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a  b  s  t  r  a  c  t

Pd  catalysts  supported  on  Al2O3 and  TiO2 have  been  prepared  by wet  impregnation  and  studied  for  the
solvent-free  selective  oxidation  of  benzyl  alcohol  by molecular  oxygen.  High  activity  as  well  as  high  selec-
tivity to  benzaldehyde  can  be obtained  and the calcination  pretreatments  show  distinct  effects  on  the
catalytic  activities  of supported  Pd catalysts.  Supported  Pd  catalysts  before  and  after  benzyl  alcohol  oxi-
dation are  characterized  by means  of  XPS,  FTIR  spectra  of  CO  adsorption  and  O2-TPD.  The results  clearly
show  that  the  palladium  sites  in  supported  Pd catalysts  undergo  reconstruction  during  benzyl  alcohol
oxidation.  Based  on the catalytic  and  characterization  results,  the  possible  benzyl  alcohol  oxidation  reac-
tion pathways  and  the  active  palladium  sites  in  supported  Pd catalysts  for benzyl  alcohol  oxidation  are
discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The selective oxidation of alcohols to carbonyl compounds is
one of the most important organic transformations, which is of
great interest not only to fundamental organic synthesis but also to
fine chemical industry [1].  Conventionally, stoichiometric oxidants,
e.g. dichromate and permanganate, are employed in the process of
alcohols oxidation. These oxidants are usually toxic and/or expen-
sive, and large amounts of wastes are produced together with the
desired products. With the economic and environmental concerns,
it is proposed to use molecular oxygen as clean and cheap oxidant
to realize so-called green oxidation process [2,3]. Homogeneous
catalysts based on metal complexes can offer high activity and
selectivity in the selective oxidation of alcohols using molecular
oxygen as oxidant [4,5]. Compared to homogeneous catalytic pro-
cess, heterogeneous catalytic process shows great advantages in
catalyst separation and recycling, and therefore is more feasible for
industrial application. In recent years, numerous catalyst systems,
e.g. Mn  catalysts [6],  Co catalysts [7],  Ru catalysts [8–11], Au cat-
alysts [12–17] and Pd catalysts [18–29],  have been developed for
the heterogeneous selective oxidation of alcohols with molecular
oxygen as oxidant. Among all the catalysts reported, Pd catalysts
appear to be very promising ones because high activity and high
selectivity can be obtained simultaneously.

∗ Corresponding author. Tel.: +86 22 2350 0341; fax: +86 22 2350 0341.
E-mail address: lild@nankai.edu.cn (L. Li).

Despite extensive researches on Pd catalysts for alcohol selec-
tive oxidation, the discrimination of active palladium sites is still
controversial. In early studies, a general proposal is that metallic
palladium species are the active sites and the dehydrogenation
step is prevalent during alcohol oxidation on Pd catalysts [3,26].
While for hydroxyapatite-supported palladium clusters, Kaneda
et al. proposed that the oxidation of alcohols occurred primarily
at coordinately unsaturated palladium atoms on the surface of the
nanoclusters at the reaction temperature of 363 K [19]. Based on the
results from in situ X-ray absorption fine-structure spectroscopy,
Lee et al. proposed that surface palladium oxide layer was essen-
tial for the high activity and reduced palladium sites performed
poorly in the oxidative dehydrogenation of alcohol at 333 K [27,28].
In great contrast, Grunwaldt et al. reported that palladium oxides
exhibited hardly any catalytic activity for alcohol oxidation at 323 K,
whereas metallic palladium particles were much more active based
on the results from in situ X-ray absorption spectroscopy [29]. In
our opinion, the controversies on the active palladium sites are very
much dependent on the reaction conditions employed for alcohol
oxidation. Typically, the reaction temperatures and the solvents
employed may  influence the process of alcohol oxidation distinctly
and therefore lead to dissimilar deduction of active palladium sites.
Besides, the structure and physical–chemical properties of Pd cat-
alysts may  also influence the oxidation of alcohols.

