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Zusammenfassung

Die photokatalytische Umsetzung von Kohlenstoffdioxid Wasser zu C1-Basischemikalien
der chemischen Industrie wie z.B. Methanol oder Methanrdsitgzung des Sonnenlichtes bi-
etet eine Moglichkeit, Erdol oder Erdgas als primarergieguellen abzuldsen und gleichzeitig
die Kohlenstoffdioxid-Bilanz zu verbessern, indem in @niglealen Prozess CQezykliert
wird. Ziel dieser Arbeit war die Durchfiihrung systemaliecUntersuchungen an Titandioxid-
basierten Photokatalysatoren fir die £Reduktion und der Aufbau einer geeigneten Tes-
tanlage fur photokatalytische Aktivitatsmessungeni@sdr Gasphasenreaktion.

In der vorliegenden Arbeit wurden, ausgehend von den Agheiter Gruppe um Masakazu
Anpo, unterschiedliche Strukturen von auf mesoporosenizilBndioxid getragerten
Titandioxid-Spezies (Ti@Spezies) synthetisiert. Die Bestimmung der so erhaltenen
TiOx-Spezies erfolgte durch die Kombination komplementag@eksoskopischer Unter-
suchungsmethoden. Es konnte gezeigt werden, dass in §igik&it von der Titanbeladung
gezielt isolierte, oligomerisierte oder polymerisierti®©J-Spezies synthetisiert werden kon-
nten. Somit wurden Ti@basierte Materialien hergestellt, die als Ausgangsrager fur die
Optimierung TiQ-basierter Photokatalysatoren reproduzierbar zur geniig stehen. Des
Weiteren eignen sich die synthetisierten Materialien dazne detaillierte Studie des Ein-
flusses der Titandioxid-Struktur durchzufiihren und sddtitiktur-Aktivitats-Beziehungen in
der photokatalytischen Cf£Reduktion zu erhalten.

Die photokatalytische Aktivitat isolierter Ti@Spezies in der COReduktion konnte im Rah-
men dieser Arbeit bestatigt werden. Methan und hoherardikonnten als Produkte detek-
tiert werden und Formaldehyd konnte durch spektroskopitiitersuchungen als Intermediat
der photokatalytischen Reduktion von g@entifiziert werden. Die Abscheidung von Gold-
Nanopartikeln auf der Oberflache des Photokatalysatergeste die Hydrieraktivitat des Ma-
terials, wodurch hohere Methanausbeuten erzielt wuraehdie Anreicherung von stabilen
Formaldehyd-Spezies auf der Oberflache des Photokataitgsaerringert wurde. Des Weit-
eren konnte mit Hilfe geeigneter Testreaktionen gezeigtem dass die photokatalytische
Aktivitat der Materialien mit dem Polymerisationsgrad déOy-Spezies abfallt.

Die Charakterisierung der spezifischen Wechselwirkungen €O mit isolierten und
polymerisierten Ti@-Spezies mittels temperaturprogrammierter Desorptiod Unfrarot-
Spektroskopie zeigten, dass €l@diglich bei tiefen Temperaturen mit den Photokatalysato
wechselwirkt, wodurch eine Aktivierung des g@uf der Katalysatoroberflache unter realen
Reaktionsbedingungen ausgeschlossen werden kann. Egekedoch gezeigt werden, dass
die Wechselwirkungen von COmit dem Katalysator durch Einbringen kleiner Zinkoxid-
Agglomerate verbessert wird. Systematische Untersuamag Zinkoxid-modifizierten TiQ
haltigen Materialien zeigten, dass die PhotonenanreguangTds-Spezies die photokat-



alytische Aktivitat der Materialien bestimmt. Es konnteRardem gezeigt werden, dass
das Tragermaterial Einfluss auf die photokatalytischeivitiét der TiO-Spezies hat und
die spezifischen Wechselwirkungen zwischen yFi@nd Zinkoxid-Spezies die Aktivitat in
den durchgefiihrten Testmessungen bestimmen. Abschdearde durch hochauflosende
Transmissionselektronenmikroskopie-Messungen geztags die Mobilitat der TiQSpezies
durch die Anwesenheit von Zinkoxid verringert wird, wodurdie Abscheidung von Gold-
Nanopartikeln auf den Materialien beeinflusst wird.

Im zweiten Teil der Arbeit wurde eine neuartige Synthes&robasierend auf dem
Spruhtrocknungsprozess zur Praparation dotiertenr-M@terialien entwickelt. Ausgehend
von wassrigen Losungen von Titan(IV)-oxidsulfat erladie Spriuhtrocknungsmethode, ho-
mogene Verteilungen eines Dotierelements in ;& erhalten und durch anschliel3ende
Kalzination dotiertes Ti@ in unterschiedlichen polymorphen Strukturen zu syntrests.
niobdotiertes TiQ wurde mit Hilfe dieser Syntheseroute erfolgreich pragaind die erhalte-
nen Materialien konnten erfolgreich in der photoelekteroischen Wasserspaltung eingesetzt
werden. Der Einbau geringer Konzentrationen von Niob in@eztstrstuktur der TiQMa-
terialien fuhrte zur einer Erhohung der gemessenen Btrotne um ca. 30 % im Vergleich
zu undotierten TiQ Materialien, die Uber das Sprutrocknungsverfahren dstgilt wurden.
Die verbesserten Eigenschaften der niobmodifizierten,-N@terialien konnte auf einen
verbesserten Elektronentransport in den Materialiemuakgéfuhrt werden. Abschlie3end
wurde aul3erdem gezeigt, dass die verbesserten Eigeresthalf Elektronenkollektors auch
nach Modifikation der Oberflache mit einer Polyheptazunieibeibehalten werden konnten,
wodurch die Materialien unter sichtbarem Licht photokgiathe Aktivitat zeigen.

Die Ergebnisse dieser Arbeit zeigen somit eindrucksvaksdliQ-basierte Materialien gezielt
mit verschiedenen Strukturen oder Dotierungen syntlegtigierden konnten, deren Anwend-
barkeit in unterschiedlichen photokatalytischen Prozestemonstriert wurde. Dabei wurden
neue Strategien verfolgt, um die Aktivitat bekannter 8gst zu verbessern und die Struktur-
Wirkungs-Beziehungen der Materialien genauer zu chargldeen.
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1 Introduction

During the past four decades photochemistry has been agstrgrowing field of scientific
interest. Certainly, the pioneering reports by Fujishimé &londd!! on solar water splitting
into hydrogen and oxygen on a Ti@hotoelectrode in the early 1970’s revealed the practical
potential of photochemical processes for solar energyersion and storage on semiconductor
materials. Subsequently, the potential of photochemigay verified for several reactions, e.g.
the removal of organic pollutants from water or i#! organic synthesi¥] and for the reduc-
tion of carbon dioxide, which was first published in 1979 byue et all®! These examples
clearly demonstrated that photocatalysis and photoelgotémistry exhibit the possibility to
convert thermodynamically stable raw materials, such dsweand carbon dioxide, into valu-
able chemicals with the help of solar energy and a semicdoduoatalyst. In a recommended
definition by the International Union of Pure and Applied @higtry (IUPAC), photocatalysis
is described as the "Change in the rate of a chemical reactid@s initiation under the action
of ultraviolet, visible, or infrared radiation in the prese of a substance - the photocatalyst -
that absorbs light and is involved in the chemical transtion of the reaction partner$?! In
recent years the developed photocatalytic concepts hamedjaxcessive attention as one of
the most important scientific challenges nowadays is torsebe futures energy suppl}.

The need for new energy sources can be rationalized comgydéat today’s energy consump-
tion is mainly covered by fossil fuels((87 %)/ which, at reasonable cost, will supply the
world’s energy demand for several years. However, meetiolgad energy consumption in a
sustainable, carbon-neutral manner is desirable. Fannstthe USA's Department of Energy
(DOE) estimated that carbon-free energy will be needed Bp®0and the Intergovernmental
Panel on Climate Change (IPCC) showed that the global warimsimostly due to human ac-
tivities and the release of green house gases, like carloxideill®! Biomass conversion will
always compete with the human food supply and wind energyedisas energy from photo-
voltaic devices is accompanied by severe fluctuations. efbe, energy storage systems are
required, which of course is a scientific challenge by itsdibwever, the earth receives 5,000
times more energy from the sun than mankind uses over dye&.Thus, it is arguable that
utilizing sunlight to convert energy-poor to energy-riclolecules is a promising technology.
Nature already showed us by million years of successfulggyotthesis that it is accomplish-
able[’! In this sense replacing fossil fuels by solar chemical fissfsgoal of current research
and even though it is arguable to which degree solar irragiaan be efficiently converted into
usable energy-rich molecules, scientists have to exphareossibility of a partly solar energy-
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driven society with a reasonably high effort. One of theliiksolar fuels would be hydrogen
in case it is efficiently produced from solar water splittig3! The long-term goal within this
field of research can be defined as the direct hydrogenatithe@freen house gas carbon diox-
ide into high-energy carriers using wat8rThe energy required to bridge the thermodynamic
gap between reactants and desired products will be sugdpfieatiation. Considering the con-
version of CQ and water to methanol, for instance, 698.7 kJ/mol are nededercome the
thermodynamic gap of this endergonic reactiéh

3
CO,+2H,0 1 CHsOH+ 502

As this process basically mimics the production of polysacicle conducted by green plants it
is often referred to as "artificial photosynthesis”.

Besides the photochemical process, strategies have wlbesmh developed to diminish the
atmospheric C@content. Numerous efforts have been put into the field of C&pture and
separation by high performance adsorbents. But there soecatalytic reactions, where this
highly thermodynamically stable and therefore almost actige molecule is used in industrial
relevant processé&s!:

e CO, is used as a reactant in the urea synthesis which is an inmpdetéilizer,
¢ in the Kolbe-Schmitt process to form salicylic acid,
e cyclic organic carbonates and epoxides are synthesized@O;,

e and CQ participates in the methanol synthesis over copper casalys

CO,+3H; — CH3OH+H0.

Despite these efforts it was estimated that since the industvolution the content of carbon
dioxide in the atmosphere increasedby85 % to its current level of 383 pp#?! and recent
considerations claimed that at the current increase of giheric CQ the global temperature
will increase of~ 6 °C before the end of the centuly/! Today, still less than 1 % of the overall
emitted CQ is chemically convertdd@?! and mostly C@is not recycled at all. Instead, G@s

a reactant is mainly provided by synthesis gas (CO,,G0d B) produced from fossil fuels.
Furthermore, the hardly reactive G@olecule has to be activated, e.g. by elevated tempera-
tures facilitating an unfavorable energy balance andirgiie carbon footprint. Alternatively,
this work will explore the photochemical fixation of G@h useful base chemicals by the help
of photocatalytically active titania materials.

Titania-related materials seem to be the most promisingcgegmuctors for many photocat-
alytic and photoelectrochemical applications, partidyldue to its commercial availability,
non-toxicity, and excellent stability against photocsion [28-20] Thus, it is not remarkable
that titania-based materials are frequently studied fatg@tatalytic CQ reduction and other



reactions. While the main focus of this dissertation is tinely of the photocatalytic Core-
duction on isolated titania species incorporated in an p@sws silica matrix, in the second
part bulk TiG, materials are discussed. The key points and questionsssgdie the first part
of this dissertation are:

1. What are the requirements of a gas-phase reactor for gdtatgtic CQ reduction? Ac-
cording to the requirements the gas-phase reactor shouleMatoped allowing for trace
gas analysis and reproducible €f@duction experiments.

2. A reproducible synthesis procedure for isolated titapi@cies with high titania loading
and a reliable characterization routine to distinguisimeen isolated and polymerized
titania should be developed. Synthesis and charactenmzahould be applicable for a
variety of different isolated metal oxide materials.

3. Areisolated titania species really active in the phaialgéic CO, reduction and what are
the main products of the photocatalytic £@duction reaction on isolated titania sites?
What is the effect of titania polymerization?

4. Is CQ interacting with isolated titania species?

5. How can materials with beneficial G@dsorption properties be synthesized on the basis
of a material containing isolated titania sites? Is therg r@ation between the GO
adsorption and the photocatalytic activity of the matsfial

Certainly, the use of bulk Ti@in a photocatalytic C@reduction process is preferable due
to its commercial availability and due to its lower band gapjch can be even reduced by
doping. However, in recent studies isolated titania apgumbés be more active in comparison
to bulk TiO,.[21] Nevertheless, the thorough investigation of the;@&luction mechanism on
isolated and polymerized titania species may later on deothe knowledge to design highly
active bulk TiGQ materials. In this sense it is desirable to study the pragsedf bulk TiG, and
the key points and questions, which were addressed in thediesare:

1. A simple and reliable synthesis method for the prepamnaifaliO, should be developed,
which should offer the possibility to synthesize dopedJiO

2. Do the synthesized Tior doped TiQ materials possess exceptional properties in a
well-known photocatalytic process?

3. Are there further modification possibilities, e.g. to noge the light-harvesting proper-
ties and to increase the photocatalytic activity of 720

Finally, the outline of this thesis can be summarized aoWdl Chaptel]2 will shortly in-
troduce the basic concepts of semiconductor physics amditii@act on photocatalysis with
semiconductor materials in general and particularly on,Ta@d isolated titania species. A
short literature review on photocatalytic @@duction on isolated titania species and i®
given in chaptet]3. In chaptét 4 the developed gas-phasemaator will be described and
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the calibration data will be shown. The results obtainedhenstudies performed with isolated
titania are shown in chapter 5. The chapter is divided ingtlsections. First, the synthesis and
the characterization results are discussed and the ititaraaf CO; is studied. A possibility

to increase the C®adsorption by incorporation of zinc oxide is demonstratiecthe second
section the feasible photocatalytic @€duction on isolated titania species is presented and a
possible intermediate of the photocatalytic £2@duction on isolated titania is identified. Ad-
ditionally, differences in the photocatalytic activitiesgold-modified materials are discussed.
The effect of zinc oxide species incorporated into the t@amaterials is investigated by means
of photo-deposition of gold nanopatrticles, the hydroxglabf terephthalic acid, and high res-
olution transmission electron microscopy. Corresponttinchaptef b chaptét 6 is divided into
three sections dealing with a the description of a novellsgis technique for metal doped
TiO, materials, which were subsequently highlighted to exhilbique properties in photo-
electrochemical water oxidation and finally first resultsdo improved visible light harvesting
of non-metal/metal co-doped TiCare shown. Finally, the main results obtained within the
scope of this dissertation will be summarized and an outlaitibe given in chaptel]7.



2 Basic Principles

2.1 Physical and Chemical Properties of Semiconductors

Semiconductors are materials with conductivity betweendbnductivity of conductors and

insulators. The typical semiconducting properties areseduy atomic interactions, hence by
the nature of the chemical bond and the resulting lattiagcire of the material. At absolute

zero temperature semiconductors are not conductive. Thedgit conductivity increases, to a

certain extent, with increasing temperature. Dependingetemperature the electron mobility
increases and electron excitation into the conduction s@coming favored. To describe
this behavior the energy band model and the Fermi functieused.

2.1.1 The Energy Band Model

The energy band model, derived as an extension of molecubstabtheory, describes the
interaction of atoms in an ideal crystal and is used to speled conductivity of metals, semi-
conductors, and insulatoRZ! The model mainly consists of two stacked energy bands (galen
and conduction band) separated by a gap (band gap). In fastatbnce band is the highest
occupied band of the lattice structure. Contrary to then@ddand the conduction band is the
lowest unoccupied band in the ground state (T = 0 K). The sdiparor more precisely the size
of the band gap influences the conductivity of the materier&fore, the energy band model
is a convenient way to describe the electronic and optiacglgnties of a semiconductor.

The atom model developed by Bohr describes a single atomduayade energy states, which
can be occupied by up to two electrons. In molecular orhit@bty the formation of bonding,
antibonding and non-bonding orbitals due to interactidwben several atoms is describé8l.
These interactions are possible across several intern@tbstances and with increasing num-
ber of interacting atoms the discrete levels are gettingeraad more indistinguishable, result-
ing in broad energy regions or bands (Fig.l 2.1). The numbeleatrons incorporated in one of
these bands is similar to twice the number of atoms involvetthe band width increases with
decreasing binding strength between atomic core and etecifrhe weekly bound electrons
are easily released from the core and hence they can inteithateighboring atoms resulting
in mobile electrons. In case of the valence electrons thexampletely merged together and
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conduction band
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Figure 2.1: a) Schematic description of the interaction of discretena¢émergy levels and the for-
mation of energy bands. The figure was adapted from Hoffmaahl€! b) Available
electrons in insulator, semiconductor, and metal-typeeneds. With increasing band
gap the amount of electrons excited into the conduction loi@cdeases.

electrons cannot be assigned to a special atom anymoraceddand). The lowest unoccupied
band consisting of anti-bonding states is associated Wwéltdonduction band.

For conduction unoccupied states within the valence barcharge carriers within the con-
duction band are necessary. In metals the conductivitynemgdly realized by the overlap of
the valence and the conduction band, or by a half-filled adrand (Fig[_2]1). In any case
free electrons can participate in the conduction processs i not the case in insulators or
semiconductor materials. The valence bands of these mlatare completely filled and a gap
appears between conduction and valence band, which is sattal for semiconductorsf <

3 eV). Hence, electrons are rigid in the valence band and tiodve excited into the conduction
band to participate in the conduction process (Fig. 2.2)citBtion of electrons is possible
by thermal excitation and/or by the absorption of light amdjative, mobile charge carriers
are available within the conduction band. The latter is then@ry process in photo-related
mechanisms.

The thermally introduced increase in conductivity is bestatibed by the Fermi function or
Fermi-Dirac distribution f(E) and the density of states (ON(E) concepts (ed._2.1). The
Fermi function gives the probability that a given energyesta completely filled and the elec-
tron electron density of states N(E) describes the avalabergy states. Thus, the population
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Figure 2.2: Characteristics of a) an intrinsic, b) a n-type, and c) agetyemiconductor. The figure

was adapted frorRrinciples of electronic materials and devicgé

of an energy state is given by the product of the N(E) and f(E).
1

f(E) = EE N(E)dE = A-VEdE (2.1)
1+ exp?

Er is known as the energy of the Fermi level and is associatdutivé highest electron level
at absolute zero temperature, where no electron will havegmenergy to pass throud#!
For intrinsic semiconductors the Fermi level is situatelf-ivay between the valence and the
conduction band.There are several characteristics ofai)DOS explaining the behavior of
intrinsic semiconductor material. Inside the semicondigband gap the DOS is zero, so there
are no electrons inside the gap although the Fermi functasralfinite value. Furthermore, the
Fermi function at T = 0 K is zero for the conduction band. Hertbere are no free charge
carriers within the conduction band, even though the DOSHamste value for the conduction
band. The only possibility to increase the number of chaageears within the conduction band
IS to increase the temperature. With higher temperatutte fooictions have a finite value and
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a conducting population can be assumed and for certain saductors excitation of electrons
at ambient temperature is feasible.

A specific modification of intrinsic semiconductors is ptsiby introducing impurities into
the lattice structure of the material by impurity doping.€Xo the impurity atoms new energy
levels are produced, which are mostly inside the band gaptheaalence or the conduction
band. Therefore, the energy difference is getting smadlectron excitation is getting easier
and the material is more conductive at lower temperatur@edeemiconductors are also called
extrinsic semiconductor. Extrinsic semiconductors awedéed into two groups depending on
the nature of chemical impurity. Electron donating impugtoms provide a single-occupied
energy level close to the conduction band. Less energy isrextjto excite these electrons to
the conduction band, and therefore, negative charges eamadjority carriers of electric cur-
rents in these n-type doped materials. In n-type semicdodiithe Fermi level discussed above
is shifted towards higher energies and it is located betwleedonor states and the conduction
band[24! Analogous to n-type doping positive charges, so-calleésohn be introduced by
doping with an acceptor atom (p-type doping). Due to onetelaaleficiency, an empty en-
ergy state is created close to the valence band. These statessily be occupied by valence
band electrons and new positive charge carriers are theityajarriers of electric currents. In
this case the Fermi level is shifted to lower energies andusted between the valence band
and the new empty states (Fig.12.2). Among many semiconuyoiaterials titanium dioxide
(TiOy) is one of the best-known semiconductors exhibiting n-tylp@racter which is used for
numerous purposeé&d:19]

2.1.2 Optical Properties of Semiconductors

The ability of a semiconductor to absorb UV or visible lighthasically determined by the
separation of the valence (VB) and conduction band (€838 Upon illumination of a semi-
conductor with light possessing energy greater than therdiice of energy between the VB
and the CB an electron can be excited from the VB to the CB. Bagsdhe relative position of
the valence band apex and the energy valleys of the CB in taggimomentum k-space the
excitation of an electron can be classified as direct or @udliexcitation (Figl_2]3). For indirect
excitation in an so-called indirect semiconductor an aold#l momentum is necessary, e.g. a
phonon. The difference of the mechanisms can be illustia¢stl by having a closer look at
the real band structure in the momentum k-space. Valenagskaswell as conduction bands
are described by different trajectories possessing extnatues. The highest probability for
the excitation of an electron is from the VB maximum to CB miam. In case of an equal
momentum of VB maximum and CB minimum electrons are diregtigited in a one-step pro-
cess. These materials are semiconductors with direct eflaptical transition. Otherwise,
an extra momentum is necessary for electron excitatiorhdhdase minimum and maximum
appear at two different momentums (Hig.|2.3) and excitatiopurs in a two-step process. The
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probability of an electron excitation is typically lowerrfan indirect transition, which can be
measured in terms of the absorption coefficient

3 CB 3 CB
E band gap E‘ band gap
w L
VB VB
Momentum k Momentum k

Figure 2.3: Scheme of an allowed direct (left) and an allowed indireighf) optical transition.

The absorption coefficiertt is directly accessible by the absorption spectrum of a nahies
a consequence of the Lambert-Beer law (eql 2.2). Based drathéert-Beer lawa can be
determined by the logarithm of the intensity of the incidkgpitt 1o and the transmitted light

and the thickness of a mater@l2”]

I

InI—:InT:—ad:A (2.2)

0
The basic principle of these measurements is to describattbeuation of transmitted light
intensity. Here, the loss of intensity is due to electronitexion. Since the excitation process
is possible in atoms, molecules, and solids (interbandsitian) information about bulk and
surfaces properties of a catalyst sample as well as of agdmbecies can be obtained (Tab.

m) _[27,28]

Table 2.1: Wavenumber ranges of different excitation processes.

Bulk and Wavenumber range Adsorbed  Wavenumber range
surface species
Band gap UV 30,000 - Transition NIR, UV-Vis 5,000
50,000 cnt metal ions - 50,000 cnt
Defects UV 30,000 - Molecules UV-Vis 14,000 -
50,000 cmt with chro- 50,000 cmt
mophoric
groups
Transition NIR, UV-Vis 5,000 Vibrational NIR 5,000 -
metal ions - 50,000 cmt overtone and 14,000 cnt
combination
bands

However, the absorption spectrum of a semiconductor powsdest easily accessible and dif-
fuse reflectance data are usually recorded. The intergmetat diffuse reflectance spectra is
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based on the Kubelka and Munk theory, which relatesd the reflection behavior of a powder
material?’] The Kubelka-Munk functiof (R.) is given by eq[213.

_ (1-Re)?
F(Rw) = R (2.3)
Assuming a wavelength-independent scattefriB.) is proportional toa and the band gap
energy of a powder material is accessible by the Tauc equémp[2.4).
(hv —Eg)"

a=A
hv

(2.4)

Here,Ais a constanthv is the energy of lightEg is the band gap energy, and= 0.5, 1.5, 2
and 3) is a factor, which depends on the nature of the opti@asition of the material.

2.2 Heterogeneous Photocatalysis on Semiconductor
Particles

The principles of heterogeneous photocatalysis on smaliceenductor particles is explained
best by the schematic representation of a small particlepisdd in Fig[ 2.4top.

The key steps of the photocatalytic process are 1) the atwompf light, 2) the migration of
electrons and holes to the particle surface, where they@ppéd at reactive surface sites and
the subsequently occurring 3) and 4) simultaneous redatioes. The photo-exited trapped
electron reduces an acceptor species A to a primary produgfpfocess 3) and the hole ox-
idizes a donor species D (process 4). Thus, photocatalytic reactions, e.g. ovevater
splitting, can only occur if the redox potential of the phetxited electron is more negative
than the standard redox potential of protons and the red@npal of the photo-generated hole
is more positive than the standard redox potentidfig® in the oxygen evolution reactioR!

In a simplified picture the bottom of the CB and the top of the M&e to enclose the redox
potentials of the specific redox reactions. In Hig.] 2.4nmedtle position of the band edges in
an aqueous solution at pH 1 are shown in relation to the stdnmddox potentials of several
redox couples and the energy scales of the normal hydrogetralle (NHE) and the vacuum
level[21l However, it should be noted that the Fermi leizelof a semiconductor in thermody-
namic equilibrium cannot be used to describe the conditiortker illumination. Instead, the
electron and hole densities should be described sepalatéthe quasi-Fermi level of electrons
and holes'Erp and*Erp, respectively, as shown in Fig._2.4top. Therefore, moreipedy the
energy differencdu between'Ern and*Erp has to be larger than the redox potential of e.g.
water for overall water splitting.

The efficiency of a photocatalytic process is mainly detesdi by the recombination rate
of photo-generated electrons and holes. Recombinatitverediccurs directly after photo-
excitation (5) or the trapped electrons and holes recomipirresecondary process (6) (Fig.
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Figure 2.4: top: Schematic representation of the main processes, whikehplace at a semicon-

ductor particle during photocatalysis. The figure was phlytiadapted from Kaiser et
al.[28] and Park et al?®! middle: Relationship between band structure of a semicon-
ductor and the redox potentials of water splitting. The figwas adapted from Gratzel
et a2 bottom: Changes in Gibbs energy in photocatalytic reastiah uphill and b)
downbhill reaction. The figure was adapted from Ohtani é£3l.
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[2.4top). Finally, the efficiency of the overall photo-iai&d process is also determined by the
back-reaction of the primary reaction products And D *.[18.20]

Additionally, an important advantage of light-driven reans at semiconducting materials is
shown in Fig.[(2.4bottom, which is the ability to drive reacts even though the change in
Gibbs energy is positivé\G > 0).122:3% For most reactions in photocatalysis, like the oxidative
decomposition of organic mattekG < 0, whereas some energy-storing reactions i@ >

0, like photocatalytic overall water splitting and phottadgtic CO, reduction, can be driven
by photocatalysis if the two redox reactions are spatiallghemically separateld®

2.2.1 Oxide Photocatalysts - Band gap Engineering

It is well known that the conduction bands of stable oxidetpbatalysts, like Ti@, are com-
prised of empty orbitals of metal cations witR or d'° configuration and that the valence
band of these oxides are usually consisting of O 2p orb#3lDue to the position of the CB
edge with respect to the standard redox potential of dessasetions, like proton reduction, it is
mostly desirable to raise the VB in order to decrease the Qap@f a specific oxide. Thus, new
energy levels above the VB have to be created by the incdiporaf elements which either
form discrete electron donor levels (DL in Fig. 2.5a) witttie band gap or which form a new
VB (Fig. [Z.8b) 2% For certain oxides the formation of a solid solution is fesiin which the

VB and the CB are shifted (Fig._2.58% In any case the obtained states or new bands should
offer the thermodynamic potential and the kinetic abild@ydrive the desired redox reaction.

a) Doping b) New VB c) Solid solution
—D CB
WIDE NARROW
———— . NEW VB
VB VB —

Figure 2.5: a) Donor levels created in the band gap by foreign elemenindogb) Creation of a
new VB within the band gap. ¢) Formation of a solid solutioheTigure was adapted
from Kudo et all20

Typical examples for the formation of new DL within the banabgare metal or non-metal
doping of TiQ, or SrTiOs, like RR®*, CrP*, or nitrogen doping. The drawback of this strat-
egy is the discrete character of the DL, which is inconveni@enhole migration and which is
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considered to act as a recombination &£5:31.32INew VBs, which ensure the mobility of
holes, can be formed by orbitals of Pb 6s irfRtSn 5s in SA", Ag 4d in Ag, and Bi 6s
in Bi3*, as in BiVO:.[2% GaN:ZnO is a well-known example of a solid solution containa
metal oxide. Furthermore, this system is one of the rare pleswf successful implementation
of photocatalytic water splitting on nanoparticular phuttalysts by visible ligh3-38] A dif-
ferent strategy to achieve visible light activity of oxideqtocatalysts is by sensitization with
organic dyes, metal complexes, and metal nanopartit}&€s:371Sensitization by organic dyes
or metal complexes is used in dye-sensitized solar cellghinh electrons are excited from the
HOMO to the LUMO of the dye and the electron is subsequenjbcted into the conduction
band of the oxide photocataly&t! Sensitization of a photocatalyst by metal nanoparticles is
extensively discussed in literatuf®:2"-4% Mainly Au nanoparticles deposited on Ti@vere
shown to act as sensitizer. While the mechanism of visiglg kensitization is not fully under-
stand yet, it is believed that excitation of small Au nantipbes on the Au plasmon can lead
to an electron injection into the CB of the semicondué®2’-4% Furthermore, trapping of
electrons on metal co-catalysts due to a metal/photocdtaigction preventing electron-hole
recombination is discussed in the following section.

2.2.2 Metal-modified Photocatalysts

In general, the interaction between metal nanoparticldaaemiconducting photocatalyst can
be explained by the junctions formed in metal/semicondsctéwo different interactions be-
tween metal and semiconductor might be discussed, the Qdontact and the Schottky junc-
tion.[22l While the formation of an Ohmic contact is discus€eldt is generally excepted that
Schottky junctions are formed on metal-modified photogatal and thus the ohmic contact
will be neglected in the following consideratioH$:22:41.42IConsidering an n-type semicon-
ductor and a metal, which are electrically neutral and teoldrom each other the Fermi level
of the semiconductor is situated close to the CB. The serdiatior's work functiongs is
therefore determined by the energy difference betweenahaum level and the Fermi level
(Fig. [2.6a). The work function of a metgl, is normally larger compared ts of a n-type
semiconductor. Hence, the Fermi level of a metal is situatednore anodic position, and thus
it is more difficult to promote an electron from the metal te tracuum level.

Upon contacting the metal and the semiconductor metal amiceaductor can be regarded
as being short-circuited with each oth&. The junction is formed as electrons are transferred
from the semiconductor to the metal and the Fermi level ofintle¢al is shifted upwards (ca-
thodically) until the Fermi levels are aligned (Fig. 12.6®bhe flow of electrons from the semi-
conductor to the metal will cause an accumulation of pasitkiarges at the semiconductor
interface and an accumulation of negative charges on thalméhe semiconductor’s VB is
bent upwards in a Schottky junctidt]

The effect on the photocatalytic performance of differemtah co-catalysts can be thus ex-
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Figure 2.6: a) Position of the work functiongy ¢s for separated metals and n-type semiconduc-
tors. b) Formation of a Schottky junction (depletion layker) metal/n-type semicon-
ductor junctions. The figure was adapted from Yates &€24l.

plained by the differences in the metal/semiconductor Vilanktions. The largegy the higher
is the Schottky junction. Photo-generated electrons goea®rd to be more efficiently trapped
on metals with higher work function. Experimental result®\a-, Ag-, and Pt-modified TiQ
showed that K evolution due to photocatalytic reforming of alcohols E@sed in the order Ag
< Au < Ptin agreement with the increase of the work functions oftie¢als[41]

2.3 TiO; in Photocatalysis

Titanium dioxide is the most important titanium compound technical applications. This
compound is nontoxic, stable against acids and bases ahawiielting point of 1850C re-
sistant against severe temperature. Usually, T8 white powder, which is used as a pigment
and in cosmetic&2:44] Catalysis is another important area of application of sTuthere it is
used either as promoter, support material, additive, dnasdatalytically active compound.

The most stable modification is the tetragonal rutile ph@tber possible modifications are the
tetragonal anatase and the orthorhombic brookit strusturkich convert into the rutile struc-
ture upon heating to temperatures above 88{*¢! Of these different modifications the anatase
phase is the most widely used Ti@olymorph for photo-related processes. All modifications
consist of titanium ions coordinated by six oxygen ions rgead in an octahedral structure.
Therefore, all oxygen ions are involved in three coordoraspheres. The different thermody-
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[110]

Figure 2.7: Crystal structure of (a) the rutile and (b) the anatase, iGlymorph. The figure was
adapted from Glassford et &f!

namic stabilities, different optical and electronic pradjes, and differences in density of the
modifications can be explained by Tg@ctahedron distortion, e.g. in anatase phase Ti-Ti dis-
tances are bigger and Ti-O distances are smaller (Fig. ¥Vé)l established characterization
methods to differentiate between the phases are XRD, RamadrV-Vis spectroscoplf/=2°]

Titanium dioxide is either referred to be an insulator or devband gap semiconductor mate-
rial with an indirect allowed optical transition of around2V in the rutile and around 3.2 eV

in the anatase pha$¥] The valence bands of TiGare composed of O 2p states hybridized by
Ti 3d, resulting in a band width of around 6 &7:2% The conduction bands are dominated by
unoccupied Ti 3d, 4s, and 4p stat&8.However, these statements and values are only valid for
stoichiometric bulk material. The surface structure mygiffers from the bulk structure. This

is due to the formation of defect sites created by differémogpheres and/or oxygen partial
pressures during synthesis. Common defects are oxygenaiasaand titanium interstitials.

A consequence of oxygen vacancies are electron-donatid Jiates (F") states appearing

at 1.18 eV below the conduction band, similar to states thiced by n-type doping. Conse-
guently, the conductivity of Ti@crystals is mainly determined by defects and increases with
increasing defect densi}?) The number of oxygen vacancies can be increased by reversibl
reduction treatments, however, in ambient atmosphereexygcancies are generally com-
pensated by physisorption or dissociative chemisorptiowaier5! High defect densities,
especially at the surface, can also change the optical grepef the TiQ and depending on
the reduction conditions and the resulting electron stat#sn the band gap colored titanium
suboxides can be obtained. The color varies from green ti iitat highly reduced samples.

