseng et
al”® (1): Wu et al**, (J): Nguyen et &

1.4 Comparisons of CO, photoreduction ratesto solar H, generation

Although CQ photoreduction has been studied since the 19@0shet authors’
knowledge, there are no studies on its performarmsus alternative approaches.
Comparing the rates of G@hotoreduction with other photosynthetic processesh as
solar hydrogen generation, presents another meanassess the viability of GO

photoreduction to limit GHG emissions. To bettederstand the current state of £0
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photoreduction using Ti-based catalysts, we cordettie specific weights in Figute?

to units of micromoles C{converted/hour, using the catalyst weights, atachita weight
percentages. These data were used to determineratlee of CQ converted by
photoreactions to the amount of €@mitted during lamp operation (all references in
Figurel-4 used UV lamps) These data indicate that currefita$ed photoinduced GO
conversion processes emit more QRAan that converted. As a caveat, we note that onl
minimal efforts were likely made to improve thehigabsorption in the references cited
in Figurel-4. This might be one reason why the overall efficie(kg CQ converted/kg
CO, emitted by lamp) is low. However, significant impements, both in the specific
rate of CQ reduction (as indicated by the arrow in Figit4) as well as the quantum
yield of the photoreaction, are needed to makeptasess economically feasible.

There are two conceptual routes to producing rebBn@-containing fuels using
solar energy. The first, the topic of this reviesvthe direct photoreduction of G@Qsing
water as a reductant, whereas the second routdvasvahe photolysis of water to
generate hydrogen and further reaction of this dxyelin with carbon dioxide, forming,C
C; fuels. Both the efficiency of the conversion ofasenergy to useful chemical energy
as well as the rates of photoreduction of hydrageliced G-C, compounds are
pertinent parameters that determine economic féigsibf such processes. Assuming
that the efficiency of solar energy conversion lmast the same in the two routes, the
choice between direct and indirect hydrogenatioi©@% is determined by the rates of

photoreduction.



13

CONDUCTION BAND
""""""""""""""""""""""" ~CO,"ICO, ?
hu
-H,0/0, -

Figurel-3: Scope of the aspects of gpPhotoreduction discussed in this review:
Surface state models indicating the location ofGla®/CO, energy levels in comparis
with the conduction and valence bands of JJiBurface site models of G@n Ti-base:
catalysts, (b): C@adsorption on doped/undoped Firfaces, (c): C@interacting witl
isolated model Ti sites in meso/microporous malesach as titanosilicates
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Figurel-4: Amount of CQ converted to reduced-C species per unit ot €@blved
from lamp operation (assuming coal-fired power gatien), from recent literature
data on CQ photoreduction using Ti-based catalystsirrent Ti-based photoinduced
CO, conversion processes emit more Qkan they convert. References same as those
in Figurel-2.

On the other hand, typical rates of £@hotoreduction in agueous systems
containing suspended metal oxides (FiBaTiO; etc.) are much lower, approximately 1
umol/h G/C, product/h under UV radiatih Using copper-doped TiOand by
conducting the photoreduction under a pH bias, gsamd Wd° obtained a slightly

higher methanol formation rate of ithol/h. In gas-solid systems, using isolated Tissite

LA lamp power of 150 W was assumed in Wu et al.5208II references except Tseng et al.(2002) used
lamp wattages75 W.
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in micro/mesoporous materials, Anpo and co-workérs obtained CHCH;OH
formation rates of approximately 0.@&ol/h. Although the intensity of the light used in
these various studies is not the same, the abow#ens indicate that current GO
photoreduction catalysts do not perform well in pamson with solar-hydrogen
generating catalysts, both in terms of product fdrom rates, and the wavelengths of
light needed to sustain reaction. This is becaush tvater oxidation as well as fuels
formation from CQ are multi-electron transfer reactions. Whereaggeryevolution via
water oxidation is the major limiting factor in aolhydrogen production, both GO
photoreduction as well as water oxidation havedtuo simultaneously in a photoreactor
using water as the reductant. In this connectiom,ago note that a recent design for a
100 T/year pilot plant producing methat{drom CQ involves solar photolysis of water
to produce H and subsequent hydrogenation of ABing a heterogeneous catalyst and
not the direct photoreduction of GQAdditionally, Zeman and Keith propose producing
carbon-neutral hydrocarbons from atmospherig @@l renewable hydrog&h

