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S
upported gold nanoparticles have
been found to be effective for a
number of applications, including CO

oxidation,1 acetylene hydrochlorination,2 en-
vironmental catalysis,3�7 energyprocessing,8,9

and chemical synthesis.10�14 For a number of
reactions it has been reported recently that
bimetallic catalysts exhibit a significant
increase in activity as compared to their
monometallic analogues.15�18 For instance,
supported gold�palladium catalysts have
been found to be very effective for aerobic
oxidation reactions19 and for the direct
synthesis of hydrogen peroxide.13 An im-
portant aspect of these catalysts is the size
of the supported metal nanoparticles: gold
nanoparticles are extremely active catalysts,
whereas bulk gold is chemically inert. The
method of synthesis of these catalysts is
therefore crucial.20 Many methods for pre-
paring highly active heterogeneous gold
and gold�alloy catalysts have been reported
todate,21 includingdeposition-precipitation,1,22

chemical vapor deposition,23 ligand-assisted
synthesis,24 sol-immobilization or colloidal
deposition,25,26 impregnation,27 and incipient
wetness.28 However, all these methods display
one or more of the following disadvantages: (i)
a lack of reproducibility of the catalytic activity,
(ii) a complex synthesis procedure, (iii) a lack of
stability under reaction conditions, or (iv) are
applicable/active only for a very specific
reaction/support combination. Consequently,
considerable effort is still being expended to
discover a simple and effective method for the
reproducible preparation of highly active and
stablegold-basednanoparticulate catalysts.29,30

Conventional impregnation (CIm) is the
simplest method of making Au�Pd cata-
lysts, but suffers from the great disadvan-
tage of generating materials which display

only a moderate level of activity in, for
example, the direct synthesis of hydrogen
peroxide or the solvent-free oxidation of
alcohols.19,31 For oxide-supported AuPd
alloy nanoparticles, detailed analysis of the
material by analytical electron microscopy
indicated the bimetallic nanoparticles com-
prised a Au-rich core and Pd-rich shell, with
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ABSTRACT

We report a convenient excess anion modification and post-reduction step to the impregnation

method which permits the reproducible preparation of supported bimetallic AuPd nanopar-

ticles having a tight particle size distribution comparable to that found for sol-immobilization

materials but without the complication of ligands adsorbed on the particle surface. The

advantageous features of the modified impregnation materials compared to those made by

conventional impregnation include a smaller average particle size, an optimized random alloy

composition, and improved compositional uniformity from particle-to-particle resulting in

higher activity and stability compared to the catalysts prepared using both conventional

impregnation and sol immobilization methods. Detailed STEM combined with EDX analyses of

individual particles have revealed that an increase in anion concentration increases the gold

content of individual particles in the resultant catalyst, thus providing a method to control/

tune the composition of the nanoalloy particles. The improved activity and stability

characteristics of these new catalysts are demonstrated using (i) the direct synthesis of

hydrogen peroxide and (ii) the solvent-free aerobic oxidation of benzyl alcohol as case studies.

KEYWORDS: modified impregnation . ligand-free synthesis . anion-excess .
gold�palladium . direct synthesis of hydrogen peroxide
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particle sizes typically ranging from 1 to 10 nm, to-
gether with occasional very large particles (.10 nm),
and that the smaller particles are the most catalytically
active.19,32 In an attempt to eliminate the catalytically
inactive larger particles, many, more sophisticated,
preparation methods have been reported in the litera-
ture. One such method is sol-immobilization (SIm)

25,26

whereby colloidal nanoalloys with a narrow size dis-
tribution are prepared using stabilizer ligands and a
reducing agent, the colloidal particles being subse-
quently immobilized onto a metal oxide support.
Although this technique results in catalysts having
metal particles in the 2�6 nm range and which have
a high catalytic activity, this synthetic method is not as
simple and versatile as the impregnation technique.33

Another practical limitation of the sol-immobilization
methodology is that it can only be used to prepare
Au�Pd catalysts on a very limited number of supports,
such as activated carbon and TiO2, because the effi-
ciency of deposition or immobilization of these pre-
formed colloids is highly dependent on the iso-electric
point (IEP) of the support.33 Furthermore, SIm requires
the use of stabilizing ligands and reducing agents, both
of which can remain on the surface of the nanoparti-
cles and are potentially deleterious for catalysis.25,26,34

In addition to these various disadvantages, the sol-
immobilization method cannot easily be scaled-up for
use on an industrial scale. Very recently, a supramo-
lecular route has been reported for the synthesis of
core�shell nanoparticle catalysts, but once again this
methodology uses a complicated synthesis procedure
for the stabilizer ligand.24We have nowaddressed these
problems and define a catalyst synthesis method which
is as versatile and simple as the impregnation method,
but which results in catalysts as active as those made by
sol-immobilization. Here we report that, by adding an
excess of the anionic ligands of the metal precursors
during an impregnation-type catalyst synthesis, and
employing a subsequent heat treatment in a reducing
atmosphere, that nanoalloy particles with a very tight
particle size and composition distribution are obtained,
which are found to be exceptionally active and stable as
catalysts for both the direct synthesis of hydrogen per-
oxide and solvent-free aerobic oxidation of benzyl alcohol.

RESULTS AND DISCUSSION

Modified Impregnation (MIm) Strategy. The interaction of
chloride anions with Au nanoparticles and the result-
ing (usually negative) effect on the catalytic activity of
these materials remains one of the most intriguing
aspects of the wet chemical synthesis of Au-based
catalysts.5,35�38 Previous reports indicate a correlation
between the decrease in the catalytic activity and the
presence of chloride ions in the catalyst, and most
studies have been directed at removing these chloride
ions, with the aim of making the catalysts more

active.39 Some previous attempts to use excess chlo-
ride ions have been reported, but only limited success
was achieved using an incipient wetness method, and
efforts to use excess chloride ions in the CIm method
proved unsuccessful.28,40

Against this background we have developed a
modified impregnation method (denoted MIm) where-
by an excess of Cl� ions are utilized to generate highly
active and stable supported gold�palladium nanopar-
ticles. While synthesizing the bimetallic catalysts from
their HAuCl4 and PdCl2 precursors, we introduced an
excess of Cl� ions by adding aqueous HCl into the wet
impregnation medium. It is considered that the abun-
dance of Cl� ions present in the aqueous medium
facilitates the formation of the AuCl4

� species for the
gold precursor and, most importantly, the PdCl4

2‑

species for the palladium precursor. It is further pro-
posed that the coexistence of these two species in the
aqueous medium facilitates the formation of a more
homogeneous mixture of metal ions, thereby enabling
improved dispersion during the impregnation stage. In
the absence of excess of chloride ions, (i.e., the CIm
route) a [Au(OH)x(Cl)4‑x]

� gold precursor forms (where
x is always >1) and the palladium precursor tends to
form insoluble salts, as it is well-known that PdCl2 is
only sparingly soluble in water. The presence of this
combination of species poses a problem for the con-
ventional CIm method, and leads to ineffective adsorp-
tion onto the support which can result in the formation
of some very bigmetallic particles which are essentially
inactive as catalysts.