For an ideal green oxidation process, the oxidation reaction
should be performed under mild conditions using molecular oxy-
gen as oxidant and be free of any solvent or additives. In the
present study, we will report the transformation of benzyl alco-
hol to benzaldehyde over Pd/Al2O3 and Pd/TiO2 via ideal green
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oxidation process. Here, Al2O3 and TiO2 are selected as represen-
tative supports since they are the most common supports for Pd
catalysts. Al2O3 is typical non-reducible support, while TiO2 is typ-
ical reducible support. The effects of calcination pretreatments on
the catalytic activity are investigated and the reconstruction of pal-
ladium sites during benzyl alcohol oxidation process is observed.
Based on the characterization and catalytic results, the benzyl
alcohol oxidation pathways and the active palladium sites are dis-
cussed.

2. Experimental

2.1. Preparation of supported Pd catalysts

Commercial TiO2 (Degussa P25, 70% anatase, 30% rutile, surface
area: 49 m2/g) and �-Al2O3 (Sinopec, surface area: 167 m2/g) were
used as catalyst supports. Palladium species were introduced to the
support by wet impregnation with PdCl2 as precursor. In a typical
preparation process of Pd/Al2O3, 30 mL  PdCl2 aqueous solution (Pd
concentration: 1.0 mg/mL) was added to 1 g �-Al2O3 support and
then evaporated in a rotary evaporator at constant temperature of
353 K. The as-obtained samples were carefully washed with deion-
ized water, dried at 353 K overnight and then subjected to different
calcination pretreatments.

The calcination processes were performed at 673 K for 4 h under
different atmospheres, i.e. oxidizing atmosphere 10% O2/He, reduc-
ing atmosphere 10% H2/He and inert atmosphere 10% N2/He. The
final product was labeled based on the calcination atmosphere.
For example, Pd/Al2O3–O represented Pd/Al2O3 sample calcined
in 10% O2/He, Pd/TiO2–N represented Pd/TiO2 sample calcined in
10% N2/He and Pd/TiO2–H represented Pd/TiO2 sample calcined in
10% H2/He.

2.2. Characterization of supported Pd catalysts

The exact palladium loadings in supported Pd catalysts were
analyzed on an IRIS Advantage inductively coupled plasma atomic
emission spectrometer (ICP-AES).

X-ray diffraction (XRD) patterns of the samples were recorded
on a Bruker D8 diffractometer with CuK  ̨ radiation (� = 1.5418 Å)
from 5◦ to 80◦ with a scan speed of 2� = 6.0◦/min.

Nitrogen adsorption/desorption measurements of samples
were performed at 77 K on a NOVA 1000 e (Quantachrome Instru-
ments) after outgassing at 473 K under vacuum for 12 h. The specific
surface area was calculated with the Brunauer–Emmett–Teller
(BET) equation.

Transmission electron microscopy (TEM) images of samples
were acquired on a JEOL 2010 transmission electron microscope at
an acceleration voltage of 200 kV. A few drops of alcohol suspension
containing the catalyst samples were placed on a carbon-coated
copper grid, followed by evaporation at ambient temperature.

The temperature-programmed desorption of oxygen (O2-TPD)
on supported Pd catalysts were performed on the chemisorption
analyzer. The samples were pre-treated in 10% O2/He at 473 K for
2 h and then cooled down to room temperature in the same flow.
After He purge for 30 min  at 323 K, the temperature-programmed
desorption experiments were conducted in He flow from 323 to
873 K at a heating rate of 10 K/min.

X-ray photoelectron spectra (XPS) of samples were recorded on
a Kratos Axis Ultra DLD spectrometer with a monochromated Al
K� X-ray source (hv = 1486.6 eV), hybrid (magnetic/electrostatic)
optics and a multi-channel plate and delay line detector (DLD). All
spectra were recorded using an aperture slot of 300 �m × 700 �m,
survey spectra were recorded with a pass energy of 160 eV and
high-resolution spectra with a pass energy of 40 eV. Accurate
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Fig. 1. XRD patterns of supported Pd catalysts after different calcination pretreat-
ments.

binding energies (±0.1 eV) were determined with respect to the
position of the adventitious C 1s peak at 284.8 eV.