The photocatalytic properties of Tihave been reviewed by several artich&2%:371Usually,

the white, defect-free Ti®is used in photocatalysis and it was shown to be applicabilean
photocatalytic oxidation of organic compounds and hydnogeolution due to photocatalytic
reforming of alcohold8:37] Furthermore, TiQis used as electron collector in dye-sensitized
solar cells and inorganic/organic hybrids for photoeledtemical water splittind22->% The
main drawback of TiQis the inherent large band gap. Thus, only small fractionbefsolar
light spectrum can be utilized by T¥O Therefore, metal and non-metal doping as well as
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sensitization by metal nanoparticles are currently disedgo improve the light absorption
properties of TiQ.!18:37] Within these efforts non-metal doping, especially nitrog®ping,
was proven to enhance the visible light activity. Howevee, beneficial activity under visible
light operation is mostly associated with a decrease of tleeadl activity!>>! More recently,
blue or black TiQ was shown to exhibit significant activity in visible lightiden reactions
although defects are generally expected to decrease gigtamactivity.[26:57]

2.4 Single-site Photocatalysts

So far photocatalysis has exclusively been related to serdiecctor materials and the redox
reactions performed at the surfaces of the semiconductticlea. One of the first examples
of the photocatalytic activity of isolated metal oxide spscowas reported by Anpo et &f!
They showed that the photoreduction of £&h highly dispersed or even isolated metal oxide
species, in this case TiGpecies, was feasibleé! Since then isolated metal oxides received
some interest in heterogeneous catalysis, as isolated axédas offer a generally applicable
strategy for the design of new heterogeneous catal3%#! More recently, the interest in
single-site photocatalysts is increasing and successémhples of molybdenum, copper, and
chromium single-site photocatalysts were repoféé&?]
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Figure 2.8: From TiO, semiconductors to Ti-oxide single-site catalysts. IHaison of: size quanti-
zation effect, small particle effect, and change in co@tion number. The figure was
adapted from Anpo et a1
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While for semiconductor particles the excitation of elens occurs from the VB to the CB the
creation of excited electronic states proceeds diffeyantthe case of isolated surface species.
As shown in Fig.[ 2.8 and explained previously for the energgcomodel electronic states
in single atoms are characterized by discrete levels. Torerewith decreasing TiQdomain
sizes the overlap between bonding, antibonding, and nowlibhg states are reduced and they
appear to be more discrete.

The excitation process in an isolated metal oxide specie@sigand to Metal Charge Transfer
(LMCT) and corresponds to an electron being excited from\iBeto the CB leaving a hole
(h*) and an electron in the conduction band) (@ a semiconductor particle (Fig._2.8). Ulti-
mately, the excitation of an electron, whether through dmmhtion of excitons or an LMCT, is
the result of the absorption of radiation. The required g@nés in the case of isolated species
the distance between Highest Occupied Molecular Orbit@¥D) and Lowest Unoccupied
Molecular Orbital (LUMO). Accompanied with the mentiongaanges an increase in the ab-
sorption can be observed due to a lowering of the VB edge andgé of the CB edge, which is
also known as the quantum size effect. Therefore, UV-vistspgcopy is frequently employed
to determine if a metal oxide is present as an isolated sp&éle

Table 2.2: Correlation of UV-Vis absorption and degree of isolationT@®y species.

isolated dimeric/one  polymeric/two
dimensional  dimensional

Ti [wt%] 1.05 6.6 15
LMCT band 47,600 40,600 39,000
wavenumber [cr]

LMCT band wave- 210 246 256
length [nm]

Different supports can be used to synthesize isolated rogidés, however, mesoporous sil-
ica is commonly used due to the high specific surface area.isbtated, dimeric, and two-
dimensional polymerized Tigspecies on Si@the absorption maxima determined by UV-Vis
spectroscopy are summarized in Tablg 2.2. For highly iedld@iO; species the LMCT en-
abling photocatalytic reactions is believed to be due to @agd transfer in the tetrahedral
Ti(OH)(OSi)3 species as described in €q9.12.5.

Ti“T+0% o TiT+0 (2.5)

The TiQ, loadings listed in Table 2.2 are standard values and migdrigéa with the support or
the preparation techniqué# 2!






3 Literature Review - Photocatalytic
CO, Reduction on TiO>-related
Materials

Several molecular approaches to photocatalytic redu@@swere recently reviewed by Mor-
ris et al[6®] and more specifically the photocatalytic £@duction on TiQ-related materials
was reviewed by Dhakshinamoorthy efl Most of the reviewed work within these two arti-
cles performed photocatalytic G@eduction in the liquid phase, which cannot easily be linked
to gas-phase reactions. Therefore, this chapter will méadus on the studies performed with
mesoporous silicates containing isolated/polymerizedit sites usually performed in the gas-
phase, and the recent results on the mechanistic aspedwwticatalytic CQ reduction will

be discussed, which are normally discussed for bullk, Ti@terials.

Even though photocatalytic GQeduction was first published in 1979 by Inoue el the
first report of a successful reduction of g@x isolated or highly dispersed titania under UV ir-
radiation was published by Anpo and coworkers in 188bIn contrast to bulk-like TiQwhere
electrons are excited form the valence band to the condubtiad of the material, the excita-
tion in isolated titania can be described by a ligand-toaihehtarge transfer (LMCT) from the
oxygen anion to the titanium cation. In this pioneering wisiated or highly dispersed titania
was obtained by the reaction of TiGlith the OH-terminated surface of a porous glass yield-
ing an active anchored Ti-photocatalyst for the formatibmainly methane in the presence
of gas-phase COand HO. Furthermore, minor contributions of methanol, ethateylene,
carbon monoxide, and dioxygen were deted®tThe product distribution was confirmed to
strongly depend on the d@/CG; ratio in the feed gas resulting in the highest product yields
for a H,O/CQ; ratio of 558 Continuing their research Anpo et 811 were able to confirm
the presence of isolated titania in the active anchoredchotgratalyst by means of X-ray ab-
sorption spectroscopy (XAS). They proposed a mechaniswhioh the formation of methane
occurred by the photoreduction of Gito bare carbon radicals, which subsequently react with
hydrogen atoms produced by the reduction of protons supfrtien adsorbed watd?8.6”1 The
radical mechanism was mainly basediossitu electron paramagnetic resonance spectroscopy
(EPR) studies evidencing the formation of the radicals upomination of the photocatalsyt.
Thorough investigations of mesoporous materials comntgiaivariety of different titania struc-
tures, from isolated tetrahedrally coordinated Ti-sie®dtahedral coordinated Ti-sites with
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bulk TiO, characteristics, revealed that the tetrahedrally coatdohTi-sites show a higher se-
lectivity to methanol compared with the octahedral TisitéHowever, methane was always
the main product independent of the Ti-coordinati&h.The comparison of the obtained to-
tal rates of CH and CHOH formation indicated that the formation of methanol dejsean

the Ti-coordination in the mesoporous photocatalyst an@jla electivity towards methanol
formation was obtained for the catalysts containing mastisahedrally coordinated Ti-sites.
Based on these results Anpo et®i.assumed that the spatial separation of photo-excited elec-
trons and holes is of major importance for the product distron. In consideration of their
proposed radical mechanism the formation of methanol datesw tetrahedrally coordinated
Ti-sites was explained by the following reactions:

e CO, photoreduction to carbon radicals occurs at the isolatesitd&j
e H>0 photoreduction to hydrogen atoms occurs at the isolatesitd

e simultaneously OH anions can react with trapped holes tm fOH radicals at the iso-
lated Ti-site.

Thus, they proposed that the OH radicals can easily reatt thvé carbon radicals formed
by photoreduction. Additionally, hydrogen atoms and carkedicals can recombine to form
methane. On the other hand, the reaction between OH andrcead@als can be neglected
for samples with bulk Ti@-like structure as in the samples containing octahedraités. The
photo-excited electrons and holes are rapidly separatéatibulk-like TiG, samples and pho-
tooxidation of the OH anion to an OH radicals occurs at a thffié active site, and therefore
according to Anpo et d8l, the spatial separation of the active sites determines ribeupt
distribution. It was also considered beneficial that thetilhe of photo-excited LMCT states,
as in isolated titania, is significantly higher and the etmctand hole transfer to CGand HO

is favored.

CO,+2H" +26c5 — HCOOH ES9%/NHE = —0.61V (3.1)
HCOOH+2H' +2ec; — HCOH+2H,0 ES*/NHE = —0.48V (3.2)
HCOH+2H" +2e5; — CHsOH ESY%/NHE = —0.38V (3.3)
CH3OH+2H" + 265 — CHs+H0 ESY%/NHE = —0.24V (3.4)
HoO+hlg — OH+H' ESY%NHE=232V (3.5)

2H,0+2hty — HpOp+2H"  ERI/NHE = 1.35V (3.6)
2H,0+4hfy — Op+4HT ERY%/NHE=0.82V (3.7)

The potentials of all reactions were obtained at pH 7

Here, it should be noted that Inoue et3lalready proposed a relation between the conduc-
tion band edge position of a semiconductor and the methaall.yThe yields of methanol
significantly increase as the reduction potential becom@®megative, which is in agreement
with the redox potentials shown below in éq.1B.1H8% Certainly, the reduction potential of
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photo-excited electrons is more negative for isolatediapecies, and therefore the increase
in methanol yield might also be rationalized with the highetuction potential of electrons.

More recently, Anpo’s group reported that higher methareddgi can be obtained with hy-
drophillic samples and that more open pore structures arefioel for the photocatalytic CO
reduction(21.7% Additionally, the selectivity towards the formation of rhahe was reported to
be promoted upon incorporation of noble metal co-catalgsts platinum or palladiurt:8]

Inspired by the pioneering work of Anpo et 8%:57] mesoporous materials containing isolated
titania sites were also studied by Frei et’al”2 and Mul et all’®! In-situinfrared spectroscopy
was performed by Frei et & using either H or methanol as sacrificial electron donor. Only
in the presence of sacrificial methanol formic acid fornatigsociated with the formation of
CO was observed, whereas the only product for the reducfi@®0s was COlY! In pres-
ence of water no hydrogen atom able to reduce activategdi€f@rmed, and instead two OH
radicals recombine to hydrogen peroxide and subsequexjlyen is released. Mul et &
followed the mechanism proposed by Frei et’4l.However, as mainly methane and longer
chain hydrocarbons were observed by Mul el the reaction mechanism was extended and
formaldehyde was identified as a possible reaction intetabedvhich can easily be converted
to methane. Similar to the studies by Anpo et28671 and Frei et al’1.72] all reactions pro-
ceed at one Ti-center. Recently, Stair et’4l.doubted that C@ sufficiently interacts with
isolated titania. They unambiguously showed that isoléitadia is interacting with water by
means of UV-Raman spectroscopy, but the interaction with ®&s not confirmed. Anpo et
el.[21.68] tried to confirm the interaction by photoluminescence spscbpy. A quenching of
the characteristic photoluminescence band was observ@idhwas attributed to a transfer
of the photo-excited electron from the Ti-center to & 58] Theoretical studies by Kanai et
al.l’® indicated that there is a significantly reduced energy eafor the first reduction of CO

at isolated titania, which might be attributed to a physaathemical interaction. However,
the the photoluminescence studies performed by Anpo @t&8! are no direct evidence for
the interaction of isolated titania and @@s the quenching of a photoluminescence band might
be the result of different optical properties of the materia presence of C® Furthermore,
the studies were performed at 77 K and it is reasonable toresthat CQ is in the solid state.
Thus, until know, the interaction of GQwith isolated titania is still not fully understood, and
it is reasonable to assume that an improved interactioneed to strong improvements in the
efficiencies!’®]

Even though there is a discrepancy in the observed prodsitttditions, the C@interaction,
and the suggested reaction mechanisms, a detailed knaviddbe different steps involved
in the overall photocatalytic COprocesses is of great interest. Mechanistic studies of TiO
surfaces might provide further insights. The interactiol€®, and TiG, is well known and
the photocatalytic properties of Ti@re better understod&-22:371|t certainly should be de-
termined whether or not the reaction proceeding at isol#izuia is different from the reaction
mechanism on bulk-like Ti@structure&4! as Anpo et al2! showed that the reaction on iso-
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lated titania is drastically enhanced and lower energyi¢rarwere observed by Kanai et!&?]
facilitating the formation of CO. However, the discussedhanisms for C@reduction on iso-
lated titania should be compareditesitu spectroscopic studies and theoretical calculations on
TiO2 surfaces, which may not provide complementary informatmthe mechanistic studies
on isolated titanid!

The recent experimental studies and theoretical calomstby Zapol et ai®.761 and Rajah

et all”’l should be mentioned: The role of water and carbonates irotimeattion of methane
was investigated by Zapol et B?! The EPR results showed the formation of hydrogen atoms,
hydroxyl radicals, and CD and it was specified that water is involved in the formation of
OH radicals, competes with GQ@s electron acceptor and efficiently stabilizes chargesndim
ishing electron-hole recombinatid®®! The influence of possible reaction intermediates like
methanol, formaldehyde, and formic acid in the multistep, @&luction process to methane
(eq.[3:1E31) on Ti@was studied by Rajah et ! also by means of EPR. They concluded that
formic acid can be a reaction intermediate, which is subsetiyireduced to methane, whereas
methanol and formaldehyde are mainly acting as hole scaveagd tend to photooxidizé’]
Within this study the simplest reaction scheme for,G€duction to methane was considered
consisting of four consecutive two-electron proton-cedpkeactions (ed._3[1-3.4). All reaction
intermediates in this sequence are one carbon atom matedRéEently, Zapol et ¢! con-
sidered a reaction mechanism in which reaction intermesliatth two carbon atom molecules
are involved. Interestingly, the molecules are formed sgpoeously upon photooxidation of
methanol and formaldehyde and are therefore complemetatéing studies by Rajah et EF!

It should be emphasized that mainly EPR was used, which isgxely able to detect radical
species. This may not give a complete picture of all the reagiathways and intermediates
involved [14]

Finally, it should be noted that performing photocataly@i©, reduction is rather challenging
and thorough blind experiments have to be performed as carataminations on the catalyst
surface significantly influence the product yidfdsand photolysis of C@to methane can take
place at 185 nm irradiation regardless of the presence o$ality.[’8]



4 Development of a Gas-phase
Photoreactor

Figure 4.1: Flow scheme of the photoreactor set-up including the gaplgwamd the analysis de-
vices.

A gas-phase photoreactor on the basis of a set-up designtisepeesented by Grimes et
al.l7.79\as developed. A schematic drawing of the photoreactodwsiin Fig.[4.1. Pictures
of the set-up are shown in Fig Al. The set-up mainly consiéts @as supply, a saturator, a
reactor, analysis devices (Gas Chromatograph and Quddvigss Spectrometer), and a pump
system. Thus, the fully metal sealed home-made set-up ltasladlume of 27 ml, which can
be pumped down to a pressure ofel@bar. While the temperature of the reactor and the satu-
rator are maintained by water cooling, the gas lines can atetldo avoid water condensation.
Reactions can be performed either in continuous or in batotien For this purpose product
gases can be analyzed by a Quadrupol Mass Spectrometer 2481, Omnistar) in contin-
uous mode and a Gas Chromatograph (GC, Shimadzu 14B) in ivaidb. Trace gas analysis
is performed with the GC, which is equipped with Thermal Qaettvity Detector (TCD) and
Flame lonization Detector (FID) detectors. Two Porapak Niems and one molecular sieve
column are used for separation. The photocatalyst is sjgtaoh the bottom of the reactor to
obtain a homogeneous light illumination. A 200 W Hg/Xe (NemOriel) lamp is used to irra-



24 4 Development of a Gas-phase Photoreactor

diate the samples through a quartz window allowing for hrghgmissions of high energy UV
light. The lamp is equipped with a water filter to avoid hegiirithe system by infrared (IR) ir-
radiation. Thus, the light irradiance at the sample sunfeaemeasured to be 200 mW/€and
110 mW/cnt using a 320 nm cut-off filter. The gas supply consists of thiiéerent gas lines
connected to helium, nitrogen, and carbon dioxide, whichlmaused as feed gases. Helium
is mainly used to vary the carbon dioxide concentration enfded gas. However, in case of
water splitting experiments the helium feed is saturatetl water. Nitrogen instead is mainly
used as an internal standard during batch mode operatiaijustdor the pressure drop during
sampling.

150 °C
10 °C/min
// better better
/ desorption separation

50 °C i of @ of @

@ onto MS

: @ onto PP1 @ first leave PP2 @ leave MS

0 0102 12 15 285
MS online - MS offline :

@ Separation on molesieve: N,, CO, CH,, He, and O,

@ Separation on porapak:H,0, CO,, H,, and C,-C;

b) Event 92 Molecular sieve online c¢) Event -92 Molecular sieve bypass

Porapak Porapak Porapak Porapak
column column column column

Molecular sieve Molecular sieve

Figure 4.2: a) GC program containing the column- and the temperaturgrano, the separation of
gas molecules according to time is indicated. Flow shedt@tblumn arrangement in
their switching events, to either set the molecular sieveron online (b) (event 92) or
bypass (c) (event -92).

While the QMS, as mentioned, is mainly used for gas-phasernvealitting experiments in a
continuous mode, the GC was adjusted allowing for trace galysis of short-chain hydro-
carbons. Trace gas analysis was achieved by the GC equippgetine Porapak N columns
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Table 4.1: Standard GC settings. Temperature and current of the TCBhargen to avoid water

condensation.
detector temperature current
FID 200°C -
TCD 150°C 50 mA

carrier gas flow behind the columns  19.2 ml/min
adjusted carrier gas pressure 500 kPa
adjusted reference gas pressure 165 kPa

and a molecular sieve column. Furthermore, a Thermal CdivitycdDetector (TCD) and a
Flame lonization Detector (FID) connected in series at tilaman outlet are used. The stan-
dard settings of the GC are summarized in Tablé 4.1. Withahisngement of columns and
detectors the analysis of the different compounds in theti@aproduct stream is feasible. The
product gas stream normally containing nitrogen)(Melium (He), carbon dioxide (C£, and
water (H0O), as well as the desired products, such asodC, hydrocarbons and alcohols can
be separated using a temperature program and column swgtphbcedure as shown in Fig.
[4.2. In a first step of the analysis programm the gases, whiehat interacting with the Po-
rapak N column, are flushed straight to the molecular sieltenoo. Afterwards, the molecular
sieve column is set bypass and the molecules are stored thieite mainly HO, CO,, Ho,
and G-C,4 are separated by the Porapak N column. Reasonable ret¢inties of the gases
are achieved by heating the Porapak N column. After coolegslystem the molecular sieve
column is switched online and the retaining molecules aedyard. While small or incom-
bustible gases like C N,, H,0O, Hy, Oy, and CO are detected by the TCD, all gases being
easily flammable (&Cs and small alcohols) are detected by an FID.

Table 4.2: Retention times of different molecules using the specifethi@ing settings. Assign-
ment of the molecules to the separation column and the apatepletector.

molecule retention time column detector

H,O 10 PP TCD
N, 30.2 min MS TCD
CO, 2.8 min PP TCD
CHgy 31.9 min MS FID
CoH4 3.4 min PP FID
C,Hg 3.7 min PP FID
CsHg 7.8 min PP FID
C4H1o 11.9 min PP FID
C4H12 17.4 min PP FID

CH3OH 11.6 min PP FID
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Figure 4.3: a) Plot of peak area derived by the integration of the pealt afé¢he respective FID
signal vs. the theoretical fraction of the C1-C5 alkaneshmfeed gas. b) GC cali-
bration with C1-C5 hydrocarbons, peak area vs. the numbeaudfon atoms in the
respected hydrocarbon.

Calibration of the GC for quantitative product analysis

To study the detection of small substance concentratiotistixé gas chromatograph, a dilution
series was applied. Therefore, a gas mixture containin@ J@on of G-Cs hydrocarbons
and 10 % N balanced with He was used and mixed with high purity He (6T0)us, G-Cs
hydrocarbon concentrations of 9 ppm were achieved.

The integrated peak areas plotted against the calculaetidn in ppm of different hydrocar-
bons are shown in Fi§._4.3a. Additionally, the peak areakqaagainst the number of carbon
atoms are shown in Fig._4.3b. It is evident from these plais the signal area increases for
each compound with increasing number of carbon atoms ireadimanner, demonstrating the
high quality of the calibration procedure. Furthermoresah be seen that the peak area also
increases linearly with the overall concentration of théedeed compound. The deviations
from the linear graph shape is caused by an overall incrgags flow in the dilution series
necessary to achieve low €5 hydrocarbon concentrations, and thus an increase in thtorea
pressure. However, as mainly low-Cs hydrocarbon concentrations are expected a linear fit
was chosen in agreement with the low concentration regimn [E3a). Besides £Cs hydro-
carbons, methanol was calibrated using a 3000 ppm MeOH/Blengdure. Concentrations of
25 ppm MeOH were achieved using the dilution procedure wighwhich was easily detected
by the GC. By repeating the calibration procedure for ddferhydrocarbon concentrations an
uncertainty of the calibration of 5% was estimated. Thent&e times of the most frequently
detected molecules using the explained sampling prograrersLenmarized in Table 4.2.

Photocatalytic CQ reduction experiments

Even though the reactor was mainly developed for gas-phas@®gatalytic CQ reduction it
is also possible to perform gas-phase photocatalytic veqliéting experiments in continuous
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mode using the QMS as mentioned above. Photocatalyticr€@uction experiments are nor-
mally performed in batch mode due to the low product yieldse B the low product formation
yields a pretreatment of the photocatalyst by irradiathmgraterial in humid He is necessary
to confirm that possible carbon contaminations on the csitalyrface are not involved in the
product formatiort’8] The actual photocatalytic GQreaction is conducted by introducing a
water-saturated reactant feed containing x%Q@ N, balanced by He into the photoreac-
tor. The water content in the reactant feed is mainly deteeohby the temperature of the two
stainless steel saturators, which can be easily adjustegbr 0°C and 25°C using a cryostat.
Thus, the water content can be varied between 6042 ppm aAd@. Prior to the actual CO
reduction experiment the reactor is pumped down to 5% fibar by means of a rotary pump
or a turbomolecular pump if lower pressures are requirethisnway a base pressure of 5 x40
mbar can be achieved. Afterwards, the reactant feed isdated into the reactor until atmo-
spheric pressure is obtained. A fully water-saturatedgjese can be achieved by flowing the
reactant feed through the reactor for a certain period o# imby repeating pumping/dosing
cycles. Afterwards, the reactor pressure is adjusted tsiaetkvalue and the reactor is closed.
Thus, the reaction is performed in batch mode by illuminmatiee sample for 7 h. Sampling can
be performed at given time intervals, which is mainly limditey the sampling time of the GC
programm. With the described settings sampling takes 50mtiotal. Each sampling causes
a pressure drop in the reactor of 100 mbar. A quantitativéyaiseof the products is achieved
using 1% N as internal standard.






5 Photocatalytic CO, Reduction -
Single-site TiO, Materials

In this chapter Ti-single site catalysts for the photocgtialreduction of CQ are presented. In
the first section synthesis and characterization of thelsisge photocatalysts are described
and the incorporation of additional C£by means of isolated ZnQpecies is introduced. The
second section is dealing with the photocatalyticxG€duction on isolated TiQspecies and
the effect of photo-deposited Au nanoparticles is discuds@ally, the photocatalytic activity
of the as-synthesized and Au-modified materials with ré2peliOy loading and the state of
ZnQ species is discussed.
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5.1 Moadification of titanate-loaded mesoporous silica by
grafting of zinc oxide

Abstrac@

Mesoporous silica (SBA-15) loaded with Tj@pecies was synthesized by anhydrous grafting
of titanium isopropoxide, and a novel procedure for the arafion of ZnQ/SBA-15 materials

by grafting of Zn(acag)was explored. The TiI@SBA-15 and ZnQ/SBA-15 materials as well
as subsequently prepared bifunctional £nénhd TiQ-containing SBA-15 materials were char-
acterized in depth by combininghysisorption measurements, UV-Vis, X-ray photoelectron
and X-ray absorption spectroscopy, and Cand NH; temperature-programmed desorption
experiments. The characterization results confirmed agbosximity of ZnQ, and TiQ, in

the subsequently grafted materials. Due to strong interastetween the Zn precursor and
the SIQ surface the order of the Zn@nd TiQ, grafting steps affected the amount of Ti-O-Zn
bonds formed in the materials. When Zpi® present in SBA-15, subsequently grafted JiO
is higher coordinated and more Ti-O-Zn bonds are formed @vatpto SBA-15 in which TiQ)
was introduced first indicating strong interactions betwie Ti precursor and ZnO While

all TiOx and ZnQ-containing samples exhibit a large amount of acidic sife€), present as
isolated species or small clusters in SBA-15 significamtigrioves the C@adsorption capacity
by introducing basic sites. In the subsequently graftedpasrthe amount of acidic and basic
sites is found to be unaffected by the order in which the t@odition metals are introduced.

1 The main content of this section was published as "Tuning\ttid/Base and Structural Properties of Titanate-
Loaded Mesoporous Silica by Grafting of Zinc Oxide”, B. M&i,Becerikli, A. Pougin, D. Heeskens, I. Sinev,
W. Griinert, M. Muhler, and J. Strunk Phys. Chem. (2012,116, 1431814327, DOI: 10.1021/jp301908c.
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5.1.1 Short Introduction

In recent years single-site catalysts have been widelyeduend especially Ti@dispersed in
mesoporous Si®has attracted much attention as catalyst or catalyst suppearious fields
such as photocatalysis or acid catalyéx8%:811Due to its different coordination, the reactivity
and selectivity of TiQ species in mesoporous materials considerably differs tr@anhof bulk
TiO,. Differences in the activity and selectivity were obserireliquid-phase and vapor-phase
epoxidation reaction®2-84] or in the gas-phase oxidation of methaf8Ig°! In these studies
different preparation routes have been developed to aeldemaximum amount of isolated
TiOy sites. While the incorporation of the tetrahedrally cooated TiQ species into the silica
walls has the highest probability of yielding exclusivetpliated sites, the maximum amount
that can be incorporated is very I8¢ and a considerable fraction of the sites may not even be
accessible within the wall structure. Impregnation or civavapor deposition, on the other
hand, make it possible to achieve a much higher loading ofréresition metal on the silica
surface, but the probability of the Ti species being isalatecreases significant®$?:871 In this
respect, anhydrous grafting is a powerful method: the Setereaction of the precursor with
the silanol groups makes it possible to achieve rather logtlihgs of relatively isolated species
on the silica wallg82:6%.881 Fyrthermore, it was shown that anhydrous grafting is arcetfe
method to control both the amount and the degree of aggldioermat TiOy specied®]

Different degrees of agglomeration of the titania compérnthe silica surface influence
their behavior. For example, previous work on Yi@rafted onto MCM-48 has shown that
the reducibility of the titania component is a function of degree of agglomeratid®?! It

is reasonable to assume that the degree of agglomerat@mability/delocalization of the
electrons or the reactivity of the lattice oxygen may inflcethe product spectrum in many
(photo)catalytic reactions.

In their pioneering work, Anpo et &%8.67.68.90ldemonstrated that isolated tetrahedral JiO
species on silica are active photocatalysts for the fownatif methane and methanol from
CO,. It was suggested that both G@nd H,O adsorb on the tetrahedral Tj®pecies, and the

mechanism was postulated to involve hydrogen and methidaksj which were both detected
by electron paramagnetic resonance (EPR) spectrod&8py.

There is currently a dispute about the adsorption of theaetéxCQ and H O at the tetrahedral
titania site. Anpo’s group observed that the addition dieiof the two reactants decreased the
photoluminescence emission originating from the elechrole recombination at the tetrahe-
dral Ti site[®7! It was inferred that the recombination does not take plageabse the electron
is transferred to the adsorbate. A study by Danon E¢&monitored the UV resonance Raman
vibrational band of the tetrahedral TjGpecies upon adsorption of GOr H,O confirming the
adsorption of HO at this site, but there was no indication for the adsorpid®O,. Neither the
studies by Anpo et df7] nor that by Danon et df4! proved the adsorption of Gn isolated
TiOy species by means of a direct or quantitative technique ssitbnaperature-programmed
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desorption (TPD), thermogravimetry, or microcalorimeffjne adsorption of C@usually re-
quires the presence of basic sites, ang 3@ frequently used probe molecule for the detection
of basic sited?!! The acidic properties of grafted T¥5iO, materials have been characterized
by lengo et al?2l by means of TPD of pyridine. In a study of amine-functionediZiO/SBA-

15 Srivastava et d23! detected a small amount of G@dsorbed on amine-free TUSBA-15.
However, the amount did not differ from the bare SBA-15 andaivated CQ was found by
infrared spectroscopy. Only the amine-functionalized , J8BA-15 materials were shown to
effectively activate C@in chloropropene and styrene carbonate synthédis.

Magnesium- and alumina-modified SBA-15, as well as amimetionalized TiQ/SBA-15,
have been reported to possess acidic and basic sites, hpweveansition metal-modified
TiO\/SBA-15 material providing both acidic and basic sites hesnbreported yef3-95! Zinc
oxide is known for the amphoteric nature of its surface, duisg CO, on a variety of basic
sites[91.96.97] Apart from the weakly adsorbed linear species, a varietydi@nates and bicar-
bonates can be observE8l ZnO is a photocatalyst with a similar band gap as JTi®ore-
over, it is a common active ingredient of methanol syntheatalysts such as ZnO/£d3; and
Cu/ZnO/ALO3.[991 With respect to the photocatalytic GBeduction it appears to be favorable
to combine TiQ with ZnO or ZnQ, species in a close interfacial contact in order to make use of
the water splitting properties of titania and the £gorption properties of ZnO. Similar to the
thermal catalytic processes, the adsorption of the retsctam be one of the rate-limiting steps
in photocatalytic reactions. It has also been suggesteditleto the generally fast electron-
hole recombination kinetics, an interfacial electron sfanseems only kinetically competitive,
when the reactant is already preadsorB8d%° Therefore, it is desirable not only to character-
ize, but also to increase the amount of surface-boung &@ H0.[23! While the synthesis of
ZnO inside micro- or mesoporous silica has previously begonted, the acid/base properties
of the obtained species are barely characteriZ&d1%4 Furthermore, a reproducible grafting
technique for small, well-defined Zr@omains in silica using Zn(acad)as not been reported
yet.

In this contribution, titania and zinc oxide species in SBAare synthesized on the silica sur-
face by means of anhydrous grafting of chloride-free prems. A thorough characterization
with different spectroscopic techniques revealed thal hegdings of isolated or slightly ag-
glomerated TiQ species can be obtained. With respect to Zns shown that grafting of Zn
acetylacetonate results in the formation of isolated Zsgecies. When both ZnGnd TiQ
are present on SBA-15, there is an interaction between #pes@es. The characterization re-
sults indicate that the structure of titania depends on tderan which the transition metals
are introduced into SBA-15.

Furthermore, it is shown that both Tj@nd ZnQ in SBA-15 act as acidic sites. In addition,
the presence of ZnQOenhances the sorption capacities of 8k it introduces basic sites. In
spite of the differences that were observed in the coordinaif titania, the order in which
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the transition metals are grafted onto SBA-15 does not inflaehe total amount of acidic and
basic sites.

Experimental
Sample synthesis

The SBA-15 support was synthesized according to well-éistednl procedureB%! 4 g of
Pluronic P123 (Sigma Aldrich) were dissolved in 30 ml of aered water and stirred for 4 h
to ensure good mixing. After adding 120 ml of 2 M HCI, stirriwgs continued for 1 h at room
temperature and for 1 h at 313 K. At this temperature, 9 g (8)4ofrtetraethylorthosilicate
(TEOS) were added dropwise under vigorous stirring. Thetumixwas kept at 313 K for 24
h and afterwards at 373 K for 48 h. The reaction mixture wadetbto room temperature,
filtered, washed with deionized water and dried for 2 h. @altton was performed in syn-
thetic air ramping the temperature at 1 K mifrom room temperature to 623 K, holding the
temperature for 1 h, then ramping to 823 K at 1 K rhinith a holding step of 6 h.

The grafting procedure has been reported previously fordgqosition of TiQ on MCM-

48 [89.108] |t js completely performed under inert atmosphere to avoédiresence of $#0. 2 g

of the support material (here SBA-15) were dried over nigi398 K. The precursor Ti(®r)
(99.999 %, Sigma Aldrich, stored in a glove box) was dissbiveabout 50 ml of dry toluene.
The amount was chosen according to the desired surfaceagmelout it was never higher
than an equivalent of 1.5 Ti nfh The precursor solution was brought in contact with the dry
support at room temperature and stirred for at least 4 h. Thp®st was separated from the
solution either by sedimentation or centrifugation (6006 rfor 3 to 5 min). The support was
washed three times with dry toluene (about 30 ml), sepaya@mple and solution each time
as mentioned above. It was then dried under dynamic vacuum.

Calcination was performed by heating the sample with 2 K-hima flow of 100 ml mint N
to 573 K holding the temperature for 1 h. During the time at B7&e gas flow was switched
to synthetic air, before the temperature was ramped at 2 Rair7 73 K and kept for 4 h. The
samples were stored in a desiccator prior to use.

The grafting of ZnQ species was performed using zinc acetylacetonate (Zrg@scprecur-
sor (Alfa Aesar). Due to the undefined purity and high watertent of the precursor, it was
purified by means of sublimation. All steps of the graftingeeimilar except for the solvent,
which was changed from toluene to dry tetrahydrofurane (JTFiRe temperature during the fi-
nal calcination was lowered, so that the sample was heatégltm523 K only, and in synthetic
air only up to 673 K.

Characterization

The materials were investigated by means of elemental sisalyitrogen physisorption, UV-
Vis spectroscopy, UHV-Fourier-Transformed Infrared spscopy(UHV-FTIR), X-ray pho-
toelectron spectroscopy (XPS), X-ray absorption spectiog (XAS), and temperature pro-
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grammed desorption (TPD). Elemental analysis was perfdfogyanductively coupled plasma
optical emission spectroscopy (ICP-OES) to determine theust of titanium in the samples,
while atomic absorption spectroscopy (AAS) was used tordete the Zn content. ICP-OES
measurements were performed with a PU701 instrument ®gppli UNICAM. A SpectrAA
220 instrument (Varian) was used for AAS measurementsic®aiphysisorption experiments
were performed at the boiling point of liquid,Nubsequent to out-gassing at Z@for 2 h
in a Bellsorp max instrument from Belcat, Inc. The surfaceaarof all samples were esti-
mated according to the method by Brunauer, Emmett and T&IEET), whereas the pore size
distribution was obtained applying the method by Barretgnér and Halenda (BJH397 108

Micropore volumina were calculated using the t-metf88! UV-Vis diffuse reflectance spec-
tra (DRS) were recorded in a Perkin EImer Lambda 650 UV-Vectimmeter equipped with a
Praying-Mantis mirror construction using MgO as the 100 #eotion reference. The samples
were dehydrated in flowing syn. air in amsitu UV-Vis cell (Harrick) at 400°C for 1 h prior

to the measurement. As TiBIO, is not a semiconductor, nor a structurally homogeneous
material, the Tauc-Plot cannot be used to determine thepiiiso on sets. Instead, absorption
onsets were estimated from a linear fit to the incline of theddkia-Munk function.

