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The thermal evolution of titania-supported Au shell–Pd core bimetallic nanoparticles, prepared via col-
loidal routes, has been investigated by in situ XPS, DRIFTS, EXAFS and XRD and ex situ HRTEM. As-prepared
nanoparticles are terminated by a thin (∼5 layer) Au shell, encapsulating approximately 20 nm diameter
imetallic
old
alladium
PS
xidation

n situ

cuboctahedral palladium cores, with the ensemble stabilised by citrate ligands. The net gold composi-
tion was 40 atom%. Annealing in vacuo or under inert atmosphere rapidly pyrolyses the citrate ligands,
but induces only limited Au/Pd intermixing and particle growth <300 ◦C. Higher temperatures promote
more dramatic alloying, accompanied by significant sintering and surface roughening. These changes are
mirrored by the nanoparticle catalysed liquid phase selective aerobic oxidation of crotyl alcohol to cro-
tonaldehyde; palladium surface segregation enhances both activity and selectivity, with the most active

ontain
surface alloy attainable c

. Introduction

Allylic aldehydes are important fine chemical intermediates [1],
nd are also used directly as fragrances and flavourings, such as cit-
onellyl acetate (rose/fruity) and cinnamaldehyde (cinnamon) [2].
heir commercial synthesis often proceeds via the selective oxida-
ion (selox) of allylic alcohol analogues, utilising either hazardous
toichiometric oxidants such as CrVI or peroxides, or expensive
omogeneous catalyst systems which are difficult to isolate and
ecover. In addition to safety considerations, such current technolo-
ies are also atom inefficient due to poor selectivity or additional
eparation/waste treatment steps and therefore economically dis-
dvantageous. Heterogeneous transition metal catalysts afford
lternative aerobic selox technologies with great potential safety,
rocess, economic and environmental benefits, however their
esign and optimisation is hampered by scant knowledge of the
undamental surface chemistry of either allylic alcohol reactants or
ldehyde products. The most promising such heterogeneous cat-
lysts are derived from platinum group and noble metal clusters,

lthough these are prone to deactivation. In the case of palladium,
ime-resolved X-ray photoelectron spectroscopy has shown that
roduct decomposition and associated self-poisoning prevails over
odel Pd(1 1 1) surfaces [3], with electron deficient palladium sites
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ing ∼40 atom% Au.
© 2010 Elsevier B.V. All rights reserved.

conferring high activities in allylic alcohol selox [4,5]. Gold addition,
via simultaneous/sequential wet impregnation, to form bimetal-
lic Au/Pd nanoparticles (NPs) enhances the activation of diverse
(allylic) alcohols, and associated selectivities and lifetimes [6–10].
The origin of this synergy is not well understood, reflecting the rel-
atively poor control that such simple catalyst syntheses offer over
the distribution of each metal component, which in turn makes it
difficult to derive quantitative structure–activity relations. Our pre-
liminary ultra-high vacuum (UHV) investigations of crotyl alcohol
over Pd(1 1 1) model single crystal catalysts [11,12] have shown
that alloyed Au improves the surface driven oxidative dehydro-
genation to crotonaldehyde (2-butenal) (Scheme 1), one of the
simplest allylic aldehydes and an important agrochemical and valu-
able precursor to the food preservative sorbic acid.

These studies also examined the dependence of (adsorbed and
evolved) crotonaldehyde yield upon surface alloy composition,
and predicted that ∼40% Au should provide the optimal balance
between alcohol activation and the undesired aldehyde decarbony-
lation which dominates over Pd-rich alloys. The goal of the present
work is (i) to test the prediction from model single crystals systems
that alloyed gold should promote the selective aerobic oxidation
of crotyl alcohol to crotonaldehyde during continuous catalytic
turnover, and (ii) to establish whether the thermal behaviour and

optimal alloy compositions of single crystals under UHV are directly
transferable to nanocrystalline catalysts at atmospheric pressure.
In order to test this prediction we have synthesised well-defined
bimetallic NPs, possessing a thin Au shell surrounding a larger Pd
core, dispersed on a high area oxide support to mimic our model

