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The preparation of alumina supported Pd catalysts through a photochemical approach, consisting in the
liquid phase photo-deposition (LPPD) technique in the presence of unmodified 3-cyclodextrin (BCD) as
protecting agent, has been here investigated. It was found that it is possible to tune both the Pd nanopar-
ticles size and their distribution over the support surface by changing the concentration of the 3CD used

during the photodeposition process. In fact, on increasing the amount of the 3CD, the obtained Pd/Al, 03
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samples exhibited Pd nanoparticles (NPs) smaller and more homogeneously distributed over the support,
pointing out that the 3CD has a protective effect, avoiding the growth of Pd NPs and their aggregation. It
is concluded that LPPD in the presence of unmodified 3-cyclodextrin represents an interesting approach
for the preparation of supported Pd catalysts with a controlled metal nanoparticle size and distribution
to be used in structure sensitive reactions.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The development of metal particles with nanometer size has
been intensively pursued because of their technological and scien-
tific relevance [1-3]. These metal nanoparticles (NPs) often exhibit
very interesting electrical, optical, magnetic and catalytic proper-
ties, which cannot be achieved by their bulk counterparts [4,5].
In particular in the case of applications of NPs for catalytic pur-
poses, the obtainment of nanoparticles with a controlled size is
a critical factor chiefly for those reactions which are dependent
on particle dimension, the so-called structure sensitive reactions
[6]. Recently, we reported the preparation of supported metal (Pt,
Pd, Ag) catalysts with a narrow particle size distribution through
a photochemical approach, namely the liquid phase photodeposi-
tion (LPPD) technique, which allows the direct deposition of active
metallic species on the support from the liquid phase at room
temperature [7-10]. LPPD involves the chromophore of a metal
complex which is able to absorb the light producing a photoexcited
state which may decompose, by a photoredox reaction, to give an
unprotected solid metallic phase cluster able to spread over the
support surface [11,12]. The main advantages of this photochemi-
cal approach are the short reaction time, the high reproducibility,
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the use of a clean reducing agent as the light, the possibility to work
at room temperature with simple and low cost equipment.

Ligand or polymers with some affinity for metals have been
often used as protecting agents of NPs, preventing them from aggre-
gating through the adsorption of these molecules at the metal
particle surfaces, thus providing a protective layer [13]. For instance
polyvinylpyrrolidone (PVP) [10,14-16] and cetyltrimethylammo-
niumbromide (CTAB) [17] have been used for the preparation of
supported NPs to be used as heterogeneous catalysts. However, it
must be underlined that the presence of residual protecting agent
in the final catalyst can be detrimental to catalysis in so as it can
constitute a poison, preventing the NPs from activating the reacting
molecules or binding to the support [6,16].

In recent years, cyclodextrins (CDs) have been increasingly used
in the preparation and the control of metal nanoparticles such as
gold [18,19], palladium [20] and platinum [21]. Cyclodextrins are
a group of cyclic oligosaccharides composed of several glucopyra-
nose units. The most common CDs are a-, 3- and y-CDs, consisting
of six, seven and eight unities respectively [22]. The oligosaccharide
forms a truncated cone which allows CDs to form inclusion com-
plexes with small hydrophobic molecules that fit into the cavity.
This host-guest interaction may be also applied in drug delivery,
chromatography, selective removal of undesired substances and
solubility enhancement [21,23].

Among transition metals, Pd is probably one of the most versa-
tile and used in catalysis. It is one of the most efficient metals for
the formation of C-C bond [24] in organic reactions such as Suzuki,
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Table 1

Code and characteristics of investigated Pd catalysts.
Sample code BCD/Pd(acac), molar ratio Pd content (wt%) Average Pd diameter (nm)? Pd dispersion (%)° TOF (h—1)c Tso (°C)d
PdAl 0 0.98 10.6 104 68 149.1
PdAI-BCD-5 5 0.95 8.8 12.5 164 131.9
PdAI-BCD-30 30 0.92 6.7 16.5 414 126.4
PdAI-BCD-67 67 0.97 5.7 19.4 998 98.5

2 Estimated by TEM.

b Calculated from the average Pd diameter obtained by TEM.

¢ Calculated from conversion values at 110°C.