XPS was performed in a UHV set-up equipped with a Gammadeitnt SES 2002 analyzer.
The base pressure in the measurement chamber was 5% bar. Monochromatic Al i
(1486.6 eV; 13.5 kV; 37 mA) was used as incident radiatiod, apass energy of 200 eV was
chosen resulting in an effective instrument resolutiombrghan 0.6 eV. Charging effects were
compensated using a flood gun, and binding energies welwat@id based on positioning the
main C 1s peak at 285 eV, which originates from carbon conmtatians. Prior to the mea-
surements the samples were dehydrated af20@nder ultra-high vacuum (UHV) conditions.
Measured data were fitted using Shirley-type backgroundsaaoombination of Gaussian-
Lorentzian functions with the CasaXPS software. The Tit8imac concentration ratios were
obtained by determining the integral area of the Gauss@®e+itzian functions and correcting
the values by the specific atomic sensitivity factors prepdsy Wagnef10l

UHV-FTIR experiments with the materials were carried ouhgsa UHV apparatus, which
combines a state-of-the-art vacuum IR spectrometer (BfMERTEX 80v) with a novel UHV
system (Prevac). (For details, please sedlféh The powder samples were first pressed into
a gold covered stainless steel grid and then mounted on aes#wlder that was particularly
designed for the FTIR transmission measurements under UWiditons. The base pressure
in the measurement chamber was 2 s{4@nbar. The optical path inside the IR spectrometer
and the space between the spectrometer and UHV chamber a@asaé®d to avoid atmospheric
moisture adsorption, thus resulting in a high sensitivitg ong-term stability.

XAS around the Ti K-edge (4966 eV) and the Zn K-edge (9659 e¥3 weasured in trans-
mission mode at Hasylab, beamline C (Hamburg, Germanyh Refay absorption near edge
spectroscopy (XANES) and extended X-ray absorption fineegire (EXAFS) were measured.
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The double Si(111) crystal monochromator was detuned to %9 # maximum intensity to
reduce the higher harmonics. Prior to the measurementsathples were re-calcined at 773 K
for 1 h in synthetic air, purged with nitrogen and sealed ipt$a tape inside a glove box. The
spectra were then recorded under vacuum at liquid nitrogempérature. A foil of Ti or Zn,
respectively, inserted between the second and third ibaizahamber, was measured simul-
taneously and used as a reference for energy calibratiota tBeatment was carried out with
the software package VIPERL?] |n the spectra of the absorption coefficignta Victoreen
polynomial was fitted to the pre-edge region for backgroumatreiction. A smooth atomic
backgroundu ¢ was evaluated using a smoothing cubic spline. The Fourielysis of the
km?-weighted experimental functigm = (i - L)/ o Was performed with a Kaiser window.

TPD measurements were performed in a stainless-steel flewpsequipped with a calibrated
on-line mass spectrometer (Balzers GAM400). In a typicaglkeexnental sequence 50 mg of
catalyst were placed in a quartz-lined stainless-steeldg-teactor. A thermocouple was placed
into the catalyst bed to measure the temperature duringeberption experiments. As a pre-
treatment the sample was heated to 20@vith a heating ramp of 10 K mihin 50 Nml mirrt

1 % Oy/He and then kept for 1 h. After cooling to room temperatuee régmactor was purged
with He and subsequently G@dsorption was performed with a flow rate of 50 Nml mif.1

% COy/He for 15 min. After purging with He for 30 min the temperauvas increased to 400
°C with a heating ramp of 10 K mihand held at this temperature for 1 h. During desorption
the concentrations of C{and He were measured continuously. AfterwardsgMids adsorbed
at 100°C with a flow rate of 50 Nml mirt 0.8 % NHs/He for 15 min and subsequently, after
cooling to 60°C in He, the NH TPD was conducted similarly.

5.1.2 Results and Discussion

Structural characterization

The synthesis of the SBA-15 support was repeated severastiand surface areas from 787
m? g1 to 830 nt g1 were obtained reproducibly, resulting in an average saréaea of 800
m? g and an average pore radius of 3.5 nm.

The transition metal loading of the Ti(x)/SBA-15 materialas obtained by means of ICP-
OES, where x is specified in Ti atoms FfmThe Ti loadings and the corresponding band edges
are summarized in Table 5.1. The weight percentages of Eraéed by ICP-OES were
converted to Ti nnt using the BET surface of SBA-15 of 800%rg’L, according to Ti/nrA =
(m(Ti)/M(Ti) x NA) / (800 m?/g x (1-m(Ti)-m(Zn)) x 1018 nrm?) in which m(Ti) denotes the
grams of Ti per gram of sample, M(Ti) is the molar mass of titem andN, is the Avogadro
number. For Zn/nrh calculations were done accordingly. The calculated vasinesv that
the desired loading of Ti is obtained for the Ti0.3/SBA saepA loading of~ 1 Ti nm? is
obtained reproducibly, when an equivalent amount of 1.5rTPras in case of Til.0/SBA is
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Table 5.1: Ti and Zn contents, edge energies, and BET surface areas gfdfted samples.

Samplé Tiloading (ICP-OES)  Znloading (AAS)  Edge energyBET surface
(UV-Vis) area
[Wt%Ti] [Tilnm?]  [wt%Zn] [Zn/nm?] [eV] [m2/g]
Ti0.3/SBA 2.1 0.3 - - 4.34 749
Til.0/SBA 6.3 1.0 - - 4.11 653
Ti2.0/SBA 11.3 2.0 - - 3.87 575
Ti2.7/SBA 14.8 2.7 - - 3.77 460
Zn1.0/SBA - - 7.5 1.0 - 760
Ti0.9/Zn0.9/SBA 4.5 0.9 6.7 0.9 4.21 515
Zn0.7/Ti0.9/SBA 4.9 0.9 4.9 0.7 4.08 508
Zn0.3/SBA - - 2.3 0.3 - 760
Zn0.3/Til.2/SBA 6.7 1.2 2.6 0.3 4.13 552
Til.2/Zn0.3/SBA 6.9 1.2 2.3 0.3 4.15 n. d.

aTi(x)/Zn(y)/SBA: x and y denote atoms nfm

used in the grafting procedure. Furthermore, subsequeftirgy of two or even three times
using a solution equivalent to 1.5 Ti nfiresulted in~ 2 Ti nm? and~ 2.7 Ti nm? in case of
Ti2.0/SBA and Ti2.7/SBA. These results indicate that a mmaxn of 1 Ti nm? can be deposited
per grafting step. The same observation has been made fagraffiing of Ti(OiPr) onto
MCM-48,[8% and a maximum achievable loading of roughly 12 to 13 wt %@t Ti metal)
has previously been reported in a study of different grgffirocedures on SBA-182:88] The
increase in coverage by about 1 Ti Bnafter each grafting step also suggests that the OH
groups as anchoring sites for the precursor are recovetertiaé calcination step12!

In order to check for the possible segregation of i@ the external surface of the SBA-15
particles, the surface Ti/Si ratios were determined by XR&surements. The results of the
XPS measurements are shown in Hig.] 5.1. Surface segregdtircan be excluded as the
Ti/Si ratios determined by ICP-OES match those derived fK$. Obviously, the diffusion
of the precursor through the pores of the SBA-15 support madis fast and the TiQspecies
are evenly distributed within the pores of the SBA-15.

For the synthesis of Zn-containing samples the as-received/SBA sample was subse-
quently grafted with the equivalent amount of 1.5 Znfnrasulting in the sample labeled
Zn0.7/Ti0.9/SBA. Furthermore, in sample Ti0.9/Zn0.9/SB®% order of grafting steps was
changed, so that Ti was grafted on a sample that alreadyinedtZn. Finally, Zn1.0/SBA was
prepared without an additional grafting of Ti to investig#te effect of ZnQ species incor-
porated in a SBA-15 matrix. The Zn and the Ti loadings are sanmad in Tablé 5]1. Small
differences in the calculated surface loadings (in metafhmight be attributed to a slightly
different surface area or the error limit in the results otgd by AAS or ICP-OES. In agree-
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Figure 5.1: (a) Ti/Si surface ratios derived from XPS as a function of Wi bulk ratios;
Ti(x)/SBA (black squares), Zn-containing samples (redles). (b) A) N isotherms
obtained with a) SBA-15, b) Ti1.0/SBA, c) Zn0.7/Ti0.9/SB#, Ti0.9/Zn0.9/SBA, and
e) Zn1.0/SBA. B) Pore size distribution of these samples/dérby applying the BJH
eguation to the desorption branch of the isotherms.

ment with the results obtained for Ti(x)/SBA-15 materidlee maximum loading of Zn which
can be obtained in one grafting step is 1 Znfom

The N, isotherms and the pore size distribution of the synthesmatkrials shown in Fig.
are nearly unchanged for all materials independenteofjthfting order or the species de-
posited onto SBA-15 with a narrow intense signal with a pdze snaximum at a radius of
3.5 nm. The overall pore volume decreases after the firstiggastep for Ti1l.0/SBA accom-
panied by a decrease in BET surface area of roughly 15@.nirhis is not observed when
only a small amount of Ti (0.3 Ti/nA) is deposited (Table 5.1). The BET surface area and
the pore volume of Zn1.0/SBA are almost unchanged comparétetbare SBA-15 support.
SBA-15 displays a certain degree of microporo&i¥:115and the decrease in surface area in
Ti(x)/SBA-15 materials is attributed to a clogging of thecnaoipores by TiQ species, whereas
the micropores were unchanged after grafting o8l Using the t-method we confirmed this
suggestion by calculating the micropore volume of the SBAT11.0/SBA, and the Zn1.0/SBA
material. A micropore volume of 0.054 éfg was calculated for the SBA-15. The micropore
volume was not changed upon grafting of Zn as in Zn1.0/SBRE@n?/g), whereas the mi-
cropore volume drops to 0.02 érg in case of Ti1l.0/SBA. For higher loaded samples there is
no further decrease in the overall pore volume, while theiipeBET surface area decreases
further in Ti2.0/SBA, Ti2.7/SBA, and in the subsequenthafted samples Zn0.7/Ti0.9/SBA
and Ti0.9/Zn0.9/SBA. This can be attributed to a higher enhof heavier elements that do not
contribute to the surface area. Interestingly, the deeremsurface in the subsequently grafted
samples Ti0.9/Zn0.9/SBA and Zn0.7/Ti0.9/SBA is more prameed than in Ti2.0/SBA.
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Figure 5.2: A) Diffuse reflectance UV-Vis spectra of dehydrated Ti(B/15 materials with vary-
ing Ti loading and B) DR UV-Vis spectra of dehydrated sampestaining ZnQ
species. 1) SBA-15, 2) Ti0.3/SBA, 3) Til.0/SBA, 4) Ti2.0/SB5) Ti2.7/SBA, 6)
Zn0.7/Ti0.9/SBA, 7) Ti0.9/Zn0.9/SBA, and 8) Zn1.0/SBA miaals.

UV-Vis diffuse reflectance spectroscopy, XPS, and XAS wesedun order to investigate the
chemical state and the relative dispersion of Ti and Zn withe SBA-15 matrix.

From UV-Vis diffuse reflectance measurements, the lighogiison of the Ti(x)/SBA-15 mate-
rials was estimated by using the Kubelka-Munk function. &tige energies for all samples are
summarized in Table 5.1. The absorption onsets of the fdierdnt dehydrated Ti(x)/SBA-
15 materials are shown in Fig._5.2A. All samples exhibit asaaption onset in the range of
270 - 350 nm, which is clearly blueshifted compared to bul&tase. While SBA-15 shows
no clear absorption feature in the UV-Vis spectrum, TiOBRS&bsorbs below 270 nm. Thus,
the absorption feature observed in the UV-Vis measuremssi@lely influenced by the pres-
ence and the local electronic structure of Jid@he absorption edge of Ti0.3/SBA was derived
to be 4.34 eV. Compared to Ti0.3/SBA the higher loaded samidl®/SBA is redshifted by

~ 0.2 eV. Ti2.0/SBA and Ti2.7/SBA are further redshifted, ahe corresponding absorption
edge energies were calculated to be 3.87 and 3.77 eV, reghectV-Vis measurements per-
formed by Wachs et df2 showed that the absorption edge clearly depends on thealefjre
agglomeration of the TiQdomains. They obtained an absorption edge energy of 4.3 eV fo
isolated tetrahedrally coordinated TiQvhich is in good agreement with the absorption edge
energy determined for Ti0.3/SBA. Furthermore, they palrdat that absorption edge energies
close to 3.4 eV can be observed for polymeric Jebains. Similar trends with increasing Ti
content were reported by Brub et&:1171and Yamashita et &18l. The assignment of the
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Figure 5.3: XP spectra in the a) Ti 2p region, b) O 1s region, ¢) Zn 2p regaowl d) Si 2p region:
1) SBA-15, 2) Ti0.3/SBA, 3) Til.0/SBA, 4) Zn0.7/Ti0.9/SBA) Ti0.9/Zn0.9/SBA, 6)
Ti2.7/SBA, and 7) Zn1.0/SBA. Bulk Ti@is included as a reference.

intermediate species with absorption edge energies indsgtwhose values is still not fully
clear.

In Fig. [5.2B the UV-Vis spectra of the different Zn-contaigi SBA-15 materials and the
Ti1.0/SBA sample are shown. Zn1.0/SBA (Fig.15.2B, tracea®)3orbs some deep UV light
comparable to the bare SBA-15 support (Fig.] 5.2B, trace My .indication for the presence
of bulk ZnO is observed. Similar UV-Vis spectra were repoitg Chen et all%1:11%for sub-
nanometric ZnQ clusters in zeolites and Mihai et B3 for amorphous Zn@supported on
SBA-15. Subsequently grafted samples containingsTa®d ZnQ species show absorption
features, which are clearly related to TiQrafted onto the SBA-15 supports. While the ab-
sorption onsets of Zn0.7/Ti0.9/SBA, Zn0.3/Til1.2/SBA, anl.2/Zn0.3/SBA match the onset
of Ti1.0/SBA, there is a blueshift of the absorption onsetase of Ti0.9/Zn0.9/SBA (Fig.
B.2B, trace 7)). This suggests that the Ji§pecies has a lower coordination in this sample
probably due to the slightly lower Ti loading (Taljle]5.1).

Characteristic XP spectra of all samples in the Ti 2p, O 1szandp regions of different mate-
rials are shown in Fid._5L3. The Ti 2p peak of Ti0.3/SBA is centered at 460.4 eV and shifts
to 459.9 eV in Til.0/SBA. No further shift to lower bindingengies was observed when either
the Ti loading was increased or when Zn was added to the SBAdlbrials. These values are
significantly higher than those of Ti 2p for bulk TiO, at a binding energy of 459.0 eV (Fig.
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5.3). Xia et all¥”] showed that already small quantities of bulk Fi€an be resolved with XPS,
and therefore the formation of bulk T¥@an be excluded in the Ti(x)/SBA-15 materials. Gen-
erally, it has been reported that binding energies of ispimausly substituted Ti in silicates
are shifted to higher values as compared to the oxXti821 A binding energy of the Ti 2§,
peak of 460.3 - 460.7 eV for tetrahedrally coordinated Ti whserved by Brube et &?4! for
samples with Ti/Si ratios smaller than 5 %. With increasin&ilratio they observed a contin-
uous shift to lower binding energies. Stakheev dtll also observed a decrease in binding
energy with increasing Ti content. However, they pointetitbat the binding energy remains
relatively stable up to 10 wt% Ti© In these studies XP spectra were measured fop/BiQ,
materials with no specific pretreatment. Gao €é¥Iperformed XPS measurements after de-
hydration of the TiQ/SIO, powders. They observed a shift of the Tibinding energy with
increasing TiQ content from 1 wt% to 5 wt%, but they did not observe a furtheft svith
increasing TiQ content up to 15 wt%. Therefore, titanium species in the3T&8BA material
can be attributed to tetrahedrally coordinated TiO4. Farrtiore, we observed a broader Ti 2p
signal and a larger Ti 2p splitting in the Ti(x)/SBA-15 maa¢s with a FWHM of 2.5 eV and
Ti 2p splitting of 5.8 eV for the Ti0.3/SBA sample comparedat&\WHM of 1.0 eV and a Ti
2p splitting value of 5.7 eV for the Tigbulk reference material. With increasing Ti loading a
decrease in the Ti 2p peak width and a decrease in the Ti Zfirgplralues for the Ti(x)/SBA-
15 were observed. The decrease in the Ti 2p signal width rbigleixplained by an increase in
the amount of higher coordinated Ti atoms in the Ti(x)/SBAraterials at higher Ti loadings
as shown by UV-Vis spectroscopy. This trend is in agreemdhttive observed shifts of the Ti
2p signals to lower binding energies which can also be empthwith a higher coordination of
the Ti atom[84 The larger Ti 2p splitting might be rationalized by a relasatoccurring in the

Ti atom due to its observed lower coordination.

The addition of Zn did not significantly alter the Ti XP spectThe peak positions and the
line shapes of the Ti 2p peaks of the Ti0.9/Zn0.9/SBA and the Zn0.7/Ti0.9/SBA saspl
are in good agreement with those of Til.0/SBA-15. It becomesge evident that Zn did not
significantly change the XPS data by analyzing the O 1s XPtspeghich are shown in Fig.
[5.3b. The O 1s signal of pure SBA-15 consists of one intemsedentered at 534 eV. With
increasing Ti content the peak position of the O 1s signdisto 533.5 eV for the Ti0.3/SBA
sample and is further shifted to 533.2 eV for the Til1l.0/SBénsi (Fig. [5.8). A gradual
decrease is also observed for the Si 2p signal. These shifte @ 1s and the Si 2p signals
are well known for silicon oxides containing small amountsToor other transition metals
and can be attributed to Si-O-Ti bonBé! In addition to the shifts to lower binding energies
a new feature at 531.5 eV can be resolved, which increasegansity with increasing Ti
content. The comparison with the O 1s signal observed fd« i, indicates that this feature
cannot be associated with oxygen species in bulkyTii@cause their XPS peak is centered
at a binding energy of 530.2 eV. Gao et} observed a similar feature at 531.2 eV for
samples containing at least 10 wt% BiOThey assigned this peak to Si-O-Ti bonds, which
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were not resolved at lower loadings. The shift of the O 1s geakigher binding energies
compared to Ti@, i.e. oxygen in a Ti-O-Ti bond, was explained with more al@cegative and
less polarizable Si atoms being bound to oxygen in a Si-Oafiidb The energy differena(Ti
2p3/2-O 1s) was calculated to be 73.1 eV for the Ti0.3/SBA, while8®V were calculated for
the reference sample. However, the energy difference leet?MSi 2p-O 1s) was comparable
for the SBA-15 and the Ti(x)/SBA-15 materials. Considerthgse energy differences it is
evident that the Ti-O bond is more affected than the Si-O bdtehce, the shift and the low
binding energy feature observed in this study are attribtaeSi-O-Ti bonds.

In contrast to these observations, Zn1.0/SBA exhibitsreggl the same peak position and
the same line shape in the O 1s region as the bare SBA-15 sufpe lack of a peak shift
can be attributed to a smaller difference in electroneggtbetween Zn and Si compared to Ti
and Si. Similarly, the O 1s region of Zn0.7/Ti0.9/SBA is caamgible to Til.0/SBA indicating
that the amount of Ti-O-Si bonds is similar. In contrast, @ds peak of Ti0.9/Zn0.9/SBA
is shifted to higher binding energy compared to Til.0/SBéic¢ating that less Ti-O-Si bonds
are formed. For this sample differences in coordinatiorelalgo been suggested by UV-Vis
spectroscopy. The XP Zn 2p spectra are shown in Eigl 5.3c. pgda @eaks with binding
energies of 1022.9 - 1023.9 eV can be detected, which are 8bou 1.7 eV higher than that
of bulk ZnO 1% Similar shifts of the Zn 2§, binding energy were reported by Tkachenko
et all1%2] This shift is indicative for reasonably well isolated Zp®pecies with Zn in the
divalent oxidation state in all samples as explained abowvsblated TiQ. For the Zn1.0/SBA
sample the highest binding energy of the Zn,2gignal is observed. Depending on the order
of the grafting steps, the Zn 2p peaks shift to lower binding energy with the lowest binding
energy observed for Zn0.7/Ti0.9/SBA. The shift of the peagifpon in the subsequently grafted
samples Zn0.7/Ti0.9/SBA and Ti0.9/Zn0.9/SBA can be aitell to an effective blocking of
surface sites by TiPspecies, and therefore Zp®pecies seem to be less isolated compared to
Zn1.0/SBA.

The Ti and Zn K-edge XANES spectra were measured in order ito fgether information
about the coordination of dehydrated Ti(x)/SBA-15 and JV{x(x)/SBA-15 materials. The
XANES spectra of bulk Ti@ in the anatase and rutile phase and Ti0.3/SBA are shown in Fig
B.4a. XANES measurements revealed that the pre-edgedsaififi(x)/SBA-15, showing one
distinct pre-edge peak maximum, clearly differ from the-pdge feature of octahedrally coor-
dinated bulk TiQ exhibiting three weak pre-edge ped%8.In agreement with the UV-Vis and
XPS results the formation of crystalline bulk-like strues can be excluded from the XANES
measurements for each Ti(x)/SBA-15 sample. The intessdfethe pre-edge feature deter-
mined by the normalized XANES data are plotted against thealling in Ti/nnt in Fig.[5.4b.
For Ti(x)/SBA-15 materials a linear relationship betwelea Ti loading and the pre-edge inten-
sity was found, that is, with increasing Ti loading the pdgie height decreases linearly. Farges
et al[123 found that reliable information about the Ti coordinati@mde obtained by the pre-
edge intensity. They also pointed out that the pre-edgetipnsof the Ti K-edge XANES
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Figure 5.4: a) Comparison of the XANES spectra of 1) Ti@itile modification, 2) TiQ anatase
modification, and 3) isolated TiQin Ti0.3/SBA. b) Pre-edge intensities obtained
from normalized Ti K-edge XANES of Ti(x)/SBA-15 materialdofied against the
Ti loading in Ti/nn? obtained from ICP-OES. The red circles are obtained by plot-
ting the Ti pre-edge intensity of Zn0.7/Ti0.9/SBA and TiZ80.9/SBA against the
Ti loading, whereas blue stars are obtained for Ti pre-edgmsities plotted against
the overall transition metal content. 1) Ti0.3/SBA, 2) TI&EBA, 3) Ti2.7/SBA, 4)
Zn0.7/Ti0.9/SBA, 5) Ti0.9/Zn0.9/SBA.

spectra should be taken into account. Based on these \exittirlee different well-defined
groups were identified, namely four-, five-, and sixfold aboated titania. These observations
were successfully adopted to determine the coordinatidmiofdifferent TiO,/SiO, materials
by Gao et a8 In the present study the pre-edge peak maximum was centgpédt@n ener-
gies ranging from 4669.9 eV for Ti0.3/SBA to 4670.1 eV for Ti&SBA. According to Farges’
results these pre-edge energies identify fourfold coateith Ti speciel23! For Ti0.3/SBA the
pre-edge intensity perfectly fits into the predicted rartd@wever, the pre-edge intensity is far
too low in case of Ti2.0/SBA and Ti2.7/SBA to be exclusivebuffold coordinated indicat-
ing the presence of mixtures of different Ti coordinatiomeyes. As pointed out by Vining
et all196] 3 distortion of the tetrahedral geometry of Ti€auses a less intense pre-edge peak
attributed to lower Ti 3d-4p orbital hybridization and lesgerlap with the O 2p orbitals. Cor-
respondingly, for Ti2.0/SBA it is reasonable to assume atuneof predominantly four- and
fivefold coordinated titania with minor contributions ok&ld coordinated titania and slightly
distorted tetrahedral TiOstructures. In case of Ti2.7/SBA the amount of sixfold camaited
Tiis clearly increased.

The Ti pre-edge peak intensities of the subsequently graftanples Zn0.7/Ti0.9/SBA and
Ti0.9/Zn0.9/SBA plotted against the loading of Ti (Ti/Anmed circle) and plotted against the
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Figure 5.5: a) XANES spectra and b) Fourier-transformed EXAFS spedraK-edge) of Zn-
containing SBA-15 materials. 1) Zn foil, 2) ZnO, 3) Zn1.0/5B1) Zn0.7/Ti0.9/SBA,
and 5) Ti0.9/Zn0.9/SBA.

total transition metal loading ((Zn+Ti)/mnblue stars) are also shown in Fig._15.4b. Com-
pared to the pure Ti(x)/SBA-15 materials, titania in Zn0i@/9/SBA and Ti0.9/Zn0.9/SBA
appears to be higher coordinated, especially in the TIQ@ZSBA sample. While the Ti co-
ordination in Zn0.7/Ti0.9/SBA is quite similar to the Ti2Z3BA sample, the Ti coordination in
the Ti0.9/Zn0.9/SBA sample resembles that of Ti2.7/SBAirilar trend in the Ti pre-edge
peak intensity was reported by Vining et[38! for subsequently prepared V@iO,/SiO,
material with different V/Ti ratios, which was attributed Y-Ti-interactions. Therefore, the
results of the present study indicate a Zn-O-Ti interacafter subsequent grafting in the
Ti(x)/Zn(x)/SBA-15 materials. Less Zn-O-Ti interactioare formed in Zn0.7/Ti0.9/SBA com-
pared to the Ti0.9/Zn0.9/SBA material. On the contrary, endém-O-Ti interactions are present
in Ti0.9/Zn0.9/SBA. The small differences in total trarmit metal loading cannot explain the
differences in pre-edge intensities. Instead, they maynbeadication for a preferred interac-
tion of the Ti precursor with surface ZpGpecies during the sequential grafting. This is in
agreement with the presence of less Ti-O-Si bridges asateticby the XPS results and the
blueshift of the absorption edge as observed by UV-Vis specbpy. On the other hand, the
Zn precursor does not seem to coordinate toxI8@ecies preferably, indicating that the order
of grafting steps significantly affects the Ti coordination

Comparing the Zn absorption edge position measured by XAbfEBe Zn1.0/SBA and the
Ti(x)/Zn(x)/SBA materials indicates that Zn in all sampig&xclusively present in the 2+ state
and not in the metallic state (Fig._5.5a). The FT-EXAFS speocf the Zn region of the three
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Zn-containing samples Zn1.0/SBA, Zn0.7/Ti0.9/SBA, and.91Zn0.9/SBA are shown in Fig.
[5.3b. ZnO and Zn foil references are also included.

While the first coordination shell is significantly lower cpared to the ZnO reference, the
second and further coordination shells can be barely seEi-EBEXAFS plots of the SBA-15
materials. Similar FT-EXAFS results were reported presipl92194 Tkachenko et alt%?!
pointed out that the best agreement between experimerdahadel spectra is obtained with
Si as second neighbor. Based on the FT-EXAFS data it can lductad that the ZnQspecies
are present as isolated species in all Zn-containing nadgerhile the presence of very small
islands cannot be excluded. It has to be noticed that a tigbrimspection of the region between
2 and 4A in the Fourier-transformed EXAFS spectra revealed thers@coordination shell to
be slightly more pronounced in the Zn0.7/Ti0.9/SBA samplas might be another indication
that during subsequent grafting of Zn onto JI6GBA-15, the Zn precursor does not coordinate
to TiOy, but rather ZnQ@ species are formed in closer proximity on the remainingasiurface,
which is not blocked by Ti¢Q) due to a strong interaction between Zn and silica as already
reported by Tkachenko et B2l Combining the results obtained by the UV-Vis, XPS, and XAS
studies the structure of TiOn dehydrated SBA-15 can be described as isolated, tetralhed
coordinated TiQ at low Ti loadings, while with increasing Ti content agglaiaies are formed.
These findings are in good agreement with the results oltdipaVachs et alé8% zZnQ, in

all samples was found to be isolated or agglomerated in velllusters. The tendency
to form higher agglomerated Zn&Geems to be increased when YiB already present on
the surface of the material due to a less favorable intenadietween the Zn precursor and
TiOy species and a strong interaction between Zn and the siljgaost/1%?! In contrast, the

Ti precursor seems to interact with Zp@referably. Correspondingly, in the two subsequently
grafted samples, TiPand ZnQ are in close proximity, but more Ti-O-Si bonds of isolated
TiOy species are present in Zn0.7/Ti0.9/SBA.

CO,/NHsz adsorption capacities determined by TPD

Having established the structures and interactions ofasarfliQ, and ZnQ species, the
guestion needs to be addressed as to whether they are atedéssiadsorption and whether
they act as acidic or basic sites. The L£ausorption capacities of the Ti(x)/SBA and the
Ti(x)/Zn(x)/SBA samples were evaluated by TPD experimeiltse obtained desorption pro-
files are shown in Fig[_5l6, and the calculated amounts ofrdedoCQ are summarized in
Table[5.2.

ZnO is known to favor the adsorption of Gd#6.1241and indeed the TPD results indicate that all
SBA-15 materials loaded with ZnGspecies adsorb GO Zn1.0/SBA shows the most intense
CO, desorption signal in the low-temperature region and a sinalease at higher tempera-
tures above 650 K. The high-temperature desorption iseelat strongly chemisorbed GO
most likely in the form of carbonates. The heating ramp wasextended beyond the pre-
treatment temperature in order to quantify the amount ohtgb-temperature carbonate, as it
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Figure 5.6: CO, TPD profiles obtained with a) SBA-15, b) Til.0/SBA, c) Zn@BA, d)
Znl1.0/SBA, e) Ti0.9/Zn0.9/SBA, and f) Zn0.7/Ti0.9/SBA.

cannot be excluded that the desorbing species have beempedeady prior to C®adsorp-
tion. Furthermore, species desorbing at such high temperate likely irrelevant in catalysis
or for the use as reversible adsorbent. The high-temperakesorption feature was not in-
cluded in the integration of the adsorbed amount o @ all samples. Zn0.7/Ti0.9/SBA and
Ti0.9/Zn0.9/SBA also exhibit a Cfdesorption signal in the low-temperature region.

With decreasing Zn content the signal intensity clearlyrelases in the low-temperature re-
gion and the high-temperature desorption feature more sw ditssappears. The total GO
adsorption capacity decreases in the order Zn1.0/SB&Zn0.3/SBA > Ti0.9/Zn0.9/SBA

> Zn0.7/Ti0.9/SBA. Calculations of the amount of €@esorbed normalized by the Zn con-
tent as determined by AAS, i.e. the number of adsorbed @Glecules per ZnQsite present

in the materials, revealed that only a small fraction of th)¢Z species adsorb CO It is
possible that only those ZnGspecies that have a certain geometric arrangement ardlsuita
for CO, adsorption. The amount of GQper ZnQG site is similar for Ti0.9/Zn0.9/SBA and
Zn0.7/Ti0.9/SBA, but lower than for titanium-free sampldsis observation implies that the
presence of TiQlowers the amount of Cadsorbed, but this effect is not influenced by the
order of the grafting steps. This indicates that the grgftihTiOx onto ZnQ/SBA-15, during
which the Ti-precursor seems to coordinate preferably 0,/0loes not lead to an additional
blocking of adsorption sites for GO

Furthermore, the COTPD measurements revealed that SBA-15 materials, whicltotloan-
tain ZnQ, species, do not exhibit any significant g@esorption signals. As the adsorption
of CO, is a general indicator for basic sites on surfaces, it carobeladed that the samples
contain hardly any basic sites in the absence of ZR&! Srivastava et a?3:126l and Srinivas
et al[127] observed a small amount of G@uring the TPD experiments. However, a similar
amount of CQ was adsorbed on the bare SBA-15 support. In the present saudySBA-15



Table 5.2: Amount of acidic and basic sites determined byNtthd CQ TPD measurements for the Ti(x)/Zn(y)/SBA samples.

Amount of sample
substance

SBA-15 Ti0.3/SBA Til.0/SBA Ti2.0/SBA Ti2.7/SBA Zn0.3/SBZn1.0/SBA Zn0.7/Ti0.9/SBA Ti0.9/Zn0.9/SBA

CO, [mol/g] 0.0 0.0 0.2 0.4 0.5 2.3 4.4 1.4 2.0
NH3 [mol/g] 0.0 92.1 204.0 360.0 465.3 151.3 272.8 389.4 422.7
Zn [mol/g] - - - - - 520 1147 750 1025
metaf - 438 1315 2359 3090 520 1147 1772 1964
[mol/g]

n(CQ)/n(Zn) - - - - - 4.4x10° 3.8x10° 1.9x10° 1.9x10°
n(NHz)/n(metab 0.21 0.16 0.15 0.15 0.30 0.24 0.22 0.22

atotal transition metal content (Ti+Zn) from elemental as&

o
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did not adsorb any C§ Differences in the observations may be explained by diffecalcina-
tions and the pretreatment temperatures. Srivastavad®@fhhointed out that probably surface
OH groups are the sites were g@dsorption or activation of the GOnolecule takes place.
As the pre-treatment temperature in this study was higheget surface sites may have been
removed. In a recent study Danon et™l. studied the interaction of TiISBA-15 with CQ
and BO by means of Raman spectroscopy. In agreement with thesesubur study, they
observed that there is hardly any interaction between &@ TiQ,/SBA-15.

On the contrary, all TiQ-grafted and subsequently grafted 2000 samples contain acidic
sites as shown by adsorption-desorption experiments g The amount of acidic sites is
about a factor of 102 larger than the amount of basic sitel maderials. The NH adsorption
capacity increases linearly with increasing Ti loadingeptdor the Ti0.3/SBA sample. This
observation points to an improved interaction betweeryigblated TiQ and NH;. The pres-
ence of acidic sites in similar systems was already repdnyddngo et al?l Using pyridine as
basic probe molecule for TPD experiments they reported dynkxaear relationship between
the TiO, content and the surface acidic sité8.In a more recent study Srivastava ef'3f!
pointed out that Ti-SBA-15 possesses only weak Lewis centdnereas SBA-15 did not con-
tain any acidic sites. These observations are in good agmetewith our observations that all
Ti atoms in Ti(x)/SBA-15 materials seem to be accessibléNidg adsorption. In case of the
two subsequently grafted samples Zn0.7/Ti0.9/SBA anddTZm0.9/SBA, NH adsorption is
slightly more favorable in the Ti0.9/Zn0.9/SBA materiahigis in good agreement with the Zn
and Ti loadings determined by ICP-OES measurements regeélat a higher Zn content was
achieved in Ti0.9/Zn0.9/SBA. Furthermore, these reslllistrate that the overall amount of
NH3 adsorbed on Ti0.9/Zn0.9/SBA is approximately equal to tiva sf the amount adsorbed
on Ti1l.0/SBA and the amount adsorbed on Zn1.0/SBA. Consglyusubsequent grafting of
Zn and Ti did not block a significant number of acidic adsanptsites, indicating that the
species do not block each other.

In summary, it was shown that the grafting of either Ji® ZnQy introduces acidic sites, and
that the amount scales almost linearly with the total amofintansition metals. Basic sites
can be generated by the grafting of Zn®ut their number is a factor of 102 smaller than that
of the acidic sites. Further studies are required concgriiia nature of the adsorbed species
formed from CQ on TiO/Zn0O,/SBA-15.

