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Catalytic studies have shown that the activity of metal nanoparticles depends on their size and shape.
Palladium nanoparticles with different morphologies have been prepared and embedded in a SiO, and
TiO, matrix, and their catalytic performance in the solvent-free aerobic oxidation of 1-phenylethanol
has been studied. The observed activity is strongly related to the exposed surface sites, being some of

the active sites embedded in the matrix or blocked by residual organic species. (11 1)/(100) edge sites
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to be the most active.

are involved in the oxidative dehydrogenation of 1-phenylethanol. The amount of these sites depends
on particle morphology. Under our conditions, Pdy,.s—SiO, (Pd nanobars embedded in SiO;) were found

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The aerobic oxidation of alcohols to ketones and aldehydes is
of great interest to obtain a diverse range of intermediates for
the synthesis of pharmaceutical and fine chemicals [1]. Catalytic
methods are being investigated to perform this reaction under sol-
ventless conditions and using molecular oxygen at atmospheric
pressure. This represents a much cheaper, safer and more environ-
mentally benign oxidation protocol. Our group has reported the
use of Au/CeO, (gold nanoparticles supported on cerium oxide) as
a highly active catalyst for the selective oxidation of alcohols using
oxygen at atmospheric pressure as oxidant in the absence of solvent
and base [2]. Palladium supported catalysts have also been reported
as Pd/HAP (hydroxyapatite-supported Pd nanoclusters) [3] which
shows high TOFs for the oxidation of alcohols under solvent-
less conditions. Recently, Lee and co-workers [4] have presented
a Pd/Al;03 (mesoporous alumina-supported palladium) catalyst
with high activity for selective aerobic oxidation of allylic alcohols
using toluene as solvent but working at lower temperature. Hutch-
ings and co-workers [5] have reported that TiO,-supported Au-Pd
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alloy nanocrystals show significantly enhanced activity for alcohol
oxidation using green chemistry.

The catalytic activity of nanoparticles is affected by size [6] since
the relative ratio of surface atom types (vertex, edge, facets atoms)
changes dramatically with varying particle size. In many cases, the
activity increases as the particle size decreases due to favourable
changes in the electronic properties of surface atoms, which are
located mainly on edges and corners in small particles. Kaneda
and co-workers [3a] compared two hydroxyapatite-supported
Pd nanoclusters with different diameters (3.8 and 7.8 nm) for
the oxidation of alcohols and observed higher activities for the
catalyst with the smaller particle size. In addition, Wang and co-
workers [7] showed that the intrinsic TOF for the oxidation of
benzyl alcohol depends on the size of Pd nanoparticles, showing
a volcano type curve with a maximum TOF value at a medium
size of the Pd nanoparticles (3.6-4.3 nm). Nevertheless, for the
oxidation of geraniol or 2-octanol over Pd/NaX it has been demon-
strated that the intrinsic TOF does not vary with the size of Pd
nanoparticles [8].

On the other hand, the reactivity and selectivity of metal
nanocatalysts also depends strongly on the different crystallo-
graphic planes present on the nanoparticles and which can be
achieved by controlling the morphology of these nanoparticles
[9]. Klabunde and co-workers [10] concluded that MgO hexag-
onal crystals containing {100} planes are more active for the
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benzylation of toluene than polycrystalline and nanocrystalline
samples. Li and co-workers [11] demonstrated that CeO, nanorods
with well-defined planes {001} and {11 0} show higher CO oxida-
tion activity than CeO, nanoparticles with {11 1} facets because of
their more reactive planes. El-Sayed and co-workers [9a] showed
that the tetrahedral Pt nanoparticles are the most catalytically
active in electron-transfer reactions, while the cubic nanoparticles
are the least catalytically active. They [12] also studied the effect of
the tetrahedral and cubic shape on the stability of Pt nanoparticles
colloids used in the Suzuki reaction. For this reaction they observed
that the tetrahedral and cubic shape changes during the course of
the reaction causing a rapid decrease in the catalytic activity. There
are very few studies in which nanoparticles with defined mor-
phologies are deposited onto supports [13]. However, this could
prevent nanoparticle shape changes while providing the inherent
advantages of a heterogeneous catalyst, such as easy recovery and
separation.

