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a b s t r a c t

Sol–gel TiO2 thin films have been loaded with platinum nano-particles via their immersion within a
Pt4+ precursor liquid solution exposed to UV light. Mechanisms involved in the photo-induced formation
of platinum particles have been studied by UV/visible spectroscopy, X-ray photoelectron spectroscopy,
energy dispersive X-ray analysis, scanning electron microscopy, and transmission electron microscopy.
According to studied mechanisms, it is shown that the amount, size, and structural state of photo-
eywords:
hotocatalysis
hotolysis
iO2

generated platinum particles dispersed at a solid surface can flexibly be monitored.
© 2008 Elsevier B.V. All rights reserved.
ol–gel
hin film
latinum

. Introduction

Platinum clusters loaded at the surface of TiO2 photocatalysts
trongly enhance the photocatalytic activity of titania through the
ormation of a Schottky barrier at the TiO2/Pt interface, which pro-

otes an efficient separation of holes and electrons charge carriers
hoto-generated under UV light. Though this effect has extensively
een studied over the three past decades for powder TiO2 pho-
ocatalysts, only very recent works report on the platinization of
iO2 photocatalytic thin films [1–5]. Among various platinization
ethods used to functionalize powder TiO2 photocatalysts, photo-
etallization is one of the most employed [6–12]. This method

s usually considered to rely on the reduction of a Pt4+ precursor,
dsorbed at the TiO2 surface, induced by electrons photo-generated
n the TiO2 conduction band under UV light, i.e. a photocatalytic
eduction mechanism. In a recent work, we have shown that
his method can be applied to platinize TiO2 sol–gel films [13].
hoto-platinization was achieved using a chloro-platinic acid (CPA)

recursor diluted in aqueous solution, which was then exposed to
V light in the presence of a TiO2 sol–gel film. We showed that, in
ptimal conditions, photocatalytic activity of the platinized films
deduced using Orange G as a model molecule to be photocatalyti-

∗ Corresponding author.
E-mail address: michel.langlet@inpg.fr (M. Langlet).

010-6030/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2008.11.023
cally decomposed) could be increased by a factor 3 to 4 compared
to a non-platinized film. These optimal conditions particularly rely
on i/a water/ethanol mixture of 80/20 molar composition, which is
used as a dilution medium of CPA during UV exposure, and ii/a heat-
treatment performed after TiO2 film platinization in a 110–400 ◦C
thermal range. These conditions control the amount of loaded plat-
inum and the metallization degree of platinum clusters, and allow
preventing adsorption of other photo-decomposition by-products
at the TiO2 surface. Indeed, such adsorbed by-products can seri-
ously alter the photocatalytic activity of TiO2 films, in particular
carbon monoxide, which arises from ethanol photo-decomposition
and adsorbs at the platinum clusters, thus considerably reducing
the platinum efficiency [13]. Despite promising results, these first
studies still raise many questions, i.e. what are exact mechanisms
involved in the photo-platinization of TiO2 films, how these mech-
anisms influence different features such as platinum amount, size,
and reduction degree, and how these latter features influence in
turn the photocatalytic activity of TiO2 films. In this article, we
present more recent studies that provide new insights into these
different aspects.

2. Experimental
2.1. TiO2 sol and film preparations

Sol–gel TiO2 films were deposited from a polymeric sol,
which was prepared by mixing tetraisopropyl orthotitanate (TIPT;

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:michel.langlet@inpg.fr
dx.doi.org/10.1016/j.jphotochem.2008.11.023
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i(C3H7O)4 from Fluka) with deionized water, hydrochloric acid,
nd absolute ethanol as a solvent. TIPT concentration in the solu-
ion was fixed at 0.4 M, and the TIPT/H2O/HCl molar composition
as 1/0.82/0.13. The sol was aged at room temperature for 2 days
efore first depositions, after what it could be used for several
eeks in reproducible deposition conditions. Films were deposited

t room temperature on (1 0 0) silicon wafers (3.3 cm × 3.3 cm) by
pin-coating using a Suss Microtec RC8 apparatus. Prior to deposi-
ion, the substrates were cleaned with ethanol, then rinsed with
eionised water, and dried with air spray. For each deposition,
00 �l of sol were spread on the substrate rotated at 3000 rpm.
fter liquid film deposition, the solvent rapidly evaporated and a
olid film formed at ambient atmosphere through the well-known
ol–gel polymerization route. A multi-layer procedure was adopted
o fix the final oxide film thickness at around 250 nm. Each as-
eposited single-layer film was heat treated in air for 2 min at 500 ◦C
efore deposition of a subsequent single-layer. The final 7-layer film
as then heat treated at 500 ◦C for 2 h. Our previous works showed

hat such conditions yielded well-crystallized anatase TiO2 films
ith good photocatalytic activity [14,15].

