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’ INTRODUCTION

The oxidation of alcohols to aldehydes is an essential and
widely used organic reaction both in the laboratory scale and in
large scale syntheses in industry.1 Reactions involving the use of
homogeneous catalysis for conversion of alcohols to aldehydes
are mostly carried out using palladium chloride as a catalyst,2 or
with stoichiometric reagents such as chromates3 and permanga-
nates.4 However, such methods produce a large amount of heavy
metal waste and are also usually carried out in organic solvents,
and are therefore not environmentally benign.5 To find sub-
stitutes for these conventional oxidation catalysts, a lot of deve-
lopment has beenmade toward the design of new catalysts which
can be used in aqueous media and the use of oxygen as an
oxidizing agent. However, the use of oxygen under high pressures
and temperatures is not desirable because of lack of selectivity,
the formation of overoxidation and decomposition products in
the reaction mixtures, and explosive hazards associated with the
mixing of organic compounds with oxygen under such extreme
conditions. Hence many groups are working to develop catalysts
which can selectively oxidize alcohols to aldehydes under mild
oxygen pressures and temperatures. Recently many groups have
shown that monometallic Au,6�15 Pd,16,17 and bimetallic AuPd
nanoparticles18�24 can be used as catalysts for aerobic alcohol
oxidation under mild conditions in aqueous solutions8,10,11,20,21

or in solventless conditions.18,24 Herein we show that sequentially

reduced polymer-protected AuPd core-shell nanoparticles are
extremely effective catalysts for the selective oxidation of crotyl
alcohol to crotonaldehyde in aqueous solutions at room tem-
perature in the absence of base additives.

Earlier studies have shown that Au nanoparticles are quite
useful catalysts for low temperature aerobic oxidation reactions.
For example, Haruta and co-workers showed that Au nanopar-
ticles are active catalysts for COoxidation,25 and bothHaruta and
Goodman showed that the catalytic activity increases as the mean
particle size decreases.25,26 Tsunoyama and co-workers found
that PVP-stabilized Au nanoparticles could be used for the
aerobic oxidation of benzyl alcohols in water with high selectivity
to aldehyde products.8,13 Hutchings and others have shown that
oxide supported-PdAu nanoparticles are very effective catalysts
for the selective oxidation of a wide variety of alcohols in sol-
ventless-conditions,7,18 as well as the oxidation of glycerol,27,28

and the synthesis of H2O2 from H2 and O2.
29,30 The improved

activity and selectivity for PdAu bimetallic catalysts have been
attributed to synergetic effects which originate from electronic
and/or geometrical interactions between Au and Pd atoms.31

Recently we,20 and others,21 have demonstrated that PdAu
nanoparticles can be used as catalysts for aerobic alcohol oxidation
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and Au cores. XANES spectra of the Pd-LIII edges indicated that the
sequentially reduced particles showed significant d-charge depletion
compared to pure monometallic Pd and co-reduced AuPd nanopar-
ticles. The sequentially reduced nanoparticles with Pd rich surfaces were extremely active for crotyl alcohol oxidation at room
temperature in the absence of base, and were quite selective for the formation of crotonaldehyde. A proposed mechanism for the
reaction involving the oxidation and re-reduction of Pd on the surface of the particles is postulated based on catalytic activity
measurements using sequentially reduced particles and control reactions with Pd2þ salts in the absence and presence of Au, Pd, and
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in aqueous solutions, and in some cases the reactions can proceed
in the absence of base additives.7,14,15,21 One interesting result in
our previous study was the oxidation of the allylic alcohol, crotyl
alcohol; initial selectivities of the catalysts toward the formation
of crotonaldehyde were quite poor (∼40%) but increased dra-
matically over time.20 We hypothesized that changes in the
internal structure of the PdAu nanoparticles during the catalytic
reactionmight be responsible for these changes and thus chose to
investigate a series of intentionally designed bimetallic structures
to see how they behaved as catalysts for this reaction.