Various methods have been reported for producing Pd nanopar-
ticles with different shapes. Xia and co-workers [14] have prepared
avariety of Pd nanocrystals as cubes, cuboctahedra, and nanoplates
by manipulating the reduction kinetics of the polyol method, using
ethylene glycol (EG) in the presence of poly(vinylpyrrolidone)
(PVP) with addition of Fe(Ill) species. More recently [15], they
have achieved Pd nanobars, nanorods and icosahedra without the
presence of Fe(Ill) demonstrating that PVP is a capping agent
and also a good reductant. Rafailovich and co-workers [16] have
synthesized rectangular Pd nanoparticles in the presence of a
surfactant, cetyltrimethylammonium bromide and with trisodium
citrate using ascorbic acid as reductant agent. Instead, Hyeon
and co-workers [17] have used triblock Pluronic copolymers as
capping agents for the synthesis of Pd nanoparticles of various
shapes.

The purpose of our present work is to study the catalytic
activity and stability of palladium nanoparticles with different
shapes. In order to do that, SiO,-embedded and TiO,-embedded
Pd nanoparticles with different morphologies such as bars, rods
and icosahedra were prepared and characterised using trans-
mission electron microscopy (TEM), high-resolution transmission
electron microscopy (HRTEM), X-ray diffraction (XRD), ther-
mogravimetric analysis, inductively coupled plasma (ICP), N,
adsorption-desorption, hydrogen chemisorptions and IR spec-
troscopy of CO. In order to evaluate the dependency of catalytic
performance on particle shape, the catalysts were tested in the oxi-
dation of 1-phenylethanol under solventless conditions and using
molecular oxygen at atmospheric pressure. In addition, we have
examined the stability of the catalysts using HRTEM characterisa-
tion before and after catalysis.

2. Experimental
2.1. Materials

Acetone, ethanol (Scharlau, analytical grade, 99.5%), and
milliQ water (MILLIPORE) were used as solvents. Sodium
palladium(Il) tetrachloride (Na;PdCly, 99.995% trace metals
basis), 1-phenylethanol (98%), ethylene glycol (EG, >99%),
poly(vinylpyrrolidone) (PVP, MW =55,000), citric acid (>99.5%)
potassium bromide (KBr, 99.99% trace metals basis), sodium
hydroxide (NaOH, >98%), ammonium fluoride (NH4F, >98.0%),
hydrogen peroxide solution (30wt% in H,O) and sulfuric acid
(H3S04, 95.0-98.0%) were purchased from Sigma-Aldrich and used
as received. Tetraethyl orthosilicate (TEOS, Aldrich, >99.0%) and
titanium tetrabutoxide (Ti(OBup)4), Fluka, >97.0%) were employed
to prepare SiO; and TiO,, respectively.

2.2. Catalysts preparation

2.2.1. Synthesis of palladium nanobars (Pdpg,s)

Palladium nanobars were prepared with similar procedure of
Xia and co-workers [15a]. A 100-mL two-necked round bottomed
flask, equipped with a condenser and magnetic stirrer, was charged
with 20mL of EG and heated at 100°C under stirring. Mean-
while, two solutions were prepared, PVP (0.366 g, 3.29 mmol) in
12 mL of water and Na;[PdCl,] (0.194 g, 0.66 mmol) and KBr (2.4 g,
20.2 mmol) in 12 mL of water. Both solutions were injected simul-
taneously into the flask at a rate of 45 mLh~! using a two-channel
syringe pump. The mixture was stirred at 100 °C for 1 h to afford a
red colloidal Pd solution.

2.2.2. Synthesis of palladium nanorods (Pd,,qs)

Palladium nanorods were prepared using a procedure similar to
that described in Section 2.2.1, except that in this case the PVP was
dissolved in 12 mL of EG.

2.2.3. Synthesis of palladium icosahedra (Pdic,s)

Palladium icosahedra were prepared with a procedure similar to
that reported by Xia and co-workers [15b]. A 100-mL two-necked
round bottomed flask, equipped with a condenser and magnetic
stirrer, was charged with a solution of PVP (0.142 g, 1.28 mmol) and
citric acid (0.24 g, 1.25 mmol) in water (32 mL) and heated in an oil
bath at 90 °C under stirring. To this solution was added by syringe,
Na,[PdCl4] (0.075 g, 0.25 mmol) in water (12 mL). The mixture was
stirred at 90 °C for 26 h to obtain a brown colloidal Pd solution.