.2. Photo-platinization conditions

Photo-platinization experiments were performed using CPA
exahydrate (H2PtCl6·6H2O from Strem Chemicals) as a platinum
recursor. CPA was first diluted in absolute ethanol to give a solu-
ion of 1.9 mM platinum concentration. The resulting solution was
ery stable and could be used for one year or more in reproducible
onditions. Before platinization, this solution was further diluted
n deionized water and absolute ethanol, with water/ethanol molar
atio of 80/20, and the final CPA content was varied from 23 to
60 �M. A volume of 100 ml of this solution was poured into a
lass vessel opened to air. A titania-coated substrate was settled
n a sample holder and immersed in this solution, the coated sur-
ace being oriented toward bottom of the glass vessel, at a distance
f 8 mm. The solution was first stored in dark conditions for 1 h
o reach equilibrated adsorption of CPA at the film surface. Sam-
le and solution were then exposed to UV radiation arising from
hree UVA lamps (PLS 11W from Philips), essentially emitting at
365 nm wavelength (negligible UVB/UVC emission) and located

t 2 cm below the glass vessel bottom. UV exposure experiments
ere performed, for various durations ranging up to 15 h, in a

limatic cabinet regulated at a 20 ◦C temperature and 40% rela-
ive humidity. Constant agitation of the solution was insured over
V exposure using a magnetic stirrer rotated at 500 rpm. After
hoto-platinization, films were rinsed with deionized water and
ubsequently heat treated in air at 110 ◦C for 2 h. Variations of this
rotocol have also been studied, which will be discussed in the text.

.3. Characterization methods

Mechanisms occurring in the solutions exposed to UV light were
nalyzed by UV/visible spectroscopy, in a 200–1100 nm spectral
ange, using a Jasco V-530 spectrophotometer. Over UV exposure,
mall solution aliquots were periodically withdrawn for spec-
ral measurement. Physico-chemical, morphological, and structural
haracterizations were performed using various techniques. A
hilips XL 30 scanning electron microscope (SEM) operated at 6 kV
as employed for energy dispersive X-ray (EDX) analyses. Surface

maging of platinized films was performed using a ZEISS Ultra 55
ield Emission Gun (FEG)-SEM operated at 20 kV. High-resolution

ransmission electron microscopy (TEM) observations were per-
ormed using a JEOL-2010 LaB6 instrument operated at 200 keV.
urface chemical analysis was performed by X-ray photoelectron
pectroscopy (XPS) using a XR3E2 apparatus from Vacuum Gener-
tor employing an Mg K� source (1253.6 eV). Before collecting data,
Fig. 1. UV/visible spectra in the short wavelengths region for an 860 �M CPA solution
exposed to UV light for 0 min (a), 15 min (b), 60 min (c), 360 min (d), and 900 min
(e). Insert shows corresponding spectra in the visible spectral region.

the samples were put in equilibrium for 24 h in an ultra high vacuum
chamber (10−10 mbar). Photoelectrons were collected by a hemi-
spherical analyzer at 30◦ and 90◦ take-off angles. The spectra were
calibrated with the C1s peak at 284.7 eV. They were analyzed in
the Pt4f region. For that purpose, the Pt4f7/2:Pt4f5/2 doublets were
deconvoluted using a least-square curve fitting program based on
a mixed 10%/90% Gaussian/Lorentzian function, which accounted
for the peak asymmetry, and assuming a 4:3 intensity ratio of the
doublet components and a splitting energy of 3.3 eV.

