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a b s t r a c t

The preparation of supported platinum catalysts through a photochemical approach, namely the liquid
phase photo-deposition, has been investigated. Pt catalysts were prepared by irradiating at 25 ◦C and
254 nm an alcohol solution of platinum acetylacetonate complex, where two different supports (ceria
or titania) were successively suspended. The prepared catalysts were characterized by TEM analysis and
tested for the catalytic deep oxidation of two representative volatile organic compounds, namely toluene
and acetone. Results were compared with those from Pt samples prepared by a conventional impregnation
technique. It was found that the ceria supported Pt sample prepared by the photochemical approach
iquid phase photo-deposition
anoparticles
eria
itania
eep oxidation
OC

exhibits much better performance in the combustion of both acetone and toluene, compared to the
corresponding impregnated catalyst. A similar trend but to a lesser extent was observed on the Pt/titania
series. These results were rationalized on the basis of the different distribution of Pt particles on the
support, catalysts prepared by impregnation exhibiting both local massive Pt aggregates and very small Pt
particles, samples prepared by photo-deposition showing instead Pt nanoparticles with a homogeneous
and narrow size distribution, with diameters in the range of 1.6–2 nm, regarded as appropriate for the

orga
tructure sensitive reaction deep oxidation of volatile

. Introduction

The preparation of catalysts is regarded as a fundamental step
n the course of the catalytic process playing a key role in the
chievement of the desired catalyst performance [1]. Conventional
ethods for the preparation of supported metal catalysts (impreg-

ation, ion-exchange, co-precipitation, deposition–precipitation)
nvolve two main steps, consisting of the introduction of the metal
recursor on the support and the successive transformation of
he precursor to the active metallic phase [1]. Due to the high
umber of variables involved in both steps, it is difficult to get com-
lete control on all parameters and therefore reproducible results
re not easily achievable. Moreover, these conventional methods
enerally lead to metal particles which are often non-uniformly
pread on the support surface and with wide particle size dis-

ributions. The synthesis of metal particles with a controlled and
arrow distribution is instead a critical factor chiefly for those
atalytic reactions which are dependent on particle dimensions
the so-called structure-sensitive reactions) [2]. In the last decades
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chemical vapour deposition (CVD) gained interest in the prepa-
ration of supported catalysts being a flexible and reproducible
technology. However, CVD presents several disadvantages, such as
the requirement of precursors with high vapour pressure, which are
often hazardous and extremely toxic, and the necessity to employ
high temperatures for precursor decomposition, which can lead to
catalyst deactivation [1].

In recent years, alternative routes to the preparation of sup-
ported catalysts from liquid phase based on the use of preformed
clusters or templating agents have been proposed to obtain more
uniform catalysts [3,4], with the specific purpose to control the
formation of metal bonds or metal particles in solution and then
delivering them to the support surface preserving the metal parti-
cles morphology [5]. The application of such an approach remains
problematic, however, for instance in the case of Pt, because the
removal of ligands or templating agents leads to substantial metal
sintering [4,6]. In order to overcome this drawback Siani et al.
recently proposed the use of an unprotected stable colloidal Pt
suspension for the preparation of Pt/�-Al2O3 catalysts [7].
Recently, we reported the preparation of �-alumina sup-
ported Pt catalysts with a very narrow particle size distribution
through a photochemical approach, namely the liquid phase photo-
deposition (LPPD) technique, which allows the direct deposition
of active metallic species on the support from the liquid phase at

dx.doi.org/10.1016/j.molcata.2010.10.003
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iments CO2 was the main carbon-containing product, only very
small amounts of CO were found at low conversions. The carbon
S. Scirè et al. / Journal of Molecular C

oom temperature by means of quite simple and economic equip-
ent [8]. LPPD involves the chromophore of a metal complex which

s able to absorb the light producing a photo-excited state which
ay decompose, by a photo-redox reaction, to give an unprotected

olid metallic phase cluster able to spread over the support surface
9,10]. Recently we also reported the preparation of supported Ag
atalysts through a modified photochemical approach consisting
n the photo-assisted preparation of stable unprotected Ag colloids
n water, followed by the deposition of Ag nanoparticles on the
upport [11].