2.2.4. Synthesis of SiO,-embedded palladium nanoparticles

The preparation of the SiO,-embedded Pd nanoparticles was
based on the sol-gel process [18] in the presence of PVP-capped
npPd. The procedure consisted in adding 30 mL of ethanol and
7.4mL of tetraethyl orthosilicate (TEOS) to 22 mL of the aqueous
solution containing the capped npPd. The hydrolysis was catalysed
by 2.4 mL of a 0.0434 M aqueous solution of NH4F. The sol, under
continuous stirring and heating at 50 °C became a gel that in 24h
converted to a powder. The powder was dried overnight at 60 °C.

2.2.5. Synthesis of TiO,-embedded palladium nanoparticles

The preparation of the TiO,-embedded Pd nanoparticles was
alsobased on the sol-gel process[18]in the presence of PVP-capped
npPd. In this case, the procedure consisted in adding 23.4 mL of
ethanol and 9.6 mL of titanium tetrabutoxide (Ti(OBu,)4) to 22 mL
of the aqueous solution containing the capped npPd. The hydrolysis
was catalysed by 7.2 mL of a 0.0434 M aqueous solution of NH4F.
The sol, under continuous stirring and heating at 50 °C became a gel
thatin 24 h converted to a powder. The powder was dried overnight
at60°C.

2.2.6. Removal of the capping ligands from SiO, or
TiO,-embedded palladium nanoparticles

The extraction of the capping ligands was carried out by two
treatments. In a first step, 1g of SiO, or TiO,-embedded palla-
dium nanoparticles was treated with 40 g of 30% H, 0, solution and
heated for 16 h at 95°C. The solid was filtered and washed with
water and ethanol. Then, the solid was dried at 60 °C overnight. For
the second treatment, 1 g of the resulting solid was mixed with 60 g
of 0.1 M H,S04 solution and heated for 24 h at 70 °C. The solid was
filtered and washed with water and ethanol. Finally, the solid was
dried at 60 °C overnight.

2.3. Catalysts characterisation

Crystallinity and phase identification of the materials were
determined by powder X-ray diffraction (XRD) in a Philips X'Pert
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MPD diffractometer equipped with a PW3050 goniometer (Cu
Ka radiation, graphite monochromator), provided with a variable
divergence slit. The metal content of the samples was determined
by using an inductively coupled plasma emission spectrophotome-
ter Varian 715-ES. Surface area and pore volume of the samples
were measured by nitrogen adsorption experiments at 77 K, using
a Micromeritics ASAP 2000 apparatus. Thermogravimetric and
differential thermal analyses (TGA-DTA) were performed in a Net-
zsch STA 409 EP thermal analyzer with about 20 mg of sample
and a heating rate of 10°Cmin~! in air flow (6Lh~1). Hydrogen
chemisorptions were recorded by Micromeritics ASAP 2020 Chemi.
Transmission electron microscope (TEM) micrographs of colloids
nanoparticles were collected in a Philips CM-10 microscope oper-
ating at 100 kV. High-resolution transmission electron microscopy
(HRTEM) were recorded by JEOL JEM-3000F microscope equipped
with an Oxford Instruments ISIS 300 X-ray microanalysis system
and a LINK “Pentafet” detector for EDS analyses. FTIR spectra were
collected with a “Nexus” Thermo spectrometer equipped with a
DTGS detector. An IR cell allowing in situ treatments in controlled
atmospheres and temperatures has been connected to a vacuum
system with gas dosing facility. The samples (~6 mg) were pre-
treated in an Hy (10%) flow at 80°C for 1 h, followed by vacuum
treatment (10~> mbar) at 200°C 1 h. It has been observed that this
treatment does not modify the amount of residual organic species
on the sample, their only effect is to reduce Pd species which has
been oxidized by contact with air. CO adsorption experiments were
performed at 25 °C at different CO dosing (1-20 mbar).

