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CONS P EC TU S

T he discovery that supported gold nanoparticles are exceptionally effective
catalysts for redox reactions has led to an explosion of interest in gold

nanoparticles. In addition, incorporating a second metal as an alloy with gold can
enhance the catalyst performance even more. The addition of small amounts of
gold to palladium, in particular, and vice versa significantly enhances the activity
of supported gold�palladium nanoparticles as redox catalysts through what
researchers believe is an electronic effect.

In this Account, we describe and discuss methodologies for the synthesis
of supported gold�palladium nanoparticles and their use as heterogeneous
catalysts. In general, three key challenges need to be addressed in the
synthesis of bimetallic nanoparticles: (i) control of the particle morphology,
(ii) control of the particle size distribution, and (iii) control of the nanoparticle
composition. We describe three methodologies to address these challenges.
First, we discuss the relatively simple method of coimpregnation. Impregnation allows control of particle morphology during alloy
formation but does not control the particle compositions or the particle size distribution. Even so, we contend that this method is
the best preparation method in the catalyst discovery phase of any project, since it permits the investigation of many different
catalyst structures in one experiment, which may aid the identification of new catalysts. A second approach, sol-immobilization,
allows enhanced control of the particle size distribution and the particle morphology, but control of the composition of individual
nanoparticles is not possible. Finally, a modified impregnation method can allow the control of all three of these crucial
parameters. We discuss the effect of the different methodologies on three redox reactions: benzyl alcohol oxidation, toluene
oxidation, and the direct synthesis of hydrogen peroxide. We show that the coimpregnation method provides the best reaction
selectivity for benzyl alcohol oxidation and the direct synthesis of hydrogen peroxide. However, because of the reaction
mechanism, the sol-immobilzation method gives very active and selective catalysts for toluene oxidation. We discuss the possible
nature of the preferred active structures of the supported nanoparticles for these reactions. This paper is based on the IACS Heinz
Heinemann Award Lecture entitled “Catalysis using gold nanoparticles” which was given in Munich in July 2012.

Introduction
Supported metal nanoparticles containing gold are of im-

mense importance in the field of heterogeneous catal-

ysis.1,2 Gold by virtue of its nobility was considered to be

of no interest as a catalyst since it would not be expected to

engender reactivity. Yet in the periodic table it is surrounded

by elements that are used in a number of commercial

catalysts (Figure 1). It is therefore surprising that catalysis

using gold was not investigated sooner that it was.

However, since two seminal studies in the 1980s,3�6 it is

now known that gold, when dispersed as nanoparticles

comprising a few tens or hundreds of atoms, is an excep-

tionally effective redox catalyst leading to an explosion of

interest in gold catalysis.2,7�16 There is a general consensus

that small gold nanoparticles are important,2,7�10,12�16 and

recent studies show that small gold nanoclusters/bilayers

are important.17 Hence, there is a need to identify strategies

that can prepare small nanoparticles. However, this can be
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problematic; for example, supporting Au55 on carbon gave a

broad particle size distribution.18 We therefore need effec-

tive strategies for the synthesis of nanoparticles with con-

trolled particle size distributions.

Alloying a second metal with gold has been found to

enhance the activity significantly. This is considered to act by

an electronic effect and the addition of palladium to gold

leads to catalysts that are active for the direct synthesis of

hydrogen peroxide19 (Scheme 1), the oxidation of alcohols20

(Scheme 2), and the oxidation of hydrocarbons21 (Scheme 3).

The enhancement in activity can also be observed with gold�
platinum catalysts,22 but characterization of these catalysts is

more facileusingscanning transmissionelectronmicroscopy for

the gold�palladium catalysts due to the mass (z-) contrast

between the two elements. Introducing a second metal, how-

ever, leads to a new synthetic problem, namely, that the

concentrations of the two metals can vary between nanoparti-

cles and inparticularwith the size of thenanoparticles. Hence, in

the synthesis of supported bimetallic nanoparticles, there are

two potential problems that have to be overcome, that is, con-

trolling both size and composition distributions of thematerials.