Although the kinetics of COphotoreduction are two-three orders of magnitude
slower than hydrogen photoreduction, one advanvagfee direct photoreduction of GO
compared to hydrogen evolution is the lower energgded per electron transferred to
convert CQ to CH, or CH;OH, Additionally, the use of carbon-based solaiiaer fuels
likely does not need significant investments inrasfructure, unlike solar hydrogen
generation and further reactions with £@he thermodynamics of Ghotoreduction

are discussed in the following section.
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1.5 Thermodynamics and initial steps of CO, activation and further conversion

“Activation” refers to the transformation of a relely inert species (such as
CO,, CH,) to more reactive forms using some form of enengyt and/or aractivating
agent The activating agent may or may not be regenératfier the process. Because of
its significance in steam reforming and methanobdpction processes, G@ctivation on
the surfaces of metals such as Pt, Fe, Ni etcbbas studied in detail, both through in
situ experiments on well defined surfatess well as by computational modeling (see for
example, Wang et &7, and references therein). Metals belonging toplaénum-group
are however either expensive or will be in limitegpply in the future. Nevertheless,
metals play an important role in industrial catalyrocesses where GQs either a
reactant or a product. For example: Ni-based supgocatalysts are used in €O
reforming/steam reforming of methane. The similesitbetween homogeneous metal
complexes of C@and heterogeneous metal-C8urface species have been noted by
Gibson in a revie®}. As an example, a study by Wovchko and Yates dstrated the
activation of CQ by a metal complex (R{€CO),) immobilized on an alumina supp&tt
Similar studies would lead to the rational designpbotocatalysts mediating GO
reduction. The surface chemistry of £@nh metals and oxide surfaces was reviewed by
Freund and Robefts

CQO; is one of the most stable compounds of carbone@asCQis linear and
does not have a dipole moment. However, the oxygems each have a lone pair of
electrons and can donate these electrons to surkwis acid centers. The carbon atom

could also gain electrons from Lewis base centach as oxide ions, forming carbonate-
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like species. Additionally, the (C-Qy electrons can also participate in reactions with
electron centers. Therefore, reactions of,@®@olving Lewis acid and base centers and
ther orbitals constitute the initial steps of its aatien. The simplest reduction products
that could be produced from G@duction are CO and HCQODne, two, four, six and
eight electron reduction potentials (vs.NHE) for Z@duction and kD oxidation at pH

7 and 25C assuming unit activities for all gaseous and agsespecies are given in

Schemet.1%
Reaction E o0V VS. NHE 11
2H"+ 2¢° 00- H, -0.41
H,0 00- 1/20,+2H"+2e -0.82
CO,+ e 00- CO,° -1.90
CO,+H +2e O0- HCO, -0.49
CO,+ 2H" +2e 0 O- CO +H,0 -0.53

CO,+4H" +4e 00> HCHO+H,0  -0.48
CO,+ 6H" +6e 0O~ CH,OH+H,0  -0.38
CO,+ 8H" +8e 0 O CH, +2H,0 -0.24

From Schemé.l, it is clear that C@photoreduction is not a single-step reaction.
Additionally, single electron transfer to G@ highly endergonic, because of the negative
adiabatic electron affinity of C£F. CO, activation involves the formation of a negatively
charged C@" specie¥ ° The first plausible step in GOphotoreduction on Ti@
surfaces is therefore its activation to form a,C@pecies. C& ) is a 23 electron radical
anion. It is significantly distorted from the linre®., geometry due to the repulsion
among the two lone electron pairs on the oxygematand the unpaired electron on the

carbon atom. Therefore, the lower the O-C-O bonglearthe higher the charge of the
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CO,” moiety. CQ™ can be detected via infra red spectroséomg well as electron
paramagnetic resonance (EPR) spectro$€opy

The initial step in the photocatalytic reduction G0, is the generation of
electron-hole pairs upon absorption of photonsnefrgy greater than or equal to the band
gap of the photocatalyst. The time scale of thectebn-hole recombination is two to
three orders of magnitude faster than other electransfer processes. Therefore, any
process that inhibits electron-hole recombinaticuld greatly increase the efficiency
and improve the rates of G@hotoreduction. The kinetics of G@hotoreduction are
also dependent upon many other factors such ageintciight intensity, fraction of the
incident light absorbed by the photocatalyst, thectic surface area of the photocatalyst
absorbing the light, etc.. In this chapter, we exath four such factors: (a) the use of
titania-supported noble metals, (b) the use ofatsal Ti-tetrahedral centers in
micro/mesoporous materials, (c) the use of dyeiseed TiO, to shift the absorption
spectrum to the visible region and (d) the rolewygen vacancies in electron trapping
and activating C@

Charge transfer from excited TiQurface to CQis influenced by both bulk and
local interactions. Two different approaches fodenstanding electron transfer to €0
are using surface sites and surface statéssurface site is a collection of atoms on the
surface that is reactive in some manner. It mag beordinatively under-saturated metal
atom, oxygen vacancy or a combination of variolsosurface features resulting in a
orbital having unusual electron affinity. A surfastate is a localized energy level at the

surface. The location of the surface state witlpeesto the Fermi energy {Eof the
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solid determines its occupation. The surface git¢ surface state approaches to,CO

photoreduction on Ti@will be described in detail in the following sexts.

