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Abstract

TiO, photocatalysis has attracted considerable scientific and practical interest during the last three decades. One major cur-
rent direction in this research area is the design and preparation of novel TiO,-based photocatalysts possessing high photocata-
Iytic activity to satisfy the requirements for practical applications. For the development of successful strategies to achieve this
goal it is, however, of utmost importance to improve the mechanistic understanding of the basic principles of photocatalysis.
Therefore, various nanosized TiO, photocatalysts including pure TiO,, Fe(IlI)-doped TiO, and platinized TiO, have been syn-
thesized in our laboratories and their photocatalytic activity has been studied in detail. Several unexpected results have been
obtained during these investigations and two new mechanistic models have consequently been developed for their explanation.
On the one hand, it was observed that Fe(III)-doped TiO, nanoparticles form extended networks in aqueous suspensions with the
particles being attached in a way that their atomic planes are aligned parallel to one another. Through the so-called Antenna
Mechanism the resulting energetic coupling throughout a long chain of titania nanoparticles will enable an energy and/or exciton
transfer from the particle where the initial photon absorption took place to the particle where the electron transfer process finally
occurs. On the other hand, the so-called deaggregation concept was introduced to explain a 50% increase of the quantum yield
when methanol was photocatalytically oxidized in aqueous suspensions of platinized TiO, nanoparticles employing pulsed laser
excitation instead of continuous illumination. Within each individual laser pulse, the ensemble of nanoparticles absorbs suffi-
cient energy to initiate the deaggregation of the particle network held together by hydrogen bonds thus opening up additional
surface area for methanol adsorption and oxidation. 7o cite this article: C.-yi Wang et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

La photocatalyse sur TiO, a fait I’objet d’un intérét considérable au cours des trois derni¢res décades. Une des principales
voies dans ce domaine de recherche est la conception et la préparation de nouveaux photocatalyseurs impliquant TiO, et ayant
une forte activité photocatalytique pour satisfaire aux exigences des applications pratiques. Cependant, afin de développer des
statégies efficaces pour atteindre ce but, il est d’une importance capitale d’améliorer la compréhension mécanistique des princi-
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pes de base de la photocatalyse. Dans ce but, divers photocatalyseurs de taille nanométrique, incluant le TiO, pur, des TiO,
dopés au Fe(III) et des TiO, platinés, ont été synthétisés dans notre laboratoire et leur activité photocatalytique a été étudiée en
détail. Plusieurs résultats inattendus ont été obtenus au cours de cette étude et, en conséquence, deux nouveaux modeles mécan-
istiques ont été développés pour les expliquer. D’une part, il a été observé que les nanoparticules de TiO, dopé au Fe(III) forment
de larges réseaux en suspension aqueuse. Les particules sont liées entre elles de telle fagon qu’elles forment des plans alignés
parallelement les uns aux autres. Ce qui est appelé effet d’antenne réside dans le couplage énergétique le long d’une longue
chaine de particules nanométriques qui rend possible un transfert d’énergie et/ou un transfert d’exciton de la particule qui a
initialement absorbé le photon a celle ou se produit finalement le processus de transfert d’électron. D’autre part, 1’ introduction
du concept de désagrégation permet d’expliquer I’augmentation de 50% du rendement quantique lorsque du méthanol est pho-
tocatalytiquement oxydé en présence d’une suspension de TiO, nanométrique platiné, en utilisant une excitation par laser pulsé
au lieu d’une irradiation continue. Au cours de chaque impulsion laser, I’ensemble des particules nanométriques absorbe suff-
isamment d’énergie pour amorcer la désagrégation du réseau de particules maintenues ensemble par liaison hydrogene, ce qui
entraine 1’acces a une nouvelle zone de la surface pour 1’adsorption et I’oxydation du méthanol. Pour citer cet article : C.-yi

Wang et al., C. R. Chimie 9 (2006).

© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

In 1972 Fujishima and Honda [1] were the first to
observe the photoelectrochemical water splitting at illu-
minated TiO, photoanodes. Since then, semiconductor
photocatalysis has found growing interest due to its
widespread applications in many fields, especially in
solar energy conversion and environmental remedia-
tion. Basic principles of semiconductor photocatalysis
have been well documented in the literature [2-5].
When a semiconductor is irradiated by light with energy
matching or greater than its bandgap, conduction band
electrons (e¢7) and valence band holes (h™) are gener-
ated. These excited charge carriers are mobile and
capable of initiating many chemical redox reactions at
the semiconductor surface. The excited electrons and
holes, however, tend to recombine quickly, dissipating
the energy as heat. Therefore, the photocatalytic activ-
ity of semiconductors is largely dependent on the com-
petition between the surface charge-carrier transfer and
the electron-hole recombination. Thus, in order to carry
out effective semiconductor photocatalysis, two essen-
tial criteria need to be satisfied: (1) optimum light
absorption by the semiconductor; and (2) sufficiently
long-lived photoexcited charge carriers (¢ /h™) to enable
the occurrence of the desired reactions.