2.4. General procedure for the solvent-free aerobic oxidation of
1-phenylethanol

1-Phenylethanol (0.6 mL, 5mmol) was added over catalyst
(0.12 mol%)ina 10-mL two-necked round bottomed flask, equipped
with a condenser and magnetic stirrer and molecular oxygen
(1atm) was bubbled continuously through the suspension. The
mixture was heated at 110°C. After the reaction, acetone was
injected into the flask and the catalyst was separated by centrifu-
gation. The products in the solution were analyzed by GC-MS and
conversion and selectivity were determined by GC. The catalyst was
recovered by filtration, washed with 1 M NaOH solution and dried
in vacuum.

3. Results and discussion

Palladium nanorods (Pd,yqs) and nanobars (Pdp,s) were pre-
pared viareduction of Nay[PdCl4] by EG and PVP and in the presence
of KBr. The terminal hydroxyl groups of PVP serve as a mild reduc-
ing agent and stabilizer for the formation of metal nanoparticles
[19]. In addition, the introduction of bromide into the reaction pro-
moted the formation of different facets since the bromide is able
to chemisorb onto the surface of Pd and alter the order of surface
free energies for different facets [15a]. The low magnification TEM
image (Fig. 1a) shows the occurrence of highly dispersed Pdy,,s with
width between 4 and 6 nm. Fig. 1b shows low magnification TEM
image of Pd,,qs with diameters between 4 and 6 nm. Pd nanoparti-
cles with icosahedral shape (Pd;.,s) were synthesized by reduction
of Na,[PdCly] by citric acid using PVP as stabilizer to avoid aggre-
gation and to direct the growth the nanoparticles into icosahedral
form [15b]. Fig. 1c shows the low magnification TEM image of Pd;cqs
with diameters between 7 and 12 nm.

In this work, PVP-capped Pd nanoparticles were embedded in
a silica or titania matrix by sol-gel method. However, the SiO, or
TiO,-embedded palladium nanoparticles thus prepared are capped
by PVP and do not posses catalytic properties. It is clear that the
accessible surface area strongly increases by removing the organic
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Fig. 1. TEM images of the PVP-capped palladium nanoparticles synthesized with
different shape (a) bars, (b) rods and (c) icosahedral.

components. Therefore, to obtain a material which presents high
catalytic activity it is necessary to remove the organic species from
the as-made material. The most common method consists of cal-
cining the materials in an air or oxygen flow, but during calcination
the nanoparticle shape may change dramatically. Alternative meth-
ods to extract organic templates have been reported such as liquid
extraction using acidic solutions, neutral salt solutions, alcohols, or
mixtures of these [20]. Other mild procedures have been used as
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Fig. 2. Thermogravimetric profile of the (a) Pdis-SiO, material (without removing the organic ligands) and (b) final Pd;.,s—SiO, material.

the treatment of SBA-15 in presence of nitric acid and H,0, [21]. In
this work, a procedure based on two steps was chosen to remove
organic components. In the first treatment, SiO, or TiO,-embedded
palladium nanoparticles were suspended in 30% aqueous solution
of HyO, for 16h at 95°C and, in the second step, the resulting
solid was treated with 0.1 M solution of H,SO4. The final materi-
als were washed with water and ethanol and dried in an oven at
60 °C overnight. The thermal decomposition of the organic ligands
of sample Pd;,s—SiO2 (without removing the organic ligands) can
be observed in the thermogravimetric profile shown in Fig. 2a. After
treatment with the aqueous solution of H,O0, and with aqueous
solution of H,SO4 some organic material still remains adsorbed on
the Pd;.,s—SiO, material (Fig. 2b), being the washing process under
mild conditions not complete.

Table 1 summarises the textural characteristics, content and
dispersion of palladium in SiO, and TiO,-embedded palladium
nanoparticles. The quantity of loaded palladium was determined by
ICP measurement. The BET surface area and average pore diameter
of the different materials were determined from the correspond-
ing N, adsorption-desorption isotherms. The Pd-SiO, materials
showed higher BET surface area than the Pd-TiO, materials. Nev-
ertheless, the BJH calculations showed average pore diameters
smaller for the Pd-SiO, materials. Hydrogen chemisorption over
the Pd materials shows similar values in all samples giving a dis-
persion value between 11 and 17%. But care should be taken with
the values obtained by H, chemisorption since hydrogen diffusion
into the bulk of the metal can occur, and our metal dispersion
results could be overestimated. For this reason, a more detailed
study based on CO adsorption followed by IR spectroscopy has been
done.