Crucially, it should be noted that the as-synthesized
anddriedmaterial preparedby ourMIm route thenneeds
to be heated at 400 �C in a stream of 5%H2 in Ar in order
to observe the best catalytic activity. This gas-phase
reduction step serves to substantially decrease the num-
ber of chloride ions present in the final catalyst, as
demonstrated by the ICP�OES quantification of the
residual chloride ions concentration in theas-synthesized
and dried MIm materials compared with the reduced
material [Supporting Information; Tables ST1,ST2].

Catalytic Performance of MIm versus CIm Materials. Direct
Synthesis of Hydrogen Peroxide. We have used the
direct synthesis of hydrogen peroxide as one of two
test reactions to demonstrate the efficacy of this new
MIm preparation method. The heterogeneously cata-
lyzed direct synthesis of hydrogen peroxide from
hydrogen and oxygen presents an attractive alterna-
tive to the current industrial anthraquinone process.13

A number of studies have shown that the addition of
Au into a Pd catalyst results in much higher selectivity
toward H2O2 without the need for chemical promoters
in the reaction medium, particularly when the material
is synthesized by the CIm route.13,19 In particular, AuPd/
TiO2 catalysts were very selective for H2O2 synthesis,

19

and hence the AuPd catalysts prepared by our mod-
ified impregnation method were evaluated for this
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particular reaction. We have previously shown that a
2.5 wt % Au þ 2.5 wt % Pd/TiO2 catalyst, calcined at
400 �C, has a productivity of 64mol H2O2 kg cat�1 h�1.41

To ascertain whether a lower Au and Pd loading could be
utilized for the direct synthesis of hydrogen peroxide, a
series of catalyst materials were prepared with a 1 wt %
total metal loading (0.5 wt % Au þ 0.5 wt % Pd) by the
SIm, CIm and MIm routes, and their productivities were
then compared under standard reaction conditions as
shown in Figure 1.41 In addition, the MIm catalysts show
a synergy between the Au and Pd components
(Supporting Information, Table ST3) as has been ob-
served with CIm catalysts.19,31 The CIm catalyst after
calcination, although less active (23 mol H2O2 kg cat�1

h�1) compared to the material prepared by the sol-
immobilization method (32 mol H2O2 kg cat�1 h�1), is
found to be stable for several reuse cycles, whereas the
SIm catalysts tend to lose their activity upon reuse.42

However, we found that the AuPd MIm catalyst was
nearly four times more effective than the AuPd CIm
catalyst, with an activity of 99 mol H2O2 kg cat�1 h�1.
This catalyst is considerably more active than the pre-
vious best and stable AuPd/TiO2 catalyst

41 (64 mol H2O2

kg cat�1 h�1) prepared by the CIm route, even though
the newMIm catalysts contains five times less metal (see
Supporting Information, Table ST4). Interestingly the
initial rates for the CIm and MIm catalysts are identical
(Supporting Information, Figure S1). It is at longer reac-
tion times, which are essential for H2O2 synthesis, that
the differences are apparent (Figure S1) and the MIm

catalysts significantly out-perform the CIm materials.
A crucial factor to consider in evaluating catalytic

materials is their reusability. To determine their reus-
ability, a small portion of each catalyst was evaluated

for H2O2 synthesis, recovered by filtration, and then re-
evaluated under standard reaction conditions. This
used material was then recovered a second time by
filtration, and evaluated for a third time under standard
reaction conditions (Figure 1). While the calcined CIm
catalyst showed a stable activity (Figure 1), unfortu-
nately the dried-only MIm catalyst did not maintain a
high activity during the second use, displaying a
decrease in productivity from 99 to 40 mol H2O2 kg
cat�1 h�1. However, when the dried MIm catalyst was
reduced in 5% H2 in Ar at 400 �C, the 99 mol H2O2 kg
cat�1 h�1 activity level was maintained for three
successive usage cycles. This demonstrates that the
gas phase reduction procedure in 5%H2/Ar at 400 �C is
essential for increasing the stability of the MIm catalyst
without compromising the catalytic activity.

The standard 0.5 wt % Au þ 0.5 wt % Pd/TiO2 MIm

catalyst reported above was prepared in a medium
containing an “excess of chloride ions” generated by
the addition of 0.58 M HCl to the catalyst synthesis
medium during the impregnation stage. To optimize
the amount of “excess” chloride ions required to obtain
the most active catalyst, a systematic series of samples
were prepared in which a range of HCl concentrations
(i.e., 0.1, 0.58, 1, and 2 M) were added to the catalyst
synthesis medium. These catalysts were then com-
pared for their hydrogen peroxide productivity, as
shown in Figure 2, and it was found that increasing
the chloride ion concentration increases the activity of
the catalyst. However, although the catalysts prepared
with 1 and 2 M HCl solutions show a higher H2O2

productivity, they are not stable for reuse, whereas the
“standard MIm” catalyst prepared with a 0.58 M HCl
solution is stable for reuse (Figure 1, Cat-6).

Figure 1. Comparison of activity and reusability data for the
direct synthesis of hydrogen peroxide for supported 0.5%
Auþ 0.5%Pd/TiO2 catalysts prepared by sol-immobilization
SIm (Cat-1), conventional impregnation CIm (Cat-2), and
modified impregnation MIm methodologies (Cat-3�6). The
modified impregnation catalysts tested are standard MIm

dried only (Cat-3), reduced in 5% H/Ar at 400 �C/4 h (Cat-4)
[hydrogen conversion and selectivity for this catalyst are
18% and 70% respectively], MIm prepared by NaCl excess
(Cat-5), and MIm prepared by 2 M HCl (Cat-6). Reaction
conditions: 5% H2/CO2 and 25% O2/CO2, 50% H2/O2 at
3.7 MPa, MeOH (5.6 g), H2O (2.9 g), catalyst (0.01 g), 2 �C,
1200 rpm, 30 min.