4 Temperature at which 50% methanol conversion was reached.

Heck, Still and Sonogashira couplings [25-27] and for hydrogena-
tion of polyunsaturated hydrocarbons [28,29]. Palladium is known
as an efficient electro-catalyst for ethanol oxidation for fuel cell
applications [30] and also displays a remarkable performance in
H, storage and sensing [31,32].

Herein, we report a photochemical approach, consisting in the
liquid phase photo-deposition technique in the presence of differ-
ent amounts of B-cyclodextrin (thereinafter named as BCD), with
the aim to prepare y-alumina supported Pd nanoparticles with a
controlled metal size. We like to stress the fact that we used an
unmodified BCD, i.e. a 3CD without any functional group, in order
to allow its easy removal from the catalyst surface by washing
with the solvent used in the preparation. To our knowledge, this
is the first attempt to use unmodified BCD to control the size of
supported palladium nanoparticles to be used as heterogeneous
catalysts. Catalytic activity of prepared catalysts was evaluated in
the deep oxidation of methanol, which was chosen as representa-
tive of volatile organic compounds (VOC).

2. Experimental

The bis(2,4-pentandionato) Pd(II) complex, Pd(acac),, and 3-
cyclodextrin (Aldrich) were reagent grade. Ethanol (Carlo Erba),
was spectrophotometric grade. y-Al, O3 used as support was from
Alfa Aesar with a grain size of 106-180 wm and a BET surface area
of 216 m2 g1,

The kinetics of Pd(acac), photodegradation in the absence of the
support were followed spectrophotometrically in a quartz cuvette
(3 mL)with a]Jasco V-560 spectrophotometer using a light intensity
of 1.0 x 10-> Nhvmin~!. It must be noted that a linear correla-
tion between absorbance and concentration was obtained both for
Pd(acac), and Hacac solutions, pointing out that, in the concentra-
tion range of this work, no interaction occurs among the molecules
of each species.

For the preparation of alumina supported Pd catalysts by LPPD,
the suitable amount of Pd(acac); (9.15 mg) was dissolved in 50 mL
of ethanol in a quartz vessel, then water was added until 200 mL
obtaining a water/ethanol (75/25, v/v) solution, where a little
amount of Pd(acac), remained unsolved. Successively three differ-
ent amounts of 3CD were added so to obtain fully clear solutions
with concentrations of 1.0 x 1072 M, 4.5 x 10-3Mand 7.5 x 104 M.
The support (y-Al;03, 310 mg) was then suspended in the solu-
tion under continuous stirring. The irradiation was then performed,
at 25°C, in nitrogen atmosphere, using a Rayonet Photochemi-
cal Reactor equipped with various numbers of lamps, provided
by Italquartz, with monochromatic emission at 254 nm. The light
intensity, measured by a ferric oxalate actinometer [33], was
1.0 x 10~ Nhvmin~! (27 mW cm~2). The vessel suspension was
subjected, during the irradiation, to fast and continuous stirring
to avoid the sedimentation of the y-Al,03. The advancement of
the photoreduction was followed spectrophotometrically taking,
at various times without stopping the irradiation, a little aliquot

of the solution which was centrifuged before the spectrophoto-
metric analysis. The complete disappearance of the absorption
peak at 324 nm (at this wavelength the released ligand Hacac does
not absorb) indicated the end of the reaction. After completion
of the photochemical deposition of the metal onto y-Al,03, the
suspended material was recovered by centrifugation and washed
several times with water and ethanol and then dried in an oven
at 90°C. All Pd samples were prepared in order to have a nominal
1 wt.% Pd content. Real Pd loadings, determined by atomic adsorp-
tion spectrometry, are reported in Table 1.

FTIR spectra were recorded in the frequency range of
4000-700 cm~! on a Perkin-Elmer System 2000 spectrophotome-
ter equipped with a triglycine sulfate (TGS) detector, with 2 cm™!
resolution.

