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Abstract






Chapter 1

In the field of energy and environmental applicatmf heterogeneous photocatalysis
TiO, appears as the most active and most suitable sechictor? In fact, TiG has a
high oxidation ability, its photogenerated holeingeat E = 2.9 V vs. NHE at pH O;
moreover, it is biologically and chemically ingotjotostable and cheap.

In nature, TiQ can crystallize in the three polymorphs anataséerand brookite.
Anatase is thermodynamically less stable thanerutil exhibits a shorter wavelength
absorption edge and is largely recognized to beenaative than rutile in oxidative
detoxification reactions. Mixtures of these two ypobrphs may produce intriguing
effects on charge carrier transfer processes itophtalytic applicationd?

However, the following major factors limit both pboatalytic efficiency and
activity of TiOy:

a) The band gap of anatase }i@ 3.2 eV,i.e. it absorbs light in the UV region, so
that only a small portion (5%) of sunlight can lsed for photocatalytic processes.

b) As in all semiconductors, photogenerated electme-hcouples undergo fast
recombination in competition with charge transteatlsorbed species.

c) The use of slurries could limit the industrial apations of photocatalysis, the
separation of semiconductor powders after liquidgghreactions being troublesome
and expensive.

In this context, during this PhD project differemutes have been explored for

solving the first two limiting aspects of Ti@se in photocatalytic processes.

At first the effects of TiQ surface modification were investigated, aiming at
mitigating the high rate of photogenerated elec¢hole pairs recombination. The
attention was first focused on the consequencegupsal by the deposition of noble
metal nanoparticles on T3OIn noble metal-modified photocatalysts, photopoted
electrons can be ‘captured’ by the noble metal paricles, which have a Fermi level
lower in energy than the conduction band potenfikis facilitates electron transfer to
adsorbed reducible species and favours electroa—-$eparation, with a consequent
increase of the semiconductor photocatalytic agtiWhereas noble metal co-catalysts
are known to be beneficial in the photocatalytioduction of hydrogen from water
solutions>” their effective role in photocatalytic oxidativeactions may appear rather

8-10

controversial, especially in the case of gold-medifTiO,,” " the properties of such
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Chapter 1

metal-oxide composites depending on the conditiohgyold deposition, on gold
loading, particle size and shape, and also onggaranditions ™4

A systematic study was thus undertaken on the phtdtytic performance of
commercial TiQ (Degussa P25) bearing gold nanoparticles depobiyedeposition-
precipitation (DP), with particular attention oretmethod, either thermal or chemical,
employed to reduce the Au(lll) precursor into mletajold. Two organic substrates,
i.e. the azo dye Acid Red 1 (AR1) and formic acid (FAgre employed as substrates
in photocatalytic oxidative degradation kinetictsedHydrogen peroxide evolution was
also monitored during the runs in order to havestieb insight into the role played by
gold nanoparticles on both oxidative and reducpvienary photocatalytic processes
(Chapter 5)?

Other Au/TiQ photocatalysts were then prepared by employingptwodeposition
technique, based on the irradiation of aqueousensspns containing P25 TiGand
chloroauric acid under anoxic conditioold loading in the 0.1-1.0 wt.% range was
obtained by this wa}’

The role played by photodeposited gold nanopastiole the primary photocatalytic
processes involving photopromoted conduction bdectrens and valence band holes
was also tested in both an oxidation and a reducgaction,.e. in the photocatalytic
mineralization of formic acid (FA) and in the phaduction of pollutant Cr(VI) in
aqueous suspensions at pH 3.7, under UV-visiblet ligadiation. Some combined
reactions were also performed in the presence ¢t B& and Cr(VI) substrates
(Chapter 6). Commercial TigOsamples with different phase composition and serfa
area were then tested as photocatalysts in thevipldoiced reduction of Cr(VI). This
reaction was also coupled with the simultaneoustquatalytic oxidation of the
pollutant azo dye Acid Orange 8 (AO8) or of formaitid, acting as hole scavengers. In
general the co-presence of oxidizable and redusiiméeies ensured better separation of
photogenerated charge carriers, resulting in aehnighte of organics oxidation and
Cr(VI) reduction, especially in the case of highface area anatase TiChaving the
strongest affinity for Cr(VI) and AOS8, as demonstth by competitive adsorption

testst’

The central part of this PhD work was devoted ® éRploration of different routes

to minimize the major drawback of Ti(as a photocatalytic materialg. its high-

14



Chapter 1

energy band gap (3.2 eV). The fact that Ji®able to absorb only a small portion of
sunlight represents a great limitation in its usep@otocatalyst, particularly for the
conversion of solar into chemical energy.

Anion doping withp-block elements was successfully pursued in regeats to

sensitize TiQ towards visible light®*°

either by introducing newly created mid-gap
energy states, or by narrowing the band gap itsédiwever, the nature of doping
titanium dioxide with main group elements, such\g$2%2t C 192223 24 2325 p 26

| 27 and F28—30

is still not completely understood. The insertadndopant impurities in
the oxide structure may induce light absorptiothi@a visible region, but also increase
the rate of the undesired recombination of photegeed charge carriers, an effect
becoming relatively lower, the higher is the crilstdy of the oxide structure.

In this PhD thesis, the attention was focused dphsw, fluorine and boron as
dopants of TiQ, the effects of N or C doping on the photocatalwficiency of TiQ
having been widely investigated in the last decdd@The sol-gel method, which is
very flexible and suitable for systematic structusephotoactivity studies, was adopted
to incorporate the anion dopants in the Zgucture. Two series of Tibased doped
samples were first prepared by the sol-gel methdtie presence of different amounts
of dopant source (thiourea and NHfor S-doped and F-doped samples, respectively),
followed by calcination at different temperatured@ 600 or 700°C). Reference
undoped materials were prepared by following theesaynthetic procedure apart from
the addition of the dopant precursor. All samplesencharacterized by BET, UV-vis
absorption, XPS, HRTEM, XRD and EPR analyses. Tifexts of the dopant amount
and of the calcination temperature on the strutfaedures of the doped materials were
systematically investigated in relation to theioftatalytic activity.

The photocatalytic degradation of formic acid (Fi#) aqueous suspension was
employed first as test reaction. This substrate efesen mainly because it does not
absorb in the visible region, thus allowing a s¢fidfiorward evaluation of the
photocatalysts’ visible light activity, and undeegodirect photomineralization without
forming any stable intermediate species, which &fiap the interpretation of kinetic
results (Chapter 7.

The photocatalytic behaviour of an extended serds NH ;F-doped TiQ
photocatalysts was further explored in two othexctiens,i.e. the decomposition of

acetic acid in agueous suspension and the gas phiasgalization of acetaldehyde.

15



Chapter 1

In the photooxidation of both these organic sulbssraneither of which absorbs
visible light, the good photooxidation ability aie¢ NH,;F-doped materials (D-Ti©
series) was further confirmed. Furthermore, thet@ivadation of acetic acid was also
investigated systematically as a function of tihadiation wavelength, by collecting so-
called action spectra. This type of analysis, regméng the most powerful
photocatalytic characterization tool to determihe effective wavelength-dependent
response and activity of a photocatafi’st was carried out in the laboratories of the
Catalysis Research Center, Hokkaido University iap@ro (Japan), under the
supervision of Prof. Bunsho Ohtani (Chapter 8). ¢bmparison between the shapes of
the absorption and the action spectra alloweddtngjuish between absorption features
which are active or inactive in photocataly¥is.

XPS and EPR analysis of NHdoped materials, even if calcined at 700°C, rieeka
the presence of residual nitrogen-containing sgedieat might be responsible for the
spectral features and/or photoactivity of ftoped TiQ. Indeed, the conflicting

830 are most

results reported in the literature on the effed¢tumrine as TiQ dopan
likely due not only to the different routes empldyte prepare the doped materials, but
also to difficulties in the interpretation of resulobtained with photocatalysts
containing more than one dopant element, becausessible synergistic effects>°

In order to better clarify the role of fluorine dadnitrogen dopants of TigDanother
series of doped photocatalysts was prepared acgptdithe same synthetic procedure
employing HF instead of Nff as dopant source, thus avoiding the co-presehce o
nitrogen impurities in the material. At the sanmadj aiming at elucidating the effects
of F-doping and co-doping of TgDan investigation was started on the effects ef th
co-presence op-block elements boron and fluorine in titania. Tpleotocatalytic
activity of these new doped systems, prepared liyguthe sol-gel method in the
presence of different amounts of dopant sourcecafzined at different temperatures,
was investigated in the oxidative decompositiorfaomic and acetic acid in agueous
suspension. Moreover, in order to better compare fotoactivity of these
photocatalytic systems with that of samples prepanepresence of the NH dopant
source (D-TiQ series), the photooxidation of the transparenti@eeid substrate was
systematically investigated as a function of ireéidin wavelength for the three main
new series of doped samples. All photocatalystsevetraracterized by BET, XRD,

UV-vis absorption analyses, so as to enlightenefifects of dopant concentration and

16



Chapter 1

calcination temperature on the structural featofethe doped materials, in relation to

their photocatalytic activity (Chapter 9).

Finally in the last part of the PhD thesis the effef noble metal (Pt and Au)
nanoparticles photodeposition on the activity of tiest performing series of NH
doped TiQ photocatalysts calcined at 700°C was investigatedoth energetically
down-hill and up-hill reactionsi.e. in formic acid and acetic acid degradation in
agueous suspensions and in hydrogen production froethanol/water vapour
mixtures, a reaction which has been thoroughlystigated in our research grotip®
Intriguing synergistic effects of T doping and of noble metal nanoparticles
deposition have been observed in both types ofioea(Chapter 10).
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Chapter 2

2.1 Introduction

Environmental pollution, such as contaminated watepolluted air, has become a
global issue threatening the health of mankind.idalppolluting sources are toxic
organic molecules or exhausted gas compounds wdrehreleased from household
waste, livestock waste and local industries. S@eascthus involved in searching for
new alternatives and ecologically sustainable nughor cleaning up environmental
contamination. Different solutions for depollutidrave already been proposed: air
scrubbing, adsorption, activated carbon, etc., e of them only remove the
pollutant from one phase to another one and theumine additional processes to
eliminate toxic compounds.

Heterogeneous photocatalysis is a potential solutimt has been the object of
intense research efforts since the early 1970snwhgishima and Honda discovered
the photocatalytic splitting of water on TiCelectrodes. This technique can be
envisaged as one of the most promising Advancedddi®in Process (AOPs) because
of its specific advantages, such as bland reac@mitions, the possibility of using
molecular oxygen as oxidant species, the total ralization of pollutants into
substances innocuous to the environment.

Heterogeneous photocatalysis is based on the atitmmabetween semiconductor
materials and light. By considering that we can‘fyee’ light from the sun, the idea of
using solar light energy as resource to clean g @hvironment is an ideal and
extremely promising approach.

Sun light, with wavelengths ranging from™€ 10 nm, is a clean and renewable
energy source that is readily available. Beforemaay the Earth’s surface, a part of the
solar energy is absorbed by the stratosphere, spbeoe and other atmospheric layers.
Of the solar radiation reaching the Earth, 5% is lig¥it, 50% is visible light and the
remaining part is composed of infrared and longavelengths radiation (Fig. 2.1).
Approximately a 40% of the total amount of radiatiarriving to Earth, mainly
composed of visible, infrared, and radio energgespnstantly arriving to its surface. In
particular Ultraviolet light (UV-light), generalldivided into three regions, A (315 —
400 nm), B (280 — 315 nm) and C (100 — 280 nmY)esponsible for most of the
photochemical processes occurring in the atmosphafidle the UV-C region is

mostly filtered by Earth’s ozone layer, UV-A and tB/radiations still pass and have
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the potential to generate photochemical processds as the synthesis of vitamin D in
our body or the tanned skin colour we get afteiifgabeen exposed to sunlight.

25 | |
Uv , Visible ; Infrared —=
| |
| |
24 : t , Sunlight at Top of the Atmosphere
1
|
|
1.54 5250°C Blackbody Spectrum

/

Radiation at Sea Level

Absorption Bands
H,0

Spectral Irradiance (W/m2/nm)

0-
250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)

Figure 2.1 Earth’s light environment (solar spectru

The development of photocatalytic technology withdifferent kinds of application
(see Table 2.1) has especially promoted, in itdyemge, a revolutionary idea of
cleanliness, as suggested by the Japanese ‘fatbfetiis field. Whereas in the past
‘light cleaning’ meant a cursory job — a quick wipe or dusting — in the future it will
come to mean ‘cleaning with light’, as depictedrig. 2.2.

D a, Depeaic poifutanss  Incrganin gsdlitants

J.l.lu.u.

I’] mm EJ |

_, e =

Figure 2.2 Representation of a city governed byaarphotocatalysis, proposed by Italcementi
group.
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Table 2.1 Overview of different photocatalysis &atlons.

Property Category Application
Self-cleaning Material for residential aftkterior tiles, kitchen and bathroom components,
office buildings interior furnishings, plastic surfaces, building
stones
Indoor and outdoor lampBranslucent paper for indoor lamp covers,
and related systems coatings on fluorescent lamps and highway
tunnel lamp cover glass
Materials for roads Tunnel wall, soundproofed wallfftcasighs and
reflector:
Others Tent material, clothes for hospital garments and
uniforms and spray coating for cars
Air-cleaning Indoor air cleaners Room air cleaner, phatalyst-equipped air
conditioners and interior air cleaner for factories
Outdoor air purifiers Concrete for highways, roadwayd &wotpaths,
tunnel walls, soundproofed walls and building
Water puification Drinking water River water, groundemt lakes and water
storage tanks
Others Fish feeding tanks, drainage water and industrial
wastewater
Antitumor activity Cancer therapy Endoscopic-liketmsnents
Self-sterilizing Hospital Tiles to cover the floor and walbf operating

rooms, silicone rubber for medical catheters and
hospital garments and uniforms

Others Public rest rooms, bathrooms

2.2 Principles of semiconductor photocatalysis
Photocatalysis is generally defined as the chamgjee rate of a chemical reaction or its
initiation under the action of ultraviolet, visibte infrared radiation in the presence of
a substance — the photocatalyst — that absorbs diggh is involved in the chemical
transformation of the reaction partners. Moreowdren a solid material is used as the
photocatalyst the definition of heterogeneous ptattysis is preferretl. The most
commonly used photocatalysts are semiconductor rraste(most of them metal
oxides) which, unlike metals, possess a void eneegyon (band-energy structure),
where no energy levels are available (Fig. 2.3 ¥tid region which extends from the
top of the filled valence band to the bottom of treeant conduction band is called
band gap, k

Activation of a semiconductor photocatalyst is agkd through the absorption of a
photon of ultra-band gap energy, which resulthagromotion of an electron from the
valence band into the conduction bandg,eand in the concomitant generation of a

hole in the valence band,\ja. The reaction of either the photopromoted electvih a
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reducible adsorbed substrate (usually oxygen iategérsystem) and/or the hole with an

oxidizable adsorbed species can subsequently occur.

vAg
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}
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band @
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Figure 2.3 Simplified scheme of semiconductor atitw.

The probability and the rate of such charge transfecesses depend on the position
of the conduction and valence band edges and oretitx potentials of the adsorbed
species. For example, when a semiconductor is @sed photocatalyst in the
environmental remediation, usually involving theomdecomposition or complete
mineralization of organic pollutants, it should t&pable to generate a valence band
hole with a redox potential that is positive enotgloxidise the organic pollutant. At
the same time the photogenerated electron in thdumion band should be negative
enough to reduce adsorbeg t® superoxide radical anidn.

Figure 2.4 shows the band gap values of differentisonductors and their position
on the electrochemical scale. A substrate can saftdy/ interact only with some
semiconductors: it is necessary that the electrocdad potential value of the electron
acceptor is more positive (down in the graph) ttrensemiconductor conduction band
potential, and that the electron donor potentiah@e negative (up in the graph) than
that of the semiconductor valence band. A photbgataeaction can take place only

under such conditions.
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Figure 2.4 Relationship between the band structdirgome selected metal oxide and non-oxide
semiconductors and the redox potentials of watkitisig.*

Recombination of electron-hole pairs can occuigampetition with charge transfer

to adsorbed species, in the volume of the semiadodyparticle or in its surface with

the release of heat. This phenomenon representsm#j@ deactivation path which

could significantly decrease the overall photogaikefficiency.

The detrimental process of back-donation to theicmmductor after charge transfer

to the adsorbed species can also occur. Thus, hsidaring TiQ as an example of

semiconductor with photocatalytic properties, theirmreaction scheme of a

photocatalytic process can be mainly summarizedhe following equations and

depicted in Fig. 2.5.

a) Charge separation

TiO,+hv - e +hi

b) Bulk/surface recombination

e.z+hyg — heat

¢) Surface trapping

hig +=Ti-OH - =Ti-O" +H"
€z +=Ti-OH - =Ti" +OH’
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d) Surface recombination
e +=Ti-O" +H" - =Ti-OH (2.5)
hyg +=Ti"+OH - =Ti-OH (2.6)

e) Interfacial charge transfer
Red +=Ti-O" - Ox, +=Ti -OH (2.7)
Ox,+H,0+=Ti" - Red, +=Ti -OH (2.8)

f) Back reaction
Red, +=Ti -O" - Ox, +=Ti-OH (2.9)
Ox, +=Ti" -~ Red +=Ti-OH (2.10)

Surface
Recombination

Volume
Recombination

+@

Figure 2.5 Schematic representation of a nanosigkdtocatalyst particle where the de-
excitation process (following the initial irradian) can occur in four general ways: (A)
surface recombination, (B) volume recombination), (&luction with electron acceptors, and
(D) oxidation with electron donors.

It's worth to remember that a semiconductor fre@xgdurities is definedhtrinsic. A
semiconductor doped with impurities is caledrinsic

Doping involves the addition of a different elemento the semiconductor. The
simplest example of this involves the introductmna group V elemente(g, P) or a
group lll element€.g, Al) into a group IV elemente(g, Si). The addition of P into Si
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introduces occupied energy levels into the band gape to the lower edge of the
conduction band, thereby allowing facile promotielectrons into the conduction
band (Fig. 2.6b). The addition of Al introduces aaicenergy levels into the band gap
close to the upper edge of the valence band, wdllotws facile promotion of electrons
from the valence band (Fig. 2.6c). This leads ®ftirmation of holes in the valence
band.

Doped semiconductors in which the dominant or nigjocharge carriers are
electrons are referred to agypesemiconductors, whereas those in which holeshare t

majority charge carriers are referred taygpesemiconductors.

=y Ev P Y
A3 K*jff) g AL iy

Figure 2.6 Schematic diagram of the energy levélanoa) intrinsic, b) n-type and c) p-type
semiconductor.

Another important concept in discussion of soligtestmaterials is the Fermi level.
This is defined as the energy level at which thabpbility of occupation by an electron
is ¥ at absolute zero temperature; for example,afomtrinsic semiconductor the
Fermi level lies at the mid-point of the band ggg/(2.6a).

Doping changes the distribution of electrons wittiia solid, and hence changes the
Fermi level. For a-typesemiconductor, the Fermi level lies just below ¢baduction
band (Fig. 2.6b), whereas fopaypesemiconductor it lies just above the valence band
(Fig. 2.6c). In addition, as with metals, the Fetevel of a semiconductor varies with
the applied potential; for example, moving to maegative potentials will raise the
Fermi level®

The contact between a semiconductor and anotheeghquid, gaseous or metallic)
generally causes a charge redistribution. In orfber the two phases to be in
equilibrium, their electrochemical potential must the same. The electrochemical
potential of the solution is determined by the sedotential of the electrolyte solution,
and the redox potential of the semiconductor ismeined by the Fermi level.
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If the redox potential of the solution and the Fetevel do not lie at the same
energy, a movement of charge between the semictordaied the solution is required
in order to equilibrate the two phases. The exchssge that is now located on the
semiconductor does not lie at the surface but estéor a significant distance (100 -
10000 A). This region is referred to as #pace charge regigrand has an associated
electrical field. Hence, there are two double layéo consider: thenterfacial
(semiconductor/solutiondlouble layey and thespace charge double layelFor ann-
type semiconductor the Fermi level is typically higllean the redox potential of the
solution, and hence electrons will be transferreminf the semiconductor into the
solution. Therefore, there is a positive charg@eased with thespace charge regign
and this is reflected in an upward bending of tardbedges. Since the majority charge
carrier of the semiconductor has been removed fiftis region, this region is also

referred to as depletion layelFig. 2.7).

Depletion Region

Figure 2.7 Band bending for an n-type semiconduict@quilibrium with a solution.

As for metals, changing the applied potential shifte Fermi level. The band edges
in the interior of the semiconductare{, away from the depletion region) also vary
with the applied potential in the same way as therklevel. However, the energies of
the band edges at the interface are not affectedhbpges in the applied potential.
Therefore, the change in the energies of the bdgdson going from the interior of
the semiconductor to the interface, and hence thgnitude and direction of band
bending, varies with the applied potential. There three different situations to be
considered:

* at a certain potential, the Fermi level lies at $hene energy as the solution redox
potential (Fig. 2.8b). There is no net transfeclorge, and hence there is no band
bending. This potential is referred tofidband potential E.
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» depletion regions arise at potentials positivehafftatband potential E > gy, for
an n-type semiconductor (Fig. 2.8a).

» at potentials negative of thélatband potential (E < E,) for an n-type
semiconductor, there is now an excess of the ntgjoniarge carrier (electrons) in

this space charge regignwhich is referred to as arcumulation laye(Fig. 2.8¢c)°

- |- Space Charge e. k- (accumulation)
| (depletion) Ec « F |
EI: :"--'.' — = E|_ rr—— - “—"'_w:f E’F
B L S 0
- ™ > %

Figure 2.8 Effect of varying the applied potenti&) on the band edges in the interior of an n-
type semiconductor. a) E >Eb) E = gy, ¢) E < By,

2.3 TiO, as photocatalyst
As for any common catalytic material, which is mohsumed during the course of a
chemical reaction, a photocatalyst must be stafteret prone to decompose due to
long exposure to light. In addition, for some pisg®s in which water suspensions are
used, stability in water at various pH is essential
As a general rule, a good photocatalyst must be:
* photoactive
» able to absorb visible and/or near UV light
» biologically and chemically inert
» photostablei(e. not liable to photoanodic corrosion)
* inexpensive
* non-toxic

In many cases, the semiconductor risks to incurxiklative decomposition by the
photogenerated holes. Generally, oniyype semiconductor oxides are stable towards
photoanodic corrosion, although such oxides usu@lye large band gap, so that the
semiconductor absorb only UV light. CdS is an exiampf a highly active
semiconductor which can be activated using vidigle (thus, sunlight could be used),

but, as usually occurs for visible light absorbisgmiconductors, it is subject to
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photoanodic corrosion and this feature makes itcceptable as a photocatalyst for
water purification.

Among different semiconductor photocatalysts, J&ppears as the most active and
most suitable one for a wide variety of energy andironmental applications. In fact,
TiO-, has a high oxidation ability, its photogeneratetes being at = 2.9 Vvs. NHE
at pH 0; moreover, it is biologically and chemigalhert, photostable and cheap.
Finally the location of the bottom of conductiombidgFig. 2.4) is suitable for using this
material for the photocatalytic production of hygea from water, which has received
extensive attention in the last decade for its mita€ application in the field of solar
energy harvesting, conversion and storage.

Even after choosing Ti£as semiconductor in photocatalytic experiments ctioice
of its crystalline form is important as well. Theystalline forms of TiQ are anatase,

rutile and brookite.

Brookite is a natural phase, which is quite diffido synthesize in a laboratory. It is
also rare in nature and structurally more comphantthe other two polymorphs. It is
constituted by an elementary cell containing 8 faiamunits with an orthorhombic
symmetry. The Ti surrounding coordination polyhedi® an octahedron and there is a
high oxygen atom packing. It forms very flat sm@lbular crystals with a variable
color, from yellow to brown reddish. This polymorghmetastable: out of a restricted

pressure and temperature interval it is convertemthe two other phases (Fig. 2.9).
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Figure 2.9 Phase diagrams of Ti@t low and high pressures.
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The rutile and anatase phases are the most uggtwiacatalytic studies (Fig. 2.10).
Rutile is the most common mineral form of B nature. The rutile structure is not
compact. Its unit cell is tetragonal: one axis @/43shorter of than the other two (a =
4593 A, ¢ = 2.959 A). The structure is constitubgdvery distorted octahedral TiO
with oxygen ions shared with other adjacent Ti ioBsery Ti ion is a octahedral
surrounded by six O ions, and every O ion is surded by 3 Ti ions at the edges of an
equilateral triangle. It can be envisaged as arakhody cubic lattice of Ti ions that is
considerably distorted. The crystallites can bes@néin nature as black or reddish and
also transparent when completely without impuritiEse color can also be orange if
the mineral is in very thin needle form.

Anatase, also improperly called octahedrite, prssen tetragonal bipyramidal
symmetry, with a form similar to an elongated oetddon (a = 3.785 A, ¢ = 9.514 A).
The structure is based on a polyhedral chain o.Tie difference with rutile is that
anatase presents a more distorted structure, whaxgy polyhedron shares 4 edges
with the adjacent one. In particular, the tetragaelamentary cell contains 4 units,
instead of 2, and the cell sides are a = 3.785dcam 9.514 A. The anatase crystals are

really small, the natural color ranges from blugptare to yellow-brown.

[001] Rutile

|. 1.946 A titanium

E1UU-]- 1.983 A 1] [100]
b2

[001]

Anatase

1.966 A
N

\77102.308°
sy
r =l
92.604™._)

Figure 2.10 Bulk crystal structure of rutile andaase
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These differences in lattice structures causerdiffiemass densities and electronic band
structures for the two main TOpolymorphs. In particular titanium dioxide is
characterized by an allowed and indirect band gdych is equal to 3.2 and 3.0 eV,
respectively, for the anatase and rutile phase. 3drm& gap occupied states (valence
band, VB) are mostly O 2p atomic orbitals-derivetijle the conduction band (CB) is
mostly Ti 3d-derived (Fig. 2.1%¥.

. a*
Ti 4s e

(s

Y T
A
:. a
032s
| ==
(a) (h) (c) (b (a)

Figure 2.11 Molecular orbital structure of anatasa) atomic levels, b) crystal — field split
levels, c) final interaction statés.

Moreover TiQ, like other oxides and chalcogenides, is thermadynally stable as
a non-stoichiometric compound, with anion deficieac Therefore, a more correct
denotation would be Ti&. Generally the material defects, such as vacancis
introduce localized ionized states. In the cas&i@f, oxygen vacancies are formally
compensated by the adoption of the +3 oxidatiotedby an equivalent number of
titanium atoms. These ¥iions operate as electron donors, introducing ipedllevels
next to the conduction band. This is due torthgpesemiconductor character of TiO
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The anatase phase is one of titania’s most studlisthlline phases because it is
commonly considered as the most photoactive polgimorespecially for the
decomposition of water and organic compounds.

As previously mentioned, after photoexcitation @ifania, electron-hole pairs are
transferred to surface-adsorbed reactants in cotopetvith mutual recombination.
Since recombination is expected to occur on grauwnbaries and crystal defects, the
use of single-crystal particles with a low densify defects is one of the possible
strategies to be pursued. Indeed, single-crystaiiage particles exhibited a high level
of photocatalytic activity when they had a largedific surface are&

In general, well developed anatase single crystalsbit a octahedral shapee.,
tetragonal bipyramids, dominated by {101} facetdich are the thermodynamically
most stable surfacé&?® Interest has thus been shown in octahedral shitpe{1D1}
facets!’?° On the other hand, the preparation of single-atystatase particles with a
largely-truncated octahedral shape with two sqy@f} facets, e.g, a decahedral
shape, has also been reportet.

Since the {001} surface is more reactive for disatiee adsorption of reactant
molecules compared with {101} facets?’ high photocatalytic efficiency is expected
for particles with {001} facet8® though present information about their photocéily
activity is still scarce. In agreement with naturalnerals, a truncated octahedral
bipyramid, exposing eight {101} facets as well a® {001} facets, has been shown to
be the most thermodynamically stable shape of aeataystallites based on Wulff
construction:>*° In spite of the important applications of anata#®,, experimental
studies on the photoactive property of a singlstalysurface have been limited by the
difficulty in obtaining high-quality (and purity)retase samplé3.A few studies have
suggested a significant role of facets of Figblyhedral particles for photocatalytic
reactions’>® Recently developed hydrothermal reaction methoalge henabled the
preparation of anatase crystalline particles witell\geveloped {001} facets in a
relatively high yield. In particular Yangt al have synthesized uniform anatase ;IO
single crystals with a high percentage (around 4@P4AP01} facets using hydrofluoric
acid as a morphology controlling agéht.

The same research group has also reported a newtlsmimal method using 2-
propanol as a synergistic capping agent and reactiedium, together with HF to

synthesize high-quality anatase 7Fi€ingle-crystal nanosheets (SCNSs) with 64% of

33



Chapter 2

{001} facets® The efficiency of these T#DSCNSs materials in heterogeneous
photocatalytic reactions was investigated by meaguthe formation of active
hydroxyl radicals ‘OH) upon irradiation, which are considered as ofithe most
important oxidative species in photocatalysis rieast> Terephthalic acid (TA) was
used as a fluorescence probe because it can réeacOM in basic solution to generate
2-hydroxy terephthalic acid (TAOH), which emits@igque fluorescence signal peaking
around 426 nm® The normalized (calculated per unit surface acemicentration of
‘OH radicals generated from SCNSs clean surfacefouasl to be more than 5 times
higher than that on standard Degussa P25.Tit® important to note that in order to
compare the photocatalytic activity of well-defin@datase single crystal particles with
that of commercial Ti@photocatalytic powders, the crystalline size stidaé at least
of submicrometric scale, in order to have a surfacea comparable to that of
commercial powders. Ohtamit al succeed in this goal; decahedral-shaped anatase
titania particles (DAPs) have been prepared by roletd gas-phase reaction of
titanium(IV) chloride and oxygen at 1473K (Fig. 2)$"®

(001) (101)

Figure 2.12 A representative SEM image of decalleamatase-titania particles prepared by
controlled gas-phase reaction of titanium(lV) clidler and oxygen at 1473 K. Most particles
expose two square (001) facets and eight trapek¢ifd) facets’

In this case the photocatalytic activity of DAPsswaported to be much higher than
the photocatalytic activities of commercial titap@rticlese.g, Degussa (Evonik) P25,
presumably due to relatively large specific surfacsa able to adsorb a large amount of
substrate(s) and due to high crystallinitye. less crystal defects to reduce-f&

recombination. Aiming at investigating the intrinséffect of decahedral shape on
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photocatalytic activity, Ohtani’'s group compareduls obtained with DAPs with
those described in their recent study, in which phetocatalytic activities and the
physical and structural properties of 35 commertitahia powders were statistically
analyzed to find the predominant properties deteimgithe activity in a given reaction
systent® Standardized photocatalytic activities for fivadks of reactions were fairly
well reproduced by a linear combination of six lgndf physical and structural
properties of photocatalysts.e., specific surface area, density of crystal defect
primary particle size, secondary particle size exidtence of anatase and rutile phases.
It was suggested that high levels of photocatalgiitivity of DAPs could not be
reproduced by the correlation equations derivethéabove-mentioned multivariable

analysis'®

i.e.,, another property, such as “shape” may affect phetocatalytic
activities. A more detailed study on this shapedfstill needs further investigation.
The rigorous statistical approach of Ohtani’s reseagroup® merits to be
appreciated, because for the first time they titedrove, in a strict scientific sense, the
common understanding or myth in the photocataliysld that anatase is more active

than rutile.

2.4 Madifications of TiO, photocatalysts

Even if TiO, still remains as the most active and most suitad@eniconductor

photocatalyst for a wide variety of energy and smwinental applications, the

following major factors limit its photocatalyticfefiency and activity:

1. The band gap of T¥(anatase phase) is 3.2 e\&. it absorbs light in the UV
region, so that only a small portion (5%) of thenlgght can be used for
photocatalytic processes.

2. As in all semiconductors, photogenerated eledtme couples undergo fast
recombination in competition with charge transteatlsorbed species.

3. The use of slurries could limit the industrigdplcations of photocatalysis, the
separation of semiconductor powders after liquidgehreactions being troublesome
and expensive.

Concerning the third point, several practical peo$ arise from the use of THO
powders in photocatalytic processes: (a) diffi@dparation of the insoluble catalyst
from the liquid, (b) aggregation of the suspendeattiges, especially at high

concentration and (c) difficulties in a possiblaleeup to continuous flow systems. In
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this regard the use of photocatalysts in thin filonm would not only avoid the
drawbacks encountered with powder suspensionscdult also have photoinduced
surface hydrophilicity applicatiors.

4247 the so called ‘doctor

Among the different methods applied to obtain Jfms,
blade’ method appears as a fast and no-energy icongyrocedure for the production
of thin porous films with good uniformity, high agion and reproducible properties,
which are expected to have very good photocatafditvity. Several other techniques
have been developed to produce tailored photoctsafiyms, such as CVD (chemical
vapour deposition), magnetron sputtering, dropicgsir electrochemical anodisation.

However, in this PhD work the attention was focusadhe exploration of different
routes for the solution of the first two previoudisted limiting aspects of TiQuse in
photocatalytic processes. In order to extend tleetsgl breadth and efficiency of TiO
photoresponse, a lot of scientific efforts haverbéene in the last decade.

In this regard we can identify the following fouram generations of Ti©
photocatalyst&®
i) the first generation involved pure Ti@aterials.

i) the second generation consists of Ji@aterials doped with metals, such as Cr, V,
W, Mo, Ru, Os, Re, Rh, Co, Al, Sn and #&° The charged carrier recombination
rates and interfacial electron-transfer rates @sipnificantly altered due to doping
with metal ions. The photoreactivity of doped 7i@ influenced by several
parameters such as the dopant concentration, tleegyenevels of dopants
differently located within the Ti@lattice, theird electronic configurations and the
light intensity*®*° Therefore the photocatalytic performance of dopeaterials
varies case by case. For example @@l noticed that SH-doped TiQ film,
prepared by plasma enhanced CVD method, exhibite reorface defects and a
consequent enhanced photocatalytic activity for degradation of phenol under
both UV and visible light?

Wanget al. found that in F&-doped TiQ synthesized by oxidative pyrolysis the
formation of rutile was strongly promoted by ironpihg®? Choi et al, in turn,
found that doping Ti® with metal ions (F&, Mo, V*) by sol-gel method
significantly increased the photoreactivity as ttmpant concentration increas®d.
Karvinenet al. theoretically investigated the role of transitimetal dopants (¥,

cr*, Mn*, F€") in both anatase and rutile Ti@nodels and observed significant
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bang gap narrowing caused by those metals onlyerahatase systethHowever
Herrmannet al.reported that metal ion dopants like*Cfor example, can increase
electron—hole recombinatiof.Much additional work have been done on metal
doping of TiQ, but a detailed understanding from a surface seiefiewpoint has
not yet been achieved.

Among the second generation of photocatalysts,ctstral and/or surface
modification of TiQ by noble metal (Pd, Pt, Au) deposition represantemerging
research field which has attracted wide attentlorparticular there are two main
approaches to the noble metal modification of ;Ti®irstly, the high rate of
photogenerated electron/hole pairs recombinationbealimited by loading noble
metal nanoparticles only on the surface of JJild these systems, photopromoted
electrons can thus be ‘captured’ by the noble mesamloparticles, which have a
Fermi level lower in energy than the conduction dapotential of the
semiconductor (Fig. 2.13 and 2.14), with a consetjuecrease of the overall

photocatalytic efficiency, especially under UV ligh

cB
E; ;\.
E,
VB Redox Redox
Metal couple couple
Equilibration before Charge equilibration after
UV-irradiation UV-irradiation

Figure 2.13 Equilibration of semiconductor-metalnoaomposites with the redox couple
before and after UV irradiatiof:

Semiconductor

R

Figure 2.14 Schematic representation of the caislysechanism of gold nanoparticles
deposited on Ti@surface>®
It's important to take into account that the golhaparticles deposited on the

TiO, surface are known to induce strong localized serfalasmon resonance
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(LSPR) responsible for light absorption around B5®, which was recently found
to produce the photoinduced oxidation of 2-propana@r Au/TiG.>® The presence
in these reaction systems of a semiconducting mhfer electron transfer and of
oxygen as an electron acceptor was found to bessape In particular the
mechanism of visible-light-induced oxidation of amc compounds on gold—
titania, proposed by Kowalslk al, is schematically shown in Fig. 2.15.

First, incident photons are absorbed by gold pedidhrough their LSPR
excitation. Electrons may be then injected from guticles into the CB of titania
and reduce molecular oxygen adsorbed on the sud&ddania. The resultant
electron-deficient gold can oxidize organic compsjnsuch as 2-propanol and
acetic acid, to be recovered to its original meatalstate. Therefore, the
photocatalytic action of gold particles was congdn for the first time, by
observing a resemblance of action and absorpti@ctsp (Fig. 2.16), with a

turnover number exceeding unity.

longitudinal
£ LSPR

2-propanol
facetic acid/

acetone

fcarbon dioxide/ 0;

Figure 2.15 Schematic representation of the meamarmf organic compounds oxidation by
Au/TiO, under vis irradiatiorr®

38



Chapter 2

0.46

Absorption

0.26
450 550 650 750 850

Wavelength /nm

Figure 2.16 Action spectrum of 2-propanol oxidatiom TiQ (ST41):e Au-modified,o
bare, and== absorption spectrum of Au/Ti@ST41) measured with barium sulfate as a
reference?

A second way to modify TiPby noble metals consists in the insertion of metal
ions (due to a doping process) into the semicomductystal structure, with a
consequent decrease of the titania band gap eateridetails of photon absorption
for gold ions doped in Ti© reported by Lkt al, are depicted in Fig. 2.T7.

Conduction band

0 A 'y Ec
Au,Ti; O,
: ¢ Visible light
TiO,
—— Euan
UV light
3.2 Ev

Valance band

Fig 2.17 Proposed Alli;,O, energy level and photoinduced electron excitation.

Furthermore, the transfer of conduction-band ebestrfrom TiQ to another
semiconductor might also be a feasible way to ds&recharge recombination in
photoexcited Ti@°*°®® On this basis, titanium dioxide has been combimnsith
several semiconductor oxides, such asZi&hQ, WO; and ZnFgO,. Increased
surface acidity, as well as textural/structural fications especially in the surface
layers, have been invoked to explain the higherntqadatalytic activity of coupled

oxides®*
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ii)

Moreover, in the last years these kind of couplstesns have found important
environmental applications. For example, electtonagje in the presence of @as
successfully realized in a hybrid WiO, material. In particular, this system could
be charged under UV irradiation, holding the elats$rin the presence of,@or a
long term, and can be discharged by a suitablectetuprocess which could be
represented by the reduction treatment of poisoheasy metal ion®

Furthermore it was shown that the introduction efoginto the TiQ framework
not only improve the thermal stability of the orelémesoporous structure, but also
effectively extend the photo-response of Tt®the visible-light regiof°
the third generation of materials mainly castsi of TiQ doped with non-metal
elements, in order to shift the absorption thresghafl TiO, into the visible light
range. In particular, after the first report abuisible-light-sensitive N-doped TiO
photocatalysts in 200%,the attention has been mainly switched to the aegjon,
characterization and testing of different typeg i, doped withp-block elements,
such as S, C, B, P and®1” Such materials exhibit a red shift of the lighsaiption
edge, the origin of which has arisen a lively debdhe main point of discussion
concerns the eventual narrowing of the semicondunziod gap as a consequence of
doping or the creation of intra band gap statesoAthe chemical nature and the
location in the solid of the dopant species resibms$or visible light activity is still
controversial, together with the role of oxygenasmaes, stabilized by the presence

of dopants as a result of charge compensatioh.

iv) the fourth generation of materials is based tha surface deposition of dye

sensitizer molecules on the TiGemiconductor. Surface sensitization of the
photocatalystvia chemisorbed or physisorbed dyes can increasefticeeiecy of
the photoexcitation process and expand the examitattavelengths range of the
photocatalyst through excitation of the sensitibdowed by charge transfer to the
semiconductor. The mechanism of the process iflyoaatlined by reactions (2.11)
and (2.12). Organic and/or inorganic dyes, suchemshrosin B, thionine and

analogs of Ru(bpy) are commonly used as sensitiz&r§.