Among various semiconducting metal oxides, TiO,
has proven to be the most promising photocatalyst for

a wide range of applications because of its high photo-
reactivity, relatively low cost, nontoxicity, chemical and
biological inertness, and longterm stability against pho-
tocorrosion. Like other semiconductors, TiO, bears the
inherent drawback of a rapid electron—hole (e—h")
recombination, and its photocatalytic activity is thus
limited. To improve the photoefficiency of TiO, photo-
catalysis, the e —h* recombination rate must be reduced.
In addition, TiO, is a solid-state material, thus its pho-
tocatalytic activity is unavoidably influenced by many
factors such as particle size and distribution, surface
area, crystal and surface structure. Hence, the strategy
to design and prepare TiO,-based photocatalysts with
high photoefficiency has become a major topic leading
to intensive research in the field. In this context, our
work has been focused on the improvement of TiO,
photocatalyst nanoparticles by Fe(IlI)-doping and pla-
tinization, respectively, which are two typical ap-
proaches employed to inhibit the fast recombination of
photoexcited electrons and holes.

This review addresses novel synthetic pathways for
the preparation of Fe(Ill)-doped TiO, and platinized
TiO,, respectively, recently developed in the authors’
laboratories. An attempt is made to establish the corre-
lation between the activity of TiO, photocatalysts
(Fe(II)-doped or platinized) and their physical proper-
ties, especially their structural characteristics. Based on
the experimental observations, novel mechanistic prin-
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ciples for photocatalysis, i.e. the antenna mechanism
and the so-called deaggregation concept, have been
developed [6-11].

2. Fe(IlT)-doped TiO, colloids

In the past decade, several research groups have car-
ried out interesting work with Fe(III)-doped TiO,. For
example, Litter and Navio [12] investigated the mecha-
nism of the Fe(III)-doping of the titania matrix. Zhang
et al. [13] found an Fe(IIl) effect dependent on particle
size. Bockelmann et al. [14] observed marked spectral
response upon Fe(III) addition to TiO,. Our contribu-
tion to this area has been to develop a new method to
prepare Fe(III)-doped TiO, exhibiting enhanced pho-
tocatalytic activity.

2.1. Novel synthetic approach

In general, Fe(IIT)-doped TiO, has been synthesized
via ‘wet’ chemistry, i.e. hydrolysis of a Ti-precursor in
the presence of a Fe(Ill)-containing aqueous solution
as shown in Fig. la [12—14]. Since the reaction system
is fed with the Ti and Fe precursors present as different
solution phases, the Fe/Ti ratio is unavoidably changed
during addition of the Ti-precursor to the solution of
the Fe precursor, particularly so in the initial stage of

[Ti-precursor (e.g.TiCI4)]

(e.g. FeCly)

Addition to aqueous solution
containing Fe-precursor

particle growth. There is little doubt that such an effect
influences the local distribution of iron in the particles
formed and hence the photocatalytic efficiency. There-
fore, it is desirable to mix both Fe (III) and Ti (IV)
precursors prior to hydrolysis. This is the principle of
our new synthesis (see Fig. 1b). The advantage of the
novel preparation for the enhancement in photocata-
lytic activity was verified by the quantum yield mea-
surements for the formation of formaldehyde during
the photocatalyzed oxidation of methanol in aqueous
solution.

2.2. Photocatalytic methanol oxidation

TiO,-based photocatalysis is initiated by UV(A) light
irradiation. For the photocatalyzed oxidation of metha-
nol, a simple model is proposed as follows [15].

Charge-carrier generation

TiO, + hv (2E,) = hj, + e, (I, fs [3]) ey
Charge-carrier recombination
h*+e” — TiO, + heat (<ns [3]) 2)

Production of hydroxyl radicals

h?, + =Ti""OH/H,0 — =Ti"'O'/OH" + H'
(fast [3])

3)

Ti-precursor ] Fe-precursor
(e.g. Ti(O-i-Pr), (e.g. Fe(lll)-acetylacetonate) )

[ Hydrolysis for appropriate time at controlled temperature ]

[ Mixture of organic Ti and Fe precursors ]

A 4

Evaporation

A 4
( Powdered Fe(lll)-doped TiO, nanopariicles]

A

Addition to solution
containing H,O/H*

Hydrolysis

Dialysis and rotary
vacuum evaporation
at RT

( Powdered Fe(lll)-doped TiO, nanoparticles ]
B

Fig. 1. Preparations of Fe(Ill)-doped TiO,: (a) conventional method; and (b) novel method.
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Interfacial charge transfer
e (e)+0, =0, (k,=7.6x 10M's”™" 4)
for trapped electrons [16])

"OH + CH,OH — "CH,OH + H,0

8 -1 -1 (5)
(kg=5x10°M" s [17])

CH,OH + (22 —>1HC]HO + HO; ©
(kg=5x10"M" s [18])

*CH,OH + =Ti""OH — HCHO o

+=Ti""OH/e +H"(fast [19])

As seen from Egs. (5)—(7), the production rate of
HCHO should be proportional to that of the hydroxyl
radical, “OH, which plays a vital role in photocatalysis.
Therefore, the quantum yield of the photocatalytic
HCHO formation can be used as an indicator for the
*OH production, and hence can be used to compare dif-
ferent photocatalysts [15].