High resolution transmission electron microscopy was carried
outona200KeV JEOLJEM 2010 analytic electron microscope (LaB6
electron gun), equipped with a Gatan 794 Multi-Scan CCD camera
for digital imaging. A drop of the clear Pd-[3CD solution (samples
in the absence of the support, the so-called naked samples) or of
the Pd-CD-alumina suspension (supported samples prepared by
2 min ultrasonic treatment in isopropyl alcohol) was placed onto a
carbon-coated copper micro-grid followed by evaporating off the
solvent under ambient conditions. In order to obtain a good statisti-
cal particle size distribution several different areas of the grid were
observed and more than 150 Pd particles measured for each sample.
The average size diameter estimated by TEM was calculated using
the following formula: d = ¥(n;d;)/n, where n; is the number of Pd
particles of diameter d; and n is the total number of Pd particles.
Pd dispersion values (reported in Table 1) were calculated by the
average Pd size obtained by TEM. Before TEM analysis supported
Pd samples were treated in H, at 150°C for 1 h and then calcined
in air at 200°C for 1 h.

Catalytic activity tests were performed in a continuous-flow
fixed-bed microreactor in the gas phase at atmospheric pressure,
using 0.05 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 O, and He before reaching the catalyst. The reac-
tant mixture was 0.7 vol.% methanol and 10vol.% O,, balance in
helium. A space velocity (GHSV) of 7.6 x 103 molh~1 g1, was
always used. The effluent gases were analysed on-line by a gas
chromatograph (Thermo), equipped with a packed column with
10% FFAP on Chromosorb W and FID detector, and by a quadrupole
mass spectrometer (VG quadrupoles). For all experiments CO, was
the main carbon-containing product, only very small amounts of
CO were found at low conversions. The carbon balance was always
higher than 95%. Before activity tests samples were treated in H;
at 150°C for 1h and then calcined in air at 200°C for 1 h. Prelim-
inary runs carried out at different flow-rates showed the absence
of external diffusional limitations. The absence of internal diffu-
sion limitations was verified by running experiments with catalyst
powders at different grain size.
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Fig. 1. Spectral changes of a water/ethanol solution (75/25, v/v) of Pd(acac),
1.5x 1074 M and BCD 1.0 x 10~ M irradiated at 254nm (I=1.0 x 10~> Nhvmin~')
at various times 0-18'. The spectra were registered every 2 min.

Code and characteristics of Pd samples are summarized in
Table 1.

3. Results

3.1. Kinetic of the Pd complex photoreduction and preparation of
alumina supported Pd catalysts

Pd(acac), is completely insoluble in water but it is fairly solu-
ble when the BCD is present in the aqueous solution, due to the
complete or partial inclusion of the Pd(acac), complex within the
cyclodextrin cavity. Nevertheless the maximum Pd(acac), solubil-
ity at the highest possible 3CD concentration in aqueous solution
(1.0 x 102 M) was lower than that required to prepare a sufficient
amount of catalyst. Therefore we used a water/ethanol (75/25, v/v)
mixture to solve both the Pd(acac), and the BCD. Under these lat-
ter conditions a part of Pd(acac), likely forms an inclusion complex
with the cyclodextrin, the remaining part is instead free, i.e. not
interacting with the 3CD. The relative amount of these two species
reasonably depends on the BCD concentration, according to the
following equilibrium:

Pd(acac); + BCD = Pd(acac),

-BCD, as also confirmed by kinetic data reported hereinafter.

In Fig. 1 the spectral changes caused by irradiation at 254 nm of
the water/ethanol (75/25, v/v) solution of Pd(acac), 1.5 x 1074 M
and BCD 1.0 x 1072 M are reported as a representative example for
the three 3CD concentrations used in this work. It must be under-
lined that in the photoreduction process the incident light (254 nm)
is absorbed essentially from the Pd(acac), complex, whereas the
absorption from the BCD is negligible. Figure shows that spec-
tral changes consisted in the decrease of the absorption band at
324 (£=12,000) nm, the appearance of a new band at 274 nm, typ-
ical of Hacac (Amax=274nm, £=3000), consistent with a "
(HOMO-LUMO) transition [34], and of a moderate structureless
absorbance over 350 nm, attributed to the light scattering of Pd
colloidal nanoparticles. It must be noted that Pd nanoparticles do
not exhibit the UV-vis plasmon band due to the damping effect
of d-d transitions [35]. As the reaction proceeded, the solution
colour turned from pale yellow to brown. At the end of the pho-
toreduction, the released ligand concentration, detected by UV
spectrophotometer, was the double of the amount of the starting
complex concentration. It must be underlined that the Pd"(acac),