Dye + hv— Dye* (2.11)
Dye* + TiO, — Dye*" + TiO, (€) (2.12)
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These systems can find application especially Herghotocatalytic evolution of
H, and/or photocurrent production, even when thegnef light is lower than the
band gap of pure TiEXFig. 2.18).

The interaction of the sensitizer with light plagys important role in determining
the efficiency of sensitized T¥OHowever, a careful design is required in order to
avoid some drawbacks such as thermal instabilitythed dye and a high

recombination of the charged carrié¥s.

Visible light excitation

Sensitizer
Adsorbed dye

Valence band

Wide band gap photocatalyst

Fig 2.18 Scheme of sensitized-type photocatalyst.

It's worth to underline that in most cases the egaece of visible light response in
doped materials sacrifices the UV light activity ®fO,, mainly because doping
generates impurity and/or vacancy levels in thék laglting as recombination centres.
Furthermore, the oxidation power and mobility ofofdgenerated holes in localized
narrow bands are less than in the Ji@lence band?®

As an alternative, the visible light activation T, has been recently achieved by
surface modification with oxides of transition mstmcluding F€2%* Cu® and Cr*°
This approach is attractive in that visible ligasponse can be induced in such hybrid
materials without the introduction of impurity/vay levels into the bulk of Ti©

In the Cu(ll) grafted systefft,visible light was first assumed to initiate inteial
charge transfer (IFCT), so that electrons in thieen@e band of Ti@ are directly
transferred to Cu(ll) and form Cu(l), as well addsoin the TiQ valence band, which
are able to decompose organic substances. In sgn€a(l) produced by electron
transfer reduces adsorbed @rough multielectron reduction, with the consegue

consumption of photoexcited electrons (Fig. 2.19).
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Figure 2.19 Proposed mechanism for the generatiophmtocatalytic activity under visible
light for Cu(ll)-grafted TiQ systems. Visible light irradiation induces intenite charge
transfer (IFCT) from the valence band of Fi® Cu(ll) ions®

The mechanism proposed in the case of grafted ICi@hs is slightly different,
because the Cr(IV)/Cr(lll) redox potential is slighabove that of the Ti@valence
band. In this system a charge transfer processdvoctur from the grafted atomic
metal ions into the conduction band of i The photoproduced Cr(1V) species may
oxidize organic molecules and return back to thigimal Cr(lll) state, while the
electrons in the Ti@ conduction band are consumed in the reductiondsbred

oxygen molecules (Fig. 2.20).

ks
(T13d)

[+
. 1
o
-
i - Chigamie compounds
= P SO O, . -0 e, it
'E i W, Oxidation CrIVyCr(IIL)
(o 3L =21V
F,| I - A

Rutile TiO),

Figure 2.20 Proposed mechanism for the generatibphmtocatalytic activity under visible
light. Visible light irradiation induces a metal atgye transfer process (MMCT) from the
grafted Cr(lll) metal ions to the conduction bar@B) of TiQ, mainly consisting of Ti(3d)
orbitals *

42



Chapter 2

The visible light induced activity of such hybridatarials is noticeable in the case of
rutile TiO,; however, the effect is small for anatase JIi® key point in this kind of
surface modification is the dispersion state ofrtlegal oxide on the TiQsurface.

Very promising results have been recently obtaimgdneans of the chemisorption-
calcination cycle (CCC) technique, in which metaimplexes are adsorbed by
chemical bonds on the TiGurface®”# The organic ligands are then oxidized by post-
heating to prepare metal oxide clusters and ultrdtlms at a molecular scale.

The choice of the semiconductor could stronglyaftee photoefficiency of these
novel and promising grafted systems. In this regandas found that Cu(Il)/W©
showed a higher quantum efficiency respect to Qa§{D, during the decomposition of
2-propanol under visible light irradiatidi.This fact could be ascribed both to the
higher visible light absorption capability of thiest system respect to the second one
and to the intrinsic higher oxidation power of th@les photogenerated in the VB of
WO; respect to those obtained in Liaterials.

These preliminary results described in the liteatsuggest metal ions grafting of
TiO, as a simple and effective method for the designnof¥el and efficient
photocatalysts which respond to visible light iiedihin, even better than well-known
and commercially available doped materials (N-dop&d,, HP-NO8, Showa Denko,

which is already used for indoor application).
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Chapter 3

Different strategies such as sol-gel, micelle angleise micelle, hydrothermal,
solvothermal, direct oxidation, chemical vapour aspon, flame spray pyrolysis
electrodeposition, sonochemical and microwave nisthbave been proposed to
synthesise Ti@materials for photocatalytic applicatiohs.

Among all these techniques, the sol-gel methodasmost commonly used due to its
relatively low cost and great flexibility. This temique has been chosen for the
preparation of home-made doped Ti€amples, which have been investigated during
this PhD thesis (Chapters 7-10).

3.1 Sol-gel process
Sol and gels are two forms of matter in colloid@te, which are either available in
nature (milk, serum) or prepared by chemical syithelhe activity for synthesizing
inorganic materials by sol — gel processes begd846 with Ebelman’s discovery of
SiO, formation upon hydrolysis of tetraethylorthositiea(TEOS) under acidic
conditions? In 1864, studies on the structure of inorganics genfirmed that a gel
consisted of a solid network with continuous pdsogthree dimensional molecular
network). In the mid-1970s the interest in sol 4+ gwcess increased significantly
when monoliths were produced by carefully drying tfel®
Nowadays, the sol — gel process is used to preai@us types of materials, which are
implemented into a variety of technologies, such remlinear optical devices,
luminescent solar concentrators and chemical sensor

The sol - gel method is based on inorganic polyna¢gion reactions, involving four
basic steps:hydrolysis, polycondensation, drying and thermalcateposition of
precursors These are, usually, inorganic metal salts or hwetgnic compounds such
as metal alkoxides M(OR)or oxoalkoxides MO(RN) where R is associated with
saturated or unsaturated aryl or alkyl groups, eame cases with3-diketonates
(RCOCHCOR') or metal carboxylates M{CR)..* When specifically preparing Ti©
based materials by sol-gel method, titanium alkexglg. titanium tetraisopropoxide)

is often used as a precursor.

The general mechanisms in the metal-organic ragtdased on the growth of metal

oxo-polymers in a solvent. The main reactions akvean be divided into two steps:
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1. first step: hydroxylation upon the hydrolysis ck@ty groups

M-OR + H,0 > M-OH + R-OH (3.1)
2. second step: polycondensation due to water (apaatfohol (b) condensation

M-OH + HO-M > M-O-M + H,0O (3.2)

M-OH + RO-M > M-O-M + ROH (3.3)

Generally speaking, the hydrolysis reaction, thiotlge addition of water replaces
alkoxide groups (OR) with hydroxyl groups (OH). Safquent condensation reactions
involving the M-OH groups produce M-O-M bonds plie by-products water or
alcohol. Additionally, because water and alkoxides immiscible, the use of a mutual
solvent such as an alcohol is necessary. With thgepce of this homogenizing agent,
i.e. the alcohol, hydrolysis is facilitated due to tmescibility of the alkoxide and
water>

Several parameters, such as type of precursor, di/m®lvent, water content, pH,
concentration of precursor and temperature, cdnen€e the structure of the initial gel,
and, in turn, the properties of the resulting mater including the crystal structure,
particle size, shape and crystallinity’

In particular hydrolysis and polycondensation resd, which are the main paths
during the sol-gel reaction, may be strongly praedoby either acid or alkaline pH.
Examples will be reported below with reference e formation of SiQ but the

invoked mechanisms are general and can be applyytother oxide.

Under acid conditionse.g. with mineral acids, the hydrolysis reaction is exed up

more efficiently than the condensation reactiéfi??

N N H RO\R;:% | Zor
RO\ = + RO, : + 3

O‘;e.i—OR AL "‘*/s'i—?:?R —EhSi—El?;R — HO*—S{’ + ROH
RO RGO H Ré, H OR

protonation of the alkoxo group, making alcchol a better leaving group
Condensation involves the attack of silicon atormasying protonated silanol species
by neutraESi-OH nucleophiles.

- acid conditions promote the formation of protodatlanol species, but inhibit

some nucleophiles;
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- the most basic silanol species (expected to bwomated) are those contained in
monomers or weakly branched oligomers: so a bustwark of weakly branched

polymers is obtained.

\éi_méi—ﬁclm — \éi—o—éi\" + HiG

/o /

preferentially a monomer
or the end-group of a macromaiecule

Under basic conditionse.g. with ammonia, hydroxyl anions (OHand deprotonated

silanol ESi-O) are better nucleophiles than water and silanetigs; a fast attack at
the silicon atom and both hydrolysis and condeasateactions occur simultaneously.
The condensation involves the attack of a depraéahailanol €Si-O) on a neutral
siloxane species; the acidity of silanol increasben -OH or -OR groups are replaced

with -O-SE groups because of the reduced electron densitlyeo8i aton*%%

NSiOH + OH —> N80 + HO

\éi—o_ﬂéi—[}m s Nsiosi” o+ oH

/
preferentiaily  preferentially
a highly a weakly
condensed branched
species species

The result of basic catalysis is an aggregationngnwer-cluster) that leads to more
compact highly branched silica networks, that aeimerpenetrable before drying and
thus behave as discrete species.

The gel, which is a solid matrix containing theveoit, needs to be dried in order to
remove the solvent. The period between the formatibthe gel and its drying is
known as ageing, during which the gel may keep rgaieg the hydrolysis or the
condensation. The ageing step is crucial to ol#aimcrease of the strength of the gel
without changing the pore structure and an incredslee pore size while reducing the
surface area through dissolution and riprecipitatibthe particles.

Drying is the following step in the sol-gel processich is necessary in order to
remove the solvent from the gel-network. The meshadopted for the elimination of
the residual solvent are influenced by the speci$ie of the dried material. The choice

of how to perform the solvent removal is not trivegpecially in the case of an oxide
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where the surface state is ruling the reactivityrtiier, the solvent elimination route
might affect not only the surface features, bub dlse bulk and the morphological
characteristics of the powder§?” In particular there are three main procedures. The
gels can be dried: 1) by heating in oven (xerog@lsby freeze drying (cryogels); 3) by
reaching supercritical solvent conditions in awwel (aerogels).

Finally a calcination step (thermal treatment),airdifferent temperature range, is
necessary in order to convert the dried gel to ystalline material. During this
procedure the following reactions can occur:

» desorption of physically adsorbed solvent and watelecules from the walls of
micropores (100-200 °C);

» decomposition of residual organic groups into,C&Y0-500 °C);

» collapse of small pores (400-500 °C);

» collapse of larger pores (700-900 °C);

» persistent polycondensation (100-700 °C).

Sintering and densification phenomena also takeceplaia typical sintering

mechanisms, such as evaporation condensationcsuilfdfusion, grain boundary and

bulk diffusion. The small particle size of the pawsl leads to high reactivities and

enhanced sintering and/or coarsening rates.
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Figure 3.1 Schematic overview of the sol-gel pretes
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The sol-gel approach has numerous advantagesnbi@nce, it allows tailoring of
both the bulk properties (such as phase compoyiaod the surface characteristics
(such as the surface area, the total pore volursigildition, etc) of a material on a
nanometer scale from the earliest stages of primgess
Moreover this technique permits:

* the production of new hybrid organic—inorganic mats, which do not exist in
nature;

» the synthesis of high purity products (submicromwgers, nuclear fuels, electronic
and ionic conductors, magnetic materials) becausganometallic alkoxy
precursors can be purified by distillation or restaflisation;

» the use of low temperature in the first step of phecess, so that thermally labile
compounds can be entrapped in the sol-gel matrix;

» the production of different physical forms (fiberspnoliths, coatings, powder) by
modifying few experimental parameters (Fig. 3.2).

The main drawbacks consist in the possible high faysthe majority of alkoxide

precursors and in the long processing steps.

Sol - gel
Colloidal l Polymeric

Monoliths Coatings

Figure 3.2 Schematic view of the different physioahs obtained by sol—gel synthesis.
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3.2 X-ray Powder Diffraction (XRPD)

X-ray powder diffraction (XRPD) is a non-destruetianalytical technique widely

applied for the characterization of crystalline ematis?®*>' This method has been

traditionally used for phase identification, quéative analysis and the determination
of structure imperfections of powdered solid sarmple

Powder diffraction is commonly used to identify nokvn substances, by comparing
diffraction data with those in the internationataldase. In fact each crystalline solid
produces distinctive diffraction patterns. The teghe may be also useful to
characterize heterogeneous solid mixtures, to whter relative abundance of
crystalline compounds and, if coupled with oneld tefinement techniques.g.the
Rietveld refinement), can provide quantitative stinwal information.

When a monochromatic X-ray beam passes througlistatime sample, it interacts
with the electrons in the atoms, resulting in sraig of the radiation. If the matter is
crystalline,i.e. the atoms are organized in planes and the disdmetveen the atoms
are of the same magnitude as the X-rays wavelerggthstructive and destructive
interference will occur. The process of diffractigndescribed in terms of incident and
reflected (or diffracted) rays, each forming anlan@, with a fixed crystal plane.

In particular, when the interaction of the incideays with the sample produces
constructive interference (Fig. 3.3), the diffractiphenomena satisfy the so-called
Bragg law®
nA= 2dserd (3.4)
where:

A = incident light wavelength.

n = integer positive number (0,1,2,3, etc.).

d = interplane spacing.

0 = angle between the incident radiation and thegsdgh k ).

The incident angle is chosen by rotating the clysttative to the beam, the
wavelength is fixed and thus the interplanar sgacins obtained. The conclusion is
that any set of planes in a crystal will reflect Xmay beam if the set of planes is at
right angle to the incident beam. But there aremasther question, whether the planes
will reflect the beam strongly or not.

The intensity of the reflected beam is proporticimathe product of the intensity of

the incident beam and the concentration of elestrorihe reflecting plane. Thus if the
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unit cell dimensions are known and, subsequerttly,atomic number of each of the
atoms, it is possible to calculate the concentnatibelectrons and hence the intensity
of the reflected beam.

Now considering the reverse situation, if the sizéhe unit cell and the intensities of
the reflections are known, the positions of atomd also the relative number of
electrons per atom are found. It is obvious thiat@hpounds with different formula or
unit cells have different collections of d-spacirgsl different intensities of reflections.
The observed patterns of spacings and intensites tbus be used to identify an

unknown compound in a specific crystalline phase.

A Incident x-rays Diffracted x-rays ¢
A' 3 A c
\ X B El /
d ale
BI
d
I Atomic - scale crystal lattice planes

Figure 3.3 Bragg's Law for X-ray diffraction. Thdffthcted X-rays exhibit constructive
interference when the distance between paths ARBCAEBIC' differs by an integer number of
wavelengths.*

In powder diffraction it's important to have sanmpl@ith a smooth plane surface,
with the crystallites randomly distributed.

The powder sample is filled in a small disc andethin the analysis equipment. The
monochromatic X-ray source is placed on a rotaéing, in order to light the sample
with a variable angl®. The reflected radiation is collected by the dieteceven fixed
on a rotating arm, placed at twice this angle. Bss2the angle measured between the
detector and the incident beam, as shown in Fig, Bhe diffracted radiation is

collected by the detector at the very same incidagteb.
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Figure 3.4 Schematic diagram of an X-ray diffraceen.

A typical diffraction pattern consists of a plot offlected intensities versus the
detecting angle @ Comparing the results with the data base of acgand inorganic
spectra leads to the determination of the analgpedies.

In particular in this work XRPD patterns of all estigated photocatalysts were
collected using a Philips PW3020 powder diffractteneoperating at 40 kV and 40
mA, employing filtered Cu K radiation § = 1.540561&) as X-ray source. The
diffractograms were recorded by continuous scanmiefgveen 15.025° and 99.975°
(20) angles, with a step of 0.05°. Quantitative presalysis was made by the Rietveld
refinement method®*° using the “Quanto” softwaré&.

Moreover from XRPD patterns, crystallite sizes ta&ncalculated. Generally as the
size of the crystallite decreases, the angularaspaé the reflection increases. In this
thesis the value of the FWHM (full width at half xi@um) of the most intensive line
of each phase was used in order to measure the paatinle (crystallite) size, by

applying the Scherrer formula:

_ 09\
hkl _m (3.5)

where:

dniy = size (nm) of particles in the direction vertit@the corresponding lattice plane.
A = X-ray incident wavelength.

3 = line broadening at half maximum intensity (FWH®&Kpressed in rad.

0 = incident angle.
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This formula is quite satisfactory for studies campg the crystallite sizes of a

number of samples belonging to a related seriesjtlehould be used with caution

when sizes of best absolute accuracy are needdtlisimegard the Sherrer equation

shows two main limitations:

1. the numerical value of the shape factor K for sphdras been approximated to
0.9%

. the pure diffraction width of the sampl&, does not directly correspond to that of
the observed peak, because of instrumental almrsafjoroadening due to the
optical path in the diffract-meter). In order tdv@this problem Warren proposed
the following equatiori®
B? = + b’ (3.6)
according to which the squared breadth of the slesiepeak (B) equals the sum of
the squares of breadths of the pure diffractiorfilergf®) and the profile of the
instrumental broadening {b The instrumental broadening is usually evaludigd
means of the spectrum of a standard Si powder.

Equation (3.6) yields a most convenient and su#fity reliable means for
correcting observed line breadths for instrumebtaladening, when the primary
purpose is the comparison of crystallite sizes aatthe evaluation of absolute
dimensions. The Sherrer equation is limited to rsgcade particles. It is not used for
grains larger that 0.ftm because in that situation pure diffraction bredmtcomes
negligibly small in comparison with the breadth dte the experimental
arrangement.

Furthermore broadening of FWHM of XRPD peaks i® algluced by distortion
of the crystalline lattice. The Williamson—Hall edion includes this, as well as the
effect of particle siz&° In other words, Scherrer's equation neglects ffeceof
crystal lattice distortion. So, for samples tha expected to have a large degree of
distortion, analyses using the Williamson—Hall dora should be carried out.
Anyway it's strongly recommended to compare thdigas size results calculated
from XRPD data with those obtained by using othechhiques, such as

transmission or scanning electron microscopy.

Finally a few critical aspects related to the us&XBPD analysis in photocatalysis
field of research merit to be outlined. One of lingtation of XRPD analyses is that
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only crystalline phases can be detected, whileatherphous component, if present in
samples, exhibits no diffraction peaks. Actuallyerth are no reports showing a
guantitative determination of the amorphous contdius, the amorphous content
should be determined as a remaining of the crys¢apart and therefore an accurate
determination of the crystalline content is necgsda principle, XRPD peak intensity
is proportional to the content of the correspondinggtallites, but a problem is how to
get global standard samples of each crystallinsghaecause smaller crystallites may
exhibit lower peak intensit§/. In this regard an accurate analysis of crystalioetent
(including amorphous component determination) can duaranteed when pure
crystalline particles included in a sample are doally extracted (from the original
sample) and used for making an XRPD calibratioved*® based on the assumption
that crystallites and amorphous particles are s¢gdyri.e. not in the form of, for
example, a core—shell structure (Fig. 3.5). In,f#fca sample particle is made by a
core—shell structure, a precise determination ef ¢hystalline content may be very
difficult.

® O
O
G o®
% e
080 OC’ .’
simple mixture loaded/core-shell

Figure 3.5 Representative patterns of mixture ofstailites (white and gray particles) and
amorphous parts (blacKj.

Confusion regarding the term “crystallinity” arislescause the term is discussed on
the basis of sharpness of an XRPD pead, “Sharpness of the peak indicates higher
crystallinity of a photocatalyst.” Since the widihan XRPD peak reflects the size of a
particle, as previously described for the Sherggragion, peak sharpness shows the
size of crystallites. In this sense, “crystallifiity used to show how crystallites grow to
be larger sized particles.

Another use of the term “crystallinity” is to shqwerfectness of crystalse. higher
crystallinity means lower density of crystalline felds. Assuming that larger

crystallites are expected to contain a lower dgrdfitcrystalline defects, the sharpness
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of XRPD peaks can also be a relative/indirect measi this second meaning of

“crystallinity”.

3.3 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy is a surface ctenainalysis technique based on

monitoring the energy of electrons emitted by aesysunder stimulation of X-rays.

Traditionally, when the technique has been used simface studies it has been

subdivided according to the source of excitingatidn into:

» X-ray Photoelectron Spectroscopy (XPS) using sefay (200-2000 eV) radiation
to examine core levels;

» Ultraviolet Photoelectron Spectroscopy (UPS) usiwraguum UV (10-45 eV)
radiation to examine valence levels;

* The development of synchrotron radiation sources éaabled high resolution
studies to be carried out with radiation spannimguech wider and more complete
energy range (5-5000 eV), but such type of analgsiand will remain, a minority
of all photoelectron studies due to the expensepbexity and limited availability
of such sources.

Photoelectron spectroscopy is based upon a simgitop in/electron out process. The

energy of a photon is given by the Einstein refatio

E=hv (3.7)

where h is the Planck constant (682** Js), andv is the frequency (Hz) of the
radiation.

Photoelectron spectroscopy uses monochromatic eewifcradiationi(e. photons of
fixed energy). In XPS the photon is absorbed bgtam in a molecule or solid, leading
to ionization and the emission of a core (inneilsleéectron. By contrast, in UPS the
photon interacts with valence levels of the molean solid, leading to ionisation by
removal of one of these valence electrons. Thetikinenergy distribution of the
emitted photoelectrons.€. the number of emitted photoelectrons as a funatictheir
kinetic energy) can be measured using any apptepeiactron energy analyser and a

photoelectron spectrum can thus be recorded.
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Knowing the kinetic energy of the emitted electrdifE), the electron binding
energy (BE) of each of the emitted electrons caddiermined as a difference between
the energy of the primary photorvffand the kinetic energy of the photoelectron:

KE =hv-BE (3.8a)
The positions of the peaks in the XPS spectrumtgaloas emission intensi@s. the
electron binding energy gives the information abthd atomic composition of the
sample surface. Furthermore, the intensity of #&ekp is related to the concentration of
the element within the sampled region. Thus, tlehrigue provides a quantitative
analysis of the surface composition and is sometirkeown by the alternative
acronym, ESCA (Electron Spectroscopy for Chemiazlgsis).

The most commonly employed X-ray sources are thoseg rise to:

Mg K, radiation: v = 1253.6 eV

Al K radiation: v=1486.6 eV

The emitted photoelectrons will therefore have #menergies in the range o&. O-
1250 eV or 0-1480 eV .

{(XRAY ENERGY)T

0 OO xwmm 1

PHOTOELECTRON  ALUGER
ELECTRON

Figure 3.6 Photoelectron geand Auger electron g emission processes induced by X—fdys.

It's worth to note that, as schematically depiatedrig. 3.6, the binding energies (BE)
of energy levels in solids are conventionally meegwith respect to the Fermi level
of the solid, rather than the vacuum level. Thigldes a necessary correction to the
equation given above in order to account for thekwfanction @) of the solid, as
described by the following relation:

KE=hv-BE-® (3.8b)
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The exact binding energy of an electron depend®nigtupon the level from which
photoemission is occurring, but also upon:

1. the formal oxidation state of the atom;

2. the local chemical and physical environment.

Changes in either (1) or (2) give rise to smallftshin the peak positions in the

spectrum, so-callechemical shiftsSuch shifts are readily observable and interpteta

in XPS spectra because the technique:

* is of high intrinsic resolution (as core levels discrete and generally of a well-
defined energy);

* is a one electron process (thus simplifying thermtetation).

Atoms of a higher positive oxidation state exhéhigher binding energy due to the
extra coulombic interaction between the photo-exdittlectron and the ion core. This
ability to discriminate between different oxidatietates and chemical environments is
one of the major strengths of XPS technique.

In practice, the ability to resolve between atomdhilating slightly different
chemical shifts is limited by the peak widths wheate governed by a combination of
factors, in particular:

» the intrinsic width of the initial level and thédtime of the final state;

» the line-width of the incident radiation - whichrftraditional X-ray sources can
only be improved by using X-ray monochromators;

» the resolving power of the electron-energy analyser

Finally the basic requirements for a photoemissigperiment (XPS or UPS) are:

1. a source of fixed-energy radiation (an X-rayrseufor XPS or, typically, a He
discharge lamp for UPS);

2. an electron energy analyser (which can dispxsemitted electrons according to
their kinetic energy, and thereby measure the fhixemitted electrons of a
particular energy);

3. a high vacuum environment (to enable the emitiedtoelectrons to be analysed
without interference from gas phase collisions).

Such a system is illustrated schematically in Hg. There are many different
designs of electron energy analyser but the peemption for photoemission

experiments is a concentric hemispherical analf@SeiA), which uses an electric field
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between two hemispherical surfaces to disperseldwrons according to their kinetic

energy.

Electron energy
analyser

chamber

Figure 3.7 Basic scheme of XPS instrumentation.

3.4 UV-vis Diffuse Reflectance Spectroscopy (DRS L\’s)

Diffuse Reflectance Spectroscopy is based on ttezaction between a UV or visible
beam and a powdered sample, from which the beanbeagrflected in all directions.
Only the fraction of beam which is scattered witlinsample and returned to the
surface is considered to be a diffuse reflectiolh.ttée reflected radiation can thus be
collected within an integrating sphere, enhanchegdignal-to noise ratio. The internal
walls of the sphere are usually covered with barautfide, a compound that ensures a
reflectivity greater than 0.98 in the UV-vis lightgion. Moreover the reflectance
spectrum of a reference standard (BaS¢hould always be recorded prior to that of

any other sample.

R4

R4

Figure 3.8 Schematic representation of the radiaiicteraction with the sample;sRtands for
the specular reflected beamy fr the diffuse reflected beam.

It's clear that the raw diffuse reflectance spettris different from its equivalent

absorption due to the multiple surface reflectiohthe powder grain. At the same time
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photoabsorption is one of the most significant stegohotocatalysis and the estimation
of the number (or flux) of absorbed photons is mpartant fundamental experiment,
considering the first law of photochemistnj,e. light must be absorbed by a chemical
substance in order to promote a photochemical imacHowever, it's still rather
difficult to get accurate expressions of photoapson spectra of solid materials.

In the literature on photocatalysis, a photoabsompspectrum,.e. a plot of the
absorption extent as a function of wavelength, ssially reported in terms of
absorbance units or Kubelka—Munk function. The fermi.e. absorbance, is
traditionally defined as logfll), where § and | are the intensities of incident and
transmitted light, respectively. Otherwise when tphabsorption is measured in a
reflection mode, | can be considered the reflectitensity, while § represents the
reflection of a ‘standard material’, such as BaS@hich can reflect all the incident
light, i.e. 100% reflection. In this regard the Kubelka-Murdd\) function, usually
employed for samples diluted with a medium of Ipsstoabsorption, is otherwise

defined as follows:

FR.) = (1_2200)2 _a (3.9)
S

0

where R, a and s are the diffuse reflectancefl/the absorption coefficient in ¢
units and the scattering factor, respectively.

The use of absorbance units for measurements pextbm reflectance mode is not
correct, since absorbance can be defined for the whaere extinction of light intensity
is assumed to be induced only by photoabsorptiodmanh by scattering.

Moreover, as pointed out by Ohtani in a recenteey/f both these kinds of
absorption expressions are not appropriate as aureaf absorbed light intensity.
Absorbance and K-M units are mainly proportionaltite concentration of a given
material dispersed in a homogeneous medium (liguidolid matrix), but not to the
number of photons absorbed by a solid sample. iBhéasily understood by the fact
that absorbance values equal to 1 and 2 correspor@d and 99% absorption of
incident light. In order to calculate the extentpbibtoabsorption of a solid sample, it's
thus strongly recommended to measure absorptioohadan be calculated as (1-R),

where R represents the diffuse reflectance value.
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In photocatalysis, especially when dealing withetbmaterials, extremely important
is to estimate the optical absorption edge eneffgg semiconductor material. The
optical absorption edge energy is the minimum phctaergy required to promote
electrons from the highest occupied molecular afbfHOMO) to the lowest
unoccupied molecular orbital (LUMO). Two basic tgpef electronic transitions are
distinguishedi.e. direct and indirect’ Direct transitions demand only the excitation of
electrons by photons, while indirect transitionsquiee additionally concerted
vibrations and energy from the crystal lattice (pbies). The electron energy near the

absorption edge in the case of semiconductors/engiy*®

Lo (w-E)

- (3.10)

wherea is the absorption coefficientylis the energy of the incident photon angi€
the optical absorption edge energy. The variabtiepends on the type of the optical
transition caused by photon absorption. In cryisalsemiconductorg can assume the
following values:

* 1/2 when the transition is direct-allowed

» 3/2 when the transition is direct-forbidden

» 2 when the transition is indirect-allowed

» 3 when the transition is indirect-forbidden

In the case of amorphous, homogeneous semicondugtier 2 independently of the

type of transitiort”

In case of TiIQ n = 2 is usually considered.

Experimental diffuse reflectance data cannot bel asectly to measure absorption
coefficients ¢) because of scattering contributions to the rédlece spectra. Scattering
coefficient s, however, depends weakly on energy BEiR,) can be considered to be
proportional to the absorption coefficient withiretnarrow range of energy containing
the absorption edge features. In such way, therrdetation of the absorption edge
energy can be estimated from the (EXRv)™ versus k plot. In particular the
experimental band gap value can be obtained froenxtmtercept of the straight
tangent line to this plot.

Figure 3.9 shows an example of the above-mentianedysis for a well-crystallized
rutile titania® In this case the linearity of (F¢Rhv)" versus ki plots has been

checked for both allowed direct or indirect modégansition.
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Figure 3.9 Two kinds of plot for the determinatioihband gap energy (Eof rutile titania.
Assumptions of indirect (left) and direct (righthoaved transitions give band gaps of 3.00 and
3.14 eV, respectiveﬂ?.

We can note that these plots show a quite simiteng of linearity, that is 0.14 eV
and 0.20 eV for indirect and direct transition p@asively. Moreover their x-intercepts,
3.00 and 3.14 eV, are expression of the correspgnajptical band gap.

In this regard the real difficulty that this apptbaencounters in the calculation of
experimental band gap values has been recentlgmem?® In fact, the range of the
linear part of the plots (Fig. 3.9) seems to betaly chosen and there seem to be no
absolute ways/rules to discriminate the effectramgition mode and to find reasonable
data on semiconductor band gap energy. Moreovealiberption spectra, especially of
doped materials, can be strongly affected by thesgnce of impurities or surface
states. Therefore, discrimination of real narrowaghe semiconductor band gap from

absorption originated by bulk or surface modifioatis rather difficult.

3.5 Surface area and pore structure evaluation byag adsorption
Surface area and porosity are important paramatepe®wdered materials. The most
widely used techniques for estimating surface areabased on physical adsorption of
gas molecules on a solid surface.

Generally gas adsorption on solid surfaces anchénpore spaces is a complex
phenomenon involving mass and energy interactich @mase changes. Depending
upon the strength of the interaction, all adsorppoocesses can be divided into the two
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categories of chemical or physical adsorption. Tdrener, also called irreversible or
chemisorption, is characterized mainly by largesniattion potentials, which lead to
high heats of adsorption often approaching the eslof chemical bonds. This fact,
coupled with other spectroscopic, electron spimmaace, and magnetic susceptibility
measurements, confirms that chemisorption invotues chemical bonding of the gas
or vapour with the surface. Because chemisorptomuis through chemical bonding, it
is often found to occur at temperatures above theordates’ critical temperature.

Strong bonding to the surface is necessary, irpthsence of higher thermal energies,

if adsorption has to occur at all. Also, as it iget for most chemical reactions,

chemisorption is usually associated with an adtvatenergy. In addition,
chemisorption is necessarily restricted to, at mastingle layer of chemically bound
adsorbate at the surface.

Another important factor relating to chemisorptierthat the adsorbed molecules are
localized on the surface. Because of the formatbma chemical bond between an
adsorbate molecule and a specific site on the cirfthe adsorbate is not free to
migrate along the surface. This fact often enatblesaumber of active sites on catalysts
to be determined by simply measuring the quanfighemisorbed gas.

The second category, reversible or physical adsorpéexhibits characteristics that
makes it most suitable for surface area deternanatas indicated by the following:

* Physical adsorption is accompanied by low heatadsbrption with no violent or
disruptive structural changes occurring on the am&f during the adsorption
measurements.

* Unlike chemisorption, physical adsorption may léadsurface coverage by more
than one layer of adsorbate. Thus, pores can leel fily the adsorbate for pore
volume measurements.

» At elevate temperatures physical adsorption doé¢oocur or is sufficiently slight
that relatively clean surfaces can be prepared bichMo make accurate surface
area measurements.

* Physical adsorption equilibrium is achieved rapidigce no activation energy is
required as in chemisorption. An exception her@dsorption in small pores, where

diffusion can limit the adsorption rate.
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» Physical adsorption is fully reversible, enablinglothe adsorption and desorption
processes to be studied.

» Physical adsorbed molecules are not restrainepecifsc sites and are free to cover
the entire surface. For this reason surface aradeer than the number of sites, can
be calculated.

The kinetics and thermodynamics of adsorption Hasen extensively studied, but,
when surface area and pore structure are the subfemterest, it's essential to
establish the meaning of an adsorption (desorptgmtherm. This is a measure of the
molar quantity of gas n (or standard volumg W¥r general quantity q) taken up, or
released, at a constant temperature T by an Igitddan solid surface as a function of
gas pressure P. In order to increase the amouphysisorbed molecules (usually
nitrogen) most frequently the test is conducted atyogenic temperature, usually that
of liquid nitrogen (LN) at its boiling point (77.35 K at 1 atm pressuf@ynvention has
established that the quantity of gas adsorbed pgesged as its volume at standard
temperature and pressure conditions (0°C and #@umtal denoted by STP), while the
pressure is expressed as a relative pressure, ughtble actual gas pressure P divided
by the vapor pressure Bf the adsorbing gas at the temperature of tlieRésts of \4
as the ordinate against B/Bs the abscissa reveal much about the structutbeof
adsorbing material (called the adsorbent) simmynftheir shape.

The theory mainly used in order to get essenti@rimation (such as surface area
and pore distribution) from experimental adsorpt®&wstherm is known as BET theory
from the surnames of its creators, Brunauer, Emaredt Teller® This is an extension
to multilayer adsorption of the Langmuir model &ed to monolayer molecular

adsorption) and the resulting BET equation is esged as follows:

v = v, CP

a

®- P){1+ (C-1) FF:

0

} (3.11)

where:

Vq = volume of adsorbed gas at pressure P.
Vm = monolayer volume.

P = gas pressure.

Po = saturation gas pressure.
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The value of parameter C, fairly constant for aegielass of materialg,g.oxides and

metals, in simplest terms is given by the followeguation:

g -9,
Clexp———
F{ RT j (3.12)

where:

0. = heat of adsorption of the first layer.
gL = heat of liquefaction of the adsorptive.
R = gas constant.

T = absolute temperature.

Small values of the C parameter stand for a higtfienity between molecules than
between the molecules and the adsorbing specmsting in lower wettability. On the
contrary, high C values describe the typical isothecharacterized, firstly, by a

monolayer adsorption and then by the multilayer, tager by layer (Fig. 3.10).

s B8 8o

Figure 3.10 Examples of high (on the left) and {ow the right) wettability of a solid surface.

Equation (3.11) can also be written in the lineant:

P _ 1 ,C-1P (3.13)
vV,®-P) V.,C V.C\P
Isotherm data for most solids when using nitrogenh& adsorptive and plotting them

in according to equation (3.12) yield a straighelithin the range 0.05 < R/R 0.35.
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Figure 3.11 BET transform plot with a regressiamelithrough the linear region.

70



Chapter 3

From the slope and intercept values of the BETalin#ot it is possible to calculate
both the amount of adsorbate corresponding to itisé rhonolayer, V, and the C
parameter can be calculated. Assuming that thesidccupied by aJNmolecule is
16.2-10°° m%, once calculated ), it's easy to obtain the Specific Surface AreaABS
of the adsorbing material, by the following equatio

V_N,S,, (3.14)
22414y

SSA=

where:

Na = Avogadro number (6.023-Famolecules mat).

Sn2 = surface occupied by aKholecule adsorbed on the monolayer.
22.414 = volume (d occupied by 1 mole of gas under standard conwitio
g = sample quantity (Q).

Moreover, the C value is most frequently betweeras@ 300, when using nitrogen
at 77 K. A high or negative C value is indicativierdcropores and their measurement
cannot be analysed by this BET model without furthedification.

3.6 Impedance analysis

Electrochemical techniques imply the applicationaafelectric perturbation (current,
potential) to an electric circuit, causing the agpece of a response. Electrochemical
Impedance Spectroscopy (EIS) studies the systepomes to the application of a
periodic small amplitude AC signal. These measurgmare carried out at different
AC (alternative current) frequencies and, thus, riame impedance spectroscopy has
been adopted: This technique leads to highly accurate resultthassystem, being at
the steady state, can be investigated for a long &nd over a large range of potentials.
The analysis of the system response contains i@fiiom about the interface, its
structure and the reactions taking place there.

Considering the application of an arbitrary (bubwm) potential E(t), the resistance
(R) measures how strongly a circuit opposes toectifitow, i(t), in direct current (DC)
conditions:

DC conditions: R = E(t) i(t) (3.15)
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On the contrary, impedance (Z) measures how styoagtircuit opposes to current
flow in alternating current (AC) conditions:

AC conditions: E(t) = Z i(t) (3.16)
Both resistance and impedance are measured in Qhm (

The applied potential and the current intensityehigypical sine wave flow:

E(t) = B sin(wt) (3.17)
i(t) =ip sin(t + ¢) (3.18)
wherew stands for the frequency afdor the phase angle.

According to the Euler relationship applied to céexpnumbers, both previous
equations may be described by:

E = B exp(jut) (3.19)

i = ip explj(wt+d)] (3.20)
As shown in relation 3.16, Z is the ratio betwelea &pplied potential and the current
intensity; applying the complex number propertyah be described as:

Z(w) = Ep exp(jux) / o exp[j(i+¢)] = |Z] exp@) = |Z| (cosp + jsin¢) (3.21)
|Z| cosp + |Z] jsing =Z' —jZ" = Re(Z) — Im(2) (3.22)
Thus, impedance is defined as the transfer fundfiét) between E(t) and i(t) at any
frequenciesw and is a complex number containing phase infoonaas well as
magnitude.