In this Account, we discuss three relatively simple meth-

ods by which supported gold�palladium nanoparticles can

be fabricated, namely coimpregnation (CIm), sol-immobiliza-

tion (SIm), and modified-impregnation (MIm). We show the

key features of the materials that are made, from both a

morphological and composition distribution viewpoint, but

also from the standpoint of their catalytic efficacy.Weaim to

show that preparation methodologies now exist that permit

the control of both the particle size distribution and the

composition of the individual nanoparticles. This is an

important advance for optimizing the catalytic performance

of these supported nanoparticles.

Throughout this Account, we present a wide range of analy-

tical electron microscopy data. Particle size distributions were

assessed using a combination of (i) phase contrast transmission

electron microscopy (TEM) (1�20 nm), (ii) backscattered elec-

tron scanning electron microscopy (SEM) imaging (20�1000

nm), and (iii) aberration corrected high angle annular dark field

(HAADF) STEM imaging (<1 nm). Atomic mass (z-) contrast

inherent to HAADF imaging was also used extensively to study

the elemental segregation of the Pd and Au components in

particles designed to have specific core�shell morphologies,

and quantitative compositional analyses of individual alloy

nanoparticles were done using the X-ray energy dispersive

spectroscopy (XEDS) technique inanaberration corrected STEM.

Preparation of Supported AuPd
Nanoparticles Using Coimpregnation
Coimpregnation of metal salts onto a support followed by

heat treatment represents one of the most facile ways to

FIGURE 1. Periodic table with elements around Au used in in commercial catalysts.

SCHEME 1. Selective Formation of H2O2 (k1) and the Nonselective
Processes of Hydrogenation (k2), Combustion (k3), and Decomposition (k4)
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prepare supported metal nanoparticles catalysts.19,20 In this

method, HAuCl4 is dissolved in water and then PdCl2 is

dissolved in the resulting acidic solution. The amounts of

themetal salts are tailored to the desirednominal ratio of the

metal required, and the concentration of the impregnation

solution is governed by the porosity of the selected support.

The support is then contacted with the solution so that the

resulting mixture has the consistency of a smooth paste, as

toomuchwater can be detrimental.23 The paste is then dried

(110 �C, 16 h) and calcined (400 �C, 3 h). Both of these heat

treatment stages are very important and control the final

morphology obtained. The material prepared presents a

bimodal distribution of nanoparticles (Figure 2A),24 all being

alloys of Au and Pd (Figure 2B). However, there is a size-

dependent effect on the composition of the nanoparticles.24

The small nanoparticles comprise mainly Pd, and the larger

nanoparticles comprise mainly Au (Figure 3).25 Hence,

although this is a very simplemethod of preparation, it leads

to the synthesis of a complex range of nanostructures. In

addition, with this method of preparation, there is another

level of complexity; namely, that on carbon supports random

AuPdalloys are formed following the calcination step,whereas

for oxide-supported materials core-shell structures are formed

with a gold-rich core and a palladium-rich shell (Figure 4).20

This forms during calcination as shown in Figure 5.25

With this wide range of supported nanostructures, one

might be tempted to conclude that the materials made by

impregnation would be ineffective as catalysts, but this is far

from the case. Indeed, our hypothesis is that this method is

ideal for the catalyst discovery phase of any investigation

since with such a wide variation in nanostructures available

some of them will exhibit activity, and then in subsequent

stages of the study the required nanostructures can be identi-

fied and synthesized using more appropriate methodologies.

AuPd/TiO2 prepared by coimpregnation is an exception-

ally active catalyst for the oxidation of alcohols under

solvent-free mild reaction conditions leading to very high

yields of the desired aldehyde product in relatively short

reaction times (Figure 6).20 In addition, the same catalyst is

very active and selective for the direct synthesis of hydrogen

peroxide from its elements.21 As noted earlier, calcination is

very important in forming the core�shell structures onoxide

supports (Figure 5) but this also decreases the catalyst

activity. However materials calcined at 400 �C the core�
shell structures are fully developed and these catalysts are