complex is unreactive uponirradiation at wavelength >260 nm, due
to the presence of low-energy metal-localized d, d singlet state [36].
Interestingly, when the concentration of the BCD decreased the
time required to complete the photoreduction process increased,
moving from 18’ (BCD concentration of 1.0 x 102 M) to 55’ (BCD
concentration of 4.5 x 10-3 M), up to 100’ in the experience carried
out without the 3CD (in pure ethanol). The kinetics of the pho-
toreduction process for the above samples, expressed as Pd(acac);
conversion versus irradiation time, were reported as supplemen-
tary information. It must be reminded that in all experiments the
Pd(acac), concentration was always kept constant.

According to these findings we propose a photoreduction
mechanism, analogous to that previously reported [10,37], which
involves two sequential Pd-O homolytic cleavages, the first of
Pd!!(acac), and the second of Pd!(acac) formed in the previous step,
with formation of two acetylacetonyl radicals that can abstract
hydrogen atoms both from BCD and ethanol, depending on their
relative concentrations. The route of the H-abstraction from BCD
(intra-cage or bimolecular acac*-BCD collision) is expected to be
highly efficient because of the presence of 14 available hydro-
gen atoms bonded to secondary carbons and close to the radical
center [38,39], whereas the H-abstraction from ethanol is more
difficult. It must be also noted that hydrogen abstraction from
water molecules is not allowed because thermodynamically not
favoured [21]. Therefore the kinetic indicates that the ease of H-
abstraction of acac® from different targets is in the order: intra-cage
3CD >bimolecular acac*-BCD collision > bimolecular acac*-ethanol
collision.

For the preparation of supported Pd catalysts the photoreduc-
tion was carried out in the presence of alumina as support under
the same conditions of kinetic experiments. In this case the spec-
tral changes were the same as those observed in the absence of the
support, but the photoreduction required a longer irradiation time
in order to reach the completion. For instance when the photore-
duction was carried out with a solution of 1.5 x 10~* M Pd(acac),
and 1.0 x 10~2 M BCD without the support, 18’ were necessary to
complete the reaction, whereas in the presence of the support 1h
ca. of irradiation was required. According to the literature this can
be reasonably explained considering that solid alumina particles
may partially scatter the incident light [9].

In order to verify if residual 3CD was still present on prepared
Pd/Al,03 catalysts, we carried out FTIR analyses of washed and
unwashed samples and for comparison of pure 3CD and alumina
(Fig. 2). The IR spectrum of the pure BCD (Fig. 2, curve a) shows
a broad band with an absorption maximum centered at about
3340cm~!, due to the O-H stretching vibrations of the different
hydroxyl groups of the BCD [40,41]. A band at 1647 cm~!, related
to the bending vibrations of these OH groups, is also well visible.
The spectrum presents several other bands, mainly at 2926 cm~!
(C-H stretching vibrations of the CH and CH, groups), at 1411,
1368, 1335, 1301, 1246 cm™~! due to C-H bending vibrations, and
at 1154, 1080 and 1027 cm~! attributed to the C-O stretching
vibrations of the bonds in the ether and hydroxyl groups. Finally
typical bands in the region 1000-700 cm~!, belonging to the rock-
ing vibrations of the C-H bonds and the C-C skeletal vibrations
in the glucopyranose ring, are also present [40,41]. The main fea-
tures of the spectrum of the pure support (Fig. 2, curve d) are
bands at 3400cm~! (O-H stretching), 1646cm~! (O-H bending)
and 850cm~! (AI-O stretching). The FTIR spectrum of the alu-
mina supported Pd sample prepared in the presence of the 3CD
at the highest concentration (PdAl-3CD-67 sample) and obtained
by centrifugation without any washing exhibits (Fig. 2, curve b)
the characteristic bands of the alumina together with some fea-
tures of very small intensity (bands at 2926, 1647, 1411, 1154,
1080,1027 cm~1) due to the presence of residual BCD, thus pointing
that the most part of the BCD remains in the supernatant solution
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Fig. 2. FTIR spectra of investigated samples: (a) pure 3CD; (b) unwashed PdAl-3CD-
67; (c) washed PdAI-BCD-67; (d) pure alumina.

during the centrifugation. The washing procedure adopted appears
to be highly effective in the removal of almost all the protecting
agent, as well evidenced by the FTIR spectrum of the washed sam-
ple (Fig. 2, curve c), which is almost the same of the pure alumina
one. It is also noteworthy that the IR bands of the BCD in the pres-
ence or absence of the Pd particles are substantially at the same
wavenumbers providing no evidence of Pd-BCD interaction.