3. Results and discussion

3.1. Photo-induced mechanisms in CPA solution

As-prepared solutions looked transparent slightly yellow. Over
UV exposure, their colour progressively turned dark yellow–brown.
These colour changes are depicted by UV/visible spectra illustrated
in Fig. 1 for an 860 �M CPA solution. For the non-irradiated solution,
intense bands initially observed at 215 and 260 nm correspond to
metal to ligand charge transfer in a chloro-platinum complex [16].
Two very weak bands are also present at 375 and 460 nm, which
cannot be appreciated in spectra of Fig. 1. They are assigned to d → d
transitions. Fig. 1 shows that the 260 nm band rapidly decreases in
intensity over UV exposure. This band can no longer be detected
after 15 min UV exposure. In the same time, the 215 nm band is
observed to shift toward 210 nm. Over further UV exposure, this
latter band stabilizes at 205 nm and the solution starts to absorb
in the whole visible range (see insert of Fig. 1). These latter fea-
tures are attributed to the formation of platinum metal particles
in the solution and are related to MIE scattering effects induced
by metal nano-particles [17]. In this study, since the 205 nm band
was located at the detection limit of our spectrophotometer, no
reliable evolution of this band could be studied over UV exposure.
Absorbance evolutions at 260 and 630 nm (this latter wavelength
being taken as representative of absorption in the visible spectral
range) are plotted in Fig. 2 as a function of UV exposure duration. The
630 nm band remains at zero over an induction period of 15 min,
after what it gradually grows with further UV exposure and then
saturates in intensity after about 4 h exposure. In the same time,
as previously mentioned, absorbance at 260 nm strongly decreases
over the first 15 min UV exposure. After what, it slightly increases
in intensity with further UV exposure and then saturates after 4 h

exposure. It is important to note that these trends did not depend
on the presence or not of a TiO2 sample immersed in the solution
during UV exposition. These features suggest, therefore, that UV
irradiation induces modifications in the CPA solution, which are
not necessarily promoted by photocatalytic mechanisms, as usually
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analysis (insert of Fig. 4). On the one hand, the XPS Pt/Ti intensity
ratio appears greater when measured with a 30◦ rather than a 90◦

take-off angle, which confirms that photo-platinization yields plat-
inum clusters located at the external surface of TiO2 films. On the
ig. 2. Absorbance measured at 260 nm (a) and 630 nm (b) for an 860 �M CPA
olution exposed to UV light for various durations.

roposed to explain processes involved in photo-platinization pro-
edures implemented to functionalize TiO2 photocatalysts.

Over the past decades, photochemistry of CPA-derived com-
lexes has been the object of numerous studies (see [16,18,19] and
rticles cited herein). According to these studies, it is known that
PA-derived complexes can undergo a photolytic reduction mech-
nism through a direct interaction with UV light. This mechanism
nitially involves a photo-induced homolytic cleavage of the Pt–Cl
ond, inducing a first reduction of Pt4+ ions and the formation of
l• radicals. This cleavage can take place in a wide spectral range
rom 270 to 450 nm. Photo-generated radicals can in turn react with
n oxidizable reactant, such as ethanol, yielding new radicals that
articipate in further reduction of Pt4+ ions and induce chain reduc-
ion mechanisms. Furthermore, it has been reported that photolytic
eneration of platinum metal particles only occurs when a large
ajority of Pt4+ ions are transformed into Pt2+ones [19]. Features

llustrated in Fig. 2 can be analyzed in the view of aforementioned
hain mechanisms. This figure shows that formation of platinum
etal particles, as depicted by an absorption onset at 630 nm, is ini-

ially not correlated with a decrease of the 260 nm band, attributed
o consumption of the CPA precursor. Indeed, while no absorption
t 630 nm can initially be appreciated, the CPA consumption rapidly
roceeds over the first minutes of UV exposure. This feature prob-
bly corresponds to an initial reduction of Pt4+ ions into Pt2+ ones.
ince in the same time the short wavelength band illustrated in
ig. 1 shifts from 215 to 210 nm, it is inferred that this latter location
orresponds to Pt2+ species. After about 15 min UV exposure, which
s attributed to the duration necessary to form a sufficient amount of
t2+species, appearance of a band at 205 nm and features illustrated
n Fig. 2 suggest that the formation of platinum metal particles grad-
ally proceeds. The slight absorbance increase at 260 nm observed

n the same time probably ensues from MIE scattering also induced
n the UV range by the formation of metal particles. Finally, Fig. 2
uggests that metal particles formation within the solution goes to
ompletion after about 4 h UV exposure.