The goal of this work was to evaluate the role of the support in
he preparation of supported Pt catalysts through LPPD. Two dif-
erent supports, namely ceria and titania, were investigated and
he results were compared to those previously reported for alu-

ina supported Pt samples prepared by the same photochemical
pproach [8].

The Pt(acac)2 complex was chosen as precursor of platinum.
he �-diketonates of metals are interesting compounds both from
n applicative and theoretical point of view. They have been used
s precursors in the metal-organic chemical vapour deposition
MOCVD) to obtain thin films of metals and their oxides, due to
heir volatility and are also good candidates for photochemical
tudies in the gas phase, being able to absorb UV and visible light.
hese features make these compounds suitable for photo-CVD [12],
technique exploiting radiation (in particular UV) as an energy

ource to obtain deposition of metals and/or oxides using temper-
tures lower than in thermal MOCVD. Because the �-diketonates
re readily soluble in organic solvents they can also be used for
iquid phase photo deposition [8].

The catalytic activity of Pt catalysts prepared by LPPD was eval-
ated for the deep oxidation of two organic compounds, namely
oluene and acetone, which were chosen as representatives of
olatile organic compounds (VOC). The catalytic behaviour and
hysical properties of these catalysts (samples coded as PD) were
ompared with those of Pt samples prepared on the same supports
y the conventional wetness impregnation technique, using the
ost common Pt precursor, namely H2PtCl6 (samples coded as IM).

. Experimental

.1. Catalyst preparation

The metal oxides used as supports were TiO2 (Degussa
25, surface area of 50 m2 g−1, containing anatase and rutile
hases in a ratio of about 3:1) and CeO2 (surface area of
10 m2 g−1), prepared in laboratory by precipitation with KOH
rom Ce(NO3)3 × 6H2O according to the procedure elsewhere
eported [13]. The Pt(acac)2 complex (acac = 2,4-pentandionate
nion), reagent grade (Aldrich), was used without further purifi-
ation. Anhydrous ethanol (Carlo Erba) was spectrophotometric
rade.

Kinetic experiments were carried out by irradiating the
thanol solution of Pt(acac)2, 5 × 10−4 M, at 25 ◦C and 254 or
50 nm in a quartz cuvette using a Rayonet Photochemical Reac-
or (Italquartz) equipped with various numbers of lamps. The
ight intensity, measured by a ferric oxalate actinometer [14],

as 1.0 × 10−6 Nh� min−1 (2.7 mW cm−2). The kinetics of the
t(acac)2 photo-reduction were followed spectrophotometrically
t 350 nm (at this wavelength the released Hacac ligand does not
bsorb).
For the preparation of supported Pt catalysts through LPPD,
he ethanol solution of Pt(acac)2, 5 × 10−4 M, was irradiated in

quartz vessel at 25 ◦C and 254 nm with a light intensity of
.0 × 10−5 Nh� min−1, until complete platinum photo-reduction.
he support (CeO2 or TiO2) was added successively to the Pt col-
is A: Chemical 333 (2010) 100–108 101

loidal solution, leaving under vigorous stirring at room temperature
until disappearance of platinum from the solution (this required
about 2 h). This was followed spectrophotometrically monitor-
ing, on a clear solution obtained by filtration of a little amount
of suspension, the disappearance of the structureless absorption,
extending up to visible region, due to the light scattering of Pt
nanoparticles. After completion of the deposition of the metal onto
the support, the suspended material was recovered by centrifuga-
tion and washed several times with pure ethanol and then dried in
an oven at 90 ◦C. Pt samples prepared through the above reported
photochemical approach were coded with the suffix – PD.

For comparison Pt catalysts (coded with suffix – IM) were
prepared by conventional incipient wetness impregnation of the
support with an aqueous solution of H2PtCl6 (Alfa Aesar). These
samples were dried at 110 ◦C for 24 h and reduced in flowing H2 at
350 ◦C for 1 h, before their further use.