EIS is based on the transfer function principles #ystem is perturbed by a sine
wave input signal and the output response, prodbgetie system, is recorded. When
the input is the current intensity and the outugiipotential, the TF is simply the
impedance Z. Although EIS may be applied in a langenber of electrochemical
fields, its application is not so popular becau&e a very sensitive technique and it
must be used with great care. Besides, it is nbtvgdl understood because of complex

data analysis for quantification.

3.6.1 Mott-Schottky theory applied to impedance angsis

Photocatalyst particles can be considered as uhali micro-electrodes kept under
open circuit potential, inside which charge casgidelectrons and holes) can be
generated upon band gap excitation. These chargersahen migrate to the surface,

eventually participating in a chemical reactionhnat surface-adsorbed species.
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The Mott-Schottkytheory applied on impedance analysis gives inftionaabout the
donor density and the flat band potential. Td@nor densityrepresents the charge
carriers density but can also be associated toathkty of the semiconductor in
releasing electrons, available for the photoindymexdtess. Théat bandpotential is a
measure of the reducing power of n-type semicomduoiaterials such as T3Olt is
related to the electron affinity of the semiconducand the charge density at its
surface.

Es is also defined as the potential at which the Femergy lies at the same energy
as the solution redox potential; hence there is\@transfer of charge and no band
bending. As doping changes the distribution of teters within the solid and hence
changes the Fermi level, also the flat band pakigiinfluenced by the characteristics
of the materiaf?

From the flat band potential and the band gap waltlee valence and conduction
band can be localized and an evaluation of theioekhip between the semiconductor
bands and the pollutant redox potentials can beemad well as an approximate
prediction of the photocatalytic activity of semmcluctors.

In particular flat band potentials and donor deesitof TiQ thin films at the
semiconductor/electrolyte junction can be obtaifteth Mott-Schottky plots using the

following equation:
1 {#](E_Em _Ej (3.23)
Csc sTio2 €0 N D €

where:

€0 = permittivity of free space.

etio2 = permittivity of the semiconductor electrode.
& = elementary charge.

Np = donor density.

E = applied potential.

Ers = flat band potential.

k = Boltzmann’s constant.

T = temperature of operation.

Csc = space charge capacitance.
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The 1/¢ vs. E plot should thus yield a straight line, is&eting the potential axis at

Erg value. The donor densitygWalue can be calculated from the slope of this.lin

16~ ¢ 10000Hz —— assumed flatband potential
&3 14 4 1000Hz  ----- alternative flatband potential
' 4 = 100Hz
qLL 192 e 10Hz ,9”.
e .
2 10
S 08
< 06
© 04
02
0.0 bes
-1.0 -0.5 0.0 0.5 1.0

E/V
Figure 3.12 Mott-Schottky plot obtained at differrequencies for Tigthin film electrodes?

The commonly most employed frequency is 1000°442.

3.7 Electron microscopy
Since its invention, the electron microscope hagnba valuable tool in the
development of scientific theory and it contributgcbatly to biology, medicine and
material sciences. This wide spread use of eleatnmmoscopes is based on the fact
that they permit the observation and charactedmadf materials on a nanometer (nm)
to micrometer im) scale. The basic theory for electron microscapy here shortly
presented, focusing on the two basic types of E®BEM (Scanning Electron
Microscope) and TEM (Transmission Electron Micrgsep In particular the main
attention will be paid to the latter one, which bagn employed in this PhD thesis.

Electron Microscopes are scientific instruments thee a beam of highly energetic
electrons to examine objects on a very fine scadleis examination can yield
information about the topography (surface featwkean object), morphology (shape
and size of the particles making up the object)nposition (the elements and
compounds that the object is composed of and tlaive amounts of them) and
crystallographic information (how the atoms areaged in the object).

Electron Microscopes were developed due to thetdtons of Light Microscopes
which are limited by the physics of light to 500x ®000x magnification with a
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resolution of 0.2um. In the early 1930's this theoretical limit haekb reached and
there was a scientific desire to see the fine etdithe interior structures of organic
cells (nucleus, mitochondria...etc.). This requidg000x plus magnification which
was just not possible using Light Microscopes.

The Transmission Electron Microscope (TEM) was fhet type of Electron
Microscope to be developed and is patterned examtlythe Light Transmission
Microscope except that a focused beam of electionsed instead of light to "see
through" the specimen. It was developed by Max Kaotl Ernst Ruska in Germany in
1931. The first Scanning Electron Microscope (SEMbputed in 1942, with the first
commercial instruments around 1965. Its late dgaraknt was due to the electronics
involved in "scanning” the beam of electrons actbessample.

Electron Microscopes (EMs) function exactly astlogitical counterparts except that
they use a focused beam of electrons instead luf iay"image" the specimen and gain

information as to its structure and composition.

3.7.1 Electron-matter interactions

When an electron beam interacts with the atoms ample, individual incident

electrons undergo two types of scattering - elastit inelastic. In the former, only the
trajectory changes and the kinetic energy and ugloemain constant. In the case of
inelastic scattering, some incident electrons \adtually collide with and displace
different kind of electrons from the specimen, thassing their kinetic energy. Figure
3.13 summarizes the main secondary signals (witardnt relative intensity) that can
be produced due to electron—matter interactions.

By considering the large amount of information ai¢d by this kind of interaction
i's essential try to amplify each single signal lsing different kinds of
instrumentation. In this regard the first main eiéince between SEM and TEM,
mainly concerning the sample location in the micope, can be outlined.

In particular SEM studies the information relatedsecondary and backscattered
electrons, detected on the same side with respebetincident electrons beam. In this
case the sample holder is located at the end afosdope’s column (Fig. 3.14a). On
the contrary TEM deals with transmitted, elasticalt inelastically scattered electrons,
detected on the opposite side with respect torthiglent electrons beam. In this case

the sample holder is located in the middle of theroscope’s column (Fig. 3.14Db).
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Figure 3.13 Signals generated when a high-energymbef electrons interacts with a thin
specimen. Most of these signals can be detectdiffénent types of electron microscopes. The
directions shown for each signal do not always esgnt the physical direction of the signal
but indicate, in a relative manner, where the sigaatrongest or where it is detected.
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Figure 3.14 General scheme of a) SEM and b) TEBtrumentations.

Both SEM and TEM instruments must work under uligh vacuum conditions
(107-108 Pa) in order to avoid any kind of collision betwethe electrons beam and

atoms, which are not those contained in the ingastd sample.
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Moreover there are essential instrumental compsnshtch are common to SEM and
TEM systems: electron guns, which can be dividéd hermoionic and field-emission
types, and metal apertures and magnetic lensessageto confine and focus the
electron beam toward the specimen (thanks to thkcagion of a proper potential).

3.7.2 Electrons exploited in Trasmission Electron Mroscopy (TEM)

TEM exploits three different interactions of electr beam-specimen: unscattered

electrons (transmitted beam), elastically scattesbzttrons (diffracted beam) and

inelastically scattered electrons.

When incident electrons are transmitted through tthie specimen without any
interaction occurring inside the specimen, thenlibam of these electrons is called
transmitted. The transmission of unscattered alastis inversely proportional to the
specimen thickness. Areas of the specimen thathasieer will have fewer transmitted
unscattered electrons and so will appear darkeweargely the thinner areas will have
more transmitted and thus will appear lighter.

Another part of the incident electrons, are scattgideflected from their original
path) by atoms in the specimen in an elastic faskathout loss of energy). These
diffracted electrons according to Bragg's law ateent transmitted through the
remaining portions of the specimen. In this cas#iffaaction pattern and the related
information about orientation, atomic arrangemeamd phases present in the examined
area can be obtained.

There are essentially three different imaging madeBEM, which can be selected
by changing proper apertures of the back focal gl@iter the objective lens) (Fig.
3.15):

1. Bright field mode the aperture selects only transmitted electrdnsthis case,
factors such as mass and thickness of the samiilenoe the formation of the
image.

2. Dark field mode:in this case only diffracted electrons, which gasteong
interaction with the sample, are selected. The analgtained can give information
about the presence of defects or different phaktgespecimen.

3. High resolution (HR-TEM)in this case both transmitted and diffracted teters
are selected. Using proper corrections for sphleratgerration, special high

resolution TEMs can generate images with a resslubielow 0.1 nm; it's thus
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possible observe reticular planes and get cryspafhic information of the
examined sample. By considering that for TEM analyse analyzed electrons
have to pass through the sample, the specimensttdecrather thin, less than 100
nm.

BRIGHT FIELD DARK FIELD

Obijective lens

Back focal plane

Optical axis Optical axis Optical axis

Fig. 3.15 Generalized description of the three maiaging modes in TEM.

HR-TEM measurements in the present study were peed by Prof. Patrizia Canton
at Universita degli Studi di Venezia.

3.8 Extended X-ray absorption fine structure (EXAFS
EXAFS spectroscopy provides structural informatabout a sample by way of the
analysis of its X-ray absorption spectrum. It alowdetermining the chemical
environment of a single element in terms of the bemand type of its neighbours,
inter-atomic distances and structural disorderss Tretermination is confined to a
distance given by the mean free path of the phettren in the condensed matter,
which is between 5 and 10 A radius from the elem&tit

These characteristics make EXAFS a powerful strattacal probe, which does not
require a long-range order. It is an important teghe in several fields of natural

sciences, from earth sciences to biochemistry.
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Since EXAFS is a technique selective for a parsicelement and sensible only for a
short-range order, it is one of the most approprsgtectroscopies to be applied in the
following cases:

e amorphous solid€.g.ceramics,

* liquids, e.g.solutions of ionic compounds or gels which carmostudied by X-ray
diffraction,

* biomoleculesg.g.solutions of metalloproteins,

* homogeneous and heterogeneous catalysts.

Furthermore, EXAFS does not require any particalgrerimental conditions, such as

vacuum (at least in principle). There are seveypes$ of sample-holders that allow

collecting experimental data under varying tempegeatand pressure, or while the

sample is undergoing a chemical reaction (in-siwdiss). Measures taken under

working conditions are of critical importance irethase of heterogeneous catalysts in

order to understand their behavior during catalyasisl in studying temperature and

pressure induced changes.

On the other hand, there are some problems assdaiath this spectroscopy. First,
the necessity of synchrotron light as a source,ciwhs expensive and not easily
available. Second, the use of simulation and bestrbcedures to obtain structural
parameters; these methods are time consuming agdstimetimes give ambiguous or
unreliable results. However, if the system undedtis properly chosen, EXAFS is

able to supply useful and even essential informatio

3.8.1 Origin of the EXAFS signal

The X-ray absorption coefficient for an atom, ireded aux, is directly proportional
to the probability of absorption of one photon @d monotone decreasing function of
energy. It shows several discontinuities known lasogotion edges: they occur when
the energy of the incident photons equals the bmdinergy of one electron of the
atom and are classified with capital letters (K, N.,..) according to the principal
guantum number of the electron in the ground date 1, 2, 3...). There are many
tables describing the energy position of all ergtabsorption edges for all types of
atoms. The X-ray absorption coefficignt can also be defined according to Lambert-
Beer law as follow:

| (3.24)
In—2 =pnx
I M
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where § e | represent the incident and the transmitteghisity of X-rays, respectively.
Figure 3.16 shows this behaviour for Rh atomss ipassible to recognize four edges
due to K and L (LI, LIl and LIII) electrons in triiagram of the absorption coefficient

of atomic rhodium.

10040 =

= 100

10

Figure 3.16 X-ray absorption spectrum for Rh atoms.

The edge energy is characteristic of each atonthéncase of an isolated atom
(monatomic gas), the absorption coefficient de@sasonotonously with energy
between two subsequent edges. In all other sinmtithe spectrum also shows
oscillations that start at the edge and finish @usland eV abovee.g. Figure 3.17

shows the absorption spectrum of metallic Rh aed€lg
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Figure 3.17 Absorption spectrum for metallic Rhe@ge) showing EXAFS signal.
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Generally X-ray absorption spectrum can be dividéal two main regions:

*  XANES (X-ray Absorption Near Edge Structure): tigsthe portion of the X-ray
absorption spectrum that extends from below therpltisn edge to about 60-100
eV above the same edge.

« EXAFS (Extended X-ray Absorption Fine Structurd)istis the portion of the
absorption spectrum which starts about 60-100 ealhe absorption edge.

An incident photon is able to extract a core etatif its energy is equal to or greater
than the edge energy. The ejected electron isdcagdletoelectron and it has the
characteristics of both a particle and a wavekitistic energy is given by:

E=E, -E, (3.25)
where E is the energy of the X-ray photon ang the energy of the edge. Its wave

vector modulus is given by:

_ 21 _ [8m B
K| = N \/? (E, —E,) =+/0.2624(F (3.26)
If the absorbing atom is isolated, the photoelectppopagates as an unperturbed
isotropic wave (Figure 3.18a), but in most casesetlare many other atoms around the

absorber. These become scattering centers of titeglactron wave (Figure 3.18b).

a)

Figure 3.18 Schemes of scattering processes.

The final state of the photoelectron can be deedriy the sum of the original and
scattered waves. This leads to an interferencegshenon that modifies the interaction
probability between core electrons and incidenttph® Constructive interference
increases while destructive interference decrethgeabsorption coefficient of the atom
(Fig. 3.19).

81



Chapter 3

a) Constructive interference b)
{ ! “

u I

A | "“‘».,_‘\
\%“"ﬁ I| | e
Destructive interference

Figure 3.19 Example of effects produced on EXAR&tspm due to a) constructive or b)
destructive interference.
This interference phenomenon, for a given energghefphotoelectron, depends on

the distance between emitting and scattering atantstheir atomic numbers.
The EXAFS signaly(k) is defined as a function of the wave vector Ik.is

mathematically defined as:
(3.27)

X(k) - UX_le - IJ'X _1
WX X

where ux is the experimental absorption coefficient gnd is the intrinsic atomic

absorption coefficient.
By applying proper analytical expressions (whoseitksl explanation goes beyond

the scope of this thesis), EXAFS analysis allowsaioing coordination numbers,
interatomic distances and an estimate of the desoedound the central atom. In
particular EXAFS spectroscopy allows estimatingudtiral parameters with a
precision highly dependent on the data and anatysadity. Errors are usually about

0.01-0.02 A for interatomic distances, and 5—1%#¢cbordination numbers.

Finally, since EXAFS spectroscopy requires an isgepolychromatic X-ray source,
the most suitable light source is a synchrotronagfe ring. The most common EXAFS
beam-line works in transmission (Fig. 3.20). Itlecis data measuring how the beam
intensity decreases as it passes through the sawiple scanning energy using a

crystal monochromator. Experimental spectra arallystecorded by scanning energy
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from about 200 eV below the explored edge to 100@leove it. Energy steps can be
of 0.1-2.0 eV, depending on the energy interval #ma experimental setup. The

incident and transmitted X-ray fluxes are usuallpnmored by using ionization
chambers.

synchrotron
onros double crystal Fluorescence
monochromator | | detector
Z-1 filter/slits
B ey S @
/ _ incident flux sample tran smittgd
polychromatic motitor flux moniter
X-rays _
monochromatic fluorescence

XTAYS X-rays

Figure 3.20 General scheme of experimental setdgpied in EXAFS analysis.
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Chapter 4

In this chapter the main experimental details @& #et up used to investigate the
photocatalytic activity of differently modified TiQOmaterials will be briefly presented.
The set up employed in the laboratory of Prof. BI&elli's group at the Universita
degli Studi di Milano (Dipartimento di Chimica Fsi ed Elettrochimica) will be

described first, followed by an illustration of tdéferent types of set up used during
my staying at the laboratory of Professor Bunshda@hat the Catalysis Research

Center, Hokkaido University, Sapporo, Japan.

4.1 Set-up in Milano
In Milano the same photocatalysis set-up was enguldg obtain the results discussed
in Chapters 5-7 and 9. In particular, all photolséitadegradation runs were performed
under atmospheric conditions in a magneticallyredir cylindrical quartz reactor,
inserted in a home-made housing consisting in ekdd@x mounted on optical bench.
The irradiation source was an Osram, model Powekstd-T, 150 W/NDL lamp,
mounted on a Twin Beam T 150 R reflector, emit@ém@en > 340 nm, with an average
full emission intensity on the reactor of 2.53'1Binstein & cm?, as periodically
checked by ferrioxalate actinomefryA 285 nm cut off filter was usually mounted at
the black box entrance. Eventually 400 and 455 oot filters were employed in
some runs in order to perform experiments undableidight only. The lamp and the
reactor were separated by a fixed distance of 10T¢ra whole set up was maintained

at ambient temperature by a continuous streanrof ai

285 nm filter
Compressed air

l reactor

e~

a) stirrer

Figure 4.1 (a) Schematic representation of the igetused for testing the phototocatalytic
activity of TiQ-based materials in Milano. (b) Photograph of tight source (ii) and of the
black box (i), equipped with a 285 nm cut off fillmounted on the fixed optical bench.
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All irradiated aqueous suspensions were alwaysapegpusing water purified by a
Milli-Q water system (Millipore) and usually contaid 0.1 g [* of photocatalyst. They
were preliminarily sonicated in a Eurosonic, Mo@@|, apparatus for 30 min. After
substrate addition, they were always magneticdilyesl in the dark for 15 min to
attain the adsorption equilibrium of the substratethe photocatalyst surface, before
starting irradiation. Stirring was continued duritfte runs. The lamp was always
switched on at least 30 min before the beginningr@diation. At different time
intervals during the run, 2 mL-samples of the sosms were withdrawn from the
reactor, centrifuged employing a EBA-20 Hettich tadéige and the surnatant was
analysed for residual organic substrate content.

All kinetic runs were repeated at least twice, beak their reproducibility. Formic
acid concentration was usually monitored by ionoattography with conductivity
detection, employing a Metrohm 761 Compact IC ursent, after calibration for
formate ion concentration in the 0-50 ppm range.Pérkin Elmer Lambda 16
spectrophotometer was always employed for all spplbbtometric analyses during the
runs. An Amel, model 2335 pHmeter, was always eggaddor pH measurements.

The emission spectrum of the commercial metal bdbdhp employed in this set up

is depicted in Fig 4.2.

counts/a. u
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Figure 4.2 Emission spectrum of OSRAM ‘Powerstamjp.
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The photocatalytic conditions, chosen for each @tethlytic activity test reaction,
including the preliminary adsorption time, the ambwf photocatalyst and the
concentration of the test molecule, the volumehef teaction suspension and its pH
conditions will be detailed in each chapter. Waterified by a Milli-Q water system

(Millipore) was used throughout.

4.2 Set-ups in Sapporo

In Sapporo different kinds of experimental set ugravemployed in order to deeply
investigate the photocatalytic activity of non ntetaped TiQ materials, as detailed in
Chapters 8-9.

4.2.1 Gas phase acetaldehyde decomposition undedymhromatic irradiation

The investigation of acetaldehyde decompositiocoissidered to be important from a
practical point of view because this organic suttstris known to be one of the
principal odour-causing gases in indoor air, patéidy in cigarette smoke.

The photocatalytic oxidative decomposition of ghsge acetaldehyde in air was
carried out in a closed cylindrical glass vessélh\a volume of 357 mL and an inner
diameter of 5.37 cm. The photocatalyst powder (2f) mas uniformly spread on a
glass plate (1.0 cnx 1.0 cm), placed on the bottom of the photoreaetwi pre-
irradiated for 1 h in order to purify it from angsorbed organic compound (Fig 4.3).
Then gaseous acetaldehyde (0.36 mL, corresponding.0.014 mmol) was injected
into the photoreactor, containing ambient air, thatsining a 1000-ppm initial
acetaldehyde concentration. This injection wasqgoeréd through a rubber septum by
using a lock-pressure syringe that allows organibssate addition at the desired
pressure, 1 atm in our case. In order to attairmtts®rption equilibrium of the substrate
on the photocatalyst surface, the system was thphik the dark for 1 h. Irradiatiof (
> 290 nm) was performed through a top window of phetoreactor using a 300-W
xenon lamp (ILC Technology CERMAX-LX300F). Its emiisn spectrum is shown in
Fig. 4.4. Acetaldehyde and G@oncentrations were automatically measured atifixe
time intervals using an Agilent 3000 MicroGC.

The evolution of CQ was also monitored during irradiation to check thie
acetaldehyde was effectively converted into 0@ the presence of the different
photocatalysts, according to the reactionzCHO + 5/2 Q —» 2 CG, + 2 H,0.
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Figure 4.3 Apparatus for gas-phase acetaldehydeqaadalytic degradation.

The graph below shows the emission spectrum ofiskd Xenon lamp.
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Figure 4.4 Emission spectrum of the 300-W Xenomlam

4.2.2 Acetic acid oxidative decomposition under ppthromatic irradiation

The photocatalytic tests were performed in a glabs (18 mm in inner diameter and
180 mm in length) with a volume @f. 35 mL. Each photocatalyst powder (50 mg)
was suspended in an aqueous solution (5.0 mL) icomga5.0 vol.% of acetic acid.
This amount of photocatalyst powder in the susmensvas large enough to ensure
total light absorption. The glass tube was sealéd & double-capped rubber septum
and Parafilm, to prevent leakage of gas and/oraznmtation during the runs (Fig. 4.5).
The suspensions were irradiated using a 400-W pighsure mercury lamp (Eikosha)
under vigorous magnetic stirring (1000 rpm) (Fich)4The wavelength of light was >
290 nm, with an average emission intensity of 38,iwhich was checked daily using
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a Molectron PM5200 laser power meter (Fig. 4.7)e Téaction temperature was kept
at 25 °C using a thermostated water bath. At redgutee intervals during the runs, 0.2
mL samples of the gas in the tube were withdrawth vaei gas-tight syringe and
analysed using a Shimadzu GC-8A gas chromatograithanTC detector, equipped
with MS- 5A and Porapak-Q columns (Fig 4.7). Thelan@mount of carbon dioxide
(CO,) was calibrated considering the increase in presso the reaction tube
consequent to the increased amount of gas-phasecuhed. The kinetic runs were
monitored for 80 min and repeated at least twit@rder to check their reproducibility.

Figure 4.5 a) Apparatus employed for acetic acidtpbxidation. This system allows the
simultaneous analysis of more than one photocédtdlgsause the Hg lamp (400 Watt) is
surrounded by 12 glass tube containers fixed gaexidic distance from the irradiation source

and immersed in the same thermostated water batBxémple of glass tubes adopted during
the photocatalytic tests.

The graph below shows the emission spectrum ofiskd Hg lamp.
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Figure 4.6 Emission spectrum of the 400-W highgues Hg lamp.
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Figure 4.7 a) Shimadzu GC-8A gas chromatograph vatifC detector, equipped with
Porapak-Q column, used for GQas phase analysis. b) Molectron PM5200 laser poneter
used for daily checking the emission intensityhefiig lamp.

4.2.3 Action spectra of acetic acid decompaosition

In order to better elucidate the origin of the evdeal photoactivity of home-made
doped materials and verify their possible activatim the visible region, the
photooxidation of the transparent acetic acid sabestwas systematically investigated
as a function of the irradiation wavelength. Diéfet series of action spectra, yielding
the wavelength dependence of the apparent quarffionerecy, were thus performed.

As pointed out by recent review papers, action tspeamnalysis represents one of the
most important and powerful photocatalytic chanazégion tools that enables one to
discriminate the origin of real photoresponse bgcking the wavelength dependence
of photoactivity>* In particular, in order to show real visible-lightduced activity of
doped semiconductors it's strongly recommendedvideace resemblance between
their absorption (diffuse reflectance) spectra i action spectra.

In this regard Fig. 4.8 shows representative requibving visible-light response of
sulfur-doped titanid, as a rare case among studies on visible lightithens
photocatalysts, showing the resemblance of a diffefiectance spectrum with an

action spectrum for the photocatalytic oxidativeaaposition of acetic acid in aerated
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agueous solution; in this case doping of (or astl@aodification with) sulfur induced

photoabsorption and photocatalytic activity in Weble-light region.
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Figure 4.8 Diffuse reflectance (photoabsorption)damction spectra for acetic acid
decomposition in aerated aqueous solutions of sdifyped titania (S-Tig) and Degussa
(Evonik) P25.

Monochromatic light irradiation is required in orde record an action spectrum. In
this thesis the photocatalytic decomposition otiackcid in aerated liquid suspensions
was investigated as a function of irradiation wawneth in quartz cells with ea. 10.5
mL volume. Each photocatalyst powder (20 mg) wapsnded in an aqueous solution
(2.0 mL) containing 5.0 vol.% of acetic acid. Thesgensions were stirred in the dark
for 15 min, to attain the adsorption equilibriumtbe substrate on the photocatalyst
surface. A 300-W xenon lamp (Hamamatsu Photonics78®2) was employed as the
irradiation source within a diffraction grating-g/pilluminator (Jasco CRM-FD),
allowing selection of the irradiation wavelengthtire 300-520 nm range, with a full
width at half-maximum intensity (FWHM) afa. 17 nm, irrespective of the selected
irradiation wavelengths range, and a 20-nm stegp D).

The irradiation intensity, measured by a Hioki 3afgtical power meter (Fig. 4.9),
was in the 15-20 mW range. All other conditions evesimilar to those of
photocatalytic activity tests under high-pressuezaury lamp irradiation except for the
use of Shimadzu GC-14B gas chromatograph with a ddi2ctor, equipped with a
Shimadzu MTN-1 kit for C@ methanation. The action spectra of selected
photocatalysts were also measured in the 370-46@ange with a 10-nm step and a

narrower FWHM under otherwise identical experimeataditions.
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Figure 4.9 a-b) Apparatus employed for acetic gutooxidation under monochromatic light
irradiation. c) Hioki 3664 optical power meter used for checking émission intensity at each
selected wavelength.

The wavelength-dependent apparent quantum effigigng, was calculated as the
ratio between the rate of photogenerated holesumopgon and the flux of incident
photons, by taking into account the fact that &tetas (holes) are required according
to the stoichiometry of the reaction: gEDOH + 2 Q > 2 CG + 2 H,0. In particular
the calculation of apparent quantum efficiency \wadgormed by using the following
formula:

v[molh™] &

(papp =
|[MJE |00 g Y] (3600sTh™] O 1
OS] M 3]

A[Nnm]0°[mm™]

(4.1)

IN,, [mol™]

where:

v = zero-order rate constant of €ghotocatalytic evolution obtained during acetidac
decomposition under a specific irradiation wavetany).

| = incident light intensity on the quartz cell, aseired at the investigated irradiation
wavelength X).

h = Planck constant (6.62-103-s).

c = speed of light (3.00- ¥@n- sh).

Nav = Avogadro constant (6.02-%£@nor™).
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Finally it's worth to recall that the calculatiorf apparent quantum efficiency of

heterogeneous photocatalytic reactions is mairnggtan the following assumptions:

The numberrf) of photogenerated electrons/holes necessary taino molecule
product of the photocatalytic reaction (in our c&3@,) are produced by the
absorption of the same numbay ¢f photons.

By considering the difficulty in determining the aomt of photons really absorbed
by the investigated suspension (mainly becauseaitesing limitations), one can
just refer to the number of incident photons, theferring to apparent, and not

real, quantum efficiency.
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5.1 Introduction

Heterogeneous photocatalysis with semiconductogidgly investigated as a useful
technique not only for the degradation of contamigsan waste water and air, but also
for solar energy harvestirig. Photocatalytic processes are initiated by semicctoad
excitation with photons of energy higher than thadgap, yielding electron-hole pairs
formation. Adsorbed organic compounds usually ugoeoxidative decomposition,
initiated either by the attack of hydroxyl radicgssoduced by reaction of valence band
holes with water or surface hydroxyl groups, or diyect interaction with photo-
generated holes, leading to oxidised intermedigieshe same time, photo-promoted
conduction band electrons may be scavenged byatiten with adsorbed reducible
speciesj.e. oxygen molecules if present, of i water to yield hydrogen molecules.

Two major factors presently limit extensive appiicas of photocatalytic processes.
First of all, the most widely employed semicondugtbotocatalystsi.e. ZnO, WGQ
and in particular Ti@for its outstanding stability and electronic prdjess, can absorb
only a minor portion of the solar energy, their thgayp being above 3 eV. Doping with
non-metallic impurities’ presently appears the most promising route toestis
problem*® The second limiting factor is that photogeneratddctron/hole pairs
undergo very fast recombination, releasing enemgyé form of unproductive heat or
photons. Conduction band electrons transfer to cutde oxygen has been recognised
as the rate determining step in photocatalytic atiich processesif O, is not reduced
at a sufficiently high rate, electrons accumulatete photocatalyst, with a consequent
enhancement of electron-hole recombination.

Such highly undesired energy dissipation path maydauced in the presence of
noble metals on the semiconductor surfa%eOwing to the formation of a Schottky
junction at the metal-semiconductor interface, emtion band electrons can be
efficiently captured by noble metals having a Feteviel lower in energy than the
semiconductor conduction band potential. This woladilitate electron transfer to
reducible species and increase electron-hole separa

d ,12,15-23

The deposition of noble metals, such as platintit,gol silver*?® and

palladium?*??® on semiconductor oxides has been reported to dmeretheir
photocatalytic activity, though controversial reéstiave also been report&? In fact,
whereas the positive effect of noble metal co-gatalon the photocatalytic production

of hydrogen from water is well established sinaegldime?%3°3?their effective role
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in photocatalytic oxidative reactions is still undiebate, especially in the case of gold-
modified Ti0,.3** Recent studies evidenced that the properties cii soetal/oxide
composites depend on the preparation method, ticpi@r on the conditions of gold
deposition, on gold loading, particles size andpshand also on storage conditidfis.
39

Deposition-precipitation (DP) is one of the mostassful wet-chemical methods to
deposit highly dispersed Au nanoparticles on mexades having an isoelectric point
above 5, such as MgO, TiOand AbOs. The method has been widely employed in
recent years to produce gold nanopatrticles cataljyi active,e.g.in the oxidation of
CO at low temperature. The deposition of gold(Bpecies is usually followed by
calcination to reduce the metal and obtain goldparticles in metallic forni°

In the present study the photocatalytic performaander visible light of TiQ
modified by gold nanoparticles deposition accordingthe DP procedure has been
investigated, focusing on the effects induced kg deposition conditions and on the
method, either thermal or chemical, employed foossguent gold reduction. The
photocatalytic oxidative degradation of two orgasubstratesi.e. the azo dye Acid
Red 1 (AR1) and formic acid (FA), was employedest teaction. The main reductive
path simultaneously occurring in the presence Kfi.a. hydrogen peroxide evolution
initiated by Q combination with conduction band electrons, was ahonitored during
the runs, in order to have a better insight in®rible played by gold nanoparticles on

both primary photocatalytic processes.

5.2 Experimental section

5.2.1 Preparation and characterisation of Au/TiQ photocatalysts

Degussa P25 Ti(50 nf g*, nanoporous, usually 80% anatase and 20% rutilétyp
> 99.5%) was employed as starting material and w@sedeceived. Four series of
AU/TiO, photocatalysts, labelled as DP x%, DPU x%, DPNaxth DPH x% , with “x”
referring to the mass percent of gold, were prepassfollows.

The DP series was prepared following the originaruta’s method® The TiG
support was dispersed in water (about 10%4nd the required amount of gold, in the
form of HAUCL, solution (10 g [* Au), was added under vigorous stirring. Then tHe p
was adjusted to 10 by dropwise addition of a 1 MDNasolution. The suspension was

stirred for 3 h, filtered and repeatedly washecdwdistilled water to remove residual
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Na" and Cl ions, as well as Au species not adsorbed on timceaductor. Gold was
then reduced by calcination in air at 450°C for. 4 h

The DPU samples were prepared according to a neddifeposition methot,using
urea as the precipitating agent. The required amoiumiO, was added to an aqueous
solution containing HAuGI (0.100 g [* Au) and urea (0.42 M). The suspension,
thermostated at 80°C, was vigorously stirred for, dntil pH 7 was reached. The slurry
was then filtered, washed thoroughly with watengdirat 80°C for 2 h and then
calcined in air at 450°C for 4 h. This method akoa gradual and homogeneous
addition of hydroxide ions throughout the suspemsibus minimising metal hydroxide
precipitation in the aqueous phase and the consétpss of precious metal.

DPN and DPH photocatalysts were prepared followiaginitial steps of the above-
described DP procedure, but avoiding the final inalton step. DPN Au/Ti@was
prepared by suspending the 'O, powder in distilled water (about 10 g,
followed by reduction due to addition, under stig;i of a 0.1 M freshly prepared
solution of NaBH (NaBH/Au = 5 mol/mol). After 10 min the slurry was fifed,
thoroughly washed with distilled water and finadlsied at 80°C for 2 h. Alternatively,
the Ad"/TiO, powder was reduced in a hydrogen stream (10 mL*&h150°C for 2
h, yielding the DPH 1% sample.

The actual Au loadings on the Ti@owder were determined by ICP analysis on the
filtrate. Au/TiO, photocatalysts with the following percent weighhtent of gold were
prepared: 0.06%, 0.13%, 0.38% (DP), 0.5% and 2BPognd DPU), 1.3% (DPN and
DPH). A reference sample (0% Au) for each series alao prepared following the

above described procedures, except for HA@addition.

UV-vis diffuse reflectance (DR) spectra were reedrdising a Lambda 19, Perkin-
Elmer spectrophotometer equipped with an RSA-PHEARREgrating sphere assembly,
using a calibrated SRS-99-010 Spectralon RefleetaBtandard, produced by
Labsphere, as a reference material.

HRTEM analysis was carried out with a JEM 3010 (LE®lectron microscope
operating at 300 kV, point to point resolution ath&zer defocus of 0.17 nm.
Specimens for HRTEM analysis were sonicated indb@nol and then transferred as a
suspension to a copper grid covered with a holeyazafilm.
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XPS analyses were performed by a PHI-5500 — PHyRie&tronics spectrometer,
equipped with a monochromatised source with alwmmnanode (& = 14866 eV),
operating at a 200 W of applied power, 5.85 eV mamsgy and 0.05 eV energy step.
XPS spectra were collected at takeoff angles of #6& analysis area was around O
mn?, the depth within 10 nm. The charging effect oe tmalysis was corrected
considering the binding energy (BE) value of Cdige to adventitious carbon, at 284.8
(x0.3) eV. Quantification and spectral line decompositivere obtained using the PC-
ACCESS software provided by Physical Electronidsede analyses were performed
by Dr. Laura Meda at Eni Donegani, Novara.

X-ray diffraction analysis was performed employiagPhilips PW 1820 powder
diffractometer, operating at 40 kV and 40 mA, usfiltgred Cu K, radiation A =
1.54056 A). The BET surface area was measured bgdBorption/desorption at 77 K
on a Micromeritics ASAP 2010 apparatus.

5.2.2 Photocatalytic activity measurements

5.2.2.1 Materials

Acid Red 1 (AR1, an azo dye bearing two sulfoniougps), see Scheme 5.1, and formic
acid (FA) were purchased from Aldrich. Peroxidasgé€ Il, from horseradish) was
purchased from Sigma. Tris(hydroxymethyl)aminomeéh89.7% was purchased from
Baker Chemicals ang-hydroxyphenylacetic acid (POHPA), > 98% (fluoresue

degree) was purchased from Fluka. All reagents weneloyed as received.

OH NHCOCH ,

SOgNa

SO3Na

AN
N=N

Scheme 5.1 Acid Red 1 (AR1).
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5.2.2.2 Apparatus and procedure

All photocatalytic degradation runs were perfornuedler atmospheric conditions in a
magnetically stirred 60 mL cylindrical quartz reactinserted in a home made housing
consisting in a black box mounted on optical berashdescribed in Section 4.1. In
particular the initial concentration of AR1 and HA the aqueous suspensions
containing 0.1 g I* of photocatalyst were 2)610° M and 1.0x 10° M, respectively.

The cleavage of the AR1 azo bond, leading to itsgbleaching, was monitored by
spectrophotometric analysis at 531 nm [maximum ARgorptiong = (3.13 = 0.02)x
10* M cm*]. FA mineralization was usually determined usinfiogal Organic Carbon
(TOC) analyser (Shimadzu Instruments, TOC-5000A)ath the total carbon (TC) and
inorganic carbon (IC) modes. TOC content was thaltutated as the difference
between TC and IC analyses. In some of the runs;df&entration was monitored also
by ion chromatography; results perfectly matchimgpse of TOC analysis were
obtained by this way.

All kinetic runs were performed at natural pH, wpct. 70% substrate degradation,
and repeated at least twice, to check their remibdity. The pH of the suspension
was measured before and after each degradatiorArdecrease in pH was observed
during AR1 photocatalytic degradation, from anialivalue in the 6.5-5.5 range to a
final value in the 4.5-3.8 range, as a consequehtiee production of stable acids, due
to the removal of the sulfonic groups and the otideof the azo double borfd.
During FA degradation the pH increased, from ihitialues of 3.7 tcca. 4.8, as a
consequence of the mineralization of the acid te &t HO.

Hydrogen peroxide concentration was monitored duthre photodegradation runs
by fluorimetric analysisXex = 316.5 nmAem = 408.5 nm) of the fluorescent dimer
formed in the horseradish peroxidase-catalysedioeaof hydrogen peroxide witp-
hydroxyphenylacetic acid (POHPAJ*® using a 605-10S Perkin Elmer fluorescence
spectrophotometer and an appropriate calibratioweguas already describ&d.In
several experiments of FA photocatalytic degradati,O, production was so high
that successive dilutions of the surnatant solutvere necessary to obtain fluorescence
signals falling within the linear intensitss. H,O, concentration range, in order to avoid

saturation of the fluorescence signal and auto+phiso phenomena.
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5.3 Results and discussion

5.3.1 Photocatalysts design

As in most studies on gold-modified titanium dioxigphotocatalyst&1%#% th

e
investigated Au/TiQ specimens were obtained by gold nanopatrticles sig@o on
Degussa P25 Ti®which is widely employed as benchmark in photalyais owing to

its high photocatalytic activity, though its propes may vary from batch to batch. This
TiO, powder is manufactured by flame hydrolysis ofniiten tetrachloride at high
temperature and consists of intimately intercoreecnatasecé. 80%) and rutile
particles. Recent studies of our research groupleecied that the photocatalytic
performance under UV light of Au/TiOphotocatalysts prepared from P25 strongly
depends on the procedure employed to deposit galdoa its amount on the T3O
surface® During this thesis the attention was focused anwisible light activity of
AU/TiO, photocatalysts and on the effects of gold nanabest deposition on the
photocatalytic paths. All investigated Au/Ti@amples were prepared by deposition-
precipitation, employing two different proceduresinduce Au precipitatioi*° (DP
and DPU series) and different routes, either the(mR and DPU series) or chemical
(DPN and DPH series), to reduce gold. Furthermaming at discriminating the
effects of gold nanoparticles on the oxide surfimen those induced by Ti¥O
modifications consequent to the deposition treatiffefor each series of Au/TiO
photocatalysts a blank sample was prepared follpvéractly the same procedure,

apart from the addition of the gold precursor.