CO, adsorption studied by UHV-FTIR

The interaction of CQwas studied using Fourier-Transformed Infrared (FTIR)cspscopy.
The FTIR spectrometer is coupled to a UHV system allowinghiigh sensitivities and low
contamination levels during the measurements. Prior te &{3orption the samples were pre-
treated at 700 K in vacuum. The adsorption studies were peed at 90 K. The stability
of adsorbed species was evaluated by heating the samples30f K after CQ adsorption.
Additional CG, adsorption experiments were carried at 300 K.
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Figure 5.7: UHV-FTIR spectra obtained after exposing the clean ZnBB/35 sample to CQat
90 K: (A) clean sample, (B) 1x1®mbar CQ, (C) 5x10° mbar CQ, (D) 1x10* mbar
CO,, and heating to: (E) 150 K, (F) 200 K, (G) 250 K, and (H) 300 KC&), range, b)
carbonate range. c) G@osing at 300 K: (A) clean surface, (B) 1xi®nbar CQ, (C)
5x10% mbar CQ, (D) 1x10° mbar CQ, (E) 5x10° mbar CQ, and (F) 1x1¢" mbar
CO,. Afterwards the sample was evacuated for (G) 10 min.

The UHV-FTIR spectra obtained upon g@dsorption at 90 K at different CQpressures on
Zn1.0/SBA and upon subsequent heating of the Zn1.0/SBA kaane shown in Fid. 5/7a and
Fig. [5.7b. Obviously, three bands appear at relatively logsgures of 1 x 10 mbar CQ.
These bands are situated at 2343, 2278, and 1375.ctWith increasing C®@ pressures a
broad band at- 1660 cnt! appears. Additionally, the band at 2343 This getting broader.
ZnO nanoparticles were recently studied under similar it by Noei et al28!. Based on
their assignments the intense band at 2343’ coan be related to linearly physisorbed £0
As Noei et al®®! already pointed out that these values are close to thosenmlger observed
for gas-phase C£ and interestingly they also observed a broadening or evaliting of
this band upon larger CQOdoses. Finally, the assignment of this broad band at 2343'cm
to linearly physisorbed COwas verified by the fact that it disappeared during heatirZ0m®
K.[28] During heating of the sample the weak band at 2278%and the sharp band at 1375
cm~! decreased, too. During heating a so far unresolved band4&td ! appeared due to
the disappearance of the sharp band at 1375'cfurthermore, the heating procedure revealed
that the band at- 1660 cnt! remained unchanged up to 150 K. However, the band maxima
was shifted to lower wavenumbers (1616 ¢thand a shoulder at 1582 crhappeared upon
further heating to 300 K. A similar shift of certain bands ogteating was also observed by
Noei et all®8] Usually, the bands observed at wavenumbers between 1300780t ! are
assigned to carbonate or carboxylate species at diffene@t guirfaced?8.124.128 Egpecially
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bicarbonates that are reversibly adsorbed at room temyreraere assigned to bands at 1635
cm 1 and 1424 cm®.l1241 However, in the case of Zn1.0/SBA the assignment of the bands
this region to a certain ZnO surface or a certain carboratedxylate species is not feasible.
The above presented characterization results (UV-Vis, EZAand XPS) clearly indicate that
there is no defined bulk-like ZnO structure in case of the BA/$aterial. The ZnQ species
are rather isolated, and therefore comparison to ZnO naticlpa is not possible. Esken et
al.[128 studied ZnO nanoparticles with a diametero2 nm, which were incorporated into a
host system. Given that the G@dsorption features are similar to the results reporteddsi N
et al %8 the ZnQ, species in Zn1.0/SBA are much smaller. Nevertheless, th&BHR data
unambiguously provide evidence for the interaction o,@@Ad Zn1.0/SBA and the formation
of carbonate-like species at the surface of the Zn1.0/SBenahupon exposure to C{at 90

K might be possible. Furthermore, it was shown that certpat®es remained on the surface
even after heating to 300 K.

The observation of the formation of carbonate-like spegias strengthened by the G@d-
sorption experiments performed at 300 K. The results ofale®eriments are shown in Fig.
5.7c. During adsorption at different G@ressures two broad bands appear at 1400'and
1610 cnt!. As mentioned above similar bands at 1635 ¢rmand 1424 cm' were assigned
to reversibly adsorbed bicarbonaté#! These bands remained stable during evacuation of the
system, which is a clear evidence of a strong absorptioreaguhface of the Zn1.0/SBA sam-
ple. The bands are less intense demonstrating that thaattan of CQ with the surface of
Zn/SBA is less likely at elevated temperatures. By comlgriire UHV-FTIR results and the
above presented TPD results it was possible to show thata@8orption occurs at the surface
of Zn1.0/SBA, and that the TPD signal at low temperaturessibly due to weakly bound
carbonate species, thus desorbing at low temperatures.

The adsorption of C@was also studied for Zn0.7/Ti0.9/SBA and Til1.0/SBA by meaifrigHV-
FTIR measurements. The results obtained for low-tempex&®, at different CQ pressures
as well as representative data recorded during heatingean.7/Ti0.9/SBA and Til.0/SBA
samples are shown in Fig,_ 5.8, Fig.15.9, and Eigl A2, respalgtiSimilar to the Zn1.0/SBA a
band was observed for the Zn0.7/Ti0.9/SBA sample in the @@ion of the FTIR spectra at
2345 cntl, which can be assigned to linearly physisorbed,Cldowever, the intensity of this
band is weaker and the band is significantly broader compartieé Zn1.0/SBA. Thus, an addi-
tional species situated at lower wavenumbe2@36 cm1) is present for the Zn0.7/Ti0.9/SBA
sample upon C@ Even though the signal gets narrower and the overall iftieokthe signal
decreases upon heating the linearly physisorbed &fpeared to be more stable at the surface
of Zn0.7/Ti0.9/SBA, because at 220 K the ban@345 cnt?! can be still observed. Finally, the
band at 2278 cm* was also observed for the Zn0.7/Ti0.9/SBA sample. It ikistg that the
intensity ratio between the two signals-at2345 cnt! and~ 2278 cm! was much smaller
for the Zn0.7/Ti0.9/SBA.

In agreement with the UHV-FTIR CfQadsorption results obtained for Zn1.0/SBA carbonate-
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Figure 5.8: UHV-FTIR spectra obtained after exposing the clean Zn@079ISBA sample to C®
at 90 K: (A) clean surface, (B) 1xX0mbar CQ, and heating to: (C) 150 K, (D) 175K,
(E) 200 K, and (F) 220 K. a) Cé&range, b) carbonate range. c) £€@bsing at 300 K:
(A) clean surface, (B) 1xt® mbar CQ, (C) 1x10° mbar CQ, and (D) 1x16* mbar

COo.

related bands between 1300 and 1700 twere detected for the Zn0.7/Ti0.9/SBA sample
upon adsorption of C@at 90 K, but the bands are less intense compared to the ZBRAO/S
material. While a sharp signal at 1378 thwas the most intense feature observed in the
carbonate region, which is in good agreement with the residilthe Zn/SBA sample, a small
signal at 1549 cm!, which was absent or barely detectable for the Zn1.0/SBAptamvas
resolved for the Zn0.7/Ti0.9/SBA sample. Furthermore, iiwad signal at- 1660 cnt?! ob-
served for the Zn1.0/SBA could not be detected for the ZAW7A/SBA sample upon CO
adsorption. The results of G@dsorption experiments performed with the Zn1.0/SBA aed th
Zn0.7/Ti0.9/SBA indicate that the broadening of the bartécted at- 2345 cn1?, the band at

~ 2278 cnt! and the sharp feature observed in the carbonate regior1a78 cnt! are likely

to be related with each other. During heating the sharp bah8%8 cnt! and the smaller sig-
nal at 1549 cm* disappeared and new signals at 1409 ¢m.440 cn!, and 1616 cm! were
resolved. The enhanced stability observed for the band®ilCQ region corresponds to the
enhanced stability of the band at 1378 ¢hiurther indicating the relationship of the two sig-
nals. Besides this enhancement in stability the speciesrodis after heating of the Zn/Ti/SBA
are similar to the species observed for Zn/SBA sample, aisda@sonable to conclude that the
influence of TiQ species on the CQadsorption is small when CQOs adsorbed at 90 K and
the sample is heated afterwards. An influence ofsTé@n be only assumed at 90 K because of
the absence of the broad bandal660 cnm! observed for Zn1.0/SBA.



5.1 Modification of titanate-loaded mesoporous silica kgftyng of zinc oxide 51

a) 2343 E b)

0.001

Absorbance

A clean surface
_J LM—B-

clean surface A

N i e B SR S PR T W W U W B |

2400 2300 2200 1650 1500 1350
Wavenumber [cm”] Wavenumber [cm™]

Figure 5.9: a) UHV-FTIR spectra obtained after exposing the clean TEB®& sample to CQat 90
K: (A) clean surface, (B) 1xI®mbar CQ, and annealing to: (C) 120 K, (D) 150 K, and
(E) 170 K. b) Spectra obtained (carbonate region) after grpgahe clean TiOx/SBA-
15 sample to C@at 90 K in the CQ range: (A) clean surface, (B) 1xfambar CQ,
(C) 1x10° mbar CQ, and (D) 1x10* mbar CQ.

For CQ, adsorption on Zn0.7/Ti0.9/SBA performed at 300 K weak baatds620 cm! and
1404 cn! at high CQ pressures were detected (FIg.15.8c). Based on thg @@iSorption
results obtained at 90 K and 300 K it can be concluded that in bases reversibly adsorbed
bicarbonates are present at 3061 At lower temperatures additional absorption modes were
observed, which disappeared or shifted during heating.ithahally, it can be concluded that
the structure of the ZnOspecies in Zn1.0/SBA and Zn0.7/Ti0.9/SBA is similar. Giveat the
intensity of all bands is smaller in case of the Zn0.7/TIBBA compared to the Zn1.0/SBA
sample less C@can be adsorbed at the Zn0.7/Ti0.9/SBA sample. This obisemia in good
agreement with the smaller G@dsorption capacity determined by TPD experiments.

In contrast to the results obtained for Zn1.0/SBA and ZAW079/SBA a different CQ adsorp-
tion behavior was observed for the Ti1l.0/SBA sample. The &Qion upon C@ adsorption at
90 K of the Ti1.0/SBA is shown in Fig. 5.9a. The correspondiagoonate region during GO
dosing is shown in Figl Bl9b. Again, linearly physisorbed,GD2343 cm! was detected.
The additional peak usually observed at 2278 éris absent in case of GQadsorption on
Ti1.0/SBA. Furthermore, the peak at 2343 chappeared to be completely symmetric even at
high CQ, pressures and in contrast to Zn1.0/SBA and Zn0.7/Ti0.9/S&8Aples a slight broad-
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ening of the signal at 2343 cm is only observed during heating. In the carbonate regiop onl
a broad band appeared during the Qdsing (Fig.[5.Bb), which disappeared during heating.
Based on these observations it can be concluded that theatyfpatures at 2278 cm and
1378 cn1! are due to the presence of Zp6pecies in the Zn1.0/SBA and Zn0.7/Ti0.9/SBA
samples. Accordant to the results of low temperature &f3orption on Ti1l.0/SBA, adsorption
of CO, at 300 K revealed that there is no specific interaction betviee Ti1.0/SBA sample
and CQ at elevated temperatures (Fig.JA3). This is in agreemefhit thi presented COTPD
data evidencing that CCadsorption at RT is unlikely at isolated Tj@pecies as present in the
Ti1l.0/SBA sample.

In summary, UHV-FTIR measurements of g@dsorption at Til.0/SBA, Zn1.0/SBA, and
Zn0.7/Ti0.9/SBA performed at 90 K and at 300 K provide insigko the interaction of the dif-
ferent materials with C@ It was shown that during adsorption at 300 K carbonatesoanedd
on Zn1.0/SBA and Zn0.7/Ti0.9/SBA. On Til1.0/SBA G@as mainly adsorbed linearly at 90 K,
and the formation of carbonates upon £ddsing at 90 K and 300 K can be excluded. There-
fore, the CQ adsorption capacities as determined by TPD measuremegtsof/Ti0.9/SBA
can be clearly attributed to the presence of Zrgpecies rather than the presence of 4 TiO
However, the UHV-FTIR measurements show that,Tgpecies influence the modes of £0
adsorption in the Zn0.7/Ti0.9/SBA sample during £d®sing at 90 K. In general, the obtained
results are in good agreement with the structural chaiaaten of the Zn0.7/Ti0.9/SBA sam-
ple indicating that the structure of Zp@pecies is similar to the structure of Zp€pecies in
Zn1.0/SBA.

5.1.3 Conclusions

Using an efficient grafting procedure, TjOand ZnQ-containing SBA-15 materials with dif-
ferent transition metal loadings were synthesized. Therette characterization of the pre-
pared materials showed that depending on the Ti loadingtistland polymerized TiXspecies
were obtained. Znspecies were found to be present as isolated species omaalyislands.
XPS and X-ray absorption spectroscopy measurements tedis&rong interactions between
ZnOy and TiQ, species. When titania is grafted first, the sample containsiderable amounts
of isolated titania species. In the subsequent graftingy@.zonto TiC,/SBA-15 Zn(acag)in-
teracts preferably with the free silica surface. Thereftiere is a tendency to form higher
agglomerated ZnQspecies, while the decrease in the total number of isolaiauid species
Is less pronounced. In contrast, when Ji®© grafted on ZnGQYSBA-15 a preferred interaction
between the Ti precursor and surface £rgpecies was observed. Due to this interaction more
Ti-O-Zn and less Ti-O-Si bonds are formed in the materiatl eirania appears to be higher
coordinated. Using NEITPD a large amount of acidic sites was found in all materialsig-
nificant CQ adsorption capacity was observed only for the Zn-contgimiaterials. The total
amount of acidic and basic sites was not influenced by the ofdke grafting steps, indicating
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that the transition metal oxide species do not block eachrotdHV-FTIR studies confirm that
COs is interacting with ZnQ species incorporated into SBA-15. No specific interactita308
K was observed for TiQspecies.
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5.2 Photocatalytic CG reduction using Au-modified
TiO/SBA-15 materials

Abstrac@

Photo-deposition of Au nanoparticles enhances the hydiaigm rate in photocatalytic GO
reduction to methane on titanate in SBA-15. Product foramafrom contaminants is ruled
out experimentally by a thorough pre-cleaning of the sampled the design of the vacuum-
tight gas-phase photoreactor. Without Au, an active cagpmmi accumulates on the catalyst
and higher hydrocarbons are formed. By infrared spectmsdovas found that the carbon
pool consists of formaldehyde/paraformaldehyde. Funtioee, the obtained results indicate
that adsorbed water in the mesopores of the catalyst isisutffi® achieve C@reduction and
convert CQ mainly to methane. The results contribute to the undergstgnahd systematic
improvement of photocatalysts.

2 The content of this section was submitted for publicatiofilauence of photodeposited gold nanoparticles
on the photocatalytic activity of titanate species in théuation of CQ to hydrocarbons” tcEnergy and
Environmental Science
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5.2.1 Short Introduction

Chemical fixation of CQ into value-added materials or fuels by photocatalytic otidn at
semiconductor surfaces is currently attracting much ateras this kind of artificial photo-
synthesis is a promising technology for the future energpbu29] TiO,-related materials in
various shapes and with different kinds of metal or non-irgitping are the most frequently
studied materials for this applicatidH! It was already shown by Anpo et BE:S7]in their
pioneering work that isolated Ti@species incorporated into different matrices are actige m
terials for the photocatalytic reduction of GMore recently, it was shown by Anpo et(&$:67]
that these materials exhibit better performance than bi@k When compared on a per gram
Ti basis[22% However, there is still the need to further understand tloegsses involved in
photocatalytic reduction. It was suggested that CO is dylikeermediate by Frei et &f1]
This was further supported by Mul et @8], who proposed that formaldehyde is another likely
intermediate generated by CO and water. Furthermore, thexarently a dispute about GO
adsorption on isolated Ti-species. While Anpo et®dl.used the quenching of the character-
istic TiOx photoluminescence feature in presence ob@® an indication for the interaction
between C@ and the titania site, no specific interaction was observe&tayr et al’¥ by
means of UV Raman spectroscopy.

It was already shown by Mori et &21:132lthat the deposition of noble metals like Au, Ni, or
Pd by a photo-assisted procedure is feasible for Ti siniggeesitalysts. Even though noble
metals are widely accepted to enhance photocatalyticiteesivdue to an enhanced charge
separation, there is, to the best of our knowledge, no regimtit the effect of noble metals
or a comparative study between noble metal-modified and dified Ti single-site catalysts.
Therefore, we report for the first time on the effect of phdéposited Au on the photocatalytic
COs, reduction activities of Ti/SBA-15 materials.

Experimental
Sample synthesis

Photo-deposition of Au nanoparticles was performed in dicoous flow stirred-tank reac-
tor equipped with a 700 W Hg immersion lamp cooled by waterutating in a double wall
jacket[133] During photo-deposition the concentration of £0,, and H were analyzed with

a non-dispersive IR photometer, a paramagnetic and a theamductivity detector (XStream,
Emerson Process Management), respectively. 350 mg ofysataere dispersed in a solution
of 550 ml dest. HO and 50 ml MeOH. The reactor was deaerated for 60 min using pur
N> prior to irradiation. The activity for photocatalytic mettol reforming of the Ti/SBA was
evaluated by irradiation for 60 min (in the absence of the Aacprsor). 3.5 mlof a 1.5 x 19
molar auric acid solution (HAugl99.9 %, Sigma Aldrich) were added to the suspension and
the reactor was again deaerated for 60 min using pyrePNoto-deposition was performed at
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30 °C with 50 % irradiation power (350 W) for 2.5 h. After succedgihoto-deposition the
materials were filtered and freeze-dried over night.

Characterization

DRIFT spectra of the samples diluted with diamond powder inlaratio (by weight) were
recorded at different temperatures between RT and®@0@ remove surface-adsorbed water.
At 120 °C the temperature was kept constant while the spectra weasurerl. The obtained
spectra were first converted to log(1/R) and then normaliaede absorption of the harmonic
vibration of SiQ (~2088 cm-1 -~1718 cm-1). Difference spectra were obtained as follows:
For spectrum a) the spectrum of Ti/SBA-15 (as-prepared)snbtacted from Ti/SBA-15 after
photocatalytic CQ reduction. Both spectra were measured after drying attC2®pectrum

b) was obtained by subtracting the spectrum of Ti/SBA-1&rafthotocatalytic C® reduc-
tion from the spectrum of Au/Ti/SBA-15 after photocataty@CO, reduction. Both spectra
were measured after drying at 12G. Spectrum c) was obtained by subtracting the spectra
of TI/SBA-15 after photocatalytic COreduction and the spectra Au/Ti/SBA-15 after photo-
catalytic CQ measured after drying at 40@. XPS and UV-Vis spectra were obtained as
described previously.

5.2.2 Results and Discussion

The preparation and in-depth characterization of the W8B material was described in detail
in the previous sectioR24! In short, it was proven by UV-Vis, X-ray photoelectron anda
absorption spectroscopy that tetrahedrally coordinat€d-$pecies were obtained within the
mesoporous SBA-15 matrix. The Ti content was confirmed towt2resulting in 0.3 Ti/nrA

Deposition of Au nanopatrticles onto the Ti/SBA-15 suppaasvachieved by a photo-assisted
deposition procedurg23! in which Au is deposited from auric acid in an aqueous methano
solution. The evolution of liwas constantly measured during the photo-deposition proee
revealing that hydrogen evolution took place in the presarfauric acid (Figl_A4). This ob-
servation is a first indication of the successful depositibAu nanoparticles onto Ti/SBA-15.
However, to further proof the existence of Au nanopartid#kise reflectance UV-Vis spec-
troscopy was employed showing a characteristic plasmoarptisn peak of metallic Au at

~ 550 nm[35.136] Elemental analysis revealed that the obtained Au/Ti/SBAsample con-
tains 0.25 wt% of Au corresponding to the amount suppliedhduphoto-assisted deposition.
Therefore, all the supplied Au ions were successfully depa®nto the support material.

The two different materials Ti/SBA-15 and Au/Ti/SBA-15 wethoroughly cleaned by illu-
mination in humid He under static conditions in a fully metabled gas-phase photoreactor
(Chaptef4). Recently, Mul et &2:137] showed that this pre-illumination procedure in the
presence of water vapor is mandatory to achieve reliabldtseis the photocatalytic activity
in gas-phase C&reduction. During the cleaning procedure in humid He ma®tyy, CoHg,
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Figure 5.10: a) Time course of the methane evolution observed for Ti/SBAnd Au/Ti/SBA-15
during two subsequent CQ@eduction experiments with 7h of irradiation, uncorrected
values. For Au/Ti/SBA-15, no GC sampling of products wadqgrened after 7 h in the
first run. b) Evolution of different hydrocarbon speciesafi h of irradiation in two
subsequent COreduction experiments. The yield of the four different roalrbon
species is corrected for possible carbon contaminatidherghe catalyst.

CoHg, and GHg were detected (Fig._A5), which is in good agreement with #réan contami-
nations observed by Mul et &2 In addition to these hydrocarbons the evolution of MeOH was
observed for Au/Ti/SBA-15, which is most likely a result diet photo-deposition procedure,
in which methanol was used as sacrificial electron donor. Me@s presumably converted
to CO,, which was detected throughout prolonged irradiation @Al photo-depaosition pro-
cedure. It is remarkable that the overall amount of carbarmarninations was higher than the
contamination previously observed by Mul et4l. Therefore, subsequent cleaning steps were
necessary to obtain a clean catalyst surface. In case dBA#S four subsequent cleaning
steps were conducted, whereas Au/Ti/SBA-15 was cleanezhdawes for 7 h each. Addi-
tionally, Au/Ti/SBA-15-C was prepared by calcination aDZ% in synthetic air with the aim

to reduce the number of necessary cleaning steps. Thisiatitim temperature has previously
been chosen for the calcination of PVA-protected gold éddion metal oxide&38] However,
four additional cleaning steps in humid He were still neagg$o sufficiently remove the car-
bon contaminations. The decrease of the concentrationeatttee main contaminants GH
C,Hg4, and GHg of each cleaning step can be represented with high accusaay exponential
decay curve in case of the Au/Ti/SBA-15. For Ti/SBA-15 antticeed Au/Ti/SBA-15-C, on
the other hand, the decrease of the contamination contentreas linear.

The actual C@reduction experiments were performed under static canditin an atmosphere
of 5 % CQ, and 6000 ppm water, which was balanced by He. These conslitvere achieved
by saturating a C&He stream with water at 273 K. A GQexcess was chosen because of
the unfavorable interaction of GQwith the isolated titanate species. The initial pressure wa
adjusted to 1500 mbar. The hydrocarbon formation undemilation with a 200 W Hg/Xe
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lamp was monitored during a period of 7 h. For this purposepsasnwere taken for GC
analysis after 1, 5, and 7 h. The decrease in pressure dwamplisig was taken into account
by normalization of the obtained signals t@ Nsed as an internal standard. After reaction the
reactor was pumped down to 5 x"2@nbar and flushed with high purity He. Blank experiments
revealed that no hydrocarbons are formed in the absence lobtagatalyst or in absence of
high-energy UV light, which was excluded using a 435 nm dtfitter. The hydrocarbon
formation within 7 h of illumination for Ti/SBA-15 and Au/T$BA-15 is shown in Fig[_5.10.
Obviously, in the first reaction run the yield of Glis significantly higher for the Au/Ti/SBA-
15 sample. However, a subsequent reaction period withothiefupretreatment revealed that a
threefold increase in the CHyield is observed for the Ti/SBA-15 sample, whereas theailver
yield for the Au/Ti/SBA-15 material is comparable to thetfirsaction run. Furthermore, itis
evident that the yield of Cldafter 1 h of irradiation for Ti/SBA-15 resembles the valueaoted
after 7 h of irradiation in the first reaction run.

The comparison between the Au/Ti/SBA-15 and the calcineA8BA-15-C sample shows
that the CH vyield is significantly lower for the calcined Au/Ti/SBA-16-sample (Fig[_AB).
After an additional surface cleaning in humid He, the perfances of the different materials
were reproduced. The GHields were similar for two subsequently performed reandion
AU/Ti/SBA-15 and Au/Ti/SBA-15-C. An increase in the ¢hllield was again observed in the
2" reaction run for Ti/SBA-15. However, it has to be noted thet overall yield was lower
indicating that both catalysts deactivated during protzhigradiation (FigL_AB).

In addition to CH, longer-chain hydrocarbons were produced in different gtias with both
materials. While GHg, C3Hg, and GH1g were produced in the two subsequent reactions us-
ing the Au/Ti/SBA-15 catalyst, negligible amounts of longkain hydrocarbons were detected
with Ti/SBA-15 in the first run (Figl_5.10b). However, aftezattivation of the Ti/SBA-15 ma-
terial longer chain hydrocarbon formation was also obskdwging the first reaction run (Fig.
[AB). In addition to the threefold increase in the yield of £ld threefold increase in ethane
formation was observed in the subsequent reaction on Tif8BAFig.[5.10b). Again, these
observations were reproducible after additional surfdearsng in humid He. We therefore
suppose that under the present reaction conditions a cadaiis reproducibly built up during
the first reaction run on the Ti/SBA-15 material, which carfm®removed by evacuation. This
carbon pool can then participate in the product formatiothatbeginning of the second run.
As a consequence, no time for the accumulation of internteslia required in the second run,
product formation starts earlier and the total yield is lighit is assumed that saturation of
the catalyst surface with these less reactive carbon specrequired to achieve high hydro-
carbon yields. On the other hand, in the presence of Au, #risom accumulation does not
seem to occur and is either removed by evacuation or thebertapecies are not reactive in
subsequent reaction runs. Consequently, the yields oddé@mthe second run are similar to
the first ones. It is reasonable to assume that a higher hgdabign rate in the presence of
Au leads to a carbon-free surface after the first reaction lmigeneral, noble metals usually
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show high activity in hydrogenation reactioR€2:14%In photocatalytic reactions it is accepted
that H, formation occurs at these electron trapping sites, and inpteogen is available in
close proximity to gold facilitating hydrogenatid#.28! It should be noted that this is in agree-
ment with the higher yield of blthat has been observed during photo-deposition expergnent
Visible light-assisted photoreactions in the presencewtan be excluded as no product for-
mation was observed when the samples were irradiated wgHight. The 30 ppm of CH
produced within 5 h of irradiation in the presence of Au/BA15 is equivalent to 0.047 mol
resulting in 0.188 mol/gcat/h or 9.4 mol/gTi/h. For Ti/SB&-the yield in the second run can
be calculated to amount to 12.1 mol/gTi/h. The comparidastilates that on the basis of one
gram of catalyst the Au/Ti/SBA-15 is roughly 7 times moreiaethan the catalysts studied
by Mul et all”3] However, comparing the yields on a basis of i Mul et al.[”3] observed
five times higher methane yields as only 0.05 wt% Ti were ipodated into the SBA-15. The
applied reaction conditions differ considerably rendgiine comparison difficult. Reactions
with stoichiometric CQ/H,O mixtures are in progress.

To get further insight in the carbon pool formation, two cecigtive reaction cycles were per-
formed followed by irradiation of the photocatalysts in hdrile. Surprisingly, on both cat-

alysts evolution of hydrocarbons was observed under atadi in humid He (Figl.5.11a). A

steep increase in methane and longer-chain hydrocarborafmn was observed after 1 h of
irradiation for Ti/SBA-15. This is in line with the proposédrmation of a carbon pool. For

the Au/TI/SBA-15 sample a slower formation ofldy is characteristic. The formation of hy-
drocarbons during irradiation in humid He, however, is aciadication that a carbon pool is
also created on Au/Ti/SBA-15, but its effects on hydrocarfmmation are less pronounced.
Possibly, the nature or location of these carbon speciaffésant.

Finally, the influence of the water content on the photogétalCO, reduction reaction was
investigated using a reaction gas mixture containing 5 %/86. Consequently, only pre-
adsorbed water in the pores of the catalysts was availabéglasing agent. The results of these
reaction conditions with only surface-bound®lare shown in Fid. 5.11b. Prior and subsequent
to these experiments G@eduction was performed using the reaction gas mixtureatoiniy
gas-phase water. These results are also included if Fifib.3Unhexpectedly, less longer-chain
hydrocarbons are formed in the absence of gas-phase watestbrcatalysts systems. The
CH, yield is significantly higher for both catalysts. It should boted that the carbon pool
was already formed on the Ti/SBA-15 surface during a preshpperformed experiment with
gas-phase water. Considering the overall produced carmatert (CH,, C,Hg, C3Hg, C4H10)
the carbon yield (C*) increased by about 20 % in the absenwetdr, which was mainly due
to the higher CH yields compensating the decrease in longer-chain hydvooayields. The
overall hydrocarbon yield was even increased in the conseaxperiment performed with the
CO,/H,0 mixture. For Ti/SBA-15 the Chlyield decreased, but the;Bg yield was drastically
higher (Fig.[5.11Lb). A higher ethane yield and a higher methdeld were observed for the
Au/Ti/SBA-15 sample, which might indicate that a carbon Ipsas formed on the surface of
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Figure 5.11: a) CH, yield during irradiation of the photocatalysts in the réattgas mixture and
CHy yield during irradiation in humid He subsequently perfodn&volution of CH,
during irradiation in humid He is due to remaining carboncépe on the surface.
b) Hydrocarbon yields in photocatalytic G@eduction experiments obtained with
varying gas-phase water contents in the reactant feed &ftefor the Ti/SBA-15
and Au/Ti/SBA-15 samples. The vyield of the four differentdhycarbon species is
corrected for possible carbon contaminations left on thalyst.

the Au/Ti/SBA-15 sample. Furthermore, these experimdmisvghat the water content on the
sample surface is sufficient to perform photocatalytic,C€duction for at least five hours of
irradiation with both photocatalysts. In contrast to thebeervations Anpo et &8l observed
the formation of larger quantities of GHor high H,O/CO;, ratios, and only small quantities
of CHy were produced in the absence of gas-phase water. Howeverwiell known that
water strongly binds to isolated Ti-species and high tertpees are required to remove water
effectively8% Therefore, the surface of the photocatalysts should beatatuwith HO and,
as aresult, C@reduction is feasible. In addition, high methane yields &iev-poor conditions
are in agreement with as€lg/CH, ratio exceeding 1 for stoichiometric G®,0 mixtures
observed by Mul et d3l, and increasing ethane yield for higher water content ieacfas-
mixtures as observed by Anpo etl2l Further studies are clearly required to fully explain
these observations. However, a hypothesis which shoulebbgidered is the inhibition of a
subsequent photo-reforming reaction of the produced G¢turring in the presence of gas-
phase HO. CO and H may be produced due to this process, which then may be irdolve
in the formation of higher hydrocarbons. In terms of irrdidia in CO,, this will diminish
the formation of higher hydrocarbons. Furthermore, an émfae of the carbon pool in higher
hydrocarbon production was observed. Thus, it should bsidered that high water contents
are required to hydrogenate these species. Furthermareyater content may influence the
mobility of intermediates on the catalyst surface.

After reaction all samples were characterized by DRIFTS;MiB/ and XPS and compared to
the unreacted materials to get further insight in possittiermediates, the deactivation of the
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catalysts, and the carbon pool, which was built up during @duction. The carbon content
as determined by XPS analysis was similar for all the sam@&sictural changes of the Ti-
species within the course of gas-phase photocatalytig ©@Quction causing deactivation of
the materials can be excluded comparing Ti/SBA-15 befockadter reaction or Au/Ti/SBA-
15 before and after reaction (XPS results, Fig] A7). UV-Vidicates a narrowing of the Au
plasmon for Au/Ti/SBA-15 after reaction, which may be caligg different Ti-Au interactions
(Fig. [A8). One has to keep in mind that Ti@pecies have the potential to alter the local
environment of the Au particled22.136] However, there is no clear evidence for a loss of,TiO
or the polymerization of the TiPspecies, which could explain the deactivation of the Ti/SBA
15 and the Au/Ti/SBA-15 during prolonged irradiation.

On the other hand, structural changes of the Ti-speciesdamsthe photo-deposition of Au
were detected by UV-Vis and XPS (Fig. JA8 and Hig.] A9). The Te&mal of the Au/Ti/SBA-
15 is shifted to lower binding energies compared to the THAB sample, and two different
Ti-species were needed to obtain a reasonable fit [Fig. A8k ddditional signal was in good
agreement with an additional shoulder observed in the Odisnef the Au/Ti/SBA-15. From
UV-Vis spectroscopy the absorption onsets of Ti/SBA-15 Aofl/SBA-15 were similar (Fig.
[A8). However, heating of the sample revealed that there imcr@ase of the absorption edge
energy for Au/Ti/SBA-15 due to the loss of water moleculesrmbto the Ti-species, which
is usually observed after a drying of the samp!é. These observations clearly point to a
change in the coordination of the Ti-species. Most likely éhanges of the Ti-species occur
in close proximity to the Au nanoparticles. It can be assuthatithe combination of Ti and
Au in close proximity, rather than the presence of Au alonegghinbe necessary to obtain
the higher hydrogenation activities observed duringp@&luction. However, based on the
presented results a distinction of the different speciesisfeasible and further studies are
required to fully describe the changes of the Ti-speciesnjaophoto-deposition. A HRTEM
study combined with photocatalytic test reactions wasqearéd, which is presented in the
next section. Ti/SBA-15 materials containing differenOfiloadings are used to investigate
structural changes and to relate them with the activities.

Difference IR spectra of the reacted and the fresh Ti/SBAel®&aled that formaldehyde and
paraformaldehyde were accumulated at the surface of teBAH15 sample after CoOreduc-
tion reaction (Fig[[5.12). The bands observed at 1685 an@ 288 are in good agreement
with values of thev(C=0) andv(CH,) stretching modes of formaldehyde adsorbed at dif-
ferent surface&41-1441 The intense band at 2972 &his representative for the asymmetric
stretching va(CHy)) of paraformaldehyde, which is known to be obtained by tbkyperiza-
tion of formaldehyde at low temperatures (Tablg 3133:143.144lThe assignment of the bands
is clearly verified by the thermal stability of paraformdigide. Interestingly, less formalde-
hyde was detected for the Au/Ti/SBA-15 sample and the ssgasdigned to paraformaldehyde
are shifted to higher wavenumbers (Fig._A10). Assuming plamaformaldehyde is the inter-
mediate of higher hydrocarbons it is likely that it is immegeily available at the surface of
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Figure 5.12: Difference DRIFT spectra of the Ti/SBA-15 before and afteofocatalytic CQ re-
duction obtained after heating to 120 and 400°C. Difference spectra were obtained
as follows: For spectrum a) the spectrum of Ti/SBA-15 (appred) was subtracted
from Ti/SBA-15 after photocatalytic C£reduction. Both spectra were measured af-
ter drying at 120C. Spectrum b) was derived by subtracting the spectra adataifier
drying at 400°C.

the Au/Ti/SBA-15 sample and higher hydrocarbon formatian be produced, whereas at the
Ti/SBA-15 sample paraformaldehyde is formed upon accunamaf formaldehyde at the sur-
face. This might explain the inhibition of ethane productan Ti/SBA-15, as observed during
the B reaction run.