FTIR spectra of CO adsorption on samples were collected on the
Bruker Tensor 27 spectrometer with 128 scans at a resolution of
4 cm−1. A self-supporting pellet made of the catalyst sample was
placed in the IR flow cell and the background spectrum was taken
at room temperature. After the He stream was  switched to a gas
mixture containing 1% CO in He at a total flow rate of 30 mL/min,
a series of time-dependent FTIR spectra of CO adsorption on the
samples were sequentially recorded.

2.3. Selective oxidation of benzyl alcohol

The solvent-free selective oxidation of benzyl alcohol over sup-
ported Pd catalysts was  performed under atmosphere pressure.
In each experiment, catalyst sample of 100 mg  was dispersed
in 0.3 mol  benzyl alcohol in a three-necked batch reactor with
a reflux condenser under stirring. The suspension was  kept at
393 K with oxygen bubbled in at a flow-rate 50 mL/min. After the
reaction, the catalyst sample was  removed from the reaction mix-
ture by centrifugation and the products were analyzed by gas
chromatography (Shimadzu GC-2010 Plus with DB-624 capillary
column) as well as GC-MS (Shimadzu GCMS-QP2010 SE). The car-
bon balance in liquid phase is found to be >95% for all tests, and
therefore the formation of volatile products, e.g. CO and CO2, is
neglected.

3. Results and discussion

3.1. Characterization of supported Pd catalysts

The XRD patterns of Pd/Al2O3 and Pd/TiO2 after different calci-
nation pretreatments are shown in Fig. 1. Typical diffraction peaks
corresponding to �-Al2O3 support (JCPDS 29-1486) are observed
in all Pd/Al2O3 samples. Besides, diffraction peak at 33.8◦ corre-
sponding to palladium oxide (JCPDS 41-1107) can be observed in
Pd/Al2O3 calcined in O2/He and N2/He, indicating the formation
of palladium oxide. While for Pd/Al2O3 calcined in H2/He, diffrac-
tion peaks at 40.1◦ and 46.5◦ corresponding to metallic Pd (JCPDS
46-1043) are observed in addition to the diffraction peaks corre-
sponding to �-Al2O3 support. Quite similar results can be obtained
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Fig. 2. TEM images of Pd/Al2O3 and Pd/TiO2 after different calcination pretreatments.

on Pd/TiO2 samples after different calcination pretreatments. That
is, palladium oxide is formed during calcination in O2/He and
N2/He, while metallic palladium is formed during calcination in
H2/He.

The TEM images of Pd/Al2O3 and Pd/TiO2 after different calci-
nation pretreatments are shown in Fig. 2. It is seen that palladium
tends to form nano-sized clusters on Al2O3 and TiO2 support. For
Pd/Al2O3 calcined under different atmospheres, palladium clusters
with averages diameters of 6–8 nm are observed to disperse on the
support. While for Pd/TiO2 calcined under different atmospheres,
slightly smaller and more uniform palladium clusters of 4–5 nm are
observed to disperse on the surface of TiO2. After reaction of ben-
zyl alcohol oxidation, the sizes of supported Pd clusters are kept
nearly unchanged, as shown in Fig. S1.  The physical–chemical prop-
erties of Pd/Al2O3 and Pd/TiO2 samples after different calcination
pretreatments are summarized in Table 1.

3.2. Catalytic activities in benzyl alcohol selective oxidation

Fig. 3 shows the time-dependent of benzyl alcohol conversions
catalyzed by Pd/Al2O3 and Pd/TiO2. It is seen that benzyl alcohol

conversions increase distinctly with prolonged reaction time for all
catalysts. The major product is benzaldehyde (>90%), while small
quantity of benzoic acid and benzylbenzoate (<10%) can be detected
as by-products. The by-product benzoic acid comes from the over-
oxidation of aiming product benzaldehyde by molecular oxygen,
while the by-product of benzylbenzoate comes from the esterifi-
cation between benzyl alcohol and benzoic acid. The leaching of
Pd in liquid phase is found to be <1 ppm in all catalytic tests, and
therefore the activity contribution from leached Pd complex can be
neglected. For Pd/Al2O3, the calcination atmospheres show distinct
impacts on the catalytic activity. The highest benzyl alcohol con-
version is achieved on Pd/Al2O3–N, followed by Pd/Al2O3–O and
then Pd/Al2O3–H. For Pd/TiO2, similar benzyl alcohol conversions
are achieved on Pd/TiO2–O and Pd/TiO2–N. Interestingly, almost no
benzyl alcohol conversion can be observed on Pd/TiO2–H, probably
due to the formation of the strong metal–support interaction and
the encapsulation of palladium on TiO2 during calcination in H2/He
[30,31].