fully stable for many reuses in this reaction.26 Furthermore,

the carbon-supported catalyst is significantly more active

and selective for the direct synthesis of H2O2. When the

carbon support is pretreated with dilute nitric or acetic acid

prior to the deposition of the metals, then the resulting

catalyst displays very high activity in the direct synthesis

reaction at 2 �C26 and the selectivity based on H2 consump-

tion is >98%. When this catalyst is stirred with dilute H2O2

aqueous solutions in the presence of high pressure H2

at 2 �C, no decomposition/hydrogenation is observed for

30 min even at concentrations up to 16 vol %.26 The

calcination stage of the catalyst preparation is crucial to fully

oxidize the surface Pd as Pd0 is considered to catalyze H2O2

hydrogenation/decomposition.27

Hence, the catalysts prepared using the coimpregnation

method produce highly selective catalysts for these redox

reactions and also display appreciable activity. However, it is

logical that only a small proportion of the nanostructures

SCHEME 3. Oxidation of Toluene (1) Leading to Benzyl Alcohol (2),
Benzaldehyde (3), Benzoic Acid (4), Hemiacetyl (5), and Benzylbenzoate (6)

SCHEME 2. Oxidation of Benzyl Alcohol (1) to Benzaldehyde (2) and
Nonselective Byproducts: Benzoic Acid (3), Toluene (4), Benzene (5), and
Benzylbenzoate (6)
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that are present are active in the catalysis. We hypothesized

that is was the small nanoparticles that could well be the

active species, and therefore, we set out to tailormake these

structures. We decided to use a sol-immobilization method

as previously Rossi and co-workers had shown that this

method could produce highly active gold monometallic

supported catalysts for alcohol oxidation.28

Preparation of Supported AuPd Nanoparti-
cles Using Sol-Immobilization
The intention of using sol-immobilization is that one can

make tailor-made morphologies with the desired narrow

particle size ranges. The method is relatively noncomplex,

and the methods we use involve dissolving HAuCl4 and

PdCl2 in a dilute solution of polyvinyl alcohol (PVA). The role of

the PVA is to coat the nanoparticles so that they resist sintering

during subsequent synthesis steps. A reducing agent is then

added, in our case sodium borohydride, and this forms a sol of

homogeneous AuPd nanoparticles which can then be readily

supported onto carbon or TiO2 (or other supports).
29,30 There

are many stabilizing ligands and reducing agents that can be

used. This method can be modified to produce core�shell

structures by initially forming either the Au or Pd nanoparticles

first and thenusing these as templates for the depositionof the

second metal (Figures 7�9). The as prepared Au þ Pd sol

(Figure 7a and b) consisted of a mixture of icosahedral (Ih),

decahedral (Dh), and cuboctahedral (co) particles, with sizes in

the1�5nmrange.All of theparticles greater than ca. 1.5nm in

size showed speckle type intensity variations indicative of

random alloying between Au and Pd. For example, a 2 nm

cuboctahedral Au þ Pd mixed alloy particle is highlighted in

Figure 7a (inset), where the brighter columns are Au-rich due

to the Z-contrast between Au and Pd. Several nanometer scale

clusters of atomsarealsopresent in the colloidal sols (indicated

by circles). These are possibly homogeneously nucleated

structures that form at a later stage during the reduction of

metal salts. STEM-HAADF images of the Au shell�Pd core

colloids supported on a continuous carbon film are shown in

Figure 7c�e. Particles with several distinctive morphologies

were noted, including Ih, Dh, co, dodecahedral (DDh), and

singly twinnedparticles (STP). There isacharacteristicZ-contrast

effect noticeable in Figure 7c, where the center of the particle

has a considerably lower intensity than the periphery, suggest-

ing a Pdcore�Aushell nanostructure or a hollow center in the

nanostructure. The Pdcore�Aushell interpretation of the con-

trast shown in a detailed STEM-XEDS spectrum image analysis

of such a particle is presented in Figure 8. An entire XEDS

spectrum was acquired at each pixel point of ADF image

shown in Figure 8a. The summed XEDS spectrum from the

entire particle is shown in Figure 8b and confirms that both Au

and Pd are present. The spatial distributions of Au and Pd as

extracted from the spectrum image datacube are shown in

Figure8candd, respectively, andacompositeRGB image color

FIGURE 2. (A) Particle size distributions for Au�Pd CIm catalysts (a)
Au�Pd/carbon and (b) Au�Pd/TiO2. (B) HAADF STEM image and Au, Pd,
and C STEM XEDS maps for the uncalcined 2.5 wt % Au�2.5 wt %
Pd/carbon sample.
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overlay map is presented in Figure 8e. Summed spectra

extracted from the center and periphery regions of the nano-

particle are shown in Figure 8f and g. It is evident from the

STEM-XEDS map that the particle has a core�shell structure

withaPd-rich coreandaAu-rich shell. Thekeyaspect is that the

neither the core nor the shell region is exclusively one metal,

and hence they represent alloys with a concentration gradient

across the nanostructure.