5.3.2 Photocatalysts characterisation

5.3.2.1 UV-vis DR spectra

The deposition of gold nanoparticles on Tias confirmed by the colour change of
the modified oxide powder, turning from white inpurple of different intensity,
originated from the surface plasmon resonance abergstalline Ad particles. As
shown in Fig. 5.1, reporting the absorption prapsriof the DP Au/TiQ series in
comparison to that of P25, all modified specimémsuding the blank DP 0% sample,
exhibited a red-shift of the absorption edge. Ailsimeffect, whose origin is unclear,
was reported in recent literatuffeGold containing samples also displayed the typical
plasmon resonance absorption band, with a maximmoomd 550 nm. This absorption

is observed when the wavelength of the incidenhtligc much larger than the
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nanoparticle size and is originated by light inore@nce with the surface plasmon
oscillation, causing the free electrons in the inaiaoscillate in resonance with the
light's frequency’® The intensity of the plasmon resonance band gléacteased with

increasing the gold loading for the lower loadirgjues in the DP series (Fig. 5.1),
without any appreciable difference in the absorptimaximum, indicating a

progressive increase in particles density withoatkad variation of their dimensions.
The absorption increase was much smaller whenmgagsim 0.5% to 2.5% Au, with a

sort of saturation behaviour.
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Figure 5.1 Absorption spectra of the DP Au/T&eries with increasing Au loading.

By comparing the absorption bands of the DP s€Fies 5.1) with those of the other
Au/TiO, series (Fig. 5.2), some differences can be natigedelation to the gold
nanoparticles properti€sdepending on the deposition method. In particulz®PU
AU/TiO, exhibited a plasmon resonance band slightly shiftelonger wavelengths
with respect to the DP series, indicating largerrfamoparticles dimensions, whereas
for the chemically reduced DPN and DPH photocatsaliise plasmon absorption band
was blue-shifted and apparently less intense. fitiists to smaller gold nanopartictds
obtained by chemical reduction with respect to ¢hobtained by the DP and DPU

methods, both implying a calcination step.

107



Chapter 5

2.5
A DPU 0.5%
2.0 DP 0.5%
DPN 1%
3, DPH 1%
e 1.5 P25
©
re
(@)
810 F
<
05 |
0.0 [] [] [] [] []
200 300 400 500 600 700 800

A (nm)

Figure 5.2 Absorption spectra of different Au/T&amples.

5.3.2.2 XPS analysis

The presence of gold nanoparticles was confirmeXB$ analysis. The XPS spectra
of Au/TiO, photocatalysts exhibit two peaks at binding eresdBE) ofca. 84.0 eV
and 87.7 eV, originated from Aufand 4§, electrons of metallic golt*' Though
exhibiting a light purple colour, the DP 0.13% d&dbBH 1% powders had a surface
gold content below the XPS detection limit.

The surface chemical composition of representatwéTiO, photocatalysts, as
determined by XPS analysis, is reported in Table All samples maintained a O/Ti
atom ratio very close to 2, indicating no variatiorthe metal oxide compositidi and
all of them, including the unmodified P25, exhildt not negligible amount of
adventitious surface carbon, with a percent amotisarbon slightly higher in the DP
series. Trace amounts of Si 2m(1%), of Cl 2p ¢a. 1%) and of N 1s (below 1%)
were also detected, without any distinct dependemcéhe preparation conditions. In
particular, no significant variation of chlorineoats content was determined with
respect to that of pristine P25, indicating the @dtmnegligible persistence of Gbns
originated from the gold precursor.

In order to evidence possible variations of surfaggroxyl groups %4’

the oxygen
1s peak was fitted by two components, correspontbngxygen in the oxide lattice

(530.7 eV) and surface OH groups or undissociatem(531.8 eV). For all samples,
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lattice oxygen constituted the majority of surfapg/gen atoms? being around 83%

for unmodified P25 and also for the various speosnef the different Au/Ti@series.

Table 5.1 Surface composition of Ji&hd Au/TiQ photocatalysts from XPS analysis.

Atom %

C1s O 1s Ti 2p Au 4f

P25 14.1 55.9 28.0 ---
DP 0% 12.8 55.5 28.0 ~-n
DPU 0% 14.2 56.3 28.2 ---
DPN 0% 125 55.7 28.5 ~-n
DPH 0% 14.1 56.4 28.2 ---
DP 0.13% 18.8 51.5 26.6 n.d.
DP 0.5% 18.6 52.4 25.7 0.46
DPU 0.5% 13.3 54.4 28.4 0.16
DPN 1% 155 53.8 27.6 0.19
DPH 1% 17.2 53.6 27.0 n.d.

n.d. = not determined

5.3.2.3 HRTEM analysis

Gold deposition on TiQwas also verified by HRTEM analysis, yielding \aiile,
direct information on the dimension and the disttitn of Au nanoparticles on the
TiO, surface. The mean diameter of gold nanopartiditsimed by chemical reduction
varied between 2 and 4 nm, as shown in Fig. 513 f@ar DPN 1% and DPH 1%,
respectively. Gold particles could hardly be digtished in the HRTEM image of this
latter (Fig. 5.3 b), because they are apparentlyesitied between oxide particles. On
the contrary, deposited Au nanoparticles were bjeasible in the DP and DPU
samples, with larger, rather variable dimensiomshe 4-10 nm range, as shown in Fig.
5.3 (c,d). This directly confirms the hypothesiawln from the analysis of the plasmon

resonance bands in DR analyses, the heat treatment at 450°C used for gold
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reduction in the DP and DPU series implies the &irom of larger particles of metallic
gold, with respect to DPN and DPH photocatalysts.

Figure 5.3 HRTEM images of Au/TiG) DPN 1%; b) DPH 1%; c) DP 0.5%; d) DPU 0.5%.

5.3.2.4 XRD and BET analyses
Practically identical XRD patterns were obtainednw?25, DP 0%, DP 0.5%, DPU
0.5% and DPN 1% samples (not shown for the sakwenfity). Thus, gold deposition
and calcination at 450°C apparently did not aftbet original polymorph composition
(anatase to rutile ratis 85/15 in the employed P25 batch), in agreemert vatent
reports?® Typical crystalline gold reflexes, expectectat28 = 38.5 and 44°, could not
be detected in our XRD spectra, as in similar c&ses

Also the specific surface area of LjQvhich has been recently reported to influence
its photocatalytic activity more than its crystatusture?® did not vary upon gold
nanoparticles deposition. In fact, BET analysis mid evidence any significant change

in surface area for both blank and Au/Ti€amples with respect to unmodified P25, all
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measured surface areas ranging between 50 and?®5§*nperfectly in line with

analogous results obtained by other research gréip®

5.3.3 Photocatalytic activity

The photocatalytic activity of Au/Ti©@samples was tested in aqueous suspensions,
employing the azo dye ARL1 or formic acid (FA) agrelation substrates. The stability
of both substrates in aqueous solution was prefiminverified under the adopted
irradiation conditions. We also verified that théigl not undergo any dark reaction
catalysed by Ti@Qor by the deposited gold nanoparticles, whichka@vn to catalyse

low temperature CO oxidation. In particular, thebgity of FA, even at 50°C, in a non-
irradiated water suspension containing DPN 1% AD{Twas checked by highly
sensitive ion chromatographic analysis.

5.3.3.1 AR1 photocatalytic degradation

The photocatalytic degradation of AR1 under visitiht irradiation occurred at
constant ratel,e. according to a zero-order rate law, in the presesfdooth TiQ and
AU/TiO, photocatalysts. The rate constant valkesbtained from the experimental
AR1 concentratiorvs. time data, are collected in Fig 5.4, in the forfnnormalised
values with respect to the rate constant vdiye obtained with the benchmark P25
TiO, photocatalyst Kpos = (2.30 + 0.05)x 10° M s?]. None of the Au/TiQ
photocatalysts was more efficient than unmodifie®5 Pand the effect of gold
nanoparticles at first glance appeared small angositive.

A more careful inspection of the rate data showhig 5.4 allows one to distinguish
the effects induced by P25 Ti@odification consequent to the different Au deposi
procedures from those induced by gold nanopartitiesiselves. The degradation rate
obtained with blank samples (0% Au content) was30% lower than that measured
with unmodified P25 in the case of the DP and DElies; the rate decrease was more
limited for the chemically reduced DPN and DPH e®riThus, any modification of P25
implies a decrease of photocatalytic activity in JARegradation and this is more
evident in the case of thermal treatments. Howevle possible heat-induced
conversion of the anatase phase into the usua$yghotoactive rutile phase should be
excluded, on the basis of our XRD results. Furtloeenno significant variation in

surface area of the photocatalysts with respecdP26 could be detected by BET
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analysis. A reasonable explanation of the decreplsetbactivity is that heat treatments
reduce the amount of surface OH grolitS, as verified by FTIR analysf€. This
would lead to a decreased efficiency of hole tragph the form of TiOand a lower

availability of’'OH radical precursors.
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Figure 5.4 Photocatalytic degradation of AR1: ratietween the zero-order rate constant k
measured with different Au/Ti@amples and that obtained with unmodified P25, k

The effects induced by the presence of gold natiofes on the TiQ@ surface can be
evaluated by comparing the activities of Au/Ti@hotocatalysts of each series to that
of the corresponding blank specimens (0% Au loadiwhereas for the DP and DPU
series small up and down effects can be seen §Hy. with a clearly positive effect of
Au nanopatrticles only in the case of DP 0.5%, thes@nce of gold led to an activity
decrease for the DPN and DPH photocatalysts, pedday chemical reduction.

Kinetic results of hydrogen peroxide evolution dgri AR1 photodegradation
complete this rather complex photoactivity pictukes already mentioned, J; is
produced through the main reduction path parabigdltotocatalytic dye oxidatiomg.

O, reduction by conduction band electrogg eaccording to reactions (5.1) and (5.2):

O;+epg — O (5.1)
02._ +eap +2 H — H,O5 (52)
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As shown in Fig. 5.5, hydrogen peroxide concerdratin the aqueous phase
continuously increased during all AR1 photodegradatuns, though with different
slope for the different photocatalysts.

10 - P25
-O-DP 0%
g L —~>-DPU 0%
- DPN 0%
_ —/—DPH 0%
=6l -8-DP 0.5%
> ——DP 2.5%
‘-:N —-DPU 2.5%
O
£4
2

0 2000 4000 6000 8000 10000 12000 14000 16000
time (s)

Figure 5.5 HO, evolution during AR1 photodegradation on differ&at/TiO, samples, also
including blank samples.

In the presence of all blank photocatalysts the ohtH,O, accumulation was lower
than with P25. A clearly parallel behaviour wassttubserved between the oxidative
and the reductive photocatalytic paths occurringtioe bare TiQ surface: blank
samples leading to lower AR1 photodegradation aise led to lower kD, production
rate, with almost identical photocatalytic activégale for the two processes. This is in
line with the identification of photogenerated der carriers separation in
semiconductors as the limiting step in both oxidatand reductive photocatalytic
processes.

At difference with its effect in AR1 oxidative plumtegradation, the presence of gold
nanoparticles on the semiconductor led to an isereéa HO, production rate within
each photocatalyst series (see Fig. 5.5), withmtagimum HO, amount produced with
DP 0.5%, the photocatalyst exhibiting the higheotphctivity in AR1 degradation.
The maximum hydrogen peroxide concentration atthoh&ing AR1 degradation with
different Au/TiO, photocatalysts is reported in Table 5.2.

113



Chapter 5

Table 5.2 Maximum 4D, concentration attained during FA and AR1 photodeigtion on P25
and on Au/Ti@samples.

10° x [H203] max (M)

AR1 FA
P25 2.9 0.07
DP 0.06% 3.2 0.52
DP 0.13% 3.6 11
DP 0.38% 4.1 21.7
DP 0.5% 7.9 27.9
DP 2.5% 7.4 24.4
DPU 0.5% 3.1 7.6
DPN 1% 3.3 25.4
DPH 1% 2.4 0.61

The effect of gold nanoparticles on Litus appears controversial: they favoty™ e
transfer to @ leading to HO, production, but the rate of AR1 photodegradatioesd
not increase in parallel, probably resulting froeveral concurring effects. Of course,
both adsorption equilibria and photoinduced electransfer reactions can be affected
by any surface modification of THO

The presence of gold nanoparticles may inhibit sabes adsorption on TiD
Preliminary tests performed with DP 1% Au/Ti€videnced a substantial decrease of
ARL1 adsorption with respect to unmodified P2 his is in line with the reported shift
of the iso-electric point of Au/Ti®to lower pH values with respect to unmodified
TiO,,'® which extends the pH region where the photocatakrface is negatively
charged and the adsorption of negatively chargespooinds, such as the bisulphonic
azo dye AR1, is hindered.

Furthermore, as to mechanistic aspects, it is watlalling that the azo dye AR1
itself absorbs a considerable portion of visiblghti under the adopted irradiation
conditions. As shown in Fig. 5.6, its absorptioedpum largely overlaps the emission
spectrum of the irradiation source employed in pnesent study. A self-sensitised
mechanism is thus expected to be also at workdyleemolecule, excited by visible

light, is able to transfer an electron into thedwetion band of TiQ converting itself
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into its radical cation®>* which undergoes oxidation by interaction with. he
injected electron can then react with dioxygen doksth on the TiQ surface, to
generate the superoxide radical anion and therr @itiere oxygen species, such as

H,0O,, according to reactions (5.1) and (5.2).

1,0
0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1
0,0

counts (a.u.
Absorbance

' T ' T ' T ' T ' T '
300 350 400 450 500 550 600
A (nm)

Figure 5.6 Emission spectrum of the Osram lamp amsbrption spectrum of a 25610° M
agueous solution of the dye AR1.

In order to verify the existence and extent of soawchanism, photocatalytic runs
were carried out under conditions that exclude senductor band gap excitation. The
high energy components of the emission spectrutheofamp, which are absorbed by
TiO,, were eliminated by means of 400 or 455 nm cufilvérs. Under such conditions
AR1 degradation obviously occurred at lower ratee Tate constants obtained when
employing P25 as photocatalyst wéges= (2.0 + 0.1)x 10*°M s (\;; > 400 nm) and
keos = (9.5 + 0.7)x 10 M s* (Aix > 455 nm)j.e. the reaction rate was reducedct
8.7% and 4.1% with respect to the rate measurel th# full lamp emission. This
demonstrates that a self-sensitised AR1 degradaiezhanism was operative, parallel
to that initiated by semiconductor band gap exotatand its weight on the overall
AR1 degradation under full lamp irradiation depehda the emission spectrum itself.

Gold nanopatrticles on Timay affect the weight of this self-sensitised patthen
employing the 455 nm cut off filter and DP 2.5%pdmtocatalyst, the rate constant of
AR1 photodegradation was= (7.8 + 0.2)x 10 M s, to be compared witk = (1.40
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+ 0.02)x 10° M s* obtained with the full lamp emission. Thus, adesi reaction rate
around 5.6% was maintained wikly, > 455 nmii.e. slightly higher than the residual
reaction rate obtained with P2&@de suprg, which does not exclude a possible role of
gold nanopatrticles in favouring the self-sensitipadtodegradation of the dye.

Coming back to the photocatalytic activity resulfsFigs 5.4 and 5.5, a more in
depth mechanistic analysis can be provided aftmudsing the results obtained in the
photocatalytic degradation of formic acid (FA), wkointerpretation is much more
straightforward. In fact, FA does not absorb visibght, which excludes the existence
of a self-sensitised path, and undergoes diredioghtalytic mineralization to Cand
H,O, without the formation of any stable intermedigpecies, which may adsorb and
react on the semiconductor surface, as in theafa&R1.

5.3.3.2 HCOOH photocatalytic mineralisation

FA photocatalytic degradation also occurred acogrdo a zero-order rate law. The
photocatalytic activity scale of the investigate®Dd and Au/TiQ samples can be
appreciated in Fig. 5.7, reporting also in thisecthe ratio between the zero order rate
constant of FA degradation obtained with each ptaitdyst and that obtained in
presence of unmodified P2&-fs= (1.50 + 0.02x 10’ M .

The decrease in activity consequent to the modificainduced by Au deposition
implying a thermal treatment was confirmed alsoFi degradation: DP and DPU
blank samples (0% Au) exhibited a lower photocdi@lactivity with respect to
unmodified P25. Chemical reduction by NaB#&lso led to a decrease in photoactivity
(DPN 0%), whereas the blank sample undergone hgdrogeatment (DPH 0%) was
even more photoactive than P25 (Fig. 5.7). A comparbetween the photoactivity of
blank specimens in AR1 (Fig. 5.4) and FA (Fig. 5dégradation demonstrate that the
effects induced by the deposition treatments imib@ethe photocatalytic activity in
different ways, which also depend on the adsorpéiod prevailing photodegradation
mechanism of the organic substrate.

Fig. 5.7 also shows that for all the Au/TiPhotocatalyst series the presence of gold
nanoparticles on TiPwas beneficial in the photocatalytic degradatibfr®. As to the
effect of Au loading, investigated within the DPriss, the photocatalytic activity

increased with increasing Au loading up to an optiralue (0.10 — 0.40%), and then
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decreased. An optimal balance clearly exists beiwie beneficial role of gold
nanoparticles in capturingg, thus reducing thecg™ - hyg* recombination rate, and
the detrimental shielding effects of Au surfaceayarticles, decreasing the fraction of
light absorbed by Ti@ Similar trends and also similar values of optimeald loading

were recently reported in the degradation of différsubstrate:'2333
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Figure 5.7 Photocatalytic degradation of formicidicratio between the zero-order rate
constant k measured with different Au/Ti€amples and that obtained with unmodified P25,

I(P25-

AU/TiO, photocatalysts prepared through chemical redudii@@PN 1% and DPH
1%) exhibited the best photocatalytic performamcEA photomineralization, with the
highest rate increase attributable to the presend®u nanoparticles being observed
with DPN 1% (Fig. 5.7). Such photoactivity increab@gher than those observed for
the DP and DPU series (Fig. 5.7), can be relatédedower Au nanopatrticles size (2-3
nm) evidenced by HRTEM images. Very small Au p#&sowere reported to be most
active in CO oxidatiof?*® and to possess no more metallic, but semicondyctin
properties’® Their beneficial effect in photocatalytic processeight thus be ascribed
to the creation of a semiconductor-semiconductortaszi in Au/TiQ, which could
increase the separation of charge carriers phatiopesl upon band gap excitatith.

With the FA substrate, unable to absorb visibléntlignd undergo self-sensitised
photocatalytic degradation, we also tried to evigepossible photoactivity initiated by
excitation of the gold plasmon band, which has bimsh hypothesised by Ohtani’s
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group’® in the case of gold deposited on large rutileipias. However, FA degradation
rates measured with P25, DPN 0% and DPN 1% undidiation withAj; > 400 nm
were all ca. 5% of the corresponding rates measured underldullp irradiation,
indicating no rate increase consequent to gold pamicles excitation, in agreement
with the results obtained also by Ohtaatial. when investigating the visible light-
induced effects of gold deposition on P25.

The HO, concentration profiles detected during FA photalygic degradation with
the DP series photocatalysts are reported in FR). I6is well establishetf;>**>that
H,0, formation can hardly be detected during FA photwralization on unmodified
TiO,, because of the high reactivity of the intermesisppecies produced on the oxide
surface under irradiatioif. The data shown in Fig. 5.8 confirm that practicald HO.
could be detected during FA photomineralizatiorbare TiQ photocatalysts (P25 and
DP 0%).

30
—~ P25
-O-DP 0%
251 -@-DP 0.06%
-+DP 0.13%
20 | & DP 0.38%
—-DP 0.5%

——-DP 2.5%

[H,0,]-10° (M)
e

) 1 1 1

0 2000 4000 6000 8000 10000 12000 14000
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Figure 5.8 HO, evolution during FA photodegradation on P25 andli? Au/TiQ samples
with increasing Au loading.

By contrast, hydrogen peroxide was detected witli-gontaining photocatalysts
and its amount increased with increasing gold nartmpes content up to DP 0.5%, and
then slightly decreased with DP 2.5%,(Q4 concentratiorvs. irradiation time curves
initially increased up to a maximum value and strto decline when total FA

mineralization was attained. Maximum®} concentration values recorded during FA
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photodegradation on different Au/TiGpecimens, also reported in Table 5.2, were
much higher than those attained during AR1 phostdgiat degradation, although the
opposite occurred with the bare pighotocatalysts (see also Fig.s 5.5 and 5.8).

5.3.3.3 HO, photocatalytic degradation

A higher HO, accumulation during photocatalytic runs may refoln either a higher
production rate, or a lower B, degradation rate, occurring through interactiothwi
both conduction band electrons and valence barestwl the illuminated photocatalyst
surface>®

Hydrogen peroxide photostability tests were perfminwith agueous suspensions
containing no organic substrate and initia)Ox concentrations similar to those
produced during the photocatalytic runs. The resslibown in Fig. 5.9 demonstrate that
P25 was the most active photocatalyst in hydrogemoxyde degradation under the
irradiation conditions of the present work and amydification of its surface properties
led to a decrease in photoactivity. In fackOn degradation was slower with DP 0%,
though proceeding up to complete@d disappearance. When a similar test was
performed with gold-containing DP 0.5%,,®b concentration initially slightly
decreased, but then tended to an almost constlrg, yadicating that the rate of.8,
production (clearly occurring in this case alsotire absence of organic species
undergoing simultaneous oxidation) equaled its adgfion rate under irradiation.

The lower photoactivity of DP 0% with respect toSR&Emonstrates that the lower
H,O, amount detected during AR1 photodegradation widimlb photocatalysts (Fig.
5.5) resulted from slower J@, formation, and not from faster,8, photodegradation
on these latter, compared to P25. Furthermorey #seteffect of gold nanoparticles on
the oxide surface, the highep® amounts detected with Au-containing photocatalysts
in both AR1 and FA photocatalytic degradation (&i$.5 and 5.8 and Table 5.2)
resulted from increased.B, formation rates, consequent to fasteg etransfer to
adsorbed dioxygen according to reaction (5.1), iasudsed above. Qpreferential
adsorption on gold nanopartictésvas also invoked to contribute to the enhancement

of ecg” transfer rate.

119



Chapter 5

20

- P25
-@-DP 0%
—-DP 0.5%

0 500 1000 1500 2000 2500 3000
time (s)

Figure 5.9 Hydrogen peroxide concentration prafila aqueous suspensions containing 0.1 g
L™ of photocatalyst under irradiation in the absemé®rganic substrates.

5.3.3.4 Role of Au nanoparticles in FA photomineraation

Gold nanoparticles on TiOclearly had a beneficial role in both the photabaic
degradation of FA (Fig. 5.7) and the parallel rdoturc of adsorbed oxygen yielding
hydrogen peroxide (Fig. 5.8). FA strongly adsorbhstlee TiQ surface and undergoes
rather fast photocatalytic oxidation preferentialhjtiated through direct electron
transfer to valence band hof8s®°without the formation of any stable intermediate
species. Upon one electron oxidation of FA, thehligunstable species GO or
HCO, depending on pH, with &g of 1.4, are formed>°

HCOO + hjg* — CO,™ + H' (5.3)

Because of the highly negative redox potentiahefstrongly reductant GOradical
anion, i.e. E°(CQ/CQO,") = -1.8 V, this radical could either originate the-called
current doubling effect by injecting electrons intilee semiconductor conduction
band® or mediate the reduction of a wide variety of nsales and, in particular, that

of dissolved @, according to reaction (5.4).
CO,"+0, - CO+ 0O (5.4)

The so produced superoxide radical aniofit @ a HO, precursor, according to

reaction (5.2). Therefore, during FA photocatalydiegradation dioxygen reduction

120



Chapter 5

proceeds on the photocatalyst surface throughtbethlirect action of conduction band
electrons, reaction (5.2), and that of adsorbed Q@dical anions. Gold nanoparticles
on the oxide surface had a beneficial role in lib#se electron transfer processes, as
demonstrated by the higher FA degradation ratenaunch higher HO, production rate

in the presence of optimal Au amounts on the, B@face.

5.3.3.5 Role of gold on the photocatalytic oxidatioof AR1
AR1 molecules mainly undergo photocatalytic oxidatiaccording to a hydroxyl
radical-mediated mechanisth>>**®?The low AR1 initial concentration, much smaller
than the FA initial concentration, contributes irakimg this indirect oxidation path
favoured with respect to direct interaction withofiiproduced valence band holes. Fig.
5.4 shows that gold deposition on Fj@specially in the case of small nanoparticles
(DPN and DPH series), was not beneficial in AR1tpbatalytic degradation, whereas
the simultaneous ¥, production did not change substantially (Tablg.5.2

In order to understand these results, it is woetalling that valence band holes
(+2.5 V vs. NHE) and also photoproducé@H radicals (+1.9 Ws. NHE) could in
principle be both able to oxidize metallic gold %in contact with the semiconductor
surface into Al [E°(Au/Au®) = +1.68 Vvs. NHE].*** Gold in nanoparticle size
domains is expected to be even more reactive thémei form of bulk metal. The Au
ions, so generated at the Au/githterface, might be back reduced by photoexcited
conduction band electrons. Consequently, @té radicals consumed in gold oxidation
are no more available to attack and oxidise ARlequwks, whereas conduction band
electrons involved in Auback reduction are not available for adsorbedré@uction
(see Scheme 5.2). Gold nanoparticles would defynéet as recombination centres of
photoproduced active species in the case of orgsuiistrates, such as AR1 in this
study, unable of strong direct interaction with fipwoduced valence band holes.
Indeed, the maximum 4@, concentration evolved on Au/T{Oduring AR1
photodegradation runs was only doubled with resfethat produced on unmodified
P25 (Table 5.2) and one order of magnitude lowan tthat measured during FA

photodegradation on the same Au/T@hotocatalysts.
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Scheme 5.2 Comparison of relevant homogeneous plodsetials in aqueous solution at pH
7.0.

By contrast, in the case of FA photocatalytic ddgt@n, the formation of the
strongly reductant C{ species on the photocatalyst surface may conéribuot

maintaining gold in the metallic form through reant(5.5):
Au* +CO™ — AW + CO (5.5)

This may be the principal origin of the rate in@ean FA degradation observed upon
gold nanoparticles deposition on Ti@nd of the different efficiency of the investighte
series of photocatalysts towards AR1 and FA phoabgiic degradation. AR1
photodegradation results appeared controversialpmy because also a parallel self-
sensitised mechanism is at work, but mainly becaonste mechanism initiated by
band gap excitation AR1 oxidation does not occupugh direct interaction with
valence band holes, but through hydroxyl radicttlsck. This would favour Au patrtial
oxidation and gold acting as recombination cenfr@lmtoproduced charge carriers.
Present results are in line with the recently reggbenhanced photocatalytic oxidation
induced by the presence of silver on the ;T&drface, observed only for organic

compounds that are predominantly oxidised by hdles.
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Chapter 6

6.1 Introduction

The mobility and toxicity of agueous chromium, aarmusly toxic, mutagenic and
carcinogenic;? common component of industrial wastetepend on its oxidation state.
Cr(VI), usually present in the form of highly solakand toxic chromate anions, can
efficiently be converted into Cr(lll), which exhtbilower toxicity and mobility in the
environment,® by photocatalytic reduction on semiconducfofs When employing
TiO,, the most widely used semiconductor photocatafystthis process is possible on
the grounds of the energy level of the Ti€bonduction band and of the reduction
potential of the Cr(VI)/Cr(lll) couple and it isvfared at low pH. In fact, due to the
three electrons involved in Cr(VI) reduction to [@j( the potential of this couple shifts
to more positive values with decreasing pH withl@pe higher than that of the
conduction band edge shift with pH.

In order to investigate the influence of the susfamd structural properties of this
semiconductor on its photocatalytic activity, aegiof commercial Ti@samples with
different phase composition and surface area wseden the photocatalytic reduction
of Cr(VI) in agueous suspensions at pH 3.7 undervi$ible light irradiation. This
reaction was also coupled with the simultaneoudqaatalytic oxidation of an organic
pollutant,i.e. the azo dye Acid Orange 8 (AO8), see Scheme @d o0& formic acid
(FA), also in this case chosen because it is alsimgdnic molecule undergoing direct
photocatalytic mineralization to GGand water, without the formation of any stable

intermediate species.

CH5
HO
NaO3S N
A\}
Y,

Investigation on the simultaneous reduction andlaxon processes occurring under

Scheme 6.1 Acid Orange 8 (AQOS8).

irradiation on the photocatalyst surface in conteith water not only provides valuable

information on the rate of the electron transfehpat work in the reaction system, but
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is of great importance in consideration of the fezt heavy metals, which can be
photocatalytically reduced, and organic pollutantghich can be removed by
photocatalytic oxidation, very often coexist in weagaters. As outlined by Praire al.

in their early study, an efficient design of photocatalytic systems Voastewater
treatment must take into account both oxidationraaddction processes.

The photocatalytic reduction of Cr(VI) was alreddyestigated in the presence of
organics frequently present in natural and wasteergasuch as humic substantes,
pollutants, such as phenol and 4-chlorophétitl dyes'®?° methyltert-butyl ether?*
or carboxylic acidd’?® An increase in the rate of Cr(VI) photocatalytitiuction was
usually observed. Most of these studies were pmddr employing the P25 TiO
photocatalyst and were mainly focused on the effetsubstrates concentration and of
pH. This study is mainly focused on the effectstted TiO, phase composition and
surface area on the rate of both Cr(VI) photocéitalgeduction and simultaneous
oxidation of organic compounds, also in relatiorihteir competitive adsorption on the
photocatalyst surface.

Furthermore, the deposition of noble metals on senductor oxides is expected to
enhance their photocatalytic activity by increasthg separation of photogenerated
electron — hole pairs Indeed, the Fermi level of noble metals is usubdlyer in
energy than the conduction band edge of,Tilhus, photopromoted electrons can be
captured by the noble metal, while photoproducddshcemain in the semiconductor
valence band. However, whereas the positive etfeabble metal co-catalysts on the
photocatalytic reduction processes, such as hydrgmgeduction from water or O
reduction yielding hydrogen peroxide, is well efigited?*?° their effective role in
photocatalytic oxidative reactions is still undebdte, especially in the case of gold-
modified TiQ,.*"?®

Thus, the effect on Cr(VIl) photocatalytic reductiosf gold nanoparticles
photodeposited on the TiQBurface was also investigated and compared to effeict
in the photocatalytic mineralization of formic acicA series of TiQ@-based
photocatalysts with different Au loadings were @ and tested. The modifications
induced on the photocatalyst surface by the nold@hphotodeposition treatment were

also taken into account.
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6.2 Experimental section

6.2.1 Photocatalysts preparation and characterisatn

Most chemicalsj.e. K,Cr,O;, formic acid (FA), purity 95-97%, and Acid Orange
(AO8), were purchased from Aldrich. They were afiptoyed as received, apart from
AO8, which was purified by repeated crystallizatimom methanol, as already
mentioned’

Mixed phase Degussa P25 titanium dioxida. 80% anatase, 20% rutile, surface
area 48 rh g*, according to our BET analysi®),and two pure anatase samples,
purchased from Alfa Aesar, were employed as phtabgsds in powder form. These
latter were labeled A118 and A235, with A standimiganatase, followed by a number
indicating their surface area irfm™.

The series of gold-modified photocatalysts (Au/J)ias prepared starting from 6
vol.% methanol/water suspensions, containing 3'gf.TiO, (Degussa P25) and the
required amount of Au(lll) acetate, as gold preourgreliminary dissolved in an
acidic aqueous medium. Au(lll) photoreduction to taiee gold nanoparticles
deposited on Ti@was achieved by irradiating the suspensions foruthder nitrogen
atmosphere (see Scheme 6.2a). An immersion flueneéstow pressure mercury arc
lamp (Jelosil) was employed as the irradiation seuemitting in the 300—400 nm

range, with a maximum emission peak at 360 nm $&beme 6.2b).
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Scheme 6.2 a) Set up employed in order to perfotchrganoparticles photodeposition on FiO
samples; A: reactor, B: immersion UV lamp, C: &irrD: thermostat. bEmission spectrum of
the immersion fluorescent, low pressure mercurylam (Jelosil).
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Gold-modified TiQ powders were recovered after at least five cemation and
washing cycles, up to the complete removal of tedidons and organic precursors.
They were then dried at 70 °C for 1 day and standgtle absence of light and humidity.
They were labeled with P, standing for “photodetauBi followed by their nominal
gold content, in weight percent. A reference san{plé0%) was prepared following
exactly the same procedure, except for the additiadhe gold precursor.

UV-Vis diffuse reflectance (DR) spectra were re@ardvith a Lambda 19, Perkin
Elmer spectrophotometer equipped with an integgatiphere. HRTEM images were
obtained with a JEM 3010 (JEOL) electron microscoperating at 300 kV. XPS
analyses were performed by a PHI-5500-Physicaltileics spectrometer, equipped
with a monochromatized source with aluminum anolge £ 1486.6 eV). These
analyses were performed by Doctor Laura Meda at®megani group. XRD analysis
was performed employing a Philips PW 1820 powelratitfometer, using filtered Cu
K, radiation. The BET surface area was measuredtbygen adsorption/desorption at

77 K employing a Micromeritics ASAP 2010 apparatus.

6.2.2 Photocatalytic and adsorption tests

All photocatalytic runs were performed in aqueouspgnsions under atmospheric
conditions, in a magnetically stirred 100 mL reactas described in Section 4.1.
Appropriate volumes of stock solutions containing\@), Acid Orange 8 (AO8) or
formic acid (FA) were added to pre-sonicated ageemspensions containing 0.1 g L
of photocatalyst. The initial concentration of thleotocatalytic reaction substrates in
the aqueous suspensions were fixed at the followaiges: 3.3 x 10 M for Cr(VI),
from a solution obtained by dissolving®r,O; in water, 1.0 x 18 M for FA, 2.8 x
10° M for AO8. At different time intervals during theins, 3 mL-samples of the
suspension were withdrawn from the reactor andrifegéd. The supernatant was
analyzed colorimetrically for Cr(VI1) residual conteusing the 1,5-diphenylcarbazide
method® AO8 photobleaching was monitored during the rupssjpectrophotometric
analysis at the wavelength of maximum AOS8 absomptiee. 490 nm. The molar
extinction coefficient of the dye at this waveldmige = (3.06 + 0.02) x 1OM™* cm?,
according to previous calibratihi.FA content in the supernatant was determined by
ion chromatography, as already described in Sedtibn
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All kinetic runs were performed up t@a. 70% Cr(VI) removal and repeated at least
twice, to check their reproducibility. The initipH of the suspensions was fixed at pH
3.7 by addition of the appropriate volume of a @nmiated HCIQ solution. No
addition was necessary in the case of FA-contaisugpensions, because 3.7 was the
natural pH of the aqueous suspensions containiig L0° M FA. No significant pH
variation occurred during the runs.

Aiming at investigating the substrates affinity fdme different photocatalysts,
adsorption tests were performed at pH 3.7 understmee initial conditions of the
photocatalytic runs, except for the amount of Ji®hich was fixed at 1.0 gL The
suspensions were kept under stirring in the dacksamples were withdrawn after 30
min, 1 h, 6 h and 24 h, centrifuged and analyzedhe Cr(VI) and/or AO8 amount in
the supernatant. Adsorption equilibrium was atteéime30 min.

6.3 Results and discussion

6.3.1 Photocatalysts characterization

XRD analysis confirmed the mixed phase compositbegussa P25, with a 78:22

anatase-to-rutile ratio, and mean diameter of ttegase and rutile crystallites of 25 £ 5
and 35 + 8 nm, respectivel).Also the composition (pure anatase) of the A118 an
A235 samples was confirmed by XRD analysis; themuiameter of crystallites was

18 + 3 and 9 £ 1 nm, respectively.

These TiQ samples exhibit quite similar absorption propsrtith an absorption
onset around 400 nm, according to UV-Vis DR measerdgs. In comparison to the
pure anatase samples, P25 exhibits a slightly méted absorption edge (see Fig. 6.1,
inset), due to the presence of the rutile phasaacierized by a smaller band gap value
(i.e.3.0 eVvs.3.2 eV for anatase).

As shown in Fig. 6.1, all Au/Ti@samples exhibited the typical plasmon resonance
band of gold nanopatrticles (< 20 nm), centereds@t rim,i.e. red shifted compared to
the pure gold plasmonic peak (520 nm), indicatimgraction between gold and the
titania support. The intensity of the plasmon resme band regularly increased with
increasing the gold loading without any appreciablifference in the absorption
maximum (Fig. 6.1), indicating a progressive insee@ gold nanoparticles density on

the oxide surface without marked variation of tftemensions.
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Figure 6.1 Absorption spectra of P25 Gi@nd of the Au/Ti@ photocatalysts series, with
increasing Au loading, prepared by photodepositimset: absorption spectra of P25, A118
and A235.

HRTEM analysis yielded direct information on thenénsion and the distribution of
Au nanoparticles. Examples of HRTEM images are nteploin Fig. 6.2. The mean
diameter of gold nanoparticles obtained by photecgdn varied between 5 and 20
nm. Compared to other gold deposition techniqueg. the deposition-precipitation
method studied in Chapter 5), photodeposition wpsnted to produce larger and more

spherical noble metal nanoparticfés.

Figure 6.2 HRTEM images of selected Aukls@mples.

No variation in XRD patterns was expected afterdgdéposition by the adopted
photodeposition procedure, not implying any heattiment, as already verified in
previous studie®>* Also the specific surface area of P25 Tifid not vary upon gold
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nanoparticles deposition, in line with analogousutes reported in Chapter 5 and also
obtained by other research grodpg>>’

The XPS analysis of the surface chemical compesitieported in Table 6.1,
confirmed that all samples maintained a O/Ti atatiorvery close to 2, indicating no
variation in the metal oxide surface compositiomd @onfirmed the presence of gold
nanoparticles deposited on the Au/Fi@hotocatalysts. The gold percent surface
amount detected by XPS analysis regularly increagtidincreasing the nominal gold
loading of the samples prepared by photodeposition.

Table 6.1 Surface composition, from XPS analy$i®25 TiQ and of Au/TiQ photocatalysts
prepared by photodeposition of different percenbants of gold nanoparticles on P25 TiO

Atom %

C1s O 1s Ti 2p Cl2p Au4f

P25 14.1 55.9 28.0 0.8 e
P 0% 16.2 54.5 27.4 0.6 ---

P 0.1% 15.6 54.8 27.7 0.6 0.06
P 0.3% 16.8 54.0 26.7 0.7 0.12
P 0.5% 15.8 54.2 27.4 0.8 0.16
P 1% 16.4 54.4 26.3 0.7 0.21

Furthermore, XPS analysis did not evidence anyifstgnt variation of chlorine
content and of adventitious surface carbon contetfit respect to the values detected
for pristine P25 Ti@, indicating negligible persistence of "Gbns or of organic

substances originating from the gold precursor.