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:leeaf@cardiff.ac.uk
dx.doi.org/10.1016/j.cattod.2010.04.032
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cheme 1. Catalytic aerobic selective oxidation of crotyl alcohol to crotonaldehyde.

ystems. There are several routes to such tailored core–shell nanos-
ructures [13,14], which can provide great insight into the influence
f alloying on catalytic chemistry [15]. Here we show how Au
hell–Pd core NPs enable us to carefully tune the surface alloy com-
osition of practical catalysts, and thereby tailor their activity and
electivity towards alcohol selective oxidation; optimum perfor-
ance occurs for a surface Au:Pd atomic ratio = 41:59, in excellent

uantitative agreement with predictions from model planar cata-
yst studies.

. Experimental

.1. Catalyst synthesis

Au shell–Pd core/TiO2 NPs were prepared adopting the method-
logy of Schmid et al. [16]. Briefly, 16 ml of a H2PdCl4 solution
2.68 g/l of Pd) and 1600 ml of water were heated to boiling and
reated with 80 ml of a 1% sodium citrate solution, using good

echanical stirring. This mixture was refluxed for 1 h, finally giv-
ng a dark grey product. These palladium NPs were diluted with
000 ml of water, and over the course of 8 h, 1.9 ml of aqueous
AuCl4 (7.44 g/l of Au) and 5 ml of hydroxylamine hydrochloride

olution (10 g/l of HONH3Cl) added at room temperature while
tirring. The solution lightened and stirring was continued for
nother 48 h, before addition of 0.2 g of p-NH2C6H4SO3Na and
vaporation of water until the bimetallic nanoparticle began to
oagulate. Centrifugation (5000 rpm) yielded a pale grey powder,
hich was subsequently solubilised in water, dispersed onto P25

itania (Degussa) and evaporated to dryness. Final metal loadings
ere 0.18 wt% Au and 0.21 wt% Pd. Samples for reactor testing were

ubsequently heated to temperature (5 ◦C min−1) within a tube fur-
ace under flowing N2 (20 ml min−1), held for 10 min and then
ooled under inert before screening.

.2. Catalyst characterisation

Elemental analysis was performed by ICP-MS (MEDAC UK). Pow-
er X-ray diffractograms were collected on a Bruker D8 Advance
iffractometer fitted with a LynxEye high-speed strip detector and
u K� (154 pm) radiation source. Temperature dependent XRD
atterns were acquired in vacuo (10−2 Torr) using an Anton Paar
TK 1200 high-temperature environmental cell. Samples were
eated at 10 ◦C min−1 to the desired temperature, and equilibrated

or 10 min prior to cooling and data acquisition at 50 ◦C over
� = 20–90◦, with a 0.02◦ step size and scan speed of 0.04 step−1.
-ray photoelectron spectroscopy (XPS) measurements were per-

ormed on a Kratos AXIS HSi instrument equipped with a charge
eutraliser and both Mg K� (1253.6 eV) and monochromated Al
� (1486.6 eV) sources. Spectra were recorded at normal emis-
ion using an analyser pass energy of 80 eV and X-ray power
f 225 W. Energy referencing was employed using the valence
and and adventitious carbon. Spectra were Shirley background-
ubtracted and fitted using CasaXPS Version 2.3.15 with a common
ineshape based on either an asymmetric Doniach Sunjic profile

ith FWHM of 2.0 eV (Pd 3d5/2) and 1.7 eV (Au 4f7/2), or sym-

etric Gaussian–Lorentzian mix with FWHM of 2.4 eV (C 1s).