It is apparent that the morphology of the sols is not lost

when they are supported and dried in this way (Figure 9).

FIGURE 3. Montage of AuPd/C catalyst particles of different sizes: ADF image, Au LRXEDSmap, Pd LRXEDSmap, and RGB overlays (red, C; green, Au;
blue, Pd).

FIGURE 4. Montage of HAADF image: Au, Pd and RGB reconstructed overlay RGB map (Au, blue; Pd, green) for calcined catalysts on three different
supports.
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Overall, the method typically produces sols with mean

particle sizes in the range of 3 nm and supporting the sols

does not increase the mean particle size significantly.29 So

this represents a facilewayof preparing nanoparticleswith a

narrow particle size and controlled morphology. However,

the carbon- and TiO2-supported nanoparticles do exhibit a

key difference. On carbon, the nanoparticles do not appear

to wet the support and the particles are very prone to

sintering when they are heated above 200 �C. On TiO2,

the nanoparticles interactwith the support and this becomes

verymarkedwhen they are heat treated (Figure 10), and the

nanoparticles are very resistant to sintering. However, both

materials show a systematic variation for random alloy

nanoparticles in the composition of the nanoparticles with

particle size (Figure 11).30 However, now the small nanoparti-

cles comprisemainlyAuand the larger nanoparticles comprise

mainly Pd; that is, this is totally the opposite trend to that

observed for the coimpregnation catalysts as described earlier.

Hence, although thismethod can lead to control of the particle

size distribution and the particle morphology, it does not

overcome the problem of particle size/composition variation.

Of course the key question is this: are these smaller nano-

structures active and selective as catalysts? Indeed, they are

very active, being 10 times more active than coimpregnated

catalysts, with this difference in activity being due to the

smaller nanoparticle sizes that can be prepared.30 However,

they are much less selective and they produce much lower

yields of benzaldehyde and higher amounts of benzoic acid

and benzylbenzoate (Scheme 2). The method does allow for

the preparation of a range of nominal compositions very

easily.30 It is found that the addition of a small amount of Au

to Pd, and vice versa, significantly enhances the catalyst

activity for bothbenzyl alcoholoxidationand thedirect synthe-

sis of hydrogen peroxide (Figure 12a). The activities observed

FIGURE 5. Au, Pd XEDSmaps and RGB overlays (green, Au; blue, Pd) for
a series of AuPd/Al2O3 catalysts.On calcination, the core�shell structure
develops.

FIGURE 6. Benzyl alcohol reaction at 100 �C, 0.2 MPa O2 pressure: (9)
Au/TiO2, (b) Pd/TiO2, and (2) Au�Pd/TiO2. Solid symbols, conversion;
open symbols, selectivity. Reaction carried out in a stirred autoclave with
benzyl alcohol (40 mL) and catalyst (20 mg) in the absence of solvent.

FIGURE 7. STEM HAADF images: (a, b) homogeneous Auþ Pd colloids;
(c�e) Au shell and Pd core colloids; and (f�h) Pd shell and Au core colloids.
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for the homogeneous alloys are exceptionally high, but un-

fortunately the selectivities are low. This is illustrated for

the direct synthesis of hydrogen peroxide since the rate of

hydrogen peroxide hydrogenation/decomposition is roughly

three times that of the synthesis reaction (Figure 12b). It is

therefore clear that, for both of these reactions, the small

nanoparticle structures, facilitated by the sol-immobilization

method, are not the highly selective species that are present in

the materials prepared by coimpregnation that demonstrate

FIGURE 8. (a) ADF image selected for STEM-XEDSmapping; (b) XEDS; (c, d) Au, Pd elemental maps of the nanoparticle obtained after MSA processing;
(e) distribution of Au (green) and Pd (red; (f, g) cumulative XEDS spectra from3� 3 pixels (indicated by squares in (c and d)) from the center and periphery
of the particle, respectively.

FIGURE 10. HREMmicrograph and STEM-HAADF image TiO2-supported
Au shell�core Pd SIm nanoparticles after calcination at 400 �C for 3 h.