Based on the catalytic results presented in Fig. 3, we conclude
that selective oxidation of benzyl alcohol to benzaldehyde can be
realized on Pd/Al2O3 and Pd/TiO2 catalysts with high activity and

Table 1
Physical–chemical properties of supported Pd catalysts after different pretreatments.

Samples Pd loading (%)a Pd cluster size (nm)b Surface area (m2/g) Pd existence statesc

Pd/Al2O3–O 2.51 6.6 151 PdO
Pd/Al2O3–N 2.56 6.5 144 PdO
Pd/Al2O–H 2.68 7.2 148 Pd0

Pd/TiO2–O 2.59 4.4 44 PdOx

Pd/TiO2–N 2.57 4.5 42 PdOx

Pd/TiO2–H 2.75 4.8 39 Pd0 and PdOx

a Determined by ICP.
b Average size observed by TEM.
c Determined by XPS.
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Fig. 3. Selective oxidation of benzyl alcohol over Pd/Al2O3 and Pd/TiO2 at 393 K.

selectivity via ideal green oxidation process, i.e. under solvent-free
conditions and with molecular oxygen as oxidant. The calcination
pretreatments of samples show distinct impacts on the catalytic
activity for benzyl alcohol selective oxidation.

3.3. Reconstruction of Pd sites during benzyl alcohol oxidation

Fig. 4 shows the XPS of Pd 3d region of Pd/Al2O3 and Pd/TiO2
samples after different calcination pretreatments. For Pd/Al2O3–N
and Pd/Al2O3–O before reaction, the peaks of binding energy
are observed at 336.5 and 341.8 eV, corresponding to the PdO
3d5/2 and PdO 3d3/2, respectively. For Pd/Al2O3–H before reaction,
the peaks of binding energy are observed at 335.2 and 340.5 eV
corresponding to the Pd 3d5/2 and Pd 3d3/2, respectively [32].
After reaction of benzyl alcohol oxidation, the peaks of binding
energy at 335.2, 337.2, 340.5 and 342.5 eV can be observed for
Pd/Al2O3 calcined under different atmospheres. The peaks of bind-
ing energy at 335.2 and 340.5 eV are assigned to 3d5/2 and 3d3/2
of metallic Pd, while the peaks of binding energy at 337.2 and
342.5 eV are assigned to 3d5/2 and 3d3/2 of hydrated or coordi-
nated Pd2+ [33,34]. Both Pd2+ and Pd0 species exist in Pd/Al2O3
after benzyl alcohol oxidation reaction, no matter what the ini-
tial Pd species are. The changes in the valance states of palladium
species in Pd/Al2O3 catalysts during benzyl alcohol oxidation are
quite evident. Meanwhile, the XPS in O 1s region do not show
obvious changes for Pd/Al2O3 samples before and after reaction
(Fig. S2).

Compared to Pd/Al2O3, the circumstances on Pd/TiO2 are a bit
more complicated. For Pd/TiO2–N and Pd/TiO2–O, PdOx (1 < x < 2)
are observed as exclusive species before reaction. Based on the
preparation process, palladium species should exist in the form
of palladium oxide, similar to the cases of Pd/Al2O3–N and
Pd/Al2O3–O. While high temperature treatments at 673 K cause
the electrons transfer from palladium species to adjacent sur-
face TiO2 and therefore palladium oxides are oxidized to higher
valence, accompanied by the partial reduction of TiIV to TiIII

(Fig. S3).  For Pd/TiO2–H, both PdOx and metallic palladium are
observed before reaction. After benzyl alcohol oxidation, the
valance states of palladium species changes and metallic palla-
dium together with ionic Pd2+ can be observed for all Pd/TiO2
samples.