Core-shell bimetallic nanoparticles provide a means for the
systematic investigation of the electronic properties of catalysts,
and also they canminimize the amount of preciousmetals such as
Pt and Pd that are required for catalysis.32 The synthesis of PdAu
bimetallic nanoparticles can be divided into two categories: simul-
taneous reductions, which involve reduction of both metallic pre-
cursors in the same reaction system, and successive reductions
which involve the two-step reduction of metallic precursors.32

We, and others, have previously shown via extended X-ray absorp-
tion fine structure (EXAFS) spectroscopy and energy-dispersive
spectroscopy (EDS) results that simultaneous reduction of PdCl4

2-

and AuCl4
� salts with a borohydride reducing agent produces near-

alloy structures with slightly higher Au concentrations in the core
and Pd concentrations on the surface.33�35 On the other hand both
co-reduction and successive reductions of the precursors can yield
core-shell,22,33 cluster-in-cluster structures,36 alloys,37 and other
structures38 depending on the reaction conditions and type of re-
ducing agent used. Careful growth of Pd shells onto Au nanoparticle
cores (or vice versa) can be done using very mild reducing agents
such as ascorbic acid which allow for the minimization of secondary
nucleation of new particles while maximizing particle growth to
achieve uniform shell thickness.32,39

This paper is focused on two points: (1) to synthesize (PVP)-
stabilized AuPd nanoparticles via sequential and co-reduction
strategies and (2) to completely characterize these catalysts using
UV�vis spectroscopy, transmission electron microscopy (TEM),
extended X-ray absorption fine structure spectroscopy (EXAFS),
andX-ray absorption near edge structure spectroscopy (XANES) to
elucidate information on their structure�property relationships.
EXAFS and XANES results confirm that the sequential reduction
strategy yields particles with approximate core-shell structures
with Pd surfaces showing significant d-charge depletion. The
AuPd particles were used as catalysts for the selective oxidation of
crotyl alcohol to crotonaldehyde at room temperature in the
absence of base. Sequentially reduced AuPd nanoparticles were
much more selective catalysts for the selective oxidation to
crotonaldehyde than their near-alloy or monometallic counter-
parts. In addition, results show that while Au nanoparticles and
K2PdCl4 salts each individually show little catalytic activity for
crotyl alcohol oxidation at room temperature, together they have
significant activity because of the in situ reduction of the Pd salts
onto the nanoparticles. Such results provide valuable insights
into the possible catalytic mechanisms of AuPd nanoparticles for
the oxidation of alcohols.

’EXPERIMENTAL SECTION

Materials. Hydrogen tetrachloroaurate (III) hydrate, HAuCl4 3
3H2O (99.9%), potassium tetrachloropalladate (II) K2PdCl4
(99.99%), poly(vinylpyrrolidone) (PVP) (M.W. 58,000 g/mol),
2-buten-1-ol (97%), n-decane (99%), and aluminum isopropoxide
(98%) were purchased from Alfa Aesar. Sodium borohydride

(NaBH4) (98%), ascorbic acid (99.7%), isopropyl alcohol
(99.8%), and nitric acid were purchased from EMD. Ethyl acetate
was purchased from Sigma-Aldrich. All these chemicals were used as
obtained without any further purification. Dialysis of the nanopar-
ticles was conducted using cellulose dialysis membranes (Mw cutoff
12,400 g/mol) purchased from Aldrich. Eighteen MΩ 3 cm Milli-Q
water (Millipore, Bedford, MA) was used for all nanoparticle sy-
ntheses.
Synthesis of Nanoparticles. The preparation of the sequen-

tially reduced nanoparticles was conducted by modifying the
general procedure found elsewhere.32 PVP stabilized Au nano-
particles were made by reducing 1.38 mL of 10.0 mM HAuCl4 3
3H2O (1.38 � 10�5 mole) with 1.38 mL of 0.10 M of NaBH4

(1.38 � 10�4 moles) under vigorous stirring in a 1.39 mM PVP
solution and followed by the addition of deionized water to give a
total volume of 28.50 mL. Then the Au nanoparticles were
dialyzed overnight with 1.0 L of deionized water before using
them for the sequential synthesis. To prepare sequentially reduced
1:3 AuPd nanoparticles, 10.07 mL of Au nanoparticles (4.80 �
10�6 mol) (Au seeds, concentration refers to [Au]) were mixed
with 1.44 mL of 0.10 M ascorbic acid (1.44 � 10�4 mol)
followed by the addition of 1.44 mL of 10.0 mM K2PdCl4
(1.44 � 10�5 mol), and deionized water to give a total volume
of 14.5 mL. The solution was then stirred for 1 h while cooling in
an ice bath. Then the nanoparticles were dialyzed overnight to
remove excess salts and ascorbic acid before use. The 1:3 AuPd
co-reduced nanoparticles were synthesized by simultaneous
reduction of 0.48 mL of 10.0 mM (0.48 � 10�5 mol) of
HAuCl4 3 3H2O and 1.44 mL of 10.0 mM K2PdCl4 (1.44 �
10�5mol) using a ten times excess of sodiumborohydride (1.92mL
of 0.10 M NaBH4) as the reducing agent, and deionized water
was subsequently added to give a total volume of 14.5 mL.33 Au,
Pd, and other AuPd nanoparticles were prepared following similar
procedures while keeping the total molar amount of the metal
constant.
CatalyticMeasurements.The oxidation of crotyl alcohol was