The X-ray diffraction (XRD) patterns of Pd},,s and Pd,4s embed-
ded in SiO; or TiO, do not exhibit any detectable reflection from
Pd, indicating that the Pd nanoparticles are too small to be detected
by XRD. In contrast, the XRD pattern of Pd;.,s—-SiO; (Fig. 3), shows
broad reflexion related to silica and characteristic reflections (11 1),
(200) and (2 20) of Pd (face-centred-cubic).

Table 1
Textural characteristics of the materials, content and dispersion of palladium in SiO,
and TiO,-embedded palladium nanoparticles.

Catalyst Pd (wt%)  Pd dispersion? BET surface Average pore
%) area[m?g'] diameter [A]
Pdpas-Si02 1.5 115 597 28.29
Pdyars-TiO2 1.3 12.3 297 65.21
Pd,oqs-Si0> 1.6 14.4 475 28.19
Pd,o4s-TiO» 1.5 17.8 307 4021
Pdices-Si02 1.4 14.1 750 23.61
Pdicos-TiO2 1.5 15.5 210 66.02

2 Calculated from H; chemisorption.

The palladium nanoparticles embedded in SiO, show dif-
ferences, especially concerned to their shape and distribution,
with respect to the original non supported ones. First of
all, the highly dispersed arrangement is, in the three cases,
substituted by a bit of aggregation one, as seen in Fig. 4
. On the other hand, the embedded particles lost the dominant
morphology exhibited in solution becoming some of them rounder,
which is due to the melting of the Pd particles during the removal of
organic materials [22]. Actually, three types, polyhedral, bars and
rods, coexist on the supported samples originally labelled as for
Pd;cos, Pdpars and Pd;oqs. Moreover, in addition to the above pat-
terns less abrupt polyhedral particles as well as spherical ones also
appear. Indeed, this new shape is predominant on the Pd;.,s and
Pdy,.s samples, as observed in Fig. 4a and b, respectively, whereas a
more dispersed situation is found for Pd;gs, as seen in Fig. 4c. This
observation allows to conclude that the anisotropic forms tend to
be more isotropic, in accordance with thermodynamics [15a].

Actually, particle morphology is related to the crystallographic
surfaces that enclose them, i.e., to the relative crystallographic
orientation. This structural information is provided by means of
HRTEM. This study shows that the fcc Pd particles exhibiting poly-
hedral and spherical morphologies are mainly orientated along
[01 1] zone axis while elongated particles, named as bars, are orien-
tated along [0 10]. Fig. 5 is a HRTEM image corresponding to Pd;c;
sample showing a characteristic polyhedral particle. The measured
interlayer periodicities (A) and the corresponding Fast Fourier
Transform (FFT) (Ager) are characteristic of Pd fcc along [0 1 1] zone.
Moreover, notice that the particle is twinned, as clearly shown in
the FFT (Bggr) performed on an area including two domains (marked
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Fig. 3. XRD pattern of Pd;c,s—SiO, material.
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50 nm

Fig. 4. Low magnification images corresponding to SiO, embedded particles (a) Pd;cos, (b) Pdpars and (¢) Pd,oqs before catalysis.

in image). Fig. 6 is an image of a more striking polyhedral particle
exhibiting multitwining. In fact, twining is a quite frequent defect
appearing in fcc metallic nanoparticles at small sizes [23]. Fig. 7
is a HRTEM image corresponding to a Pdy,;s sample showing two
particles, one of them elongated and another one spherical. The ori-
entation of the spherical one (A) is again along [0 1 1] zone, whereas
for the elongated one distances (B) and the corresponding FFT (Bggr)
evidence a different orientation in agreement to the [010] zone
axis.