FIGURE 9. STEM-HAADF images of individual Au þ Pd SIm nanoparticles
on (a, b) activated C and (c, d) TiO2 supports, after drying at 120 �C for 16 h.
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exceptionally high selectivities. Hence, it is apparent that our

hypothesis that the smallest nanostructures are the desired

materials for effective catalysis has not been substantiated,

and it is most likely that larger nanostructures need to be

investigated. It is unfortunate that such elegant nanostructures

display much lower selectivity. As the catalysts were very

active, we investigated them for the oxidation of a significant-

ly less reactive substrate, namely, the activation of the primary

C�H bonds in toluene.21 In this case, the oxidation is very

selective for the formation of benzoyl benzoate (Figure 13),

and by fine-tuning the reaction conditions, yields of benzoyl

benzoateof 96%canbeachieved.21 Thehigh specificity to this

single product is due to the reaction scheme as the oxidation

proceeds via the initial formation of benzyl alcohol which is

rapidly oxidized to benzaldehyde (Figure 6). Benzyl alcohol

and benzaldehyde then react to form a hemiacetyl that is

oxidized to the ester. In this way, benzoic acid, which could be

expected to be the major product is not formed in significant

amounts.21 Hence, the supported nanoparticles prepared using

the sol-immobilization method can find efficacy for oxidation

reactions. In particular, we showed that these sol-immobilized

catalysts can be recovered and reused several times without

loss of catalytic performance and also with retention of the

nanoparticle morphology.

There is a major problem with SIm catalysts, namely, that

once the immobilized nanoparticles are formed they remain

coatedwith the stabilizing ligand, inour case PVA.Although this

does not appear to cause significant problems in catalysis with

liquid reactants, it does cause major problems if the catalysts

need to be used for the reaction of gases, for example, carbon

monoxide oxidation. One way of removing the stabilizing

ligand is to heat treat the materials in air, but this invariably

leads to the loss of the small nanoparticles through sintering.31

We addressed this problem as we reasoned that once the sol-

nanoparticle was supported, the stabilizing ligand can be re-

moved by treatment with a suitable solvent. PVA being water-

soluble can be removed by treatment with water at 90 �C,
enabling the catalysts to be used for gas phase reactants.32

FIGURE 11. HAADF images and corresponding XEDS point spectra of Au þ Pd nanoparticles of progressively increasing size with a nominal
composition of Au/Pd = 1:7.
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There remains one problem that is apparent for both the

coimpregnation method and the sol-immobilized method,

namely, the variation in the composition of the nanoparticle

with increasing particle size. We have addressed this using a

modified impregnation method. We chose to modify the

impregnation method, as this is a relatively noncomplex

procedure that can potentially be scaled up, a feature that is

not readily feasible for the sol-immobilization method.

Preparation of Supported AuPd Nanoparticles
Using a Modified Impregnation Method
In the coimpregnation method, the small nanoparticles

comprised mainly Pd and the Au was deposited mainly

in the form of large nanoparticles. This suggests that this

method does not lead to the effective dispersion of the Au

component andon interactionwith the support largeAunano-

structures are formed that domanage to incorporate some Pd.

FIGURE 12. SIm Au�Pd/C (a) ([) H2O2 productivity calculated after 2 min reaction (left axis) and (0) TOF of benzyl alcohol calculated after 30 min
reaction (right axis). (b) ([) H2O2 productivity calculated after 30 min (left axis) and (0) rate of H2O2 hydrogenation calculated after 30 min.

FIGURE 13. Toluene conversion using SIm 1 wt % AuPd/C at 160 �C, 0.1
MPa pO2, 20mL of toluene, 0.8 g of catalyst, toluene/metal molar ratio of
3250; (O) conversion, (9) benzyl alcohol selectivity, ([) benzaldehyde
selectivity, (2) benzoic acid selectivity, and (b) benzyl benzoate selectivity.
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This is not the case in the sol-immobilsation method where

now the gold is highly dispersed and more effectively than

the Pd. In order to improve the dispersion of the Au, we

have investigated an excess anion method in which we

added additional halide to the impregnating solution.33 In

this method, we added aqueous HCl to the water used to

FIGURE 14. MIm preparation method.

FIGURE 15. HAADF-STEM images of 0.5%Auþ 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; and (e, f) reduced in 5% H2/Ar at 400 �C.