Fig. 2 shows the values of the quantum yield of form-
aldehyde formation, ¢y, determined for nanocrys-

&

Quantum Yield (%)

O [ Pure TiO2
S —10.25% Fe(lll)-doped TiO2
L 1 0.50% Fe(lll)-doped TiO2

I 2.50% Fe(lll)-doped TiO2

Fig. 2. Quantum yields of HCHO formation in the presence of neat
TiO, and Fe(IlI)-doped TiO, prepared by different methods. Method
1: referring Fig. 1a, where inorganic precursors FeCl, and TiCl, were
used. Method 2: like method 1 (Fig. 1a), but organic precursors Fe'"'-
acetylacetonate and Ti(O-i-C5H,), were employed. Method 3: using
organic precursors Fe'"-acetylacetonate and Ti(O-i-C;H,),, but they
were introduced into the reaction system at the same time (Fig. 1b)

(adapted from Ref. [9]).

talline pure TiO, and iron-doped TiO, colloidal photo-
catalysts prepared by different methods [6—8]. As seen
from Fig. 2, iron-dopant concentrations of up to
0.5 atom% increase ¢ycpo dramatically. It is gener-
ally accepted that Fe(III) centers form shallow charge
trapping sites within the TiO, matrix as well as on the
particle surface through the replacement of Ti(IV) by
Fe(III) [12]. Based on their favorable energy levels,
Fe(III) centers may act either as electron or as hole traps
leading to a temporarily more efficient separation of
the photogenerated charge carriers. Thermal activation
or tunneling can make these trapped charge carriers
reavailable for interfacial charge transfer.

From Fig. 2, it is also seen that ¢ycpo 1S strongly
affected by the method of photocatalyst preparation
with the novel preparation, Fig. 1b, being superior to
that of Fig. 1a for the optimum dopant concentration of
0.5 atom% iron, where ¢ycho exhibits a ca. sixfold
increase over the quantum yield measured in the pres-
ence of undoped TiO, particles. The optimum iron-
dopant concentration depends on the method of cata-
lyst preparation (0.5 atom% for the preparations from
organic precursors, 0.25 atom% for the preparation from
TiCl,).

All Fe(IlT)-doped photocatalyst samples are compa-
rable in particle size and have the same crystal struc-
ture. The difference in photocatalytic activity is thus
only controlled by the Fe(III) content and the method
of preparation. Sample preparation by hydrolysis of a
homogeneous mixture of organic titanium and iron pre-
cursors in isopropyl alcohol (Fig. 1b) presumably pro-
ceeds under optimal conditions resulting in a uniform
distribution of the dopant ions among the growing par-
ticles. Uniformity of doping at a given level is expected
to result in enhanced photocatalytic activity. This was
indeed verified by the determination of the quantum
yield of formaldehyde produced by the photocatalytic
oxidation of methanol in oxygen-saturated aqueous
solution in the presence of TiO, nanoparticles doped
with Fe(IIl) by different methods (Fig. 1).

2.3. The antenna mechanism

Fe(III)-doping via the novel method shows its supe-
riority in photocatalytic oxidation of methanol. For a
better understanding of this effect, the photocatalysts
have been characterized by cryo-TEM and high reso-
lution TEM (HRTEM) (Fig. 3) [9,10]. From Fig. 3, three
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Fig. 3. Cryo-TEM and HRTEM (inset) of 0.5 at% Fe(III)-doped TiO,
prepared by novel method (adopted from Ref. [9]).

features are observed for the Fe(IlI)-doped TiO,: (1)
the particle sizes fall in the range of 2—4 nm; (2) the
particles possess the crystal modification of anatase;
and (3) the particles tend to form three-dimensional net-
works along a given crystallographic orientation.
Cryo-TEM is a combination of cryo techniques with
TEM, which allows to observe the nanoparticles in their
native environment [9,10]. The observation by cryo-
TEM indicates that three-dimensional TiO, networks
indeed exist in aqueous suspensions (Fig. 3). Based on
this observation, we propose a novel mechanism that is
shown in Fig. 4, i.e. the so-called antenna mechanism.
Even if the target molecule is adsorbed on a photocata-
lyst particle at a certain distance from the light-
absorbing particle, the latter can transfer the energy
from particle to particle provided these particles are
aggregated and possess the same crystallographic ori-
entation. Once the energy has reached the particle with
the adsorbed target molecule like methanol, the latter
will act as a hole trap thus inducing the separation of
the original exciton. Thus, a long chain of TiO, par-

ticles aligned as shown in Fig. 4 will act as an antenna
system transferring the photon energy from the loca-
tion of light absorption to the location of reaction.