3.2. TEM analysis of naked Pd particles and alumina supported Pd
catalysts

In order to characterize metallic palladium nanoparticles, trans-
mission electron microscopy was carried out both on unsupported
Pd particles (thereinafter called naked samples) and alumina
supported Pd samples. The results are reported respectively in
Figs.3 and 4. Analysis of the spacing of the lattice fringes 0f 0.224 nm
and 0.12 nm for the (11 1) lattice planes of palladium and alumina
nanoparticles respectively, provided unambiguous discrimination
of the two phases.

TEM microphotographs of the samples prepared by carrying out
the photoreduction in the absence of the support (naked samples)
are reported in Fig. 3. The figure shows that the naked sample
with the lowest 3CD concentration (Fig. 3a) exhibits large aggre-
gates (>50nm) constituted by many Pd nanoparticles. When the
[3CD concentration increases the size of these aggregates decreases
to about 40-50nm on the sample with intermediate 3CD con-
centration (Fig. 3b) down to 10-20nm on the sample with the
highest BCD concentration (Fig. 3c). These results point out that the
[-cyclodextrin plays a significant role in preventing the agglomer-
ation of Pd nanoparticles, the higher the 3CD concentration the
more effective this segregation effect.

Fig. 4 reports TEM photos and size distribution diagrams of
alumina supported Pd samples prepared both in the absence of
BCD and in the presence of three different BCD concentrations.

Fig. 3. TEM photographs of naked Pd samples: (a) Pd-BCD-5; (b) Pd-BCD-30; (c)
Pd-BCD-67.
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Fig. 4. TEM photographs (a, ¢, e, g) and Pd distribution (b, d, f, h) of alumina supported Pd samples: (a and b) PdAl; (c and d) PdAl-BCD-5; (e and f) PdAI-BCD-30; (g and h)
PdAI-BCD-67.
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Fig.5. Conversion of methanol versus reaction temperature over alumina supported
Pd catalysts: (a) PdAl; (X ) PdAI-BCD-5; (% ) PAAI-BCD-30; (M ) PdAI-BCD-67.

On all Pd/Al;03 samples the TEM images (Fig. 43, ¢, e and g) show
the presence of almost spherical Pd particles. On the sample pre-
pared without 3CD (PdAl) the Pd particles (Fig. 4a) appear to be
not well homogeneously spread over the support surface with
evident formation of Pd aggregates composed by several distinct
Pd particles. These Pd particles range from 3 to 19nm (Fig. 4b),
showing a bimodal distribution having two maxima of comparable
height, centered at 5 and 16 nm, with an overall average diameter
of 10.6 nm. The TEM photo (Fig. 4c) and the relative size distribu-
tion (Fig. 4d) of the sample prepared in the presence of the CD
at the lowest concentration (PdAI-3CD-5) show, analogously to
that found on the PdAl sample, Pd particles with diameters rang-
ing from 3 to 18 nm, with a bimodal distribution with two maxima
(6nm and 15nm). However it can be noted that in this case the
second maximum (15nm) is sensibly less intense than the first
one (6 nm), with a resulting average size diameter of 8.8 nm, lower
than that found on the sample prepared without 3CD. Moreover
the Pd nanoparticles appear to have a lower aggregation degree
compared to PdAl sample. In the case of the sample with an inter-
mediate BCD concentration (PdAl-BCD-30), Pd nanoparticles are
clearly more separate and therefore better distributed over the sup-
port (Fig. 4e). Size distribution data (Fig. 4f) show Pd particles from
3 to 15 nm with arather broad monomodal distribution, centered at
4-5nm and with an evident shoulder at higher values. The average
diameter estimated by this distribution was 6.7 nm. Finally on the
sample with the highest 3CD concentration (PdAl-BCD-67), TEM
data point to a more symmetrical and narrower size distribution
of Pd nanoparticles, ranging from 2 to 11 with an average diame-
ter of 5.7 nm (Fig. 4g and h). Analogously to the previous sample,
the Pd nanoparticles appear to be well separated from each other
and homogeneously distributed over the support. It is interesting
to note that the smallest Pd particles obtained in this work (average
diameter of 5.7 nm) were anyway bigger than Pt ones (diameters in
the range of 1.6-2 nm) achieved through the same LPPD approach
and on the same support, even in the absence of any protective
agent 7], pointing out that, under our preparation conditions, Pt
has a lower tendency to aggregate compared to Pd.