All samples (PD and IM) were prepared in order to have a nom-
inal 1 wt.% Pt loading.

2.2. Colloidal solutions and supported catalysts characterization

Ultraviolet–visible absorption spectra were recorded with a
Hewlett–Packard 8452A diode array and a UV-VIS Jasco V-560 spec-
trophotometer.

Dynamic Light Scattering (DLS) was carried out using a LB-550
HORIBA size analyzer equipped with a Laser diode at 650 nm.

Transmission electron microscopy was performed with a TEM
JEOL JEM 2010 F, equipped with the Gatan imaging filter, operating
at 200 keV. Samples for TEM were prepared by placing several drops
of the colloidal dispersions of catalysts onto a carbon-coated copper
micro-grid (2 M STRUMENTI). In order to obtain a good statistical
particle size distribution several different areas of the grid were
observed and more than 150 Pt particles measured for each sample.
The average size diameter estimated by TEM was calculated using
the following formula: d =

∑
(nidi)/n, where ni is the number of Pt

particles of diameter di and n is the total number of Pt particles.
H2 chemisorption was carried out in a pulse reactor system in

which fixed volumes of H2 were introduced at room temperature
through an injection valve. Before the measurements samples were
reduced in H2 at 350 ◦C for 1 h, maintained at this temperature in
flowing Ar for 1 h and then cooled at room temperature always in
Ar.

2.3. Catalytic activity measurements

Catalytic activity tests were performed in a continuous-flow
fixed-bed microreactor in the gas phase at atmospheric pressure,
using 0.1 g of catalyst (80–140 mesh) diluted with an inert glass
powder. The reactant mixture was fed to the reactor by flowing
a part of the He stream through a saturator containing the VOC
and then mixing with O2 and He before reaching the catalyst. The
reactant mixture was 0.7 vol.% VOC and 10 vol.% O2, the remainder
being helium. A space velocity (GHSV) of 7.6 × 10−3 mol h−1 g−1

cat
was always used. The effluent gases were analysed on-line by
a gas chromatograph (Thermo), equipped with a packed column
with 10% FFAP on ChromosorbW and FID detector, and by a
quadrupole mass spectrometer (VG quadrupoles). For all exper-
balance was always higher than 95%. Preliminary runs carried out
at different flow-rates showed the absence of external diffusional
limitations. The absence of internal diffusion limitations was ver-
ified by running experiments with catalyst powders at different
grain size.
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Fig. 1. (A) Spectral changes of ethanol solution 1.5 × 10−4 M in Pt(acac)2,
irradiated at 350 nm (I = 1 × 10−6 Nh� min−1, 2.7 mW cm−2) at various times
(0–340 min). The spectra were registered every twenty minutes. The quantum
yield was, F = 0.50 × 10−3. Inset: initial (a) and final (b) spectrum. (B) Spec-
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fast

sured at 254 nm with respect to 350 nm, justifying the higher
irradiation time necessary at this latter wavelength to completely
reduce the Pt complex. It has been, in fact, reported that the metal
nanoparticles dimension depends on the ratio of the nucleation
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(a)

(b)
ral changes of ethanol solution 1.5 × 10−4 M in Pt(acac)2, irradiated at 254 nm
I = 1 × 10−6 Nh� min−1, 2.7 mW cm−2) at various times (0–140 min). The spectra
ere registered every 10 min. The quantum yield was, F = 0.52 × 10−3.

. Results

.1. Kinetics of the Pt complex photodecomposition

The electronic absorption spectrum of a thermally stable solu-
ion of Pt(acac)2 in anhydrous ethanol displays (Fig. 1A, inset
pectrum (a)) four distinct bands at 225 nm (ε = 11,200), 250 nm
ε = 10,000), 290 nm (ε = 7300) and 345 nm (ε = 3500). Irradiation
t any of the four wavelengths resulted in equally efficient reduc-
ion of the Pt–�-diketonates complex. In fact the spectral changes
f the Pt(acac)2 ethanol solution (1.5 × 10−4 M) show the same
rend, when irradiated, with the identical light intensity, both at
50 (Fig. 1A) and 254 (Fig. 1B) nm. The figures show that the
isappearance of the Pt(acac)2 absorption bands (225, 250, 290
nd 345 nm) was accompanied by the appearance of the typi-
al absorption band of Hacac (�max = 274 nm), consistent with a
–�* (HOMO–LUMO) transition [15], and a structureless absorp-