Figure 2. Effect of the amount of “excess”HCl added during
the synthesis of the 0.5%Au þ 0.5%Pd/TiO2 (MIm) catalyst
on the resultant activity for the direct synthesis of hydrogen
peroxide. In addition, the effect of the gas phase reduction
temperature employed during the synthesis of a standard
0.5%Au�0.5%Pd/TiO2 (MIm) catalyst (using 0.58 M HCl) on
the resultant activity for the direct synthesis of hydrogen
peroxide is also plotted. Reaction conditions: 5% H2/CO2

and 25% O2/CO2, 50% H2/O2 at 3.7 MPa, MeOH (5.6 g), H2O
(2.9 g), catalyst (0.01 g), 2 �C, 1200 rpm, 30 min. Key: (b)
H2O2 productivity vs HCl concentration; (9) H2O2 produc-
tivity vs reduction temperature.
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It is possible that the role of the excess Cl� is to
permit the formation of the most effective [AuCl4]

�

and [PdCl4]
2‑ precursor species in the aqueous med-

ium. However, it is also plausible that the presence of
excess Cl� could improve the dispersion of the metal
ions during the adsorption stage by competitive ad-
sorption over the support. A similar effect has been
observed previously during the preparation of mono-
metallic gold catalysts, but here we demonstrate that
this “excess-anion” effect is very effective for the
bimetallic gold�palladium catalysts.28 To investigate
the hypothesis that the formation of a palladate pre-
cursor is essential to enable the most active catalyst to
be formed, a range of palladium precursors were tried
for the synthesis of 0.5 wt %Au 0.5 wt %Pd/TiO2

catalysts and the results are presented in Table 1. A
catalyst prepared by dissolving Na2PdCl4 in water
gave a comparable activity (87 mol H2O2 kg cat�1

h�1) to that of the standard MIm catalyst, which gave
an activity of 99 mol H2O2 kg cat�1 h�1. The slightly
higher activity of the standard MIm catalyst could be
attributed to the effect of the additional chloride
ions present in the aqueous medium as dilute HCl,
which were not present for the catalyst prepared
using Na2PdCl4.

To investigate further the role of the chloride ions,
an equimolar aqueous sodium chloride solution was
used during the MIm catalyst synthesis in place of the
aqueous HCl. Here, NaCl provided the chloride ions in a
neutral pH environment. When this catalyst was tested
for the direct synthesis of hydrogen peroxide it was
found to be even better than the standard MIm

catalyst prepared using 0.58 M HCl, displaying a
productivity of 154 mol H2O2 kg cat�1 h�1. This
demonstrates that the excess of chloride ions are
indeed associated with the higher activity displayed
by the catalysts prepared by MIm. Unfortunately the
NaCl-derived material deactivated upon reuse (see
Figure 1) even after the H2 reduction treatment at
400 �C which afforded stability to the MIm catalyst
prepared using HCl.

A catalyst was also synthesized in the presence of
0.29 M H2SO4 instead of 0.58 M HCl in order to study
the role of the pH of the synthesis medium on the
resultant catalytic activity. This catalyst was found to be
the least reactive among all the catalysts screened,
having an activity of only 16 mol H2O2 kg cat�1 h�1. To
further eliminate the effect of pH, the same catalyst
was prepared in an aqueous solution of 0.19 M H3PO4,
and the activity for this catalyst was found to be only
32 mol H2O2 kg cat�1 h�1 (see final entry in Table 1).
From this result, it is clear that the enhancement of
catalytic activity for the MIm catalysts is not only
because of pH of the synthesis medium. A 0.5 wt %
Auþ 0.5 wt %Pd/TiO2 catalyst was also prepared using
AuBr3 and PdBr2 as the metal precursors, and an
“excess” of Br� anions was provided by adding a
0.5 M aqueous HBr solution. The hydrogen peroxide
productivity of the Br� excess sample was 59 mol
H2O2 kg cat�1 h�1(Table 1) which is inferior to that
found for materials prepared with excess Cl� anions. It
therefore appears that this “excess anion” strategy is
only effective when using chloride ions.

Another crucially important stage in the prepara-
tion of the catalysts by the MIm method is the gas-
phase reduction in 5% H2/Ar. Recently Kaneda et al.
reported that the reduction temperature plays a crucial
role in the resultant activity of supported metal
catalysts.43 To investigate this parameter for the cur-
rent method, the 'as-synthesized' and dried 0.5 wt %
Au þ 0.5 wt % Pd/TiO2 MIm catalyst was reduced at a
series of different temperatures (namely, 250, 300, and
500 �C) in addition to the standard temperature of
400 �C. The resultant materials were evaluated for their
hydrogen peroxide productivity as shown in Figure 2.
The productivity was found to gradually decrease with
increasing reduction temperature, possibly due to the
formation of larger particles at the expense of themost
active small particles at the higher reduction tempera-
tures. However, the high temperature gas-phase re-
duction step is crucial to make these catalysts stable
for reuse, as evidenced from the data presented in
Figure 1. Thus a compromise was made by performing
the reduction treatment at 400 �C, as this imparted a
sufficient degree of catalyst stability without signifi-
cantly reducing the catalyst productivity.

A number of different AuPd catalysts were prepared
on alternative supports (e.g.,CeO2,MgO, SiO2, C) by this
MImmethod, and tested for the direct synthesis of H2O2

(see Supporting Information, Table ST4). When TiO2,
MgO, and SiO2were used as supports, theMIm catalysts
were substantially more active than the corresponding
CIm catalysts. At first sight Table ST4 seems to suggest
that the productivity was lower for the CeO2 and C
supported MIm materials. However, it should be noted
here that all the CIm catalysts in this particular set of
samples had five times more metal loading than the
corresponding MIm catalysts, which implies that on all

TABLE 1. Effect on the Hydrogen Peroxide Productivitya

of Using Different Palladium Precursors in the Synthesis

of the 0.5%Au þ 0.5%Pd/TiO2 Catalyst

palladium

precursor

productivity

(molH2O2 kgcat
�1 h‑1)

hydrogenation activity

(molH2O2 kgcat
‑1 h‑1)

PdCl2 99 230
Na2PdCl4 87 136
Pd(NO3)2 100 583
PdBr2

b 59 173
PdCl2

c 32 ndd

a Reaction conditions: 5% H2/CO2 and 25% O2/CO2, 50% H2/O2 at 3.7 MPa, MeOH
(5.6 g), H2O (2.9 g), catalyst (0.01 g), 2 �C, 1200 rpm, 30 min. b Gold precursor is
AuBr3 in the presence of an excess of HBr.

c This catalyst was prepared in an aqueous
solution of 0.19 M H3PO4.

d nd = Not determined.
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the support materials tested, the MIm catalysts are to
varying degrees superior to the CIm catalysts.