1.6 Surface state description of CO, activation on TiO;

The main questions addressed by a surface stateaapbpare:

1. Is electron transfer from the TiCQronduction band to COfeasible upon UV
illumination?
2. How do surface states (created, for example: byndeping) affect the reactivity

towards CQ photoreduction?

A knowledge of surface state energy levels for @@/CO, couple at the TiQ
surface is required to determine the feasibilityetéctron transfer to COfrom the
conduction band of Ti©OA methodology to determine the energy levels &f surface
states) at the solid-gas interface has been prdpmgéMorrisort®. Accordingly, for the
case of a non-interacting redox couple on a salifase, the location of the standard
redox potential in the absolute vacuum scale (AMi8)s with respect to the edges of the
conduction and valence bands of the solid at thetjod-zero-charge (pzc) determines
the potential for electron transfer. Because thismpter concerns the gas-solid
photoreduction of Cg) the relevant states in question are those alitbg CO, interface.
However, it is helpful to compare the energy reegito reduce COin gas-liquid
systems to that in gas-solid systems. The locatfdhe energy levels associated with the
CQO,/CO;" redox couple in various media (gaseous, aqueoligists) are shown in

comparison to the location of the conduction batgeeof TiQ at pzc in Figure 5. The
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standard reduction potential of the £00,” redox couple vs. the standard hydrogen
electrode (SHE) is ~1.9% On the absolute vacuum scale (AVS), this potei®ia.6 V,
which corresponds to a redox state with an enemyellat -2.6 eV. The main
contributions to this energy are the electron &ffiof CO, (-0.6 eV) and the solvation of
CO,” in water (-3.2 eV). The high free energy of salatindicates that solvent
reorganization energy will be significant. Therefora fluctuating energy level
mechanism is needed to describe energy levels ofa®® CQ". Nevertheless, without
any specific interaction with the catalyst/elecea@lirface, it is clear from Figute5 that

the reduction of C@on TiG, surfaces in aqueous solutions is unlikely bec#usenergy
level associated with the G@O," redox couple is higher in energy compared to the

conduction band of Ti®

COygt€g UU- QO 1.2
AG=-EA

COyy  OBHPL COuy
AG =G,

COyg + €y O BT COyg
0 _[AGY(CO, ) - EAy
ac.energy F

In Schemel.2, EA is the adiabatic electron affinity of gased@®, (in kJ/mol)
and AG,¢ is the heat of chemisorption of GOon the surface (in kJ/mol). F is the
Faraday’s constant (the charge of a mole of elasjtdrhe overall free energy change of
the reaction isAG® = [AG,(CO,") — EA]. In the absolute vacuum scale (AVS), the

energy level associated with such a conversionb&ilé’vac,energf AGadIF (eV). In other
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words, the effect of interactions of GQvith the surface is to decrease the energy

required for CQreduction.
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Figurel-5: Location of the conduction band of TiQutile) particlesat the point-of-
zero charge (pzc) with respect to the standardggnetates associated with the
CGO,/CQO," couple. Photoinduced electron transfer from stoidletric TiQ, to CG is
not possible because the surface state is not ltdveer the Fermi energy {Eof the
electrons in photoexcited TOThe bands are shown at the flat band conditidve T
exact locations of the Fermi energy levels for &tets and holes (nE and pE) are
not to scale.