ion extending up to the visible region, attributed to the formation
f Pt nanoparticles. It is noteworthy that at the end of photochem-

cal reduction, the released ligand concentration, detected by UV
pectrophotometer, was double the amount of the starting com-
lex concentration. It must also be underlined that the quantum
ield, calculated by the ratio between initial disappearance of the
2 CH3CHOH                    CH3CH2OH   +   CH3CH=O

Scheme 1.

complex and number of absorbed photons by reactive species, is
independent upon the wavelength of the light because the photo-
reduction arises from a single excited state reached by the internal
conversion from the excited state populated by direct irradiation
at various wavelengths. However, it can be observed that differ-
ent times were necessary to reach the complete photo-reduction
(140 and 340 min for irradiation at 254 and 350 nm respectively).
This finding can be explained taking into account the different frac-
tion of light absorbed from the initial complex solution at the two
different wavelengths (Fig. 1A, inset spectrum (a)).

The photo-reduction mechanism of the Pt(acac)2 complex in
ethanol (Scheme 1) has been previously reported [8] and is believed
to involve the cleavage of the Pt–O bond, the formation of a three-
coordinated intermediate which gives hydrogen abstraction from
the solvent with formation of Hacac and a Pt intermediate which
rapidly decomposes to Pt◦ and acetyl–acetonyl radical. The radi-
cal abstracts a hydrogen atom from the solvent giving a molecule
of the free ligand, Hacac. The ethanol radical can decay through
dismutation to aldehyde and alcohol.

The size of platinum nanoparticles in ethanol solution was
determined by Dynamic Light Scattering (DLS) analysis. Fig. 2
displays the particle size distributions of Pt nanoparticles, after
irradiation of the ethanol solution of Pt(acac)2 at 254 (curve a) or
350 nm (curve b). The figure points out that irradiation at 254 nm
leads to smaller Pt particles compared to irradiation at 350 nm. A
mean diameter of 6 nm and 8.5 nm for samples irradiated respec-
tively at 254 and 350 nm was, in fact, observed. This behaviour
agrees well with the higher ε value of the Pt(acac)2 solution mea-
Diameter (nm)

Fig. 2. Particle size distribution obtained by DLS of Pt nanoparticles after irradiation
of an ethanol solution of Pt(acac)2 at (a) 254 nm, tirrad. = 130 min and (b) 350 nm,
tirrad. = 340 min. I = 1 × 10−6 Nh� min−1.
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Fig. 3. TEM microphotographs (a–c) and part

ate to the growing rate of metal particles, a higher ratio leading
o smaller particles [16,17]. An analogous effect of the light wave-
ength on the dimension of metal nanoparticles has been reported
n the case of the preparation of Ag colloids in water by Ag(acac)
hoto-reduction [11].

.2. Preparation of supported Pt catalysts

On the basis of considerations reported in the previous section,
he preparation of supported Pt catalysts by LPPD was carried out
t the wavelength of 254 nm and the highest light intensity allowed
y the experimental apparatus (I = 1.0 × 10−5 Nh� min−1) with the
im to shorten the irradiation time thus obtaining Pt particles with
smaller size. It is important to note that the time required to

ave a complete photo-reduction of the Pt complex was strongly
ependent on the presence and the nature of the support sus-
ended in the ethanol solution. In fact, the photo-reduction of the Pt
omplex, under the experimental conditions used (� = 254 nm and
= 1.0 × 10−5 Nh� min−1) required around 30 min in the absence of
he support, two hours with ceria, whereas in the presence of TiO2 it
as not possible to accomplish a complete photo-reduction in 24 h.