Since the Pd nanoparticles are embedded in a SiO;, or a TiO,
matrix, and according to BET analysis the average pore diameter is
relative low in the case of SiO, as compared to TiO,, we can assume
that not all the Pd atoms are exposed to the reactants, remaining a
high fraction of Pd sites encapsulated by the support. Moreover, the
presence of remaining PVP molecules, not completely eliminated
by the washing procedure, could also block a number of active sur-
face sites. Thus, the presence of the SiO, and TiO, matrix and PVP
molecules could alter the nature and proportion of exposed defect
sites versus facetted sites of the studied Pd samples, independent

o

R .JP;f o2

Fig. 5. High resolution image corresponding to Pd;.,s—-SiO, material (A) and corresponding FFT's of twinned domains (Agrr and Bggr).

of the morphology of the samples obtained by HRTEM. In order
to gain a deeper insight into the nature of exposed active sites IR
spectroscopy of CO adsorption has been performed. CO has been
reported as a very sensitive probe molecule for metal characterisa-
tion [24].

IR spectra of CO adsorption at 25°C on the Pd samples are
shown in Fig. 8. As can be observed, the exposed surface sites are
not directly related to their particle morphology. Thus, an encap-
sulation effect due to the support matrix and/or the presence of
remaining organic molecules (PVP) can be inferred. On both Pd
samples with an initial nanobar morphology embedded in SiO,
and TiO,, an IR band at 2057cm~! is observed. In addition to
this band, on the Pdy,s-TiO, sample other bands at 2085, 1975
and 1919cm~! are observed. The IR bands at 2085cm~! can be
ascribed to CO linearly bonded to a (11 1) facet, while the IR band
at2057 cm~! can be ascribed to CO linearly bonded to (11 1)/(100)
particle edges [25], and the 1975 and 1919cm~! IR bands corre-
spond to bridge CO species on (100) planes and defect sites [25]. A
similar IR band at 2057 cm~! but less intense than in the other two

[011]  Ager
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Fig. 6. Multitwinned particle characteristic of Pd;c,s—SiO, sample.

samples, is observed in the Pd sample with icosahedra morphol-
ogy embedded in a SiO, matrix. Very low intense IR bands at 1975
and 1875 cm~! associated to bridge CO species and CO adsorbed
on hollow sites of Pd(111) planes are also observed. However,
when the same Pd sample with icosahedra morphology is embed-
ded in a TiO, matrix, Pd;.,s-TiO, sample, a completely different
spectra is obtained. In this case an IR band at lower frequencies,
2038 cm~!, predominate, which can be ascribed to CO bonded to
highly defective sites, such as low coordinated Pd atoms [26], or
due to CO in a tilt configuration interacting simultaneously with
Pd and Ti%* Lewis sites [27]. A similar low frequency IR band at
2038 cm~! is mainly observed in the Pd sample with nanorod mor-
phology embedded in a TiO, matrix, Pd;,g4s—-TiO, sample. On both
Pd;c0s—TiO, and Pd,,4s—TiO, samples, broad and very low intense
IR bands at 1975 and 1919 cm~! are also observed associated to CO
bridge species on (100) planes or defects, together with a very
small contribution of the IR band at 2057 cm~!. The low inten-
sity of the last IR band could be due to the encapsulation effect of

2057

0.005
1975 1919

Absorbance (a.u.)

T T
2100 1950

Wavenumber (cm'1)

Fig. 8. FTIR spectra of CO adsorption (20 mbar) at 25°C on (a) Pdpas-SiO2, (b)
Pdpas=TiO2, (€) Pdicos—SiO2, (d) Pdices—TiO2, (€) Pd,oqs-TiO> samples. (*) peak of
decovolution.

the TiO, matrix or to the remaining organic species that block the
accessibility of extended surface facets toward reactive molecules.

Indeed, pre-treatment of the Pd,,4s—TiO, sample at 150°C in
a 10% H, flow leads to a substantial release of the remaining
organic molecules (IR bands at 1675, 1615, 1534, 1435, 1321 and
1256 cm™!, see Fig. 9), and to the appearance of high extended
surface sites (IR bands at 2120, 2100cm~! (CO linearly bonded to
(111)terraces)and 2057 cm~! (COlinearly bonded to (11 1)/(100)
edges)), in addition to the previously observed IR bands at 2038 and
1975cm! (Fig. 9). However, in the Pd;.,s-TiO, sample, even after