FTIR spectroscopy with CO as probe is informative and sen-
sitive technique for the characterization of palladium sites. The

characteristic of this technique lies in that only exposed palladium
sites can be explored, while palladium sites in sub-surface posi-
tion or buried inside cannot be explored. Thus, it can provide us
with straightforward information on the available palladium sites
in the catalytic reactions. Fig. 5 shows the FTIR spectra of CO satu-
rated adsorption on Pd/Al2O3 and Pd/TiO2 at room temperature. For
Pd/Al2O3–O before reaction, a strong band at 1925 cm−1 and three
weak bands at 2170, 2120 and 2090 cm−1 can be observed. The
band at 1925 cm−1 is assigned to bridge-bonded CO on Pd (1 1 1),
while the band at 2090 cm−1 is assigned to atop-bonded CO on
the Pd (1 1 1) defects [35]. The band at 2170 cm−1 is assigned to
linear-bonded CO on ionic Pd2+ and band at 2120 cm−1 is assigned
to linear-bonded CO on ionic Pd+ [36,37].  For Pd/Al2O3–N before
reaction, a strong band at 1925 cm−1 and four weak bands at 2170,
2120, 2090 and 1990 cm−1 can be observed. The band at 1990 cm−1

is assigned to bridge-bonded CO on Pd (1 0 0) [38,39].  Based on
the pretreatment processes and the XPS results, palladium species
should exist in the oxide form in Pd/Al2O3–N and Pd/Al2O3–O.
While these palladium species can be reduced to metallic palla-
dium during the process of CO adsorption. For Pd/Al2O3–H before
reaction, bridge-bonded CO on Pd (1 1 1) (band at 1930 cm−1),
bridge-bonded CO on Pd (1 0 0) (band at 1990 cm−1) and atop-
bonded CO on Pd (1 1 1) defects (band at 2090 cm−1) are observed
during CO adsorption. After the reaction of benzyl alcohol oxida-
tion, the adsorption behaviours of CO on palladium species change
greatly. For Pd/Al2O3–H after reaction, linear-bonded CO on ionic
palladium oxides (band at 2170 and 2020 cm−1) and atop-bonded
CO on Pd (1 1 1) defects (2095 cm−1) are observed. For Pd/Al2O3–N
and Pd/Al2O3–O after reaction, linear-bonded CO on ionic palla-
dium oxides (band at 2170 and 2020 cm−1) and atop-bonded CO
on Pd (1 1 1) defects (2095 cm−1), together with bridge-bonded
(1930 cm−1) and threefold hollow-bonded (1890 cm−1) CO on Pd
(1 1 1), can be observed. The XPS results indicate that after reac-
tion the majority of palladium species exist in the form of metallic
palladium, with a small quantity in the form of ionic Pd2+. The
formation of ionic Pd2+ is supported by the results from FTIR
spectra of CO adsorption. A summary of IR bands observed dur-
ing CO adsorption is shown in Table 2. The results from FTIR
spectroscopy with CO as probe on Pd/TiO2 are substantially sim-
ilar to those on Pd/Al2O3 and a concise summary is shown in
Table 3.

The palladium species in supported Pd catalysts, i.e. Pd/Al2O3
and Pd/TiO2, undergo obvious reconstruction during reaction of
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Fig. 4. XPS of Pd 3d region of Pd/Al2O3 and Pd/TiO2 before and after reaction.

benzyl alcohol oxidation under our reaction conditions. On one
hand, the bulk valance states of palladium change, as confirmed
by XPS results. On the other hand, the surface morphologies of
palladium particles change, as probed by FTIR spectra with CO
adsorption. The reconstruction of palladium species is also sup-
ported by the different O2-TPD profiles of supported Pd catalysts
before and after reaction, as seen in Fig. S4.

3.4. Active palladium sites for benzyl alcohol oxidation

Based on the literature reports, the selective oxidation of
alcohols may  proceed via classical two-step dehydrogenation
mechanism [3].  In the first step, the O H bond of alcohol breaks
upon adsorption on the surface sites and produces alkoxide. In the
second step, the �-C H bond in alkoxide is preferentially broken,
facilitated by the electron-withdrawing effect of the oxygen atom.
The role of oxygen is to oxidize the co-product hydrogen and thus
shift the equilibrium toward the carbonyl compound [41–43].