his behaviour can be explained on the basis of the different distri-
ution of light between the support and the Pt complex. In fact, as

erified by UV experiments, ceria suspensions partially scatter the
adiation thus reducing the amount of light reaching the Pt com-
lex, whereas with titania, due to its strong ability to both adsorb
nd scatter the UV-light employed during irradiation, the amount
f radiation available is very low and not sufficient to complete
ze distribution (d) for the Pt/TiO2-PD sample.

the photo-reduction of the complex in a reasonable time. This also
excludes the photocatalytic reduction of the Pt complex by the tita-
nia support. Therefore to overcome this drawback and to shorten
the irradiation time we decided to prepare both Pt/TiO2 and Pt/CeO2
catalysts adding the support to the colloidal solution only after the
complete platinum photo-reduction was accomplished, then leav-
ing under vigorous stirring at room temperature until complete dis-
appearance of platinum from the solution (this requires about 2 h).

3.3. TEM characterization of supported Pt catalysts

Transmission electron microscopy was carried out in order
to characterize metallic platinum nanoparticles of prepared sup-
ported catalysts. Figs. 3–5 report TEM microphotographs of
investigated titania supported Pt samples, namely Pt/TiO2-PD
(Fig. 3), Pt/TiO2-PD treated in H2 at 350 ◦C (Fig. 4) and Pt/TiO2-IM
(Fig. 5).

The bright field images reported in Fig. 3a–c show very small
and round shaped Pt particles homogeneously spread on the sur-
face of bigger titania grains. Fast Fourier Transformation in the
inset of Fig. 3c clearly shows the diffraction pattern of Pt, thus
confirming the chemical nature of the dispersed nanoparticles.
Particle size analysis (Fig. 3d) shows a very narrow and symmet-

ric distribution of Pt nanoparticles, with an average diameter of
2.0 nm. In the case of the Pt/TiO2-PD sample treated in H2 at 350 ◦C
(Fig. 4) both Pt particles and titania grains show the same mor-
phology (Fig. 4a) and very similar size distribution (Fig. 4b) than
the untreated Pt/TiO2-PD sample (Fig. 3). This confirms that the
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adsorption of H on Pt [18,19]. On the contrary on both Pt/CeO -IM
ig. 4. TEM microphotographs (a) and particle size distribution (b) for the Pt/TiO2-
D sample after treatment in H2 at 350 ◦C.
hermal process with H2 does not substantially affect the structural
eatures of the catalyst, which were determined by the preparation

ethod. The Pt/TiO2-IM sample (Fig. 5) shows a significantly dif-
erent morphology compared to that of the sample prepared by the

Fig. 5. TEM microphotographs (a and
is A: Chemical 333 (2010) 100–108

photochemical approach. It can be noted, in fact, that the Pt/TiO2-
IM sample exhibits clustering of Pt particles resulting in massive
aggregates of not well distinguishable units. These aggregates are
spread on the titania support, drawing “worm” shapes around the
edges of the grains, as evidenced in the magnification of Fig. 5b.

TEM microphotographs of investigated ceria supported Pt sam-
ples are reported in Fig. 6 (Pt/CeO2-PD) and Fig. 7 (Pt/CeO2-IM).
It must be preliminary underlined that the TEM photos of Pt/ceria
catalysts were not so well resolved as Pt/titania ones, due to the
low contrast between Pt and ceria. Nevertheless, the degree of res-
olution was enough to find differences between the two catalysts
prepared by the different approaches. The sample prepared by the
photochemical technique is featured by Pt nanoparticles homoge-
neously distributed over the entire support surface. Although the
low contrast did not allow to perform a satisfactory size distribu-
tion, however, on the basis of the evaluation on groups of better
resolved particles (Fig. 6b), it can be stated that most particles have
diameter in the range 1.6–2 nm. In contrast, on the sample prepared
by the standard impregnation method Pt nanoparticles appear not
to be homogeneously distributed over the surface, showing both
local phenomena of massive Pt aggregation (Fig. 7a) and very small
Pt particles, with diameters around or lower than 1 nm (Fig. 7b),
which is near the resolution limit of the instrument.