conducted at room temperature (25 �C) using the following
procedure. First the previously prepared nanoparticle solution
(total moles of metal 1.92 � 10�5 mol) in 14.5 mL solution was
purged with oxygen for 5 min. Then 530 μL (1.0� 10�2 mol) of
crotyl alcohol was added to give a substrate/catalyst ratio of
520:1. The products were then extracted by ethyl acetate three
times, and decane was added as an internal standard. Conversion,
selectivity, and turnover numbers were obtained fromGC using a
FID detector (Agilent Technologies 7890A) and a HP-Innowax
capillary column. At least three catalytic trials were conducted for
each catalyst.
Sample Preparation for EXAFSMeasurements. Pd, Au, and

AuPd co-reduced and core-shell nanoparticles with metal/alu-
mina ratios of 2.5% by weight were synthesized by trapping the
as-synthesized particles in alumina following a procedure re-
ported previously.33 The nanoparticles were dried under vacuum
and then redissolved in isopropanol followed by the addition of
five drops of a dilute aqueous nitric acid solution (pH ∼ 2.0).
Then 0.83 g of aluminum isopropoxide dissolved in 15.0 mL of
dry isopropanol was added under nitrogen, and the sample was
left overnight for gel formation. The gel was then dried under
vacuum at 45 �C for 2 h and ground into a fine powder with a
mortar and pestle.
Characterization. A Varian Cary50 UV�visible spectrophot-

ometer was used for UV�vis measurements within a scan range
of 300�900 nm using a quartz cell with an optical path length of
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1.0 cm. A Philips 410 microscope operating at 100 kV was used
for TEM imaging. TEM samples were prepared by placing a drop
of the solution containing the nanoparticles on a carbon-coated
Cu grid which was pretreated by air plasma discharge for 30 s.
The Hard X-ray MicroAnalysis beamline (HXMA) 061D-1
(energy range, 5�30 keV; resolution, 1 � 10�4 ΔE/E) at the
Canadian Light Source was used for recording X-ray absorption
spectra at the Pd K-edge and the Au LIII-edge. The beamline
optics include water-cooled collimating KB mirrors (Rh for the
Au LIII-edge and Pt for Pd K-edge), and a liquid nitrogen cooled
double crystal monochromator housing two crystal pairs [Si
(111) and Si (220)]. The X-ray measurements were conducted
in ion chamber filled with a helium and nitrogen mixture for the
Au LIII-edge and pure helium for the Pd K-edge. The energy scan
range for the measurement was between �200 eV to þ1000 eV
at each edge. Pd and Au foils were used for the respective edges as
references. All EXAFS measurements were conducted in trans-
mission mode at room temperature using samples pressed into
pellets. Pd-LIII XANES spectra were measured using the Soft
X-ray Microcharacterization Beamline (SXRMB) 06B1�1 (energy
range 1.7�10 keV; resolution, 3.3 � 10�4 to 1 � 10�4 ΔE/E
with InSb(111) and Si(111) crystals) at the Canadian Light
Source. Calibration of the Pd-LIII spectra was done using the Ar
K-edge transition at 3203.54 eV.40

The software package IFEFFIT was used for data processing
which included fitting the pre-edge region to a straight line, and
the background above the edge was fit to a cubic spline func-
tion.41,42 The EXAFS function, χ, was obtained by subtracting
the post-edge background from the overall absorption and then
normalizing with respect to the edge jump step. The EXAFS
fitting was performed in R-space between 1.4�3.4 Å for the Au-
edge and 1.4�3.0 Å for the Pd-edge using theoretical phase-shifts
and amplitudes generated by FEFF. fcc bulk lattice parameters
(i.e., first shell coordination numbers of 12) were used to determine
the amplitude reduction factor, So

2, for Au and Pd by analyzing
Au and Pd reference foils and (bis-ethylenediamine)palladium(II)
chloride for the Pd�O contribution (Others have also recently
used Pd amine complexes to fit Pd�O contributions in PdAu
catalysts).43 The S0

2 values were found to be 0.84 and 0.88 for
Pd and Au, respectively. A homogeneous PdAu alloy model
for FEFF fitting was constructed based on bulk PdAu lattice
parameters.44