It is envisioned that this antenna effect plays a sig-
nificant role in all types of photocatalytic systems. Most
currently used and commercially available photocata-
lyst powders, for example, consist of nanocristalline
primary particles that are aggregated to form second-
ary structures with dimensions in the micrometer range.
A material with a strong electronic coupling between
the primary nanoparticles should hence exhibit a more
pronounced antenna effect and thus a higher photocata-
lytic activity. Similarly, such an effect will also be
operative in nanocrystalline transparent photocatalytic
coatings where the target pollutant molecule or micro-
organism will not necessarily need to be located at the
very location of the photon absorption.

Consequently, it should be possible to apply smart
molecular engineering approaches to design photocata-
lytic systems exhibiting considerably higher activity
than existing systems through an improvement of the
electronic coupling between the semiconducting nano-
particles. This could lead to an important breakthrough
in photocatalytic research since the photonic efficiency
still represents the greatest bottleneck on the way from
interesting laboratory results to a successful commer-
cialization of most photocatalytic systems.

2.4. Applications

As characterized by TEM and HRTEM, the newly
prepared Fe(III)-doped TiO, nanoparticles are uniform
in size, and tend to form three-dimensional networks.
Such structured materials are advantageous in the for-
mation of homogeneous and stable catalyst films and
coatings that are urgently needed for many important

0,/0,™

CH,OH/"CH,OH

Fig. 4. Antenna effect by network structure leading to enhanced photocatalytic activity.
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applications of photocatalysis. For example, the mate-
rials can be used for the preparation of self-cleaning
surfaces. The applicability in self-cleaning is demon-
strated by the photocatalytic removal of methyl stear-
ate (stearic acid methyl ester), as is shown in Fig. 5.

7 1
I Pure TiO2

[ 0.5% Fe(lll)-doped TiO2
I 0.86% Fe(lll)-doped TiO2
[12.5% Fe(lll)-doped TiO2

Methyl Stearate Removed
X 10-5 mol/m?
S

16 hours of illumination

Fig. 5. Testing the photocatalytic activity: rates of methyl stearate
removal.

m

Noble Metal
(Pt, Au, Ag, etc)

Tio,

Fig. 6. Promotion effect by noble metals on TiO, photocatalysis.

3. Platinized TiO, colloids

The presence of platinum as an electron sink (Fig. 6)
has long been known to enhance the separation of pho-
togenerated electron-hole pairs [20] and, hence, to
improve the photocatalytic efficiency in general
[21-23]. However, most of the previous studies were
focused on the influence of the extent of platinization
on the photocatalytic efficiency.

Our focus in this area has been to highlight the influ-
ence on the photoefficiency of TiO, by the intentional
generation of network structures. Therefore, platinized
TiO, samples were prepared by two methods: (1) pho-
tochemical platinization of colloidal TiO, (PtTi-S1);
and (2) mixing of colloidal Pt and TiO, (PtTi-S2).

The shape of the Pt component in PtTi-S1 and PtTi-
S2 are expected to be different according to the prepa-
ration method, and so is the extent of interaction
between Pt and TiO,. This apparently results in differ-
ent promotion effects. Photodeposition of metals on
TiO, has been studied extensively. Wang et al. investi-
gated the deposition of Au from AuCl,” on illuminated
TiO, by means of TEM, HRTEM and XPS [24,25].
Well-defined Au clusters formed on the particle sur-
face by the growth of Au nuclei were identified. Simi-
larly, the analogous preparation of PtTi-S1 by photo-
deposition of Pt from PtCl>~ should yield Pt clusters
on the TiO, surface. In PtTi-S2 prepared by mixing of
colloidal Pt with excess colloidal TiO,, the Pt particles
should rather be surrounded by TiO, particles. A cor-
responding proposal for the structure of the Pt promo-
tion centers in the two photocatalysts is given in Fig. 7.

The in situ growth of Pt clusters during photodepo-
sition leaves little doubt that the electronic interaction
between Pt and TiO, in PtTi-S1 is stronger than in PtTi-

Fig. 7. Models of PtTi-S1 formed by photodeposition of Pt (a) and of PtTi-S2 formed by mixing of colloidal Pt and TiO, (b).
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S2. Thus, PtTi-S1 is expected to exhibit a stronger pro-
motion effect than PtTi-S2 under some specific condi-
tions. This has been verified by the CW photolysis in
the presence of O, and repetitive laser-pulse photolysis
in the absence of O,.