3.3. Catalytic activity

The conversion of methanol as a function of the reaction tem-
perature over investigated Pd/Al, O catalysts is reported in Fig. 5. It
must be noted that on these catalysts, analogously to that reported
in the case of Pt/Al,03 [7], the oxidation reaction proceeds directly

to CO, with no significant formation of intermediate oxidation
products (formaldehyde or formic acid). It must be also under-
lined that on the pure alumina support no reaction was observed
up to 250°C. Fig. 5 shows that on the Pd sample prepared in the
absence of BCD (PdAl sample) the reaction starts at around 100 °C,
reaching 50% and 100% conversion values at 150°C and 230°C ca.
respectively. On Pd samples prepared in the presence of BCD the
oxidation activity was sensibly higher, increasing on increasing the
[BCD concentration. Interestingly on the most active sample (PdAl-
BCD-67) the reaction starts at around 80°C and reaches 50% and
100% conversion values at 100°C and 150 °C respectively, i.e. 50°C
and 80°C less than on the sample prepared without the protect-
ing agent. In order to allow an easier comparison among various
samples, the extrapolated temperatures at which the 50% conver-
sion were reached (Tsq), together with turnover frequecies (TOF),
namely the specific activity per surface Pd atom calculated from
conversion values at 110°C, are summarized in Table 1. It can be
noted that, on increasing the BCD concentration used during the
photoreduction process, Tsg values decrease whereas TOFs undergo
a significant increase.

4. Discussion

Kinetic data of the photoreduction process, reported in Sec-
tion 3, showed that irradiation at 254 nm of the Pd complex in
ethanol/water and different amounts of BCD, both in the absence
and in the presence of the support (alumina), caused the complete
photoreduction of Pd(Il) to Pd°, which spread over the support.
It was found that the presence of the BCD increased the rate of
the photoreduction process, according to the proposed mecha-
nism, which involves the Pd-0 homolytic cleavage of the starting
Pd''(acac), complex and of the intermediate Pd!(acac) with final
formation of Pd° and two acac radicals that can abstract hydro-
gen atoms both from the BCD and the ethanol, depending on their
relative concentrations.

TEM analysis of the Pd/Al, O3 catalysts prepared by LPPD showed
that the presence of the BCD during the photoreduction process
significantly affects the size of the obtained Pd particles and their
distribution over the support, with an effect strongly dependent on
the BCD concentration. In particular it was found that the sample
prepared in the absence of the $CD exhibits Pd particles heteroge-
neously distributed over the support surface, forming aggregates
composed by several distinct Pd particles having diameters from 3
to 19 nm. The size distribution of these Pd particles was bimodal
with two maxima (5 and 16 nm of diameter) of comparable height,
with an overall average diameter of 10.6 nm. In the presence of the
BCD at the lowest concentration the Pd particles showed always
a bimodal distribution, but with the second maximum (at 15 nm)
sensibly less intense than the other one (6nm), resulting in a
smaller average particle diameter (8.8 nm). Moreover on this latter
sample the Pd nanoparticles had a lower aggregation degree com-
pared to the sample prepared without 3CD. On increasing the 3CD
concentration the Pd particles became smaller, with a monomodal
and narrower size distribution and a lower aggregation extent.
These results point out that the BCD plays an important role dur-
ing the preparation of supported Pd catalysts avoiding the growth
and the further aggregation of Pd particles on the support surface.
This protective effect of the BCD was also verified in the photore-
duction of Pd(acac), in the absence of the support. In fact TEM of
naked samples showed that on increasing the 3CD/Pd(acac), ratio
the size of Pd aggregates decreased from more than 50 nm on the
sample with the lowest BCD concentration down to 10-20 nm on
the sample with the highest BCD concentration.