6.3.2 Cr(VI) photocatalytic reduction tests on TiQ

The photocatalytic reduction of Cr(VI) occurred aaling to a first order rate law in
the presence of both TiGand Au/TiQ photocatalysts. Determination coefficients R
obtained by treating the Cr(VI) concentratios. time data according to a first order
rate law were always greater than 0.98. The phutaycof different photocatalyst

powders was thus compared in terms of first orde constants of Cr(VI) reduction

obtained under identical irradiation conditionghie presence of an equal photocatalyst
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amount (0.1 g 1). The effect of pH was preliminarily investigatethploying P25 —
containing suspensions, in order to attain opti@gNMI) photoreduction conditions.
The rate constant of Cr(VI) photocatalytic reductad the natural pH conditions of the
dichromate suspensione. pH ca. 6.5, was (8.2 + 0.8) x 10s*, whereas an almost
doubled rate constante. (1.61 + 0.05) x 10 s*, was determined employing a
suspension at pH 3.7, obtained by Hgladdition. All subsequent runs were thus
performed at this pH. This result is in agreemeithprevious findings of different
laboratories and is expected from the already ropatl shift of potentials with
decreasing pt§t 123840

The photocatalytic activity of the different baréO} samples investigated in the
present work can be compared in Fig. 6.3, in teomérst order rate constants of
Cr(VI) reduction. Their uncertainties, obtainednfraepeated runs, are also shown in
the figure. P25 Ti@was found to be the best performing photocatafgdipwed by
A118 and by A235. The rate of Cr(VI) reduction thajgpears totally independent of
the photocatalyst surface area, but rather limibgd the intrinsic efficiency in
photoproduced charges separation of the employetbgditalyst powder. P25 T30
manufactured by flame hydrolysis of titanium teblacide at high temperature,
exhibits outstanding photocatalytic activity in eea reactions, to be attributed to its

peculiar nanostructured arrangement of interwoveatase-rutile crystallites hindering

charge recombination by charge separation acrosganes'!*?
21
O only Cr(VI)
18 FEwith AOS 151
15 | B with FA I
R 12.2
nli2 r 10.5
ﬁ'a 9 i I
T 7.3
6 4.0
2.3
3 - 1.6 1.4 l
I——I ] 0.4
0 1 - 1 —
P25 Al118 A235

Figure 6.3 Rate constants of Cr(VI) photocatalygduction in the absence of organics and in
the presence of the azo dye AO8 and of formic (&AL
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6.3.3 Effect of AO8 on Cr(VI) adsorption and photoatalytic reduction on TiO,
Preliminary tests of Cr(VI) and AOS8 equilibrium adgtion on the investigated
photocatalysts were performed at pH 3.7 under #maesconditions employed in
photocatalytic runs, except for a 10-fold highemwamt of TiG,.

The percent amount of Cr(VI) adsorbed on the pladtdgsts, both in the presence
and in the absence of AO8, is shown in Fig. 6.4 atsorption of Cr(VI), present in
the suspensions in the form of negatively charge®£ ions, clearly increased with
increasing the surface area of the Fhotocatalysts. The extent of Cr(VI) adsorption
on all photocatalysts was lower in the presencthefazo dye, indicating competitive
adsorption. Indeed, at pH 3.7 both AO8 and Cr(Vé) ia the anionic form, whereas the
TiO, surface is positively charged, its point of zelnarge being at pH higher than 3.7.

The extent of AO8 equilibrium adsorption on the fooatalysts was also measured,
both in the presence and in the absence of Cr(Wg results shown in Fig. 6.5
demonstrate that AO8 largely adsorbed on the,Tp@otocatalysts, and that the
adsorbed amount was also larger on higher surfeee @hotocatalysts. The fact that
AO8 adsorption occurred in competition with dichedmadsorption was confirmed by
the lower AO8 adsorption extent attained in thespnee of Cr(VI) (Fig. 6.5). The
effects of competitive adsorption were more promaeh in the case of P25

photocatalyst, as expected, due to its lower sjpexuirface area (Fig.s 6.4 and 6.5).

< Owithout AO8
<100 [ Ewith AO8 91
2 70
I_

75 F
s 60 s
©
g 50 | 48
(@)
= 24
S 25}
2
O 0 [ [

P25 Al118 A235

Figure 6.4 Percent amount of Cr(VI), in the formdafhromate anion, adsorbed at equilibrium
on TiO, photocatalysts (1.0 g}, in the absence and in the presence of the A@8dge.
Overall Cr(V1) concentration: 3.3 x IOM; overall AO8 concentration: 2.8 x TOV.
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Figure 6.5 Percent amount of AO8 adsorbed at doyiiilim on TiQ photocatalysts (1.0 g,
in the absence and in the presence of Cr(VI) agrdinate anion. Overall AO8 concentration:
2.8 x 10° M; overall Cr(VI) concentration: 3.3 x TOM.

The simultaneous presence of Cr(VI) and of the dge AOS8, undergoing
photocatalytic oxidation under irradiation, ledaanarked enhancement of the rate of
Cr(VI) photoreduction, which was clearly higher farotocatalysts with higher surface
area (see Fig. 6.3). Similar results were obtaindte presence of other organiesj.
methyltert-butyl ether*! different dye&?° or carboxylic acids’??

The dye itself was found to undergo photocatalgttedation according to a first
order rate law, both in the presence and in therates of Cr(VI). In both cases the
photocatalytic bleaching of the dye increased wittreasing the surface area of the
photocatalyst, as shown in Fig. 6.6. Furthermo@84Ahotodegradation was markedly
enhanced by the simultaneous presence of Cr(VItlasdckffect was more remarkable
for the two high surface area pure anatase phatlystd (Fig. 6.6).

As already mentioned in Chapter 5, aromatic azosdyedergo photocatalytic
bleaching through an oxidation mechanism mainlpimwng hydroxyl radicals, which
upon band gap excitation are photocatalyticallyegated on the oxide surface from the
oxidation of surface —OH groups or water moleculdsese radicals attack the diazo
moiety, leading to loss of visible light absorptiG#® This occurs on the photocatalyst
surface, the hydroxyl radicals being unable to ée#}’ Consequently this oxidation

path is largely favored by substrate adsorptionthen photocatalyst surface. In fact,
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both in the presence and in the absence of Cr(W) rate of AO8 photocatalytic
oxidation increased with the surface area of theleyed photocatalyst (Fig. 6.6), on
which a larger percent amount of dye could adsdtig. (6.5). The simultaneous
photooxidation of the organic dye clearly had aesgrstic effect in Cr(VI) reduction,

and this effect was greater, the larger was th&aceirarea of the photocatalyst (Fig.
6.3).

In fact, the photocatalytic activity in Cr(VI) rediion in the absence of AO8 did not
increase with increasing the photocatalyst surtaea, because it mainly depends on
the intrinsic efficiency of electron-hole separaticas stated above. However, the
simultaneous presence of Cr(VI) and AO8 led to mimaecement of the photocatalytic
activity, which was clearly higher for photocatad$ysvith higher specific surface area,
i.e. for photocatalysts on which AO8 underwent fastezgrddation. Indeed,
photopromoted conduction band electrons became meawdily available for Cr(VI)
reduction in the presence of AO8, which indireaynsumed photoproduced valence
band holes and thus inhibited electron-hole recoatimn. Therefore, the co-presence
of oxidizable and reducible species ensured bs#paration of photogenerated charge
carriers, especially in the case of high surfaea anatase Ti) having the strongest

affinity for both degradation substrates, as dermratesd by competitive adsorption

tests.
15.0
O without Cr(VI) 12.2 12.3
12.0 |Ewith Cr(VI) z E
’-\'@/ 9.0
3
=
x 60 F 4.4 3.9
30 L 26 2.7 g
0.0 1 1
P25 Al18 A235

Figure 6.6 Rate constants of AO8 photocatalyticlation in the absence and in the presence
of Cr(VI).

139



Chapter 6

Concerning the mechanistic aspects of Cr(VI) phatalgtic reduction, the reaction
was shown to occur through a sequence of one efetiinsfer steps and experimental
evidence was obtained of the involvement of Cr(¥)he form of aquo and EDTA
complex®®**When the reaction was combined with the photogtitabxidation of an
organic species able itself to absorb light, sitetha azo dye AO8 in the present study,
absorbing a considerable portion of visible lightder the adopted irradiation
conditions, a sensitized mechanism might be at workparallel to that initiated by
semiconductor band gap absorption. In fact, as sBhovcheme 6.3, the electronically
excited state of the dye, produced by visible ligliisorption, is able to transfer
electrons into the conduction band of ZiGr to adsorbed Cr(VI), producing a dye
radical cation, which easily undergoes oxidatiorChymolecules. Such reaction path is
responsible for the visible light-induced phototata reduction of Cr(VI) in the
presence of dyé¥and is perfectly compatible with the surface amed adsorption
dependence observed for the rate of both oxidatom reduction reactions

simultaneously occurring on the photocatalyst serfa

Cr(VI) - Dye” — Dye'”
— € CB l O
Cr(lll) 7 _ A hv"
. TIO Degradation
hv .
Dye
Dye
"OH
VB h* ——
H,O

Scheme 6.3 Dye-sensitized and band gap absorptitiatéd paths of simultaneous Cr(VI)
reduction and AO8 oxidation.

In contrast, present photocatalytic activity resuttlearly dependent on the surface
area of the employed photocatalyst, seem to exchhdd¢ the enhanced Cr(VI)
photoinduced reduction observed in the presenc&@8 occurred through direct
electron transfer from AO8 to Cr(VI) in a AO8-Cr(Méiomplex in the aqueous phase,
as suggested to occur in the case of the azo dige@mnge 7° In fact, both Cr(VI)
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and AO8 were found to be perfectly photostable qnemus solutions containing no
TiO,, even after prolonged irradiation under the coodg employed in the present
study. Similar Cr(VI) complexes were shown to pdasole in the photocatalytic Cr(VI)
reduction in the presence efg, salicylic and citric acid&>#**°

On the other hand, evidence was recently obtairfetheo formation of a charge
transfer complex between Cr(VI) and Tifat could be excited by visible lightThe
efficiency of Cr(VI) reduction attained by seledtyvexciting this complex was found
to be higher than that produced by exciting the isenductor itself. An electron
transfer path initiated by this way cannot be edetlito be at work under the here

adopted irradiation conditions.

6.3.4 Effect of formic acid on Cr(VI) photocatalytic reduction
Aiming at excluding the possibility of any dye-siized photocatalytic reaction path,
we investigated the effect of the presence of foratid in the photocatalytic reduction
of Cr(VI). This acidic organic substrate does nog@b light in competition with Ti©
and, as already mentioned in Chapter 5, it is kntmwmndergo photocatalytic oxidation
mainly through direct interaction with photoproddcealence band hol&3%>2
without forming any stable mineralization internmegei

The effect of FA addition on the rate of Cr(VI) pbcatalytic reduction is also
shown in Fig. 6.3 and can be easily compared vhidt bf AO8 addition in the
irradiated suspensions. The rate of Cr(VI) photoctidn was clearly higher in the
presence of both organic species, with respedidadte measured in the absence of
any organics. However, the photoactivity trend witthe investigated photocatalyst
series obtained after FA addition was completeffedint with respect to that observed
after AO8 addition. In fact, a remarkable rate @ase was obtained upon FA addition
when employing P25 Ti§) whereas FA addition had much smaller effects VKD
reduction rate in the case of the two high surfa®a pure anatase photocatalysts, the
photoactivity of which markedly increased upon A@#lition. Thus Cr(VI) reduction
in the presence of a direct hole scavenger, suétaappears to be still limited by the
electron-hole separation intrinsic properties of tsemiconductors, rather than by
effects related to their surface area and subsidgerption capability.

Simultaneous to Cr(VI) photocatalytic reduction, RAderwent photocatalytic

mineralization at constant ratee. according to a zero-order rate law, as already
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reported in Chapter 5, in line with previous stsdfe®®>?Fig. 6.7 shows that pure
anatase A118 was the best performing photocatatydtA mineralization in the
absence of Cr(VI). Comparable results were obtaimeter UV irradiatior’° However,
the rate of FA mineralization dramatically droppetien Cr(VI) was added to the
irradiated suspensions, down to a rather low vallmeost independent of the employed
TiO, photocatalyst (Fig. 6.7). Very low FA conversidrelow 10%) was attained in
this case at the end of the runs. This effect cowdd be attributed to Cr(VI)-FA
interactions in the agueous phase, because agsetuins containing both Cr(VI)
and FA at pH 3.7 were found to be perfectly stdid¢h in the absence and in the
presence of irradiation, in contrast to previousdss carried out under intense UV

irradiation>®

3.0
COwithout Cr(VI)
B with Cr(VI) 2.2
" 2.0 F
3
© 1.2 1.2
— £ =
<10 |
0.2 0.2 0.2
0.0 1 1
P25 A118 A235

Figure 6.7 Zero-order rate constants of FA photabaic oxidation in the absence and in the
presence of Cr(VI).

It is worth noting, however, that the initial FAro@entration in our suspensions was
more than one order of magnitude higher than th&lifCr(VI) concentration and that
the rate of FA oxidation, coinciding with the zeyader rate constants values of Fig.
6.7, was similar to the rate of Cr(VI) photocatelyteduction in the presence of FA,
calculated as = k [Cr(VI)], k being the first order rate constants reportedgn &3 for
Cr(VIl) reduction in the presence of FA. Thus theotpkatalytic oxidation and
reduction processes proceeded at almost the sam@®nmahe photocatalysts surface.
This rate was lower than the rate of FA oxidatinrithe absence of Cr(VI), indicating
that chromium species adsorbed on the photocatslytice inhibit FA photocatalytic
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oxidation. Indeed, previous studies on Cr(VI) plwatalytic reduction in the presence
of carboxylic acids evidenced an inhibition in T@€&gradatiorf or even an increase of
TOC amourf? during the photocatalytic runs, which were attréslito deactivation of

the photocatalyst surface due to Cr(lll) adsorptorio desorption of organic species
from the photocatalyst surface under irradiati@spectively. This chromium-induced
inhibition in the photocatalytic mineralization ofganics should deserve attention,

because it may cause problems in the photocatatgiatment of waste waters.

6.3.5 Effect of gold nanoparticles deposition on T,

The effects induced on the rate of Cr(VI) reductibg the presence of gold
nanoparticles photodeposited on the surface ofTR25can be appreciated in Fig. 6.8,
where the first order rate constants obtained WiéhAu/TiO, photocatalysts series are
reported as normalized values with respect to dkee constant valule s obtained with
unmodified P25 Ti@ Also with the Au/TiQ photocatalysts, Cr(VI) photoreduction
became faster upon FA addition to the irradiatespsosions, with an average 4-fold
increase of the rate constants of Cr(VI) reducfotata not shown).
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Figure 6.8 Effect of gold nanoparticles photodegeatsion TiQ on the photocatalytic reduction
of Cr(VI): ratio between the first order rate coasts k measured in the presence of AWTIO
samples with different gold loading (wt.%) and tbhtained with unmodified P25k
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The photocatalytic activity scale of the Au/Li®amples in FA oxidation can be
appreciated in Fig. 6.9, showing the ratios betwibernzero-order rate constants of FA
degradation obtained with each photocatalyst amd mheasured in the presence of
unmodified P25. On the other hand, FA oxidatiore rdtopped to very low values in
the presence of Cr(VI), in a way almost identicaiitat shown in Fig. 6.7 in the case of

the unmodified photocatalysts.
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118 110 i .
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P25 P0% PO01% PO0.3% PO05% P1%

Figure 6.9 Effect of gold nanoparticles photodepezsion TiQ on the photocatalytic oxidation
of FA: ratio between the zero-order rate constaktmeasured in the presence of AukiliO
samples with different gold loading (wt.%) and tbhtained with unmodified P25k

As shown in Fig. 6.9 the presence of photodeposgeld nanoparticles had a
beneficial role primarily in increasing the rate BA oxidation and, as already
mentioned in Chapter 5, this can be attributechtoformation of the carbon dioxide
radical anion upon the one electron oxidation of FAfact, such strongly reductant
species may contribute in maintaining gold in iteofocatalytically active metallic
form, avoiding the possible formation of Ay Au(0) interaction with conduction
band holes? Furthermore the photoactivity increase in FA ofimfa obtained by gold
photodeposition on P25 TiQvas slightly higher than that obtained with golddified
TiO, prepared according to the deposition-precipitativethod (see Chapter 5)as
clearly shown in Fig. 6.10, and the photodepositmocedure itself, even in the
absence of gold precursor, slightly increased ti@gactivity of P25 (see P 096.P25
in Fig.s 6.9 and 6.10).
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Figure 6.10 Ratio between the zero order rate amtst k of formic acid photocatalytic
degradation measured with different Au/Tighotocatalysts and that obtained with unmodified
P25, k,s. Au/TiQ, photocatalysts contained the indicated weight eet@mounts of gold and
were prepared by deposition precipitation (DP), dgiion precipitation in the presence of
urea (DPU), both followed by thermal gold reductiamd deposition precipitation followed by
reduction with NaBE (DPN) or hydrogen (DPH); or photodeposition (P).

As suggested by results reported in Fig. 6.10, qaleggosition technique, not
requiring any kind of high-temperature reductioepstseems thus to be the most
promising method for Au nanparticles depositionTa@..

The rate enhancement observed in the case of Cpf\d)ocatalytic reduction upon
loading P25 TiQ@ with gold nanoparticles (Fig. 6.8) shows an unclgend as a
function of metal loading. Also in this case theofmdeposition procedure produced
positive effects on P25 photoactivity, which wergem greater than in FA
photocatalytic degradation. In fact, the rate camisbf Cr(VI) photoreduction almost
doubled when P25 TiDwas pre-irradiated under anaerobic conditionshendbsence
of gold precursor (selkp2s of P 0% in Fig. 6.8), most probably as a consecgiaf
the partial TiQ surface reduction, whereas metal loading did mxbibi a definite
effect. The improvement of the photocatalytic e#icy of these Au/Ti@materials in
Cr(VI) reduction should thus be attributed moreptuatial TiG, reduction than to the
presence of gold nanoparticles. Indeed, ratherlsffacts of noble metals on the rate
of Cr(VI) photocatalytic reduction were reportedthre literature, for example in the

case of mesoporous titania photocatalysts embedgling) nanoparticle¥, whereas
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platinization of titania was found to produce nopnmvement in its photoactivity in
Cr(VI) reduction>®

The rate of both photocatalytic oxidation and reutnc reactions were found to
slightly vary with metal loading, attaining a maxim value for the P 0.3%
photocatalyst in the case of Cr(VI) reduction (F6g8) and for P 0.5% in the case of
FA oxidation (Fig. 6.9)i.e. for a 0.5 wt.% gold loading, as in previous stadfeThese
maximum reaction rates were attained for an optipaddnce between the detrimental
shielding effects of Au surface nanoparticles, dasing the fraction of light absorbed
by TiO,, and their beneficial role in capturing conductimand electrons, thus reducing
the recombination of photoproduced electron-holgptes. Present results demonstrate
that, when discussing the modifications in Cr(\Muction photoactivity induced by
the presence of noble metal nanoparticles on treophtalyst surface, the effects
induced by the deposition procedure should be lgiéizstinguished from those induced

by noble metal nanoparticles themselves.
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7.1 Introduction

As already mentioned, Tigan still be envisaged as the most active and swtble
semiconductor photocatalyst. because it is biologically and chemically inert,
photostable and cheap, and has a high oxidatidityalis holes being photogenerated
at B> = 2.9 Vvs. NHE at pH 0. However, two major factors limit thhotocatalytic
efficiency of TiQ: i) its band gap is larger than 3 @\é. it mainly absorbs light in the
UV region and only a small portion (less than 5%)h@ sunlight can be exploited for
photocatalytic processed) as in all photoexcited semiconductors, photogeadra
electron-hole pairs undergo fast recombinationamgetition with charge transfer to
adsorbed species yielding redox reactions.

One of the ways which have been successfully pdrsuehift the optical response
of TiO, into the visible spectral range consists in dopwith p-block elements.
However, the insertion of dopant impurities in theide structure may favour the
recombination of photogenerated charge carriergsetrate is known to become
relatively lower, the higher is the crystallinitggree of the oxide structure.

Whereas the effects of N or C doping on the pha#bygigc efficiency of TiQ have
been widely investigated in recent yeitmuch less is known on the use of other
dopants, such as sulphur and fluorine. Umebayet<dli first succeeded in synthesising
S-doped TiQ (S-TiOy) using the ion implantation method, followed byertmal
annealing, and indicated that S is introduced iFitO, as an anion to replace lattice
oxygen*** Ohnoet al. obtained increased photocatalytic activity undisible light
with S-TiO, prepared from titanium tetra-isopropoxide and uhgat**> and pointed to
S* ions substitution for titanium ions in the lattidduorine-doped titania (F-Ti)
prepared by hydrolysis of the same titanium presurs a mixed NHF-H,O solution,

.Y who observed a small red shift in the band gap

was investigated by Yt a
transition and a photocatalytic activity exceedingt of P25. F-doped Tgynthesised
by spray pyrolysi§ from an aqueous solution o, HF or prepared by sol-gé&lwith
addition of a small amount of trifluoroacetic aeido exhibited increased photoactivity
under both ultraviolet and visible light irradiatio

The widely employed sol-gel synthesis metfiddl is particularly suited to
accomplish the incorporation of different dopants the TiQ structure and to
investigate systematically the effects of the dopamtent and doping conditions on

the structural and photocatalytic properties of mhaterial. In fact, the possibility of
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altering a great number of variablesg.pH, Ti precursor, solvent, doping precursor, as
well as temperature, reaction time and operatiseguence in their synthesis) makes
this method very flexible and suitable for systamstudies.

In the present work we investigated the photocttalyerformance under visible
light of two series of Ti@based doped materials, a sulphur-doped one (-5 a
fluorine-doped one (F-Ti€). Both were prepared by the sol-gel method inpiflessence
of different amounts of dopant sources, followed bglcination at different
temperature. Undoped TiGamples prepared by the same synthetic procedpegt
from the addition of the dopant precursor, andinatoon conditions were employed as
reference materials, to enlighten the effects gdamhd concentration and calcination
temperature on the structural features of the dopederials, in relation to their
photocatalytic activity. The photocatalytic degrola of formic acid (FA) in agueous
suspensions was chosen as test reaction, mainpubedt does not absorb in the
visible region, thus allowing a straightforward keasion of the photocatalysts’ visible
light activity, and undergoes direct photominewisn without forming any stable
intermediate species, which simplifies the intetgaien of kinetic results. Furthermore,
the effects of surface TiOfluorination on this reaction have been extengivel
investigated in our research grodg? Of course, different photocatalytic activity

scales might be found employing different test coomais®?*

7.2 Experimental section

7.2.1 Photocatalysts preparation and characterisain

The two series of doped titanium dioxide sample$j& and F-TiQ, were prepared
by using the sol-gel method. 100 mL of anhydroimsuedl solution containing 10 mL
of dissolved titanium(lV) isopropoxide (Aldrich 93%vas heated at 30°C. Then a
water solution containing different amounts of dapaource (thiourea for S-doped
TiO, and NHF for F-doped TiQ) was added dropwise under vigorous stirring ireord
to obtain a 1/58 specific molar TifB ratio and (S or F)/Ti nominal percent molar
ratios equal to 5, 12 and 50 (corresponding toe@sing dopant amounts). An
immediate exothermic hydrolysis reaction occurgsiter stirring and refluxing for one
hour, the suspension was concentrated under reguessdure at 35°C. The so obtained
slurry was kept in a furnace at 70°C overnight,etominate organic compounds.

Precursor powders were then calcined under a 100mini' air flow at different
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temperature (500, 600 and 700°C) for 4 h. An ihttieating ramp of 5°C mihwas
always adopted.

The samples obtained by this way were labelled ag X%, with X referring to the
symbol of the dopant element (X = S or F), Y intireg. the dopant/Ti nominal percent
molar ratio, and Z the calcination temperature @istis. Reference undoped materials
were prepared by following exactly the same syitheiute in the absence of dopant
precursor, followed by calcination under identicabnditions (E_0 Z series
photocatalysts). All reagents were purchased frddriéh and employed as received.
Water purified by a Milli-Q water system (Millipoyevas used throughout.

The BET specific surface area was measured hgdsorption / desorption at liquid
nitrogen temperature in a Micromeritics ASAP 20Xparatus, after out-gassing
vacuoat 300 °C for at least 6 h.

X-ray powder diffraction (XRPD) patterns were reted on a Philips PW3020
powder diffractometer, by using the @& radiation { = 1.54056 A). Quantitative
phase analysis was made by the Rietveld refinemmsthod?® using the “Quanto”
software?®

UV-vis diffuse reflectance (DR) spectra were reeardy a Perkin-ElImer Lambda
35 apparatus equipped with an integration spheebgphhere RSA-PE-20), using a
calibrated SRS-99-010 Spectralon Reference Stangmatluced by Labsphere, as
reference material.

XPS analysis were performed by a PHI-5500-Physkflaktronics spectrometer,
equipped with a monochromatised source with alwmmanode K, = 1486.6 eV),
operating at 200 W applied power, 5.85 eV passggnand 0.05 eV energy step. XPS
spectra were collected at take off angles of 46 @nalysis area was around 0.59nm
the depth 10 nm. The charging effect on the amalyss corrected considering the
binding energy value of C 1s, due to adventitioasbon, at 284.8 (£0.3) eV.
Quantification and spectral line decomposition web¢éained using the PC-ACCESS
software provided by Physical Electronics. Thesalymes were performed by Dr.
Laura Meda at Eni Donegani, Novara.

HRTEM analysis was carried out with a JEM 3010 (QE®lectron microscope
operating at 300 kV, point-to-point resolution S&ee defocus of 0.17 nm. Specimens
for HRTEM analysis were sonicated in 2-propanol Hrah transferred as a suspension

to a copper grid covered with a holey carbon film.
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Electron Paramagnetic Resonance (EPR) spectrarwerat the University of Turin
by Prof. Giamello’s research group, on a X-band ERR Bruker EMX spectrometer
equipped with a cylindrical cavity operating at 1Mz field modulation. EPR spectra
were recorded both at room temperature (RT) antthealiquid nitrogen temperature
(LNT). Experiments were carried out in static vatuobtained connecting Suprasil

quartz glass tubes to a high vacuum pumping sygtesidual pressure < 10° mbar).

7.2.2 Photocatalysts activity measurements

All photocatalytic FA degradation runs were perfednas already detailed in
Section 4.7’ under atmospheric conditions in a magneticallyrati 60 mL
cylindrical quartz reactor, inserted in a home madesing consisting in a black
box mounted on optical bench. All irradiated aguesuspensions contained 0.1 g
L™ of photocatalyst and were preliminarily sonicatest 30 min. Then the
appropriate volume of formic acid (FA) solution wadded, to obtain an initial
concentration of FA equal to 1.0 x 16nol L. At different time intervals during
the runs, 2 mL-samples of the suspension were wathd from the reactor,
centrifuged and analysed for residual FA contentitwy chromatography. All
kinetic runs were performed at natural pH, upcto 70% substrate degradation.

During FA degradation the pH increas&ds already mentioned in Chapter 5.

7.3 Results and discussion

7.3.1 Photocatalysts characterisation

XRPD analysis evidenced that both types of dopnigpit the anatase into rutile phase
transition. In fact, as shown by the traces regbiteFig. 7.1, the undoped material
calcined at 500°C contained anatase, exhibiting(18&) reflection at @ = 25.4°, as
the only crystalline phase, with a very small antqaa. 2%) of brookite (small peak at
20 = 30.7°), and underwent a phase tranformation fieomatase into rutile when
calcined at higher temperature, as revealed byntrease of the rutile (110) reflection
at D = 27.4°, rutile representing more than 60% of plif&, calcined at 700°C.

By contrast, all doped materials did not undergchsphase transformation, remaining

almost pure anatase, even if calcined at 700°€xasplified in Fig. 7.1.
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The phase composition of all samples, obtained iggvBld refinement of XRPD
data, are reported in Table 7.1, together withas®atrystallite dimensions, calculated
by using the Scherrer equatithThese latter clearly increase with increasing the
calcination temperature, from 15 to 38 nm in undbpéd,, from 7 to 40 nm in the
case of S-Ti@and from 13 to 50 nm in the case of F-Ti®hus, S-doped Tifexhibit
a trend very similar to that of undoped FjWhereas F-doping appears to favour the

formation of slightly larger anatase TiQarticles.
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Figure 7.1 XRPD spectra of undoped Fi&nd of the a series of F-doped Tj@alcined at
different temperature.
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Table 7.1 Phase composition and crystallite dimemsj ¢, obtained from XRD analysis,
by assuming the absence of amorphous phase, afvwbstigated photocatalyst series.

dopant/Ti : .
Samole molar ratio anatase brookite rutile d./nm
P %) ) (%)

(*%)

E_0_500 0 99 1 - 15
E_0_600 0 90 - 10 32
E_0_700 0 38 - 62 65
F 5 500 5 98 2 - 13
F 5 600 5 100 . - 44
F 5 700 5 99 - 1 49
F_12 500 12 100 - . 19
F 12 600 12 100 - . 33
F_12_700 12 100 - : 48
F_50_500 50 100 - . 30
F_50_600 50 100 - . 50
F_50_700 50 100 - : 87
S 5 500 5 98 2 - 8

S 5 600 5 98 2 - 17
S 5 700 5 99 . 1 39
S 12 500 12 100 - - 7

S 12 600 12 98 2 - 15
S 12 700 12 98 - : 40
S _50_500 50 99 1 - 7

S _50_600 50 100 - - 16
S 50_700 50 100 - - 36

The HRTEM images shown in Fig. 7.2 confirm a soma&whrger dimension of F-
doped TiQ particles calcined at 700°C, with respect to tholsthe undoped material
calcined at 500°C, and a very high crystallinitgee (Fig. 7.2a).
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Figure 7.2 HRTEM images of (a) F_5 700 and (b) B0D.

BET analysis showed a decrease in surface areheofi0,-based photocatalysts
with increasing the calcination temperature for gamme nominal dopant amount,
consequent to particles sintering. The results ntedoin Fig. 7.3 for different Ti@
series containing an increasing nominal F amouwgdrtt show that moderate F-doping
is beneficial for obtaining materials with largenface area, especially if calcined at
relatively low temperature, which remains higheartithat of pure TigQ even after
calcination at 700°C.

80
63 Ell 500C
600C
~%r W 700C
N 43
£
= 40 =
< 31
n 23 21
Niliw 7} N KR
E O F 5 F_12 F_50

Figure 7.3 Specific surface area of pure Tié@nd of the F-Ti@ series of photocatalysts
calcined at different temperature.
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The absorption features of the investigated ;f@sed photocatalysts, reported in

Fig. 7.4 in the form ofF(R)*? vs. energy, evidence that after calcination at 500°C,

especially for samples containing a relatively haghount of dopant, doped samples

are able to absorb light at wavelengths longer thase typical of the Ti©band gap

absorption onset. However, when calcined at pregrely higher temperature, doped

TiO; looses this ability.

E_0 UNDOPED SERIES

F_5 DOPED SERIES

4 i P
4
O — 3} P
3t S
2 - x©?2 ~ F_5_500
E 0500 & 5
~—E_0_600 — F_5_600
br Eo0700 L[ ) F_5 700
_0_ ;
————— - -
0 I} I} ] O I} I} ]
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Figure 7.4 Absorption features of undoped J#nd of the F_5, F_12 and F_50 doped JiO
series, containing increasing amounts of fluorime the order, calcined at different

temperature.

Table 7.2 reports the results of XPS analysis efuhdoped materials and of F- and

S-doped TiQ with a 5 mol.% nominal F/Ti ratio (X_5 Z serie§pr all samples the

presence of carbon, oxygen and titanium is confirme the solid surface, with a O/Ti

ratio slightly higher than 2, together with nediilgi and almost constant surface

amounts of nitrogen. The amount of dopant spediesr(S) clearly decreased with

increasing the calcination temperature and fluowas below the detection limit in

sample F 5 700. Furthermore, F-doped ;Ti@ways contained a surface dopant
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amount lower than the nominal valuée( 5%), possibly indicating a higher
concentration of dopant species in the bulk favdurg the fact that FHons have a
ionic radius practically identical to that of'Qons. In the case of the S-doped series,
the surface concentration of dopant was higher tbathe F-doped series, though also
in this case remaining below the nominal valuettiermore, the S 2p XPS peak was at

168.7 eV, indicating the presence 8f 8nd $* on the photocatalyst surfate.

Table 7.2 XPS analysis, in terms of atom per agnindoped, F- and S-doped TFiO

Atom %
C1s O 1s Ti 2p N 1s F1s S2p

E_0_500 16.6 552  26.2 0.4
E_0_600 17.4 548 254 0.4
E_0_700 15.8 56.1  26.2 0.3
F 5 500 13.9 56.5  26.8 0.3 1.1
F 5 600 16.7 55.3  25.8 0.3 0.1
F 5 700 15.0 558  27.0 0.3 0
S 5 500 11.2 59.0 256 0.9 25
S 5 600 13.1 58.6  25.9 0.4 1.7
S 5 700 14.2 56.4  27.3 0 0.7

7.3.2 Photocatalytic activity

FA oxidative degradation always occurred at coristate, i.e. according to a zero-
order rate law, as already mentioned and also fanngrevious studie$?"2° The
photocatalytic activity of the investigated Ti®amples can be compared in Fig. 7.5, in
terms of zero-order rate constaky, First of all, on the undoped samples the reaction
proceeded at a lower rate with respect to thatnatiaon moderately doped oxides.
Furthermore, with undoped TjOthe reaction rate decreased with increasing the
calcination temperature, most probably as a coresespl of the anatase into rutile
transformation.

Moderate S-doping and particularly F-doping werendfigial in increasing the
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photocatalytic activity of the Ti©photocatalysts. Furthermore, this effect increased
with increasing the calcination temperature, beimgximal for moderately F-doped
samples F 5 700 and F_12 700. Excessive amoudtgpaht (X 50 series) obviously
increase the extent of defects in the oxide strectacting as recombination centres of
photogenerated charge carriers, with a consequeateadse of the photocatalytic

reaction rate.
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Figure 7.5 Zero-order rate constants of FA photaenatisation on photocatalysts containing
different amounts of dopants and calcined at dgffietemperature.

S-doped TiQ showed a photocatalytic activity quite similartbat of the undoped
materials. In this regard the insertion of S, chiased by a relatively large ionic
radius, into the TiQ crystalline structure appears rather difficult. iglaver, XPS
measurements showed a higher than expected amiosmlipbur-containing species on
the photocatalyst surface, which might hamper FAogation and photocatalytic
degradation. However, at difference with respedhtoundoped material, the reaction
rate was higher in the presence of samples cal@hbajher temperature, though being
characterised by lower surface area and higher mpaditle dimensions. This indicates
that sulphur enters indeed into the Til@ttice structure and makes it more crystalline
by stabilising the anatase phase up to 700°C.

Low F doping levels and calcination at 700°C westrbeneficial in increasing the

rate of FA photocatalytic degradation (Fig. 7.5hisTmay appear surprising, because
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the F_5_700 and F_12_700 samples have relativelsioface area (16 and 12 gi',
respectively). The surface area exposed to therwphigse is expected to play a major
role in the oxidative degradation of FA, mainly peeding through direct FA
interaction with valence band holes, thus implytigect interaction of the substrate
with the photocatalyst surface. Furthermore, sT8rface fluorination was shown to
produce the opposite effecte. a marked decrease in FA mineralization rate,
consequent to the hampered adsorption of FA orfltloeinated TiQ surface’! Both
facts inconvertibly demonstrate that fluorine dgpinduces bulk modifications of T{O
that ensure better charge separation and that efiebt is maximum for samples
calcined at high temperature.

To better understand the role of fluorine dopingour F-doped Ti@ samples, a
series of photocatalytic runs were carried out @yipg a 400 nm cut off filter, to
ascertain the existence of photoactivity conseqtetihe formation of intra band gap
states possibly involved in light absorption. Asowh in Fig. 7.6, under such
conditions FA photodegradation occurred at low, $tilt measurable rate only in the
case of F-doped materials calcined at 700°C, wjgh@oactivity scale identical to that
obtained under full lamp emission. This seems tusbe the presence of photoactivity

other than that consequent to band gap absorption.

1.0CL

Q mE 0 700
o8l e F 5 700
OF_12_ 700
OF_50 700
0.6 ' ' ' '
0 5000 10000 15000 20000 25000

time (s)

Figure 7.6 Photocatalytic degradation of FA on giffint photocatalysts, in the presence of a
400 nm cut off-filter.
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7.3.3 EPR characterisation

A systematic EPR characterisation of the investigat-- and S-doped TiO
photocatalysts was performed in order to ascettairpresence and role of Ttentres
and of other paramagnetic species in relationéo fhotocatalytic activity.

Some examples of EPR spectra recorded with dopeglea are shown in Fig. 7.7,
whereas Table 7.3 resumes the features of all @ayaetic species observed at liquid
nitrogen temperature (LNT) in S- and F-doped JIiRo other species were detected at
room temperature (RT) and for this reason all ERfRa dvill be referred to LNT
spectra. Bare Ti@does not show any paramagnetic signal, whereasddepstems
exhibit different signals whose intensity dependstite calcination temperature (Fig.
7.7). The observed signals can be divided in twegmies. The first one involves
nitrogen containing species and the second is duianium reduced centres i
The abundance of these two kinds of species istlgtriielated to the calcination
temperature adopted in preparation.

For F-doped samples the concentration of both pagaetic species decrease with
increasing the calcination temperature. In S-dopanhples, paramagnetic nitrogen
containing species are much more abundant at ldgmesion temperature, whereas
Ti®* concentration increases at high temperature. Exoefr _12_600, the nitric oxide
radical (NO) roughly corresponds to the overall E&fiectral intensity in all analysed

systems (see for example Fig. 7.7).

Table 7.3 Paramagnetic species observed in S- amtbpged TiQ calcined at different
temperature.

E F 5 F 12 F 50 S5 S 12 S 50
500 °C - NO, N,, Ti**  NO, T®* NO, N,, Ti**  NO, N, NO NO
600 °C - N,, Ti™"  NO, T*  NO, T#* NO NO NO, Ti**
700 °C - NO, Ti** NO NO Ti® NO, T¥"  NO, TP
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Figure 7.7 Examples of EPR spectra recorded witloffed samples (containing 5 mol.% of S)
calcined at different temperatures. The featurgsctl of NO are marked¥) in the upper
spectrum.