Benzyl Alcohol Oxidation under Solvent-free Condi-

tions. A second important class of reaction that can be
effectively catalyzedby supportedgold�palladiumnano-
particles is the selective oxidation of alcohols.19 In view
of this fact, we have also investigated the catalytic
oxidation of benzyl alcohol under solvent-free conditions
at 120 �C to compare the activities of 0.5 wt %Au þ
0.5 wt %Pd/TiO2 catalysts prepared by both CIm and MIm

routes (see Figure 3).While theMIm catalyst ismore active
than the CIm catalyst for benzyl alcohol oxidation, the
selectivity for benzaldehyde (the desired product) is
slightly lower for the MIm catalyst. This suggests that
the MIm catalyst is more active also for the competing
disproportionation reaction which results in the forma-
tion of an equimolar mixture of toluene and benza-
ldehyde.44,45 The enhanced catalytic activity of the MIm

catalyst is considered to be due an optimized nanostruc-
ture compared to the correspondingCIm catalysts.Weare
currently developing ways to improve the selectivity
toward benzaldehyde for the MIm catalysts without
compromising the activity, and are also investigating
the selective oxidation of other alcohol substrates.

Catalyst Characterization. STEM Comparison of MIm and

CIm Materials. Detailed high angle annular dark field
(HAADF) imaging and STEM-XEDS studies were carried
out to compare the morphologies of 0.5 wt %Au þ
0.5 wt %Pd/TiO2 catalysts prepared by the CIm and MIm

(0.58 M HCl) preparation routes under three distinct
conditions viz, dried-only, calcined at 400 �C, reduced
in 5%H2/Ar. Representative data for these CIm and MIm

samples are shown in Figure 4 and 5, respectively. The
dried-only CIm (Figure 4a,b) and dried-only MIm

(Figure 5a,b) materials show rather similar morpholo-
gies with numerous 1�2 nm Pd-rich clusters and

atomically dispersed species as well as occasional large
(micrometer scale) gold-rich particles which originate
from a poor dispersion of the gold component. After
calcination in air at 400 �C (CIm, Figure 4c,d; MIm,
Figure 5c,d) some sintering occurs and both materials
show 5�10 nm particles which have a distinct Au-rich
core and Pd-rich shell morphology. In addition, there
are still numerous Pd-rich clusters and atomically dis-
persed species remaining on the TiO2 supports. If the
CIm and MIm dried-only materials are subjected to a
400 �C reducing (5%H2/Ar) treatment instead of calci-
nation (CIm, Figure 4e,f; MIm, Figure 5e,f) then all the
clusters and atomically dispersed species are now
absent and have been efficiently subsumed into the
larger random alloy particles. However, the reduced
CIm and MIm materials do show a distinct difference in
AuPd particle size distribution, with mean values of 4.7
and 2.9 nm, respectively. All these catalysts: CIm cal-
cined, CIm reduced, MIm calcined, and MIm reduced
were evaluated for the direct synthesis of hydrogen
peroxide and the results are presented in the Support-
ing Information (Table ST 5). For both CIm and MIm

catalysts, the reduced materials have superior catalytic
activity compared to their calcined analogues: CIm
(calcined) and CIm (reduced) catalysts have activities
of 23 and 68 mol H2O2 kg cat�1 h�1, respectively, MIm

(calcined) and MIm (reduced) catalysts have activities
36 and 99 mol H2O2 kg cat�1 h�1, respectively.

Figure 3. Comparison of the catalytic activities of 0.5%Auþ
0.5%Pd/TiO2 catalysts prepared by MIm and CIm for the
solvent-free aerobic oxidation of benzyl alcohol in a glass
stirred batch reactor. Reaction conditions: benzyl alcohol =
2 g, 0.02 g of catalyst, T = 120 �C, pO2

= 1 bar (relative),
stirring rate 1000 rpm. Key: (9) CIm catalyst (showing both
benzyl alcohol conversion and benzaldehyde selectivity);
(b) MIm catalyst (showing both benzyl alcohol conversion
and benzaldehyde selectivity).

Figure 4. HAADF-STEM images of 0.5%Au þ 0.5%Pd/TiO2

catalysts prepared by the CIm method. (a,b) Dried only at
120 �C; (c,d) calcined in air at 400 �C; (e,f) reduced in 5%H2/
Ar at 400 �C.
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Thedifference in catalytic activity between theMIm and
CIm catalysts could be because of the “excess” anion
effect where the difference between “calcined” and
“reduced” catalysts within the set could be because of
the structural differences of the nanoalloys. This sug-
gests that the random alloy structures are catalytically
more active compared to the core�shell morphologies.

STEM Analysis of the MIm Materials before and after

Use. Using aberration corrected STEM, the dried only
0.5 wt %Au þ 0.5 wt %Pd/TiO2 MIm material, and the
0.5 wt %Au þ 0.5 wt %Pd/TiO2 MIm catalyst reduced at
400 �C in H2/Ar, were studied both in the fresh and used
states. Figure 6 panels a and b show representative
HAADF images of the nanostructure of the unused, dried
0.5 wt %Au 0.5 wt %Pd/TiO2 MIm catalyst. There are two
types of metal species present in these images, namely (i)
1�2 nmmetallic clusters and (ii) isolated Au or Pd atoms.
After use (Figures 6c,d), neither 1�2 nm clusters nor
individual metal atoms could be found on the support,
implying that thesemetal specieswere unstable andhave
leached from the catalyst during the catalytic testing. This
was confirmed by AAS/ICP analysis (Supporting Informa-
tion, Table ST1) where a decrease of ∼60 to 70% in total
AuandPdcontentwas foundafter use.Hence, it is the loss
of the active metal component that is responsible for the
observed deactivation of the dried-only material.

Representative STEM-HAADF images of the 0.5 wt
%Auþ 0.5wt%Pd/TiO2material preparedbyMIm (0.58M
HCl) and reduced at 400 �C in an H2/Ar mixture, in the
fresh and used states, are shown in Figure 7 panels a
and b, respectively. In both cases, a homogeneous
dispersion of metal nanoparticles were noted that had
a 2�5 nm size range. Furthermore, no obvious metal
leaching (Supporting Information, Tables ST1,ST2) or
particle coarseningwas noticed in the used samples as
compared to the fresh ones. Interestingly, no 1�2 nm
clusters and very few individual metal atoms were
noted in either of these reduced samples, implying
that these species had been incorporated into the
2�5 nm particles by sintering during the 400 �C H2/Ar
reduction step. Compositional information from individual
particles was also obtained by STEM-XEDS for these
latter samples, as shown in Figure 8. X-ray signals were
collected while scanning the electron beam over the
entire particle, so the XEDS spectrum presented should
be treated as an average composition over the entire

Figure 5. HAADF images of 0.5%Au þ 0.5%Pd/TiO2 cata-
lysts prepared by the MIm method with 0.58 M HCl. (a,b)
dried only at 120 �C; (c,d) calcined in air at 400 �C; (e,f)
reduced in 5%H2/Ar at 400 �C.