In the literature different reaction mechanisms are pregdsr photocatalytic C@reduction.
Anpo et all®”] propose a mechanism in which g@nd HO decompose competitively into C
and OH radicals at the excited Ti-O centers, presumably Gffhas an intermediate species.
Similar observations were recently reported for crystallTiO, by Zapol et al®¥] Mul et al.[7]
followed the proposed route by Frei etl&] who suggested a mechanism involving CO in the
initial state and formaldehyde, which is converted to,Giid longer-chain hydrocarbons in
the presence of water. A Ti-hydroperoxid species is assumée essential in this process.
Due to the results obtained within this study the mechanisopgsed by Mul et al”3! and Frei

et all”1] appears to be more likely as 1) formaldehyde and parafoehgtte were observed
by diffuse reflectance IR measurements, 2) higherp @ldlds are observed for water-poor
reaction conditions, and 3) GOs weakly interacting with isolated Ti-speci€s¥ whereas
water is strongly bound to the surface.



5.2 Photocatalytic C&reduction using Au-modified TidSBA-15 materials 63

Table 5.3: Wavenumbers (cni) and mode assignments of formaldehyde and paraformaldetryd
different substrates reported in literature.

Mode Assign- H,COl44  (H,CO),144 H,col4ll  (H,CO),1241 H,col43]l  (H,CO),243]
ment

Va(CHy) 2884 2982 2928 2928 2894 2980
Vs(CHy) 2820 2917 2928 2928 2830
v(C=0) 1727 - 1694 - 1717 -

5.2.3 Conclusions

In summary, Ti/SBA-15 and Au nanoparticles embedded int8BA-15 were studied in pho-
tocatalytic CQ reduction. Both materials were active in photocatalytico@&duction form-
ing CHs. However, an increase in the hydrogenation ability of thecAuntaining catalyst
was found, whereas an active carbon pool formation was wbdem Ti/SBA-15. Unlike the
less reactive carbon pool formed on Au/Ti/SBA-15 the carponl on Ti/SBA-15 can par-
ticipate in subsequent reactions. Experiments with vgryimter content indicate that the
carbon chain growth is significantly affected by the gassehaater content, and formalde-
hyde/paraformaldehyde were identified as reaction intdrates.
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5.3 Effects of Au and ZnO on the structure and
photocatalytic activity of TiO ,/SBA-15 materials

Abstrac@

Gold nanopatrticles can be efficiently photo-deposited am#te-loaded SBA-15, and the for-
mation of hydrogen is observed during the photo-deposjtioness. Additionally, the presence
of the gold nanopatrticles greatly enhances the performahdé&x)/SBA-15 in the photocat-
alytic hydroxylation of terephthalic acid. HRTEM studidsosv that larger Au nanoparticles
are photo-deposited at the outer surface of Ti(x)/SBA-1tenms and that TiQtends to form
agglomerates in close proximity to the Au nanoparticlese aetivity of Au/Ti(x)/SBA-15 ma-
terials was found to be dependent on the,Ti@ading. Photocatalytic tests indicated that the
amount of initially isolated TiQ tetrahedra determines the activity of the Au/Ti(x)/SBA-15
and Au/Ti(x)/SBA-15 catalysts in which the TiGpecies are already clustered showed lower
photocatalytic activities. When isolated zinc oxide (4)Gpecies are present on TUSBA-

15, the photo-deposited gold nanoparticles are smallérgigpersed within the pore structure
of SBA-15, and agglomeration of Ti&species can be neglected. The dispersion of Au in the
SBA-15 matrix obtained due to the photo-deposition procedaems to depend on the mobility
of the TiG-species, which is mainly determined by the agglomeratioi©@x. Effective hy-
drogen evolution requires Au/Tiassemblies as in Au/Ti(x)/SBA-15, whereas hydroxylation
of terephthalic acid can also be performed with Au/£AO,/SBA-15 materials. However,
isolated TiQ species have to be grafted onto the support prior to the zildespecies. In
conclusion, the results are strong evidence for the negepsasence Ti-O-Si bridges for high
photocatalytic activity in terephthalic acid hydroxytaii

3 The results discussed in this section were obtained in agratipe project with the Chair of Inorganic Chem-
istry I, Ruhr-University Bochum. For TEM measurements i€tiein Wiktor and Stuart Turner are gratefully
acknowledged. Furthermore, the support from the Europedariunder the Framework 7 program under a
contract from an Integrated Infrastructure Initiative {€tence 262348 ESMI) is acknowledged. To be pub-
lished as "Effects of Au and ZnO on the structure and photdgtit activity of TiOx/SBA-15 materials”.
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5.3.1 Short Introduction
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In the last decades highly dispersed Au nanoparticles oalrogides have become of major
interest for several reactions such as CO oxidation, seéegkidation of alcohols or methanol
synthesid139.145-147Racently, the potential of Au nanoparticles in photocatialas received
considerable attentior?:38] Within several studies improved photocatalytic perforoeadue
to visible light absorption of the Au plasmon and due to gotetteon storage capacities
are reported#8.149 One of the most studied composites in this regard are Ay/Ti@teri-
als, which exhibit catalytic activity in organic pollutadegradation and hydrogen evolution
due to photocatalytic reforming of alcohols. Usually th#izeéd composites are obtained by
deposition-precipitation, colloidal synthesis, or by fthdeposition of Au nanoparticldg? 138l
Even though bulk Ti@ and Au/TiQ, are versatile materials, single-site titania catalysés ar
widely studied particularly in photocatalytic G@eduction, which was already shown by Anpo
et al 58] Mori et al.131.132]showed that the deposition of Au nanoparticles using pleatited
Ti-containing zeolites is feasible. We demonstrated thafTASBA composite materials pre-
pared by a photo-deposition procedure of Au were highlyadti photocatalytic C@reduc-
tion, presumably due to a higher hydrogenation activityhef tomposite material in presence
of Au nanoparticles. However, the UV-Vis spectroscopiallissand the XPS characteriza-
tion showed that the Ti coordination of the isolated fi®trahedra changed upon Au photo-
deposition. Two different TiQspecies were observed by XPS and UV-Vis spectroscopy sesult
inidcated that less water interacts with the Au/Ti/SBA miale However, the interaction be-
tween the TiQ species and photo-deposited Au is still unclear and theroafjithe effect of
Au on the photocatalytic activity of the Ti/SBA material istryet solved.

Recently, we have shown that using a reproducible graftiethod of Ti(OPr), high load-
ings of isolated or slightly agglomerated Ti®pecies can be obtain€@4 Furthermore, we
were able to introduce ZnCspecies into the materials by grafting of Zn(agdé$*! Crucial
properties of the photocatalysts, such as light absorptdy adsorption, basic and acidic
sites on the surface of the different materials were stuBf4It was shown that Zn@species
significantly enhance the GCadsorption properties, whereas the light absorption isiyai
depending on the HOMO-LUMO excitation of the Ti@pecies. XPS and EXAFS showed
that preferably Ti-O-Zn bonds are formed when Zni® grafted first134! In this contribu-
tion in-depth characterization of photo-deposited Au mpamtcles was performed depending
on the TiQ loading in Ti(x)/SBA samples. The activity of the as-reegivand Au-modified
materials was determined by hydrogen evolution reactientdyphoto-reforming of methanol
and the hydroxylation of terephthalic acid. Thus, the etettand the hole availability upon
photo-excitation were assessed. Furthermore, the eff@tt©y species was determined.

It is shown that the photo-deposition of Au nanoparticldsagtes the photocatalytic properties
of the materials regarding photocatalytic hydrogen pradacand hydroxylation of organic
compounds. Agglomeration of TiGspecies occurring during the diffusion-controlled photo-
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deposition of Au is independent of the initial Tj@bading, but the agglomeration of TiGn
the presence of ZnQs clearly inhibited and Au is photo-deposited homogenbahsoughout
the whole material. Furthermore, our results provide ewigethat Ti-O-Si bonds are essential
for photocatalytic activities in the terephthalic acid hyxlylation reaction.

Experimental
Sample synthesis

The synthesis of SBA-15 and the grafting procedure for oloigiisolated and slightly ag-
glomerated TiQ and ZnQ species on the SBA-15 surface have been described in dethg i
previous sectioft24 In brief, Ti(O'Pr)y (99.999 %, Sigma-Aldrich) or Zn(acacj98 %, Alfa
Aesar, purified by means of sublimation) were dissolved yntdluene and contacted with the
dried SBA-15 support at room temperature. After 4 h of stgrithe solution was removed by
sedimentation or centrifugation. Samples were washee tinrees with dry toluene, dried in
vacuum and calcined. Coverages up to 1 Tidrar 1 Zn nn1 2 can be obtained in one grafting
step, while for higher coverages the grafting proceduretbd repeated.

Characterization

Characterization of the Au-modified materials was perfatrbg elemental analysis, UV-Vis
spectroscopy, and Transmission Electron Microscopy (TEMYlepth characterization of the
different as-received TiQ and ZnQ-grafted SBA-15 supports by means of elemental analysis,
nitrogen physisorption, UV-Vis spectroscopy, X-ray ptedéztron spectroscopy (XPS), and X-
ray absorption spectroscopy (XAS) is described in the prevsectiorf134]

UV-Vis diffuse reflectance spectra (DRS) were recorded irekiR Elmer Lambda 650 UV-
Vis spectrometer equipped with a Praying-Mantis mirrorstauction using MgO as the 100 %
reflection reference.

XPS was performed in a UHV set-up equipped with a Gammadeitnt SES 2002 analyzer.
The base pressure in the measurement chamber was 5'% ibar. Monochromatic Al ¢
(1486.6 eV; 14.5 kV; 30 mA) was used as incident radiatiod, apass energy of 200 eV was
chosen resulting in an effective instrument resolutiombighan 0.6 eV. Charging effects were
compensated using a flood gun, and binding energies welwat@id based on positioning the
main C 1s peak at 285 eV, which originates from carbon contatians. Prior to the mea-
surements the samples were dehydrated af20@nder ultra-high vacuum (UHV) conditions.
Measured data were fitted using Shirley-type backgroundsaaoombination of Gaussian-
Lorentzian functions with the CasaXPS software. The Tit8imac concentration ratios were
obtained by determining the integral area of the Gauss@®e+itzian functions and correcting
the values by the specific atomic sensitivity factors prepdsy Wagnef-1°]

Bright field TEM, high resolution TEM (HRTEM), electron eggrloss spectroscopy (EELS),
and energy-filtered TEM (EFTEM) were conducted on a Philip3G equipped with a Schot-
tky field emission gun and a post-column GIF 200 energy fitteerated at 300 kV. High-angle
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annular dark-field scanning transmission electron mi@pg¢HAADF-STEM), spatially re-
solved energy-dispersive X-ray spectroscopy (STEM-EaXY the electron tomography se-
ries were acquired on a FEI Tecnai G2 equipped with a Schéitky emission gun operated
at 200 kV and FEI Titan "cubed” microscope equipped with gjroorrector, operated at 300
kV. EDX spectra were recorded on Philips CM20 microscopempd with a LaB6 filament
operated at 200 kV.

Photocatalytic measurements

Photo-deposition of Au was performed in a continuous flowesti-tank reactor equipped with
a 700 W Hg immersion lamp cooled by water circulating in a dewtall jacket[*23] During
photo-deposition the concentration of @@, and KB were analyzed with a non-dispersive
IR photometer, a paramagnetic and a thermal conductivityctier (XStream, Emerson Pro-
cess Management), respectively. 350 mg of catalyst wepedied in a solution of 550 ml
dest. BO, 50 ml MeOH, and 3.5 ml of a 1.5 x 18 molar auric acid solution (HAUGI99.9
%, Sigma Aldrich). The reactor was deaerated for 60 min upumg N> prior to irradiation.
Photo-deposition was performed at3Dwith 50 % irradiation power (350 W) for 2.5 h. After
successful photo-deposition the materials were filtereti feseze-dried over night. Tereph-
thalic acid (TA) hydroxylation was performed to determihe amount of OH radicals gener-
ated during irradiation. 150 mg of catalyst was ultra-satéd for 5 min in 500 ml of a 0.01
M NaOH solution containing 3 mM TAL2C! The suspension was stirred for additional 30 min
in the dark before illumination was started by means of a 158&\mmersion lamp cooled
by water circulating in a double wall jacket. Samples weketaevery 15 min, filtered with a
Filtropur S and the fluorescence spectra were measured withlale monochromatic fluores-
cence spectrometer (Fluorolog FL3-22, HORIBAJobin Sdiieiit The emission wavelength
was set to 320 nm and the characteristic fluorescence at 428hich is directly correlated
with the OH radicals generated was measured.

5.3.2 Results and Discussion

Sample structure of the as-received materials

Characterization of the Ti(x)/SBA and Ti©and ZnQ-grafted SBA-15 support materials is
described in the previous sectifd?! In short, UV-Vis, X-ray photoelectron (XPS), and X-ray
absorption spectroscopy (XAS) proved that in dry sampl€3; Bpecies in a tetrahedral co-
ordination sphere were obtained within the SBA-15 mateaidbw Ti loadings of 2.1 wt%.
With increasing titania loading the species start to polynee however, for Ti loadings up to
7 Wt%, corresponding to about 1 Ti nfnmost of the TiQ species are still isolated. For all
materials a homogeneous titania distribution was obta&seeiidenced by XPS and EFTEM.
A wavelength of less than 300 nm is required to excite elastexross the HOMO-LUMO gap
in case of fully isolated TiQspecies. For agglomerated Ti@& a loading of 2.7 Ti nr, the re-
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Figure 5.13:a) The H evolution during the stepwise photo-deposition of Au nartples on
Ti2.0/SBA is shown and the overall amount of deposited Amdidated. b) H evo-
lution measured during the photo-deposition process of0A25(wt%) on Ti(X)/SBA
materials with increasing Ti loading.

quired wavelength shifts to 320 nm. For the J#@nd ZnQ-grafted SBA-15 samples, namely
Ti1.2/Zn0.3/SBA and Zn0.3/Ti1.2/SBA, strong interacsdretween TiQ- and ZnQ were de-
tected. The TiQ species were shown to be modified by the order of the grafteygssand more
isolated TiQ was obtained when ZnQwvas grafted subsequent to Ti@s in Zn0.3/Ti1.2/SBA.

Photocatalytic hydrogen evolution in presence of Au

It is well known that Au can act as a co-catalyst in photogaiall®’:38! In general metal co-
catalysts are assumed to act as an electron or hole sink@npahe electron-hole lifetime
in photocatalysi$3”:38] Furthermore, the photo-deposition procedure is reporddteta suit-
able technique to deposit Au or other metal co-catalystsherstirface of a photoactive ma-
terial 131.1321 Thys, Au was photo-deposited using methanol as sacrifigieh@4®! During
photo-deposition, the hydrogen evolved due to sacrificialew splitting was measured on-
line.[223] For all measurements it was confirmed thatéyolution occurs only in a dispersion
of Ti(x)/SBA-15 samples in auric acid solution under iri@thn, whereas no fwas detected
in absence of any of the components. Bowker ét4l.as well as other groups reported that
there is a maximum amount of co-catalyst which is beneficaphotocatalytic reactions. In
these studies they pointed out that too high loadings milglukiactive sites which would, at a
certain loading, overwhelm the otherwise positive effé¢he co-catalyst. Therefore, the max-
imum amount of deposited gold was evaluated using a stetist-deposition procedure,
following the amount of H evolved during photo-deposition as previously reporte@bgser
et al[133]

For low gold loadings of 0.05 wt% deposited on Ti2.0/SBA theletion of hydrogen slowly
increases within 60 min of irradiation time (Fig. 5l 13a)texfvards, the Au concentration was
increased stepwise and during each deposition interaaliation was performed fer 60 min.
The slow increase in hydrogen evolution was observed foroadihgs of up to 0.35 wt%, at



5.3 Effects of Au and ZnO on the structure and photocatadtwvity of TiOx/SBA-15

) 69
materials

which the hydrogen evolution stabilizes, and the maximuwirbgen evolution was observed
for a gold content between 0.45 and 0.55 wt% Au for the TiBB®aterial (Fig[5.1Ba). The
same trend in hydrogen evolution with increasing Au loadivas observed for Til.0/SBA.
Therefore, the maximum Au loading for the Ti(x)/SBA maté&siaas estimated to be 0.45 wt%
for the two materials.

In a second set of experiments the amount of Au in the solutias fixed to 0.25 wt% of
Au with respect to the amount of sample dispersed in the isolufThese experiments were
performed in order to study the effect of the different Tidows as well as the effect of Zn.
The amount of Au was chosen to be lower than the maximum béadefia loading obtained
during the stepwise deposition procedure to avoid blockiihgctive sites for samples grafted
with lower TiOy loadings. The evolution of hydrogen as a function of irridratime during the
in-situ photo-deposition experiments is shown in [Eig. b.i@ different Ti(x)/SBA materials.
From these results it can be clearly seen that the measwaatdent of H in the gas-phase
significantly increases with the Ti loading up to 7 wt% as id.0iSBA, while it decreases
afterwards with higher Ti loadings as in case of Ti2.0/SBA &iR.7/SBA. This trend is a first
indication for different activities of the isolated and ywlerized TiQ species. The higher
loaded Til.0/SBA is more active compared to the Ti0.3/SBéwéver, in both cases Ti is
mostly present as isolated sites that have a tetrahedratlioation sphere in the dry state.
Those species should be entirely surrounded by Ti-O-Si $and are able to coordinate two
water molecules, upon which they change into an octahedrdiguration(® For the higher
loaded Til1l.0/SBA more of these isolated species can camrito the hydrogen generation.
Increasing the TiQloadings the evolved hydrogen drops off due to polymeriaratif the TiQ,
species. Therefore, less isolated 7i® present on the SBA-15 support that can contribute to
the hydrogen generation. The beneficial effect of Au sugabon different semiconductors in
photocatalytic H production or photocatalytic dye degradation has alre@gynlllemonstrated
by several research group:38:149]|t js supposed that Au-containing materials show enhanced
dye degradation rates and a significant increaserpitdductivity due to efficient electron
storage on the Au nanoparticles resulting in a decreasecomination rates and due to the
ability of the Au nanoparticles to act as an electron transite [28.14%] An influence of the Au
loading on the H production rate has been reported receRy48] In the present study the
influence of Au loading on the hydrogen evolution rate wasfiomed for the Ti(x)/SBA-15
materials, and it is reasonable to assume thag\dlution measured during photo-deposition of
gold onto Ti(x)/SBA materials was due to water splitting hegence of methanol as sacrificial
agent. Furthermore, at a fixed Au loading the obtained resudlicate an effect of the TiO
coordination and agglomeration on the hydrogen evolutinlitya

For the Zn0.3/Ti1.2/SBA and Til.2/Zn0.3/SBA catalysts yditogen evolution was observed
during deposition of 0.25 wt% Au. However, the Zn0.3/TiSRA and the Ti1.2/Zn0.3/SBA
material became bluish after the experiments, which wasaiserved for the Ti(x)/SBA sam-
ples. Furthermore, it should be mentioned that within theecten limit also no hydrogen
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Figure 5.14: A) Time-dependent terephthalic acid hydroxylation reactifor a) Ti0.3SBA,
b) Au/SBA-15, c) Au/Ti2.7/SBA, d) Au/Ti0.3/SBA, e) Au/TiA/SBA, and f)
Au/Ti1.0/SBA. B) Time-dependent terephthalic acid hyddation reaction for a)
Zn0.3/Ti1l.2/SBA, b) Au/SBA-15, c) Au/Zn0.3/SBA, d) Au/TR/Zn0.3/SBA, e€)
Au/Ti1.0/SBA, and f) Au/Zn0.3/Til1.2/SBA.

evolution was observed for the Zn0.3/SBA sample or the bBe-$5 support and the samples
remain white after the photo-deposition experiments.

Measurements of the photocatalyti¢ ldvolution mainly probed the availability of photo-
generated electrons upon light irradiation. To probe tralability of photo-generated holes
for photocatalytic reactions the terephthalic acid (TAYlloxylation was used as a simple test
reaction. It is known that the OH radical, which is formed npeaction of surface adsorbed
water or hydroxyl groups, can react with terephthalic adll)(to generate 2-hydroxy tereph-
thalic acid (TAOH), which, in its terephthalate form, emitsique fluorescence at around 425
nm.[15L.1521 Firstly, the as-prepared Ti(x)/SBA and TjGand ZnQ-grafted SBA-15 materials
were tested. The TA test revealed that the as-made materalardless of the coverage of
titanate species or the presence of £n@b not show significant photocatalytic activity under
the experimental conditions for the hydroxylation of TA, ialinresult in a strong increase in
the characteristic TAOH fluorescence band. This was exgexte Xe lamp was used, which
does not emit intense UV radiation to excite the isolatedadyrperized TiQ species in the
Ti(x)/SBA and TiQ,- and ZnQ-grafted SBA-15 materials. The two possible reasons for the
low activity may be the low intensity of deep UV light and atfakectron-hole recombination.
The influence of the latter should be diminished using thenfadified Ti(x)/SBA and TiQ-
and ZnQ-grafted SBA-15 samples obtained after photo-depositkpeements.

The TA hydroxylation test reaction was repeated with thelAm)/SBA, Au/Zn0.3/Til.2/SBA,
and Au/Til1.2/Zn0.3/SBA samples. The obtained resultslaoes in Fig.[5.1#a and Fig. 5.114b,
respectively. The TA test results indicate that the Au/)f&BA-15 materials are able to gener-
ate OH radicals, which can easily react with terephthalid excform TAOH, whereas Au/SBA-
15 is nearly inactive. Furthermore, the almost linear retethip between irradiation time and
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fluorescence signal intensity indicates that Au/Ti(x)/SB& materials are stable under these
reaction conditions. A small formation of TAOH in the casefaffSBA-15 may be related to
surface hydroxyl groups of the SBA-15 support participgiimthe reaction. It has to be noted
that in a blank experiment without the addition of a catatysEBA-15 substrate material no
reaction was observed. However, all Au/Ti(x)/SBA catadysxkhibit higher fluorescence sig-
nals of TAOH compared to Au/SBA-15. Within the Au/Ti(x)/SBAaterials, Au/Ti1l.0/SBA
shows the highest production rate of TAOH. The higher loasiuples Au/Ti2.0/SBA and
Au/Ti2.7/SBA and the Au/Ti0.3/SBA sample with the low Ti ldiag are clearly less active.
These samples contain many isolated J&pecies as shown by XAS and X884 Higher
loaded samples contain mainly polymerized Jihains, which appear to be less active. It
Is striking that the activity of Au/Ti0.3/SBA is as low as thetivity of Au/Ti2.7/SBA, even
though it was shown that only isolated Ti®pecies are present. This observation may be at-
tributed to the larger absorption edge energy in case o8M3RBA or the lower amount of active
TiOy centers. However, the observed trend in the TA test reaigimrgood agreement with the
hydrogen evolution rates obtained during Au photo-deposifThus, the results strongly sug-
gest that isolated TiQspecies are required to achieve high activities in the TArtwyglation
reaction and the photocatalytic reforming of methanol.

The time-dependent evolution of hydroxylated TA for all Zortaining SBA-15 samples is
shown in Fig.[5.14b. Au/Til1l.0/SBA is shown for comparison.hi&' Au/Zn0.3/Til1.2/SBA
is at least as active as Au/Til.0/SBA, the other two Zn-coimg samples, especially
Au/Zn0.3/SBA, are significantly less active in the TA hydytation test reaction. These re-
sults indicate that TiQ) species rather than ZrGpecies bound to the silica surface are the
photocatalytically active species. Furthermore, thesalte demonstrate that the order of the
grafting steps clearly influences the photocatalytic &gtiAu/Ti1.2/Zn0.3/SBA is clearly less
active than Au/Zn0.3/Ti1l.2/SBA. In the case of Au/Til.2IZB/SBA TiQ, is grafted onto a
Zn0.3/SBA, thus it is likely that Ti-O-Zn bonds are formedher than Ti-O-Si bonds. In-
deed, the characterization results based on X-ray phatioefespectroscopy and X-ray ab-
sorption spectroscopy indicate an intense interactiowdst Zn and Ti in samples prepared
with a similar composition as the Au/Ti1.2/Zn0.3/SBA mékk34 In the opposite case as
in Au/Zn0.3/Til.2/SBA, where ZnQis grafted after TiQ grafting is completed, the photocat-
alytic activity in TA hydroxylation is still high. For this aterial it can be assumed that Ti-O-Si
bonds are formed during the first grafting step and that thedtion of Zn-O-Ti bonds due
to the post grafting of ZnQis negligible. In summary, a structure-activity corredativas
observed for the Zn@containing materials, as the order of the grafting stegsificantly in-
fluences the photocatalytic activity especially in the TAlloxylation test reaction. Ti-O-Si
bonds rather than Ti-O-Zn bonds are required to run theytataéaction. Additionally, it was
shown that ZnQ species are not able to perform the photocatalytic TA hygaddon reaction,
which is in agreement with the poor absorption properés.

By comparing the photocatalytic activity towards hydratidn of TA of all the as-prepared
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materials and all the Au-modified samples it can be cleagyndbat Au is able to enhance the
photocatalytic activity of the Ti(x)/SBA materials and tBaO,/TiOx/SBA samples. Presum-
ably, Au is acting as a co-catalyst in these cases. Basecdesn tiesults it is not clear whether
Au is acting as an electron sink or additionally enables tla¢enmals to be activated by visi-
ble light due to the Au plasmon absorption. Recent resultplfimtocatalytic C@ reduction
indicate that visible light-driven C&reduction by excitation of the Au plasmon was not fea-
sible for the Au/Ti0O3/SBA catalyst, and thus Au is mainlyiagtas an electron sink in these
samples (Chaptér 5.2). However, it is striking that everhnpgresence of Au photocatalytic
reforming of methanol was obviously not possible for Au/Z310il1.2/SBA as no hydrogen
was evolved. On the other hand, Au/Zn0.3/Til1.2/SBA exbitbgimilar photocatalytic activity
towards TA hydroxylation as the most active Au/Ti1.0/SBAngde. In order to elucidate this
phenomena on the different materials were characterizgatdang the nature of the Au parti-
cles. Characterization was performed by means of ICP-OB&YViS spectroscopy, XPS, and
TEM analysis.

Characterization of Au particles

Table 5.4: Au content after stepwise and photo-deposition as deteanby ICP-OES measure-
ments for Au/Ti(x)/SBA-15, Au/Zn0.3/Til.2/SBA, and Aul2/Zn0.3/SBA materials.

Sample AU/TiO.3/SBA Au/Til.0/SBA Au/Ti2.0/SBA AU/Ti2.3BA
Au[wt%]  0.25 0.29/0.54 0.27/0.55 0.28

Sample AU/SBA-15  Au/Zn0.3/SBA Au/Ti1.2/Zn0.3/SBA Au/Z80Ti1.2/SBA
Au[wt%]  0.02 0.05 0.1 0.14

ICP-OES results indicate that the amount of deposited Augeod agreement with the loading
of 0.25 wt% and the 0.55 wt% supplied during the differenttphaeposition procedures on
the Au/Ti(x)/SBA materials (Table 5.4). As expected, Au tandly be deposited on Au/SBA-
15, most likely due to a lack of photoactive sites. The residhu found on Au/SBA-15 was
probably due to a simple decomposition or photobleachinggss of auric acid on the support,
which is not necessarily photo-induced. For the Zn-comtgimaterials Au/Zn0.3/Ti1l.2/SBA
and Au/Til1.2/Zn0.3/SBA it can be clearly seen that less Aa deposited, however, the results
show that the presence of Tj@pecies is required for the photo-deposition of Au driveraby
photocatalytic reduction of auric acid. In case of Au/ZiW8EA, where no TiQ species are
present in the material, clearly less Au can be detected By@ES. The deposition of Au in
this case may be related to a photo-bleaching process af acid solution as observed for
the bare SBA-15 material rather than to the photocatalgticiction, and indeed the measured
values of Au are quite similar for Au/SBA-15 and Au/Zn0.3/SBaterials. Additionally, ICP-
OES results confirmed that leaching of Ti or Zn species duttiegphoto-deposition process
can be neglected (results not shown).
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Figure 5.15: A) Diffuse reflectance UV-Vis spectra of Au-modified maté&siavith varying Ti
loading a) Au/SBA-15, b) Au/Ti0.3/SBA, c) Au/Ti1l.0/SBA, d)u/Ti2.0/SBA, e)
Au/Ti2.7/SBA, f) Au/Ti1.0/SBA (0.55 wt% Au), g) Au/Ti2.0/BA (0.55 wit%
Au). B) Diffuse reflectance UV-Vis spectra of the Au-modifiedaterials con-
taining ZnQ in the SBA-15 matrix a) Au/Zn0.3/SBA, b) Au/Zn0.3/Til.2/8Bc)
Au/Til1.2/Zn0.3/SBA, and d) Au/Ti1.0/SBA.

The structure and position of the Au plasmon peaks were aedlpy UV-Vis spectroscopy.
The results obtained for the Au/Ti(x)/SBA samples are shinvirig. [5.1%a. Except for
AU/SBA-15, all materials showed a characteristic Au plasrabsorption at- 550 nm. There
are obvious differences in the position of the plasmon agiignr depending on the Au and the
Ti loading. A plasmon centered at a wavelength higher thahrib is observed after photo-
deposition of 0.25 wt% Au. The plasmon bands of the stepwispgred 0.55 wt% Au samples
are clearly shifted to shorter wavelength. Additionallyg tAu plasmon is shifted to slightly
lower wavelength with higher Ti loading. This phenomenon ba related to the Au particle
size, the reflective index of the supporting materials, afifierent TiO, structured122.1361For
the subsequently grafted samples Au/Zn0.3/Ti1.2/SBA anflA.2/Zn0.3/SBA the plasmon
peak is also centered at 550 nm (Fig.[5.15b). However, there are certain differericebe
nature of photo-deposited Au nanoparticles of the Zn-dnimg samples compared with the
AU/Ti(X)/SBA materials. Thus, it can be assumed that théetBhces clearly depend on the
presence of Zn@species incorporated in the SBA-15 matrix. A more intengglsmon was
observed in case of Au/Ti1.2/Zn0.3/SBA compared to the Agiplon of Au/Zn0.3/Til1.2/SBA.
The overall intensities of these plasmon peaks are lowethHerAu/Zn0.3/Ti1.2/SBA and
Au/Ti1.2/Zn0.3/SBA materials compared to the Au/Ti(X)/iSBamples, which is in good
agreement with the ICP-OES results indicating that less As photo-deposited on the Zn-
containing samples. However, the Au/Ti1.2/Zn0.3/SBA skmpth a lower loading of Au as
measured by ICP-OES exhibits the higher plasmon peak, lpgshie to different scattering
properties of the sample. For the Au/Zn0.3/Ti1.2/SBA arel Alu/Til1.2/Zn0.3/SBA samples
it can be assumed that metallic Au is present, as the plasmhén i the metallic state is
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Figure 5.16: a) Typical BF-TEM of Au/Ti1l.0/SBA. NPs are imaged as darktcast, and are poly-
disperse. The SBA-15 channels are visibly intact. b) A FFalysis of the white
frame in a) shows the pore spacing to be 4 c) EFTEM Ti map of the tip of
the crystal visible in a). Some of the particles visible irgaje rise to strong Ti sig-
nals. The dark area in the middle of the crystal is due to tiésk effects. d) EELS
spectrum of Au/Ti1.0/SBA showing the Tisls and the O-K edge. e) Intensity profile
following the stripe in ¢) from top left to down right. Besil¢éhe particle, a clear Ti
background is present throughout the material.

accepted to be in the range of 500 - 600 B&%:236INo Au plasmon peak was observed for the
Au/Zn0.3/SBA sample most likely due to the low Au loading.

In-depth high-resolution TEM analysis was performed fer tiwree samples with similar TiO
loading, namely Au/Ti1.0/SBA, Au/Zn0.3/Til1.2/SBA, and Aid.2/Zn0.3/SBA samples. BF-
TEM images of Au/Ti1.0/SBA showed the presence of intacholeds as sxpected for SBA-15
mesoporous materials (Fig._5l16a). The channels are higlligred and exhibit a channel
spacing of 104\, determined by FFT analysis (Fig._5116b) of the area in theexframe in Fig.
[5.16a. The channel spacing does, however, slightly chaongedrystal to crystal. The average
distance found in both characterized samples is approxlmaoo,&. The nanoparticles that
are visible in the material shown in Fig._5l16a are quite gislyerse with diameters ranging
from 10 to 90 nm.

The presence of Ti and O in the Au/Ti1.0/SBA material werevproby EELS. The EELS
spectrum acquired from the material (Fig._5.16d) shows tkesgnce of both the Ti-lg and
the O-K edges. The Ti-L3 signal was used to acquire an Ti elemental map using EFTEd! (Fi
[5.16c). This elemental map shows a homogeneous Ti distiibin the tip of the SBA-15
crystal as shown in Figl_5.16c. The dark contrast at the carfitthe Au/Ti1.0/SBA crystal
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Figure 5.17: a) HAADF-STEM images of Au/Ti1.0/SBA. Numbered white fragriabel the areas
where STEM-EDX spectra were recorded. b) and ¢) show magifiADF-STEM
images of the areas where spectrum 2 and 3 were recorded. Xispéxtra of the
material in the areas 1 (black), 2 (red) and 3 (blue), only@shan Au signal.

is an imaging artifact (thickness effect). Fig._5.16e shtesintensity profile over the line
indicated in the Ti map in Fig[_5.16c, from top left to bottoight. Some of the particles
visible in BF-TEM in Fig. [5.16a give rise to strong signalstie Ti map (Fig.[5.16c) and
resulted in peaks in the Ti intensity profile (Flg._5.16e).uhthese particles are then clearly
enriched in Ti. STEM-EDX (Fig._-5.17) and HR HAADF-STEM (Fi§.18) was used to further
explore the nature of these particles.