In order to rationalize the above results we propose that the
peculiar microenvironment of the 3CD macrocycle can be involved
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Fig. 6. Schematic representation of the Pd-BCD interaction.

in the formation and size control of Pd nanoparticles, during the
LPPD process, in three different ways. Firstly, the non-polar CD
cavity contributes, together with ethanol, to the solubilisation of
the photoactive component (Pd(acac), complex), otherwise not
fully soluble in the water/ethanol mixture. It should be noted that
solubilisation of hydrophobic molecules by CDs does not neces-
sarily imply molecular sizes compatible with those of the cavity.
For example, it is well-known that very large aromatic hydrocar-
bons become soluble in the presence of CDs because of effective
hydrophobic interactions involving the cavity and part of such
hydrocarbons [42,43]. A second action of the BCD derives from
the ability of its cage to trap the photogenerated reactive acac
radical, enhancing the rate of the Hacac formation, thus result-
ing in a quicker photoreduction. This increase in the kinetic of the
photoreduction process could justify the formation of smaller Pd
nanoparticles observed in the presence of growing concentrations
of BCD in the LPPD process. In fact it is recognized that the metal
cluster dimension depends on the ratio of the nucleation rate to the
growing rate of metal particles, an higher ratio leading to smaller
particles[9,10,44,45]. A third importantrole of the BCD s its protec-
tive effect against the aggregation of Pd nanoparticles. According to
the literature [19,21,46] it seems likely that this effect can be due to
hydrophobic interactions between the Pd nanoparticle and several
3CD molecules surrounding it (see Fig. 6). In fact, since the internal
diameter of the BCD cavity is 0.78 nm and the average dimension
of the Pd nanoparticles is much larger (5.7 on the sample with the
smallest average sizes) it can be ruled out that the protective effect
of BCD is a result of the inclusion of Pd atoms in the CD cavity.
Concerning with the catalytic performance of the Pd/Al, O3 sam-
ples prepared by LPPD it was found that the samples prepared in the
presence of 3CD exhibited a higher methanol deep oxidation activ-
ity, which increased on increasing the 3CD concentration. In order
to rationalize these findings it is important to recall that over plat-
inum and palladium catalysts supported on non reducible oxides
(such as alumina) the deep oxidation of light alkanes, aromatic
hydrocarbons and oxygenated compounds is regarded as a struc-
ture sensitive reaction, involving the activation of the oxygen on the
noble metal [47]. However conflicting results were reported in the
literature on the extent of this size effect as well as on which metal
particle size is the optimal one, depending on several factors, such
as the metal, the support and the VOC considered [7-10,47-53].
Catalytic results reported in the present paper confirm that the
methanol combustion on Pd/Al, O3 is a structure sensitive reaction,
pointing out that, at least under our experimental conditions and
in the considered range of Pd particle size, the catalytic activity

increases as the average Pd particle size decreases, as also con-
firmed by turnover frequencies (TOF), namely the specific activity
per surface Pd atom, which are reported in Table 1. Interestingly
TOF data show that the increase in the activity becomes more
evident when the average Pd particle diameter approaches 5nm
(sample prepared with the highest 3CD concentration). This is in
good agreement with our previous results, which showed that, on
Pd/Al,03 catalysts, Pd particles in the range of 4-5nm provide
a highly efficacious oxygen activation [10]. The occurrence of an
optimal Pd metal size for oxygen activation has been also recently
demonstrated on Pd/TiO; catalysts [54].

5. Conclusions

On the basis of the results reported in the present paper it can
be concluded that the LPPD approach carried out in the presence of
unmodified BCD as protecting agent represents a reliable method
for the preparation of alumina supported Pd catalysts to be used
in structure sensitive reactions, such as the VOC combustion. This
technique allows, in fact, to tune the Pd nanoparticles size and their
distribution over the support surface by changing the concentration
of the BCD. A further advantage of this approach was the ease and
complete removal of the BCD from the catalytic surface by simple
washing, thus avoiding that the presence of residual ligand can be
detrimental to catalysis.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.molcata.2011.11.009.
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