emperature-programmed spectra were recorded within the main
nalysis chamber using a purpose-built heating stage (thereby
bviating the need for sample transfer to a preparation cham-
er) while maintaining a base pressure of 1 × 10−9 Torr. Samples
y 157 (2010) 243–249

were heated at 5 ◦C min−1 to the desired temperature, and equili-
brated for 30 min prior to cooling to room temperature for analysis.
Au LIII (11.92 keV) and Pd (24.35 keV) K-edge X-ray absorption
spectroscopy (XAS) measurements were made on Station 9.3 of
the Daresbury SRS facility in fluorescence mode, using a Si(2 2 0)
double-crystal monochromator with a beam current/energy of
150 mA/2 GeV and 9-channel Ortec germanium solid-state detec-
tor. Samples were mounted neat within a silica cell under flowing
He sample and room temperature spectra recorded before heat-
ing at 10 ◦C min−1 to 500 ◦C for 20 min and re-cooling for ambient
data acquisition. Spectra were fitted using the IFEFFIT Open Source
software suite for background subtraction, and phaseshift deter-
mination and fitting, respectively [17]. Diffuse reflectance FTIR
(DRIFTS) was performed with a Nicolet Avatar 370 MCT with Smart
Collector accessory and temperature programmable, gold-coated
environmental cell interfaced to electronic mass flow controllers
via a gas manifold. CO adsorption was conducted under flowing
5 vol% CO/He (20 ml min−1) at room temperature. Samples were
first pre-heated to the desired temperature at 10 ◦C min−1 under
20 ml min−1 N2, then equilibrated for 10 min prior to cooling and
exposure to CO for 5 min. The cell was purged with N2 prior to
spectral acquisition to eliminate gas phase CO contributions. High
resolution transmission electron microscopy (HRTEM) was con-
ducted at the LENNF facility on a FEI CM200 field emission gun TEM
running at 197 kV equipped with an Oxford Instruments energy
dispersive X-ray (EDX) spectrometer and a Gatan Imaging Filter.
Samples were prepared by dispersing in methanol, with a drop
placed on a holey carbon coated copper grid.

2.3. Reactor measurements

Alcohol oxidation was performed using a Radleys Carousel Reac-
tion Station equipped with 10 ml reactor tubes. Reactors were
charged with 8.4 mmol of crotyl alcohol (Aldrich 99%) in toluene,
with mesitylene as an internal standard. Reactions were performed
under air at 60 ◦C with 50 mg of pre-annealed catalyst. Blank reac-
tions were conducted in parallel under identical conditions in
the presence of the bare TiO2 support. Samples were periodically
withdrawn for analysis using a Varian CP3800 GC equipped with
CP-8400 AutoSampler and DB5 capillary column (film thickness
0.25 mm, id 0.32 mm, length 30 m). Crotonaldehyde was the princi-
pal reaction product with butyraldehyde the only by-product, with
no side-products attributable to toluene oxidation. Reactions were
run for up to 24 h with initial rates determined from the linear por-
tion of the reaction profile. Catalyst selectivity and overall mass
balances (closure was >98%) were determined using reactant and
product response factors with quoted conversions and selectivities
±2 and ±3%, respectively.

3. Results and discussion

Thermal evolution of the bulk and surface structure of TiO2-
supported bimetallic Au shell–Pd core NPs was first investigated to
establish the integrity of the initial Au shell and explore alloying
phenomena.

3.1. HRTEM

As-prepared Au shell–Pd core NPs were well dispersed across
larger (∼100 nm) TiO2 crystallites, and of uniform size and

shape, presenting approximately cuboctahedral morphologies and
ranging between 18 and 25 nm in diameter (Fig. 1a). Neither con-
ventional bright field nor HAADF-STEM imaging could provide
sufficient localised contrast to unequivocally distinguish the tar-
geted ultrathin Au coating from the underlying palladium cores.
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is also explicable by the existence of physically separated Au and
Pd nanoparticles, however neither were observed in our localised
HRTEM-EDX measurements, and the presence of monometallic Pd
NPs is entirely inconsistent with our CO DRIFTS titrations, hence
ig. 1. HRTEM images of (a) as-prepared, (b) atomically resolved as-prepared (Fou
Ps.