7.3.3.1 F-doped TiQ

Previous work of Giamello’s group in Turf®® put in evidence that when ammonium
compounds are employed in the synthesis of nonlrdetsed TiQ, different nitrogen
containing species can be observed. Some of themdiamagnetic and other show
paramagnetic character. Among the paramagneticiespea first type of N based
paramagnetic centre is observed at LNT and disapplew raising the recording
temperature, but showing up again, reversibly aitld wnchanged intensity, by cooling
the system down to LNT. This species, charactersed rhombiog andA tensor, is
assigned to the paramagnetic nitric oxide (NO)aadencapsulated in micro-voids (or
closed pores) generated during the synthesis BdteBhe temperature effects
observed in its signal are due to the fact the Ep#trum of NO in the gas phase is not
observable in the free electron region, but it loees visible in this region when this
species is weakly adsorbed and polarized on arsatsurface centre at relatively low
temperature. The second paramagnetic specieschisacterised by orthorhombic
andA tensors, is assigned to a species containinggiesiitrogen atom and trapped in
the bulk of TiQ.*® This species, labelled ag’Ncan be observed by EPR both at RT
and at LNT. Both species are usually located inkbihik of the doped systems. In the

present work, the NO species was observed in al@bstamples, its concentration
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decreasing upon raising the calcination temperafsee for example Fig. 7.7). By
contrast, the N centre, observed mainly for low calcination tenapere and always
with a very low intensity, are possibly responsilide the visible light absorption
observed in samples calcined at 500°C (see Fiy. 7.4

The second signal observed in F-doped samplesitvassible hyperfine structure
and is characterised by an axgatensor (g= 1.991 and g= 1.951) and narrow line.
This signal is unambiguously assigned t3"Tons in the lattice. The presence of Ti
species in the solid is a direct consequence oihttiasion of fluorine. The presence of
F in the lattice position usually occupied by oxiygetroduces an extra electron in the

system, which is localized on Ti ions in the Fi€ructure®*=°

7.3.3.2 S-doped TiQ

S doped samples show many features in common hétli-idoped series. In this case
Ny species was observed in one case only (S_5 5Qfl)e whe NO radical was
observed in all samples except for S 5 700. Thiesef samples also shows the
presence of Ti species when they are calcined at high temperdf#@°C). The
stabilisation of Ti* species in sulphur-doped Ti@as never reported up to date. The
presence of such paramagnetic centre, as in tleeodliorine doping, can be ascribed
to a charge imbalance effect which needs the pcesef an extra electron for
compensation.

Concerning sulphur doping of TiQ different possibilities are reported in the
literature, depending on the sulphur oxidation estdatheoretical and experimental
evidences show that”Ssubstitution in & lattice position is possible, but no charge
imbalance is expected in this cd$é.XPS measurements evidenced high valence
sulphur doping in the form of S(IMr S(VI).}**** High valence sulphur can be
associated either to surface containing species*(80SQ? like) or to substitutional
doping in the T cation position. In this second case, if a catd@ii sulphur replaces
a lattice titanium, charge imbalance in Fi@ccurs and two more electrons are needed
to warrant the electrical neutrality in the solldhe excess of electrons can be stabilised
on the Tt" ions by generating Ti centres, easily detected by the EPR technique, as

follows:

S Ti* (g Tiae " O
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8.1 Introduction

As already mentioned in the previous Chapter, nedforts have been made in the past
decad®? in order to overcome one of the major drawbackshefuse of TiQ as a
photocatalystj.e. its relatively large energy band gap (3.2 eV fw tinatase phase),
which hampers the exploitation of solar light iropbtatalytic reactions. Anion doping
with p-block elements has been successfully pursuednsitee TiQ towards visible
light,>*either by introducing newly created mid-gap enesgtes or by narrowing the
band gap itself. The effectiveness, but also titlenst completely understood nature of

doping titanium dioxide with main group elementscts as N°*? c+131° g 1719

g12142024p 2526 2728 5 2938 has been ascertained in a great number of studies,
which also demonstrated that the insertion of dopapurities into the oxide structure
may increase the rate of the undesired recombmatigohotocatalytically generated
charge carriers. In contrast, the recombinatioe ratknown to become lower, the
higher is the crystallinity degree of the oxideusture.

Conflicting results regarding the effects of fluwgi(F) as dopant element for BiO
have been reportéd;® likely due to the different routes employed topanes the doped
materials and also to difficulties in the interptedn of photocatalytic results obtained
with photocatalysts containing more than one dopdement, because of possible
synergistic effectd®*® In most cases, F-doping apparently did not causg a
appreciable shift of the fundamental band gap aisor edge of TiQ*>** This is
consistent with theoretical band calculatidri5jndicating that when Ti@is doped
with fluorine, localized high-density energy levet®mposed of F 2p states, reside
below the valence band of TiOHowever, despite this, F-doped materials exhibit
visible-light-driven photocatalytic activity, theigin of which is still very uncertain. In
fact, F atoms included in the semiconductor stmestuowing to their high
electronegativity, could stabilize the electroreesle upon oxygen depletion during the
calcination treatmerif*° In this case, visible light photocatalytic exdiat by
extrinsic absorption bands of so-generated oxygamancies can generate free charge
carriers that can take part in surface chemicalti@as. The photocatalytic activity of
F-doped materials might also be related to the l@ecéormation of TF* centres,
obtained by charge compensation effects consedadhe insertion of Fions in the
O” sites of the Ti@ lattice. Accumulation of photoexcited electrons B* surface

states, followed by their transfer to oxygen adsdrbn the photocatalyst surface, with
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a consequent decrease of the electron-hole recatitnn rate, was originally
proposed’ to account for the enhanced photoactivity of FetbiCs. However, the
Ti®* defect centres were recently located0.6 eV below the bottom of the conduction
band® and may be unable to react with adsorbed oxydi¢ney are not on the external
layers of the material.

The systematic investigation described in the evichapter concerning the
photocatalytic activity under visible light of arss of doped TiQ photocatalysts
synthesized by the sol-gel method in the presehabfferent amounts of NEF and
calcined at different temperature (500—70G°Gvidenced that the photoactivity of
such materials in the degradation of formic acidaqueous suspensions was higher
than that of undoped materials prepared by the symtdetic route. Of course, aiming
at verifying the effective visible light activatioof doped materials, the choice of an
appropriate photocatalytic test reaction is cruara the use of substrates that are able
to absorb visible light and inject electrons inte t semiconductor from their
electronically excited state should be avoifedrurthermore, the ranking of the
photocatalytic activity of Ti@samples is known to depend on the test moléédfe.

The photocatalytic behaviour of an extended serds NH;F-doped TiQ
photocatalysts was explored in two other reactioesthe decomposition of acetic acid
in aqueous suspensions and the gas phase mingoaliph acetaldehyde. Neither of
these substrates absorbs visible light. In ordebtain an insight into the origin of the
enhanced photoactivity of such materials underbigsilight, the photocatalytic
oxidation of acetic acid was also investigatedeaysitically as a function of irradiation
wavelength, by collecting so-called action speciiiais type of analysis, representing
the most powerful photocatalytic characterizatiaoltto determine the effective
wavelength-dependent response and activity of aophtalyst®*® had never been
applied to similarly doped materials. By comparihg shapes of the action spectra
with those of the absorption spectra of the ingeséid photocatalysts a model is
proposed, which allows a clear distinction betwéight absorption and effective

photoactivity as a function of irradiation wavelémg
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8.2 Experimental Section

8.2.1 Doped-TiQ preparation and characterisation

The series of doped titania (D-TiQphotocatalysts was prepared by the sol-gel method
already described in Chaptef*in the presence of different amounts of /RHused as
a dopant source, and calcined at different tempera(500—700°C). The nominal
dopant/Ti percent molar ratios were 3, 5, 12 andriRthis case. NkF-doped TiQ
samples were labelled as D_X_Y, with X referringthe nominal dopant/Ti percent
molar ratio and Y referring to the calcination teargiure in Celsius. Reference
undoped materials, prepared by exactly the samthetym route in the absence of
NH4F, are referred to as the D_0_Y photocatalysteseAll reagents were purchased
from Aldrich and employed as received.

XPS analysis was performed by using a JEOL JPS¥MQ16pectrometer with Mg
Kq radiation, 10 eV pass energy and 0.1 eV energy. Stke analysis area of the
sample pellets was about 6 Mrthe depth about 1-2 mm. The charging effect en th
analysis was corrected by considering the bindimgrgy value of C 1s at 284.7 eV,
due to adventitious carbon. Quantification was ioleh using the SPEC-SURF
software provided by Jeol.

Diffuse reflectance (DR) spectra of the photocatialyowders were recorded on a
Jasco V-670 spectrophotometer equipped with a BIN-4ntegrating sphere, using
barium sulphate as a reference, and then convietedbsorption (A) spectra (A =1 —
R).

Gas phase acetaldehyde decomposition under polyehio irradiation was
performed as detailed in Section 4.2.1. Acetic atgdomposition was investigated
under polychromatic irradiation as detailed in 8ect.2.2, whereas the action spectra

analysis of this reaction is fully detailed in Sent4.2.3.
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8.3 Results and Discussion

8.3.1 Photocatalysts structure

The main structural features, determined by XRD,TBdhd XPS analyses, of the
investigated series of undoped and doped, Tp@otocatalysts are collected in Table
8.1. The phase composition of all samples, obtamedRietveld refinement of XRD
data, clearly confirms that doping inhibits the tasa into rutile transformation that
occurs when pure TiQis calcined at a temperature above 508°Chis phase
transformation is inhibited by the addition of*Ticomplexing ions €.g. sulphates,
phosphates, fluorides), reducing the condensatibrspral chains of rutile Ti@
octahedrd? A similar argument was used to account for thedohtase composition of
sulphur-doped anata&é.

The anatase crystallite dimensiods, calculated using the Scherrer equafibn,
clearly increased with increasing the calcinatiemperature for the same nominal
dopant amount. This trend was accompanied by aedserin specific surface area
(SSA), as revealed by BET analysis. Doping appearse beneficial for obtaining
materials with larger surface area, especiallyai€ioed at a relatively low temperature.
The SSA of doped materials usually remained higfen that of pure Tig) even after
calcination at 700°C.

XPS analysis confirmed the presence of carbon, exymnd titanium on the surface
of all samples? with an O/Ti ratio slightly higher than 2, togetheith roughly
constant surface amounts of nitrogen, on both ued@nd doped samples (see Table
8.1). The XPS signal in the F 1s binding energyaregonsisted of only one band,
peaking around 684 eV, due to surface fluoride .f8i6No XPS signal at 688 eV,
assigned to substitutional ions in the F-7ilattice, was detected, possibly always
being below the detection limit of the XPS techmeiqu

The effective dopant/Ti molar ratio determined hyagtitative XPS analysis, also
shown in Table 8.1, was usually lower than the manivalue according to the
synthesis of the different doped Ti®eries. Furthermore, the amount of fluoride ions
physically adsorbed on the TiOsurface usually decreased with increasing the

calcination temperature.
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Table 8.1 Phase composition and crystallite dinmmsi d, obtained from XRD analysis, by
assuming the absence of amorphous phase; spegifiace area (SSA), obtained from BET
analysis; and surface F/Ti and N/Ti molar ratiosbtaned from XPS analysis of the
investigated photocatalysts series.

dopant/Ti anatase brookite rutile surface_ surface .
Sample  molar ratio (%) %) (%) da/nm  ssSa/nf gt molar F/Ti molar N/Ti
(%) (%) (%)
P25 80 - 20 25 50
A45 100 - - 35 45
JRC-TiO-8 100 - - 4 338
D_0_500 0 99 1 - 15 15 - 2.8
D_0_600 0 90 - 10 32 9 - 2.8
D_0_700 0 38 - 62 65 7 - 3.0
D_3 500 3 98 2 - 16 65 n.d. n.d.
D_3 600 3 97 - 3 32 32 n.d. n.d.
D_3 700 3 93 - 7 40 22 n.d. n.d.
D_5_500 5 98 2 - 13 63 6.0 2.9
D_5_600 5 100 - - 44 31 4.3 2.6
D_5_ 700 5 99 - 1 49 16 3.7 2.9
D_12_500 12 100 - - 19 43 7.1 29
D_12_600 12 100 - - 33 23 5.0 3.0
D_12_700 12 99.5 - 0.5 48 12 4.4 4.2
D_25_500 25 100 - - 19 39 9.6 3.4
D_25_600 25 100 - - 47 15 6.5 3.3
D_25_700 25 100 - - 110 8 115 2.6

n.d. = not determined

8.3.2 Photocatalytic activity tests under polychroratic irradiation

8.3.2.1 Liquid phase acetic acid photocatalytic odation under UV light

The photocatalytic activity of doped TiQphotocatalysts was first evaluated in the
oxidative decomposition of acetic acid in agueouspsnsions. The use of this
substrate as a photocatalytic degradation testaul@eresents two advantages, apart
from the main pre-requisite that it does not absadible light: 1) the reaction is
relatively simple, yielding C@with few intermediates and 2) because of the gcifi

the suspension, GQs promptly removed from the liquid into the gdsape, where it
can be easily determined.
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The photocatalytic evolution of Gdrom suspensions containing acetic acid and
either pure or doped Ti&samples always occurred at constant iaethe rate obeyed
a zero-order rate law. Thus, the activity of theestigated photocatalysts can be
compared in terms of the zero-order rate constaftscetic acid photocatalytic

oxidation reported in Fig. 8.1.
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Figure 8.1 Zero-order rate constants of €@hotocatalytic evolution during acetic acid
decomposition under polychromatic irradiation onnooercial TiQ photocatalysts and on

doped TiQ photocatalysts containing different dopant amouatsl calcined at different
temperature.

One can notice, first of all, that the reactionthe presence of undoped TiO
proceeded at a lower rate than that attained irptesence of moderately doped 7iO
Moreover, with undoped Ti)D_0 series) the reaction rate decreased witleasing
the calcination temperature, probably as a conseguef the already mentioned
anatase into rutile transformation (Table 8.1).

Moderate doping increased the photocatalytic dgtivif TiO, and this effect
increased with increasing the calcination tempeeati the photocatalyst, attaining a
maximum value for moderately doped D_5 700 calciaed00°C, in good agreement
with the results, discussed in the previous chapteformic acid photodecomposition
tests> This may appear unusual, since the highest phitiigovas achieved with a

photocatalyst characterized by a relatively smaifaxe area and large mean particle
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size (see Table 8.1). In any case, doping seemmsdtae modifications of Ti@that
increase its photocatalytic activity and such daatfis maximum for samples calcined
at high temperature. Although surface fluorinatmTiO, is expected to retard the
photocatalytic oxidation of carboxylic acids, agified in the case of formic acii,
this effect cannot be attributed exclusively toface effectsi.e. to the slightly smaller
amount of surface fluorine detected on the surfaficB-TiO, samples calcined at a
higher temperature (Table 8.1). On the other hamdgxcessive amount of dopant
(D_25 series) could increase the extent of defectthe oxide structure, acting as
recombination centres of photogenerated chargeerarwith a consequent decrease in
the photocatalytic reaction rate.

The photoactivity data presented in Fig. 8.1 ewvidetinat the best performing doped
materials were more active than two pure anataasephmaterials, labelled JRC-TiO-8
and A45, possessing very different specific surtaeas (see Table 8.1), and also more

active than commercial P25 TiO

8.3.2.2 Gas phase photocatalytic decomposition otetaldehyde under Xe lamp
irradiation
The photocatalytic degradation of acetaldehyde geded according to a first-order
rate law. A comparison of first-order rate conssaior CHCHO degradation on doped
and commercial photocatalysts is shown in Fig. 8ty were obtained from the gas
phase CHCHO concentratiorvs. time profiles, neglecting the amount of substrate
adsorbed on the photocatalyst surface. This kinedicaviour is compatible with a
diffusion-limited reaction, with CECHO surface concentration always being close to
zero, because substrate molecules undergo oxidasi@on as they come into contact
with the irradiated photocatalyst surface. Undaerhsconditions the diffusion rate, and
consequently the overall reaction rate, is propaodi to the substrate concentration in
the gas phas®.Furthermore, the diffusion rate of the substratexpected to increase
with increasing the photocatalyst surface aredadny if the thickness of the diffusion
layer is negligibly small, the diffusion cross sentalmost coincides with the surface
area and a correlation between the photocatalgtction rate and the specific surface
area of the photocatalyst is usually expeéfed.

However, by considering the first-order rate constaalues shown in Fig. 8.2, one

can notice, rather surprisingly, that this kindrefation does not apply in the case of
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these doped Ti©photocatalysts. In fact, the general trend of tieacrate increasing
with increasing the calcination temperature obtifoe doped TiQ in both formic and
acetic acid photocatalytic decomposition in ligpidase was also found in this gas-
phase test reaction, with the highest photocatalgtitivity being achieved with
samples characterized by small surface area, ardenaiely doped D 5 700 being
confirmed as the best performing photocatalyst. d3ip results would have been
expected for this gas-solid phase test reacti@rdte of which was demonstrated to be
positively affected by photocatalysts’ large suefaareas, ensuring fast diffusion of
acetaldehyde and @eactant4®
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Figure 8.2 First-order rate constants of @EHO photodegradation under xenon lamp
irradiation on photocatalysts containing differedbpant amounts and calcined at different
temperature.

Only doped TiQ photocatalysts of the D_3 series showed in acstgiie
decomposition (Fig. 8.2) an opposite photoactiwignd vs. calcination temperature
from that shown in acetic acid photooxidation (R8dl). In fact, within this series the
rate of acetaldehyde decomposition slightly de@eagith increasing the photocatalyst
calcination temperature, probably as a consequesfcghe anatase into rutile
transformation. Both the very low rutile content Bf 3 600 and D_3 700 and the
decrease in SSA with increasing the calcinationpenature of these samples (Table

8.1) contributed to the reduction of their overaliotoefficiency. Anatase crystallites
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were shown to be highly photoactive in both thespn¢ reactions under aerated
conditions, whereas a negative contribution ofrtlide phase was demonstrated just in

the case of gas-phase acetaldehyde decompo&ition.

8.3.3 Action spectra analysis

8.3.3.1 Action spectra of acetic acid decompositid800-520 nm range)

In order to better elucidate the origin of the erdeal photoactivity of doped materials
and verify their possible activation in the visiloegion, the photocatalytic oxidation of
the transparent acetic acid substrate was systatgtinvestigated as a function of
irradiation wavelength. The action spectra werst fimeasured for the D_0, D_5 and
D_12 series in the 300-520 nm range with a 20-nwveleagth step. A comparison of
the action spectra and the absorption spectraleftee photocatalysts, normalized to
the highest apparent quantum efficier®y,, and absorption value, respectively, is
shown in Fig. 8.3. For undoped and doped;Is@mples calcined at high temperature,
the onset wavelength of the action spectra wasshd@ted compared with that of the
absorption spectra. This is probably due to thatikadly large FWHM of the light
employed in photocatalytic runs compared to thadusr absorption measureméfits
and to the fact that T absorbs more at shorter wavelengths than at longer
wavelengths in a given wavelengths range.

This effect was not observed in the case of dop€d Galcined at 500°C. In fact, as
shown in Fig. 8.3, these full anatase photocatslyhbugh exhibiting small absorption
at wavelengths longer than those typical of the,Th@nd gap absorption onset, did not
show any appreciable photocatalytic activity ungisible light irradiation. On the
other hand, as better outlined in the following teggatic analysis of actiows.
absorption spectra, doped samples calcined at 70@%€ active also under irradiation
at wavelengths longer than that of their band dagoiption onset (see D_5 700 and
D_12 700 panels in Fig. 8.3).
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Figure 8.3 Action spectra of acetic acid decompasi(full circles) and absorption spectra (dasHigs) of selected photocatalysts.
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The action spectra of acetic acid decompositiomiabtl in the presence of undoped
TiO, calcined at different temperature are shown in Biga. The apparent quantum
efficiency in the 300-400 nm wavelengths range eks®d with increasing the
calcination temperature of these undoped matenaigreas their absorption spectra,
shown in Fig. 8.4b, exhibit exactly the oppositentt,i.e. a red-shifted band gap
absorption with increasing the calcination tempemtdue to the phase transition from

anatase to rutile.
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Figure 8.4 a) Action spectra of acetic acid decosifpan and b) absorption spectra of
undoped Ti@calcined at different temperatures.
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The results reported in Fig. 8.4 can be explaineddsuming that the anatase phase
is more photoactive than rutile in acetic acid aeposition?® In fact, the flat-band
potentials of TiQ depend on its crystalline form, being at -0.16 ar@4 Vvs. NHE
(pH 0) for anatase and rutile TiQrespectively. In the case of photocatalytic okaa
reactions, such as acetic acid decomposition, péxtded electrons are scavenged by
molecular oxygen at the TiOsurface, where one-electron reduction of @curs.
Considering that the HO, potential is -0.046 Ws. NHE, anatase, but not rutile, is
expected to efficiently reduce,@ HO, under band gap excitation, resulting in the
higher photocatalytic activity of anatase in acatiecd decomposition. Furthermore, less
active rutile in undoped D_0_600 and D_0_700 may alkert a so-called ‘inner filter’
action, by absorbing a fraction of light that is lomger available for anatase phase
photoactivatior®*’

For doped samples the wavelength-dependent appgwantum efficiency in acetic
acid decomposition was found to vary with both diopant content and the calcination
temperature of the investigated photocatalysts.alten spectra presented in Fig. 8.5,
referring to samples containing different nominapant amounts (D_0, D_5 and D_12
series), all calcined at the highest temperatu@Z), showed that the apparent
guantum efficiency of doped materials was highemtlthat of undoped TiO This
could be mainly ascribed to the full anatase phasaposition of doped materials,
whereas D_0_700 also contained rutile, which, ssadly mentioned, is expected to be
less active in the photocatalytic decompositionacktic acid. However, a larger
amount of dopant (D_12 series) led to a lower aggaguantum efficiency, especially
under UV irradiation (300-340 nm), probably as ansemuence of the already
mentioned enhanced recombination of electron-holeples photoproduced in this
region, due to the increased extent of defecthénaxide structure acting as charge
recombination centres. The action spectra trendvsha Fig. 8.5 is in line with the
photocatalytic activity trend obtained under falilp emission in both liquid phase and
gas phase oxidation reactions investigated in tkeegmt work (see Fig.s 8.1 and 8.2,

respectively).
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Figure 8.5 Action spectra of acetic acid decompasibbtained in the presence of undoped
(D_0) and differently doped samples (D_5 and D_aR)alcined at 700°C.

The effect of calcination temperature on the pactiwity of samples containing the
same nominal dopant amount is enlightened by thieraspectra of the D_5 series,

shown in Fig. 8.6.
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Figure 8.6 Action spectra of acetic acid decompasibbtained in the presence of moderately
doped samples (D_5 series) calcined at differenperatures.
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Two relative photocatalytic efficiency scales cae found, depending on the
irradiation wavelength region. Fag, < 400 nm the photoactivity of doped samples
slightly decreased with increasing the calcinatiemperature, whereas far, > 400
nm the opposite trend was observed. The same watblkelependent photoactivity
trend was also obtained for the action spectrehef@ 12 series. This suggests that
doping might have beneficial effects on the phdivdg of samples calcined at a
relatively high temperature, with a general photalgéic efficiency trend in this
wavelengths region perfectly matching that achiaweder full lamp emission.

On the basis of these intriguing results the phuiei#y of selected photocatalyst
series was investigated more in depth in a smalrelengths range, centred in the

near UV-Vis region.

8.3.3.2 Action spectra of acetic acid decompositid370-460 nm range)

The action spectra in the 370-460 nm range obtaanda 10-nm wavelength step for
the D_5, D_12 and D_25 doped series, shown in&if. clearly confirm that within
each series of doped materials a progressivelyehigéicination temperature ensured a
better apparent quantum efficiency\gt < 420 nm.

The most straightforward demonstration that a oertaaterial is an effective
photocatalyst consists in the resemblance of it®mspectrum with its absorption
spectrunt’** However, no appreciable and obvious similarity barfound by directly
comparing the action spectra of doped samples showig. 8.7 with their absorption
spectra shown in Fig. 8.8. In fact, all sample<ioald at 500°C, especially those
containing a relatively large amount of dopant,oabed light at wavelengths longer
than those typical of the T¥kband gap absorption onset. However, this visiiglet |
absorption did not induce any appreciable activity acetic acid photocatalytic
decomposition in this irradiation wavelengths ran@a the contrary, doped samples
calcined at higher temperature (600 and 700°C)ndidexhibit any noticeable extra
absorption with respect to undoped 7,iBut they showed increased efficiency in acetic
acid photocatalytic oxidation in the 370-410 nmgeanBy comparing the absorption
properties of our materials with their wavelengépendent photocatalytic activities, a
gualitative model was developed, that provides a@sapable interpretation of our

apparently controversial results.
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Figure 8.7 Action spectra of acetic acid decompasitn the 370-460 nm wavelengths range
of the a) D_5, b) D_12 and c) D_25 doped JjpDotocatalysts series.
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Figure 8.8 Absorption spectra of the a) D_5, b) P ahd c) D_25 doped TiB3eries.
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8.3.4 Model for absorption and action spectra decamlution

8.3.4.1 Absorption spectra deconvolution

The absorption spectra of samples belonging te#émee series,e. containing a fixed
nominal dopant amount, were compared first, to llagh the effects of calcination
temperature and evidence the presence of possibkands, through a procedure of
absorption spectra subtraction. As can be seerhénekamples shown in Fig. 8.9
referring to the D_25 series, the absorption speofrsamples calcined at a lower
temperature were subtracted from those of samplemsed at a higher temperature. As
all doped samples, even those calcined at 700°G5istoof pure anatase phase, any

artifact in the difference spectra due to rutilegd absorption can be excludedé¢
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Figure 8.9 Difference absorption spectra calculatemt the D_25 series: the absorption
spectra of samples calcined at a lower temperatueee subtracted from those of samples
calcined at a higher temperature.

The so-obtained difference absorption spectra (&ig) invariantly consisted of a
positive part, labelled peak A, in the near-UV ocegiand a negative part at longer
wavelengths in the near-visible region, labellegphe@ak B.

For each difference spectrum, labelled as curve e example shown in Fig. 8.10,
a deconvolution of peaks A and B was then perfornBaged on the assumption that
peak B appearing in the longer wavelengths sidgrnsmetrically shaped, the profile of

peak A was obtained after subtracting the so-obthipeak B from curve C. This
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procedure was applied to each difference absormpmctrum for each of the D_5,
D_12 and D_25 series.

Finally, by assuming that peak A and peak B areitis the absorption spectrum of
doped samples calcined at 500 and 700°C, respBbgtivathin each series the

contribution of peaks A and B to the absorptionctpen of each doped sample was

finally calculated.
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Figure 8.10 Deconvolution of peaks A and B from difference of the absorption spectra of
samples D_25 700 and D_25_600.

The so-obtained results, presented in Fig. 8.1dwseH that for each series of doped
samples the contribution of peak B (with a maximairound 420 nm) decreased with
increasing the calcination temperature, while tifgpeak A (with a maximum around

365 nm) increased.
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Figure 8.11 Contributions of peaks A and B to theaaption spectra of photocatalysts of the
a) D_5,b)D_12 and c) D_25 series calcined atedéht temperatures.
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On the other hand, by comparing the contributiohspeaks A and B to the
absorption spectra of samples calcined at the samgerature, but containing different
nominal dopant amounts, the maximum intensity dhljgeaks A and B was found to
increase with increasing the nominal dopant amauititin the D_5, D _12 and D_25
series (see for example Fig. 8.12). The maximunitipasof both peaks A and B was
not affected by either the calcination temperaturthe dopant content.

In contrast, different results were obtained whée same kind of spectral
subtraction analysis was applied to the absorpsipectra of the D_3 series. In this
case, sample D_3 700 calcined at 700°C did notistoofpure anatase, but contained
ca. 7% of rutile phase (Table 8.1). The contributidntlee so-obtained peak A for
D_3 700 is also included in Fig. 8.12. This extoa@ption peak is clearly red-shifted
with respect to peaks A of the other D-Fi€eries and should be ascribed to the typical
band gap absorption shift of the rutile phase wbpect to the anatase phase. This
confirms that peak A with a maximum at about 365 ainteined for D_5, D_12 and
D_25 series is originated by an absorption contidoudifferent from that of the rutile

phase.
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Figure 8.12 Contribution of peak A to the absorptispectra of doped samples calcined at
700°C. Only D_3_700 contains a small amount ofeyihase.
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The intensity of the absorption peak B of doped mam was found to linearly
increase with increasing the amount of surfaceriihgo detected by XPS analysis
(Table 8.1), with a higher slope for samples cadiat 500°C than for those calcined at
600°C (not shown). An analogous correlation coulnt be established for the

maximum intensity of peak A.

8.3.4.2 Action spectra deconvolution

Aiming at ascertaining whether absorption peaksn#l 8 are active in acetic acid
decomposition, a subtraction procedure similarhat fperformed for the absorption
spectra was carried out also for the action speetrarded in the 370—-460 nm range
(Fig. 8.7). Thus, for each series of doped materthe action spectra of samples
calcined at 500°C were subtracted from those ofpéesrcalcined at 600 and 700°C. In
this way the difference action spectra shown in 8i§j3 were obtained.

In the visible light regionX > 420 nm) the action spectra of doped samplesnealc
at 600 and 700°C do not show any appreciable éifiee from that of the sample with
the same nominal dopant amount calcined at 500RG. idicates that absorption peak
B, which is particularly evident in the absorptigpectra of photocatalysts calcined at
500°C, does not produce any photoactivity in acatid decomposition to GQunder
visible light.

On the other hand, doped samples calcined at 6T@d°C showed an increase of
photocatalytic activity in the UVA region with a mienum slightly red-shifted with
respect to the maximum of absorption peak A. Suubtgactivity enhancement was
higher for photocatalysts calcined at the highesnhperature (700°C)j.e. for
photocatalysts exhibiting the most intense absomppeak A, clearly demonstrating
that peak A is active in acetic acid decompositiohcourse, this type of analysis was
not performed ah < 370 nm, because the test reaction in this wagghs region is
mainly promoted by anatase band gap absorption.

By comparing the difference spectra shown in F&§kl and 8.13, one may thus
conclude that doping Ti#Owith NH4F, followed by high temperature calcination,
extends anatase band gap absorption on the longleveyths side (peak A) and that
this absorption in the UVA region is photoactiveaetic acid decomposition, whereas

absorption peak B, appearing at longer wavelengthsactive in this reaction.
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Figure 8.13 Difference action spectra of the a) Db D_12 and ¢) D_25 photocatalysts

series. The action spectrum of each sample calcaiesD0°C was subtracted from those of
samples calcined at a higher temperature.
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8.3.5 XPS analysis before and after etching

Aiming at correlating absorption peaks A and B he themical composition of our
doped TiQ photocatalysts, a detailed XPS analysis of D_1Q &fd D_12_ 700 was
performed before and after etching with Ar ionsghdresolution XPS spectra of
D_12 500 in the F 1s and N 1s binding regions &a@ve in Fig. 8.14 a and b,
respectively. The XPS spectrum in the N 1s bindingrgy region is dominated by a
rather broad signal with a maximum around 400 gijctlly assigned to different
forms of interstitial nitrogen dopanté®>° After etching a new component appeared,
peaking at 397 eV, usually associated to subgiiatinitrogen located on an oxygen
lattice site**?>* On the other hand, the F 1s XPS signal consisteshly one band
peaking ata. 684 eV, attributed to Fons adsorbed on the photocatalyst surfac¢&3®
which decreased after etching. No signal locatexirad 688 eV, originating from
fluorine substituting oxygen in the TiQrystal lattice®>>® appeared either before or
after etching (Fig. 8.14a).

Similar results were obtained for the highly phatose D 12 700 sample calcined
at 700°C (Fig. 8.14 c and d). In this case, thes Bi@nal at 684 eV was lower than that
in the high-resolution XPS spectrum of the D_12_ Sa@ple (Fig. 8.14gs.Fig. 14a),
indicating a smaller amount of adsorbed fluorindisTsignal almost completely
disappeared after etching (Fig. 8.14a, the fluorine content in the bulk was below
the detection limit of XPS analysis. Concerning kingh-resolution N 1s XPS signal,
the component peaking at 397 eV, increasing aftehirg and attributed to
substitutional nitrogen, in Fig. 8.14d, is even enavident than that in Fig. 8.14b,
confirming the presence of nitrogen in the photalyat bulk, also after calcination at
700°C.

These results exclude the possibility of detectingrine in bulk D-TiQ, especially
in samples calcined at high temperature, whereag tonfirm the persistence of
nitrogen species in the D-TiGstructure of photocatalysts calcined at 700°C,neve
though this does not correspond to any absorpti@euvisible light irradiation. The
present results are in line with previous findinggained by EPR analysis (see Section
7.3.3)*° revealing the persistence of nitrogen speciesimvithe TiQ, structure even
after calcination at 700°C. In fact, the EPR smectrboth D_5 and D_12 series were
dominated by the 4-lines signal attributed to thhotpcatalytically inactive
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paramagnetic nitric oxide (NO) radical encapsulaitedmicrovoids, which almost

completely masked the possible presence Hfcgntres.
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Figure 8.14 High-resolution XPS spectra of the Hd®nd c) and the N 1s (b and d) binding
energy regions of D_12 500 (a and b) and D_12_0and d) before (solid line) and after
etching with Ar ions (dotted line).

8.3.6 Origin of absorption peaks A and B

The investigated D-Ti@photocatalysts contained both fluorine and nitmpgecording
to XPS analysis, and although the nominal N/F moédio was fixed to 1 in all
samples, their nitrogen content was probably latgan their fluorine content, as
already found in similar systerms.

According to DFT calculation® N-impurities give rise to localized states abdve t
valence band and greatly favour the formation ofgex vacancies. Paramagnetic N-
containing species, though in concentration threlers of magnitude lower than bulk
and surface doping level$were indicated to be responsible for visible lighsorption
and for the photoinduced electron transfer to dumkbrelectron scavengers, such as
molecular oxygef®® On the other hand, the main effect of fluorine idgpwas the

retarded anatase into rutile transformafid, yielding a highly crystalline pure

194



Chapter 8

anatas® after calcination at 700°C. Substitutional F ddpanduce the formation of
Ti®* species in the bulk of polycrystalline anat&sehich introduce localized states in
the band gap below the conduction b&hdut no visible light absorptioft:* Finally,
N—F co-doping produces a charge compensation betyégpe (N) andn-type (F)
dopants, that reduces the energy cost to dope #herial®>> Consequently, the number
of oxygen defects present in N—F co-doped ;ligDexpected to be smaller than in N-
doped TiQ.

A strong similarity between the absorption featuré® X 500 samples (Fig. 8.8)
and N-doped Ti@can be noticed in the visible region. The ‘londj tbsorption atA >
400 nm of pale yellow N-doped samples is commottlybaited to nitrogen species of
different dopant sourcé€®* The intensity of this visible light absorption irases
with increasing the dopant amount and decreasels imttreasing the calcination
temperature, with a trend identical to that obsetfiee N-doped TiQ.*%>*>°

Therefore peak B, being most evident in the absworpgpectra of doped samples
calcined at 500°C and decreasing in intensity witicreasing the calcination
temperature (see Figs. 8.8 and 8.11), can safelgtibuted to nitrogen dopiny.
However, no photoactivity in acetic acid decompositcorresponds to this absorption
peak>® The holes generated by visible photons absorjitidmtra-band gap states of N-
doped TiQ were shown to be ineffective in oxidizing sevesaibstrates’ formic acid®
among them, possibly due to their insufficient @il power and/or low mobility.
Alternatively, peak B might also be originated hyrface states, which, however,
would at the same time act as effective charge mbawation centres, with the
consequent absence of reactivity, a hypothesishwhight hardly be proved.

The existence of peak A was evidenced for the fins¢ by the spectral subtraction
analysis performed in the present study. Such phbsarfeature is active in acetic acid
decomposition (see Figs. 8.11 and 8.13). Howevsrattempt to correlate its intensity
with the amount of Fi' species detectable by EPR analysis and with tiesilply
formed oxygen vacancies failed because the EPRtraped our NHF-doped
photocatalysts were dominated by the signal of gtadtlytically inactive NO
radicals®® However, the intensity of peak A, and the consatjaetivity in acetic acid
decomposition, increased with increasing the pladtdgst calcination temperature.
Thus, this absorption feature might be attributedextrinsic absorption originating

from surface oxygen vacancies or surface defécts®*°the formation of which is
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expected to be favoured by F-doping at high catmnatemperature. Indeed,
photoluminescence signals attributed to such feathiave been reported to increase
with increasing the calcination temperature of Ppetb TiQ materials*® though the
amount of oxygen defects in N—F co-doped Ji®©expected to be smaller than that in
N-TiO,.>> On the other hand, peak A appears as an extrapiosoon the longer
wavelengths side of the band gap absorption itsEfus, it may be simply a
consequence of the higher crystallinity of D-Ji@amples calcined at a high
temperature, with respect to those calcined at GD@8sulting in a higher absorption
capability>® as originally proposed by Hattat al. in the case of F-doped Ti¢f

A definitive attribution of absorption peaks A amlj together with evidence of
possible synergistic effects due to the co-presesfc®l and F dopants, might be
obtained by comparing present results with thosmioed with a series of F-doped
TiO, photocatalysts containing no nitrogen. Such matemwere thus synthesised and

the results of their photocatalytic activity anayare discussed in Chapter 9.

8.3.7 Mott-Schottky analysis

In order to investigate more in depth the origirpbbtoactive absorption peak A and to
get information about the electrochemical propsrtiethe materials, such as flat band
potential and donor density values, a Mott-Schottkglysis was done by performing
EIS (Electrochemical Impedance Spectroscopy) measemts, as described in Section
3.6. Before presenting the main results, some expetal details on the preparation of
the thin TiQ films on conducting materials and on the condgiadopted in this kind
of analysis will be briefly described. All EIS expaents were performed by the
Electrochemical group of Prof. Patrizia Mussinidar Department at the Universita
degli Studi di Milano.

Semiconductor thin films on conductive indium-tixiae (ITO) glass to be employed
as electrodes were prepared following the manuadcdating procedure described
below. 150 mg of photocatalyst powder were suspgndthin 1.0 mL of ethanol and
sonicated for 30 min. A specific glass area (1>cth cm) of ITO was then immersed
for two seconds in the so-obtained suspension eftdn air for two seconds. This
procedure was constantly repeated ten times foh edectrode. The as-prepared

electrodes were then dried in oven at 70°C forame
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The electrochemical setup consisted of three @ées: the working electrode (TiO
thin film), a platinum wire used as counter eleded@nd a saturated calomel electrode
as reference. The experiment was performed in agu@d M KCI solution at pH in
the absence of light. The potential was systemigtivaried between -1.00 and +1.00
V with the current frequency range being moduldtetiveen 10 Hz to 1000 Hz by
using an AUTOLAB PGSTAT20 — Potentiostat Galvanbstanstrument with the
specific NOVA software for impedance analysis.

The range of scanning potentials was chosen afiplyiag cyclic voltammetry
analysis to the working electrode. In particular tlze flat band potential and the donor
density of the analysed semiconductors must berdeted when the electrode surface
is not modified by the application of any potentiad. when no redox processes occur,
impedance analysis were performed in the so-caidgcitive current range, with the
electrode working as a capacitor, causing a cheageers redistribution between the
electrolyte and the electrode.

Examples of Mott-Schottky plots (see Section 3.@fjained at 1000 Hz with D_5

doped series samples are shown in Fig. 8.15.
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Figure 8.15 Mott-Schottky plots obtained at 1000fbtzZD_5 doped samples.

The calculated values of donor densityy)(and flat band potentialEf,) of the

investigated photocatalysts in film form are presdnn Table 8.2.
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As TiO; is an n-type semiconductor, the flat band poténtéue can be considered
at approximately the same energy level as the admmfuband; thus, fronks, values
the photocatalytic reducing power of semiconduntaterials can be estimated.

As shown in Table 8.2, all flat band potentialsanid from Mott-Schottky plots are
negative, as expected, without any significant apstematic variation among them.
This may result from two main factors: i) as alngatentioned, the thin film electrodes
were prepared by dip-coating; this deposition pdoce was not so well-optimized and
the homogeinity of the films, necessary to perfgood measurements, depended on
the dispersion extent of the photocatalyst in ethaithin the suspension; ii) according
to the definition of flat band potential, only tidhenomena occurring in the space
charge region are considered, without taking irdcoant the Helmoltz plane and the
diffusive layer, where potential abatement alsouogicthis approximation results in
low precision potential valué$®?