Compared to the solid-liquid interface, measurenaéritand edges and surface
states at the solid-gas interface is relativelyerdifficult. The exact location of the GO

surfacef COz(g) SUrface state on T¥Ds currently not known. One way to estimate ttakie
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is using the an approach analogous to that usétbppenof®. CO,” adsorption on metal
oxide surfaces can be conceptually thought of asctpture of an electron by €O
molecule in vacuum/gas-phase forming the anionceddfollowed by its adsorption on
the metal oxide surface. (In practice, £&sorbed on a hydrated/hydroxylated metal
oxide surface captures a trapped electron eitbern the defect sites or trapping sites.)
Typical values for the heat of chemisorption of £L0n metal surfaces (Ni) are of
the order of ~50 of kJ/m¥ If the heats of chemisorption GOon TiO, surfaces were
approximately 100 kJ/mol GQthe surface state associated with the/CO,” couple
will be lowered approximately 1.3 eV from its gdsage value, resulting in values of
Eenergy.avs (COsqf CO, (ag) Of -0.7 eV, which is much more negative than that
aqueous solution. This simplistic analysis is nalyf accurate, because the heat of
chemisorption (arising out of local interactions 60,” with the TiQ surface) is
comparable to the gas-phase electron affinity of,.CMoreover, the electrostatic
contribution (due to the Madelung potential of 7)Gs ignored. To understand this
further, one needs to study the exact bonding Etv@3/CO," couple and the surface.
CO; is plausibly bonded to Tilsurface differently compared to @O Therefore, the so
called “Frank-Condon splitting” of surface stateergy levels also needs to be taken into
account, which requires some description of therattion of C@" with the surface
atoms. One example of this is a recent study byaBasta et d where the energy levels
of neutral and electron-attached states pa@sorbed on (100) anatase T&drface were
calculated using a surface molecule descriptionad$éorbates in combination with

periodic density functional theory calculations.
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Experimentally, such surface states may be ideqtifiy spectroscopic studies of
CO, adsorbed on well-defined rutile TiGsurfaces. Using ultraviolet photoemission
spectroscopy (UPS) and metastable impact elecient®scopy (MIES), Krischok et
al.”* found that CQ interacted with rutile Ti@single crystals weakly, forming linearly
adsorbed species. This is also supported by thdtsesf an ab initio periodic study of
CO, adsorption on rutifé. CO, therefore does not form a surface state upon finea
adsorption (involving Lewis acid-base interactiong) the ground-electronic state
(without irradiation). Irradiation with light of emgy greater than the band gap creates
electron-hole pairs in Ti§) with the electrons populating the conduction bawsing the
previous analysis, the energy of conduction baedtedns in TiQ is likely to be lesser
than that required for CQeduction to C&°".

In conclusion, the above analysis indicates thatrtiajor factors controlling the
surface state energy levels for £@y) are the electron affinity of CQin the gas phase)
and the local interaction of G@ZO," redox couple with the TiQsurface. It is clear that
a description of the energy levels of @C0O,” couple on TiQ surfaces requires a
combination of local and collective approaches.réfoge, we describe the surface site

model of CQ activation on TiQin the next section.

1.7 Surface site description of CO, activation on TiO,

In recent years, knowledge of surface photocatalgtocesses has progressed
from a surface state approach to a more detailatbrstanding of specific surface

adsorbate structures that are involved in the ehaensfer. Nowotny et af® noted this,
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using photooxidation of water as an example.. Coethbdo the understanding of the
initial steps of HO oxidation on TiQ surface, not much is known about the initial steps
of CO, activation during the photocatalytic reduction. Agted in the earlier section, to
better understand the nature of this charge trgnsfee also needs to understand local
chemistry at surface sites where activated specesormed. CQcan be adsorbed as a
carbonate and a linear species on jli€urfaces. Various ground-state adsorbate
configurations of C@on TiO, surfaces have been studied*’® CO, acts as a net donor
of electrons when it adsorbs with the oxygen endTorLewis acid sites, and a net
acceptor of electrons when the electrophilic C aa@racts with surface electron centers
or Lewis basic sites (surface O atofisp limiting case of the electrophilic interaction
between the C atom of G@nd the surface oxygen atoms is the formationudase
carbonate and bicarbonate species. On the othel, Fa@O, does not interact strongly
with TiO; in the ground state, the LUMO of adsorbed,@tay not be lowered enough to
ensure electron transfer from the Fi6urface. The primary questions addressed by a
surface site approach are:
1. Upon illumination of the surface, how does electtoansfer from the Ti®
conduction band to CQbccur?
2. What specific sites and specific gC@onfigurations on the Tisurface promote
this electron transfer? Can these sites be engid@er

The mechanisms proposed for £@hotoreduction over Ti© or Ti-based
catalysts assume that ¢@ains electrons from the conduction band of ;f{OThis
indicates a strong interaction between,@0Ad the TiQ surface. Photoexcitation of T;O

produces electron-hole ¢fiO) centers in Ti@ In the next step, these®*Ticenters are
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proposed to interact with GJorming CQ® species adsorbed on the surface. These
carbon dioxide radical anions then undergo furtteactions to form C radicals and
CH,O, end products. Electron transfer fron?*Téurface electron centers to £@quires

the presence of suitable unoccupied molecular agbibn CQ. Electronic interaction
between the surface and €® necessary for CQo gain electrons. Freund and Rob®rts
indicate that the lowest unoccupied molecular atifitUMO) of CO, decreases with the
O-C-O bond angle. This variation of the LUMO of £€®@ith the O-C-O bond angle is

shown in Figure 1-5.