.2. Chemical analysis of platinized films

In order to confirm previous interpretations, TiO2 films
mmersed in a CPA solution of 860 �M concentration, and exposed
o UV light for various durations, have been characterized by EDX
nd XPS. No XPS spectrum could be exploited for platinization
urations shorter than 30 min owing to a too weak signal. For UV
xposure duration of 30 min or more, XPS spectra clearly evidence

he presence of platinum adsorbed at the TiO2 surface. A typical XPS
pectrum is illustrated in Fig. 3, which depicts three Pt4f7/2:Pt4f5/2
oublets. In following analyses, we focus on the Pt4f7/2 compo-
ents. For all films studied in the present work, the binding energies
Fig. 3. Typical XPS spectra in the Pt4f region for a TiO2 film conjointly immersed
within a CPA solution and exposed to UV light. “+” symbols indicate the experimental
spectrum and lines show the deconvoluted spectra.

of the three Pt4f7/2 components were determined to be around
71, 72, and 74 eV. These values fairly agree with previously pub-
lished works, which assign the three components, from low to high
energy, to metallic Pt•, Pt with adsorbed oxygen (PtOads), and oxi-
dized Pt2+ [20,21]. As illustrated in Fig. 3, the Pt• component appears
to be the most intense one, around 70% of the total Pt4f intensity,
showing the strong metallization degree of adsorbed particles. This
70% intensity ratio did not significantly vary in the whole range of
UV exposure durations tested with an 860 �M CPA solution (not
illustrated here), which indicated the good reduction yield of the
corresponding experimental protocol. It should be noted that obser-
vation of secondary PtOads or Pt2+ components does not mean that
the photo-reduction of Pt4+cations is limited to the +2 valence,
but it more probably results from the known tendency of oxygen
to rapidly chemisorb on a clean platinum surface during storage
under ambient conditions (see further discussion in next section)
[20,21]. It is not excluded that non-dissociated residual PtCl species
can also partially contribute to the Pt2+ component. The photo-
platinization kinetics has been studied for TiO2 films immersed
within an 860 �M CPA solution through the variations of the Pt4f
integrated intensity normalized to the Ti2p3/2 peak (binding energy
of 258.7 eV), as deduced from XPS measurements (Fig. 4), and vari-
ations of the Pt (M�)/Ti (K�) intensity ratio, as deduced from EDX
Fig. 4. Pt/Ti intensity ratio deduced from XPS measurements performed at 30◦ take-
off angle (a) and 90◦ take-off angle (b) for TiO2 films conjointly immersed within
an 860 �M CPA solution and exposed to UV light for various durations. Insert shows
similar variations from XPS data (30◦ and 90◦ take-off angles are not differentiated)
(a), and EDX data (b), after normalization to values measured after 15 h UV exposure.
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Fig. 5. Pt/Ti intensity ratio deduced from EDX measurements for TiO2 films con-
jointly immersed within a CPA solution and exposed to UV light for various durations.
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PA concentration in the solution was fixed at 23 �M (a), 230 �M (b), and 860 �M (c).
nsert shows similar variations for the Pt/Ti ratio normalized to CPA concentration
n the solution.

ther hand, XPS and EDX data depict rather similar trends upon
V exposure. The Pt/Ti ratio is initially close to zero, showing that
reliminary adsorption of the CPA precursor in the dark occurs in
egligible extent. Exposition to UV light induces a bi-regime photo-
latinization kinetics. In a first regime, the kinetics is rather fast and,
fter about 2 h of UV exposure, it significantly slows down. A closer
nspection of Fig. 4 shows some differences between XPS and EDX
ata. The XPS ratio remains very weak over the first hour of UV
xposure while the EDX ratio more rapidly increases. Furthermore,
lowing down of the platinization kinetics seems to be more marked
or the Pt/Ti EDX ratio, which almost saturates after an exposure of
h or more. As discussed in next section, these differences can par-

ially be explained with respect to morphology features, taking into
ccount the sample depth probed by XPS and EDX methods.