owever, atomic resolution was achieved through the edge of one
anoparticle (1 1 1) oriented facet, yielding an interlayer spacing of
.24 ± 0.01 nm (Fig. 1b), in excellent agreement with that observed
or pure Au overlayers of comparable thickness grown on a Pd(1 1 1)
ingle crystal [18] and alumina supported Pd core–shell NPs [19],
nd characteristic of the (1 1 1) spacing of pure gold (0.2355 nm).
he analogous, bulk interlayer spacing for a pure Pd(1 1 1) sur-
ace is 0.2246 nm [20], significantly smaller than our experimental
bservation. EDX analysis confirmed the co-existence of both met-
ls, with the average composition of individual NPs 70:30 Pd:Au,
n agreement with the molar percentage from elemental analy-
is (65% Pd), and close to simple geometric predictions for 20 nm
d nanospheres capped with 5 atomic layers of gold. Anneal-
ng ≥300 ◦C induced progressive particle growth (Fig. 1c), which
ncreased up to ∼90 nm by 700 ◦C and was accompanied by increas-
ng surface roughening to yield particle morphologies intermediate
etween cubeoctahedral and icosahedral (Fig. 1d), strongly remi-
iscent of those derived from molecular dynamics simulations of
nnealed Au/Pd alloy NPs [21].

.2. XAS

The local environment of gold and palladium atoms in the as-
repared core–shell NPs was also probed via EXAFS. Resultant
adial-distribution functions are shown in Fig. 2, and in each case
tted well to their characteristic parent monometallic matrices

i.e. only Au–Au and Pd–Pd distances were observed with respec-
ive first nearest neighbour bondlengths of 0.285 and 0.275 nm;
ery close to the expected values for extended fcc gold and palla-
ium structures), indicative of phase-separated metal components

n accordance with our desired core–shell structure. This finding
ansform inset), (c) 300 ◦C annealed, and (d) 700 ◦C annealed Au shell–Pd core/TiO2
Fig. 2. Fitted radial-distribution functions from Au LIII and Pd K-edge EXAFS spectra
of as-prepared Au shell–Pd core/TiO2 NPs.
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Table 1
Fitted EXAFS parameters for as-prepared Au shell–Pd core/TiO2 nanoparticles.

Scatterers CN1 CN2 CN3 CN4 R1/Å R2/Å R3/Å R4/Å �21 �22 �23 �24 R2
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XP signal is enhanced by 16% using the higher energy X-ray source,
which equates to a 5 atomic layer thick Au shell. Fig. 4 also shows
that the surface composition remains unchanged below 400 ◦C,
implying retention of the initial core–shell structure. However, it is

Fig. 3. In situ powder XRD patterns of Au shell–Pd core/TiO2 NPs as a function of
annealing temperature. Reflections arising from the anatase support are shaded out.
Aua–Au 8.4 2.3 7.8 19.3 2.86 4.00
Pda–Pd 12 6 24 12 2.75 3.86

a Excited central atom ≡ Au (LIII-edge) or Pd (K-edge).

his possibility can be discounted. The fitted EXAFS parameters
Table 1) are also in good agreement with electron microscopy, with
ulk-like Pd–Pd coordination numbers indicating particle diam-
ters ≥20 nm [22,23], and Au–Au 1st and 2nd shell coordination
umbers of 8.4 and 2.3, respectively, indicative of a truncated fcc
old phase, as anticipated for a thin capping shell. The absence
f Au–Pd distances for the as-prepared material is not surpris-
ng when considering the averaging nature of EXAFS. For a gold
tom located in a Pd3 hollow site at the core–shell interface,
nly 25% of its nearest neighbours are palladium. If the gold shell
s 5 layers thick (see Section 3.4), then these interfacial atoms
epresent only one-fifth of all the Au atoms, with the remain-
er possessing only Au nearest neighbours. Averaging across the
ntire shell, as few as 5% of Au atoms are directly coordinated
o palladium. In situ annealing the sample to 500 ◦C under He
esulted in the emergence of Pd–Au scattering pairs (Table 2 and
upporting information), demonstrating thermally-induced AuPd
lloying, with bondlengths intermediate between those of bulk
cc Pd (0.275 nm) and Au (0.288 nm). The corresponding Pd–Pd
istances within the annealed sample are also slightly expanded
rom those present in the initial palladium core (0.277 nm versus
.275 nm), as expected following Au dissolution to form a homo-
eneous Pd-rich alloy.