Most of the particles of Au/Ti1.0/SBA, which are visible ifFBTEM (Fig.[5.16c) and HAADF-
STEM proved to be Ti-rich. STEM-EDX spectra, however, réubat there are two types
of nanopatrticles in this material; most particles exhilvityoa small contrast difference with
respect to the framework material in the mass-thicknessitsenHAADF-STEM images (Fig.
B.17a and 5.17b area 2) are Ti-rich nanoparticles as prov&TEM-EDX spectra (Fid. 5.17d
spectra 1 and 2). Au nanoparticles detected based on thgystronage contrast with respect
to the framework material and the according STEM-EDX spaut(Fig.[5.17d spectrum 3) are
also present. Often these Au nanoparticles are embeddéxetlis that exhibit a very similar
composition as the framework material.
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Figure 5.18:a) HAADF-STEM image of Au/Til.0/SBA showing the presence safveral Au
nanoparticles (bright white contrast). b) High-resolaotidAADF-STEM image of
a single Au nanoparticle A, covered by a low-contrast, amougg shell. ¢) The FFT
analysis of (b) confirms the particle is crystalline Au. d) Aanoparticle B imaged
along the [111] zone axis orientation, as evidenced by FRlyais shown in ) (scale
bar 2 nm).

The Au particles of Au/Ti1.0/SBA were further investigateyl a FFT analysis of HAADF-
STEM images in atomic resolution. Particle A in Fig. 5.18aibiks the presence of multiple
twinning defects, typical for small Au nanoparticles. THeTHFig. [5.18c) of the HAADF-
STEM image depicting it in atomic resolution shows only reflens fitting to the FCC Au
crystal structure. Fid. 5.18b shows a typical low-contaasbrphous shell surrounding the gold
nanoparticle. Particle B (Fid._5.18d) is smaller than A amd non-defected Au particle im-
aged along its [111] zone axis as proven by the FFT analygjsipEL8e). Even though analysis
was not performed in similar detail, HRTEM images of the AQ/3/SBA and Au/Ti2.0/SBA
revealed that polydisperse nanoparticles are formed, asobserved for Au/Til.0/SBA and
have been proven to be Ti-rich in nature. Furthermore, itlmarassumed that the Au par-
ticles detected for the Au/Ti0.3/SBA and Au/Ti2.0/SBA araledded in similar shells (Fig.
(.18b). It is likely that the formation of these core-shétlistures and the Ti-enrichment in
the Au/Ti1.0/SBA sample observed at several positionssoguring photo-deposition of Au,
because the presence of Ti-rich areas was excluded by HRT&Aumements for a Ti1.0/SBA
support sample.

Similarly to the intact channel structure of the Au/Til.BA& sample the HRTEM image
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Figure 5.19: a) HRTEM image of a typical Au/Zn0.3/Til1.2/SBA crystal. Theannels are visi-
bly intact. The FFT of a) (displayed in b)) reveals an averdigéance of approxi-
mately 100A. c) HAADF-STEM image of a typical Au/Zn0.3/Ti1.2/SBA crig. d)
HAADF-STEM image signal intensity and Ti-K/Zn-L EDX inteitys profiles over the
grey line in a) from the top left to the bottom right (Zn-L, bla Ti-K, red; image
intensity, green).

(Fig. [5.19a) of the Au/Zn0.3/Ti1.2/SBA material shows oitahannels with an average dis-
tance of~ 100 A (Fig. 5.19b). From BF imaging the presence of nanopasies ob-
served for Au/Ti1l.0/SBA was excluded and Au particles ipooated by photo-deposition
into the Au/Zn0.3/Til.2/SBA sample were hardly visible. Pprague shadows were im-
aged (Fig. [5.19a). Again, the HAADF-STEM mode was used tthé&rrcharacterize the
Au/Zn0.3/Til1.2/SBA material. Using HAADF-STEM it was agaverified that the channel
structure of SBA-15 support material is intact and the Auiplas incorporated in the material
due to the photo-deposition procedure became visible [E0c). Most likely the large par-
ticles that can be seen at the outer surface are agglomefadesparticles. These are found
very rarely and most of the Au particles within these agglates as well as in the channels of
the Au/Zn0.3/Til1.2/SBA sample are monodisperse, with araye size of & 2 nm (see size
distribution in Fig[AI1). A 2D line scan was performed in SMEDX to measure the Ti and
Zn distribution. Both elements are evenly distributed a&sit be seen in the according element
profiles in Fig.[5.1Pd. The presence of Ti, Zn, and Au in Au/Z#0i1.2/SBA was proven by
EDX (Fig. [A12) and the Ti distribution was shown to be homaogmurs without Ti-rich areas
(Fig.[AL3).

The position of the Au nanoparticles within the Au/Zn0.3/B/SBA material was investigated
by electron tomography. Using the electron tomographyrtegle, a three-dimensional re-
construction of the investigated material was retrieve). shows a slice through the
three-dimensionally reconstructed volume of the inveséd Au/Zn0.3/Ti1l.2/SBA material.
The intact SBA-15 channels are resolved in the reconstnucéind the Au particles are visibly
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Figure 5.20: Tomographic reconstruction of a typical Au/Zn0.3/Til BAScrystal, reconstruction
size = 622x738x817 nm (boundaries indicated by the orangg bo the 3D repre-
sentation (left top) the Au nanopatrticles are displayedeitoyv, the SBA framework
in soft-red. The arrangement of the channels is clearlphisas well as the Au parti-
cles. The orthoslices through the reconstruction showttteaEBA framework pores
are resolved. The Au nanopatrticles are found within the SBArystal as well as at
the surface.

distributed throughout the whole SBA-15 crystal, and asilméace of the Au/Zn0.3/Til.2/SBA
material. The artifacts in the reconstruction are a reduti®@ missing wedge and the tendency
of the material to charge under the beam which can result vement of the SBA-15 crys-
tal. Using HRTEM measurements it was unambiguously showhldrger Au particles and
Ti-rich areas, observed for the Au/Ti1.0/SBA, were not gxgsin the Au/Zn0.3/Til.2/SBA
sample. The HRTEM measurements are supported by UV-Vis une@ants, which reveal
that the intensity of the characteristic Au plasmon of théza0.3/Til1.2/SBA sample is less
intense. It can be assumed that monodisperse homogenelsisiguted Au particles within
a mesoporous matrix certainly will possess a less intenspldamon compared with larger
particles mainly situated at the outer surface of a mateTiaking this into account small Au
particles mainly in the pores of the material are expectedhf® Au/Ti1.2/Zn0.3/SBA sample
and indeed HRTEM images confirmed the presence of small Aicleer (Fig.LA14). However,
a slight enrichment of Ti in certain areas, possibly assediavith larger Au particles was ob-
served in the Ti EFTEM images for the Au/Ti1.2/Zn0.3/SBAeTghotocatalytic activity of the
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three different materials clearly decreases in the ordéTiAlWD/SBA > Au/Zn0.3/Til.2/SBA
> Au/Til1.2/Zn0.3/SBA as Au/Ti1l.0/SBA was active for the ewtobn of H, and the hydrox-
ylation of TA. Regarding the presented HRTEM characteiratesults these differences in
photocatalytic activity can be explained by the enrichmenitiOy and the differences in the
particle sizes of the incorporated Au nanopatrticles.

79

The above presented results provide evidence that highilyeasolated or slightly polymer-
ized TiO, were obtained by the anhydrous grafting of Ti® on SBA-15 support. The iso-
lated species appear to be mobile, at least during photositegn of nanoparticular Au, and
tend to agglomerate during the irradiation process. Dubédigh photocatalytic activity of
the initially isolated and presumably then agglomeratgd, Bpecies photo-deposition of Au
nanoparticles is mainly taking place at the outer surfaargielr Au particles are photo-deposited
and the probability of Au precursor diffusion into the chalsnof the Au/Ti(x)/SBA samples
is low. The agglomeration and photo-deposition of largerpauticles was observed for all
AU/Ti(x)/SBA samples and a relation between the hydrogesiution activity and these in-
situ generated Au/TiQassemblies is likely. Even though it was not possible to imitieely
confirmed by means of HRTEM, the observed trends of phottytetaydrogen evolution due
to methanol steam reforming for the Au/Ti(x)/SBA samplegimibe explained as follows:
Less hydrogen was evolved during Au photo-deposition isgmee of Ti0.3/SBA compared to
Til.0/SBA due to the lower TiQloading. With increasing TiQloading as in Ti2.0/SBA or in
Ti2.7/SBA again less hydrogen was evolved during photcdiion. These samples exhibited
less isolated TiQspecies. Instead, Tidpecies are present as oligomers and even polymerized
TiOy at the surface of the SBA-15 was confirmié&] Presumably, these interconnected JiO
species are less mobile at the surface and only remainitajesioTiC, sites are able to move.
Thus, less Au/TiQ assemblies can be formed in the photo-deposition resuhimhgss active
sites and lower hydrogen evolution. It is also possible sua® that Ti-O-Si bonds still need
to be present in the agglomerates formed around the goldoaaindes as the composition of
the shell was confirmed to be similar to the framework of théemal.

In case of the Au/Zn0.3/Til1.2/SBA and the Au/Til1.2/Zn0BASsamples monodisperse, evenly
distributed particles are photo-deposited in the chanaedsat the outer surface of the mate-
rial. Furthermore, less Au is deposited on both samples aoaapto Au/Ti(x)/SBA materials
as evidenced by ICP-OES measurements. The mobility of g Jpecies after subsequent
deposition of ZnQ appears to be lower or is even inhibited in analogy to the dmdbaded
Ti2.0/SBA and Ti2.7/SBA samples, and thus the agglomemnaiforliOy is avoided. The TiQ
species remain mainly isolated and the photo-depositidwua$ slow for the Zn0.3/Til1.2/SBA
sample resulting in a lower Au loading after 90 min of irradia and the hydrogen evolution
due to photoreforming of methanol, if occurring at all, isdvethe detection limit.

The Au/Zn0.3/Til1.2/SBA and the Au/Ti1.0/SAB samples extsimilar photocatalytic activi-
ties towards TA hydroxylation. Two different sites seeméabsponsible for the hydrogen evo-
lution reaction and the TA hydroxylation, e.g. Au/Ti@ssemblies arranged in a core-shell like
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structure as observed for Au/Ti(x)/SBA samples may be nesipte for the hydrogen evolution
and Au in close contact to isolated Ti®pecies facilitates the hydroxylation of TA. Although
the Au distribution of the Au/Til.2/Zn0.3/SBA sample is dan to the Au/Zn0.3/Til.2/SBA
sample it is less active in the TA test reaction, and theeefbe lower activity is exclusively
assigned to the formation of Ti-O-Zn bonds instead of Tii®hds as already explained.

Finally, it should be mentioned that the observed behavidr(®)/SBA-15 materials during
Au photo-deposition resembles the SMSI effect observednfetal/TiO, materials. It is be-
lieved that reduction of Ti@gives rise to TiQ suboxide species (x 2), which is believed
to migrate onto metal particles. The state of titania presethe Ti(xX)/SBA-15 materials can
be considered as a Ti&pecies, which can migrate onto the metal particles. Furtbes, the
desired reduction of titania can be achieved by the UV-lgptditation of the isolated Ti-sites.
The SMSI effect is in good agreement with the consideratadram enhanced mobility of the
titania in species Ti(x)/SBA-15.

5.3.3 Conclusions and Outlook

The presented results show that Au/Ti(x)/SBA-15 samplegantocatalytically active in the
hydrogen production by the photoreforming reaction of ragth and in the hydroxylation
of terephthalic acid. Therefore, the availability of etects and holes upon photo-excitation
was proven. Furthermore, a correlation of titania loading photocatalytic activity was ob-
served: the highest activity was observed for materialf wie majority of isolated titania
sites. In contrast to the behavior observed for Au/Ti(xXASES, the photocatalytic activity
is drastically changed upon incorporation of zinc oxidecsge as in Au/Zn0.3/Til1.2/SBA
and Au/Til1.2/Zn0.3/SBA. A photocatalytic activity reselinly the activity of the most ac-
tive Au/Ti(x)/SBA-15 was only observed for the Au/Zn0.3IT2/SBA sample. The differences
in activity were attributed to titania species in a Zn-O-fveonment, which appeared to be
unfavorable for the photocatalytic activity. Moreover, FHRM studies indicated a diffusion-
controlled photo-deposition of Au for Ti(x)/SBA-15, anddar Au particles at the outer sur-
face of the Au/Ti(x)/SBA-15 were detected. These particlese mostly associated with a
shell of similar composition as the framework material, #nseems that Au-Ti agglomer-
ates are formed. These agglomerates were completely ailnsé&nt/Zn0.3/Til1l.2/SBA and
Au/Til.2/Zn0.3/SBA, and only small Au particles in the psi&f the SBA-15 were observed.
The presence of ZnOseems to decrease the mobility of titania species requiréadrin the
Au-Ti agglomerates.



6 Heterogeneous
Photoelectrochemistry and
Photocatalysis of TiO,
Nanomaterials

In this chapter Nb-doped Tibulk materials are discussed. In the first section a novelmgis
procedure is described. In-depth characterization of Yetlsesized materials is used to proof
the suitability of the procedure. The improvement in photaurrent in hybrid photoelectrodes
prepared with the Nb-doped Tisamples as electron collector material are reported in the
second chapter and a strategy to improve non-metal dopidg@issed in the third section of
this chapter.
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6.1 The synthesis of Nb-doped Ti@nanoparticles by spray
drying

Abstrac@

Nb-doped TiQ nanoparticles were prepared by a continuous spray dryingegs using am-
monium niobate (V) oxalate and titaniumoxysulfate as watduble precursors. The structural
and electronic properties were investigated using theravaigetric analysis, X-ray diffraction,
X-ray photoelectron spectroscopy, and Raman spectrosttipyas found to be mainly incor-
porated as N¥ into the TiQ, lattice resulting in a charge compensation by Ti vacandiés.
characterization results indicate that Nb was homogemgdistributed within the titania lat-
tice, and that the surface segregation of Nb, which is contyrmivserved for Nb-doped Ti&)
was significantly less pronounced. The high homogeneitytla@dower extent of surface seg-
regation originate from the efficient atomization of homogeus precursor solutions and the
fast evaporation of the solvent in the spray drying process.a result, the ion mobility is
diminished and spheres of well-mixed precursor materisdf@med. Using the continuous
spray drying process followed by a controlled heat treatiika phase composition, the crystal
size, and the surface area of the Nb-doped, n@noparticles are easily adjustable.

1The content of this section is published as "The syntheshétetioped TiQ nanoparticles by spray drying: an
efficient and scalable method”, B. Mei, M.D. Sanchez, T. Reke, S. Kaluza, W. Xia, M. Muhler, J. Mater.
Chem., 2011, 21, 11781-11790, DOI:10.1039/C1JM11431J.
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6.1.1 Short Introduction

Transition metal oxides such as titanium dioxide (J)i@ave been extensively studied in the last
decades for various applications. piDased materials of different particle size and morphol-
ogy are used in scientifically and technologically intarestireas such as the photocatalytic
splitting of wateri233! environmental cleanuB24 gas sensing>®1%6l and in fuel celld1%’!
Furthermore, TiQ is applied as support material in heterogeneous catalysistal strong
metal-support interactions, high stability in oxidizinggonments, low cost, and commercial
availability.l28] Due to the wide band gaps of the commonly used,Ti@difications anatase
(3.2 eV) and rutile (3.0 eV), it is often necessary to modifgit band structuré-8:158.159Fqr
photocatalytic applications the modification of the bandc&ure is intended to lead to visible
light absorption, whereas in electrochemical applicaitive conductivity of TiQ needs to be
enhanced by tuning its band gap.

The applicability of wide band gap oxides can be improved iffereent methods including
doping with anions or cationé82:1611 Typically, anions such as N, C, F, or S can be used to sub-
stitute lattice oxygen anions, whereas transition mettbiea substitute Ti cation&?2:162-164]
Depending on the application it is crucial to consider théetgmy of the d orbitals of transition
metals and the effect of their different electron configora. In addition, the formation of
solid solutions of two or more oxides is commonly used to ¢eatme band structures of wide
band gap oxides.

In recent years Nb was employed to dope Ji@articles or films for different applica-
tions [156.157.165.166lThese investigations showed that the doped materials cappleed as

conductive support for cathode catalysts in polymer edégie membrane fuel cells (PEM-
FCs)[157.1671 a5 counter electrode in dye-sensitized solar cells (DS&€%17%1and as trans-
parent conductive oxides (TCOEY1!

The incorporation of Nb into the titania lattice leads to mi@s in the electronic structure,
which are extensively discussed in literature. The chaogepensation of N¥ substituting
Ti** depends on the oxygen partial pressure, the temperatuliecgpring the synthesis, and
the Nb concentration. It can be achieved by two mechanisms possibility is the reduction
of one T to Ti®* for every NB* incorporated (ed._611), the other possibility is the foriorat
of one Ti vacancy per four N introduced (edq_6]2).

1/2Nb0s + Ti%; — Nby; + Tig; +5/40; (6.1)
1/2Nb0s + Ti%; — Nby; + 1/4V7; + TiOz+ 1/40;, (6.2)

Reaction[(6.11) mainly occurs at low oxygen partial pressaired in the synthesis of samples
with high Nb content. In this case one excess electron oesupie Ti 3d orbital leading to
an increase of the electron density. Using high oxygenalgstessures favors the formation
of titanium vacancies (ed._6.2). In addition, the substtubf Ti** by Nb** can be obtained
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by a high temperature treatment in reducing atmosphere. pidygaration of doped powder
materials can be achieved by different methods, such asthgtmal synthesig>7:.16% pyrol-
ysis 1721[173] high temperature ceramic routéé4-1761and sol-gel method&62.177-179lThese
methods usually involve complicated processes, and thdtires properties of the product
strongly depend on the various process parameters. Fontiner the scale-up of these meth-
ods is rather difficult. For instance, Kubacka et8#:163] prepared doped TiDmaterials by

a microemulsion method. This sophisticated preparationpegses stirring for 24 h followed
by several additional steps, such as centrifugation, dryamd washing, which is rather time-
consuming. The synthesis of Nb-doped i@y a hydrothermal method described by Park and
Seol®"l is another example for a rather time-consuming processhé&umore, both prepara-
tion techniques require very hydrophilic materials, whidve to be handled skillfully. The
high-temperature ceramic route used for the synthesis pédldiO, is an energy-intensive
process. For example, Morris et (&4l used ceramics for valence band studies, where the
starting materials were treated at temperatures as higdQfs’C for several days.

Recently, spray drying has been successfully employed astahd scalable method for the
preparation of oxide materials. Kaluza ef?-182lysed a coupled precipitation-spray drying
approach to prepare high surface area ZnO nanoparticleZra@eAl,O3 hanocomposites as
supports for copper catalysts applied in methanol syrghd®y using this spray drying tech-
nique, it was possible to investigate the aging processaoptitycrystalline precipitates as well
as the role of the post-treatment during the catalyst petjoar. Hence, important preparation
parameters can be easily controlled using this approachreak in conventional batch pro-
cesses the investigation of the aging of the precipitateanga to be rather difficult. Spray
drying has also been used for the synthesis of,Ti@terials. Sizgek et &3] prepared ti-
tanates by a coupled sol-gel and spray drying approachtiregui well-defined microspheres.
This method revealed that the particle porosity and mogoktrongly depend on the dis-
persion of the used sol. Porous Bi@anowires and macroporous particles for photocatalytic
applications were prepared by Zhang et'8# and Iskandar et dk8%! Zhang et al84 used
suspensions of powdered nanowires and a surfactant toesyp¢hhierarchically porous TiO
microspheres consisting of nanowires, whereas Iskandd®®! focused on the preparation
of macroporous brookite nanoparticles using suspensibbsookite nanoparticles together
with a template for spray drying. The obtained macroporaarsigges showed higher photo-
catalytic activity in waste water treatment compared toseeparticles due to higher surface
arealt®! Thus, applying the spray drying approach combines seveagmadvantages, such
as homogeneous particle size distribution, fast dryingeanald conditions, and good parame-
ter control. However, finding a soluble Ti@recursor suitable for spray drying is challenging,
and, to the best of our knowledge, the synthesis of catigpeddiO, by spray drying has not
yet been reported.

In this contribution, we present a continuous method for gipethesis of Nb-doped Ti¥D
nanoparticles by spray drying. A peristaltic pump trangpan acidic solution containing Nb
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and Ti ions into the two-fluid nozzle of the spray dryer. Aftapid evaporation of the liquid
and separation of the gas, the solid can be collected adesdqgowder. The segregation of the
ions and particle aggregation are avoided due to the ragidglprocess. Thus, the Nb and Ti
cations are well mixed within the powder. The spray dryinggass leads to a narrow particle
size distribution, because the ion content of the feed ®olis homogeneously dispersed and
the atomization by the nozzle is well defined. Furthermdre stcale-up of this synthesis route
to an industrial level is easily feasible.

Experimental
Sample Preparation

Titaniumoxysulfate sulfuric acid hydrate (TiO® H,SO4 x H20O, synthesis grade) and am-
monium niobate (V) oxalate hydrate ((NJNbO(GOg4), X H20, 99.9 %, denoted as ANO)
were supplied by Aldrich and used as received. The Ti compigx dissolved in nitric acid
solution (c = 1 mol 1) by stirring for at least 4 h. Subsequently, a predetermaradunt of
the ANO complex was added to the colorless solution to aehiMly concentrations between
0.2 - 50 at % relative to Ti. The obtained solution was stifagdl h and used for the synthesis
of Nb-doped TiQ precursor materials through a continuous spray drying atetiA bench-
top spray dryer (B-290, Bichi) with a two-fluid nozzle wasddor fast evaporation of the
fluid.[289-1821The colorless powder samples were collected from the dmyeéicalcined under
flowing synthetic air (20.5 % ®in He, 100 sccm) at 600C, 700°C or 800°C for 1 h. A
heating rate of 1 K mit was applied leaving sufficient time for flushing out volasieecies
evolving during the decomposition of the precursors. Afi@cination the samples were thor-
oughly washed with distilled water and dried in static air 24 h at 110°C. The prepared
samples are labeled based on the composition and the dadait@amperature. For instance,
Tig.990d\bg.00> 700 indicates a theoretical composition of 99.8 at% Ti iand 0.2 at% Nb ions
and a calcination temperature of 70D. For comparison, monometallic Ti or Nb oxides were
prepared using single Ti or Nb sources, where ANO was alswhblisd in acidic solution.

Characterization Methods

The materials were investigated by means of thermograwneeupled with mass spectrom-
etry (TG-MS), X-ray diffraction (XRD), Raman spectroscopiv-Vis spectroscopy, nitrogen
physisorption, and X-ray photoelectron spectroscopy (XF&-MS analysis was carried out
in a Cahn TG2131 thermobalance coupled with a quadrupols spestrometer (Balzer, Om-
nistar). Samples were heated to 8@with a heating rate of 2 K mih in synthetic air with
at total flow rate of 30 sccm. XRD studies were performed witAalytical MPD diffrac-
tometer with Cu Kr radiation in a & range from 10 to 7Q Powder Diffraction Files (PDF2)
from the International Centre of Diffraction Data (ICDD)mbined with the XPert Line soft-
ware (Panalytical, Almelo) were used for qualitative phasalysis. Raman measurements
were performed with a Nexus FT-NIR spectrometer equippél winitrogen-cooled germa-
nium detector and a 1064 nm laser (Nd:YAG) provided by TheFisber Scientific. UV-Vis
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spectra were recorded in the diffuse reflectance mode inkarPeimer Lambda 650 UV-Vis
spectrometer equipped with a Praying-Mantis mirror carcsion. The obtained spectra were
converted by the Kubelka-Munk function F(R) into absorptgpectra using BaS{as white
standard. Static nitrogen physisorption experiments werormed at the boiling point of lig-
uid N, subsequent to out-gassing at 18D in a Quantachrome Autosorb-1-MP setup. Data
were analyzed according to the BET equation assuming teairda covered by one nitrogen
molecule is 0.162 nfm The mean diameter d(BET) was calculated based on the atisarop
non-porous spherical particles. The density of anatagdase= 3.85 x 1§ kg m3)[186] was
used in all cases. It has to be noted that this is only a roughoapnation for materials with
imperfect structures. The pore size distribution was ole@iapplying the BJH equation. XPS
measurements were carried out in an UHV set-up equippedaMBammadata-Scienta SES
2002 analyzer. The base pressure in the measurement chamb®ix 10'° mbar. Monochro-
matic Al Ka (1486.6 eV; 13.5 kV; 37 mA) was used as incident radiationapédss energy of
200 eV was chosen resulting in an energy resolution betéer @6 eV. Charging effects were
compensated using a flood gun, and binding energies welwaiaid based on positioning the
main C 1s peak at 284.5 eV, which originates from carbon coimations.

6.1.2 Results and Discussion

Common Ti compounds such as TjGire typically air- and water-sensitive rendering them
unsuitable as Ti source for spray drying. Titaniumoxydelfdissolves slowly in HN@under
stirring and is stable in acidic solutions. As the spray dwas equipped with glass reactors
and Teflon tubing, it was possible to use the Ti- and Nb- cairigiacidic solution directly for
the spray drying synthesis resulting in colorless powdeliected in the product vessel.

TG-MS applied to the precursor materials

The decomposition of the powders obtained from spray dryiieg the precursor for mixed
TiNb oxides, was first studied by TG-MS in flowing air. The TGSMesults of pure Ti pure
Nb1, and Tp sNbg 5 mixed precursors are shown in Fig.]6.1 It can be seen that ¢ighioss

of the pure Ti precursor occurred in two steps: at aroundZ&8ccompanied by the release of
H,O (m/e = 18), and at about 58C accompanied by the release of a small amount of CO
(m/e = 44) (Fig.L&.1a). Surprisingly, S@m/e = 64) and S@(m/e = 80) were not detected
by MS in the whole temperature range. Obviously, the Ti premudecomposed completely
to TiO, at about 600°C. Further heating to 800C caused a negligible weight loss. The
transformation temperature to Ti@f 540 - 580°C is in good agreement with the results
reported by Johnson et BE7l They observed that the weight loss in the temperature region
below 540°C is only related to the release of water. According to thaioled TG data of the
spray-dried TiIOS@ sample, water mainly desorbs below 20D, and no further weight loss

is detected up to 54€C. Hence, water is bound less strongly to the spray-driegpkanThe
major weight loss above 54@ can be assigned to the decomposition of the precursor and th
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Figure 6.1: DTG curves and MS profiles of the spray-dried materiajs Nlb;, and NIy 5Tig 5 using
a heating rate of 2 K mihia) DTG curve of the spray-dried Tprecursor and the MS
profile of H,O and CQ during decomposition, b) DTG curve of Nb1 precursor (ANO)
and the MS profiles of bD, CO, and C®, and c¢) DTG curve of spray-dried NgTig 5
precursor and the MS profile ofJ@, CO, and CG.

release of different sulfur species as suggested by Joteisf87] Due to the lack of strong
contributions from S@and SQ@, the sulfur content in the precursor is presumably released
H,SOy in the applied temperature region. Thus, the decompogitioness can be described
by the following equation:

TiIOSOy - HySOy - XH20(S) — TiOz(S) + 2H2504(g) + (X — 1)H20(g) (6.3)

The decomposition profile of the spray-dried ANO precursmve in Fig.[6.1b can also be
divided into two main regions. The first weight loss regiconfir50°C to 250°C is associated
with the release of CO (m/e = 28), G@m/e = 44), and water (m/e = 18). The second de-
composition region is indicated by a sharp increase of the €ighal at 510C. Furthermore,
sharp CO and C&decomposition peaks are detected at 540 and®66@nd no further weight
loss is observed above 60CQ. The second decomposition can be assigned to the decomposi
tion of strongly bound oxalate or, more likely, to oxalate@psulated in NfOs, whereas a
weight loss below 200C is mainly due to the loss of water and ammoR#§! The loosely
bound oxalate is decomposed between 250 and®@5888] |n case of the spray-dried ANO
sample the decomposition of the oxalate already starts@t@4nd is terminated at 25.
Thus, for the spray-dried ANO precursor the conversionNiigOs is favored. It is interesting
to note that both the low and high temperature regions cboktbree different CO and CO
peaks. Therefore, the carbon species in the spray-dried pdN@ier could exist in three dif-
ferent environments. Hence, the overall equation of thewgosition of the spray-dried ANO
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Figure 6.2: DTG curves of the spray-dried precursor powders (bottomjaining 0.5, 1, 5, and 10
at% Nb, and the corresponding @®1S profiles (top).

precursor can be described as:
2[(NH)4NbO(C204)2] . XHzo(S) —

6.4
Nb,Os(s) +2NH3(g) + 6CO(g) +2C0O,x () + (x+ 1)H20(g) ©4)

In Fig. [6.1c the decomposition profile of the spray-drieglsNbg 5 precursor is shown. The
profile obtained with this sample is more related to the dgmusition of a mixed phase rather
than the decomposition of pure TiO$(i1) or the pure ANO (Nb) precursor. The first strong
weight loss signal is located at 14C. This weight loss is clearly related to the evolution of
CO and CQ and can be assigned to the decomposition of the oxalateespieom the ANO
precursor. A second major weight loss is detected at Z90which is also related to the
evolution of CO and C@and is not observed in any of the reference samples. Compmatiee
ANO (Nb;) sample the decomposition accompanied by the release gfiséhifted towards
higher temperatures. Therefore, this weight loss can bigreest to the decomposition of a
mixed phase containing Nb and Ti. The third strong weight lmscurs in the region of 540 to
640°C with a maximum located at 63@. The peak obtained by DTG analysis is rather broad
and the MS signals show two decomposition steps. The firptcgrtered at 585C may be
related to the decomposition of a pure Ti phase, whereaghehtemperatures mixed Ti-Nb
phases may be fully converted into oxides. Additionallgah be seen from Fidg. 6.1 that the
water signals vary for different precursors. The precursor shows mainly one peak with a
maximum at around 80C and a change in the background of the m/e = 18 signal at680
which may be related with the release of another species. AN{@ precursor exhibits two
steps mainly below 500C and in case of 1:1 mixtures of Nb and Ti {ENbg 5) two broad
water peaks of low intensity are detected at 150 and°&85

The TG-MS profiles of the precursors containing a small amhof@itNb ions between 0.05 -
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10 at% are presented in Fig, 6.2. The profiles obtained ate gimilar to the decomposition
profile of the spray-dried TiOSOprecursor. With increasing Nb content two new features
appear: first, a decomposition peak at low temperaturessereed, which is associated with
the evolution of CQ at 137°C. In addition, a second weight loss signal in the high temijpee
region at 582 C appears, which becomes broader with increasing Nb amdhbuos, the second
decomposition process already starts at lower temperaue to the low amount of Nb ions
the conversion into Ti@is not significantly affected as indicated by the DTG curveerEwith
higher Nb doping the measured TG-MS profiles are similar sstygg that even with a loading
of 10 at% the Nb ions are well dispersed within the Tigarticles without the formation of
NbOy islands. The formation of Ni®s or the formation of solid solutions of a Ny type
should result in TG profiles similar to those presented irsFi§.1b and_6]1c, respectively.
None of the characteristic peaks in the DTG curves is obdgervease of the samples with
low Nb content. In comparison with the TG-MS data presente#figs. [6.1b and 6l1c the
decomposition of the loosely bound oxalate occurs at loeeperature, and the release of
strongly bound carbon and sulfur species is also shiftedwed temperatures. These shifts
can be rationalized by assuming that small amounts of Nb hanwe a positive influence on
the decomposition of sulfate, and Ti ions are positivelyueficing the oxidation of carbon
species. It is worth mentioning that the oxidation of CO to,G©no longer favored for the
Tig.gNbg 1 sample and that the MS signal detected at mass 18 becomeatebinahis case.
Both observations indicate that the local environment ef b ions corresponds more and
more to the environment of Nb ions in theyENbg s sample forming a solid Nb¥Dy solution.

Structural characterization by XRD and Raman spectroscopy

Based on the TG-MS results the precursors with differend NIb ratios were calcined at 600,
700, or 800°C. The structures of the calcined samples were charaatidnz&RD and Raman
spectroscopy. The obtained diffraction patterns are shiowig. [6.3. The calcination of Ti
and Tp.g5Nbg g5 at 600°C leads to the full decomposition of the precursor as showthéy G
analysis. However, conversion into the tetragonal angihase is not fully completed, as mi-
nor diffraction lines of the monocliniB-TiO, phase are additionally detected (Fig.]6.3a). The
B-phase is structurally related to anatase, with which it eigemicoherently intergrowt9l
and to which it irreversibly reacts upon heatiR& In case of the TjggNbg 05600 sample the
diffraction peaks are broader and less intense than thoBg-600. Thus, the incorporation of
Nb is accompanied by the formation of smaller crystallisese(below). In the 700C calcina-
tion series, the decomposition of the precursor and thefibamation to the anatase structure
is complete for samples with low Nb-loading up to 1 at% (Hig3j. For Tp.gsNbg 05700
and Tip.gNbg 1-700 small diffraction peaks @8-TiO, are detected in addition to anatase, but
no characteristic peaks of the rutile phase are observeldeiriffraction patterns. Further-
more, the diffraction maxima of the Nb-doped anatase spmtinfcorrected with the NIST
SRM 660a LaR standard for instrumental aberrations #) 2lightly shifts to lower diffraction
angles indicating the incorporation of Nb ions into Ti le¢tisited19 The lattice expansion of
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Figure 6.3: X-ray diffraction patterns of the spray-dried precursoakined at different tempera-
tures. Spray-dried powder without Nb and low Nb doping Iswzicined at a) 60€C,
b) 700°C, and c¢) 800 C. The diffraction pattern of anatase Ti(21-1272) and rutile
TiO, (88-1175) are included for comparison.

anatase due to the incorporation of Nb is quantified with #dfimed lattice parameters (Table
[6.1). While the lattice parameters of the 00 anatase are a = 3.784(51)and c = 9.505(5)
A, which is in good agreement with values reported in theditee292 the cell parameters
increase uptoa= 3.791(é)and c= 9.510(129‘\ in the Tip.gNbg 1-700 sample. This increase of
the cell parameters with increasing Nb content confirmsHweis incorporated in the anatase
lattice, because the ionic radius of theMibns into octahedral coordination is larger than that
of Ti**.[133] |n addition, the effect of Nb on the size and morphology oftase crystallites
was investigated by means of the integral breadth me¥8tThe apparent size of all anatase
lattice planes (hkl) (measured by pattern decompositiah @nrected for instrumental line
broadening) is concordant indicating the absence of dtigstshape anisotropy in all samples.
Ignoring the potential minor effects of lattice imperfects (e.g. intercalation @-TiO, lamel-
lae with anatase) and strain on line broadening, a volumghied mean d(XRD) is calculated
from the arithmetic mean of the apparent size values in eacipke (Tablé 6]1). These data
clearly suggest a decrease in crystallite size with inéngaldb content.
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Figure 6.4: a) Raman spectra of spray-dried Nb-dopedfi@cursor powders calcined at 700.
1) Ti1, 2) Tio.999\bo.005 3) Tio.99Nbo.01, 4) Tio.95Nbo.05, 5) Tio.9gNb 1. Bands assigned
to B-phase TiQ are labeled with an asterisk. b) Spray-dried ANO precunsiby Y and
spray-dried Td sNbg s precursor calcined at 700 and 800D. The diffraction pattern of
anatase TiQ (21-1272), rutile TiQ (88-1175), NbOs (30-0873), and TiNpO; (72-
0116) are included for comparison.