Similar behaviors were evidenced for solutions of various CPA
oncentrations exposed to UV light in the presence of a TiO2 sample.
owever, the CPA concentration was observed to strongly influence

he adsorption kinetics of platinum particles at the TiO2 surface.
DX data of Fig. 5 indicate that no clear correlation exists between
he CPA concentration and the amount of loaded platinum. As previ-
usly mentioned, the platinum amount nearly saturates after 2 h UV
xposure in the case of the most concentrated solution (860 �M).
or the most diluted one (23 �M), the Pt/Ti ratio gradually increases
ver UV exposure, reaching after 15 h UV exposure a value close
o that measured for the most concentrated solution. In the case
f a solution with intermediate CPA concentration (230 �M), this
atio also gradually increases, reaching after 15 h UV exposure a
alue about twice greater than in the case of both other concentra-
ions. These trends can be analyzed in the view of data presented in
nsert of Fig. 5, which shows evolutions of the EDX Pt/Ti ratio nor-

alized to CPA concentration in the solution. This normalization
xpresses a platinization yield at the TiO2 surface. It is observed
hat this yield strongly increases with decreasing the CPA con-
entration. As previously explained, ethanol (or any other alcohol)
lays an active role in the photolytic reduction of CPA. Reducing
he CPA concentration in the solution, i.e. increasing the ethanol
o CPA ratio, should logically increase the reduction rate and the
ield of platinum particle formation [22]. However, for a strongly
iluted solution, the total amount of metal particles is necessar-

ly limited by the weak CPA concentration, which in turn reduces
he amount of particles loaded at the TiO2 surface. In the oppo-

ite case, more particles can be formed in a concentrated solution,
ut the reduction yield should be weaker. An important amount
f platinum particles loaded at the TiO2 surface probably requires,
herefore, a compromise in term of CPA concentration, which is
Fig. 6. Pt peak intensity normalized to the total Pt4f intensity, as deduced from
XPS measurements, for TiO2 films conjointly immersed within CPA solutions of var-
ious concentrations and exposed to UV light for 30 min. Measurements have been
performed at 30◦ take-off angle (�) and 90◦ take-off angle (�).

expressed by data of Fig. 5. However, data illustrated in Fig. 6 also
shows that the Pt• intensity, normalized to the total Pt4f intensity,
gradually decreases from 70% to about 10% when decreasing the
CPA concentration from 860 to 23 �M, in the case of a CPA solution
exposed to UV light for 30 min. Let us recall that, in these experi-
ments, CPA is diluted in a water/ethanol medium of 80/20 molar
composition. Thus, decreasing the CPA concentration increases the
ethanol to CPA ratio, which should favour a greater reduction yield,
but also increases the water to CPA ratio. It is likely that an increased
water to CPA ratio counteracts reduction mechanisms, for instance
by inducing a more important oxidation at the surface of metal
particles. In other words, the photolytic transformation of CPA
probably involves complex oxydo-reduction mechanisms that are
influenced, among other parameters, by the CPA concentration in
the water/ethanol medium. According to these studies, the 860 �M
CPA solution appears to be the best compromise in term of reduc-
tion efficiency and amount of loaded particles. In the next section,
we will thus focus on platinization experiments performed using
such a solution.

3.3. Morphological and structural features

Morphological and structural studies of platinum particles pro-
vided complementary information yielding new insights into the
interpretation of previous chemical analyses and the formation
mechanisms of such particles. Fig. 7a–c shows FEG-SEM images of
films immersed in a CPA solution and exposed to UV light for 1, 4,
and 15 h, respectively. Films exposed for a short duration (1 h or less)
were almost exclusively coated with spherical particles, of around
20 nm in diameter, dispersed at the sample surface (Fig. 7a). As illus-
trated in Fig. 7b, the amount of such particles tends to decrease with
further UV exposure. In the same time, small particles of around
2 nm in diameter start to appear, showing a homogeneous distri-
bution at the film surface. After a prolonged UV exposure of 15 h,
20 nm particles can no longer be observed. The TiO2 film appears to
be exclusively coated with 2 nm particles (Fig. 7c). These particles
almost coat the totality of the film surface but exhibit a rather disor-
dered distribution. Differences illustrated in Fig. 7b and c probably
traduce that, in early platinization stages, 2 nm particles undergo
an uniform 2D organisation at the film surface, which progres-
sively evolves toward a less uniform 3D organisation over a too
long UV exposure. Morphology changes illustrated in Fig. 7a–c can