’RESULTS AND DISCUSSION

The preparation of the bimetallic nanoparticles was conducted
following general procedures reported in previous publications.32,33

PVP was used as the stabilizer partly because of its high solubility
in water as well as its ability to provide high stability to the nano-
particles through multiple coordination of the N�CdO groups
to the nanoparticle surface.45 Scheme 1 below shows the stepwise
reduction of Pd ions on the surface of preformed gold nanopar-
ticles, and two possible final structures (core-shell and cluster-in-
cluster). The mild reducing agent ascorbic acid was used for the
reduction of Pd to minimize the degree of secondary nucleation
while maximizing the particle growth to achieve a uniform shell
thickness. Figure 1 illustrates the UV�vis spectra of Au nano-
particles and sequentially reduced 1:3 AuPd nanoparticles and
co-reduced 1:3 AuPd nanoparticles. The disappearance of the
surface plasmon peak at∼530 nm, which is characteristic for Au
nanoparticles,46 is consistent with observations seen by ourselves
and others for the formation of Pd rich surfaces upon reduction

of the Pd salts onto the Au seeds.21,32 However it should be noted
that while UV�vis data can suggest the formation of bimetallic
nanoparticles, it must be complemented by other data, such as
TEM and EXAFS data.

TEM images of the Au seed nanoparticles, sequentially grown
1:3 AuPd nanoparticles, and co-reduced 1:3 AuPd nanoparticles
are shown in Figure 2. The average size of the PVP stabilized Au
and AuPd nanoparticles were found to be 2.8( 0.7 nm and 4.2(
0.9 nm, respectively. The size increase is fairly consistent with the
respective metal loadings of the core and shell, respectively
according to eq 1 which is calculated to be 4.3 nm:47

D ¼ Dcore 1þ VPd½Pd�
VAu½Au�

� �1=3
ð1Þ

where Dcore is the diameter of the experimentally measured Au
seed and VAu and VPd and [Au] and [Pd] are the molar volumes

Scheme 1. Formation of Sequentially-Reduced AuPd Nano-
particles via the Reduction of K2PdCl4 onto the Surface of Au
Nanoparticle Seeds in the Presence of Ascorbic Acid

Figure 1. UV�vis spectra of PVP-stabilized Au nanoparticles, and
sequentially reduced and co-reduced 1:3 AuPd nanoparticles.
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and concentrations of Au and Pd, respectively. The increase in
particle size and mild increase in the standard deviation of particle
sizes is consistent with sequential core-shell growth and the
absence of secondary nucleation of pure Pd nanoparticles.
Figure 2C shows the TEM and particle size distribution of 1:3
AuPd co-reduced nanoparticles which have a similar particle size
distribution of 3.9 ( 0.9 nm.

The UV�vis and TEM observations were supported by X-ray
absorption studies. Figure 3A and 3B shows the Au LIII-edge and
Pd K-edge EXAFS spectra in k-space for the pure Pd nanopar-
ticles and sequentially reduced 1:3 and 1:1 AuPd nanoparticles;
high quality data was collected over a k-range from 0 to 14.
Several features in the spectra are quite interesting; the dampen-
ing of the amplitude of the signal in Figure 3B of the sequentially

Figure 2. TEM images of PVP-stabilized (A) Au seeds and (B) sequentially reduced 1:3 AuPd nanoparticles and (C) co-reduced 1:3 AuPd
nanoparticles and their respective particle size distributions.
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grown 1:3 and 1:1 AuPd nanoparticles indicates significantly lower
coordination numbers around Pd in the sequentially reduced
particles (relative to pure Pd particles), whereas significant
increases in the amplitude and thus coordination numbers
around Au can be seen in Figure 3A upon sequential reduction
of Pd onto the surface. In addition, no significant shift in the
periodicity of the EXAFS wave is seen as compared to pure Pd
nanoparticles, which contrasts with earlier work on AuPd
alloys by both ourselves and others in which periodic changes
in the periodicity of the EXAFS wave were seen because of

changing bond distances as a result of AuPd mixing.33,34 The
absence of any shift in the oscillation peaks for the core-shell
particles suggests that the extent of alloying between the two
metals is very low.