Table 6.1: Refined lattice parameters and volume-averaged crystaities of anatase derived from
XRD measurements.

pretreatment 700C, 1 h 800°C,1h

sample lattice parameter ai][ d(XRD) [nm] lattice parameter a/d] d(XRD) [nm]
Tiy 3.784(1)/9.505(5) 20 3.7828(8)/9.511(3) 41
Tio.999Nbo.00s 3.784(1)/9.505(6) 18 3.7839(9)/9.516(4) 35
Tip.9odNbo 01 3.788(6)/9.510(5) 19 / /
Tio.asNbg o5 3.791(2)/9.512(8) 14 3.791(1)/9.515(5) 22
Tio.oNbg 1 3.791(3)/9.510(12) 13 3.785(1)/9.513(6) 22

The qualitative phase composition of the 70D calcination series obtained from the XRD
studies is clearly confirmed by Raman spectroscopy (Eigh)6.4 is known that the most
characteristic and strongest band of anatase appears atrt5land that weaker bands can
be detected at 639, 515, 400, and 204cwhereas the Raman bands of rutile phase can be
observed at 612, 448, 240, and 147-£#¥€! In all spectra the detected bands can be clearly
assigned to the anatase phase. Three weak bands in the ZDrri4@egion of the Tg g5Nbg. o5

and Tp.gNbp 1 samples are likely due to the presencgBefiO,. Bands of niobia phases are
not observed indicating that there is no phase separatirmation of NbQ islands on the
surface of TiQ particles. Similar changes in crystallite size and cellapzgters with bulk
composition are observed for the spray-dried precursdwsneal at 800°C. While a large
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Figure 6.5: (a) Pore size distribution of Nb-doped TiGamples with different Nb content. All
samples were treated at a) 800 and b) 700°C. Pore size distribution derived from
the N, physisorption measurements applying the BJH method. (B) 8ierograph of
a) Ti;-700, b) Th.9sNbg.05-700, and Tg.gNbg 1-700.

quantity of Ty-800 is converted into the rutile phase, the degree of cemmedecreases with
increasing Nb content.

Figure[6.4b shows the XRD results of theydNbp s and Nh reference samples. The Nbl
sample is fully converted into NKDs at both calcination temperatures. The diffraction pattern
show sharp diffraction peaks suggesting that these ardyhagistalline samples. Detailed
analysis of the XRD pattern of thegldNbgy 5 sample reveals the presence of anatase and rutile,
of TiNb,O7 oxide, and of a minor amount of N®s. At lower calcination temperature the
diffraction peaks of the mixed oxide TiN®; are rather weak, and sharp well-defined peaks
of the anatase and rutile phases can be detected. Whensmgé¢lae calcination temperature
to 800°C, a highly crystalline TiNBO; oxide phase is observed. The poor crystallinity of
the TiN,O7 oxide in the Tp sNbg s-700 sample is in good agreement with the results and the
interpretation of the TG-MS data demonstrating the decaitipo of the pure Ti-precursor

at lower temperatures and the decomposition of a mixed psecat elevated temperatures.
Arbiol et al[172] explained the phase separation at higher contents of Ntbipttse reduction

of stress by removing N© ions from the lattice. However, the high rutile-to-anataso
cannot be explained only by removing Nhons from the lattice, as based on the data obtained
with Ti1-700 sample, the anatase phase was expected to form extyustessibly, the number

of oxygen vacancies, which act as transformation centstsasgly increased compared tqTi
700 after removing the Nb from the lattice, and therefore,ahatase-to-rutile transformation

is favored!172]

Characterization of the texture and the morphology

The obtained BET surface areas are summarized in Table &2 .sdrface area of the parti-
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Table 6.2: Specific BET surfaces areas (BET SA) and particle diametetigat! from the N ph-
ysisorption measurements for the differently treated desnwith varying Nb content
and the respective treatment of the sample.

pretreatment 600C, 1h 700°C, 1h 800°C, 1h

sample BETSA[rA/g] BETSA([n?/g] d(BET)[nm] BETSA[n?/g] d(BET)[nm]
Tiq 105 56 28 17 91
Tio.999\Nb0.005 115 51 30 26 59
Tio.0dNbg 01 129 60 26 / /
Tio.95Nbg 05 135 69 22 46 33
Tig.oNbo.1 / 90 17 48 32

cles clearly increases with increasing Nb content, whitedreases with increasing calcination
temperature. Thus, by varying the calcination temperatutbe Nb content the surface area
of the particles can be tuned from 40 to 148/ga A mean particle diameter of the different
powders can be calculated from the measured surface ags\Jay assuming spherical parti-
cles (Tab[[6.R2). Based on this simple calculation, meangbadiameters of 15 - 60 nm were
derived, which are in rather good agreement with the criytstaliameters obtained by XRD.
It should be mentioned that the density of the anatase [Ewticas used to calculate the mean
particle size of the powders. The evolution of the pore sig&idution of the samples calcined
at 700 and 800C is presented in Figl_8.5 The data are derived from thghysisorption
experiments applying the BJH equation. The samp]e700 shows two broad signals: smaller
pores with a pore size maximum at 18@&nd a less intense signal in the range of 400 - 1000
A can be observed. After treatment at 8@the peak detected at 1@0disappears and the
intensity of the other peak is significantly decreased. Osly, even a small amount of Nb
changes the pore size distribution and increases the nuohisenaller pores with a diameter
of smaller than 20&. Further incorporation of Nb up to 10 at % led to even smalteep.
As shown in Fig[6.b the intensity of the maxima is changedhanging the calcination tem-
perature. The presence of these small pores can be codreldtethe formation of smaller
particles. A change in the evolution of the pore size can ba && the N3 5Tip 5-800 sample,
for which the pore diameter increases, while the overall Ibemof pores decreases reflecting
the trend of the N physisorption measurements. Characterization of thermaldy means
of SEM (Fig. [6.5) revealed that the calcined materials insi collapsed spherical parti-
cles. It is known that spray drying led to spherical parsaeie to fast evaporation of solvent,
which collapsed during calcination due to volume contmactiesulting from decomposition
of the precursor€t€ Furthermore, Nb concentration does not show significaniénite on
the morphology of the obtained composites, and all the sasrgfiow similar morphologies as
indicated by SEM studies.

Probing the electronic structure by XPS and UV-Vis
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Figure 6.6: Results of the XPS analysis of samples with Nb content from 10t at% calcined at
700°C. a) Nb 3d XP spectra, b) Ti 2p XP spectra, and c) the meassodid (ine) and
the ideal Nb/Ti ratio (dashed line) based on the XPS analysisthe theoretical Nb
doping.

The analysis of the XPS survey spectra (not shown) demaedttiaat the sulfate ions had been
removed completely from the sample surface by calcinatiof08°C, as no S 2p signal was
detected. The XP spectra of the undoped and Nb-doped gowder samples prepared with
different Nb contents (0, 0.01, 0.05, and 0.1), which weneeated at 700C, are shown in
Fig.[6.6. Based on the peak positions, the differences ofitBgs/» and the Nb 3¢}, binding
energies and the line shapes, the presence“fsfiecies with a Ti 2, binding energy of
458.3 - 458.5 eV and the presence oNns with a Nb 3@, binding energy of 206.8 eV is
clearly detectedt’ Within the XPS information depth there is no evidence foY Epecies,
which are usually observed at 1.8 eV lower binding energy that of Ti**.[292] Furthermore,
there is no evidence for the presence ofNepecies, which are normally observed at binding
energies below 206.5 el65:196] By deriving the Nb:Ti atomic ratio from the Ti 3p and the
Nb 3ds, peaks a slight enrichment of the Nb ions at the sample sudanébe detected as
shown in Fig[6.6c.

It is well known that the doping of heteroatoms can changétivel gap of TiQ. In Fig. [6.7

the results of the UV-Vis measurements of the undoped, thed\bg gos and the Tg gsNbg o5
samples calcined at 600, 700, and 8@are shown. From these spectra the band gap values
can be derived, and unoccupied electronic states can beteldtd he measured band gap of the
Ti1 samples amounts to 3.2 eV, which is in good agreement witbrteg values of the anatase
modification. It shifts to 3.0 eV corresponding to the rutitedification when calcining at 800
°C. The band gap of the doped Ti®ample is slightly shifted to lower values with increasing
calcination temperature. The changes in the magnitudeeob#imd gap can be explained by
the different anatase-to-rutile ratios of the samples: uhdoped sample was converted into



6.1 The synthesis of Nb-doped Ti@anoparticles by spray drying 95

—_— Ti1
== = T oD g
Tig 65N g
600°C
1 — T 1
5
S,
3
g 700°C
T ) A
e 800°C
I I n /| n
300 350 400 450 500 550 600

wavelength [nm]

Figure 6.7: UV-Vis results of the Ti, the T g9g\bg 005 and the T gsNbg g5 precursor powders
calcined at 600, 700, and 80C.

the more stable rutile modification, whereas the degree a$@transformation of the doped
sample is low due to the hindered phase transition. Thexefbe shift in the band gap is less
pronounced. In case of the samples calcined at’@08 slight blueshift of the adsorption edge
of the low doped Tj.g9g\bg 005 700 sample and a slight redshift of the §§Nbg o5-700 sample
compared with the adsorption edge of the undoped titaniZ @0 is observed. It is important
to mention that no additional electronic states giving tselectronic transitions were found
at higher wavelength for all samples.

Discussion

The characterization of the structural properties and ¢xéute analysis of the synthesized
powder materials are in good agreement. The XRD results shawthe crystallite size of the
materials as well as the particle size derived from BET mesasants decrease with increasing
Nb content. The differences in the XRD- and BET-derived @ljite sizes can be explained by
agglomeration effects influencing the physisorption rissuHowever, the trend in both cases
is clearly maintained. The inhibition of grain growth ane thindered anatase to rutile phase
transformation are in good agreement with other studiessil-gel method&®”:173lor laser-
induced pyrolysi&’?! for the preparation of Nb-doped T}OThe inhibition of grain growth is
mostly explained by stress introduced into the lattice leydlightly larger NB* ions [172.178]
and the different phase transformation behavior is exptalyy the lower oxygen vacancy con-
centration acting as transformation centéfst’8l On the other hand, Pittmann and BEf/!
who studied titania-supported niobia using Raman spemips pointed out that the forma-
tion of strong Nb-O-Ti bonds at the surface inhibits the Tivament and hinders the phase
transformation from anatase to rutile, because the Ti ritghd required to initiate the phase
transformatiort1?8] These Nb-O-Ti bonds are formed, when the surface of titan@overed
by NbQ, islands!t®’l However, in the present study it is not likely that amorphbin®, is-
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lands are present on the surface of samples with low Nb coritérs is clearly supported by
the increase of the refined cell parameter with increasingditent and the absence of any
feature in the XRD and Raman spectra, which can be found i abbkigh Nb content. The
increase of the cell parameters verifying Vegard's law israng hint for the effectiveness of
doping as pointed out by Hirano et Combining the results of the XRD, Raman, and BET
analysis, itis highly likely that Nb is incorporated in tratice of TiG,. Thus, using the simple
spray drying approach, Ti ions are substituted by Nb ionswatdoping levels, and solid solu-
tions are formed. The chemical oxidation state of Nb derlwethe XPS measurements is 5+.
This is in good agreement with other studies using sol-géhou=178.198]or other preparation
procedure$t®2.172] Fyrthermore, the XPS analysis did not reveal any evidencE%f and
the UV-Vis measurements did not show any additional absorptit is therefore reasonable
to assume that charge compensation is achieved by the fom@tTi vacancies according to
equation 6.P.

The blueshift of the absorption edge of thg ddsNbp 005700 is in good agreement with previ-
ous studies on Nb-doped T3ODensity functional theory calculations of the electrosiicic-
ture of the pure and the Nb-doped anatase by Liu 88l showed that the difference between
the top of the valence band and the Fermi level is larger iredagamples. As a result, the
electron transition from the valence band to the condudtermd requires more energy, which
is clearly consistent with the observed blueshift in the \d¥spectra. Furthermore, Chandiran
et all192] recently observed a similar blueshift of the absorptioresiddow content Nb-doped
TiO,. They ascribed this blueshift to the Burstein-Moss effecty the higher visible light
transparency and enhanced charge collection efficiencjteesin an increase in power con-
version in dye-sensitized solar cell€2l A redshift in higher doped samples was measured
by Lil et all2%?] They used Nb-doped TiQwith loadings above 2.5 mol% Nb to enhance the
performance of the photoanode in a dye-sensitized solbaélobserved a small redshift of
the adsorption edge upon Nb doping, which is in agreemehtout measurements. However,
the redshift in the higher dopedglgsNbg 05700 may also be ascribed to the presence of the
beta-TiQ phase, which was detected by XRD and Raman measurements.

Finally, the advantages of the spray drying process condgarie conventional methods have
to be addressed. Ruiz et&$8] studied solid solutions of Nfi,.,O, prepared by a sol-gel
method with a Nb content of O< x < 0.1 and found that the solubility limit of Nb in the
anatase phase is higher than 0.1. However, the XPS anatysialed that there is a large dis-
crepancy between the concentration of Nb at the surfacehantheoretical loading. Even at
low calcination temperature the measured surface corat@rirwas two times higher than the
theoretical loading. Similar discrepancies between ttgmal loading and surface concentra-
tion were found by Chandiran et B2l, who used a rather complicated hydrothermal process
and subsequent annealing treatment to synthesize Nb-doPednaterials. Even though there
is also a minor discrepancy between the theoretical Nb abated the actual amount of Nb in
the near-surface region detected by XPS, it should be pbmitthat the surface segregation is
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much less pronounced, and at calcination temperatures0dsfG@@nd a theoretical Nb content
of 10 at% the detectable amount of Nb at the surface is lessith&b. Thus, more Nb should
remain in the bulk of the material effectively doping thetita particles. The differences in
segregation behavior are assumed to be due to the rapidrati@pan the spray drying process
compared to the slow gelation process in the sol-gel apprdaarthermore, XRD and Raman
results provide evidence that there is no additional pras®jt is not likely that NbQ islands
are present on the surface of the material. Hence, Nb is wadlilnlted in the bulk of the
spray-dried materials. In summary, spray drying is considi@n efficient and advantageous
synthetic method leading to high levels of Nb doping in 7iO

6.1.3 Conclusions

Spray drying was applied as efficient, scalable, and reiai#thod for the synthesis of doped
metal oxides using Nb-doped T@s a test system. The suppression of the ion mobility by the
fast evaporation of water during the spray drying proceasssimed to favor the homogeneous
distribution of the Nb ions. The subsequent calcinatiomatemperature range from at 600 to
800°C results in crystalline materials with narrow pore sizérthstions. Subsequent to calci-
nation, the fully oxidized Nb ions were found to be homogestpdistributed in the crystalline
TiO, powder materials, and Nb surface segregation had occuntgdaa minor extent in spite
of the high-temperature treatment. By using differentllewé Nb doping, the particle size and
the anatase-to-rutile ratio can be easily adjusted: withe@sing Nb content up to gfgNbg 11
the particle size decreases continuously, and the tranat@n of anatase into rutile at high
temperatures is more kinetically hindered. The spray drgipproach combined with a con-
trolled high-temperature calcination is considered a psorg technique for the homogeneous
doping of TiQ, and other oxides with various metal ions. Future work shdoddis on the
development of more suitable precursor molecules.
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6.2 TiO,-polyheptazine hybrid materials

Abstraclﬁ

Nb-doped TiQ prepared by spray drying exhibits enhanced photoeleatroatal performance
both in its bare form (under UV irradiation) and when usedraglactron collector in hybrid
TiO,-polyheptazine photoanodes for water photooxidation uxéle (A > 420 nm) light.

2To be published as "Beneficial effect of Nb doping on the pbltctrochemical properties of Tiand TiG-
polyheptazine hybrids”, B. Mei, H. Byford, M. Bledowski, Strunk, M. Muhler, R. Beranek.
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6.2.1 Short Introduction

Direct conversion of solar energy into chemical energy bylight-driven water splitting into
hydrogen and oxygen in a photoelectrochemical cell is ongraising strategies to secure
the future supply of clean and sustainable en&}. Although very high solar-to-hydrogen
efficiency of up to 18 % have been already achieved, such wells typically based on mul-
tijunction photoelectrodes using expensive mateff%s2921 An economically viable solution,
therefore, requires the development of new, low-cost rreserNotably, due to the complex
chemistry involved in four-electron oxidation of water tioxygen[2%3] the major challenge in
photoelectrochemical water splitting is the developméoheap, efficient, and stable photoan-
odes. The research efforts have mostly focused on low-bapdrgnsition metal oxides, like
WOj3 (2.6 eV,~ 480 nmy224:205lor q-Fe,03 (2.1 eV,~ 590 nm)[206-208l\yhich combine light
absorption in the visible with high stability. However, theather positive conduction band
edge normally translates into the need to apply significatgtreal electric bias or use tandem
cell configurations in order to achieve proton reductiorhatdounter electrode.

An attractive alternative is to use a nanocrystalline lafea stable wide-band gap oxide (e.g.
TiO,) sensitized by a visible light absorbing dye coupled to acat@lyst for water oxida-
tion.1299-211n this approach the oxide is used essentially as a colléotalectrons injected
from the dye, whereby the positive charges (holes) are @iadrio a colloidal co-catalyst for
water oxidation (Ir@ nanocrystals). Interestingly, such hybrid photochemasalemblies not
only resemble the Photosystem Il of green plants by exhifpitinetic charge separatid#t?!
but they also take advantage of the relatively negativerpiatieof the conduction band edge of
the wide-band gap metal oxide (e.g. -0.15 V vs. RHE for2)i®hich promises significantly
reduced need for external bias to drive complete watertisyit Obviously, the stability issue
plays a crucial role in this type of devices since many dyesat stable enough to survive the
harsh conditions during water oxidati¢92:211.213]

Recently, we have been developing photoanodes (Figurd&s®d on a novel class of visible
light photoactive inorganic/organic hybrid materials ©Fimodified at the surface with poly-
heptazine (also known as "graphitic carbon nitrid®324:214.215IThe most attractive feature
of these inorganic/organic hybrids is the high thermal @H30°C in air) and chemical stabil-
ity of polyheptazine-type compounds as compared to coimagitorganic dyes. Notably, we
have shown that the optical absorption edge of the,JpGlyheptazine hybrids is red-shifted
into the visible (2.3 eV~540 nm) as compared to the band gap of both of the single compo-
nents - TiQ (3.2 eV;~390 nm) and polyheptazine (band gap of 2.9 @428 nm), which is
due to the formation of an interfacial charge-transfer clempetween polyheptazine (donor)
and TiG, (acceptor). In other words, the direct optical charge fiemigads to generation of
electrons with a relatively negative potential in the cactéin band of TiQ, while the holes
photogenerated in the surface polyheptazine layer caa diaer photooxidation, as evidenced
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Figure 6.8: a) Hybrid photoelectrode consists of a layer of nanocriys&alTiO, powder pressed
onto an ITO-glass, sintered, and subsequently modifiedeastinface with polyhep-
tazine; b) Potential scheme (at pH 7) illustrating the Vésitght photoactivity of TiQ-
polyheptazine hybrids based on direct optical chargestesirexcitation of an electron
from the polyheptazine HOMO (valence band) into the coridadvand of TiQ.

by visible light-driven evolution of dioxygen on hybrid eteodes modified with IrQpor CoG,
nanoparticles acting as oxygen evolution co-catallpste#:214.215]

An attractive strategy, so far untried, for improving sughiiid photoelectrodes consists in tun-
ing the electronic properties of the electron-collectioghponent, i.e. of TiQin our case. In
this context, particularly doping of TiOwith niobium represents an interesting option since
it is known that the replacement of tetravalent Ti with pgatant Nb can shift the Fermi
level closer to the conduction band edge of titania and thasease significantly its conduc-
tivity. [166.198.216.217IThe enhanced mobility of photogenerated electrons wouwed tead to
improved charge collection and diminished recombinatitmdeed, some promising results
along these lines have been recently reported for Nb-dop@d &lectrodes used either for
water photooxidatiol§18:21% or as photoanodes in dye-sensitized solar ¢&3f192.192]Hoyy-
ever, the beneficial effect of Nb doping has not been obseaiveays!16¢! and it seems clear

that the performance of Nb-doped Ti® highly dependent on Nb content and its preparation
conditionsl169:192.192,218,219]

We have recently developed a continuous spray drying apprtasynthesize of Nb-doped
TiO, materials from aqueous solution (Chayifer 622! This method is not only efficient and
scalable but allows also for highly homogeneous distrisutf Nb in crystalline TiQ, 220
which is important in order to avoid formation of undesiredetts!21’] Herein, we show that
Nb-doped TiQ prepared by spray drying exhibits enhanced photoeleatroatal performance
both in its UV-only-active bare form and also when used aslaatr®n collector in hybrid
photoanodes for water photooxidation under visible light.

Experimental

Nb-doped TiQ powders (0-10 at%) were prepared by spray drying followeddigination at
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700°C.12291 Working electrodes of catalyst materials were preparedeaned ITO glass sub-
strates by doctor blading of powder pastes as describeibpmy.23] The powder pastes were
prepared by ultrasonication of a mixture of 0.37 ml ethaf@idl3 ml titaniumtetraisopropoxid
and 100 mg of sample. Modification of the working electrodéh wolyheptazine was per-
formed by a procedure described in detail elsewt}dn short, the electrode was statically
heated to 450C in a two compartment glass flask containing the electrodelanof urea. The
electrode was further modified with Isby hydrolysis of NalrClg. Characterization of the
as-received materials was performed using Raman spegpysising a Nexus FT-NIR spec-
trometer equipped with a nitrogen-cooled germanium detexid a 1064 nm laser (Nd:YAG)
provided by Thermo Fisher Scientific. UV-vis diffuse reflote spectra (DRS) were recorded
in a Perkin-Elmer Lambda 650 UV-vis spectrometer equippétd & Praying-Mantis mirror
construction using MgO as the 100 % reflection reference tdehorent measurements were
performed with a SP-300 BioLogic potentiostat and a thieetede cell using a Pt counter
and a Ag/AgCl (3M KCI) reference electrode in a phosphatédnsiolution (pH 7). A tuneable
monochromatic light source with a 150 W Xenon lamp was useddmple irradiation. IPCE
data for each wavelength were obtained according to thetiequ&CE (%)=(jnhc)/(A Pq)100,
where py, is the photocurrent density, h is Planck’s constant, c thecity of light, P the light
power densityA the irradiation wavelength, and g the elementary charge mibasurement
of quasi-Fermi level of electrons by the suspension mettidfloy was carried out in a two
electrode setup with a 150 W Xenon lamp equipped with heairabgy IR filter. The pH de-
pendence of the potential was recorded in the presence pHliredependent electron acceptor
methyl viologen as previously report&#1] Oxygen evolution was measured in a phosphate
buffer (pH 7) by an OxySense 325i oxygen analyzer in a twojzamment cell23]

6.2.2 Results and Discussion

All investigated photoelectrodes consisted~ob pum thick porous crystalline powder layers
pressed onto an ITO-glass substrate (Fig.]/A15). A Ramartrggeopy analysis of Nb-doped
samples prepared by spray drying and calcined at @dfbnfirmed that as expected exclusively
the anatase structure was obtained for a large concemtratinge of Nb (0.1-10 at% Nb with
respect to Ti}22% The optical absorption properties of undoped and Nb-dopaterials were
nearly the same, exhibiting a band gap of 3.2 eV (Eig.]JA16¥ fhotocurrent response of Nb-
doped TiQ electrodes was strongly dependent on the doping conciemtras shown by the
wavelength-dependent photocurrent measurements (F&g@ee raw data in Figl_A17). The
Nb-doped TiQ with 0.1 at% Nb content ("Nb01”) has shown the best UV-lighttoresponse
exhibiting the monochromatic incident photon-to-currefiiciency (IPCE) values higher by
ca. 25 % as compared to a pristine %if@ference, whereby a maximum is observed at 350
nm. The drop of the photocurrent at low wavelengths is du@b@aeced recombination which
Is a typical consequence of photogeneration of chargeshimaurface layer upon irradiation
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Figure 6.9: a) Photoaction spectra measured in a phosphate buffeicsoljgH 7) at 0.5 V vs.
Ag/AgCl for a TiO, reference and Nb-doped Ti@naterials with different Nb concen-
trations (0.1-10 at%). b) Potential-dependent and c) veangh-dependent photocur-
rents measured at different excitation wavelength for thigheptazine-modified Ti©
reference and Nb-doped TiOGnaterials. d) Oxygen evolution measured at 0.5 V vs.
Ag/AgCl in the liquid phase upon visible light irradiationrfthe two materials. Ir@
was used as an oxygen evolution co-catalyst.

with short wavelength light. When increasing the Nb coniadn to 0.2 at% Nb a decrease
in photocurrent was observed, which is further pronouncigd icreasing Nb concentration.
This can be explained by an increase in the number of defathénwhe TiO, lattice which
will increase the recombination rate.

A similar trend has been recently observed by Schmuki 1421 However, it should be
noted that Nb-doped Tinanotubes investigated by Schmuki etZ$:21° contained signif-
icant portion of rutile, whereas our samples contain ong/ dhatase phase and the effect of
Nb incorporation into the TiQ@lattice can be evaluated without any interference of stmadt
changes. We can therefore conclude that in our case theveldsghotocurrent enhancement
is chiefly due to Nb incorporation into the TiQattice, which increases the mobility of pho-
togenerated electrons and diminishes the recombinatiderdstingly, under potentiodynamic
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conditions only a small improvement of the photocurrentstoa observed at high bias poten-
tials, and first at more negative potentials the improverhenbmes obvious at the 0.1 at% Nb
electrode (Figl_AIBa). This is in line with our assumptioattthe enhancement is due to im-
proved electron transport properties, which can be exgdotmake itself apparent particularly
at low bias potentials. Furthermore, we exclude the pd#githat the enhancement is simply
due to the shift of the band edges in the Nb-doped,Tithe photocurrent onset potential was
determined to be- -0.5V vs. Ag/AgCl (at pH 7) for both the pristine Tgand Nb-doped Ti@
(Fig.[A18b). Similarly, the quasi-Fermi level of electrofe. the electrochemical potential of
photogenerated electrons), as determined by the suspemsitod of Roy22! shows only a
very small difference (-0.56 V vs. NHE for pristine Ti@nd -0.59 V vs. NHE for Nb-doped
TiO, at pH 7; Fig.LA19). Though this difference is well within theperimental error of this
measurement, it cannot be completely excluded that therdiite is precisely due to the pres-
ence of new donor levels in Nb-doped samples which leads toca@ase of conductivity and
shifts thereby also the quasi-Fermi level closer to the otidn band edgé&28:216.217]

Modification with a thin (1-3 nm) layer of polyheptazine ugia chemical vapor deposition
method®3:54:214.215kiq not significantly change the morphology of the electeaieevidenced
by SEM analysis (not shown). The optical absorption edgebleas shifted to 2.3 eV upon
modification (Fig.[A20). As compared to polyheptazine-fpg®toanodes, the photocurrent
onset, measured under monochromatic visible @40 nm) light irradiation, has been shifted
anodically by 0.2 V to -0.3 V vs. Ag/AgClI for hybrid photoeteades based on both pristine
and Nb-doped TiQ (Figure[6.9b). This shift is in agreement with our previobservations
and can be ascribed to enhanced recombination rate duenerstinetics of holes and their
accumulation in the polyheptazine lay&¥! However, more importantly, the Nb-doped sam-
ples show much better performance, particularly at lovelpatentials. This can clearly be
attributed to the enhanced mobility of electrons in the Mipetl TiQ which renders the elec-
tron transport into the ITO substrate more efficient and therge recombination less likely.
In accord with the behavior of polyheptazine-free eleadalso in case of hybrids the best
performing photoanodes were those with 0.1 at% Nb. The ex@thperformance of Nb-doped
samples is also clearly apparent from the IPCE photoacpentsa (Fig[6.9c). The beneficial
effect of Nb doping is more pronounced at lower-energy lgdriger wavelengths) where the
influence of electron mobility in Nb-doped Tg&Zan be expected to exert major influence on
recombination processes. As compared to irradiation byt stevelength light where nearly
all charges are photogenerated in a small volume near thegl@€s (electrodes are irradi-
ated from the backside - through the ITO glass), the longerelength light penetrates deeper
into the porous electrode and renders the transport ofretecimore important. Accordingly,
at wavelengths longer than 450 nm the IPCE values are pa#lgtdoubled as compared to
hybrid photoanodes based on pristine {E)After depositing IrQ nanoparticles as a water

3|t has to be noted that the relatively smaller enhancemdP@IE values as compared to photocurrents measured
under potentiodynamic conditions (Fig._.9a) is due to #w that the IPCE values were measured under
potentiostatic conditions where the photocurrent trarisishow a strong spike-like behavié!
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oxidation co-catalyst, polychromatic visible light (> 420 nm) induced dioxygen evolution
on Nb-doped Ti@-polyheptazine hybrids (Fig._6.9c), while the unmodifietl @t% Nb-doped
TiO, did not show any oxygen evolution. The corresponding phatent transient (Fid._A21)
reveals insufficient stability, which is mainly related togp coupling to the Ir@ co-catalyst
that is far from optimum in this case. Our current work is nhafocused on solving this issue.

6.2.3 Conclusions

In summary, Nb-doped Ti&prepared by spray drying exhibits enhanced photoelectroatal
performance both in its bare form and when used as an elembitactor in visible light-active
TiO,-polyheptazine hybrid photoanodes for water photooxatatiThe optimum Nb content
was 0.1 at%, and the photoelectrochemical analysis ireBdiat the enhancement is chiefly
due to enhanced mobility of electrons in the Nb-doped sasapimally, our findings highlight
the importance of modulation of electronic properties etalon-collecting substrates in hybrid
photoelectrochemical devices.
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6.3 Nitrogen-modified Nb-doped TiG: Towards red TiO»

Abstraclﬂ

Nb-doped TiQ prepared by spray drying were subsequently treated by amantorobtain
Nb/N co-doped TiQ. The as-received Nb-doped Ti@nd ammonia-modified Nb/N co-doped
TiO, were tested for the photocatalytic activity for the degtemhaof organic dyes. Surface
adsorption of the dye was found to significantly affect thetphatalytic activity of the photo-
catalysts and incorporation of up to 5 at% of Nb into T¥Xxhibit beneficial degradation prop-
erties for the degradation of methylene blue (MB). The pbatalytic activities of the Nb/N
co-doped TiQ catalysts were small. However, an optimum in the photogatadctivity of the
Nb/N co-doped TiQ materials was determined for the ammonia-modified Nb-ddjp@d with

10 at% of Nb. By means of elemental analysis and X-ray phetbeln spectroscopy a corre-
lation between the Nb and nitrogen content incorporatemtim TiQ, materials was observed
indicating that nitrogen incorporation is improved in thb-Noped TiQ materials. Based on
this preliminary results possible strategies are disclgséurther improve the nitrogen incor-
poration into TiQ-based materials and enhance the photocatalytic actiatiguvisible light
irradiation.

“To be published as "Nb/N co-doped TiOImprovement of the visible light activity by effective alge com-
pensation”.
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6.3.1 Short Introduction

Recently, co-doping of Ti@by non-metal/non-metal or metal/non-metal co-incorporeinto
the anatase Ti©structure attracted some interé¥36:222-227Igeyeral examples discussed in
literature demonstrate that the visible light photocdtelgctivity is mainly found to be lower
than that of pure TiQunder UV irradiation, although visible light absorptiomdae achieved
by doping. This can be ascribed to different problems oaugifor doped TiQ: [32:5%]

e High formation energies and differences in ionic radiusene high doping level&2]

e The recombination of charge carriers is increased due aiima states in the band gap
acting as recombination centd#8é!

e The migration of charge carriers is limited and the oxidapower of the localized states
is lower[3]

Synergetic effects between two complementary doping spearie believed to reduce the de-
fects introduced during doping by charge compensationtlamlpartially overcome the prob-
lems of single-doped Ti©228] An interesting example of successful co-doping of Tias
recently presented by Liu et B2 They synthesized a TiOmaterial with boron-enriched
surface, which was subsequently treated in ammonia atreospfelding a red anatase. Char-
acterization of the red anatase revealed that Ab-fElated defects were created at the surface
of the sample during the synthesis, and boron was shown tcelseqt in BN-like environment.
Finally, the B/N co-doped Ti@was shown to exhibit enhanced visible light performances in
a photoelectrochemical cd#24l Another study by Ikeda et &¢! with Cr/Sb co-doped Ti@
showed that the ratio of Cr and Sb is of a high relevance tamhbteisible light active material.
While the material was black in color and photocatalyticailactive for high Cr to Sb-ratios,
the color changed to orange and visible light activity in tix¢ggen evolution reaction in pres-
ence of a sacrificial agent was obsenf&d.

A more recent theoretical study based on density functitredry suggest that certain com-
binations of metal/non-metal co-incorporation into asatdi®,, or more generally spoken
alloying donor-acceptor combinations with anatase,J&de promising materials for photoan-
odes in a photoelectrochemical c&#2] According to the calculations they should fulfil the
main requirements of a photoanode such as an appropriataldpand gap and suitable va-
lence and conduction band-edge positions with respeceteettiox potential for hydrogen and
oxygen evolutiort22%] Within this study two different concentration regimes aadesal donor-
acceptor combinations were calculated. Finally, fouredéht combinations were suggested.
For the low concentration alloys, where 3.1 or 6.2 % of oxygene replaced by electron ac-
ceptors depending on the donor atom, a combination of Mo and\N and N appeared to be
good choices. In the high alloy concentration regime Nb/N &V/N combinations passed the
selection criteria.
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So far, only one experimental study was performed aiminghatgprovement of the visible
light absorption by co-alloying Ti@with Nb and N or Ta and N222:230]|ndeed, it was shown
that Nb/N co-alloying enhanced the photocatalytic agtiteivards methylene blue decoloriza-
tion.[222] A reddish Nb/N co-alloyed Ti@sample was obtained after ammonia treatment of a
material with a molar Nb/Ti ratio of 1:3. Within this studygiNb/Ti ratio was fixed, and only
the effect of slight variations in the sample pretreatmeeteapresente&22! Obviously, the
B/N and the Nb/N co-doped Timaterials synthesized by Liu et 84! and Breault et a?22!
exhibit similar absorption properties. Niobium is well kmoto segregate to the surface. There-
fore, a Nb gradient within the anatase particle is feasilech will result in a similar structure
than the B/N co-doped Ti©l172:198]1 Ta/N co-doped Ti@ materials with undefined Ta and N
concentrations were used for photoelectrochemical waidation 229! By means of TEM in-
vestigations Hoang et &3% observed a suppression of the formation of an amorphous laye
during the nitridation process and noted that the enhanbetbplectrochemical performance
of the Ta/N co-doped Ti®is due to less recombination centers. Therefore, it is regde to
assume that co-doping is a suitable strategy to enhancétiteqatalytic activity compared to
single-doped materials. Due to the above mentioned redadher investigations with Nb/N
co-doped TiQ are necessary to understand the effect of co-doping ancatoate the photo-
catalytic performance of co-doped materials. Here, a ta¥ipeconcentration range is explored
in order to obtain a better match of Nb and N. Again spray dyyuas used to synthesize Nb-
doped TiQ. Based on the experimental results and theoretical céicntasamples with Nb/Ti
ratios of up to 1:3 were preparé#2:229] For a comparison with the experimental results pre-
sented by Breault et #22 the photocatalytic activity with respect to decolorizatif organic
dyes was used as a test reaction to evaluate the phototafaiyperties of the as-received
Nb-doped TiQ and the subsequently NHnodified Nb-doped TiQ@samples.