Figure 6. (a,b) STEM-HAADF images of the unused, dried
only 0.5%Au þ 0.5%Pd/TiO2 prepared by the MIm route
(0.58 M HCl); 1�2 nm rafts (arrowed in white) and isolated
atoms (circled in white) are clearly visible in the fresh
sample. (c,d) STEM-HAADF images of the corresponding
material after one usage cycle in which all the supported Au
species have been lost.

Figure 7. STEM-HAADF images of 0.5%Au þ 0.5%Pd/TiO2

prepared by theMIm route (0.58MHCl) that were reduced in
H2/Ar at 400 �C: (a) fresh and (b) after one usage cycle.
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particle. It was found that small (∼2 nm) and larger
(∼6 nm) particles from the fresh (Figure 8a,b) and used
samples (Figure 8c,d) are all AuPd alloys of relatively
similar composition. Importantly, these alloyed parti-
cles show a higher catalytic activity than the corre-
sponding “dried-only” catalysts and are totally re-
usable. Furthermore, based on the intensity ratios
between the Au MR and Pd LR lines, there seems to
be no significant size-dependent composition varia-
tion. This is quite a significant result as catalysts pre-
pared by the sol-immobilization (SIm) and conventional
impregnationmethods have previously been shown to
display systematic composition variations with particle
size. For SIm catalysts, the larger particles were always
Pd-rich, and the smaller ones were Au-rich.42,46 For the
conventional impregnation route, the situation is re-
versed, with the larger particles having been reported
as being Au-rich, and the smaller ones being reported
as Pd-rich.47,48 These results clearly demonstrate
that the modified impregnation route represents an

effective new method for producing AuPd nanoparti-
cles with a tight size distribution, along with minimal
composition variation across this size range.

Wewere unable tomeasure the compositions of the
ultrasmall 1�2 nmmetallic clusters present in the dried-
only MIm samples simply because they were mobile
under the electron beam and produced too little signal
for meaningful XEDS analysis. Therefore the corre-
sponding monometallic Au/TiO2 and Pd/TiO2 MIm sys-
tems were studied by STEM-HAADF imaging in order to
evaluate how the modified impregnation method af-
fected the distribution of each metal component indi-
vidually. It was found that the dried only Au/TiO2 MIm

sample contains 1�2 nm Au clusters and individual Au
atoms (Supporting Information, Figure S3a,b), while
after reduction at 400 �C in H2/Ar these species aggre-
gated and formed nanoparticles which were 2�6 nm in
diameter (Supporting Information, Figure S3c,d). The
monometallic Pd/TiO2MIm sample seemed to behave in
a subtly different manner, in that 1�2 nm Pd rafts
dominated with little evidence for individual Pd atoms
(Supporting Information Figures S4a,b). After a reduc-
tion at 400 �C, 2�6 nmPd nanoparticles were formed as
expected (Supporting Information Figures S4c,d and
Figure S5). From these studies on the twomonometallic
systems, we can infer that both Au and Pd can be finely
dispersed into 1�2 nm clusters in the presence of
excess Cl� species. During reduction at 400 �C in H2/
Ar, where the residual Cl� had been largely removed,
the clusters sinter to form nanoparticles. Since the two
metalswere sowell dispersed initially, the resultant alloy
nanoparticles can be well controlled both in terms of
size and composition.

STEM Analysis of MIm Materials Prepared in the

Presence of Different [Cl�] Anion Concentrations. De-
tailed high angle annular dark-field (HAADF) imaging
and STEM-XEDS studies have been carried out on a
series of 0.5 wt %Au þ 0.5 wt %Pd/TiO2 catalysts
prepared using different [Cl] concentrations (namely
(i) 0 M HCl (i.e., CIm), (ii) MIm�0.58 M HCl, and (iii) MIm�
2.0 M HCl). The results of these analyses are shown in
Figures 9 and 10. All three samples in the dried-
only state look very similar in HAADF-STEM mode
(Figure 9a�c) displaying 1�2 nm clusters and atom-
ically dispersed species. After reduction in 5%H2/Ar, all
three materials show larger AuPd alloy particles
(Figure 9d�f) and a complete absence of clusters.
Analysis of the particle size distributions from such
micrographs (Figure 10a,c,e) show that the mean
particle size and spread of particle size decreases
with increasing [Cl] concentration (CIm mean, 4.7 nm;
MIm�0.58 M HCl mean, 2.9 nm; MIm�2.0 M HCl mean,
2.6 nm). Representative images and XEDS spectra from
individual particles from these three specimens are
shown in Figure 9 (CIm, Figure 9g,j; MIm�0.58 M HCl,
Figure 9h,k; MIm�2.0MHCl, Figure 9 i,l). All the particles
are largely random alloys in nature, but do show a

Figure 8. High magnification STEM-HAADF images and
corresponding XEDS spectra from individualmetal particles
in the 0.5%Au þ 0.5%Pd/TiO2 samples prepared by MIm

(0.58 M HCl) and reduced at 400 �C in H2/Ar: (a,b) data
obtained from small (2 nm) and larger (6 nm) particles in the
fresh sample; (c,d) data obtained from small (2 nm) and
larger (7 nm) particles in the used sample.
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systematic change in Pd:Au ratio with varying [Cl]
concentration. A more statistically relevant analysis of
composition with particle size for these three samples
is presented in Figure 10b,d,f). It is clear that increasing
the amount of excess [Cl] used in the MIm preparation
causes a definite increase in Au content within the
AuPd alloy particle. This compositional variation trend
can be rationalized by analyzing these samples by
backscattered electron (BSE) imaging in an SEM to
monitor the population of the larger scale (200 nm to
2.0 μm) Au particles (see Supporting Information,
Figure S6). It is clear the CIm material contains a
significant population of poorly dispersed Au, but the
effect of the excess Cl in the MIm materials is to
progressively disperse (i.e., eventually eliminate) these
large Au species. As this Au is no longer associatedwith
large inactive particles, it can be incorporated in to
the nm scale AuPd alloy particles, therefore increasing
their mean gold content. Increasing the Au content in
the particle improves the H2O2 productivity, but

simultaneously decreases the catalyst reusability. The
MIm (2 M HCl) catalyst showed a decrease in produc-
tivity from 107 to 66mol H2O2 kg cat

�1 h�1 upon reuse.
(Figure 2 for productivity and Figure 1 (Cat-6) for
reusability). At this stage, the reason for this observed
instability of the MIm 2 M HCl catalyst is unknown, but
detailed characterization of these fresh and reused ma-
terials are currently underway. However, this implies that
the intermediate (0.58 M HCl) MIm sample has a AuPd
particle composition that is a good compromise for
yielding a catalyst that simultaneously has a reasonable
H2O2 productivity and effective reusability characteristics.