Figure 4 shows the experimentally obtained EXAFS data with
the single-shell theoretical fits for the pure Au and Pd nanopar-
ticles as well as the sequentially reduced 1:3 AuPd nanoparticles.
For the bimetallic nanoparticles, the Au and Pd EXAFS data of
the same sample were simultaneously fit using the IFEFFIT
software package.41 High-quality fits have been obtained for most
of the as synthesized metallic and bimetallic nanoparticles; the
only exception is the case of the Pd edges in which some oxidation
was apparent in the 1:1 sequentially reduced AuPd nanoparticles.
The structural fit parameters for all the pure metallic and AuPd
nanoparticles generated from the EXAFS fitting parameters are
presented in Table 1. The low r-value shoulder on (particularly
the 1:1 AuPd sample) is likely due to Pd oxidation and/or PVP
coordination to the particles. For the bimetallic systems the
total CNs were obtained from the summation of two coordi-
nation numbers as follows: NAu-M = NAu�Au þ NAu�Pd and
NPd-M = NPd�Pd þ NPd�Au. The first shell coordination
numbers (CNs) for pure gold and palladium nanoparticles,
NAu�Au and NPd�Pd, were found to be 10.0(1.4) and 9.9(0.5),
respectively, which are lower than the bulk fcc CNs of 12. This
is due to the significant fraction of atoms on the surface of the
nanoparticles which have much lower CNs. The Au�Au bond
distances in the pure Au particles is 2.82 Å, which is lower than
the corresponding bulk value of 2.86 Å. This is consistent with
the findings of others and is thought to be due to increased d-d
interactions in small Au nanoparticles because of hybridiza-
tion.48 The NAu-M for 1:3 and 1:1 sequentially reduced AuPd
particles are 11.9 and 10.4, respectively, while the NPd-M

are significantly lower at 10.5 and 8.8, respectively. This is a
good indication of the presence of significantly Pd-rich
surfaces and Au-rich cores within the particles,35,49 though
the fact that the Au CNs are consistently below 12 indicates
that perfect core-shell structures are likely not formed, but
rather cluster-in-cluster structures are formed (Scheme 1).
Also of note is the fact that moderate levels of Pd oxidation on
the surface are present, particularly in the AuPd 1:1 sample.
Previous work in our group found that co-reduced AuPd
nanoparticles have a near-alloy structure albeit with slightly
higher Au loadings in the core and higher Pd loadings in
the shell.33

To get additional information on the electronic effect and its
correlationwith the catalytic activity, the Au-LIII and Pd-LIII XANES

Figure 3. EXAFS spectra in k-space for pure metallic nanoparticles and
sequentially reduced 1:3 and 1:1 AuPd nanoparticles. (A) Pd K-edge (B)
Au-LIII edge.

Table 1. EXAFS Fitting Parameters for All Nanoparticle Systems Studied

nanoparticle sample shell N Rj(Å) ΔEo(eV) σ2(Å2) R-factor

pure Au Au�Au 10.0(1.4) 2.82(0.01) 3.8 (1.0) 0.013(0.001) 0.016

pure Pd Pd�Pd 9.9(0.5) 2.743(0.003) �5.7(0.4) 0.0082(0.0004) 0.006

AuPd 1:3 sequential Au�Au 8.7(1.6) 2.82(0.01) 3.7(0.9) 0.010(0.002) 0.005

Au�Pd 3.2(1.0) 2.75(0.02) 0.012(0.004)

Pd�Pd 8.3(0.7) 2.744(0.005) �5.5(0.6) 0.0073(0.0005)

Pd�Au 2.2(1.4) 2.76(0.02) 0.012(0.004)

AuPd 1:1 sequential Au�Au 8.3(1.5) 2.82(0.01) 3.7(0.8) 0.009(0.002) 0.014

Au�Pd 2.1(0.9) 2.75(0.02) 0.008(0.003)

Pd�Pd 6.2(1.1) 2.73(0.01) �4.2(0.9) 0.008(0.003)

Pd�Au 2.6(1.3) 2.75(0.02) 0.008(0.003)

Pd�O 1.4(0.6) 1.96(0.04) 0.010(0.003)
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spectra for the AuPd nanoparticles were measured. The XANES
spectra of the Au LIII-edge of as-synthesized Au, co-reduced 1:3
AuPd and sequentially reduced AuPd nanoparticles are shown in
Figure 5A. The LIII-edge probes the transition of 2p electrons to
the 5d orbitals; Au nanoparticles have a weaker white line shoulder
(the first feature after the edge jump at 11925 eV) as compared to
the bulk Au metal due to the lessening of s-p-d hybridization in
such small Au nanoparticles as compared to bulk gold.50 For all
the bimetallic AuPd nanoparticles, a further decrease of the white
line intensity occurs. This might possibly be due to electron
transfer from Pd into 5d Au orbitals. The white line intensity of
the co-reduced AuPd sample is much lower than that of core-
shell nanoparticles indicating that alloying has significant effect