During the reaction of benzyl alcohol oxidation over supported
Pd catalysts, palladium sites undergo obvious reconstruction. For

Pd/Al2O3–N and Pd/Al2O3–O, palladium oxides are reduced to
metallic palladium during reaction. Under solvent-free reaction
conditions, the initial reduction of palladium oxides can only be
caused by the adsorbed benzyl alcohol. That is, benzyl alcohol
adsorbs on the palladium oxide during reaction and subsequently
reduces of most palladium oxides to metallic palladium (a small
amount of palladium species remains in the form of palladium
oxides), accompanied by the oxidation of benzyl alcohol to ben-
zyl alkoxide. It should be mentioned that palladium oxides located
at outer surface of clusters could be reduced by benzyl alcohol,
while those buried inside cannot be reduced due to the steric effect.
However, the majority of palladium oxides are indeed reduced
to metallic palladium after reaction (Fig. 4). The most reasonable
explanation is that �-C H bond in benzyl alkoxide breaks on pal-
ladium sites and the as-produced active hydrogen subsequently
reduces most palladium oxides buried inside clusters to metal-
lic palladium through spill over. Meanwhile, the benzaldehyde is
released to the liquid phase as the final product. After the recon-
struction of Pd sites is accomplished, the oxidation of benzyl alcohol
will proceed via the classical two-step dehydrogenation pathway.
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Fig. 5. FTIR spectra of CO adsorption on Pd/Al2O3 and Pd/TiO2 before and after reaction.

For Pd/Al2O3–H, palladium species exist in the metallic form and
the oxidation of benzyl alcohol can proceed directly via the clas-
sical two-step dehydrogenation pathway. The initiating step for
benzyl alcohol selective oxidation over supported Pd catalysts with
palladium oxide as initial species is described in Fig. 6.

Based on the proposed reaction pathways, it appears that the
reduction of palladium oxide to metallic palladium by adsorbed
benzyl alcohol is an essential step for benzyl alcohol oxidation
over Pd/Al2O3–N and Pd/Al2O3–O. The oxidation of benzyl alco-
hol over Pd/Al2O3–N and Pd/Al2O3–H at different temperatures are
performed and the results are summarized in Table 4. It is seen
that very low TOF values are obtained on Pd/Al2O3–N with pal-
ladium oxide as initial species at below 373 K, when palladium
oxides cannot be reduced by benzyl alcohol. In contrast, much
higher TOF values can be achieved on Pd/Al2O3–H with metallic
palladium as initial species at the same reaction temperature. These
results strongly support that metallic palladium species are much
more active than palladium oxides, in consistent with the results
reported by Grunwaldt et al. [29]. The in situ reduction of palla-
dium oxides to metallic palladium is the main cause leading to the
controversies. It is worthy of noting that when Pd/Al2O3–N after

reconstruction, e.g. after reaction at 393 K for 8 h, is employed as
catalyst for benzyl alcohol oxidation at 363 K, high TOF value of
1209 mol/h molPd can be obtained.

Vide supra, metallic palladium species are more active than
palladium oxides for benzyl alcohol oxidation over Pd catalysts
under our reaction conditions. Therefore, a key question arises
on the primary palladium site for alcohol oxidation. Since pal-
ladium sites undergo reconstruction during reaction, it is more
instructive to focus on the surface palladium sites in supported Pd
catalysts after reaction than those before reaction. For Pd/Al2O3
after reaction, three main types of exposed metallic palladium
sites are observed: the defect sites, the bridge sites and the hol-
low sites on Pd (1 1 1). It have been reported that the oxidative
dehydrogenation of alcohol to corresponding aldehyde occurred
on all exposed metallic palladium faces, whereas the undesired
product decarbonylation occurred preferentially on hollow sites on
Pd (1 1 1) faces [44]. While in our experiments, almost no decar-
bonylation product can be detected during reaction. It is well
known that the bond breaking is facilitated by defects [45,46].
Therefore, we propose that the defect sites on Pd (1 1 1) are the
primary sites for benzyl alcohol oxidation. By calculation the
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Fig. 6. Initiating step for benzyl alcohol selective oxidation over supported Pd catalysts with palladium oxides as initial palladium species.