3.4. H2 chemisorption on supported Pt catalysts

H2 chemisorption was carried out in order to determine the
Pt dispersion and average particle size of investigated catalysts
with the aim to compare the results with those obtained by TEM.
Obtained chemisorption data have shown that the amount of H2
chemisorbed on both Pt/TiO2-IM and Pt/TiO2-DP samples was con-
siderably low. Assuming a stoichiometry of H/Pt = l/l, dispersions of
6% and 16% were calculated for Pt/TiO2-IM and Pt/TiO2-DP respec-
tively. Pt sizes, estimated on the basis of the above dispersions,
assuming spherical Pt particles, were 18.8 nm (Pt/TiO2-IM) and
7.1 nm (Pt/TiO2-DP), values sensibly higher than those obtained by
TEM. According to the literature, this discrepancy can be reasonably
explained on the basis of the occurrence of a strong metal-support
interaction (SMSI) between Pt and TiO2, which strongly inhibits the
2 2
and Pt/CeO2-DP samples the amount of H2 chemisorbed was very
large with H/Pt ratios higher than 5 (5.8 and 5.7 for Pt/CeO2-IM
and Pt/CeO2-DP, respectively), suggesting that hydrogen spillover
takes place between platinum and the support. Hydrogen spillover

b) for the Pt/TiO2-IM sample.
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Fig. 6. TEM microphotographs

henomena have been widely reported in the literature to occur,
ven at room temperature, in the case of noble metals supported
n ceria [20,21].

On the basis of the above results it can be concluded that, under
he experimental conditions used in this work, H2 chemisorption
s not an affordable technique to determine the Pt dispersion and
verage particle size of investigated Pt/TiO2 and Pt/CeO2 catalysts.

.5. Catalytic activity measurements

Conversions of toluene and acetone as a function of the reac-
ion temperature on supported Pt catalysts are reported in Fig. 8
Pt/CeO2 series) and Fig. 9 (Pt/TiO2 series). It must be noted that
n Pt/CeO2 catalysts, analogously to that reported in the case of
t/�-Al2O3 [8], the oxidation reaction of both molecules proceeds
irectly to CO2 with no significant formation of intermediate oxi-

ation products. This also occurs on Pt/TiO2 catalysts in acetone
xidation, whereas on titania samples small amounts of benzoic
cid were also detected at low conversion in the case of toluene
xidation. It must also be underlined that on pure supports no reac-
ion was observed up to 400 ◦C and 300 ◦C for toluene and acetone

Fig. 7. TEM microphotographs (a and
b) for the Pt/CeO2-PD sample.

oxidation respectively. The figures show that on both investigated
supports samples prepared by photo-deposition exhibit higher
combustion activity for toluene or acetone than the corresponding
samples prepared by impregnation. In particular on the Pt/CeO2-PD
sample the light off curve was significantly (100 ◦C or more) shifted
to lower temperature with respect to the Pt/CeO2-IM sample. A
lower sensitivity to the preparation method was instead observed
on the Pt/TiO2 series, with the light off curve of the PD sample
only 20 ◦C downshifted compared to the IM one. It is noteworthy
that the catalytic activity of the Pt/CeO2-PD sample is quite high,
being comparable or even higher than that reported in the literature
on highly active ceria-based catalysts, namely Al2O3–CeO2 [22],
Au/CeO2 [13], Pt/CeO2–ZrO2 [23], LaCoO3 loaded on Ce1−xZrxO2
[24].
4. Discussion

TEM data reported in the Results section clearly showed that
the Pt catalysts prepared by the photo-deposition technique, both
with ceria and titania as the support, exhibit small Pt nanoparti-

b) for the Pt/CeO2-IM sample.
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place simultaneously, as reported in the case of Pt/Al2O3 samples
ig. 8. Toluene (A) and acetone (B) oxidation over ceria supported Pt catalysts: (�,
ull line) PD samples; (©, dotted line) IM samples.