on the occupancy of the Au-d band. Both ourselves and others
have previously shown that increasing Pd content in AuPd alloys
tends to increase the d-electron density leading to a decrease in
the white line intensity.33,34 For the sequentially reduced nano-
particles the intensity of the white line diminishes slightly as Pd
content increases, as indicated by the higher white line intensity
of the sequentially reduced 1:1 AuPd nanoparticles as compared
to the 1:3 AuPd nanoparticles. One other important feature at
the Au-LIII edge is the significant increase in the intensity of the
second band (11935 eV) for the co-reduced nanoparticles as
opposed to the sequentially reduced nanoparticles. This feature
is caused by bimetallic distance effects in which interatomic
redistribution of charge depends on interatomic distance.51 The

Figure 4. EXAFS single-shell fits in r-space for the as-synthesized nanoparticles at the Au-LIII and Pd K edges: (A) Au nanoparticles and (B) Pd
nanoparticles; (C, D) sequentially reduced 1:1 AuPd nanoparticles as-synthesized, Au-edge and Pd-edge; (E, F) sequentially reduced 1:3 AuPd
nanoparticles as synthesized, Au-edge and Pd-edge.
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reduction of this feature in the sequentially reduced system
supports the lower level of mixing of the metals in the sequen-
tially reduced particles. The Pd-LIII XANES spectra are shown in
Figure 5B for the samples studied. A significant decrease in the

d-occupancy as indicated by a more intense white line for the
sequentially reduced samples as compared to the co-reduced sample
was seen. However, we note that there are moderate levels

Figure 5. XANES spectra of as-synthesized nanoparticles, (A) Au-LIII
edge, (B) Pd-LIII edge.

Table 2. Summary of Catalytic Results for the Oxidation of Crotyl Alcohola

selectivity %

entry nanoparticle catalyst TOFb (h�1) conversionc crotonaldehyde 1-butanol 3-butenol

1 Au 11 2.2 87.8 0.0 12.2
2 Pd 13 5.9 94.0 5.2 0.80
3 K2PdCl4 9 8.9 88.0 9.5 2.5
4 1:1 AuPd sequential 64 37.9 88.0 11.0 1.0
5 1:1.5 AuPd sequential 195 60.4 87.0 10.0 3.0
6 1:3 AuPd sequential 306 71.4 88.0 10.5 1.5
7 1:3 AuPd co-reduced 40 23.4 91.9 2.6 5.5
8 1:1 Au/Pd2þ 173 50.2 84.1 15.7 0.2
9 1:1.5 Au/Pd2þ 90 35.4 80.9 14.0 5.1
10 1:3 Au/Pd2þ 74 40.1 80.6 16.4 3.0
11 1:3 PdPd2þ 43 17.6 72.8 17.1 10.1
12 1:3 PtPd2þ 44 17.1 72.9 18.6 8.5

aReaction conditions: All reactions are carried at 25 �C, the substrate/catalyst ratio is 520:1, 1.0 � 10�2 mol of crotyl alcohol added. bTOF was
calculated for the first hour. cConversion after 4 h.

Figure 6. (A) Turnover number (TON) and (B) selectivity to croto-
naldehyde for the oxidation of crotyl alcohol for sequentially reduced 1:3
AuPd nanoparticles.
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of surface oxidation in these samples (particularly the AuPd 1:1
sample), which will also lead to increases in the Pd-LIII white line
intensity. The sequentially reduced nanoparticles have a more
intense white line at the Pd-LIII edge as compared to the co-reduced
samples; however, the Au-LIII data above suggests that the occu-
pancy of the Au d-orbitals is highest in the co-reduced samples. This
suggests that electronic interactions between metals in the particles
is not as simple as d-charge transfer between Pd and Au atoms;
indeed, others have noted that the occupancy of all the s, p, and d
valence orbitals needs to be considered when examining electronic
effects.22

The catalytic activity of the different nanoparticles toward the
oxidation of crotyl alcohol was measured in aqueous solution and
is summarized in Table 2 below. Our previous work showed that
1:3 AuPd co-reduced nanoparticles have a low conversion with a

very poor selectivity to crotonaldehyde over the first hour at
62 �C, followed by an increase in selectivity over time.20 In this
work, reaction temperatures are 25 �C, and the base used in the
earlier work (K2CO3) has been omitted while still retaining
significant catalytic activity. Others have also shown that base-
free alcohol oxidations can occur using Au and bimetallic cata-
lysts.7,14,15,21 A further advantage of the room temperature
oxidation process is that decomposition of crotyl alcohol can
occur over Pd surfaces at temperatures above room temperature
to form CO and propene,52 which can lead to lower turnover
frequencies (TOFs) of the substrate and to the deactivation of
the catalyst. Indeed, Lee et al. have recently shown that Pd-rich
surface alloys are the optimal catalysts for minimal crotyl alcohol
decomposition and maximum alcohol oxidation.53 Pure Au and
pure Pd nanoparticles have very low activity for crotyl alcohol