The attention was thus mainly focused on a possddeelation between the
photocatalytic/absorption properties of doped niaterand the corresponding donor
density parametem\g), determined from the slope of Mott-Schottky pl¢tee Table
8.2).

Table 8.2 Flat band potential {f£and charge carrier concentration {\values of home-made
photocatalysts obtained by using the Mott-Schattiglysis.

Sample Eg (V) N /10°cm®

D 0 500 -0.381 1.04
D_0 600 -0.353 0.93
D_0_700 -0.430 0.58
D 5 500 -0.310 0.26
D 5 600 -0.535 0.27
D 5 700 -0.283 0.48
D 12 500 -0.184 0.49
D_12 600 -0.363 0.42
D 12 700 -0.459 0.64
D_25 500 -0.335 0.47
D 25 600 -0.366 0.61
D 25 700 -0.334 0.99

198



Chapter 8

Bahnemanret al. found that TiQ films which exhibit a more negative flatband
potential Eq, have higheMy values and also higher photon efficiency valueshim
reduction of methylviologen under UV(A) irradiatiotdence, a direct correlation
betweenEs, Ng, and the photocatalytic reduction capability colld postulated.
However, a similar correlation between the photogificiency of methylene blue
oxidation andEs, andNy properties was not fourfd.

In our case, the donor density valulg) (obtained for all series of NJH-doped TiQ
photocatalysts can be compared in Fig. 8.16.

15
[] 500C
I 600<C
- 1.04 Bl 700C 0.99
= 1.0 F[ ]o.93
(@]
g 0.58 0.64 0.61
> 0.49
Z 05 } 0.48 0.42 0.47
0.26 027
0.0 | | |
DO D5 D 12 D 25

Figure 8.16 Donor density values obtained for dop&d, photocatalysts containing different
dopant amounts and calcined at different tempeesur

First of all, for each series of doped materiamtaining the same nominal dopant
amount but calcined at different temperatures,titbed of Ny values appears in good
agreement with that of the corresponding activitythe photocatalytic oxidation of
three different organic substrates (acetic acidnio acid and acetaldehyde). Thg
value was invariantly higher in samples calcinetigher temperature in each series of
photocatalysts containing the same nominal dopambuat. In contrast, for the
undoped materials (D_0 series), thkevalue decreased with increasing the calcination
temperature. In this regard the presence of a dpmaainly, but not exclusively,

fluorine, seems to favour and stabilize the forovatf point defects at high calcination
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temperature, which in the case of titanium dioXittas can correspond to oxygen-ion
vacancies to be related to the donor density paranié;).®>*°

Therefore by considering the general trendNaf parameter and photocatalytic
activity for each series of doped materials, thenfation of oxygen vacancies (and or
surface defects) seems to produce beneficial sffectthe overall photoefficiency of
the materials calcined at high temperature (700%@)ich are also expected to be
characterised by a higher crystallinity degree.

At the same time, samples calcined at fixed temperand containing an increasing
nominal dopant amount were characterised by preyely higherNg values, whereas
in this case their photocatalytic activity decrehgeath increasing the dopant content
(Figs. 7.5, 8.1 and 8.2). It's worth noting that fH;F-doped samples calcined at 600
and 700°C a good correlation can be found betwden maximum intensity of
photoactive absorption peak A (located at 365 nmd)tae correspondinlyy value (Fig
8.17). Doped samples calcined at 500°C are nontake account in this correlation
because, according to the model described in Se8t®4 peak A does not contribute
to their absorption spectra.

In order to give a possible explanation of theseilts, it's worth underlining thaty
values have been determined in the absence ofati@al i.e. they give information on
the structure of the material under dark conditioBand gap excitation by light
absorption produces electron-hole couples in thmicgmductor. Point defects, the
amount of which might be thought to increase witlbréasing theNy value, may
contribute in light absorption (peak A) and activatof the photocatalyst. However, an
optimum photocatalytic activity results from thddyace of two opposite effectse. the
possible increased amount of active species pradoicghe photocatalyst surface upon
increased light absorption, which might contribukeincreasing interface electron
transfer reactions, and the detrimental effect @hipdefects acting as recombination
centres of photoproduced charge carriers, whicteases with increasing their amount,
i.e. with increasing the dopant content. This optimuatabce is obtained for doped
materials containingca. 5 mol.% of NHF, exhibiting the highest photocatalytic
activity in the three photocatalytic oxidation reans (Figs. 7.5, 8.1 and 8.2).

The presence of an optimum content of point deféatsl of theNy parameter) in
order to attain the best photocatalytic efficiem@s also pointed out by Baraghal In

particular their study, based on open circuit poémlecay measurements, evidenced
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that in TiQ films characterized by high charge carrier coneiun, the charge
transfer rate to the solution can be slower thareeted”’

On the basis of the results reported in this pagagrone can outline that impedance
measurements can indirectly provide informationtlo& defective structure of doped
semiconductors but cannot be used as a uniquecpoeditool of their photonic

efficiency especially in photocatalytic oxidatiazactions.

0.2 1.2
] 600C a)
A donor density 1 10
~ 0.13 o
< -
é 0.11 0.8 Og
201 s 41 06 %
x 0.61 o
< 0.06 A {104 =
0.42
A
0.27 1 0.2
0.0 : : 0.0
D5 D 12 D 25
0.3 2.5
B 700C b)
A donor density 0.22 1 2.0

Amax (peak A)

D 5 D 12 D 25

Figure 8.17 Comparison between the maximum abswrptitensity of peak A (measured at
365 nm) and the corresponding value qffbr doped samples calcined at a) 600°C and b)
700°C.
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9.1 Introduction

In the previous Chapter the photocatalytic behavafuan extended series of NH
doped TiQ photocatalysts has been thoroughly investigatetoit liquid and gas
phase reactions. In particular the attention has lbecused on the possible activation
of doped materials in the visible range by studyimg photooxidation of acetic acid as
a function of the irradiation wavelength, thus eoting so-called action spectra. By
comparing the shapes of the action spectra witkettod the absorption spectra of the
investigated photocatalysts a model was proposesded on spectral features
deconvolution, which allows a clear distinctioneegn inactive light absorption and
effective photoactivity, possibly consequent toriesic absorption originating from
surface oxygen vacancies or surface defects. XRISE®R analysis of NifF-doped
materials, even if calcined at 700°C, revealed pihesence of residual nitrogen-
containing species, that might be responsible foe spectral features and/or
photoactivity of NHF-doped TiQ, which should thus be more correctly envisaged as
N and F co-doped Ti©

In order to better clarify the role of fluorine dadnitrogen dopants in Tig)another
series of doped photocatalysts was prepared acgptdithe same synthetic procedure
employing HF instead of Nff as dopant source, thus avoiding the co-presehce o
nitrogen impurities in the material. At the sanmadj aiming at elucidating the effects
of F-doping and co-doping of TiDan investigation was started on the effects ef th
co-presence gb-block elements boron and fluorine in titania. e titerature there is
little information about the photoactivity of B-Fo-@loped TiQ systems; moreover,
these materials have been mainly investigated e photocatalytic degradation of
organic dyes;> which are not appropriate target molecules fortptetalytic test
reactions aiming at verifying the effective visilight activation of doped materials.

All photocatalysts were prepared by the sol-gelhoeétin the presence of different
amounts of dopant source (HF for HF-doped ;Tedd HBO; for B-doped TiQ),
followed by calcination at different temperatures @lready described in Chapter 8).
The photoactivity of TiQ samples singly doped or also co-doped with flueramd
boron (BF-doped Tig) has been investigated in the photooxidation ahgparent
formic acid and acetic acid in aqueous suspensions.

Finally, in order to compare the photoactivity bése systems with that of samples

prepared in the presence of NHas dopant source (Chapter 8), the photooxidation
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the transparent acetic acid substrate was alsersgsically investigated as a function
of irradiation wavelength for the three main neweseof doped Ti@samples.

The prepared photocatalysts were characterized By, XRD, UV-vis absorption
and TEM analysis, in order to enlighten the effeafsdopant concentration and
calcination temperature on the structural featofethe doped materials, in relation to

their photocatalytic activity.

9.2 Experimental Section

9.2.1 Doped-TiQ preparation and characterisation

All photocatalysts were prepared by the sol-gelhoétstarting from an anhydrous
ethanol solution containing a fixed concentratibtitanium isopropoxide and different
amounts of dopant source (HF for HF-doped ;T&dd HBO; for B-doped TiQ), in
order to obtain dopant/Ti percent nominal molarosmtequal to 3, 5, 12 and 25, by
following the general procedure already descrilveithé Section 7.2.1.

The effect of calcination temperature (at 500, @06 700°C) was investigated also
for these materials, which were also labelled a¥ X2, with X referring to the dopant
element symbol, Y to the nominal dopant/Ti percemblar ratio and Z to the
calcination temperature in °C. Moreover co-dopedemas were prepared in the
presence of the two dopant sources HF agl8iQ4, so as to obtain dopant/Ti percent
nominal molar ratios equal to 3, 5 and 12 (BF-dop#&d,), with the HF/HBO; ratio
always fixed at 1. Reference undoped materialpgresl by exactly the same synthetic
route in the absence of dopant source, are reféoess the X_0_Z photocatalysts
series. All reagents were purchased from Aldricth @mployed as received.

The BET specific surface area was measured hgddorption / desorption at liquid
nitrogen temperature in a Micromeritics Tristar3020 V1.03 apparatus, after out-
gassing at 300°C for 1 h undeg Btream. X-ray powder diffraction (XRPD) patterns
were recorded on a Philips PW3020 powder diffraeiem by using the Cu K
radiation §{ = 1.54056 A). Quantitative phase analysis was mayléhe Rietveld
refinement method,25 using the “Quanto” softwhiffuse reflectance (DR) spectra
of the photocatalyst powders were recorded on &0J&670 spectrophotometer
equipped with a PIN-757 integrating sphere, usiagum sulphate as a reference, and

then converted into absorption (A) spectra (A =R).
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All photocatalytic FA degradation runs were perfethas already detailed in Section
4.1 under atmospheric conditions in a magneticstifjed 60 mL cylindrical quartz
reactor, inserted in a home made housing consistiagblack box mounted on optical
bench. All irradiated aqueous suspensions contdried L* of photocatalyst and were
preliminarily sonicated for 30 min. Then the apprage volume of formic acid (FA)
solution was added, to obtain an initial conceidraof FA equal to 1.0 x Idmol L™
Acetic acid decomposition under polychromatic iraéidn was performed as detailed
in Section 4.2.2, whereas the action spectra aisabf this reaction was performed as
described in Section 4.2.3.

9.3 Results and Discussion

9.3.1 Photocatalysts structure

The main structural features, determined by XRD &@HEAT analyses, of the
investigated series of undoped and doped, Tilibtocatalysts are collected in Tables
9.1 a-d.

Table 9.1 a-d: Phase composition and anatase digstadimensions, gdof the investigated
photocatalysts series, obtained from XRD analysisguthe Scherrer equation, by assuming
the absence of amorphous phase.

a) Undoped TiO,

dopant/Ti anatase brookite rutile
: -1
Sample  molar ratio (%) o) (%) da/nm  SSA/nf g

(%)
HF_0_500 0 99 1 - 15 15
HF_0_600 0 90 - 10 32 9
HF_0_700 0 38 - 62 65 7
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b) HF-doped TiO,

dopant/Ti anatase brookite rutile
Sample  molar ratio da/nm  ssa/nf gt

(%) (%) (%) (%)

HF_3_500 3 100 - - 23 44
HF_3_600 3 100 - - 41 25
HF_3_700 3 100 - - 56 20
HF_5_500 5 100 - - 22 45
HF_5_600 5 100 - - 40 28
HF_5_700 5 100 - - 55 22
HF_12_500 12 100 - - 20 34
HF_12_600 12 100 - - 50 16
HF_12_700 12 100 - - 57 18
HF_25 500 25 100 - - 20 21
HF_25_600 25 100 - - 49 11
HF_25_700 25 100 - - 85 8

¢) B-doped TiO,

dopant/Ti anatase brookite rutile
. -1
Sample  molar ratio (%) (%) (%) da/nm  SSA/nf g

(%)
B_5_500 5 97 3 - 10 103
B_5_600 5 100 - - 16 45
B_5_700 5 64 - 36 43 9
B_12_500 12 96 4 - 8 132
B_12_600 12 100 - - 13 52
B_12_700 12 97 - 3 40 9
B_25_500 25 78 13 - 6 133
B_25_600 25 100 - - 19 25
B_25_700 25 100 - - 61 8
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d) BF-doped TiO;

dopant/'l_'i anatase brookite rutile
Sample  molar ratio (%) (%) (%) da/nm  SSA/nf g*
(%)
BF_3_500 3 100 - - 12 66
BF_3_600 3 100 - - 19 46
BF_3_700 3 98 - 2 36 21
BF_5_500 5 100 - - 12 58
BF_5_600 5 100 - - 18 41
BF_5_700 5 95 - 5 29 21
BF_12_500 12 100 - - 11 51
BF_12_600 12 100 - - 17 37
BF_12_700 12 98 - 2 14 21

XRPD analysis showed that HF doping inhibits theatase into rutile phase
transition even when the starting HF concentrati@s really low (HF_3 series). In
fact, all doped samples, even if calcined at 70@@\tained more than 99% of the
anatase phase.

In the case of doping withdBO;3 different results were obtained. Firstly, a select
formation of brookite phase occurred for B-dopedngles calcined at 500°C,
especially with relatively high nominal dopant amtsu(B_25 500). Secondly, full
anatase material can be obtained after calcinaio@00°C only by employing a
relatively large nominal amount of;BO3 (B_25 series).

In the case of the BF-doped systems, full anateetemals were generally obtained,
but traces of rutile phase (about52%) appeared after calcination at 700°C. The
dimensions of anatase crystallites, calculated raawg to the Scherrer equation, did
not sensibly depend on the nominal amount of fhwin the HF series, whereas B-
and BF-doping appeared to favour the formation lafh8y smaller anatase TiO
particles. The unusual trend of anatase crystalliteensions decrease by increasing the
nominal dopant amount, in particular in samplescinald at 700°C, was clearly
obtained for BF co-doped photocatalysts.
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XRPD analysis of singly boron- or boron and flueridoped systems did not show
any extra signal possibly associated tgOBphase formation, thus suggesting the
possible homogeneous inclusion of the dopant elemém the TiQ structure. In the
literature, the separation of boron from the Fi€@ystal, generally followed by the
formation of a layer of diboron trioxide phase be surface of Ti@nanoparticles was
related not only to the calcination temperaturediso to the nominal dopant amodnt.
In particular, at high B concentration (generalighter than 20 mol.%), boron ions can
be expelled from the TiOstructure during calcination, forming nanoclustersd
subsequently a film of #3;, which retards the crystal growth, stabilizing teatase
phase. Conversely at low B concentration (lowentbamol.%), the formation of
oxygen vacancies, induced by the dopamhight favour the anatase to rutile
transformatior.

BET analysis showed a decrease in surface areheoTiO-based photocatalysts
with increasing the calcination temperature for #amme nominal dopant amount,
consequent to particles sintering. SSA obtainedTi@, samples containing fluorine
(HF and BF series) were not so different respedhtse measured for NH-doped
materials, already reported in Section 8.3.1. Atshme time kEBO3s-doping seems to
be the most beneficial for obtaining materials walhger surface area, especially if
calcined at relatively low temperature (500°C). SThs in agreement with previous
results showing that the presence of boron in thie &f TiO, material resulted in lower
crystallite dimensions and, consequently, in a Gighurface area of the systém.

By considering the great number of doped matepedpared in this thesis work, it's
essential to compare the most significant absarpsipectra of the differently doped
series. Thus, the absorption spectra of the Hlesashould be compared with those of
the NHF-doped samples (D-TiD in order to ascertain the origin of the absanpti
peak B appearing in the near-visible region foséhkatter, which was demonstrated to
be inactive in acetic acid decomposition (Chapjer 8

The differences between the absorption spectrathfFMioped samples (D_5 and
D_25 series) and the corresponding ones of the éffed series are reported in Fig.
9.1. By considering that all doped samples, evesdicalcined at 700°C, consist of
pure anatase phase, any artifact in the differepeetra due to rutile phase absorption
can be excluded, as already mentioned.
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Figure 9.1 Difference of absorption spectra of jNHloped (labelled as D) samples and the
corresponding HF-doped samples (containing no ggodopant).

The contribution of peak B (with a maximum arour® 4m) is evident for samples
prepared starting from Njf as dopant source and calcined at 500°C. At time $ane,
HF-doped samples calcined at 700°C appear to absore in the near UV-region
where peak A is located. Thus, the difference speeported in Fig. 9.1 seem to
confirm the attribution of inactive peak B mainty titrogen doping and active peak A
to structure effects related to the presence ofitlogine dopant.

The absorption spectra of the B_5 and BF_5 seoneasotl show any significant extra
absorption contribution in the visible region sianito those observed for NHdoped

TiO, calcined at 500°C (Fig. 8.8). For both of thespatbseries, samples calcined at

215



Chapter 9

700°C exhibit a slightly red-shifted absorption ediue to the presence of the rutile

phase, which is more marked in case of B_5 700 @Rn), in agreement with XRPD

analysis (see Table 9.1). The addition of fluorieeen if co-present with anothpr

block element such as nitrogen or boron, seems thuslay an essential role in

inhibiting the anatase into rutile phase transition
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Figure 9.2 Absorption spectra of a) B_5 and b) BFd&ped TiQ calcined at different
temperatures.

9.3.2 Photocatalytic tests
9.3.2.1 Formic and acetic acid photocatalytic oxideon under polychromatic

irradiation
The photocatalytic activity of these new serieslgped TiQ samples in the oxidative

decomposition of formic and acetic acid in aquesugpension can be compared in Fig.
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9.3 and 9.4, respectively, in terms of zero ordés constants.
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Figure 9.3 Zero-order rate constants of formic a@hoto-mineralisation on photocatalysts
containing different amount/type of dopants andicald at different temperatures.
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Figure 9.4 Zero-order rate constants of £ahoto-evolution during acetic acid decomposition
on photocatalysts containing different amount/tygfe dopants and calcined at different
temperatures.
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First of all, on the undoped samples both reactisese confirmed to proceed at a
lower rate with respect to that attained on moadtyadoped TiQ. Moreover, with the
undoped (HF _0) and B_5 series the reaction rateedsed with increasing the
calcination temperature, most probably as a coresesp of the anatase into rutile
transformation, as already mentioned. The genezatitof reaction rate increase with
increasing the calcination temperature of dopeckrias, especially in case of the HF
series, is in perfect agreement with the resulevipusly obtained for NHF doped
samples (D series) reported in Chapters 7 andeBHiges 7.5 and 8.1).

This marked similarity suggests that the benefieftdct obtained for doped samples
calcined at higher temperature can be mainly rél&tethe (structural) modifications
induced by fluorine rather than by the presencaitobgen as a dopant.

This fact is outlined in Fig. 9.5, where the effecf a fixed nominal amount (5
mol.%) of each single dopant source in the liquidhge oxidative decomposition of
acetic acid is compared for samples calcined atd&0p00°C. In the case of samples
calcined at 700°C the best photoactivity resultsenstearly obtained for Tig@samples
fluorine-doped (HF series) or fluorine co-dopedhnanotheip-block element (N or B).

1.2
[ ] UNDOPED 3 NH,F  (dopant/Ti) molar ratio=5%
= W HF [ H,BO, + HF
£ 0.9 pLI M 0.79
S H;BO;
E 0.58
= 06 F O.?S .
=
o
= 0.3
S 03 F
S 0.20 0.21 016
@ =
©
0.0 .
500 C 700 C

Figure 9.5 Zero-order rate constants of £@hoto-evolution obtained during acetic acid
decomposition on photocatalysts containing 5 malf%ifferent dopants.

It's worth underlining that nitrogen doping of TiOstarting from NH as dopant
source, cannot inhibit the anatase into rutile ptieansition up to 700°C. In fact a HO

sample prepared under identical conditions in thesgnce of 5 mol.% of NHand
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calcined at 700°C was found to contain only 19%mdtase and 81% of rutile phase,
with a specific surface area of 7°rg’. The corresponding nitrogen-doped sample
calcined at 500°C was a full anatase material &8 of 72 m- g™.

Among the new photocatalytic materials discussethis Chapter the highly boron-
doped sample B_25 600 was found to be the bestrp@rfg one in both liquid phase
reactions (Fig.s 9.3 and 9.4). The origin of thisrked enhancement of photoactivity
still remains unclear. Unfortunately, we could petform a detailed XPS investigation
of the B-doped materials, that should give esskemntfarmation about the oxidation
state and the chemical environment surroundingotiten dopant. In fact, the dopant
element can exist in a separate surfag@sBphase, not detected by XRPD analysis, or
can be incorporated in the TiGtructure both in substitutional to oxygen fornmirdo a
tetrahedral interstitial sit&?

Improvement of photoactivity for B-doped Ti@®ystems has already been reported,
even if controversial results can be found in tterdture. In fact while Chent al.
observed a band-gap increase due to B-doping amitbuged it to quantum-size
effects® Zhaoet al. detected a red shift in the absorption spectrurB-dbped TiQ.2
This apparent contradiction can be explained censid the different geometry and
electronic structure of B-doped TiCas recently shown by Gemg al*° In fact, boron
atoms can substitute oxygen atoms, sit in intéabkfiositions, or also substitute Ti
atoms. DFT calculations indicate that the latteseces the least favourable, while the
remaining two have comparable energy, suggestiaglbth cases can occur in real
materials'® Notably, only O-substitution will lead to band-gaprrowing, while the
occupation of an interstitial site will produce ladsshift of the absorption properties of
the doped materiafs'

The absorption spectra of the here investigatedid samples, especially in the
case of the most photoactive B_25 600 sample, do show any extra ‘tail
contribution in the visible region. This is cleadiiown in Fig.s 9.6 and 9.7, reporting
the absorption spectra of samples containing @ffenominal dopant amounts, but all
calcined at 600°C, and those of the B_25 seriesperively. Thus, the here adopted
preparation methodology seems to lead to inteaktitither than to substitutional B-
doped TiQ. The slight red-shifted absorption observed fo2B 500 could be ascribed

to the presence of the brookite phase.
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Figure 9.6 Absortpion spectra of B-doped samplegaining different nominal dopant amount
but calcined at the fixed temperature of 600°C.
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Figure 9.7 Absortpion spectra of B_25 dopedI$€éries.

Furthermore Ti@doping with boron was found to enhance the hydnatibility of
the photocatalyst: this may produce a beneficial effect on the phctiviy of
B_25 600, which, even if characterized by a retatow SSA (25 Mmg?), exhibits a
very good photocatalytic performance in liquid sersgpions (Fig.s 9.3 and 9.4). Also,
the possible formation of a new®@; phase, that XPS analysis could detect, may also
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be tentatively invoked to account for the relatwbigh photoefficiency of B-doped
materials (especially of B_25 600), because therface between the two different
phases may act as a separation site for the phwtogied electrons and holes.

Finally, co-doped BF_5_700 was more active than 31F00 in formic acid
photodecomposition, but not in acetic acid oxidatidhis could be related to the
different experimental conditions employed in theo ttest reactions. In fact, while
acetic acid photooxidation was performed under UMhtl irradiation, the
photodecomposition of formic acid was studied usangmp mainly emitting visible
light. Under such conditions a higher photoefficignn the visible region might be
evidenced. Therefore, in order to better eluciddte origin of the enhanced
photoactivity of doped samples (especially of BFZ@) and verify their possible
activation in the visible region, the photooxidatiof transparent acetic acid was
systematically investigated with the three main BIFBF_5 and B_25 series as a

function of irradiation wavelength in the 370-466 nange, with a 10-nm step.

9.3.2.2 Action spectra of acetic acid decompositidB870-460 nm range)
The action spectra in the 374560 nm range obtained with a 10 nm wavelength fetep
the HF_5, BF_5 and B_25 doped Ti§kries are shown in Figure 9.8.
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Figure 9.8 Action spectra of acetic acid decompasitn the 370-460 nm wavelength range of
the a) HF_5, b) BF_5 and c) B_25 doped Jpbotocatalysts series.

First of all only for the HF_5 and BF_5 series agvessively higher calcination
temperature ensured a better apparent quantumeeaffic in the whole wavelengths
region, whereas boron doping (Fig. 9.8 c¢) did natdpce this kind of effect. This
effect was also observed with the MNA-doped series (D_5 series) in Fig. 8.7 and
attributed to the presence of active extra absmmpgieak A (Chapter 8). A similar
explanation may be applied in the case of thedinditase HF_5 series. In fact the action
spectra substraction procedure, described in Se8ti®4.2 and systematically applied

for NH4F doped materials, was applied also to the HF _iBseée. the action spectra of

222



Chapter 9

samples calcined at 500°C were subtracted frometbbsamples calcined at 600 and
700°C (Fig. 9.9). Also for HF-doped samples caldiaé 600 and 700°C an increase of
photocatalytic activity in the UVA region was adesémned, with a maximum and
relative intensity in good agreement with thoseaot#d for the corresponding D_5
series (see Section 8.3.4.2).

This provides an unequivocal confirmation of thedthesis made in Chapteri&.
fluorine (and not nitrogen) as the main responsible the observed photoactivity
increase in the UVA region of doped samples, prbbdbe to an extension of the
anatase band gap absorption on the long wavelesgtegpeak A) after calcination at

high temperatur?
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Figure 9.9 Difference action spectra of the HF _®iatatalysts series. The action spectrum of
the sample calcined at 500°C was subtracted froosehof samples calcined at higher
temperatures.

At the same time the difference absorption speaitained for the BF_5 series (Fig.
9.10) should be interpreted differently. In facthil® the photoactivity increase in the
UVA region obtained with BF_5 600 could be stillated to the effect of fluorine
doping, in the case of BF 5 700 a red shift in theximum position of the
photoefficiency increase is observed. However, antbe BF_5 series only BF_5 700
contains 5% of rutile, having a band gap absorptinset red shifted with respect to
that of the anatase phase. So aiming at ascegamiether light absorption by rutile
could be responsible for the observed photoeffmyenncrease, a substraction

procedure similar to that performed for the actgpectra was carried out for the
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absorption spectra of the BF_5 series (Fig. 9.Al9atisfactory matching between the
maximum positions of both apparent quantum efficyeincrease and extra light

absorption of mixed phase BF_5 700 (around 390was) found. Thus, the enhanced
photoefficiency observed for BF_5 700 sample cduddrelated to the unexpected
positive effect produced by the rutile phase rathan to other extra absorption peaks

possibly due to co-doping.
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Figure 9.10 Difference action spectra of the BF otocatalysts series. The action spectrum
of the sample calcined at 500°C was subtracted ftbase of samples calcined at higher
temperatures.
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Figure 9.11 Difference absorption spectra of the BFphotocatalysts series. The absortpion
spectrum of sample calcined at 500 °C was subtdafttan those of samples calcined at higher
temperatures.
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Anyway we can try to check if the extra absorptjpeak of BF_5 700 can be
completely ascribed to rutile phase by comparing afbsorption difference profile
reported in Fig. 9.11 with that obtained by sulitrarthe absorption spectrum of full
anatase undoped sample calcined at 500°C (HF_0O f&fi@)that of the mixed phase
undoped HF_0_700 sample calcined at 700°C. Thid &incomparison is reported in
Fig. 9.12.
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Figure 9.12 Difference absorption spectra of the BFand HF_0 photocatalysts series. The
dashed line was obtained by subtracting the absmmtspectrum of full anatase sample
calcined at 500°C from that of the mixed phase $af@p_5_ 700 calcined at 700°C.

The maximum positions of the extra absorption dbuatron of the rutile phase
obtained for undoped and BF codoped samples dstnatly coincide. The position of
this maximum may be affected by the presence ofltdpant boron element. This fact
is further evidenced in Fig. 9.13 where the prefitd Fig. 9.12 are compared to the
difference calculated between the absorption spectf mixed phase B-doped sample
calcined at 700°C (B_5_700) and that of full anatdsdoped sample calcined at 500°C
(B_5_500): the maximum positions of rutile phaseaaption calculated for B_5 700
and BF_5 700 series almost coincide.

The action spectrum of a BF co-doped sample calcnea temperature intermediate
between 600°C and 700°C and composed of pure angiasse might allow to
discriminate the effect produced by the rutile ghasly or by the co-presence of
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dopant elements at high calcination temperaturehén acetic acid photooxidation

reaction.
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Figure 9.13 Difference absorption spectra of the BFB_5 and HF_0 photocatalysts series.
The absorption spectrum of full anatase sampleimatcat 500°C was subtracted from that of
mixed phase sample calcined at 700°C.

Finally in order to investigate the effect produd®d BF co-doping respect to HF
doping, the action spectra obtained for the HF & BR_5 series were systematically
compared (Fig. 9.14).

AtA < 390 nm, the HF doped samples were invariantlyremactive that the
corresponding BF codoped materials for each caioimaemperature. On the contrary,
for A > 390 nm the photoactivity of BF co-doped sampkghtly increased with
respect to that of the corresponding HF doped nadderith increasing the calcination
temperature. This means that boron addition camym® positive effects on the
photoefficiency in acetic acid decomposition in trear UV region with increasing the
calcination temperature of codoped materials. H@nelt's important to recall that
also in this case BF_5 700 contained 5% of rutibereas HF 5 700 was a full
anatase sample. So the enhanced photoefficien@nauasfor BF_5 700 could be still
related to the unexpected positive effect produmgdhe rutile phase, rather than to
other types of extra absorption peaks to be pgsa#iribed to codoping.
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Figure 9.14 Comparison between the action spectracetic acid decomposition in the 370—

460 nm wavelengths range obtained for the HF_5 BRd5 series calcined at a) 500°C, b)
600°C and c) 700°C.
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Chapter 10

10.1 Introduction

The deposition of gold nanoparticles, especiallgafried out by photoreduction, can
improve the photocatalytic activity of commercialO} powder (Degussa P25) by
increasing the rate of formic acid oxidation (Clea@). At the same time home-made
NH4F-doped TiQ materials, characterized by a relatively high tatimity degree,
exhibit excellent ability to photo-oxidise diffetenrganic substrates (Chapters 7-8).
The idea of combining both these positive effebisl and surface modifications of
TiO, materials) was the aim of the work reported is tthapter.

The effect of noble metal nanoparticles (Pt and plwytodeposition on the series of
differently NH,;F-doped TiQ photocatalysts calcined at 700°C (previously sihgvihe
best photocatalytic performances) was thus invatdyin both energetically down-hill
and up-hill reactionsj.e. in both formic and acetic acid degradation in agse
suspension and in hydrogen production from methamatér vapour mixtures, also
aiming at getting a better insight into the rolaygd by noble metal nanoparticles on
both reduction and oxidation photocatalytic proesss’hermodynamically down-hill
oxidation reactions have been employed so fardbthe activity of the photocatalytic
TiO,-based materials investigated in the present th€beslow temperature production
of hydrogen through photocatalytic steam reformiigorganics on metal oxide
semiconductors is an up-hill reaction, which pread way to convert solar energy
into chemical energy with a small @@npact compared to the use of fossil fuels. In
fact, contrarily to traditional steam reforming.etiphoto-assisted process occurs at
room temperature and atmospheric pressure and euw $eock needs to be burnt
because the required energy is totally supplieghmtons.

Organic compounds also deriving from renewable @syr.e. biomasses, acting as
hole scavengers, can play an essential role ineasong the overall rate of
photocatalytic hydrogen evolution. For instance,thaerol is widely used as a
sacrificial agent in the liquid—phase photocatalytroduction of hydrogéif and has
already been employed by our research group asasilemrganic electron donor in a
model reaction for photocatalytic hydrogen formatimm renewable sourcés.

The prepared photocatalysts were characterizedBbly, BRD, UV-vis absorption,
EXAFS and HRTEM analyses and the modifications aedlion the photocatalytic
activity by the noble method photodeposition treaitrwere also taken into account.

All the photocatalytic activity results have beeompared to the photocatalytic
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efficiency of commercial P25 (Degussa), also medifiaccording to the same
photodeposition procedure.

To the best of my knowledge, there is no repothmliterature on NkF doping of
TiO, coupled with noble metal nanoparticles depositmimprove the photocatalytic

activity of titania in the UV-vis region.

10.2 Experimental Section

10.2.1 Doped-TiQ preparation and their surface modification

A series of doped titania (D-TigPphotocatalysts was prepared by the sol-gel meithod
the presence of different amounts of JfiHused as a dopant source, and calcined, in
this case, at a fixed temperature of 700°C. Theinahdopant/Ti percent molar ratios
were 5, 7 and 12. Doped materials were labelled aX, with X referring to the
nominal dopant/Ti percent molar ratio. Referenceloped material, prepared by
exactly the same synthetic route in the absenddHaf, is defined as the D_0 sample.
More details on the preparation of the materiald am their characterisation analyses
can be found in Chapter 8.

The TiO, samples modified by noble metal nanoparticles gieposition were
prepared starting from 6 vol.% of methanol/watespgmsions, containing 3 g*Lof
D_X sample and the amount of noble metal precursmessary to obtain a fixed
nominal metal loading of 0.5 wt.%, which was alngatiown to be the optimal content
for improving formic acid (FA) photooxidation (Chap 6). HAuUC}, was employed as
noble metal precursor in the case of gold nanapestideposition, HPtCk was used
for platinum deposition.

Au(lll) and Pt(IV) photoreduction to metallic naraficles deposited on TiOwvas
achieved by irradiating the suspensions for 2 heurnwitrogen atmosphere. The
immersion fluorescent, low pressure mercury arcplddelosil), already described in
Section 6.2.1, was employed as the irradiationc(see Scheme 6.2b). Noble metal-
modified D_X powders were recovered after at |¢laste centrifugation and washing
cycles, up to the complete removal of residual iang organic precursors. They were
then dried at 70°C for 1 day and stored in the mtxsef light and humidity. These
samples were labelled as M/D_X, where M refershe hoble metal (Au or Pt)

deposited on the previously described home-madd-Nidped-TiQ materials.
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Reference samples were prepared by following tineesprocedure, except for the
addition of the noble metal precursor, and labebsdR/D_X with R standing for
‘reference’.

The same method of noble metal nanoparticles pkptugition was also employed
to modify commercial mixed phase Degussa P25 titandioxide® All reagents were

purchased from Aldrich and employed as received.

10.2.2 Photocatalysts characterisation

UV-Vis diffuse reflectance (DR) spectra were re@atdvith a Lambda 19, Perkin
Elmer spectrophotometer equipped with an integgasiphere an then converted into
absorption (A) spectra (A = 1 — R). HRTEM imagegevebtained with a JEM 3010
(JEOL) electron microscope operating at 300 kV.

Structural features of the gold and platinum nanoges in the as-prepared
photocatalyst were characterized by XAFS, includiXgay absorption near-edge
structure (XANES) and extended X-ray absorptiom fstructure (EXAFS). The XAFS
spectra for the Au and Pgledge were recorded on the ANKA-XAS beamline using
Si(111) double-crystal monochromator detune@ddo60% of the maximum intensity.
Incident and transmitted X-ray intensity were meadwby ion chambers (Oxford). The
experiments were performed at the ANKA SynchrotBirahlungsquelle of Karlsruhe
Institute of Technology by Dr. Gian Luca Chiarelstandard Ptg) Pt and Au foils
were used to extract experimental EXAFS paraméoerBt-O, Pt-Pt and Au-Au bond

lengths, respectively.

10.2.3 Photocatalytic tests

10.2.3.1 Formic acid and acetic acid degradation

All photocatalytic FA degradation runs were perfedras already described (Section
4.1) under atmospheric conditions in a magneticstiyed 60 mL cylindrical quartz
reactor. All irradiated aqueous suspensions coetaiil g [* of photocatalyst; the
initial concentration of FA was equal to 1.0 X310l L. Acetic acid decomposition

under polychromatic irradiation was investigatediascribed in Section 4.2.2.
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10.2.3.2 Hydrogen production from methanol photo-gam reforming

The photocatalytic activity in hydrogen productidy methanol photo-steam
reforming:

CH:OH+HO—>CO,+3 H (10.1)
was tested in the expressly set up, closed reationl laboratory scale apparatus
sketched in Fig. 10.1, already employed in previtusies>

The photocatalyst powder was deposited on 20-4th nf@85-0.42 mm) quartz
beads by mixing 14 mg of it with 3 g of quartz beaohd 1.2 mL of distilled water,
followed by drying in oven at 70°C for 6 h. The clatained photocatalyst bed was
inserted in the photoreactor consisting in a flgindrical Plexiglas cell, having a
central 2 mm thick and 50 mm in diameter rounddw]lfrontally closed by a Pyrex
glass optical window (irradiation surface. 20 cnf). The photoreactor was connected
to a closed stainless steel system (see Fig. 1Gvh&)ye the gas phase was recirculated
at a constant rate by means of a metal bellow purhp. system was preliminarily
purged with nitrogen in order to remove any oxygetce. During the photocatalytic
tests, the photocatalyst bed was continuously fitd & stream of 40 mL mihof N,
saturated with the vapour of a 20 vol.% methanotemsolution thermostatted at 30°C,
corresponding to a methanol molar fractioof 0.10 in the liquid phase.

The reactor temperature during irradiation was 5% £C, as monitored by a
thermocouple placed inside the cell. The absolteegure was 1.2 bar at the beginning
of the runs and slightly increased during irradiati as a consequence of the
accumulation of products in the gas phase. Dutvgruns, typically lasting 6 h, the
recirculating gas was analysed on-line by sampiingvery 20 min by means of a
pneumatic sampling valve placed at the exit of phetoreactor. Gas samples were
automatically injected into an Agilent 6890 N gdsematograph, equipped with two
columns (HP-PlotU and Molesive 5A), two detectdiseefmoconductivity and flame
ionisation) and a Ni-catalyst kit for CO and £f@ethanation. Nwas used as carrier
gas. The GC response was calibrated by injectimgvknvolumes of Bl CO and CQ
into the recirculation system through the loop o$im ways sampling valve. When
testing noble metal nanoparticles modified photayats, purging by nitrogen in the
dark was required every 2 h, due to the high prtsdaccumulation in the recirculating

gas phase.
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The irradiation source was Xenon lamp (LSH302 ofTLOriel, 300 W), see Fig.
10.1b, placed at 13 cm from the reactor, emittmtghe 350—-450 nm wavelength range
with a full irradiation intensity of 6- I®einstein & cm® on the reactor, determined by
ferrioxalate actinometrf Its constancy was checked daily by means of a UMA

meter.
a) H, out E2 H, in
I
7 ik
A
b)

Figure 10.1 a) Sketch of the experimental setuppfowtocatalytic activity tests: (A) cross
section of the Plexiglas photoreactor; (B) photadgdt bed; (C) Pyrex glass window; (D)
detectors (GC with TCD and FID); (EE;) six ways sampling valves; (F) bellow pump; (G)
bubbler containing CEDH/H,O solutions; (H) refrigerator-condenser; (L) therstat; (M)
four ways ball valve; (N) gas flow meter; (TI) tegmgture indicator; (PI) pressure indicator.
b) Sketch of the adopted light source.
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10.3 Results and discussion

10.3.1 Photocatalysts characterisation

10.3.1.1 XRD and BET analyses

The main structural features of the investigatekedaTiO, samples, determined by

XRD and BET analyses, are summarized in Table 10.1.