also explain some differences in EDX and XPS data illustrated in
insert of Fig. 4. On the one hand, samples characterized by EDX
are probed within a depth of several microns. Thus, the totality
of platinum loaded at the TiO2 surface is accounted for, and data
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Fig. 8. FEG-SEM images for a TiO2 film immersed for 45 min within a CPA solution
previously exposed to UV light for 45 min (a), for a TiO2 film immersed for 5 min
within a CPA solution previously exposed to UV light for 15 h (b), and for a TiO2 film
ig. 7. FEG-SEM images of TiO2 films conjointly immersed within a CPA solution and
xposed to UV light for 1 h (a), 4 h (b), and 15 h (c).

llustrated in insert of Fig. 4 indicate a rather fast increase of the
latinum amount over the first platinization stages. On the other
and, the depth probed by XPS is limited to a few nanometres. This
epth is much smaller than the size of particles loaded over the first
latinization stages, which yields an underestimation of the plat-

num amount. The 20 nm particles are progressively replaced by
nm ones while platinization proceeds. The 2 nm size is below the
epth probed by XPS. Particles loaded after prolonged platiniza-
ion are thus more efficiently accounted for by XPS, which yields
latinum amount increases illustrated in Fig. 4.

Fig. 8a and b shows FEG-SEM images of films immersed in a CPA
olution, which was previously exposed to UV light for 45 min and
5 h, respectively, in the absence of any TiO2 sample. The former
lm is coated with particles of around 20 nm diameter, similarly
o what is shown in Fig. 7a. This observation seems confirming
hat the formation of platinum metal particles proceeds through
photolytic (non-photocatalytic) mechanism occurring in the CPA
olution, followed by adsorption at the TiO2 film surface. However,
t is important to note that, when the solution was preliminary pho-
olyzed for a short duration, yielding formation of 20 nm particles,
ost-photolysis adsorption of such particles could be performed in
reat amount only when the TiO2 film was exposed to UV light
which was firstly immersed for 45 min within a CPA solution previously exposed to
UV light for 45 min, and was then exposed to UV light for 15 h within a water/ethanol
mixture without CPA (c).

during adsorption. In that case, we cannot exclude that a photo-
catalytic mechanism also participates to the formation of platinum
particles at the TiO2 surface. Actually, in experiments presented
herein, the film is always oriented toward bottom of the glass ves-
sel. It is thus also possible that gravity forces impinge a natural
adsorption of rather large platinum particles initially formed in the
photolyzed solution. When the film is exposed to UV light, positive
and negative charge appear at its surface, due to the photo-induced
generation of charge carriers. These surface charges may favour
an electrostatic attraction of platinum particles and promote their
fixation at the film surface. When exposure of the CPA solution
was performed for 15 h, post-photolysis adsorption of the TiO2 film
yielded a very homogeneous distribution of 2 nm particles at the

film surface (Fig. 8b). In that case, no significant difference could
be observed between morphology features observed after adsorp-
tion with or without UV light (not illustrated here). It is possibly
due to the very small size of derived platinum particles, which may
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particles undergo a surface distribution rather close to that illus-
ig. 9. TEM images of platinum particles derived from a CPA solution exposed to UV
ight for 45 min (a) and 15 h (b). Circles indicate individual platinum particles.

revent gravity effects. Moreover, XPS studies showed that parti-
les adsorbed with or without UV light, from solutions previously
xposed to UV for 45 min or 15 h, exhibited a similar Pt• component
ntensity around 70% of the total Pt4f intensity whatever their size
not illustrated here). This value, in agreement with that mentioned
n previous section, confirms that photo-induced platinum parti-
les exhibit a strong metallization degree. All these observations
efinitely prove that formation of platinum particles arises from a
hotolytic mechanism occurring within the CPA solution. In other
ords, platinum loading at the TiO2 surface does not seem involv-

ng any photocatalytic reduction but would only rely on a metal
article adsorption mechanism, which can take place either during
he solution photolysis, or during a post-photolysis adsorption step.