-0.55 ~
-0.57 A
-0.59 A
-0.61 A
-0.63 ~
-0.65 A
-0.67 A

-0.69 | |
180 175 170

O-C-0O bond angle, degrees

CO, LUMO energy,eV

Figurel-6: The variation in the energy of the LUMO of gase@Q with the O-C-O
bond angle, calculated using constrained quantummatal calculations at the
B3LYP/6-31+G(d) level of theory. Decreasing the @Cbond angle (via surface
interactions) may facilitate charge transfer to,®§ lowering its LUMO
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One role of the surface might be to interact with,@educing the bond angle. In
the limiting case, this corresponds to the formratad carbonate-like species on the
surface. This principle is not limited to G@ctivation on irradiated metal oxides alone.
Similar interactions of C® with the electrocatalyst are supposed to decrd¢hse
overpotential for C@reductiori’ during electrochemical reduction of €O

Techniques such as Fourier transform infra red IfTspectroscopy have been
used to study COadsorbed on surface electron center§"(Téreated due to oxygen
vacancie§. CO, adsorption on reduced TiOsurfaces generated IR signals
corresponding to C&J” species.

In the following section, we will examine the usktbese two (surface state,
surface site) approaches to understand photoindueactivity of Ti-based catalysts

towards CQ

1.8 Utility of surface state and surface site approachesin under standing the
elementary reactionsinvolved in CO, photoreduction on Ti-based catalysts

1.8.1 Effectsof alkali and transition metal doping on CO, photoreduction

Some approaches to make the thermodynamics efr€duction on TiQ@ more
favorable are the use of promoters such as potas@{ll or through impregnation with
noble metals. Alkali promotion of GCactivation on TiQ has been well studiét The
added alkali atom donates an electron t@,3@ming CQ™ species. This reacts with the
surface oxygen to form a surface carbonate speckgch promoters are

stoichiometrically consumed upon charge transfeC@ because they usually cannot be
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regenerated (photo)catalytically in an environmemttaining water vapor and oxygen.
On the other hand, the modification of pi€urface with metals such as Pt, Rh etc. may
affect both the thermodynamics as well as kinetbEsCO, activation and further
conversion.

In a study of photoinduced GQlissociation on titania-supported noble metals,
the activity towards C@ dissociation correlated with the work function die
polycrystalline metal for titania-supported Pt, Rind Ir/Ti0,’%. The following
mechanism was proposed to account for photoindUC€d activation on titania-
supported noble metal catalysts: Chemisorption ©f 6n polycrystalline metal islands
results in a bent C&” species formed by back donation between the metabitals and
the (C-O)n orbitals. This electron transfer results in thepdpulation” of the metal
surface state. Photogenerated electrons generptedhand gap illumination would be
transferred from the conduction band of 7i® the metal island (because the work
function of these metals is higher than that oucedl TiQ). Therefore, illumination of
TiO,-supported noble metal catalysts in a C&dmosphere increased the intensity of
signals corresponding to GO species. We note that suabtivationreactions require a
concomitant oxidation reaction to be photocatalyfidditionally, the study by Raskd
demonstrates that an understanding of both sudtetes as well as surface sites is
needed to understand g@ctivation on such Ti@supported metal photocatalysts. The
case of Rh/TiQ is especially interesting, from a catalytic viewgoif not from a
practical perspective, rhodium being one of the tmeogensive metals in the world

currently.
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Recently, CO oxidation on gold clusters supporteadTaO, has been studied

extensively, both by experimentiand modeling” #° studies. We note that CO oxidation
also involves the formation of a GO intermediate. Therefore, a good CO oxidation
catalyst may also promote G@ctivation. Most studies have been performed otalire2
clusters of gold on Ti@ In these cases, density functional theory (DFdlxuwations
have shown that the binding strength of low-coaatBd Au clusters with gaseous CO is
a crucial parameter in the oxidation of €OMoreover, promotion effects may also
contribute to the observed low temperature oxigatd CO to CQin the presence of
gaseous oxygen. In contrast, a Mars-van Krevelecharésm was proposed by Chrétien
and Metif? to account for the activity of gold doped Li@vhere the gold atom is
positively charged and substitutes a five coor@ifatatom on the rutile (110) surface.