Scheme 2. Mechanisms for the Selective Formation of Crotonaldehyde Using AuPd Nanoparticle Catalysts
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oxidation (entries 1 and 2, TOFs of 11 and 13 h�1, respectively),
and the co-reduced 1:3 AuPd nanoparticles have a TOF of
40 h�1 under the same conditions. However, sequentially
reduced 1:1, 1:1.5, and 1:3 AuPd nanoparticles have signifi-
cantly higher activities, with TOFs of 64, 195, and 306 h�1,
respectively, and selectivities for crotonaldehyde formation as
high as 88%. Particle size effects should be negligible given the
relatively similar sizes of the co-reduced and sequentially
reduced 1:3 AuPd nanoparticles (above). The other products
seen were the hydrogenation and isomerization products
which can form in the presence of Pd�H species on surfaces.20

We are not certain at this point why the 1:3 AuPd sequentially
reduced system has the highest TON of the systems studied,
but it likely is due to the near complete coverage of the Au cores
by Pd shells and negligible oxidation of the surface Pd, whereas the
1:1 AuPd system may have lower catalytic activity because of
surface oxidation. Turnover number (TON) and selectivity plots
for 1:3 AuPd sequentially reduced nanoparticles are shown in
Figure 6. As indicated in Figure 6A, the TON of this catalyst is
very high over the first hour and reaches a maximum of 384 mols
product/mol catalyst after 8 h. In addition, the selectivity of the
reaction is low at the beginning of the reaction and increases
significantly as the reaction proceeds. Hence, the bimetallic nano-
particles with Pd rich surfaces have high activity which indicates
that even though Pd surface atoms are present in both the co-
reduced and sequentially reduced AuPd nanoparticles, the Pd
atoms on the surface of the core-shell particles are significantlymore
active, possibly because of d-charge depletion of these particles as
seen in the XANES data above.

Reactions using a variety of other alcohol substrates (benzyl
alcohol, 1,4-butanediol, 2-butanol) were also examined in these
base-free, room temperature conditions. Very low conversions
(5%) were seen at these conditions for benzyl alcohol, while no
conversions were seen for 1,4 butanediol and 2-butanol. These
results suggest that the mild conditions employed in this study
may be somewhat unique for allylic alcohols. However the
oxidation of primary and secondary alcohols by these core-shell
AuPd catalysts can be achieved by mild increases in temperature
and addition of base.20

Several mechanisms are possible for the selective formation of
crotonaldehyde using the AuPd nanoparticle catalysts, as shown
in Scheme 2. One mechanism which has been proposed involves
β-H elimination followed by reaction of oxygen with Pd�H
species.8,20 Thus the role of oxygen in this mechanism is to clean
the adsorbed H from the surface. Such mechanisms will likely
give rise to low yields for the oxidation of allylic alcohols as the allyl
groups can also act as H-atom scavengers to form hydrogenation
products. Another possible mechanism is a redox mechanism in
which the Pd surface is oxidized by oxygen, followed by the
oxidation of alcohols by Pd(II) species and Pd(II) reduction back
to Pd(0).5,16 This would potentially establish a catalytic cycle in
which the Pd(0) is regenerated and reoxidized. To further under-
stand whether this mechanism might be at play, catalytic activity
measurements using Pd(II) salts in the absence and presence of
Au nanoparticles were carried out.

As indicated in Table 2, entries 7�10, although the K2PdCl4
salt is not, in of itself, particularly active for the oxidation of crotyl
alcohol and shows a TOF of 9 h�1, it does yield crotonaldehyde
with 88% selectivity. In the presence of both K2PdCl4 and Au
nanoparticles, significant conversions of crotyl alcohol were seen,
with a TOF of 74 h�1 and 81% selectivity for crotonaldehyde
using the 1:3 Au/Pd2þ catalyst system, as shown in Figure 7.