Previous data show the possibility to form liquid suspensions
f metal platinum particles. We took advantage of this feature to
isperse such particles on a carbon grid, in order to perform TEM
tudies. Particles formed after a photolysis of 45 min and 15 h are
llustrated in Fig. 9a and b, respectively. After a 15 h photolysis,
EM images confirmed a particle size around 2 nm, and associ-
ted electron diffraction pattern confirmed that so-formed particles
onsisted of crystalline metal platinum (not illustrated here). The

rystalline state of platinum is also supported by crystallographic
lanes observed in Fig. 9b (see circles). After a 45 min photolysis,
rystallographic planes can also be observed in Fig. 9a (see circles),
nd their distribution in various directions indicates that 20 nm
otobiology A: Chemistry 202 (2009) 214–220 219

particles derived from this solution consist of polycrystalline aggre-
gates. Fig. 9a also shows that single particles constituting these
aggregates have a diameter around 2 nm. In other words, these
observations indicate that aggregated or not platinum particles
always consist of constant size primary particles. It can in turn
explain why XPS data yield a constant Pt•/Pt4f intensity ratio of
around 70%, whatever the apparent size of platinum particles. Since
secondary PtOads and Pt2+ XPS components are assumed to arise
from an oxidized particle surface, i.e. the particle would consist of a
metallic core surrounded by an oxidized surface shell, the relative
amount of oxidized species depends on the surface to volume ratio
of the platinum particles, which is in turn determined by the size
of primary particles distributed at the film surface or constituting
aggregated particles.

Furthermore, it seems that data presented in this article depict
a two-step reductive photolytic mechanism occurring in the solu-
tion. In a first step, after a sufficient transformation of Pt4+ species
into Pt2+ ones, photolytic reduction might form metal particles of
2 nm diameter, which would rapidly agglomerate into 20 nm aggre-
gates. This fast agglomeration probably arises from the mutual
affinity of metal particles diluted in the solution. In a second step,
upon prolonged UV exposure, these aggregates would dissociate
and regenerate 2 nm particles within the solution. Nano-particles
of noble metals exhibit excellent photo-chemical activity, due to a
high surface/volume ratio and unusual electronic properties. In the
case of silver nano-particles, it has been shown that this photo-
chemical activity promotes a fragmentation of metal aggregates
when subjected to UV irradiation [23,24]. This mechanism would
arise from a photo-induced generation of electrons within silver
aggregates, which would destabilize these aggregates and induce
their subsequent fragmentation and the formation of smaller metal
clusters. It is inferred that data presented in the present article
also involve a photo-induced fragmentation of platinum aggre-
gates. Such a fragmentation may occur in the solution exposed to
UV light, as previously observed in the case of silver aggregates
[23,24], which would explain why samples immersed in a platinum
solution previously exposed to UV for 15 h are exclusively coated
with 2 nm particles (Fig. 8b). Fragmentation can also take place in
particles adsorbed at the TiO2 surface, which would explain why
aggregates adsorbed after the first platinization step (Fig. 7a) are no
longer detected after a prolonged UV exposure (Fig. 7c). Of course,
photo-chemically induced fragmentation of silver nano-particles is
promoted by an absorption band centred around 400 nm [23,24],
which is rather close to our UV excitation wavelength (365 nm),
while platinum nano-particles essentially absorb at around 200 nm
(see Fig. 1), which is much farer from our excitation wavelength.
Thus, mechanisms occurring in the fragmentation of silver par-
ticles cannot directly be transposed to platinum particles and
further studies will be necessary to better assess how fragmen-
tation occurs in our conditions. In order to partially support an
eventual UV-induced fragmentation of platinum particles at the
TiO2 film surface, a TiO2 film has been coated with platinum aggre-
gates formed in a CPA solution photolyzed for 45 min, and then
immersed in a water/ethanol solution of 80/20 molar composition,
without CPA, and further exposed for 15 h to UV light. Resulting
platinum particles are illustrated in the FEG-SEM image of Fig. 8c.
It can be seen that 20 nm particles are still present at the TiO2 sur-
face, in rather important amount, which does not correlate trends
illustrated in Fig. 7a and b. However, small particles of 2 nm are also
observed at the TiO2 surface, which were not detected before expo-
sition to UV in the water/ethanol solution (see Fig. 8a). These small
trated in Figs. 7b and 8b. These particles cannot be due to adsorption
of new platinum cluster, since the latter UV irradiation is achieved
in CPA-free water/ethanol solution. This latter observation seems
to confirm, therefore, that beside a photo-induced fragmentation
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Fig. 10. Pt/Ti ratio deduced from EDX measurements for TiO2 films immersed for
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arious durations within an 860 �M CPA solution previously exposed to UV light for
5 min (a), and for TiO2 films immersed for 5 min within CPA solutions of various
oncentrations, which were previously exposed to UV light for 15 h (b). Immersion
f the film was achieved under UV light (� and �) or not (�).

ccurring within CPA solution, data illustrated in Fig. 7a–c also
epict a fragmentation of platinum aggregates that proceeds at the
iO2 surface exposed to UV light.