STEM Analysis of MIm Materials Prepared Using Re-

agents Other than HCl. The modified impregnation sam-
ples prepared using NaCl and H2SO4 in place of HCl were
also examined by STEM. These two samples, designated
MIm-NaCl and MIm-H2SO4, respectively, were studied in the
unused state after having been reduced at 400 �C in H2/Ar.
Representative HAADF images of the MIm-NaCl and MIm-
H2SO4 samples (Supporting Information, Figure S7 panels

Figure 9. Images of 0.5%Au þ 0.5%Pd/TiO2 samples prepared with no HCl (i.e., CIm), red column; 0.58 M HCl (MIm), blue
column; and 2.0 M HCl (MIm), green column: (a�c) HAADF images of dried only samples; (d�i) HAADF images of samples
reduced in 5%H2/Ar at 400 �C (j, k, l) XEDS spectra from the particles shown in panels g, h, and i, respectively, in which a
systematic increase in Au content correlates with increasing HCl concentration used in the preparation.
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a and b, respectively) show them to have very similar
2�6 nm particle size distributions. Figure S8 (Supporting
Information) shows representative atomic resolution
HAADF images of some small (2 nm) and large (5 nm)
particles along with their corresponding XEDS spectra for
the MIm-NaCl sample. It is clear that the metal particles in
MIm-NaCl are all homogeneous Au�Pd alloys, which is a
characteristic that it has in common with the MIm-HCl
derived sample, and consistent with the fact that both
these samples show excellent catalytic activity. By way of
contrast, similar HAADF images and XEDS spectra of small
(2 nm) and larger (6 nm) particles from the MIm-H2SO4

samplearepresented inFigureS9 (Supporting Information).
It is clear that themetal particles in this case are comprised

almost entirely of Au and any Pd, if present at all, is below
the detectability limit of the XEDS technique. This finding
correlates verywellwith thepoor catalytic activitydisplayed
by theMIm-H2SO4 sample, sinceAuPd alloy particles are not
generated. Themystery of thePd location in theMIm-H2SO4

sample was easily resolved by examining the MIm-H2SO4

material at lower magnification in the SEM, where occa-
sional micrometer-scale particles of PdSO4 were observed
(Supporting Information, Figure S10).

XPS Characterization of MIm and CIm Materials. The
titania-supported catalysts prepared by the MIm route,
using different excess anions, and by the CIm route
were analyzed by X-ray photoelectron spectroscopy
(XPS). Quantified data showing derived surface

Figure 10. Particle size distributions for 0.5%Au þ 0.5%Pd/TiO2 samples prepared with (a) no HCl (i.e., CIm), (c) 0.58 M HCl
(MIm), and (e) 2.0MHCl (MIm); particle size/composition diagrams for AuPd/TiO2 samplespreparedwith (b) noHCl (i.e., CIm), (d)
0.58 M HCl (MIm), and (f) 2.0 M HCl (MIm). All samples have been reduced in 5%H2/Ar at 400 �C. Note that increasing the HCl
concentration in the preparation causes a progressive increase in the gold content within the alloy particles.
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compositions (atom %) and corrected Pd/Au ratios are
shown in Table ST6 (Supporting Information), and
detailed spectra for the CIm and MIm (0.58 M HCl)
samples are presented in Figures 11 and 12, respec-
tively. We have analyzed the dried and calcined/re-
duced catalysts, both fresh and after use for hydrogen
peroxide synthesis. The behavior of the CIm samples
has been reported previously;41 calcination of the dried
CIm sample leads to a significant increase in the Pd:Au
ratio due to the formation of particles with a Pd-rich
shell/Au-rich coremorphology. Furthermore, use of the
dried-only CIm catalyst for H2O2 synthesis results in
significant leaching, as reflected in the decrease in the
[Au]þ[Pd] value, whereas the calcined sample was
stable. In marked contrast, the MIm samples derived
from HCl or NaCl show no strong evidence for core�
shell formation on reduction at 400 �C (for a random

alloy the expected Pd:Au ratio is 1.9:1), but in common
with the CIm materials do show leaching after use for
the dried-only catalyst, but not for the 400 �C reduced
samples. The CIm andMIm�HCl andMIm-NaCl catalysts
exhibit similar Cl surface concentrations for the dried
materials, and only the latter shows no significant
decrease after heat treatment. Interestingly, both
oxidative (CIm) and reductive (MIm-HCl) heat treat-
ments are able to decrease the residual [Cl] concen-
tration. For all dried-only samples the [Cl] concen-
tration decreases significantly after use for H2O2

synthesis.
The low Pd signals for the MIm(H2SO4) samples are in

keepingwith the results of the STEM-XEDS studieswhich
identified largemicroscopic PdSO4 particles, wheremost
of the Pd atomswould be not detected by XPS, since the
mean free path for photoelectrons is orders of magni-
tude smaller than the PdSO4 particle size.

Figure 11. Pd(3d), Au(4f), and Cl(2p) spectra for 0.5%Au þ
0.5%Pd/TiO2 samples prepared by conventional impregna-
tion (CIm): (a) dried sample; (b) catalyst (a) after being used
for H2O2 synthesis; (c) catalyst (a) after calcination in air at
400 �C; (d) catalyst (c) after use for H2O2 synthesis.