TOFs of 90 and 173 h�1 were seen for Au/Pd2þ ratios of 1:1.5
and 1:1, respectively, with selectivities toward crotonaldehyde of
81 and 84%. These results support a Pd(II) mediated oxidation
of crotyl alcohol with corresponding reduction of the Pd onto
the Au nanoparticles which act as nucleation centers. This
would then set up the cyclic redox mechanism as the Pd atoms
on the nanoparticle surface can be reoxidized back to Pd(II)
and participate in the reaction. We believe that activities are
low for the pure K2PdCl4 system because of the lack of
nucleation centers for Pd reduction. Control reactions using
Pt and Pd nanoparticle seeds in the presence of K2PdCl4
showed moderate conversions and TONs, with slight drops in
selectivity to crotonaldehyde (entry 11 and 12 of Table 2), albeit
much lower than seen for Au nanoparticles in the presence of
K2PdCl4. This indicates that the Au, which is more electroneg-
ative (Au electronegativity: 2.54, Pd: 2.20; Pt: 2.28), enhances
the activity of the reaction via decreasing the d-electron density of
the surface Pd, and thus making it more easily oxidized. If this
mechanism is indeed occurring, then in situ growth of AuPd
core-shell nanoparticles might be expected during the course of
the reaction.

Figure 7. (A) Turnover number (TON) and (B) selectivity to croto-
naldehyde for the oxidation of crotyl alcohol for Au nanoparticles with
K2PdCl4.
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Indeed, as shown in Figure 8, the formation of Pd shells on the
surface of the Au nanoparticles is supported by the UV�vis
spectra (Figure 8A) which indicates a dampening of the surface
plasmon band of the Au/Pd2þmixture after the catalytic reaction
suggesting the formation of Pd shells on the particles as the
reaction progresses. Furthermore, from TEM measurements
(Figure 8B and 8C), the average nanoparticle size for the 1:3
Au/Pd2þ system was 2.6 ( 0.6 nm before the catalytic reaction
and 5.2( 2.2 nm afterward, confirming significant growth of the
particle size during the reaction. No similar changes were seen for
pure Au nanoparticles or pure K2PdCl4 salts. The data strongly

supports the redox mechanism for the core-shell nanoparticles in
which Pd oxidation and re-reduction occurs; however, we note
that we cannot completely rule out the β-H elimination mechan-
ism, which is likely occurring to some extent as well, as evidenced
by the low levels of both hydrogenation and isomerization
products. We note a recent paper by Prati and co-workers which
also lends tremendous support to a redox mechanism, as they
documented that bimetallic AuPd nanoparticles are the active
catalyst despite starting with a system consisting of monometallic
nanoparticles.54 One detail that is still under investigation is whether
this redox mechanism is a homogeneous and/or heterogeneous

Figure 8. (A) UV�vis spectra and TEM images of Au nanoparticles in the presence of K2PdCl4, (B) before reaction and (C) after reaction, and their
corresponding particle size distributions.
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catalytic process, that is, whether the active Pd(II) species for
alcohol oxidation are on the surface of the particle or in the solu-
tion. Such questions of homogeneous versus heterogeneous
catalytic processes using nanoparticle catalyst systems have been
identified in other systems as well.55

’CONCLUSIONS

We have synthesized PVP stabilized bimetallic AuPd nano-
particle catalysts using co-reduction and sequential reduction
routes. Their structural and electronic properties were investi-
gated using UV�vis, TEM, EXAFS, and XANES. The structural
investigations suggest that sequentially reduced particles have
significantly Pd-rich surfaces and Au-rich cores. Furthermore, a
significant decrease in the white line intensity of the Pd-LIII
XANES spectra for the sequentially reduced system indicates
that Pd on the surface of such particles shows significant d-charge
depletion. The sequentially reduced nanoparticles with Pd-rich
surfaces were examined as catalysts for the room-temperature
aerobic oxidation of crotyl alcohol and showed significantly
enhanced activities and high selectivity to crotonaldehyde. For
example, for the sequentially reduced 1:3 AuPd system, a TOF of
306 h�1 was seen with a selectivity to crotonaldehyde of 88%,
which was significantly higher than the TOFs of co-reduced 1:3
AuPd (40 h�1), pure Pd (13 h�1) and Au (12 h�1) nanoparticles.
UV�vis and TEM measurements before and after the reaction
together with catalytic activity measurements using K2PdCl4 in
the absence and presence of Au nanoparticles indicate the system is
catalytically active with both species present. This suggests a
mechanism involving a redox cycle of Pd(II) to Pd(0) reduction and
reoxidation with in situ formation of core-shell nanoparticles. How-
ever, we note thatwe cannot completely rule out theβ-H elimination
mechanism, which is likely occurring to some extent as well.
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