This study opens new perspectives in the preparation and
pplications of platinum nano-particles. In recent years, the prepa-
ation of platinum nano-particles in colloidal suspensions has
een the object of many studies. Such suspensions are often pre-
ared through chemical [17,22] or photo-chemical routes [16,18].
xperimental protocols generally use a polymeric agent, which par-
icipates in the reduction of Pt4+ cations and also caps so-formed

etal nano-particles thus preventing their fast aggregation and
edimentation in liquid solution. However, presence of this capping
gent can also alter the surface properties of metal particles. Frag-
entation mechanisms presented herein allow envisaging a new

lternative to form stable nano-particles suspensions without the
eed of any polymeric additive. Furthermore, FEG-SEM images pre-
ented above indicate that such suspensions can be homogeneously
ispersed at the surface of TiO2 films through a post-photolysis
dsorption mechanism under UV light or not. Fig. 10 also shows that
he amount of loaded particles can be flexibly adjusted through a
imple control of the adsorption duration and/or platinum concen-
ration in the solution. For instance, in order to quantify a typical
mount of 2 nm particles that can selectively be loaded at the film
urface through a post-photolysis adsorption, XPS studies have
een performed on a sample immersed under UV light for 5 min
ithin an 860 �M CPA solution which was previously photolyzed

or 15 h. XPS data, corrected from the sensitivity factor of titanium
nd platinum, yield an apparent Pt/Ti surface atomic percentage of
60% (30◦ take-off angle) or 100% (90◦ take-off angle). Since a post-
hotolysis adsorption protocol allows to selectively disperse 2 or
0 nm at the TiO2 films surface, it will be also interesting in further
tudies to investigate how the dispersion of aggregated or individ-
al particles influences the photocatalytic activity of TiO2 films, in
elation to the amount of loaded particles. Finally, since no pho-

ocatalytic mechanism is a priori involved in the surface platinum
oading, it is inferred that platinum nano-particles can be dispersed
t the surface of any support. Accordingly, we could homogeneously
isperse 2 nm particles at the surface of an indium tin oxide film
ITO, not illustrated here), which can present interests for various

[
[
[
[
[
[
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applications such as new electrode materials [25]. However, it is
worthwhile mentioning that, in similar adsorption conditions, plat-
inum dispersion at ITO surface yielded a much smaller amount of
particles than adsorption at TiO2 surface. This observation suggests
that the adsorption conditions may be influenced by the affinity of
platinum particles for the support, which can in turn depend on
surface properties of this support, such as morphology or surface
chemistry. Accordingly, we could also adsorb platinum particles at
SiO2 surfaces (sol–gel-derived film or native oxide present at the
surface of a Si wafer) but, contrary to the cases of TiO2 or ITO sup-
ports, these particles appeared to be much less homogeneously
dispersed.

4. Conclusion

Sol–gel TiO2 photocatalytic thin films have been loaded with
platinum nano-particles via their immersion within a CPA liquid
solution exposed to UV light. This study shows that formation and
dispersion of metal platinum particles proceeds through a pho-
tolytic reduction mechanism, occurring in the platinum precursor
solution, rather than a photocatalytic reduction at the TiO2 surface.
This mechanism offers an easy way to prepare platinum nano-
particles in liquid suspension that can subsequently be dispersed on
various kinds of supports. Photolytic reduction mechanisms have
been studied using various characterization methods. These stud-
ies show the possibility to selectively disperse platinum particles
of 2 or 20 nm diameter in controlled amount. Platinum adsorption
protocols derived from such photolyzed solutions allow envisag-
ing not only enhanced photocatalytic activity of TiO2 thin films, as
shown in our previous work [13], but also opens the way to new
applicative studies.
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