In addition to activating C& noble metal impregnation may also decrease the
photogenerated electron-hole recombination rageslihg to higher product yields. Using
femtosecond time resolved measurements of thedityedependence of electron hole
recombination in Ti@ nanoclusters, Colombo et %Ifound that more than half of the
conduction band electrons underwent recombinatiahinwv20 picoseconds (ps). The
remaining electrons were trapped at surface s#sslting in a longer lived species.
Therefore, from an overall system perspective, gheatest gain in efficiency in GO
photoreduction may result by slowing down the ratéslectron-hole recombination.
Using surface photovoltage spectroscopy (SPS) measunts on Pd and Pd/Ru@oped
TiO,, Wang et af* showed that the rates of @Photoreduction to formate in aqueous
solutions correlated with the surface photovoltageasured in air. Two pertinent

conclusions could be drawn from their study. Rgsslurface modification of Ti@with
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noble metals could lead to the formation of surfsiages, increasing the photogenerated
electron-hole pair lifetimes. Secondly, the factattiphotovoltages observed in air
correlated with the yields in aqueous solutionsdaies that electron-hole pair separation

appears to be the primary control over the reagtivi

1.8.2 Visiblelight performance of dye-sensitized TiO, catalysts mediating CO-
photoreduction

Another means to decrease electron-hole recombmattes and use higher
wavelengths of the solar spectrum is the dye-deastn of TiQ,. Closely related to this
is the dye sensitized solar cell (DSSC), (see Mc@tf? and references therein for
details about operation and comparisons). Bridftyg, DSSC is a solar electric device
where the light absorption and charge transport phgsically separated. The
organometallic dye attached to porous J#bsorbs sunlight, and injects electrons into
the conduction band of TiQwhich flow through an external circuit, creatielgctricity.
The oxidized dye is reduced by a mediator thatiin,tis reduced at the metallic cathode
of the solar cell. This concept has been applietthéophotosensitization of Tianodes
in photoelectrochemical (PEC) cells. A brief dgston of the operation of a dye-
sensitized photoanode is provided by Bak &8.aHowever, in the case of dye-sensitized
TiO, used for photocatalytic GOreduction applicatiort® *° it is less clear how the
oxidized dye would be regenerated when the phattrelehemical cell is short-circuited
and no defined pathway for electron transport exiSacrificial photooxidation of the dye
or other reagents probably occurs unless the eddstate of dye has a surface state level

(Dyesurry /DYesurs) lower than that for water oxidation £Qis/H2Osur)-
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Nevertheless, Nguyen et®lfound substantial improvements in the photoagtivit
of (Cu,Fe)-TiQ photocatalysts towards G@hotoreduction in the presence of water and
concentrated sunlight in an optical fiber phototea¢OFPR). The higher activity was
attributed to full visible light absorption, whesediO, only absorbs a fraction of the
radiation above 400 nm. Only Gkvas produced under sunlight, and the photocatalyst
was reported to be stable for 6h. Whereas dyetsmaigin of TiG, enables the use of
visible light, we note that future studies shoutthsider™*CO,-isotope testing to ensure
that the reduced C-products are due te @duction, and not the sacrificial oxidation of
the dye.

To summarize, both metal doping as well as dye#seaison reduce the rates of
electron-hole recombination, but the mechanismsluad are different. In the case of
metal-doped TiQ the electrons are transferred from the condudtemd of TiQ to the
metal, whereas on a dye-sensitized photocataliist,diye injects electrons into the

conduction band of Ti®

1.8.3 Isolated Ti-species acting as active sitesfor CO, photoreduction in
micr o/mesopor ous materials

As discussed in Tablel, isolated tetrahedral i species in zeolites or
mesoporous sieves were used as catalysts by Ampocavorkers®?'>%%%as well as Frei
and coworker$” > The location of the Ti atoms in mesoporous siliegend on the
synthetic technique us¥d Framework Ti-substituted MCM-41 is prepared whies Ti
precursors are included in the MCM-41 synthesigigel et al’®). On the other hand, Ti-

grafted MCM-41 is prepared by post-synthesis grgfte.g., Lin and Fré&j). In such Ti-
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grafted MCM-41, the Ti atoms are located at théaswer of the silicate wall and are not a
part of the framework. They are therefore more s&ibde to reactants. However, this
might also make them more susceptible to leachinggueous solutions. Moreover,
depending on the titanium content, a variety offigemations for Ti species is possifile