Fig. 7. High resolution image corresponding to embedded Pdy,s—SiO, showing two kind of particles (A and B) and the corresponding FFT (Agrr and Bggr).
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Fig. 9. (A) FTIR spectra of the Pd;,q-TiO, sample reduced at (a) 80°C 10%H3, (b)
150°C 10%H,. (B) FTIR spectra of CO adsorption (20 mbar) at 25 °C on the Pd,,q-TiO>
sample reduced at (a) 80°C 10%H,, (b) 150°C 10%H,.

further elimination of the organic species at 150°C in 10% H; flow
the IR spectra remain the same, due to the encapsulation effect of
the TiO, matrix. In a similar way, in the Pd;.,s—SiO, sample the
amount of remaining organic species observed from their IR spec-
tra is quite low, however the amount of surface sites detectable by
CO adsorption is very low (low infrared intensity), which should be
related to the encapsulation effect of the SiO, matrix with a small
pore diameter (2.8 nm).

In conclusion, the presence of adsorbed organic species and of
the embedding inorganic matrix has a strong influence on the num-
ber and type of exposed catalytic active sites, something that has to
be taken into consideration when trying to explain their catalytic
performance.

The obtained Pd nanoparticles embedded in SiO, and TiO, were
used as catalysts for the oxidation of 1-phenylethanol. The reac-
tions were carried out at 110 °C, atmospheric pressure by bubbling
oxygen and without solvent. The results obtained with the six dif-
ferent synthesized catalysts and Pd/HA (palladium nanoparticles
supported on hydroxyapatite) [28] are given in Table 2. Different
catalytic activity for oxidation of 1-phenylethanol was observed
in the different materials, affording in all cases the correspond-
ing carbonyl compound, acetophenone, with excellent selectivity
100%.

The catalysts with SiO, as support give significant higher reac-
tion rates, compared to the counterpart catalysts with TiO, as
support. Of all six catalysts, Pdy,s—SiO, presents the highest

Table 2
Aerobic oxidation of 1-phenylethanol catalysed by the different materials.?

Catalyst Conversion (%)

10 min 30 min 2h
Pd,,,.~SiO; 56 03 ”
Pdpars-TiO2 33 56 %0
Pd ;045 -Si0; 10 o o0
Pd,4s—-Si0; (calcined)? _ 15 50
Pd;045-TiO2 5 . o
Pdicos-SiO; 14 3 ”
Pdicos-TiO; 3 o .
Pd/HAS 5 e I

2 Reaction conditions: 1-phenylethanol (5 mmol), Pd catalyst (Pd: 6 wmol), 110°C,
1 atm of O,.

b Pd,o4s—Si0; calcined in air at 450°C.

¢ Prepared by impregnation of HAP with PdCl,(PhCN); [Ref. 28].

activity for the oxidation of 1-phenylethanol, even higher than
Pd/HA (see Fig. 10). Pdy,,s—-SiO; catalyst exhibits an excellent selec-
tivity to acetophenone (100%) and rapid conversion (66%, in 10 min
and 93% in 30min), higher than that reported by Suzuki and
co-workers [29] for Pd/CeO,/0O-Dia catalyst (77.8% conversion at
100°C for 4 h and using o-xylene as solvent) and those reported for
Pd/NaX (palladium nanoparticles over NaX zeolite) (TOF (based on
the total Pd atoms)=627 h~! [8] compared to a value of 3313 h~!
achieved on Pdy,s-SiO; after 10 min, with similar reaction condi-
tions.

Comparing the catalytic behaviour of the Pd samples with the
CO-IR spectra it can be observed that samples showing highly
defective Pd atoms or defective Pd atoms in close proximity
to Ti** surface sites (IR band at 2038cm™!) (Pdi.s-TiO> and
Pd,,4s—TiO2) present a very low initial activity compared to those
samples in which (11 1)/(100) edge sites are present (Pdp,s—SiO>,
Pdpars—TiO2, and Pdj,s—TiO2). On the other hand, comparing the
activity of the last three samples with their CO-IR spectra, the
(111) facet seems not to be involved in the catalytic activity,
while (111)/(100) edges (IR band at 2057 cm~!) seem to be the
active surface sites in the oxidation of the alcohol. Mori et al.
[3b] attributed defective surface sites as the catalytic active sites
involved in the 3-hydride elimination, being this rate limiting step
of the reaction. According to Ferri et al. [25c] alcohol dehydrogena-
tion to the carbonyl product occurs on all Pd sites, whereas product
decomposition occurs predominantly on (11 1) planes. Chen et al.
[7], however, proposed that an appropriate ratio of defect sites to
facet sites is required for the conversion of benzyl alcohol. Our