les with an average diameter of 1.6–2 nm. It is noteworthy that
he size of Pt nanoparticles deposited on both supports was lower
han that determined by DLS (5–6 nm) in the ethanol solution after
hoto-reduction in the absence of the support. It can be ruled out
hat this discrepancy is related to the different light intensities
sed in the kinetic (1 × 10−6 Nh� min−1) and catalyst preparation
xperiments (1 × 10−5 Nh� min−1), in so as with a light intensity of
× 10−5 Nh� min−1 we obtained the same DLS average size than

hat found using a lower light intensity (Supplementary data, Fig.
). Moreover it is highly unlikely that, under the mild conditions
f the deposition phase, the support can cause a disaggregation of
etal nanoparticles resulting in smaller particles. It can be reason-

bly suggested that the TEM-DLS discrepancy can be rationalized
onsidering that, whereas TEM determines the core diameter of
he particle, DLS measures the hydrodynamic diameter in solution,
ncluding the ligand (Hacac) shell moving with the particle, and
herefore can result in an overestimation of the particle size [25,26].

Another important feature of the Pt catalysts obtained by the
PPD approach is the high homogeneous spreading of Pt particles
ver the support surface with a monomodal and very narrow size
istribution. This is in contrast with results of the catalysts prepared

y the classical impregnation method which instead presented a
uite heterogeneous distribution with evident massive aggregates
f Pt units located around the edges of the support grains, together
ith very small particles. A similar behaviour has been previously
Temperature (°C)

Fig. 9. Toluene (A) and acetone (B) oxidation over titania supported Pt catalysts: (�,
full line) PD samples; (©, dotted line) IM samples.

reported on Pt/Al2O3 catalysts [8]. In fact a narrow monomodal
particle size distribution centered at around 1.6 nm was found for
Pt/Al2O3 samples prepared by LPPD whereas on the impregnated
sample Pt nanoparticles were less uniformly distributed in size,
exhibiting a bimodal distribution, with several Pt particles (60% ca.
of the total number) smaller than 1.4 nm and some larger ones, with
sizes ranging between 2.8 and 4 nm. It is important to underline that
the different platinum morphology of PD and IM samples cannot be
ascribed to the different pre-treatment conditions of these samples
(the IM sample was prepared in H2 atmosphere at 350 ◦C whereas
the PD sample was obtained at room temperature). In fact, we ver-
ified that the PD sample treated under the same conditions as the
IM one (H2 atmosphere at 350 ◦C) exhibits the same structural fea-
tures as well as catalytic performances (Supplementary data, Fig.
2) as the as-prepared PD catalyst. Therefore it can be concluded
that the liquid phase photo-deposition represent a reliable tech-
nique for the preparation of highly dispersed supported Pt catalysts
with an uniform distribution of the metal on the support, which is
independent upon the nature of the support as well as the exper-
imental procedure employed. In fact, the same distribution was
obtained carrying out the photo-reduction in the presence of the
support, i.e., nanoparticles formation and deposition steps taking
[8], or adding the support to the solution after the platinum photo-
reduction, i.e., performing nanoparticles formation and deposition
in two separate steps, as shown on Pt/CeO2 and Pt/TiO2 catalysts in
the present paper.
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Before discussing catalytic activity results it is important to
ecall that there is a general agreement on the fact that over plat-
num and palladium catalysts supported on non reducible oxides
such as alumina) the deep oxidation of light alkanes, aromatic
ydrocarbons and oxygenated compound is a structure sensitive
eaction, involving the activation of the oxygen on the noble metal.
owever some conflicting results were reported in the literature on

he extent of this effect as well as on which particle size of the active
etal is the optimal one [27–32]. When reducible oxides (such as

eria and to a minor extent titania) are used as supports of noble
etals, oxidation activity has been found to depend on both the

xygen activation on the active metal and the capacity of the oxide
f providing active lattice oxygens, involved in the reaction through
Mars–Van Krevelen mechanism [12,33–35]. Therefore both the

tatus of the metal and the properties of the oxide can play a key
ole in addressing the catalytic performance of these systems.