Table 10.1 Phase composition and crystallite dinmerss ¢, obtained from XRD analysis, by
assuming the absence of amorphous phase; spegifiace area (SSA), obtained from BET
analysis of the investigated photocatalysts series.

dopant/Ti anatase brookite rutile
Sample  molar ratio %) (%) (%) dA/nm  SSA/nf g*
(%)
P25 80 - 20 25 48
DO 0 38 - 62 65 7
D5 5 99 - 1 49 16
D7 7 99.5 - 0.5 44 14
D 12 12 99.5 - 0.5 48 12

The phase composition of NHdoped samples, obtained by Rietveld refinement of
XRD data, clearly shows that doping inhibits thatase into rutile phase transition,
which is typically observed after annealing undogieahia at 700°C (see Chapter 7).
Moreover the SSA of doped materials is slightlygtar with respect to that of the
corresponding undoped T30

XRD patterns obtained for the samples modified lople metal nanoparticles
deposition (not shown for the sake of brevity) weractically identical to those of the
corresponding unmodified samples. Also the spesiiitace area of Tidid not vary
upon noble metal nanoparticles deposition. Thia egreement with analogous results

obtain for gold modified samples discussed in Cérapt

10.3.1.2 UV-Vis DR spectra
The deposition of gold nanoparticles on Tias confirmed by the colour change of
the modified oxide powder, turning from white irgarple, originated from the surface

plasmon resonance of nanocrystallin€ particles.
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As shown in Fig. 10.2 gold containing samples @igphe typical plasmon resonance
absorption band, with a maximum around 550 nenyed shifted compared to the pure
gold plasmonic peak (520 nm), indicating interactietween gold and titania support.
Sample Au/D_0 exhibit a red-shift of the absorpteatge because of the relative high
content of rutile phase. Au modified samples oladistarting from an intermediate
amount of dopant source (D_5 and D_7) exhibit &mlan resonance band which is
slightly shifted to shorted wavelengths with regpcthe other samples, indicating
smaller Au nanoparticles dimensiorisand is characterized by a relatively higher
maximum absorption intensity.

Pt/TiO, samples, appearing as grey powders, exhibit adtabaorption in the visible
region (higher respect to the corresponding unmedlifiO, samples), without any

specific plasmonic band (Fig. 10.3).

1.0
=038
9
=
S — Au/P25
< Au/D_5
—Au/D_7
—Au/D_12
04 1 1 1 1 1

200 300 400 500 600 700 800
A (nm)

Figure 10.2 Absorption spectra of P25 Fi&@hd NHF doped photocatalysts series modified by
gold nanoparticles (0.5 wt.%) photodeposition.
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Figure 10.3 Absorption spectra of P25 Fiend NHF doped photocatalysts series modified by
platinum nanopatrticles (0.5 wt.%) photodeposition.

10.3.1.3 EXAFS analysis
10.3.1.3.1 Pt modified TiQ samples
The Pt Ls-edge XANES spectra for metallic Pt, Bt@nd home-made Pt/T3O

photocatalysts are shown in Figure 10.4.

20— Ref. Pt02
PYD_0
1— PUD_5
PYD_7
— PYD_12
Pt/P25

1.5+

Pt foll

Norm. absorbance / a.u.

r T r T r T r T r
11.54 11.56 11.58 11.60 11.62 11.64

Energy / keV

Figure 10.4 Pt L-edge (11564 eV) XANES spectra of Pt, Pa®d home-made NH-doped
photocatalysts series modified by platinum nanaplasg (0.5 wt.%) photodeposition.
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The XANES spectra of Pt/Tilphotocatalysts are intermediate between thoskeof t
two reference samples (Pt foil and PtGuggesting that Pt nanoparticles deposited by
photoreduction method on the TiGurfaces are not present with a unique oxidation
state. This fact is clearly outlined in Fig. 10.hexe the Fourier transforms (FTs) of
v*(k) EXAFS signals for the standard and of the itigased samples are shown
without phase shift correction.

The main structural parameters (bond length, R, emardination number, CN)
obtained for Pt/TiQ samples by using a proper simulation program anensarized in
Table 10.2. All spectra exhibit, with a differerdlative intensity, both the peak
associated to Pt-Pt bond for metallic Pt and tipec} signals related to Pt-Pt and Pt-O
(first shell of coordination) bonds for oxidized $Rate (PtQ).

The signal associated to the second shell of Pb@dination for PtQis absent in all
spectra, suggesting a relative small size of phegiodited Pt nanoparticles. Moreover
the absence of the Pt-Pt shell at 3.103 A typit#t®, demonstrates that the samples
possess passivated metal Pt nanoparticles.

|Ref. PtO,

. Pt foil
]
—_~d///\\/\r\viﬁwvAvﬂv—\___PUPZS
| |
]
-\ PYD 12
.
‘A/\_\I/\/\% PUD_12
| |
]
N\ | ptD_7
0
| |
| |

Intensity (a.u.)

PtD_5

Figure 10.5 Fourier transform (FTs) of thé&(k) EXAFS signals for Pt, PtGnd home-made
Pt/TiO, photocatalysts.
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Table 10.2 Main structural parameters (interatondistances, R, and coordination number,

CN) obtained from EXAFS analysis for Pt/J€amples.

Sample Shell CN R (A)

Pt foil Pt-Pt 12.0+0.6 2.765 + 0.002
Pt-O 4 57+05 2.016 +£ 0.007
Ref. PtO, Pt-Pt* 6.6+1.6 3.103 £ 0.005
Pt-O , 11.5+4.7 3.677 +£0.029
Pt-O , 14+1.2 2.038 +£ 0.046

Pt/P25
Pt-Pt 7.6+15 2.747 £ 0.011
Pt-O 4 1.7+0.6 1.960 £ 0.026

Pt/D O
Pt-Pt 7.0+1.9 2.730 £ 0.016
Pt-O_1 2.8+0.6 1.975 +£0.021

Pt/D 5
Pt-Pt 49+25 2.743 £ 0.025
Pt-O , 1.5+05 1.966 + 0.026

PtD_7
Pt-Pt 6.4+1.8 2.731 £0.017
Pt-O 4 25+05 1.972 £0.019

Pt/D_12
Pt-Pt 35+14 2.723 +£0.015

By considering the presence of platinum not onlghe metallic form, an iterative
fitting algorithm was used in order to calculate tielative amount of Ptand Pt in
each sample. This kind of mathematical approadbriefly explained for the Pt/D_0O
sample in Fig. 10.6. In this simulation, a lineambination of the two reference
spectra of Pt and Pt (red curve) is refined against the experimentave(in blue
color), in order to minimize the residual. The t®@a percent contribution of oxidized

and metallic platinum states are thus calculatedsaimmarized in Table 10.3.
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Figure 10.6 Example of iterative fitting algorithperformed in order to calculate thelative
amount of PY and PY for the Pt/D_0 photocatalyst.

Table 10.3 Relative percent contribution of oxidizand metallic states of platinum
nanopatrticles, calculated for Pt/Ti&amples.

Sample  Pt°wt.% Pt*" wt.%

Pt/P25 85 15
Pt/D_0 69 31
Pt/D_5 54 46
PtD_7 73 27
PYD_12 61 39

Among all the investigated samples, Pt/D_5 andZBt/aterials show the relative
highest contribution of Pt and P! forms respectively. By comparing the results
reported in Tables 10.2 and 10.3 an expected abioelbetween the relative percent of
Pt(IV) and the coordination number (CN) associdtedhe first shell of Pt-O can be
found; so the increase of Pt(IV) content is follaey an increase of Pt-O coordination
number.

Anyway there seems not to be a direct correlatietwben the relative percent
amount of metallic/oxidized states of depositedtiplan nanoparticles and the

corresponding nominal NfF dopant amount of home-made samples.
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10.3.1.3.2 Au modified TiQ samples
The Au Lls-edge XANES spectra for metallic Au and home-mada/TAO;
photocatalysts are shown in Figure 10.7.

1.0 H
=
]
> 054
(&)
G
o Au foil
2 Au/P25
E 0.0 - Au/D_12
£ —— PD 7
(@]
S PtD_5

— PUDO
-0.5
T T T T T T T T T T T
11.88 11.90 11.92 11.94 11.96 11.98 12.00

Energy / keV

Figure 10.7 Au b-edge (11564 eV) XANES spectra of Au and home-mit&-doped
photocatalysts series modified by gold nanopari¢e5 wt.%) photodeposition.

The XANES spectra of the investigated Au/Fighotocatalysts resemble that of the
Au foil reference, indicating that Au nanoparticleeposited by the photoreduction
method on the Ti@surfaces, are present in full metallic state. Tt is clearly
confirmed in Fig. 10.8, where the Fourier transferfRTs) ofy*(k) EXAFS signals for
the standard and the investigated samples are shothiout phase shift correction.
Main structural parameters (bond length, R, anddioation number, CN) obtained for
AU/TiO, samples, by using similar simulation programsfhlyidescribed for Pt/TiQ
materials, are summarized in Table 10.4.

Let's focus our attention on the Au coordinationntoer calculated for the
investigated samples. Generally a gold atom sudedronly by other gold atoms (in
bulk form) has a coordination number (CN) equall® Therefore for a gold atom
exposed to the surface a lower coordination nunbexxpected. In particular, the
coordination number may decrease for smaller galtbparticles, characterized by an

average higher amount of gold atoms at the surfatterespect to those located into
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the bulk. As a result, the coordination numberaot#d by EXAFS experiments, could
give an indirect information about the relative dyolanoparticles size. On the basis of
the data reported in Table 10.4, home-made sam@esaining an intermediate
nominal dopant amount (D_5 and D_7) seem to beactenized by relative smaller
gold nanoparticles. No further information abouttahenanoparticles size can be
obtained for other Au/Ti® samples which are characterized by gold coordinati

number closer to 12.

Au foil
~ Au/P25
3
8 :
>
= Au/D_12
c
)

[
= Au/D_7
Au/D_5
Au/D_0
| | | | |

R/A

Figure 10.8 Fourier transform (FTs) of thg(k) EXAFS signals for Au and home-made
AU/TiO, photocatalysts.

Table 10.4 Main structural parameters (bond lengk, and coordination number, CN)
obtained from EXAFS analysis for Au/gi€amples.

Sample Shell CN R (A)

Au foil Au-Au 11.9+0.6 2.862 £ 0.003
Au/P25 Au-Au 11.4+0.8 2.856 £ 0.003
Au/D_0 Au-Au 11.1+1.0 2.857 £ 0.004
Au/D 5 Au-Au 9.6+15 2.860 + 0.007
Au/D_7 Au-Au 10914 2.851 + 0.007
Au/D 12 Au-Au 12.0+0.6 2.855 £ 0.004
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10.3.1.4 HRTEM analysis
Gold and platinum photodeposition on Ti@as also verified by HRTEM analysis,
yielding valuable and direct information on the dmsion and the distribution of noble

metal nanoparticles on the Ti®urface (see Fig. 10.9).

Figure 10.9 HRTEM images of Ti®amples modified by noble metal nanoparticles si¢ipa:
a) Au/D_7; b) Pt/D_7; ¢) Au/D_O0.

Home-made Ti@ doped samples consisted of micro-aggregates gjiesiorystal
nano-spheres, with average diameter dimension$@4@m) which are consistent with
those obtained by XRPD analysis (Table 10.1). Intiqadar, the photodeposition
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technique seems to ensure a good dispersion ofdmdthand platinum nanoparticles
on the TiQ surface, as shown in Figs. 10.9 a and b.

Moreover in the case of Au/TiOsamples, full anatase moderately doped material
(D_7) showed smaller gold nanoparticles with respedhose obtained for undoped
material (D_0), in agreement with indirect informat obtained by EXAFS analysis.
It's worth to recall that larger and more spherigald nanoparticles were also obtained
by using the photodeposition method for mixed phasenmercial TiQ powder
(Degussa P25), as shown in Chapter 6.

10.3.2 Photocatalytic tests

10.3.2.1 Liquid phase reactions: formic and acetiacid photocatalytic oxidation

The photocatalytic activity scale of the home-mal®, and the corresponding
samples modified by surface Au or Pt nanopartiplestodeposition can be appreciated
in Fig. 10.10. The photoactivity scale obtainedtfte same samples during acetic acid
oxidation is shown in Fig. 10.11. In this case &la&vity is expressed in terms of zero-
order rate constant of G(photo-evolution from TiQ suspensions containing acetic
acid.

For all of the doped Ti@ series the photodeposition of gold or platinum
nanoparticles was beneficial in the degradatiohath organic substrates. Moreover in
case of FA decomposition (Fig. 10.10) the effectsuced by the photodeposition
procedure itself can be distinguished from thosiei@ed by the presence of noble metal
(NM) nanoparticles. Indeed the degradation ratemiobd with reference samples
(R/TIOy), prepared by irradiating the bare photocatalysta methanol/water solution
under nitrogen atmosphere, under identical conuitias those employed for NM
nanoparticles deposition, but in the absence ofenoletal precursors, were lower that
those measured with the corresponding unmodifiedpses; in particular the rate
decrease was larger for blank MHdoped samples than for P25. This negative effect
may partly be explained by considering that redidm&thanol molecules might
compete with formic acid molecules for the photagared positive holes h This
phenomenon is in line with the results reportedCinapter 5 indicating that any
modification of standard P25 TiQDegussa), consequent to treatments to deposit
noble metal nanopatrticles on its surface, implieerease of photocatalytic activity in
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organic substrate degradation; this was partiqulastident in the case of the DP
(deposition-precipitation) method, which requiresrinal treatments.
4.0

[] Naked TiO,
] RITiO, 3.2
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Figure 10.10 Zero-order rate constants of formigdaghoto-mineralisation on photocatalysts
prepared starting from different amounts of JRHdopant (D series) and modified by
photodeposition of 0.5 wt.% of Au or Pt nanopaetcl R/TiQ refers to blank samples,

prepared by following the same photodeposition pdoce, except for the addition of the noble
metal precursor.
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Figure 10.11 Zero-order rate constants of L£@hoto-evolution during acetic acid
decomposition on photocatalysts prepared startiognfdifferent amounts of NA dopant (D
series) and modified by photodeposition of 0.5 vaf%u or Pt nanoparticles.
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The rate constant values reported in Fig.s 10.8018n11 clearly confirm that Pt is a
better co-catalyst than Au. The difference in thetpcatalytic performance of these
two metal as co-catalysts can be related to thewmkwunction values @), i.e. the
energy required to promote an electron from thenfFenergy level into vacuum (the
higher is® , the lower in energy is the Fermi level). In fabe greater is the difference
between the metal work function and that of the ;T&Dpport, the higher is the

Schottky barrief?*?

the electronic potential barrier generated bylthied alignment at
the metal-semiconductor heterojunction, with conoset] increased efficiency of
photogenerated electron trapping by the metal andexjuent transfer to,@nolecules
adsorbed on the photocatalyst in water. For thectgdtal plane® = 5.31 eV for Au
and® = 5.93 eV for Pt whereasb values in the 4.6-4.7 eV range are reported in the
literature for TiQ."®> Consequently, Pt is a more efficient electron geapthan gold,
thus ensuring a more efficient charge separatidméwith the higher photoactivity of
Pt-modified TiQ.

Furthermore, the rate constant values in formid deicomposition presented in Fig.
10.10 evidence that the best performing doped maégemodified by surface NM
nanoparticles were even more active than P25, TrfOdm Degussa, modified by
following the same photodeposition procedure.

Possible synergistic effects on the photocatabtitvity of the material induced by
bulk (NHsF doping) and surface (NM nanoparticles depositidi), modification
merit to be outlined. However the term ‘synergedifect’ has not yet found a unique
definition in the field of photocatalysis.

Ohtani in a recent revieWhas tried to explain the concept of ‘synergetfedf as
follows: when more than two kinds of photocatalyats used as a mixture, the overall
photocatalytic activity exceeds the sum of actgtiof each photocatalyst. Moreover
when a certain component alone is not a photocdtabnd its mixture with a
photocatalyst shows improved activity, that comparghould be calledco-catalyst
or “enhancer, and the improvement cannot be attributed to argystic effect.

Even if this kind of interpretation does not allexs to talk about a real synergy for
our NM modified doped Ti@systems, a more detailed comparison about theteffe
induced by noble metal nanoparticles depositiordifierent photocatalytic materials
(commercial, undoped and differently hfHdoped TiQ photocatalysts) merits to be

undertaken.
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In this regard looking at the data reported in Hi§.10 the intrinsic positive effect
induced by NM nanoparticles depositiakx( or Apy) can be defined as the difference
between the zero-order rate constant of formic degradation obtained with the Au or
Pt/D_0 samples and that obtained with naked D_@.dmilar way the effect produced
by only NHF doping,Adop, Can be expressed as the difference between theomber
rate constant of formic acid degradation obtainetth waked D_X samples and that
obtained with naked D_0. This contribution of ceuvaries with the amount of dopant
source employed in the synthesis of D_X samplesally, the overall combined
beneficial effect of bulk and surface modificatiofisyn, can be estimated as the
difference between the zero-order rate constarfoihic acid degradation obtained
with Au or Pt/D_X samples and that obtained withketh D_0. This series of
calculations can be easily expressed as follows:

Anu =K (AU/D_0) —k (D_0) (10.2)
Ap =k (PUD_0) - (D_0) (10.3)
Adop=k (D_X) —k (D_0) (10.4)
Asyn =K (Au or PYD_X) —k (D_0) (10.5)

Therefore, if the value ofAsy, exceeds the sum of each separately calculated
contribution Aqgop + Aau OF Apy), @ synergistic effect of NAf doping and surface NM
deposition could be recognized. This kind of cornguar is depicted in Fig.s 10.12 and

10.13 for formic acid and acetic acid test reagtrespectively.
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b) Pt effect
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Figure 10.12 Calculation of beneficial effect or fphotoactivity in formic acid decomposition,
induced by NEF doping and a) Au or b) Pt nanoparticles: comparidetween the sum of the
single contributionsAqe, + Aau OF Ap) and the combined effediy(,) of bulk and surface TiO
modifications as a function of the percent nomagbant/Ti ratio.

3 3
. a) Au effect
= o
= =
S 2} {12 €
Ko 18 —— )
= =
= o)
8 — 21 5
g 1F : @10 11 =
h A038 A038 4%
I
g
0 : : 0
0 5 10 15

molar dopant/Ti percent

249



Chapter 10

4 4
H'c b) Pt effect ®35
IS 1 4=
w0 029 029 Sc
3 &
L
o o
Sot {22
“a =
S «—— A15 =
< A 12 Al12 3
+1F 114
i
d
0 L L 0
0 5 10 15

molar dopant/Ti percent

Figure 10.13 Calculation of beneficial effect onOJi photoactivity in acetic acid
decomposition, induced by NH doping and a) Au or b) Pt nanoparticles depositio
comparison between the sum of the single contabsitAg,, + Aay OF Ap) and the combined
effect Q) of bulk and surface TiOmodifications as a function of the percent nominal
dopant/Ti ratio.

Calculation compared in Figs. 10.12 and 10.13 blesinow that for both liquid
phase test reactions (formic and acetic acid phkodation), Asy, contributions were
always higher than th&gop + Aay OF Agop + Apy SUMS.

The beneficial synergistic effect of simultaneoutkkand surface Ti@modification
was particularly evident in the case of acetic atédomposition performed with Pt
modified doped Ti@ (Fig. 10.13b); the maximum synergistic effect wgstematically
attained with photocatalysts prepared starting fibrmol.% of dopant source (D_7
series). On the contrary, no synergistic effect wattained in formic acid
photodecomposition with NM-modified and relativélighly doped materials (D_12
series) which, as already observed in Chapter 8,beacharacterized by a large extent
of defective sites that could act as recombinatientres of photogenerated charge

carriers, with a consequent decrease in the phtaiytia activity.
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10.3.2.2 Photocatalytic production of H by photo-steam reforming of methanol

A recent, systematic investigation on the photdgatasteam reforming reaction of
methanol evidenced that methanol undergoes oxidatip to CQ through the
formation of formaldehyde and formic acid as intedmte species; carbon monoxide,
methane, methyl formate, dimethyl ether and acelglde were also identified as side
products’

The products distribution and their selectivity ¢sntuned by changing the methanol
molar fractionx in the liquid solution, thus changing the ratiotloé methanol to water
partial pressure in the feeding mixture. In patacuH, and CQ evolution close to the
molar ratio expected from overall methanol stearformeing (reaction (10.1)) is
achieved only for very low values X < 0.01) and formaldehyde becomes the main
reaction product, for highervalues. Furthermore, the rate of hydrogen prodadii,
follows a bell-shaped curve when plottegix, with a maximum ax = 0.4, and the rate
of CO;, production go, exhibits a hyperbolic decay curws. x Hence, in the present
studyx = 0.1 was adopted as standard reaction condibecause it represents a good
compromise between a high, value and high selectivity in hydrogen productton
CO,, Scoz defined asco2 = (3 keodkiz ) x 10Q The selectivity to CO is defined &so
= (2 keokiz ) x¥10Q

In all photocatalytic tests H1CO, and CO evolution occurred at constant rate during
irradiation, as in previous studigghe rates of bj CO, and CO production obtained
with the investigated photocatalysts are repontedable 10.5, together with ti&o;
and So selectivity values. It is worth recalling that trege of CO production is very
important when considering photocatalytic hydrogesna feedstock for fuel cells. In
fact, CO would certainly be the most undesired fmdpct, being a well-known poison
for Pt-based catalysts in fuel cells.

Among the unmodified oxides, commercial P25 wasfiooed to be the most
photoactive photocatalysts under UV-Vis irradiatiffable 10.5 and inset of Fig.
10.14). Among the doped oxides, D_5 was by far nin@st active photocatalyst;
however, in contrast with the results obtained myriformic or acetic acid
photooxidation, undoped mixed phase D_0 sample stidvigher photoactivity than
full anatase D_7 and D_12 highly doped materialenef these latter samples were
characterized by larger specific surface area {sd®e 10.1). By taking into account

that anatase phase is characterized by a moreiveedat potential value respect to
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that of rutile phasej.e. -0.45 V and -0.37 Ws. NHE at pH 7, the electrons
photogenerated in anatase conduction bands areeXpested to have a greater ability
from promoting hydrogen formatidhHowever, the absorption threshold of anatase is
at shorter wavelength with respect to that of eyt@ind thus anatase is able to absorb a
lower fraction of the emission spectrum of the xetemmp. This may explain why the
D_0 sample exhibits a lower activity with respestthe D_7 and D_12 samples.
Furthermore NEF over-doping, even if being able to stabilize thest photoactive
anatase phase, led to a really marked photoeftigieecrease. This could be ascribed
to the possible formation of an excess of structdefects which can play an

detrimental role in favouring the undesired eletthmle recombination process.

Table 10.5 Zero order rate constants gf BO, and CO production (k) and percent selectivity
to CO, and CO in hydrogen production on bare and 0.5 wA®&or Pt modified doped TiO
samples under UV-Vis irradiation. Results obtaiméth commercial P25 are also reported for
comparison.

kimmol h™ gey % Selectivity
Sample

H, CO, CcoO CO, CcO
D 0 0.0651  0.0093  0.0042 42.9 12.9
D5 0.1883  0.0105  0.0111 16.7 11.8
D 7 0.0372  0.0061  0.0029 49.2 15.6
D 12 0.0447  0.0051  0.0014 34.2 6.3
Au/D 0 05758  0.0221  0.0064 11.5 2.2
Au/D 5 37864  0.1756  0.0778 13.9 4.1
Au/D_ 7  2.3407  0.1245  0.0643 16.0 5.5
Au/D 12 0.9944  0.0417  0.0184 12.6 3.7
PYD 0  3.0012  0.1797  0.0164 18.0 1.1
PYD 5 10.4731  0.7670  0.2458 22.0 4.7
PUD 7  5.9948  0.3924  0.0964 19.6 3.2
PYD 12 2.6848  0.1568  0.0251 17.5 1.9
P25 0.6113  0.0193  0.0466 9.5 15.2
Au/P25  5.8432  0.3297  0.2597 16.9 8.9
PYP25  14.4796  1.4224  0.4359 29.5 6.0
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Figure 10.14 Zero order rate constants of 0, and CO production (k) on bare (inset) and
0.5 wt.% Au or Pt modified doped samples under Wivadiation. Results obtained with
commercial P25 are also reported for comparison.

On Au- or Pt-deposited T¥Dsamples the rate of hydrogen production was
systematically more than ten-fold higher in comgami to the values obtained with the
corresponding bare oxides. Indeed, as already oredj noble metal nanoparticles on
the semiconductor surface are able to capture phmtwted conduction band
electrons, due to the electronic potential bargemerated by the band alignment at the
metal/semiconductor heterojunction (Schottky bayrierhis phenomenon favours
interface electron transfer, thus increasing tHeiehcy of charge separation of the
electron—hole pairs photo-generated on the semisziadupon light absorption. In this
case methanol photo-oxidation occurs at the serdistior surface, acting as photo-
anode, whereas hydrogen evolution takes place @maoble metal surface, acting as
photo-cathode.

Moreover, noble metal nanoparticles deposition @D, Bamples (especially in case
of Pt) generally induced a decrease of$kevalue indicating that the more efficient is
the separation between photoproduced charge sairiethe photocatalyst, the more
efficient are not only the g - involving reduction paths, mainly leading to, H
production, but also the/" - initiated complete methanol oxidation to £0
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An important point that merits to be outlined ig tlact that an almost identical bell-
shaped photoactivity trend with increasing the awpzontent was obtained for the
naked, Au- and Pt-modified titania series (see E@14), with the 5% NKF-doped
samples always being the best photocatalysts withah series. This demonstrates the
crucial role that the electronic structure of dopwdterials has in determining the
absorption features and the photoproduced changgrateon and mobility within the
photo-catalyst doped oxide.

Moreover Pt was still confirmed to be a better atabyst than Au, in agreement with
their work function valuesd{s, = 5.31 eV,®p; = 5.93 eV) as already discussed in
Chapter 9. This confirms the main role of the noimetal is limited to an increase
efficiency of electron-hole separation by ‘captgficonduction band electrons, Pt
always being more efficient than Au in ensuringstHiowever, the intrinsic charge
carrier production and the efficiency in their sgpi@an is exclusively determined by
the bulk electronic features of the photocatalgteterial.

The best photoactivity was reached for Pt-modiSathples characterized by smaller
noble metal nanoparticles size (2-5 nm), also thattk their more homogeneous
distribution on the oxide surface, as suggestedHRTEM and EXAFS analysis.
Recently this general trend of hydrogen productaie increase with decreasing the Pt
particle size has also been shown for Jhotocatalysts, prepared by flame spray
pyrolysis>*’

However, concerning different methods of noble indigposition on TiQ, NM-
photodeposition techniqgue seems to guarantee hgtiethhydrogen production rate
and lower selectivity to CO with respect to surfattstabilized preformed NM
nanoparticles deposition, which was previously tigated in our research grotjn
fact, in the case of commercial P25 modified by @56 Pt deposited from pre-
stabilized preformed Pt nanopartictsn hydrogen production rate of 7.75 mmdl h
Jeai - @and a selectivity to CO of 8.3% were obtainedabgpting the same experimental
set-up described in Fig. 10.2 with a more interg® kource.

Finally, in order to estimate the relative effentluiced by noble metal nanopatrticles
deposition on commercial, undoped and differentiy,;RNdoped TiQ photocatalysts,
the ratio between the hydrogen production rate iobth with each NM-modified
sample and that obtained with the correspondingahgdhotocatalyst were calculated.

These values are reported in Table 10.6.
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Table 10.6 Ratio between the zero order rate canstaf hydrogen photo-production obtained
with each NM modified sample and that attained withcorresponding naked photocatalyst.

H, photo-production

Sample K au /K K g /K

P25 9.6 23.7
D 0 8.8 46.1
D 5 20.1 55.6
D 7 62.9 161.2
D_12 22.2 60.1

The increased photoefficiency in methanol photassteeforming produced by the
presence of Au or Pt nanopatrticles on Jvas remarkably higher for the WHdoped
systems respect to that of the corresponding urilopeommercial photocatalysts, in
good agreement with results previously obtaineddetic acid oxidation. In particular
the maximum positive effect was attained for the7 Bsample. By this way NiF
doping provided a synergistic positive contributitm the already beneficial effect
produced by noble metal nanopatrticles, in the cdske photo-reduction path leading

to H, production.

As a conclusion of this chapter, one can thus fgghthat very intriguing synergistic
effects of simultaneous bulk and surface Ji@odification were thus evidenced for
both energetically down-hill and up-hill reactionghich can be interpreted in relation
to the structural properties of the materials. e side, doping guarantees that the
most active TiQ anatase phase is stabilized up to high calcinatemperature,
ensuring high crystallinity and good photoinducédrge carriers production, whereas
noble metal nanoparticles contribute in increading separation of photoproduced
charge carriers, resulting in enhanced photocatalgerformances of the here
investigated photocatalyst systems.
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The present PhD thesis was mainly devoted to egpldferent routes for improving
the photocatalytic activity of Ti©for environmental applications, especially in the
photodegradation of organic pollutants in aqueowspsnsions. The general
conclusions achieved by investigating the photdgtida degradation of different
substrates in the presence of FHéased materials modified by non-metal doping

and/or by noble metal nanoparticles depositionbtmahbriefly summarized as follows.

Photocatalytic activity of Ti@modified by gold nanoparticles deposition: effesftshe

adopted deposition technique

The first part of the thesis was devoted to a syate study on the photocatalytic
performance of commercial TiDegussa P25) bearing gold nanoparticles deposited
by deposition-precipitation (DP), with particuldteation to the method, either thermal
or chemical, employed to reduce Au(lll) into mataiold. Two organic substrates.
the azo dye Acid Red 1 (AR1) and formic acid (FAgre employed as substrates in
photocatalytic oxidative degradation kinetic tedt#ydrogen peroxide evolution was
also monitored during the runs in order to havestieb insight into the role played by
gold nanopatrticles on the reduction path paradl@rganics’ oxidation.

The presence of gold on Ti@vas found to facilitate both the electron tran$te©,
and the mineralization of formic acid, mainly predeng through direct interaction
with photoproduced valence band holes. The so-fdrrhaghly reductant C®
intermediate species may contribute in maintaingmd in metallic form. The
controversial results obtained in the photocatalgegradation of the AR1 dye were
rationalized by taking into account that with thssibstrate, mainly undergoing
oxidation through a hydroxyl radical mediated pdathe photogenerated holes may
partly oxidize gold nanoparticles, which conseqglyeatt as recombination centres of
photoproduced charge carriers.

These investigations also evidenced that the sffdoe to the presence of gold
nanoparticles on the Tisurface should be distinguished from those induamedhe
TiO, surface by the deposition treatment itself. Intipatar, the DP technique,
requiring a high temperature reduction step, predut decrease in TiPhotoactivity,
as demonstrated in the case of blank samples peddiatiowing the DP procedure in

the absence of gold precursor.
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For this reason, other Au/Ti(photocatalysts were prepared by photodepositign, b
irradiating an aqueous suspension containing PZ%» &nd chloroauric acid under
anoxic conditions. This technique ensures the tirdeposition of metallic
nanoparticles on the semiconductor, without anydnefesubsequent heat-treatment.
HRTEM analysis showed that photodeposition produaeger and more spherical gold
nanoparticles compared to other gold depositiohrtiegies.

Furthermore, the photodeposition procedure itselien in the absence of gold
precursor, produced positive effects on Fi@hotoactivity, especially in the case of
Cr(VI) photoreduction, most probably as a conseqaesf irradiation under anaerobic
conditions, inducing partial TiOsurface reduction. The rate of both investigated
photocatalytic reactions (formic acid photooxidatiand Cr(VI) photoreduction) was
found to depend on metal loading, the maximum vakiag attained foca. 0.5 wt.%
Au, representing an optimal balance between theindmttal shielding effects of
surface Au nanoparticles, decreasing the fractiolight absorbed by Tig) and their
beneficial role in capturing photopromoted elect;otihus reducing the electron-hole
recombination rate. Photodeposition was thus fdonide the best technique for noble

metal nanopatrticles deposition on Fitased materials.

Photocatalytic activity of non metal doped-}i@aterials

In the central part of the thesis the attention feassed on sulphur, fluorine and boron
as dopants of Tig the effects of N or C doping on the photocatalgificiency of
TiO, having already been widely investigated in the teescade. The sol-gel method,
which is very flexible and suitable for systemadicucturevs. photoactivity studies,
was adopted to incorporate anion dopants in the $it@icture. Two series of T
based doped samples were first prepared by thgetakethod in the presence of
different amounts of dopant source (thiourea and,MNFfbr S-doped and F-doped
samples, respectively), followed by calcinationddterent temperature (500, 600 or
700°C). Reference undoped materials were prepayddllowing the same synthetic
procedure apart from the addition of the dopantymsor.

First of all, XRPD analysis showed that both tymdsdoping inhibit the phase
transition from anatase into rutile up to 700°C. rtaver, while the dimension of

anatase crystallites seems to be independent girdse=nce of sulphur, NH doping
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appears to produce larger anatase,Tp@rticles. BET analysis showed a surface area
decrease with increasing the calcination tempezagwren if NHF doping seemed to
limit particles sintering effects, especially irseaof samples calcined at 500°C.

While S-doped Ti@ showed a photocatalytic activity in FA photodegtiah quite
similar to that of the undoped materials, most phip due to the presence of oxidised
sulphur species on their surface, moderate dopittlg MH;F was extremely beneficial
in increasing the reaction rate, especially for tpbatalysts calcined at high
temperature, consisting of highly crystalline puaeatase, in which the rate of
detrimental charge carriers recombination was reduc

In particular, the general trend of photocatalgtitivity increase with increasing the
calcination temperature (attained for each serfedoped materials) appeared rather
surprising, since the highest photoactivity was cheal with photocatalysts
characterized by a relatively smaller specific acef area (SSA). In fact SSA is
expected to play an essential positive role in F&grddation, mainly proceeding
through direct interaction of FA with photoproduceslence band holes. At the same,
an excessively high doping level was shown to lifini@, photoactivity, possibly due to
the formation of an increasing number of defectghie oxide structure, acting as
recombination centres of photogenerated chargescarr

The same trend of photoactivity improvement wasioled for home made NB-
doped TiQ in two other reactiong,e. the decomposition of acetic acid in aqueous
suspension and the gas phase mineralization ofldeétyde. This very important
achievement demonstrates that the photoactivitle ssamaterials results from their
intrinsic electronic structure, being independemt specific interactions with the
substrate and/or the presence of a solvent. Morebwene made NHF-doped samples
were even more active than traditional benchmark FPID, (Degussa) and other
commercial full anatase materials possessing effite8SA.

XPS and EPR analysis of NHdoped materials, even if calcined at 700°C, rieeka
the presence of residual nitrogen containing spede for these samples it is better to
invoke an N and F co-doping.

In order to study the possible activation of thesserials in the visible light region
the photooxidation of acetic acid was also invedad systematically as a function of
the irradiation wavelength, by collecting so-callection spectra. By comparing the

shapes of the action spectra with those of therphben spectra of the investigated
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photocatalysts a model was proposed, based onrapksatures deconvolution, which
allows to make a clear distinction between lighaaption by the materials which does
not produce any photocatalytic reaction and lighsaaption leading to effective
photoactivity in acetic acid decomposition. In tihegard for each doped sample the
contribution of two different extra absorption psakas calculated. The contribution of
a photocatalytically inactive absorption peak @alB) located in the near visible
region (with a maximum around 420 nm) decreasednibyeasing the calcination
temperature. On the contrary the contribution phatocatalytically active absorption
peak (called A) located in the UVA region (with @ximum around 365 nm), close to
the typical band gap absorption onset of anata€g, Tincreased with increasing the
calcination temperature, within each series of dogmmples.

While peak B was attributed to nitrogen doping wh@an produce photoinactive
intra band gap states, the origin of active peaksAstill under discussion. This
absorption feature might be attributed to extriredsorption originating from surface
oxygen vacancies or surface defects, the formatiamhich is expected to be favoured
by F-doping at high calcination temperature. On dtitieer hand, peak A might be
simply a consequence of the higher crystallinityN¥i,F-doped samples calcined at
relatively high temperature (700°C).

In order to better clarify the role of fluorine dadnitrogen dopants of TigDanother
series of doped photocatalysts was prepared acgptdi the same synthetic sol-gel
procedure, employing HF instead of NHas dopant source, in order to avoid the co-
presence of nitrogen impurities in the materialtfd same time, aiming at elucidating
the effects of F-doping and co-doping of Fi@n investigation was started on the
effects of the co-presencewblock elements boron and fluorine in titania.

A comparison between the photoefficiency of sam@egly or co-doped with
fluorine was essential in order to confirm fluorirend not nitrogen, as the main
responsible for the observed photoactivity increaséhe UVA region for doped
samples calcined at high temperature.
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Photocatalytic activity of NkF-doped TiQ modified by noble metal nanoparticles

photodeposition

In the last part of the thesis the effect of nobletal (Pt and Au) nanoparticles
photodeposition on the series of MHdoped TiQ photocatalysts calcined at 700°C
was investigated in both energetically down-hildamp-hill reactionsj.e. in formic
acid and acetic acid degradation in agueous suspeasd in hydrogen production
from methanol/water vapour mixtures.

The photoactivity results obtained in formic acidgchdation clearly demonstrate
that the best performing home made doped matewal® even more active than
commercial P25 Ti@from Degussa, used as a standard photocatalytet bleore and
after surface modification by noble metal nanoplt deposition by the same
photodeposition procedure.

Very intriguing synergistic effects of simultaneousulk and surface Ti©
modification were evidenced, which can be integutein relation to the structural
properties of the materials. On one side, dopingrantees that the most active 7iO
anatase phase is stabilized up to high calcinatemperature, ensuring high
crystallinity of the photocatalytic material, whage noble metal nanoparticles
contribute to a better separation of photoprodudeatge carriers, resulting in a more
efficient electron transfer to adsorbed protoneldyng H.

Doping of TiG enhanced the hydrogen production rate, with antickd bell-shaped
trend with increasing the dopant content for thkeda Au- and Pt-modified titania
series, with the 5 mol.% NjH-doped sample always being the best photocatalyst
within each series. Over-doping led to a photogfficy decrease, most probably due to
an excess of structure defects.

Pt was confirmed to be a better co-catalyst thanfédxuboth organic substrates
decomposition and Horoduction, in agreement with their work functie@ues®,, =
5.31 eV andbdp; = 5.93 eV. In general, the highest photoactivitgsweached for Pt-
modified samples characterized by smaller nobleahm@tnoparticles size (2-5 nm),
also thanks to their more homogeneous distributiorthe oxide surface, as suggested
by HRTEM and EXAFS analysis.
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“Increased photocatalytic activity of Ty gold nanoparticles photodeposition”.
Chemistry and Physics of Materials for Energetiagropean summer school.
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