Figure 12. Pd(3d), Au(4f), and Cl(2p) spectra for 0.5%Au þ
0.5%Pd/TiO2 samples prepared by modified impregnation
(MIm) using excess HCl: (a) dried sample; (b) catalyst (a) after
being used for H2O2 synthesis; (c) catalyst a after heating in
H2/Ar at 400 �C; (d) catalyst (c) after use for H2O2 synthesis.
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QuantifiedXPSdata, togetherwith the corrected Pd:
Au ratios for MIm samples prepared with varying HCl
concentration, are shown in Table ST7 (Supporting
Information). After reduction in H2/Ar at 400 �C we
observe only minor differences between the Pd/Au
ratios for the 0.1M, 0.58 and 2 M materials. This is
contrasts with the STEM observation that large Au
particles are not present in the 2 M catalyst, the gold
having been dispersed and incorporated into Pd�Au
alloy nanoparticles. Although increased dispersion of
the gold will lead to an increase in the Au(4f) signal
intensity for those gold atoms, which might be re-
flected by a decrease in the Pd/Au ratio, XPS provides
information averaged over a relatively large area and in
this case is dominated by the AuPd nanoparticles. For
all three preparations, the [Cl] concentration decreases
significantly after reduction. The observed Au(4f7/2)
binding energies, 82.6�83.1 eV, are lower than the
expected bulk value of 84.0 eV. Some groups have
related this negative shift to the change in electronic
structure as a function of cluster size,49,50 while other
groups attribute it to (i) electron transfer from the
support to the nanoparticles,51,54 (ii) an initial state
effect resulting from H2 pretreatment,52 or (iii) charge
transfer fromPd toAu, increasing the s-state occupancy
for Au and indicating alloy formation.53 Clearly, based
on the STEM results and the sample preparation, both
of the latter two explanations could be applicable here.
The Pd(3d) spectra in Figure 12 for a MIm (0.58 M HCl)
catalyst show that after reduction in H2/Ar at 400 �C
there is an increase in the intensity of the Pd(0)
component relative to the Pd(II) component. There
are no corresponding changes in the XRD traces
(Supporting Information, Figure S11), consistent with
this reduced layer being confined to the surface region
and detectible by XPS (a surface sensitive technique)
but not XRD (a bulk technique).

The measured Pd(3d5/2) binding energies lie in the
range 336.0 ( 0.2 eV, somewhat lower than what we
frequently observe for Pd2þ in Pd and Pd�Au nanoclus-
ters, at around 336.5�337 eV.47 In the light of the STEM
results we consider this energy to be indicative of two
possibilities: (i) particle-size effects, wherein the Pd core-
hole screening during photoemission results in a higher
binding energy for small particles55 or (ii) Pdδþ

formation through charge transfer with adsorbed Cl,56

although whether this Cl is adsorbed on the Pd itself,
or neighboring sites is inconclusive from the XPS
data alone. This latter point is in some agreement with

Shen et al.57 who reported similar Pd binding energies
for Cl-containing catalysts, and suggests the Pdhas amore
positive valency resulting in a more stable Pd surface
structure than the corresponding halide-free system.

CONCLUSIONS

A “stabilizer-free”, modified impregnation metho-
dology has been developed for preparing supported
gold�palladium nanoalloy catalysts. The impregna-
tion medium in our method contains a large excess
of anionic ligands, namely Cl�, which helps to improve
the dispersion of the Au species in particular. The
reduction treatment at 400 �C in a 5%H2/Ar atmo-
sphere is effective for removing the excess Cl� from the
catalyst, as well as efficiently “sweeping-up” the very
highly dispersed, predominantly Pd-rich species, and
aiding their efficient incorporation into the 2�5 nm
AuPd alloy nanoparticles. Catalysts prepared by the
MIm method are found to be four times more active for
the direct synthesis of hydrogen peroxide from H2 and
O2 than those made by CIm and SIm methods. They are
also more active for the solvent-free oxidation of
benzyl alcohol, although some loss of specificity to
the desired benzaldehyde product was noted. The
metal nanoparticles in these MImmaterials have a tight
distribution of particle sizes ranging from 2 to 6 nm
with only very occasional very large particles, that is,
their size range is much better controlled than the CIm
materials, and they are more akin in this respect to SIm
derived catalysts. Furthermore the bimetallic alloy
composition is relatively invariant from particle-to-
particle in these MIm materials, in contrast to the CIm
and SIm materials where systematic particle size/
composition variations have previously been noted.
In addition, we have found that the Au:Pd ratio of the
alloy particles can to some extent be controlled by
varying the concentration of excess [Cl�] anions em-
ployed in the MIm process. In summary, our new MIm

route permits the generation of a catalyst which has a
small average particle size, an optimized random alloy
composition, and improved compositional uniformity
from particle-to-particle. This new preparation proto-
col provides the both the academic research commu-
nity and the industrial community, with a very con-
venient and reproducible methodology for preparing
supported Au�Pd nanoalloy catalysts with high activ-
ity and stability without using any exotic ligands or
stabilizers, while at the same time not compromising
their catalytic activity.

EXPERIMENTAL SECTION:
Catalyst Preparation. Modified Impregnation (MIm). HAuCl4 3

3H2O (Sigma Aldrich) was used as a gold precursor and was
dissolved in deionized water to form a solution with a gold

concentration of 8.9 mg/mL. The PdCl2 (Sigma Aldrich) salt was
dissolved in a 0.58 M aqueous HCl solution (conc HCl, diluted
using the requisite amount of deionized water) with gentle
warming and vigorous stirring to form a solution with a Pd
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concentration of 6mg/mL. This solutionwas cooled and used as
the palladium precursor. In a typical synthesis run, the requisite
amount of gold solution and palladium solution were charged
into a clean 50 mL round-bottom flask fitted with a magnetic
stirrer bar. The volume of the solution was adjusted using
deionized water to a total volume of 16 mL. The flask was then
immersed into an oil bath sitting on amagnetic stirrer hot plate.
The solution was stirred vigorously at 1000 rpm and the
temperature of the oil bath was raised from 27 to 60 �C over a
period of 10 min. At 60 �C, 1.98 g of the metal oxide support
material [TiO2 (Degussa Evonik P25), C (Darco G60, Sigma
Aldrich), CeO2 (<5micrometer, Sigma Aldrich), SiO2 (Grace,
Johnson Matthey), MgO (BDH)] was added slowly over a period
of 8�10 min with constant stirring. After the completion of
addition of the support material, the slurry was stirred at 60 �C
for an additional 15 min. Following this, the temperature of the
oil bath was raised to 95 �C, and the slurry was stirred at that
temperature for a further 16 h until all the water evaporated
leaving a dry solid. Subsequently the solid powder was trans-
ferred into a mortar and pestle and was ground thoroughly to
form a uniform mixture. This was stored and designated as a
“dried-only” sample. A 400mg portion of the uncalcined sample
was transferred and spread out over a glass calcination boat
(30 cm in length). This boat was then put inside a calcination
furnace fitted with an inlet and outlet valve. The temperature of
the furnace was raised from 30 to 400 �C at a heating rate of
10 K/min under a steady flow of 5%H2 in Ar. The sample was
reduced at 400 �C for 4 h under a steady flow of 5% H2 in Ar.
Finally, the furnace was cooled and this “reduced” sample was
used as the MIm catalyst.