Using in situ X-ray fluorescence spectroscopy (XABfudies to probe the local
environment around an isolated Ti atom, Yamashital® studied the effects of the
hydrophobic—hydrophilic properties of Pizeolites in the photocatalytic reduction of
CO, with H,O. Adsorption of C® did not change the XANES spectra of fTzeolite
catalysts. On the other hand, the addition of matereased the coordination number of
Ti atom from 4 to 6. Therefore, in the ground st&igO interacted more strongly with
Ti-B zeolites compared to GO In situ photoluminescence (PL) spectroscopy
measurements on irradiated Tzeolites indicated that the lifetime of the changasfer
excited state decreased in the presence of &@/or HO molecules. Therefore, while
CO;, interacted with the excited state of thefBTzeolite, water interacted with the Ti-
centers in both excited and ground electronic staelditionally, using in situ FT-IR
spectroscopy to study the initial steps of ;C@hotoreduction with methanol as a
sacrificial oxidant in a Ti silicalite molecularesie, Ulagappan and Ff&irecorded the
formation of formic acid as the primary electroansfer product. They proposed that the
initial step in this reaction involved electronriséer from the photoexcited LMCT state
of the catalyst to COconcurrent with methanol oxidation to form €@nd CHOH"
species which react further to produce formic arid formaldehyde.

Although the above isolated tetrahedral Ti-cent@rs zeolites/mesoporous

materials are active towards g@hotoreduction, the absorption of these mateliedsin
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the deep-UV (UV-C) region of the electromagnetiegmm. To activate CQOusing

visible light, Frei's research group demonstratextatrmetal charge transfer (MMCT),
involving two different metal ions grafted in a mesrous materiaf. Examples include
Ti-O-Cu(l) and Ti-O-Sn(ll) as well as Zr-O-Cu(l) ated in Mobil crystalline material
(MCM)-41 molecular sieve. Irradiation of the bineat Zr-O-Cu(l)/MCM-41 catalyst
under a CQ@ atmosphere resulted in the growth of IR sighalsesponding to CO and
H,0%. Only Zr-O-Cu(l) complexes showed CO formation. JCdssociation was not
observed on Ti-O-Cu(l) complexes. Lin and Freiilattted this to the higher reducing
power of the ZF transient ion. Similar studies using various otfemfox couples (ex:
Ti*"/Fe”, Ti*/Mn?") could reveal visible light-absorbing catalystsiae towards CQ@
photoreduction.

Although the primary charge transfer mechanism solated-Ti species is
localized, overall reactivity is also affected blgetbulk properties. For example,
Yamashita et af*’ attributed higher Cphotoproduct yields using Ti-MCM-48 compared
to Ti-MCM-41 or TS-1 to the larger pore size anek tthree-dimensional channel
structure of the MCM-48 catalyst. Additionally, eleostatic fields in the
zeolite/mesoporous material could stabilize the,;Cadical ion and thereby affect the

product yield and selectiviti€’s.

1.8.4 Effect of oxygen vacancies created by cation doping or thermal treatment of
TiOzon the activity towards CO,

CO, does not interact with stoichiometric rutile TiGurfaces. The band gaps of

rutile and anatase are not widely different; theref this might also be expected to apply
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to anatase Ti@ Defects such as oxygen vacancies control masteothemistry at many
metal oxide surfaces. These defects could be deateer by doping Ti@with other
anions or cations or by thermal treatments of kioroetric TiQ.

One example of this defect creation due to therredtments is the work of
Yamashita et al’, who studied the photoreduction of £®ith H,O on rutile TiQ (100)
and TiQ (110) single crystals. Structure-dependent redgtiwas observed, with the
TiO, (100) surface being more active towards,@Botoreduction compared to the FiO
(110) surface. Yamashita et’alexplained this by stating that the Ti:O atomidarain
the (100) surface was greater than the (110) seuria@retreatment procedure involving
degassing at 725 K, followed by a 4h reoxidatio®jmat 725 K, followed by subsequent
catalyst degassing at 725 K for 4h at 2T@rr was used in the study. We note that this
pretreatment procedure might create oxygen vacsuacighe TiQ surface. For example:
Thompson et af® note that surface oxygen vacancies could be ctesith annealing
temperatures as low as 600 K with rutile Ti@nder ultra-high vacuum (UHV)
conditions. Additionally, stoichiometric reactiobgtween CQ and water on oxygen-
deficient rutile surfaces to yield reduced-G, products are well known in the
literaturé®. In such cases, in situ surface characterizatibthe catalyst under light
irradiation would provide information on the oxioat state of the surface, because the
surface-Tt" and TF* can be differentiated using XPS 2p core-level 8p&c