Table 2
Summary of bands observed during CO saturated adsorption on Pd/Al2O3 at room
temperature.

Sample Wavenumber
(cm−1)

Assignment

Pd/Al2O3–O before
reaction

2170 Linear-bonded CO on ionic Pd2+

2120 Linear-bonded CO on ionic Pd+

2090 A top-bonded CO on Pd (1 1 1)
defects

1925 Twofold bridge-bonded CO on
Pd (1 1 1)

Pd/Al2O3–O after
reaction

2170 Linear-bonded CO on ionic Pd2+

2120 Linear-bonded CO on ionic Pd+

2095 A top-bonded CO on Pd (1 1 1)
defects

1930 Bridge-bonded CO on Pd (1 1 1)
1890 Threefold hollow-bonded CO

on Pd (1 1 1)

Pd/Al2O3–N before
reaction

2170 Linear-bonded CO on ionic Pd2+

2120 Linear-bonded CO on ionic Pd+

2090 A top-bonded CO on Pd (1 1 1)
defects

1990 Bridge-bonded CO on Pd (1 0 0)
1925 Bridge-bonded CO on Pd (1 1 1)

Pd/Al2O3–N after
reaction

2170 Linear-bonded CO on ionic Pd2+

2120 Linear-bonded CO on ionic Pd+

2095 A top-bonded CO on Pd (1 1 1)
defects

1930 Bridge-bonded CO on Pd (1 1 1)
1890 Threefold hollow-bonded CO

on Pd (1 1 1)

Pd/Al2O3–H before
reaction

2090 A top-bonded CO on Pd (1 1 1)
defects

1990 Bridge-bonded CO on Pd (1 0 0)
1930 Bridge-bonded CO on Pd (1 1 1)

Pd/Al2O3–H after
reaction

2170 Linear-bonded CO on ionic Pd2+

2120 Linear-bonded CO on ionic Pd+

2095 A top-bonded CO on Pd (1 1 1)
defects

Table 3
Summary of bands observed during CO saturated adsorption on Pd/TiO2 at room
temperature.

Sample Wavenumber
(cm−1)

Assignment

Pd/TiO2–O
before
reaction

2170 Linear-bonded CO on ionic Pd2+

2120 Linear-bonded CO on ionic Pd+

2095 A top-bonded CO on Pd (1 1 1) defects
1990 Bridge-bonded CO on Pd (1 0 0)
1955 Bridge-bonded CO on Pd particle edges

[40]
1930 Bridge-bonded CO on Pd (1 1 1)
1890 Threefold hollow-bonded CO on Pd (1 1 1)

Pd/TiO2–O
after reaction

2170 Linear-bonded CO on ionic Pd2+

2125 Linear-bonded CO on ionic Pd+

2095 A top-bonded CO on Pd (1 1 1) defects
1975 Bridge-bonded CO on Pd particle edges
1930 Bridge-bonded CO on Pd (1 1 1)
1900 Threefold hollow-bonded CO on Pd (1 1 1)

Pd/TiO2–N
before
reaction

2120 Linear-bonded CO on ionic Pd+

2095 A top-bonded CO on Pd (1 1 1) defects
1990 Bridge-bonded CO on Pd (1 0 0)
1930 Bridge-bonded CO on Pd (1 1 1)
1890 Threefold hollow-bonded CO on Pd (1 1 1)

Pd/TiO2–N
after reaction

2170 Linear-bonded CO on ionic Pd2+

2125 Linear-bonded CO on ionic Pd+

2095 A top-bonded CO on Pd (1 1 1) defects
1975 Bridge-bonded CO on Pd particle edges
1930 Bridge-bonded CO on Pd (1 1 1)
1900 Threefold hollow-bonded CO on Pd (1 1 1)