100 _—
- e
!-_;—'BP’*’“ 1
- _a o~ o
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Fig. 10. Conversion of 1-phenylethanol versus reaction time with the different
materials.
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Fig. 11. Low magnification images corresponding to SiO, embedded particles (a) Pdic.s, (b) Pdpars and (c) Pd,oqs after catalysis.

results show that (111)/(100) edge sites are involved in the dehy-
drogenation of the alcohol, while adsorption of the aromatic ring
on the (100) face could enhance the interaction of the hydroxyl
group with a neighbouring Pd surface site. Highly defective isolated
Pd atoms or Pd-Ti*" surface sites are less reactive. Interestingly,
an increase in activity with reaction time is observed very clearly
in the less reactive samples (Pd;cos—TiO2 and Pd,,4s-TiO3) and not
so clearly in the other samples. Removal of organic species under
reaction conditions could in part be responsible for the increased
activity by leading new accessible active surface sites. However
clear evidence by IR spectroscopy cannot be obtained due to the
presence of reaction products adsorbed on the surface of the final
catalysts, which disables characterisation of the catalysts surface.
If removal of organic species takes place, the final activity achieved
by all catalysts should be related to the final amount of exposed sur-
face sites, which depends on their crystal morphology determined
by HRTEM.

In order to study the stability the possibility to recycle the cat-
alysts, they were recovered by filtration, washed with 1M NaOH
solution and dried in vacuum. After catalysis, the variety of mor-
phologies is kept (Fig. 11) confirming the stability of catalyst.
The fcc twinned structure is also maintained as seen in Fig. 12

Fig. 12. HRTEM image corresponding to a characteristic Pd;c,s—SiO, after catalysis.

Table 3

Recycle of Pdy,s—SiO; for oxidation of 1-phenylethanol.?
No. of cycle 1 2 3
Conversion (%) 97 96 93

2 Reaction conditions: 1-phenylethanol (5 mmol), Pd catalyst (Pd: 6 wmol), 110°C,
1atm of O,.

corresponding to a characteristic HRTEM image of Pd;.,s—SiO- after
catalysis.

The recovered Pdy,s—SiO2 catalyst was used in 3 consecutive
runs without observing important decay in its catalytic activity
(Table 3). This reusability also demonstrates the stability of these
materials. The Pd content in the recovered catalyst after the first run
was measured by ICP obtaining 1.5 wt%, the same value as before
the reaction. Even more, the recovered catalyst did not show any
Pd leaching.

4. Conclusions

Palladium nanoparticles with different shapes were synthesized
and embedded in a SiO, and TiO, matrix. The catalysts were tested
in the oxidation of 1-phenylethanol under solventless conditions
and using O, at atmospheric pressure. The presence of a SiO, and
TiO, matrix and the presence of remaining organic species have
a strong influence on the exposed surface sites, by encapsulating
or blocking some sites, independently on the particle morphology
determined by HRTEM. Thus, accurate characterisation of surface
sites by a surface sensitive tool is strongly recommended, since
catalytic activity is related to the exposed surface sites. Accord-
ing to our results (111)/(100) edge sites are involved in the
oxidative dehydrogenation of 1-phenylethanol. Removal of some
organic species under reaction conditions increasing the amount
of exposed surface sites and accordingly enhancing catalytic activ-
ity could explain the increased activity observed on all samples
with time of reaction. Indeed, IR spectroscopy of CO adsorption
showed anincrease of exposed surface sites on the Pd;.,s-TiO, sam-
ple after release of organic species. The final amount of exposed
active surface sites depends on the particle morphology. Under
our conditions, Pdy,s—SiO- catalyst exhibits excellent selectivity
to acetophenone (100%) and rapid conversion (66%, in 10 min and
93%in 30 min), higher than that reported by other authors in the lit-
erature under the same conditions. In addition, Pdy,,,s—-SiO; catalyst
can be reused without significant loss of catalytic activity.
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