In addition to creating oxygen vacancies, transitioetal doping of Ti@ also
may create specific surface structures affectiegGR) photoreduction activity. Tseng et
al*®* and Wu et ai® found that Cu(l) doped TiO promoted the formation of GBH

compared to undoped TiO Pathak et &P also observed selectivity for GEH
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formation over HCOOH using Ag-coated nanoscale;Ti@mobilized in Nafion ionomer
membranes. Apart from influencing the electron-hrelsombination rates (as noted in the
discussion on surface states) and affecting prosjuetificity and yields, transition metal
doping of TiQ also results in red-shifting of the absorptionctpen of TiG. This
apparent bandgap-narrowing is attributed to trawst from localized surface states

above the conduction band of Bi@nd not due to bulk band-gap modificaffon

1.8.5 Discussion

One of the major factors limiting GOphotoreduction is the electron-hole
recombination in semiconducting materials underdbgap illumination. The use of
isolated Ti-species partly resolves this issue,rbast Ti-O LMCT transitions occur at
UV-C wavelengths (~ 270 nm). Both local as well akifactors influence the activity of
catalysts mediating C{photoreduction. For example: cation doping of 1@t only
creates oxygen vacancies, but also creates lodahs@-bandgap states which contribute
to charge transfer transitions by absorbing lighv@lengths below the bandgap.

Both collective and local approaches are required to understand such light-
induced electron transfer reactions. The collectsteface state approach indicates that
pure TiQ is likely to be a poor photocatalyst for g@ctivation. On the other hand,
localized surface sites such as oxygen vacancie® hmeen implicated in GO
activation.Using the surface state and surfaceagifgoaches, we have shown that both
bulk and local variables affect the photoreducobi€O,. Fundamental understanding of

the initial steps of C®activation on TiQ surfaces and a detailed knowledge of how
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these bulk and local phenomena affect photore&gtig required to design better

catalysts.

1.9 Challengesfor CO, photoreduction on Ti-based catalysts

As discussed in the earlier sections, significanprovements in the quantum
yields and selectivities of Ti-based catalystsagquired to bring C® photoreduction
using these materials closer to commercializatMaterials not based on Ti have been
used to mediate COphotoreduction. For example, metal chalcogenidadS( CdSe,
ZnS) and other metal oxides (ZnO, MgO) have alsenbesed as photocatalysts (see
Usubharatana et &. and references therein). In most cases, the inepments in
efficiency are incremental at best. On the otherdhaigher quantum efficiencies are
possible with homogeneous metal complexes, butrfisal reagent is often required to
regenerate the photosensitizeBreakthroughs in related fields such as solactgte
conversion, solar production of hydrogen using wated catalytic C@ activation will
enable the further development of this field.

Essentially, the main challenges for £@hotoreduction using Ti-based catalysts
involve finding suitable photosensitizers that edsorb visible light to produce electron-
hole pairs and transfer the electrons to,G@th minimal losses. Additionally, the
photosensitizer has to be regenerated with a velgtinexpensive reductant such as
water. Choi et al’ noted that interfacial electron/hole transfer iwes charged pair
generation, followed “trapping” of the charged paes, their subsequent release and

migration to the surface prior to the transfer.ciien-hole recombination occurs parallel
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to the interfacial charge transfer, at all stadewis process. As pointed out in a report on
solar energy utilizatiofi, potential breakthroughs in G@hotoreduction can result from
significantly increasing the lifetime of the chargeparated state, designing materials that
can work under visible light, catalyzing proton-pted multi-electron transfer to GO

This requires a combination of experimental and matational studies.

1.10 Conclusions

In this chapter we provided a review of the mecstaniaspects of CO
photoreduction using Ti&based metal oxides or Ti-species in micro/mesamoro
materials. CQ@utilization has a significant role in mitigatingdg emissions, especially in
comparison to other means of £&batement. The conversion of £10 fuels using solar
energy is one of the “grand challenges” for a wgrief scientific disciplines.
Significantly increased specific rates (~tens ofimibles CQ converted/g-Ti@h) under
visible light irradiation are required to make thi®cess economically feasible. Paradigm
shifts in TiQ, photocatalysis such as the use of bimetallic regjmecies in mesoporous
materials, novel reactor design configurations (R);Rhe use of catalysts absorbing
visible radiation, decreasing electron-hole recoraton rates, surface modifications via
doping or other chemical treatments, will continaebe required to drive innovation in

this field.
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