Pd/TiO2–H
before
reaction

2170 Linear-bonded CO on ionic Pd2+

2120 Linear-bonded CO on ionic Pd+

2095 A top-bonded CO on Pd (1 1 1) defects
1990 Bridge-bonded CO on Pd (1 0 0)
1955 Bridge-bonded CO on Pd particle edges
1930 Bridge-bonded CO on Pd (1 1 1)
1890 Threefold hollow-bonded CO on Pd (1 1 1)

Pd/TiO2–H
after reaction

2170 Linear-bonded CO on ionic Pd2+

2115 Linear-bonded CO on ionic Pd+

2095 A top-bonded CO on Pd (1 1 1) defects
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Table 4
Selective oxidation of benzyl alcohol over Pd/Al2O3–N and Pd/Al2O3–H.

Catalyst Reaction temperature (K) Conversion (%)a Product selectivity (%) TOFc (mol/h molPd)

Benzaldehyde Carbonylsb

Pd/Al2O3–N 353 1.4 95.2 99.9 63
363  2.1 94.1 99.9 95
373  19.5 93.6 99.9 880
383 64.4  91.7 99.9 2906
393 80.1  94.3 99.9 3615
363d 26.8 95.2 99.9 1209

Pd/Al2O3–H 353 4.7 94.1 99.9 212
363  29.8 95.3 99.9 1345
373 63.5  96.5 99.9 2865
383 57.8  92.8 99.9 2608
393 35.2  95.2 99.9 1588

aConversion after time-on-stream of 8 h.
bIncluding benzaldehyde, benzoic acid and benzylbenzoate.
cCalculated as the ratio of moles of benzyl alcohol converted per mole of total Pd per hour, measured at time-on-stream of 30 min.
dReuse of Pd/Al2O3–N after reaction at 393 K for 8 h.

relative intensities of corresponding FTIR bands in K-M function,
the percentage of defect sites in all exposed Pd (1 1 1) is determined
to be Pd/Al2O3–N > Pd/Al2O3–O > Pd/Al2O3–H after reaction (Fig. 5),
in good agreement with their activity order (Fig. 3). While for
Pd/TiO2, similar activity is obtained on Pd/TiO2–N and Pd/TiO2–O
with similar percentage of defect sites in exposed Pd (1 1 1). The
good correlation between activity and exposed defect sites strongly
proves that the defect sites on Pd (1 1 1) are the primary sites
for benzyl alcohol oxidation. In the present study, pretreating
supported Pd catalysts in oxidizing or inert atmosphere and subse-
quent reducing of Pd species in situ by reactant alcohol can create a
higher amount of defect sites than pretreating Pd catalysts in reduc-
ing atmosphere. Therefore, the activity of supported Pd catalysts in
the selective oxidation of alcohols can be enhanced via the in situ
reduction pathway.

4. Conclusions

The present work shows that the selective oxidation of benzyl
alcohol to benzaldehyde can be realized on Pd/Al2O3 and Pd/TiO2
catalysts with high activity and selectivity via ideal green oxida-
tion process, i.e. under solvent-free conditions and with molecular
oxygen as oxidant. The calcination pretreatments of supported Pd
catalysts show great effects on catalytic activity. The palladium
sites in supported Pd catalysts undergo reconstruction during ben-
zyl alcohol oxidation under reaction conditions employed in this
study, as indicated by the analysis results from XPS, FTIR spectra of
CO adsorption and O2-TPD. Metallic palladium species are proved
to be more active than palladium oxides for benzyl alcohol oxi-
dation over Pd catalysts. While the reduction of palladium oxides
to metallic palladium by adsorbed benzyl alcohol, i.e. the recon-
struction of palladium sites, is an essential step for benzyl alcohol
oxidation over supported Pd catalyst with palladium oxides as ini-
tial palladium species. The defect sites on Pd (1 1 1) are proposed to
be the primary sites for benzyl alcohol oxidation based on the cor-
relation between catalytic activity and the percentage of exposed
defect sites in palladium clusters. The in situ reduction of palladium
species by reactant alcohols is found to be an efficient pathway to
create more defect sites, which leads to higher activity of supported
Pd catalysts in the selective oxidation of benzyl alcohol.
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