3.1. Optical absorption and network structure

Fig. 8 shows the absorption spectra of neat colloidal
TiO, and of the platinized TiO, samples, PtTi-S1 and
PtTi-S2, respectively, in aqueous suspensions [11]. The
optical absorption of TiO, appears only in the UV
region, where the absorbance increases steeply below
360 nm as it is characteristic of TiO,. There is virtually
no light scattering at longer wavelengths. Comparison
of the spectra shown in Fig. 8 evinces that the optical
absorption of colloidal TiO, hardly changes when the
particles are modified either by deposition of traces of
platinum (PtTi-S1) or by mixing with colloidal plati-
num (PtTi-S2). By use of the procedure proposed by
Kormann et al. [26], the bandgap energy, E,, of the col-
loidal TiO, sample can be derived from the data shown
in Fig. 8 as 3.35 eV, corresponding to an absorption
onset at 370 nm. In comparison with bulk anatase TiO,
(Eg =3.23 eV [27]), the bandgap of the neat colloidal
TiO, particles (3.35 eV) is increased by 0.12 eV.

Fig. 9 shows TEM and HRTEM images of the thee
photocatalysts. As shown in Fig. 9, neat colloidal TiO,
(average particle diameter ca. 2.4 nm, see also Ref. [26])

1.0~ T T T T T T T
og
b
q —O— neat TiO2
0.8+ —A— PTi-S1 (1.0 wt% Pt) 7
Q —0— PtTi-82 (1.0 wt% Pt)
c 06- i
5 0.6
e
|6
w 0.4 ~ -1
O
<
0.24 -
0.0 ; | : | LI e :
300 320 340 360 380 400

Wavelength/nm

Fig. 8. Absorption spectra of as-prepared photocatalysts in aqueous
suspensions (pH 3.5) at room temperature (0.1 g I"' loading, 1 cm
optical length) (adopted from Ref. [11]).

tends to form comparatively small aggregates with no
distinct orientation. The Pt@TiO, samples (PtTi-
S1 and PtTi-S2) clearly exhibit large networks of inter-
connected chains or branches of aggregated particles.

In the HRTEM images (Fig. 9) crystal planes of the
particles compatible with the anatase modification of
TiO, can be recognized [11]. This was further con-
firmed by electron diffractograms and evaluations of
the Fourier transforms of the HRTEM images (see also
Refs. [9,10]). No crystal structure corresponding to
platinum was observed. This is understandable when
considering the very small content of only 1 wt.% Pt.
However, the promotion centers should be embedded
in the chain-like structures of the particle aggregates
seen in the TEM images of PtTi-S1 and PtTi-S2 (Fig. 9).
As estimated from Fig. 9, the size of the PtTi-S1 and
PtTi-S2 particles falls in the range 1.5-4 nm, compa-
rable to that of neat TiO, particles that have an average
diameter of ca. 2.4 nm.

The photocatalytic performance of the three photo-
catalysts including neat TiO,, PtTi-S1 and PtTi-S2, was
investigated by measuring the quantum yield, ¢ycyos
of HCHO formed from aqueous methanol at
pH 3.5 under different conditions. The improvement of
®ucno by platinization was found both in continuous
(CW) UV-photolysis and after repetitive 351-nm laser-
pulse photolysis.

3.2. CW vs. laser photolysis

Upon exposure of O,-saturated aqueous suspen-
sions, containing one of the photocatalysts and metha-
nol, to 300400 nm CW light, HCHO was produced
and identified quantitatively by HPLC analysis. Other
products were not detected by HPLC. HCHO was not
formed in the dark or during photolysis in the absence
of the TiO,-based samples, evincing that the process is
truly photocatalytic [11].

Fig. 10a demonstrates that the concentration of
HCHO in the presence of the photocatalysts increases
linearly with illumination time [11]. Hence, the photo-
chemical reaction rate is given by the slope of the
straight lines shown in Fig. 10a. Thus, the quantum
yields, @y cnos in the presence of the various photocata-
lysts are readily obtainable. The result is shown in
Fig. 10b for neat colloidal TiO, and the Pt@TiO, cata-
lysts at an increasing loading by platinum. Obviously,
platinization has a strong promoting effect on the for-
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Fig. 9. TEM (up) and HRTEM (down) images of the photocatalysts: neat TiO,, PtTi-S1 and PtTi-S2 with 1 wt.% Pt (from left to right) (adopted
from Ref. [11]).

0.10 — 0.040 = T T ; . :
a m  Neat TiOz
- @ PiTi-S1
Neat TiO:
0.08 o st (3,2 wi% Pt) 1 __ 0.0354 o PITi-S2 -
A PtTi-S2 (0.2 wi% Pt) ; o
E . |2
1>
—_— - -
ol Iz 0.030 }
T =
2
O 18
L, | S 0.025- g
(e}
o.ozo-F 4
0.0

02 04 06 08 10
Irradiation Time/min Pt Loading/wt%

Fig. 10. Production of HCHO in the presence of colloidal photocatalysts TiO,, PtTi-S1 and PtTi-S2 as a function of illumination time during CW
photolysis (a) and relevant quantum yields (b). Catalyst loading, 100 mg 1'; 30 mM aqueous CH;OH (O,-Sat’d, pH 3.5); reaction volume,
50 ml; I, = 3.37 x 107° Einstein I"' s™' (ca. 300-400 nm) (adopted from Ref. [11]).
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Aperture (6 mm)

L1

Laser (XeF)

N
U
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L2
N
A

'3
.