.3. In situ XRD

The powder X-ray pattern of the as-prepared core–shell NPs is
ominated by reflections from the anatase support, and only exhibit
n extremely weak peak ∼39.8◦ indicative of nanometre (>10 nm)
ized fcc Pd clusters (Fig. 3). The absence of any pure Au crystallites
ith long-range periodicity is consistent with gold dispersed as a

hin shell across larger Pd cores, although at the low loadings it
ould have been difficult to detect any pure Au NPs if present.

his weak Pd feature remains essentially unchanged up to 300 ◦C,
bove which it shifts to lower angle and sharpens, consistent with
simultaneous lattice expansion (see below) and particle growth.

.4. In situ XPS

Nanoparticle surface compositions were subsequently probed
y XPS, and Fig. 4 shows the resulting Pd:Au atomic ratios, using
g K� radiation, derived from the Pd 3d5/2 (335 eV) and Au 4f 7/2

84 eV) core–hole excitations as a function of in vacuo annealing.
espite the encapsulating Au shell, significant palladium is visible

n the as-prepared NPs, resulting in an average surface composi-
ion close to Au50Pd50. In order to estimate the gold shell thickness,

nalogous measurements were recorded on the same as-prepared
ample using Al K� radiation, prior to annealing. Different pho-
on energies generate Pd photoelectrons escaping with different
nelastic mean free paths (�), and by comparing the relative Pd
ntensities obtained on precisely the same sample using these two

able 2
itted EXAFS parameters for 500 ◦C annealed Au shell–Pd core/TiO2 nanoparticles.

Scatterers CN1 CN2 R1/Å R2/Å �21 �22 R2

Pda–Pd 7.4 4.5 2.77 3.88 0.012 0.025 29
Pda–Au 2.6 3.0 2.81 4.00 0.017 0.021 29
4.97 5.63 0.008 0.009 0.013 0.032 41
4.80 5.41 0.010 0.020 0.021 0.012 30

X-ray sources, it is possible to directly estimate the Au shell thick-
ness (see Supporting information for details of calculation). This
technique has the added advantage that reference spectra from
monometallic Pd nanoparticles are not required to calculate the
shell thickness. For Pd 3d5/2 photoelectrons, �Pd = 1.12 nm (Mg K�)
while �Pd = 1.31 nm (Al K�) [24]. The experimentally observed Pd
Fig. 4. Surface atomic Pd:Au ratio of Au shell–Pd core/TiO2 NPs from in situ XPS and
bulk lattice parameter from powder XRD as a function of annealing temperature.
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mportant to remember that this surface atomic ratio represents
n average throughout the selvedge, and is therefore relatively
nsensitive to surface segregation (as demonstrated by compar-
tive measurements using LEIS in the Au/Pd(1 1 1) system [25]).
igher temperatures result in a significant decrease in surface Au,

ndicative of dissolution and transport into the Pd core and sup-
orted by the coincident lattice expansion of the metallic (1 1 1)
RD reflection, also shown in Fig. 4, which rises from 0.3917 to
.3960 nm. Since Au and Pd are fully miscible, the lattice parame-
er of their pure bimetallic phases can be directly translated into
orresponding alloy compositions. This yields a limiting alloy com-
osition of Au35Pd65, close to the volume-averaged stoichiometries
redicted from ICP-MS and EDX analysis of individual NPs. The final
lloy composition in the selvedge is ∼40% Au from XPS, the con-
ergence of these values suggesting formation of a homogeneous
lloy throughout each nanoparticle. It should be noted that both
u 4f and Pd 3d high resolution XP spectra were dominated by
etallic environments, whose binding energies showed respective