Catalytic results reported in this paper point out that the Pt/CeO2
atalyst prepared through the photo-deposition approach exhibits
uch better performance in the VOC deep oxidation compared

o the impregnated sample. In order to explain this behaviour
t must be reminded that, as reported in the literature, the high
ctivity of metal/ceria catalysts towards oxidation reactions has
een attributed to the enhanced reactivity of CeO2 surface oxygens

nduced by the metal, which causes a decrease in the strength of the
urface Ce–O bonds adjacent to the active metal atoms thus leading
o a higher surface lattice oxygen mobility of ceria [12,36,37]. On
he basis of TEM data the higher activity of the sample prepared
y the photochemical approach with respect to the impregnated
ne can be reasonably related to the presence on the PD sample of
latinum nanoparticles with highly uniform diameter in the range
.6–2 nm, which can be considered appropriate for VOC deep oxida-
ion, providing a highly efficacious oxygen activation. On very small
t particles, found to be numerous on the impregnated sample,
here corners, edges and higher energy faces exposed predomi-
ate, adsorbed oxygen is bonded too tightly on the active metal
urface thus resulting in a low reactivity towards the oxidation
8,27]. Moreover, it must be taken into account that the highly
omogeneous spreading of Pt particles over the support, found for
he PD catalyst, could be also claimed in order to explain the higher
ctivity of this sample. In fact, in order to perform its positive func-
ion in enhancing the reactivity of CeO2 surface oxygens, the metal
articles must be in close contact with the support; therefore Pt
articles more homogeneously distributed on the support surface
hould result in a much more efficacious interaction with lattice
eria oxygens. However, it cannot be ruled out that the lower activ-
ty of the impregnated samples can be also negatively affected by
he presence of residual chlorine arising from the Pt precursor used
o prepare Pt-IM catalysts [38,39].

Analogous to Pt/CeO2 series, the Pt/TiO2 sample prepared by
hoto-deposition resulted to be more active compared to the

mpregnated one, but in this case the difference in the activity
etween these two samples was considerably lower than observed
n the ceria catalysts. The lower influence of the preparation
ethod towards the oxidation of VOC can be reasonably ascribed to

he lower oxygen mobility of the titania, so the extent of the effect
f the different size and morphology of the Pt nanoparticles results
o be much less powerful. Presumably, on titania supported cata-
ysts the activation of oxygen on Pt sites plays a key role in affecting
he catalytic properties of the system.

Interestingly, the comparison of catalytic results reported in
igs. 8 and 9 shows that the Pt/TiO2-PD catalyst is much less active

han the corresponding Pt/CeO2-PD one, despite similar Pt par-
icle size distributions were found on both samples. According
o the reaction mechanism above discussed, this behaviour well
grees with the higher oxygen lattice mobility/reactivity of ceria
ompared to titania [21], pointing to the key role played by the

[

[

[
[

is A: Chemical 333 (2010) 100–108 107

support in addressing the catalytic properties of these systems. On
the contrary the oxidation activity of both samples prepared by
impregnation (Pt/TiO2-IM and Pt/CeO2-IM) is almost comparable.
This behaviour can be rationalized considering that, on the impreg-
nated sample, Pt nanoparticles were non homogeneously spread
over the support surface, showing massive Pt aggregation phenom-
ena. This should prevent platinum from an efficacious activation of
the lattice oxygen of the support, thus minimizing the role of the
oxide in the VOC deep oxidation.

5. Conclusions

On the basis of the obtained results it can be concluded that the
photochemical approach here reported, consisting in the photo-
reduction at room temperature in ethanol of a soluble platinum
complex and the subsequent deposition on a specific support, rep-
resents a reliable method for the preparation of supported platinum
catalysts with an homogeneous and very narrow Pt size distribu-
tion, found to be substantially independent from the support used.
Interestingly this distribution resulted to be appropriate for the
deep oxidation of toluene and acetone. Further advantages of this
technique appear to be the possibility to work at room temperature
with simple and low cost equipments, which makes this synthetic
approach interesting both from an economic and environmental
point of view.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.molcata.2010.10.003.
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