.
.

»

»
»

Cylindrical photo-reactor +------- P Joule meter 2

4—30 mm ——¥

Joule meter 1

P PC data processing [

Fig. 11. Setup for repetitive 351-nm laser-pulse photolysis.

mation of HCHO in TiO,-based photocatalysis. ¢ycno
increases by up to 50-70% when compared with that
value on neat TiO, particles. From Fig. 10, it is also
obvious that photochemical platinization of the TiO,
particles yields a more efficient photocatalyst (PtTi-
S1) than mixing of the colloidal components of Pt and
TiO, (PtTi-S2). This is attributed to the structural dif-
ference between PtTi-S1 and PtTi-S2 including the dis-
persity of Pt on TiO,, and the electronic interaction
between Pt and TiO, (cf. Fig. 7).

Photocatalytic oxidation of aqueous methanol was
also studied by applying repetitive 351-nm laser-pulse
photolysis both in the presence and absence of oxygen
as an electron acceptor [11]. The experimental setup is
shown in Fig. 11.

In the oxygenated sample solutions, the quantum
yields of HCHO formation were measured after 0.5-Hz
illumination by 200 laser-pulses (10-20 ns pulse width).
As seen from Table 1, in the presence of neat colloidal
TiO,, ¢ycuo was 0.032 + 0.002, ca. 50% larger than
for CW photolysis. Likewise, ¢ycpo Was increased by
a factor of ca. 1.5 when the laser-pulse photolysis was
applied on suspensions containing the platinized pho-

Table 1

tocatalysts (1 wt.% Pt), regardless of their prepara-
tions. Most importantly, it was found that repetitive
laser-pulse photolysis improved ¢ ycpo (Table 1) sub-
stantially and by the same factor (ca. 1.5) over CW pho-
tocatalysis (Fig. 10) for all the photocatalysts studied
although in both modes of photolysis the time-averaged
molar photon absorption rate was approximately the
same (ca. 8 x 10”7 Einstein 17" s7!) [11]. A rationaliza-
tion of these findings will be presented in Section 3.4.

3.3. O,-saturated vs. N,-saturated

Apart from photocatalysis under oxygenated condi-
tion, the quantum yields of HCHO formation in the
de-oxygenated sample solutions by laser-pulsed pho-
tolysis were also measured. As seen from Table 1,
HCHO was produced with similar quantum yields com-
pared with those measured in the presence of oxygen.
This indicates that a (photo)electron acceptor other than
O, is operative. However, a closer inspection of ¢pycpo
in Table 1 shows that neat TiO, and PtTi-S2 are less
efficient photocatalysts for methanol oxidation in
O,-free than in O,-saturated suspension while the activ-
ity of PtTi-S1 remains virtually unchanged.

Quantum yields, ¢ycpo’, of formaldehyde formation from aqueous methanol at various nanocrystalline TiO,-based photocatalysts under dif-

ferent conditions (adopted from Ref. [11])

Photocatalyst CW photolysis”

300-400 nm, O,-saturated

Laser (XeF) pulse photol.©
351 nm, O,-saturated

Laser (XeF) pulse photol.
351 nm, N,-saturated

2.4 nm TiO, 0.020 + 0.001
1.5-4 nm P(Ti-S1 0.034 + 0.003
(1 wt.% PY)
1.5-4 nm PtTi-S2 0.031 + 0.002
(1 wt.% PY)

0.032 £ 0.002 0.027 £ 0.002
0.047 £ 0.002 0.049 + 0.002
0.048 £ 0.002 0.033 £ 0.002

2 Catalyst loading 0.1 g I"!, pH 3.5 and room temperature throughout.

"1, =8 x 107 Einstein I"' s™', 30 mM methanol, Fig. 6.

©Train of 200 pulses (10-20 ns), repetition frequency 0.5 Hz, ca. 6 x 10~ Einstein/pulse (ca. 0.35 e /h™-pairs per particle per pulse), <I,>

=7-10 x 1077 Einstein I"' s™' (time average), 30 mM methanol.