ore-level shifts to lower and higher binding energy (of ±0.3 eV) as
reviously reported [26,27] during alloy formation at Au/Pd(1 1 1)
urfaces. In situ XPS measurements also provide a useful means
o assess the thermal stability of the citrate stabiliser employed
n synthesising the bimetallic NPs. Although stabilising ligands
ould influence the resulting catalytic performance, many studies
f metal NP catalysts have shown active sites remain accessible for
as and liquid phase reactions despite the presence of adsorbed sur-
actants or bulky polymer stabilisers [15,28,29] due to the latters’
nherent flexibility and intermolecular repulsion which results in
urface concentrations well below the monolayer. Indeed it is esti-
ated that as much as 50% of the surface of PVP-stabilised Pt NPs
s still available for catalysis [30]. In any event, the temperature-
rogrammed C 1s XP spectra in Fig. 5 reveal that surface citrate

igands (characterised by a high binding energy carboxylate com-
onent ∼288 eV) thermally decompose by 200 ◦C. This is below the

ig. 5. In situ temperature-programmed C 1s XP spectra of Au shell–Pd core/TiO2

Ps as a function of annealing temperature. Inset shows integrated intensity of
itrate-derived carboxylate component versus annealing temperature.
Fig. 6. In situ DRIFT spectra of Au shell–Pd core/TiO2 NPs exposed to flowing CO at
room temperature as a function of pre-annealing temperature.

temperature regime where changes in catalytic behaviour occur
(Section 3.6), or where restructuring is detectable by XPS or XRD,
hence citrate ligands appear to play a negligible in the chemistry of
our Au shell–Pd core NPs.

3.5. In situ DRIFTS

In order to more precisely evaluate the composition of the out-
ermost (most catalytically relevant) surface layer of the core–shell
NPs, their chemisorptive properties were also probed via titration
with CO. The vibrational frequency of chemisorbed CO is very sen-
sitive to the local surface geometry and electronic structure of AuPd
bimetallic systems [26,31], hence DRIFT spectra were recorded in
situ as a function of annealing temperature (Fig. 6). Only weak CO
adsorption occurred over the as-prepared NPs, giving rise to bands
at 2015 and 2035 cm−1 which we associate with CO atop palladium,
and a feature at 2110 cm−1 indicative of CO atop pure gold sites in
both continuous gold overlayers and Au nanoparticles [26,32–36].
The absence of bands below 1950 cm−1 (characteristic of CO bound
in pure Pd bridge or hollow sites) confirms the outermost surface
of the as-prepared NPs is free from extended palladium ensembles;
we therefore attribute the 2015/2035 cm−1 CO stretches to isolated
Pd atoms that have surface segregated through the encapsulating
gold shell in some of the NPs [37,38]. Annealing strongly suppresses
the Au–CO band, while simultaneously enhancing the atop Pd–CO
bands and promoting CO adsorption into palladium bridge and hol-
low sites at 1915/1940 cm−1 [38,39] and 1865/1883 cm−1 [39]. The
temperature dependences of these bands, and the overall amount
of chemisorbed CO, are shown in Fig. 7. These trends are entirely
consistent with the continuous transformation of Au shell–Pd core
into AuPd alloy NPs, and reveal that palladium surface segrega-
tion (and concomitant gold dissolution) actually begins as low as
100 ◦C. This highlights the greater surface sensitivity of CO titration
to changes in the terminating layer compared with XPS, although

both techniques show that extensive surface alloying requires tem-
peratures >300 ◦C, in line with predictions from Au/Pd(1 1 1) single
crystal studies [11,26,27]. Note the CO DRIFT spectra did not evolve
as a function of time under isothermal conditions, suggesting that if
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ig. 7. DRIFTS intensities of principal CO vibrational bands for Au shell–Pd core/TiO2

Ps as a function of annealing temperature.

O-induced surface modification occurred, this must be on a faster
imescale than our data collection (i.e. <30 s per spectra).