Sol Immobilization (SIm). The SIm catalysts were prepared
using exactly the same procedure reported by us previously
elsewhere.44,45 In a typical catalyst synthesis (0.5%Au-0.5%Pd/
TiO2) aqueous solutions of PdCl2 (Sigma Aldrich) and HAuCl4.3-
H2O (Sigma Aldrich) of the desired concentrations were pre-
pared. Polyvinylalcohol (PVA) (1 wt % aqueous solution, Aldrich,
MW = 10000, 80% hydrolyzed) and an aqueous solution of
NaBH4 (0.1 M) were also prepared. To an aqueous mixture of
PdCl2 and HAuCl4 solution of the desired concentration, the
required amount of a PVA solution (1 wt %) was added
(PVA/(AuþPd) (w/w) = 1.3). A freshly prepared solution of NaBH4

(0.1M, NaBH4/(AuþPd) (mol/mol) = 5) was then added to form a
dark-brown sol. After 30 min of sol generation, the colloid was
immobilized by adding the supportmaterial (TiO2, Degussa P25;
MgO, BDH). For the catalysts prepared with TiO2 as the support,
1 drop of concentrated H2SO4 was added under vigorous
stirring. The amount of support material required was calcu-
lated so as to have a total finalmetal loading of 1%wt. Themetal
ratio for the AuþPd bimetallic catalyst was 1:1 by weight. After
2 h, the slurry was filtered, and the catalyst was washed
thoroughly with 2 L of distilled water (until neutral mother
liquors) and then dried at 120 �C overnight under static air.

Conventional Impregnation (CIm). The CIm catalysts were
prepared using exactly the same procedure reported by us
elsewhere.19,31,32,41,47 In a typical synthesis of 0.5%Au þ 0.5%
Pd/TiO2 catalysts (CIm) the metal precursors were wet impreg-
nated on to the solid support [TiO2 (Degussa P25, mainly
anatase) C (Darco G60, Sigma Aldrich), CeO2 (<5 μm, Sigma
Aldrich), SiO2 (Grace, Johnson Matthey), MgO (BDH)] using solid
PdCl2 (Sigma Aldrich), and HAuCl4 3 3H2O (Sigma Aldrich). The
requisite amount of solid PdCl2 was added to a predetermined
volume of an aqueous solution of HAuCl4 3 3H2O and stirred
vigorously at 80 �C for a fewminutes until the palladium salt had
apparently dissolved. After that, the requisite amount of the
support was added to this solution under vigorous stirring
conditions. The solution was agitated in this way until it formed
a paste, which was then dried at 120 �C for 16 h and then
calcined in static air, typically at 400 �C for 3 h.

Catalytic Testing. Direct Synthesis of Hydrogen Peroxide. Direct
synthesis of hydrogen peroxide from hydrogen and oxygenwas
carried out using standard experimental conditions reported by
us in numerous publications.19,31,32,41,47 Catalyst testing was
performed using a stainless steel autoclave (Parr Instruments)
with a nominal volume of 100 mL and a maximum working
pressure of 14 MPa. The autoclave was equipped with an

overhead stirrer (0�2000 rpm) and had a provision formeasure-
ment of temperature and pressure. Following the standard
reaction conditions we have employed previously, the auto-
clave was chargedwith the catalyst (0.01 g) and solvent (5.6 g of
MeOHand 2.9 g of H2O), andpurged three timeswith 5%H2/CO2

(3 MPa). It was then filled with 5% H2/CO2 and 25% O2/CO2 to
give a hydrogen/oxygen ratio of 1:2 at a total pressure of
3.7 MPa. Stirring (1200 rpm) was commenced on reaching the
desired temperature (2 �C), and experiments were carried out
for 30 min. The H2O2 yield was determined by titration of
aliquots of the final filtered solution with acidified Ce(SO4)2
(7� 10�3 mol/L). Ce(SO4)2 solutions were standardized against
(NH4)2Fe(SO4)2 3 6H2O using ferroin as indicator.

Solvent-Free Benzyl Alcohol Oxidation. Benzyl alcohol oxida-
tion was carried out in a Radleys carousel reactor using a 50 mL
glass stirred reactor. In a typical reaction, the requisite amounts
of catalyst and substrate were charged into the reactor at room
temperature which was then purged with the required gas (O2)
three times before the reactor was sealed using a Teflon screw
threaded cap. The reactor was always connected to the gas-line
to ensure the consumed O2 or He would be topped-up. The
pressure was monitored using the pressure gauge fitted in
the inlet line to ensure that there was no change in the pressure
during the course of the reaction. The reactor with the reaction
mixture was loaded into a preheated heating block, which was
maintained at the reaction temperature. The reaction started by
commencing stirring inside the reactor with a magnetic bar at
1000 rpm. After a specific time, the stirring was stopped and the
reactor was immediately cooled in an ice bath. After cooling for
10 min, the reactor was opened slowly and the contents were
centrifuged. An aliquot of the clear supernatant reaction mix-
ture (0.5 mL) was then diluted with mesitylene (0.5 mL) for GC
analysis. It was also verified that no reactionwas occurring in the
absence of the Au�Pd catalyst or in the presence of the catalyst
support alone. This experimental method is identical to our
standard reaction protocols for solvent-free benzyl alcohol
oxidation reported elsewhere.44,45

Catalyst Characterization. Scanning Transmission Electron Mi-
croscopy (STEM) Analyses. Samples for examination by scan-
ning transmission electron microscopy were prepared by dry
dispersing the catalyst powder onto a holey carbon film sup-
ported by a 300 mesh copper TEM grid. STEM high angle
annular dark field (HAADF) images and X-ray energy-dispersive
spectra of nanoparticles were obtained using an aberration
corrected JEOL 2200FS STEM operating at 200 kV. Selected
sample powders were also dispersed on an Al-stub and exam-
ined in a Hitachi 4300LV SEM equipped with an EDAX energy
dispersive X-ray spectrometer.

X-ray Photoelectron Spectroscopy (XPS). XPS measurements
were made on a Kratos Axis Ultra DLD spectrometer. Samples
were mounted using double-sided adhesive tape, and binding
energies were referenced to the C(1s) binding energy of
adventitious carbon contamination taken to be 284.7 eV.
Monochromatic AlKR radiation was used for all analyses. The
intensities of the Au(4f) and Pd(3d) features were used to derive
Pd:Au surface molar ratios.

X-ray Diffraction (XRD). Powder X-ray diffraction (XRD) pat-
terns were recorded using a Panalytical X'pert Pro diffract-
ometer using Ni filtered CuKR radiation (operating at 40 kV,
40 mA). Scans were in the range of 10�80� 2θ. The XRD data for
all the catalysts are presented in the Supporting Information
(Figures S11 and S12).
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