Experimental

Nb-doped TiQ was prepared by spray drying as explained in this chaptdrsakhples were
calcined at 700C to obtain the anatase structure exclusively using theridbestheating proce-
dure[22%1 The ammonia treatment was performed at different tempestn a vertical furnace
using pure ammonia with a flow rate of 150 ml/min. The desigtheffurnace allows for a ho-
mogeneous distribution of the NHand thus a homogeneous nitrogen doping can be achieved.
Photocatalytic degradation of organic dyes was performeduspending 50 mg of catalyst
in 85 ml of a 10 ppm methylene blue (MB) (20 ppm methyl orangeO{Msolution. The
absorption-desorption equilibrium was obtained by stgrior 60 min in the dark. Irradiation
of the suspension was performed with a 150 W Xe lamp equippédan IR filter and a 320
nm cutoff filter. The solution was permanently saturated biytiting synthetic air through the
suspension. The degradation of the dyes was monitored bygtakml of the solution at con-
stant time intervals. The catalyst was removed by filteramgl the characteristic absorbance of
the dye was recorded by means of UV-Vis spectroscopy.
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6.3.2 Results and Discussion
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Figure 6.10: First row: Results obtained for the MB degradation expenitag¢l10 ppm MB). Sec-
ond row: Degradation of MO (20 ppm solution) with differenbidoped TiQ sam-
ples. 1) TiQ, 2) Nb 1 at%, 3) Nb 2 at%, 4) Nb 5 at%, 5) Nb 10 at%, 6) 7i@00 nm
filter, 7) Nb 5 at%, 400 nm filter , 8) Nb 15 at%.

Initially the as-received Nb-doped TiOnaterials with different Nb concentrations were char-
acterized regarding their structure and absorption ckeniatics and afterwards tested as pho-
tocatalysts. In short, characterization by means of RamanlA/-Vis spectroscopy revealed
that the desired anatase structure was obtained exclysindlthat all samples posses an band
edge of 3.2 eV, which is usually observed for the anatasetstef22°! The activities towards
methylene blue (MB) degradation are shown in Eig. 6.10. @lsliy, there is an increase in the
activity towards MB decolorization upon Nb doping of up totSta For the Nb-doped Ti®
with 10 at% the activity is still higher than the pristine Bi@haterial. However, it is neces-
sary to take the MB adsorption at the materials surface iontoant. Nearly no adsorption was
observed at the pristine TObut with increasing Nb doping concentration the surfacogh
tion of MB is getting more pronounced. This is evident by camipg the UV-Vis absorption
spectra measured during the degradation reactions oiiarisiO, and Nb 5 at%. It is obvious
that~ 40 % of MB is pre-adsorbed at the Nb 5 at%, as inighNbg o5, surface at the beginning
of the reaction (Fig.[6.10). Pre-adsorbed MB might changedicolorization mechanism.
An indication of changes upon adsorption was obtained byystg MB decolorization under
visible light irradiation using a 400 nm cutoff filter. Whileo decrease in the characteristic
MB absorption spectra was observed for pristine[itQe intensity of the MB peak maximum
at 664 nm is slightly decreasing upon irradiation (Fig. §.10he UV-Vis absorption spectra
show that the band gap of Ti&amples is unchanged upon Nb doping (Figl 6.7). Only UV
light can be absorbed, and electron excitation from thenéadand to the conduction band to
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Table 6.3: Chemical composition of the spray-dried samples with ciffié Nb content after Nk
treatment at 500C in 150 ml/min for 4 h.

sample Ti content [wt%)] Nb content [wi%] N content [wt%] XP8(i)-ratio)
TiO, 57.52 - 0.1 0.05
Tip.9oNbo 01 56.63 0.81 0.2 -
Tig.0aNbg.02 55.82 1.42 0.37 -
Tip.95Nbo 05 55.11 3.07 0.45 0.11
Tip.gNbg 1 51.05 6.06 0.7 0.13
Tig.gsNbo.15 47.36 8.85 1.02 -
Tig.gNbg 2 47.20 12.16 1.32 0.27
Tip.75Nbg 25 44.77 15.38 1.83 -

create electron-hole pairs is not feasible. Thereforeddemlorization of MB may be due to
visible light absorption of MB and charge injection into tb@nduction band of the material.
This sensitization seems to be favored upon MB adsorption.

To further study the influence of surface adsorption of the dgto the photocatalytic activ-
ity of the samples the degradation experiments were peddwith a different dye. Methyl
orange (MO) was chosen instead of MB (cationic dye) due tathenic nature of MO. The
results of the degradation experiments are also includéaie.10. Upon Nb doping of Ti®
the activity towards the decolorization of MO is steadilycdmsing with increasing Nb con-
centration. Additionally, a different trend in MO adsomptiwas observed. As shown by the
UV-Vis absorption spectra obtained at different reactiares for pristine TiQ and Nb 5 at%
(Tip.95Nbg 05) (Fig. [6.10) MO is preferably adsorbed at the pristine Ji0he two presented
sets of photocatalytic dye degradation demonstrate treadgorption is indeed an important
factor considerably changing the activities of a materibhe importance of adsorption can
be rationalized by the different types of degradation meistmas[231.2321 While it is widely
believed that dye degradation is occurring by the attackemiegated OH radicals, the direct
degradation by holes has to be taken into acc&#t OH radicals are mainly produced by the
reaction of surface adsorbed water with holes. The predeesilts show that direct degra-
dation by holes is responsible for the degradation of MB &,7like samples. However, it
is evident that surface adsorption of dyes has to be comgidehen organic dye decolariza-
tion/degradation is used as a test reaction to measure gatatgtic activities. The indirect
oxidation of the dye by activated oxygen is neglected in tissiderations due to the lower
oxidation potential232] To obtain further insight into the photocatalytic actiegiof the differ-
ent Nb-doped TiQ samples the determination of the total organic carbon cd(t@®©C) during
photocatalytic degradation of the different dyes would beassary.

Subsequently to calcination in synthetic air at 7@0he Nb-doped Ti@materials with differ-
ent Nb contents were treated in pure Nét different temperatures to obtain co-doped Nb/N-
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TiO,. The materials described in the following section were ioleid after ammonia treatment
at 500°C for 4 h. Elemental analysis of the samples revealed thdit witreasing Nb con-
centration the amount of nitrogen incorporated into theemals is increasing from 0.1 wt%
for the pristine TiQ to ~ 1.8 wt% for the Tp 79Nbg 25 (Table[6.8). According to the over-
all increase in nitrogen content the XPS analysis showetthieaN/Ti-ratio at the surface of
the materials steadily increased (Tablg 6.3). FurtherntbeeXPS analysis indicates that two
different species can be detected at binding energies 886 eV and~ 400 eV (Fig.[6.111).
The latter signal is usually assigned to interstitial rggn (N) and the low binding energy
signal is assigned to substitutional nitrogen)(l33! The intensity of both signals increases
and the ratio of YN; changes with increasing Nb content in the Nb/N co-doped §&nples.
While Ns could be almost neglected for N-doped %ithe ratio of N/N; is already almost 1
for the Nb/N co-doped BigNbg 1 sample. The substitutionalsdompound was determined to
be the main nitrogen compound in the Nb/N co-dopegsMib 2> sample. Elemental analysis
additionally confirmed that the Nb content in the differerdtarials is still in good agreement
with the theoretical Nb concentrations (Table]6.3). Aftemaonia treatment with increasing
Nb content the color of the Nb/N co-doped samples is gragaalhnging from yellowish for
the ammonia-treated pristine TiQo dark green for the ammonia-treatec 7gNbg os. The
visually observed change in color is supported by an ineréashe visible light absorption
at higher wavelength (600 - 800 nm) with increasing Nb caniteithe Nb/N co-doped Ti@
materials as determined by UV-Vis spectroscopy. Additigniom the XRD measurements
it is evident that structural changes due to the ammoniantexat at 500°C can be neglected
as shown in Fig_A22. For all samples, regardless of the Nbl-ocontent incorporated into the
TiO; lattice, the anatase structure was obtained exclusively.

4) N-Ti Nb ,

3) N-Ti  Nb

2) N'Tio.ssNbo.os

1) N-TiO,
L i li L

2 . 2 [ 2 [ 2 2
404 402 400 398 396 394 392

binding energy [eV]

Figure 6.11: XPS N 1s region scans of Nb-doped pifaterials with different Nb concentrations
treated at 500C in 150 ml/min NH; for 4 h. The theoretical Nb content in the
different materials was 1) 0 at%, 2) 5 at%, 3) 10 at%, and 4)}t20 a
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The photocatalytic activity of the materials was tested gy degradation of MB and MO.
Surprisingly, none of the ammonia-modified materials eilaiby activity for the degradation
of MO and only a slight degradation of MB was detected. In thigdégradation tests the Nb/N
co-doped TiQ sample theoretically containing 10 at% Nb {dNbg 1) showed the highest
degradation rates (in this comparison differences in MBogaigon on the Nb/N co-doped
TiO, samples were neglected). However, the photocatalytigigctowards degradation of
MB was still significantly lower for the ammonia-treatech §iNbg ; sample compared with
photocatalytic activities of the pristine T@&nd the Tg ggNbg o5 Samples.

For the Tp gNbg 1 sample showing the best photocatalytic activities in thgiad test reactions
different ammonia treatment temperatures up to°’@Were tested. The photocatalytic activity
towards degradation of MB decreased with increasing teatper. X-ray diffraction (Fig.
[A22) and XPS (Fig.L6.11) measurements revealed that theNbDp 1 sample treated at 700
°C was mainly converted into a the corresponding nitride cWitiertainly explains the loss in
activity. While the XRD results point to the complete traorshation of the anatase phase into
the nitride (Fig.LA22), the XPS results reveal that Ti in a e and Nb in a NbOs-like
state are also present in the near surface region of theialataterestingly, the Nb content as
determined by XPS was lower for the ammonia-modifieghNibg 1 sample. The interdiffusion
of Ti in TiIN/NDbN single crystals is well-known, and it can besamed that the decrease in the
surface concentration of Nb is due to the diffusion of Ti te #urface or Nb into the bulk of
the material234l For the B/N co-doped Ti@samples prepared by Liu et 884! diffusion of B

to the surface of TiQwas observed, thus reducing the defect formation duringlation. The
opposite trend as observed for the Nb/N co-doped, Tiight facilitate homogeneous doping
of the materials increasing the visible light absorption.

Strategies for improved nitrogen incorporation

The above presented results clearly show that there is arprafal incorporation of nitrogen
into the TiG, lattice depending on the concentration of Nb in the Nb-doféd materials. The
improved nitrogen incorporation is considered to be nesgs®duce the defect formation in
TiO, during ammonia treatment by charge compensation, to iserdee nitrogen content, and
to enhance the visible light response of N-doped;T#8¢! Thus, the results are in agreement
with the theoretical calculations by Yin et B and the experimental results by Breault et
al.[222]. Even though there is no clear indication of charge compirsay Nb in the Nb/N
co-doping TiQ samples resulting in superior photocatalytic propertiethe materials with
respect to visible light-driven photocatalytic reactiadhe performance of the Nb/N co-doped
Tig.oNbp 1 sample exceeded the performance of N-doped, B&nple in the MB degradation
test reaction. In the experimental work by Breault e&d! the obtained material with high
photocatalytic activity was red. A similar color was obtiinfor the B/N co-doped Ti@pre-
pared by Liu et al?2l The materials prepared here are yellowish and tend to gek lbith
increasing Nb content. This is a clear indication for def@tithe surface of the material, which
are usually considered to act as recombination sites. Tdrete preparation resulting in a less
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defective surface is needed, which can be obtained by anantig@tments at lower tempera-
tures with lower ammonia concentrations for nitrogen ipooation or post-calcination of the
ammonia-treated samples. Preliminary results show tHattéecan be significantly reduced
by post-annealing. Post-treatment at 4@for 30 min in static air of the 500C ammonia-
modified Tp gNbg 1 and the Ty gNbg » samples showed that the color changes to a bright yellow,
which is indicative for a less defective surface. First X@Sults indicate that mainly the sur-
face concentration of the substitutional 8pecies decreased, whereas the interstitiabvas
nearly unchanged after post-treatment (Eig. JA23). Siryiléine color of the 700C ammonia-
modified Ty gNbg 1 sample changed to brown/red upon post-treatment. Thegeitraontent
determined by XPS decreased significantly. The substitatinitrogen N was still the main
nitrogen species and a new nitrogen species 402 eV was detected, which is usually at-
tributed to nitrogen adsorbed on surface oxygen sitesaaisof interstitial Nwith a binding
energy of~ 400 eV [23%.236] Fyrthermore, region scans of the Ti 2p and the Nb 3d region
showed that only Ti* as in TiG; and NB* as in N»Os was detected indicating a lower surface
defect concentration. XRD measurements showed that a citad the nitride and the oxide
was obtained after calcination, and it is reasonable toragghat the surface mainly consists
of the oxide and nitride is still present in the bulk of the er&tl. Thus, post-treatment appears
to be a suitable method to enhance the photocatalytic gct¥iNb/N co-doped TiQ. Again,

it should be emphasized that the Nb to N-ratio is of major irtgpwe.

6.3.3 Conclusions and Outlook

First studies of the photocatalytic properties of Nb-doped Nb/N co-doped Ti@were per-
formed. While the optimum Nb concentration for effective MBgradation was determined to
be 5 at%, it was shown using the anionic MO dye that adsormtfdhe cationic MB on the
surface is crucial for the beneficial degradation ratesréfoee, it is emphasized that the total
organic carbon content (TOC) should always be determingdriéy the activity data obtained
by simple dye degradation test reactions. Although theqaatalytic activities determined for
the Nb/N co-doped Ti@materials were small compared to the untreated Nb-dopeg Sad-
ples a correlation between the Nb and the N content incorpadiato TiO, was observed. The
results show that there is a certain potential of metalfan@doping of TiQ, and particularly
for Nb/N co-doping, to increase the visible light activity 100 ,-based materials.
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It is well known that the activity of a photocatalyst is deténed by a variety of properties,
and it is assumed that a photocatalyst has to be designeddbrspecific reaction. TiDwas
shown to be one of the most versatile photocatalysts sn§enainly from its large band gap.
A variety of TiO, materials with different structures and numerous modificatwere already
tested, but till now the processes involved in photocatalgactions are not fully understood
and a knowledge-based approach to design a photocat#llytcaive material is still miss-
ing. This is particularly true for rather challenging phcatalytic reactions such as the overall
water splitting or the photocatalytic G@eduction with water as reducing agent involving the
thermodynamic stable molecules €énd HO. In both reactions energy is absorbed by the re-
actants and energy-rich molecules, like hydrogen and mettae obtained. A successful im-
plementation of this technology is of major importance fo future energy supply. However,
a photocatalyst has to be developed working on an indust@eé. So far the number of active
photocatalysts, especially for photocatalytic£Q@duction, is rather limited. However, titania-
based materials were proven to exhibit a reasonable actositthe photocatalytic reduction
of CO,. Among the different titania materials tested isolatechtetdrally coordinated Ti-sites
were reported to offer high activities and significant seldy towards methanol, whereas
methane production is favored at the octahedral coordin@tesites mainly present in bulk
TiO, materials. The specific interaction of the reactants wighpthotocatalyst, particularly the
interaction of CQ with isolated titania, is not fully understood and the imediates involved
in the photocatalytic C@reduction mechanism, either on tetrahedral or on octah@dsites,
are still not known. Therefore, several species are digtlgs be possible intermediates in
CO, reduction and responsible for the product distributionsgdtdless of the coordination of
the Ti-site, all materials have in common that their photalggic activities are still not suffi-
cient. Among others this is normally attributed to the irdmpoor light absorption properties
of titania. In case of photocatalysts with isolated titathialow achievable loadings of isolated
titania are discussed to be responsible for the low aativéind additionally it is speculated that
the adsorption of C®in close proximity to the active titania site will enhance tactivity of
the photocatalyst.

Several questions are raised by the results presentedratlite, namely:

1. What is the active site in titania-based photocatalystheé photocatalytic reduction of
COy?
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2. How to correlate titania coordination and activity?

3. Are the reactants interacting with the photocatalyst, is.there any specific interaction
between isolated Ti-sites and €©

4. How to increase the photocatalytic activity for €f@duction of titania-based photocat-
alysts?

Addressing these questions was the main scope of this worhdptef b the received results
are presented, which can be summarized as follows: In thepfars of chaptel]5 the photo-
catalyst was synthesized. A synthesis procedure was cli@siétating the selective synthesis
of differently coordinated titania in a host material. SBA; a mesoporous silica, was used
as support material, since SBA-15 can be easily synthesimdchigh surfaces areas can be
obtained reproducibly. The incorporation of titania wakieeged by the anhydrous grafting of
Ti(O'Pry. The suitability of the applied synthesis procedure witspest to the titania load-
ing and the titania coordination was verified by in-depthrabterization of the materials by
UV-Vis spectroscopy and X-ray spectroscopic methods (X&BS). It was unambiguously
confirmed that isolated titania can be obtained with redslgri@gh titania loadings and that
the titania coordination can be easily controlled by theliagmsynthesis procedure. With in-
creasing titania loading the coordination gradually cleghfyom isolated tetrahedrally to oc-
tahedrally coordinated titania species. Therefore, iatarcorporated in a mesoporous matrix
(Ti/SBA-15) is a suitable model catalyst to study the phatatytic CQ reduction, and a valu-
able pool of catalysts with varying titania coordinationswaadily available. Simultaneously,
the interaction of the materials with GQvas studied by means of temperature-programmed
desorption experiments and infrared spectroscopy. It wagep by means of the direct, quan-
titative temperature-programmed desorption technigaeisiolated titania is not able to adsorb
CO, at standard conditions usually applied in £@duction. These results were clearly con-
firmed by IR spectroscopy. Even though the adsorption 0 @@s found to be negligible,
the Ti/SBA-15 materials were shown to exhibit reasonabtE@tatalytic activities in different
test reactions, and in case of solely isolated titania ggetie activity for the photocatalytic
CO;, reduction was demonstrated (Chajpter 5.2). Within the plaaédytic CQ reduction tests
formaldehyde/paraformaldehyde were found to be potergédtion intermediates of the GO
reduction. Furthermore, structure-activity relatiomshivere confirmed for the Ti/SBA-15 ma-
terials with varying titania coordination (Chapiér 5.3)heTphotocatalytic activity data pre-
sented in Chaptér 5.3 obtained for the photoreforming oharatl and the photocatalytic hy-
droxylation of terephthalic acid confirmed that there is a@ation of the titania coordination
and the activity of the photocatalyst (at least in preseri@daiaco-catalysts).

Two strategies were subsequently developed to increasacthvity of Ti/SBA-15: the mod-
ification of Ti/SBA-15 with a material known to exhibit an ahwggeric nature of the surface
to increase the CPadsorption properties, and the incorporation of a nobleahuet-catalyst.
Zinc oxide was chosen, which is known to facilitate the aggon of different carbonates and
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bicarbonates. Moreover, ZnO was chosen as it is a commoreangredient of the methanol
synthesis catalyst and it is a photocatalyst by itself. Birly, to the synthesis of titania species
the incorporation of ZnO was also achieved by anhydroudiggaf The characterization rou-
tine developed to study the titania coordination was alspleyed to study the zinc oxide
species incorporated into the mesoporous support. Zirdeoxas concluded to be present as
an isolated species or as small clusters in SBA-15. The lwealefiO, adsorption properties of
the prepared Zn/SBA-15 materials were demonstrated by TfDR spectroscopy. The GO
adsorption capacity can be easily correlated to the ZnQrngg€hapter b.1). Combinations of
zinc oxide and titania-modified SBA-15 were synthesizedulssquent anhydrous grafting of
the two compounds. While the G@dsorption properties of the obtained materials were shown
to be nearly unchanged by the order of the grafting stepsstfaand that the titania precursor
preferably interacts with zinc oxide species, whereas ithe @recursor favors the interaction
with the SBA-15 support (Chaptel 5.1). As a result of the gnexfitial interactions of the two
precursors it can be concluded that the titania environrnigedifferent for the subsequently
grafted samples resulting in different photocatalytiawtoes of the materials especially for
the photocatalytic hydroxylation of terephthalic acid,ig¥his discussed in detail in Chapter
[B.3. Activities similar to Ti/SAB-15 were observed wheratita was grafted first, whereas the
interaction of the titania precursor with the zinc oxide@ps was found to be unfavorable.

Another attempt to increase the photocatalytic activitg Wwased on the incorporation of gold
nanoparticles. Gold nanoparticles were incorporated tgbeposition. It was confirmed
that the photocatalytic activity of solely isolated titarspecies towards the reduction of £0
is enhanced in presence of Au nanoparticles. The higheritgcis mainly attributed to an
increase in the hydrogenation rate of a £@duction intermediate. It was shown that less
formaldehyde/paraformaldehyde species are present ocAuhmodified material, and there-
fore it is reasonable to assume that the hydrogenation afdtmehyde/paraformaldehyde is
favored. Additionally, it was confirmed that Au nanopaeglindeed enhance the photocat-
alytic activity, e.g. for the hydrogen production due to freforming of methanol or the
hydroxylation of terephthalic acid of the Ti/SBA-15 sangpladependent of the titania coor-
dination. However, the photocatalysis data obtained feseitest reactions showed that upon
zinc oxide modification of the materials the photocatalgtitivity towards the photoreforming
of methanol was negligible, even though the activity towgaetephthalic acid hydroxylation
resembles the activity of the unmodified titania sampleg, thes phenomena is not fully un-
derstood. Transmission electron microscopy showed thgedaAu particles are deposited on
the outer surface of the Ti/SBA-15 materials, whereas spaaticles are deposited in the pores
of the materials containing zinc oxide. Furthermore, taapecies in close proximity to the Au
particles appear to be agglomerated pointing to a high ntpbiititania species in Ti/SBA-15.
In contrast to these results the distribution of titaniaosnogeneously and the mobility of the
titania species in presence of zinc oxide appears to be Ideefar it can only be speculated
that larger agglomerates of titania and Au are required oolyce hydrogen due to the pho-
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toreforming of methanol. Small Au particles close to titasites are sufficient to drive the
hydroxylation reaction.

In summary, the results presented in Chajpter 5 provide eledence that the employed strat-
egy, e.g. using Ti/SBA-15 materials obtained by anhydraaftigg as model catalyst, is suit-
able to study the photocatalytic activity of titania-basedterials for the reduction of GO
Furthermore, it was shown that the titania coordination lvarselectively modified, and thus
the Ti/SBA-15 materials are also suitable to study the efféthe titania coordination in great
detail. Reasonable attempts were already made to increas@tierent low photocatalytic
activities of titania-based photocatalysts, e.g. by tloeiporation of gold nanoparticles as co-
catalyst and zinc oxide species. Latter act as a @d3orption site, which might be beneficial
for the activity in the photocatalytic Ceduction. While several key questions were answered
within the framework of this dissertation further studies aeeded to unambiguously confirm
the structure-activity relationships observed for the&SBiA-15 materials in the photoreform-
ing of methanol and the hydroxylation of terephthalic acsdngell as for the C@ reduction.
Additionally, the presence of Cadsorption sites, e.g. zinc oxide, was not yet proven to be
beneficial for the C@reduction.

In addition to these two complementary studies there ae¥esting approaches to increase
the activities of titania-related photocatalysts for Q@duction, which should be considered
in further research. First, it should be mentioned that nthier studies other transition metals
can be used to modify the Ti/SBA-15 materials. It was alrestaywn that isolated vanadate,
copper, molybdate, and chromate species can be obtainethgi@us grafting. Most of them
exhibit beneficial light absorption properties comparethwhe titania and zinc oxide species
used in this study. Zinc oxide was mainly used due to the amepicacharacter of zinc oxide
surfaces. Copper surfaces are also known to adsorhaD@ additionally it is known to be
active in the electrochemical conversion of £®urthermore, isolated copper and molybdate
species were already shown to possess photocatalytidtigstiv test reactions like CO oxida-
tion or decomposition of NG Second, the support for isolated titania sites can be mddifie
The support used within this study to synthesize isolateditx species is known to be inert in
photocatalysis. Therefore, photo-excitation of an etecttan only be achieved in the titania
species. For isolated titania the number of photo-excittimns is additionally limited by the
number of isolated Ti-sites as only one electron can beexditr each isolated titania site. The
combination of a photocatalytically active support, e.quQZor TiO,, modified with isolated
titania sites may be beneficial for the photocatalytic,G€duction properties. For ZnO and
TiO2 it is reported that oxygen evolution from water splittindessible increasing the number
of protons available for the CQOreduction proceeding at the isolated titania site. In thissg
the material might work as a bifunctional catalyst. Evenutjioit was already shown that
tetrahedrally coordinated titania can be obtained at tHfasei of TiQ, by iron doping237 it is
reasonable to assume that the modification of, M@h isolated Ti-sites by post-treatment will
be difficult as an octahedral titania coordination shouldawered. A possible disadvantage
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of ZnO as support material was already demonstrated by shtsebtained within this study.
It was shown that isolated Ti-sites in a Zn-O-Ti environmexthibit only negligible photocat-
alytic activities compared to Ti-sites in Ti-O-Si enviroants. These problems of ZnO or THO
supports might be addressed by passivation of the surfgcadhin silica coating, which will

favor the formation of isolated Ti-sites as observed forTti&BA-15 materials. Moreover, it
was recently calculated that SiQassivation may be beneficial for the photocatalytic proger
of TiO, materials[238]

In addition to the studies directly related to the photdgataCO-, reduction a novel synthesis
method for the preparation of pristine and doped s developed. A homogeneous distri-
bution of a substitutional atom within the lattice struetwf a host is of high relevance and a
successful doping can only be achieved when partial enecliiran be avoided. The spray-
drying technique used to dope Ti@ith Nb was shown to be a suitable technique to achieve
a homogeneous doping of the Tiattice. This was confirmed by different characterization
techniques in Chaptét 6.1. Later on it was additionally shétvat Nb-doped Ti@ can be ef-
fectively used in a photoelectrochemical cell (Chapte}.Gt2vas concluded that an enhanced
mobility of electrons in the Nb-doped samples allows forhi@gefficiencies in the devices.
The properties of the Nb-doped Ti@vere maintained even upon post-treatment with urea and
higher efficiencies compared to the pristine urea-modifi€p Were achieved. Finally, first at-
tempts have been made to co-dope the Nb-doped ifiterials by ammonia, and interestingly
a preferential incorporation of nitrogen in the Ti@ttice with increasing Nb content was con-
firmed. However, the photocatalytic activity of these miatlsrwas negligible compared with
the pristine and the Nb-doped TiO Therefore, the obtained results prove that the nitrogen
incorporation into the Nb-doped Tihas to be optimized. Most likely, the ammonia treatment
temperature, the ammonia treatment time, or the pretredthave to be modified to achieve
photocatalytically active Nb/N co-doped Ti@naterials. Additionally, calcination of the spray
dried precursor powders in pure nitrogen might be usefulbi@io photocatalytically active
Nb/N co-doped TiQ materials, which then may also be suitable substrates éantidification
with isolated titania sites as discussed above.
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8 Appendix

Figures

8.1 Supporting Figures Chapter 4

Figure Al: a) Picture of complete photoreactor set-up and b) closeayp of the fully metal sealed
home-made photoreactor.
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8.2 Supporting Figures Chapter®
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Figure A2: UHV-FTIR spectra obtained after exposing the clean Zn@79ISBA-15 sample to
CO, at 90 K in an UHV chamber. (A) clean surface, (B) 1€l@bar CQ, (C) 5x10°8
mbar CQ, (D) 1x10° mbar CQ, (E) 5x10° mbar CQ, (F) 1x10* mbar CQ, (G)
1x10% mbar CQ, and (H) 1x16* mbar CQ. left) CO, range, right) carbonate range.
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Figure A3: UHV-FTIR spectra obtained after exposing the clean TilB&S5 sample to 1x18
mbar CQ at 300 K in an UHV chamber. left: C{ange, right: carbonate range.
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Figure A4: Hydrogen evolution observed during Au photo-depositioto i/SBA-15.
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Figure AS5: Evolution of different GHy species observed after 5 h of irradiation for the subsequent
pretreatment steps in humid He in presence of Au/Ti/SBATL decay of the differ-
ent compounds was fitted using exponential curves.
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Figure A6: Methane yield after 5 h of irradiation obtained for the deated Ti/SBA-15, the de-

activated Au/Ti/SBA-15, and the calcined Au/Ti/SBA-15-&hsples.
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Figure A7: Si2p, Ti2p, and O 1s XPS region scans of the fresh (black &n€)reacted (red line)
AU/Ti/SBA-15 samples.
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Figure A8: UV-Vis spectra obtained with the reacted and fresh Ti/SBfafd Au/Ti/SBA-15 sam-
ples. UV-Vis spectra of each sample were recorded beforatiedheating the sample
to 400°C. Furthermore, a red shift of the characteristic Au plasiofcthe Au/Ti/SBA-
15-C sample was observed by UV-Vis spectroscopy possihiging the decrease in

activity (not shown).
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Figure A9: Ti 2p signals of the Ti/SBA-15 and Au/Ti/SBA-15 obtained bPX
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Figure A10: Difference DRIFT spectra obtained for the Ti/SBA-15 samgid20°C and for the
AU/TI/SBA-15 at 120°C and 400°C, respectively.
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Figure Al11: Size distribution of Au particles in the Au/Zn0.3/Til.2/8Bnaterial. The size of the
particles was determined from HAADF-STEM images. The di@meas calculated
by assuming a spherical shape for the particles.



8.2 Supporting Figures Chaplér 5 XIX

70004 oK
600040 K
1 Element wt% Awt% at%
5000+ Si 25,96 0,19 22,56
1 Ti 6,39 0,10 3,26
« 4000+ Zn 3,71 0,15 1,38
S 1 Au 0,56 0,10 0,07
Q 3000
o 4
2000 -
| . CuK
1000 Ti Ka ﬁKQ
0 W \ kﬁu j\Ili Kp | | Cu K[IS
0,0 2,5 5,0 7,5 10,0

Energy [keV]

Figure A12: EDX spectrum of a typical Au/Zn0.3/Til.2/SBA crystal. Thesét table shows the
composition of the crystal in wt%, its error, and the compiosiin at%.
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Figure A13: a) HRTEM image of a typical Au/Zn0.3/Til1.2/SBA crystal. Ttleannels are visibly intact. The FFT of a) (displayed in byjeals an average
distance of approximately 108, c) EFTEM Ti map of the crystal visible in a). The Ti distriiflon is homogeneous. There are no visible Ti
enrichments. The dark area on the left side is a thicknesstefind is not due to the absence of Ti. d) EELS spectrum &muB/Til.2/SBA
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Figure Al4: Top row, left: BF-TEM image of Au/Ti1.2/Zn0.3/SBA. The ctgsin the center of
the image has been imaged along its channel direction. FRElysis of the area
highlighted by the white frame (inset) shows a spacing ofaxdmately 95A of the
hexagonally packed pores for the imaged crystal. Right: THERA of a gold particle
in Au/Ti1.2/Zn0.3/SBA. The patrticle is imaged along its (] Zone axis orientation
as it can be seen in the FFT analysis (inset). Middle row, HAADF-STEM im-
age of a Au/Til.2/Zn0.3/SBA crystal along its pore direatioRight: FFT analysis
of the area highlighted by the white frame (inset) shows &isgeof 101A for the
imaged crystal. The imaged gold particles are quite mopedie. Bottom row, left:
BF-TEM, magnification the Au/Ti1.2/Zn0.3/SBA material ahidEFTEM map of the
Au/Ti1.2/Zn0.3/SBA crystal shown in the top right. The titam distribution is ho-
mogeneous except for small enrichments (intensity is ptapwl to the Ti concen-
tration). Right: EELS spectrum of Au/Til1.2/Zn0.3/SBA shog the Ti-L, 3 and the
O-K edge.
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Figure A15: a) Structural characterization of Nb-doped Fi€amples with different Nb concentra-
tions, b) SEM picture of the cross-section of a typical anode
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Figure A16: a) UV-Vis absorption measurements and b) Tauc plots of Niedd'iG, samples.
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Figure A17: Wavelength-dependent photocurrent measurements ofeatiffélb-doped Ti@ sam-

ples.
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Figure A18: a) Potential-dependent photocurrent response for the-fié@rence and Nb (0.1 at%)
materials irradiated at 350 nm in phosphate buffer (pH 7M&ynification of the low
potential range of the potential-dependent photocurrergsurements.
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Figure A19: a) Quasi-Fermi level of electronsHg,) estimation by the Method of Roy using pH
independent methyl viologen as indicator. This figure waaptet from Ref221],
b) Change of the potential of a Pt electrode immersed in adiated suspension of
TiO, reference sample and different Nb-doped Fi@aterials with increasing pH.
Assuming Nernstian shift of band edges (0.059 V/pH unit\ddees of« Ex, at pH =
7 can be then obtained from equationEr, = E,;/2++ + 0.059 (ph - 7), where pH
is the inflection point on the titration curve. This proceslgives« Er, = -0.56 V vs.
NHE for pristine TiQ and* Er, = -0.59 V vs. NHE for Nb-doped Ti@
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Figure A20: a) UV-Vis absorption measurements and b) Tauc plots of matdzine-modified Nb-
doped TiQ samples.
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Figure A21: Photocurrent response during irradiation with visiblétigp > 420 nm).
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Figure A22: X-ray diffraction pattern of Nb-doped Ti¥dnaterials with different Nb concentrations
treated at 500C in 150 ml/min NHK for 4 h. The theoretical Nb content in the
different materials was 1) 1 at%, 2) 2 at%, 3) 5 at%, 4) 10 aipd55at%, 6) 20 at%,
and 7) 25 at%.
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Figure A23: XPS N 1s region scans of Nb-doped i®ith 10 at% Nb a) treated at 70C in 150
ml/min NH3 and b) post-treated in syn. air.
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