9 Train of 600-690 pulses (10-20 ns, 0.5 Hz), ca. 5 x 10~° Einstein/pulse (ca. 0.3 e /h*-pairs per particle per pulse), <I,> = 6-8 x 107’ Eins-

1

tein I"! s7' (time average), 250 mM methanol.
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In general, the presence of O, is considered as a pre-
requisite for efficient TiO,-photocatalyzed oxidation of
organic pollutants in wet systems [28]. Similarly, the
gas-phase photocatalytic oxidation of 2-propanol to pro-
duce acetone and water on single-crystalline TiO, pro-
ceeds only in the presence of co-adsorbed O, [29]. Con-
trary to expectation, removal of O, by purging the
suspensions with N, resulted in only a small decrease
of ¢ycno (ca. 15%) for neat TiO, and no change for
PtTi-S1. A somewhat larger decrease of ¢ycpo (ca.
30%) was observed for PtTi-S2, see Table 1 (laser-
pulse photolysis). Although O, may not have been
removed completely by purging with N, the result sug-
gests that in (nearly) oxygen-free suspensions a spe-
cies A other than O, acts as photoelectron acceptor, and
the *CH,OH intermediate is converted to HCHO via a
different route. This is illustrated in Fig. 12.

A potential e -acceptor in the absence of molecular
oxygen is the hydrogen ion (A = H,, and/or Hy, in
Fig. 12b) present in the suspensions at pH 3.5. Reduc-
tion of H" to give H,,

+2 H::q/ad d_>k H, (8)

2 o
requires the transfer, on the same TiO, particle, of two
electrons from the conduction band or e state which is
ca.30mV [30,31] below the conduction band. The two-
electron requirement is met even after the absorption
of just a single photon in case of current-doubling
(Fig. 12b). Reaction (8) is thermodynamically allowed
even at unity partial pressure of H,, since the potential
of conduction band electrons in TiO, particles is
—0.12 £ 0.02 V vs. the hydrogen electrode at the same

(®)
CHz0H

pH [32]. In fact, H, evolution has been observed upon
UV-illumination of a de-oxygenated TiO, sol at pH 3
[32].

Dispersed Pt formed as a cluster on the TiO, par-
ticles in PtTi-S1 (Fig. 7a) should strongly catalyze the
H, formation, while the compact Pt particles in PtTi-S2
(Fig. 7b) should be the poorer electrocatalysts for H,
evolution. From these considerations and the assump-
tion that the reduction of H* is rate-controlling for the
formation of HCHO in O,-free suspension, it can be
understood why ¢ o on PtTi-S1 is found to be larger
than on PtTi-S2, see the last row in Table 1.

3.4. The deaggregation concept

Regardless of the photocatalyst employed, repeti-
tive laser-pulse illumination increased @ycpo in the
oxygenated suspensions by a factor of ca. 1.5 in com-
parison with CW illumination, although in both modes
of photolysis the time-averaged photon absorption rate
was approximately the same (Table 1). Previous stud-
ies on intermittent illumination in TiO, photocatalysis
[33-38] offer no explanation for this observation.

Cornu et al. investigated the quantum yield, ¢, of
photocatalytic formate oxidation in oxygenated acidic
TiO, suspension under continuous and periodic pulse
illumination [38]. For very short illumination times in
periodic pulse photolysis, Cornu et al. demonstrated that
¢ was identical to the value obtained under continu-
ous illumination at the same time-averaged photon
absorption rate. This is in sharp contrast to our results
for photocatalytic methanol oxidation (Table 1).

As a tentative explanation of the increase of ¢cyo
obtained by repetitive laser-pulse illumination, we pro-

o
"CHpOH —2—» HCHO

CH30H

Fig. 12. Mechanism of TiO,-photocatalyzed HCHO in the presence of O, saturation (a) and via current-doubling (b) in the presence of e -acceptor
A (H* and/or residual O,) in N, purged suspension. (1) Photogeneration of the charge carriers e~ and h™; (2) and (3) surface trapping of the
charge carriers; (4) and (5) recombination channels; (6) e -transfer to the acceptor: formation of O, */HO," (a) or A~ (b); (7) first oxidation step
of CH;0H; (8) formation of HCHO by e™-transfer from *CH,OH to O,; (9) formation of HCHO by e -injection from *CH,OH into the conduc-

tion band of TiO, (current-doubling).
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{f CH30H,

N deaggregation

02

CW Photolysis

No photoinduced deaggregation

for TiO2 (neat), PtTi-S1 and PiTi-S2
in Oz-sat'd solution

Prcho (EW)=5Ppcpo (LP) ]

upon laser-pulse (LP)

e,

CHgOHaq 4 CHgOHaq

o
4 CHOHy, @
v > |

(3:—130|4|aq‘®xca—{aowaq
(1) l

rapid establishment of adsorption
equilibrium on blacked areas

o

[More CH30H_44 generated by LP stimulated]

deaggregation (QpcHo (LP) increases
relati e to CDHCHO (CW)

Fig. 13. Model of laser-pulse-induced deaggregation.

pose laser-pulse-stimulated deaggregation of the TiO,
particle agglomerates shown in the TEM images (Fig. 9)
[11]. Such a process would increase the surface area
available for reactant adsorption at a given photocata-
lyst loading and would thus lead to an increase of the
photocatalytic reaction rate, and of ¢y, Upon apply-
ing a large number of laser pulses at a given average
photon absorption rate. For a rough estimate of the gain
in photocatalyst surface by deaggregation we assume
that 1/12 of the single-particle surface is shielded from
adsorption by the presence of one adjacent particle. (A
spherical particle inside a close-packed structure of
identical spheres is surrounded by 12 nearest neigh-
bors and would not contribute to adsorption.) From the
comparison of four single particles, 4A, in Fig. 13 with
the unshielded surface of the tetramer, 4A-(12/12)A,
the catalyst surface available for adsorption increases
by a factor of 1.33 upon deaggregation. The factor
increases with the number of particles in a close-
packed aggregate.