.6. Crotyl alcohol selox

Having established the successful synthesis of Au shell–Pd
ore/TiO2 NPs, and shown that they exhibit controllable surface
nd bulk alloying upon thermal processing, we finally assessed the
mpact that such intermixing exerts upon their surface reactivity in
iquid phase selox of crotyl alcohol to crotonaldehyde. In contrast
o numerous conventional studies, wherein tuning the bulk/surface
omposition of bimetal catalysts is attempted through synthesising

series of different catalysts (for which there is no inherent control
ver the spatial distribution of each constituent metal and therefore
lloy composition achieved), Fig. 8 presents results obtained from
single well-defined bimetallic catalyst. It is immediately apparent

ig. 8. Surface area normalised, initial rates and selectivities of crotyl alcohol selec-
ive aerobic oxidation over Au shell–Pd core/TiO2 NPs as a function of pre-annealing
emperature.
y 157 (2010) 243–249

that Au-rich surfaces exhibit poor activity towards crotyl alcohol,
in accordance with our recent predictions from ultra-high vacuum
measurements on Au/Pd(1 1 1) model catalysts [11,12]. This poor
reactivity is maintained at temperatures ≤300 ◦C, for which signif-
icant gold remains within the selvedge (as judged by DRIFTS and
XPS) and likely strong perturbs the electronic properties of surface
Pd ensembles (e.g. destabilising chemisorbed alcohol). Initial rates
increase sharply at higher temperature, as additional Au diffuses
into the Pd core initiating bulk Au/Pd alloying, and the selvedge
becomes Pd-rich. The maximum oxidation rate occurred for 700 ◦C
annealed Au shell–Pd core/TiO2 NPs, which possess a surface alloy
composition (Au40Pd60) close to the theoretical limit for complete
intermixing and loss of the initial biphasic core–shell structure. This
limiting composition is precisely that we recently predicted should
be optimal for crotyl alcohol oxidation [11], with additional sur-
face Pd likely to favour undesired decarbonylation. The increased
activity upon alloying is closely mirrored by a corresponding rise
in selectivity towards crotonaldehyde versus butyraldehyde, from
only 50% over the pure gold shell to 85% over the Au40Pd60 surface
alloy NPs. The poor performance of the initial core–shell structure
is somewhat surprising, since monometallic Au particles are gen-
erally more selective oxidation catalysts than their monometallic
Pd analogues [7]. However, TiO2-supported Pd nanoparticles do
exhibit higher selectivities in the oxidation of glycerol to glycerate
and 1,2-propanediol to lactate than corresponding Au/TiO2 systems
[40,41], so there is precedent for our observation. We attribute
this higher selectivity following Pd intermixing to stronger oxy-
gen adsorption over Au/Pd alloy surfaces compared with pure gold,
resulting in a higher coverage of surface oxygen adatoms, and
thus shorter residence time for atomic hydrogen and correspond-
ing reduced tendency for C C hydrogenation of crotonaldehyde to
butyraldehyde. Au/Pd intermixing thus confers both high activity
and selectivity in crotyl alcohol selox. Unfortunately, with the 5
layer Au shell initially present in our NPs we cannot generate suf-
ficiently Pd-rich alloys to test whether their selox activity passes
through a maximum, as anticipated for limiting alloy compositions
≤35% Au [11,12]. Ongoing work is exploring the effect of changing
the dimensions of both Pd core diameter and Au shell thickness on
subsequent thermally-induced alloying and catalysis.

4. Conclusions

Nanoengineered bimetallic catalysts offer a great opportunity to
test fundamental concepts in heterogeneous catalysis, and to opti-
mise alloy compositions for commercially important reactions over
dispersed, high area catalysts. Au shell–Pd core bimetallic nanopar-
ticles have been prepared and dispersed over anatase titania,
without loss of structural integrity. Thermal processing gradually
induces Pd surface segregation, and is accompanied by both bulk
and surface alloying and a concomitant dramatic enhancement
in the rate of selective oxidation. Since we have shown the opti-
mal surface and bulk alloy compositions are essentially identical
(containing ∼40 atom% gold), it should be possible to bypass the
core–shell synthetic route and directly prepare high yielding, pre-
alloyed Au40Pd60 nanocatalysts for this selox reaction.
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