The energetic requirement for deaggregation is met.
The average number of photons absorbed per TiO, par-
ticle per laser pulse is 0.3 (Table 1). The average pho-
ton energy deposited in the particle (Fig. 13) is there-
fore at least 341 kJ mol™" per laser pulse at 351 nm.
The inter-particle bond energy is only ca. 30 kJ mol™’
[39]. The photocatalytic formation of HCHO from

CH,OH + O, is exothermal. The energy supplied by
the first few of the 200 pulses applied for photolysis
(Table 1) would therefore be sufficient for the suppos-
edly stepwise deaggregation of even larger agglomer-
ates than the tetramer. Reaggregation of the particles is
a slow process. This is concluded from the temporal
evolution of small UV-spectral changes observed after
suspending the neat TiO, colloid and from a kinetic
study [40] of reversible agglomeration of TiO, nano-
colloids. Diffusion of reactants is not rate-controlling
under the conditions of this and related studies of pho-
tocatalytic processes [38].

In CW photolysis the absorption of a photon is a
rare event compared with the high-intensity illumina-
tion by the laser pulse. The aggregation remains intact
under CW illumination because there is enough time
for redistribution of the photon energy among the many
vibrational modes before the same aggregate absorbs a
second photon.

4. Summary

Two types of modified TiO, photocatalysts, i.e.
Fe(III)-doped and platinized TiO,, are addressed in this
review. The effect on the TiO, photoactivity by Fe(III)-
doping and platinization has been evaluated by com-
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paring the quantum yield of HCHO formation under
different conditions including CW and laser photoly-
sis, oxygenated and/or deoxygenated. Based on the
detailed analysis of our experimental observations, the
following conclusions have been drawn:

e the distribution of Fe(III) and Pt within the TiO,
matrix and/or on the surface plays a vital role in pro-
moting TiO, photoactivity. On the one hand, a novel
synthetic route (Fig. 1b) provides optimal condi-
tions for uniform doping and growth of particles
yielding a highly active photocatalyst for the oxida-
tion of methanol in oxygenated aqueous solution.
On the other hand, PtTi-S1, platinized TiO, by pho-
todeposition, exhibits higher activity than PtTi-S2,
prepared by physically mixing colloidal TiO, with
Pt nanoparticles. The in situ growth of Pt clusters
during photodeposition generates Pt in a better dis-
persion than in PtTi-S2;
cryo-TEM of vitrified samples confirms earlier
assumptions that TiO, nanoparticles tend to form
three-dimensional networks in solution. A novel
energy transfer mechanism is suggested employing
these three-dimensional networks as antenna sys-
tems leading to improved photocatalytic activities
of the colloidal preparations. The antenna mecha-
nism is well supported by the platinization effect.
An extended network structure is also observed in
platinized TiO, photocatalysts. On the one hand, a
very small extent of platinization in PtTi-S2 (par-
ticle ratio of Pt/TiO, is ~1:1000) promotes the pho-
tocatalytic oxidation of methanol substantially,
where ¢ycno 1s increased by a factor of ~1.5. Plati-
num as an electron sink on the TiO, particles im-
proves their photoactivity in general. On the other
hand, Pt apparently favors particle aggregation to
form the chain-structures which are prerequisites for
the fast transport of excitation energy or of photoge-
nerated charge carriers as postulated above. We
believe that platinization, at least in the present case,
has this dual function leading to the observed
enhancement of Pycpos
under repetitive laser-pulse illumination ¢ycpye 1S
increased by ca. 50% for all the photocatalysts in
comparison with CW illumination at the same aver-
age photon absorption rate. To explain this unex-
pected observation, the so-called deaggregation con-
cept has been developed. By laser-pulse-stimulated
deaggregation of colloidal TiO, and by fragmenta-

tion of the networks in case of the platinized samples

the photocatalyst surface is increased, and thus its

photoactivity is improved.

All our experimental observations suggest that struc-
tural properties of the photocatalysts such as distribu-
tion of Fe(Ill) ions in the TiO, matrix and/or on the
surface, aggregation/deaggregation and Pt-assisted net-
work formation as well as the dispersity of Pt are impor-
tant factors for the photocatalytic activity of these mate-
rials. Further studies concerning the response of the
structural features to the illumination parameters are
definitely indicated.
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