FIGURE 16. HAADF images of 0.5% Au þ 0.5% Pd/TiO2 catalysts
prepared by theMImmethodwith 0.58MHCl: (a, b) dried only at 120 �C;
(c, d) calcined in air at 400 �C; and (e, f) reduced in 5% H2/Ar at 400 �C.
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dissolve the HAuCl4 and PdCl2. The solution was used to

impregnate TiO2 and dried as before. However, to remove

the halide from the material, we introduced a reduction

treatment with H2 and the whole process is shown schema-

tically in Figure 14. The addition of the excess halide in-

creases the dispersion of the gold, and in its absence we

found using SEM that over 95% of the Au was present as

large micrometer-sized particles.33 The larger particles are

absent when the excess halide is present. The effect of the

excess halide is therefore to aid the dispersion of the gold in

the coimpregnation method.

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 andMIm (0.58MHCl) preparation routes

under three distinct conditions, that is, dried-only, calcined at

400 �C, and reduced in 5% H2/Ar. Representative data for

these CIm and MIm samples are shown in Figures 15 and 16,

respectively. The dried-only materials show rather similar

morphologies. After calcination in air at 400 �C, some

sintering occurs and bothmaterials show 5�10 nmparticles

which have a distinct Au-rich core and Pd-rich shellmorphol-

ogy. In addition, there are still numerous Pd-rich clusters and

atomically dispersed species remaining on the TiO2. Reduc-

ing the dried-onlymaterials at 400 �C in 5%H2/Ar instead of

calcination leads to all the clusters and atomically dispersed

species being efficiently subsumed into the larger random

alloy particles. However, the reduced CIm and

MIm materials do show a distinct difference in AuPd parti-

cle size distribution, with mean values of 4.7 and 2.9 nm,

FIGURE 17. Particle size distributions for 0.5% Auþ 0.5% Pd/TiO2 samples prepared with (a) no HCl (i.e., CIm), (c) 0.58 M HCl (MIm), and (e) 2.0 M HCl
(MIm). Particle size/composition diagrams for AuPd/TiO2 samples prepared with (b) no HCl (i.e., CIm), (d) 0.58 M HCl (MIm), and (f) 2.0 M HCl (MIm).
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respectively. So the reduction step in this modified proce-

dure effectively sets up random alloys supported on TiO2,

and the very small nanostructures are now absent.

To determine the effect of the excess halide on the nano

structures formed in the catalysts 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 with

0.58MHCl, and (iii)MImwith 2.0MHCl) (Figure 17). Following

reduction, all the particles are random alloys in nature, but

do show a systematic change in Pd/Au ratio with varying Cl

concentration. Increasing the amount of excess Cl leads to a

definite increase in Au content within the AuPd alloy parti-

cles. This is consistent with the gold being more effectively

dispersed by the modified impregnation method. However,

the key observation is that using themodified impregnation

procedure largely eliminates the compositional variation

that is observed with the other preparation methods as

discussed previously. Hence, by changing the amount of

the excess anion, the composition and particle size can be

fine-tuned. We have shown that the effects are also ob-

served with other anions, for example, bromide.33

Of course, once again, the key question is this: are the

new materials prepared by the modified impregnation

method effective as catalysts? We have used the direct

synthesis of hydrogen peroxide to answer this question.34

Using a series of catalyst materials with a 1 wt % total metal

loading (0.5 wt % Au þ 0.5 wt % Pd), we were able to

compare the sol-immobilization (SIm) methods with the CIm
and MIm routes (Figure 18). It is clear that catalysts pre-

pared by modified impregnation are highly effective and

are nearly four times more effective than the AuPd CIm
catalyst and SIm catalysts when prepared with the same

metal loading, and the catalysts are fully reusable. Interest-

ingly, using NaCl in place of HCl makes an even more active

catalyst, but as yet we have not been able to stabilize this for

reuse. However, it shows the possibilities for this method.

With the MIm method of preparation, it is possible to fine-

tune the particle size and control the nanoparticle composi-

tion, which was not possible with the standard coimpregna-

tion and sol-immobilization methods.

Concluding Comments
The preparation of supported metal nanoparticles is a topic

that attracts significant attention. Much effort is applied to

making specific morphologies. In the approaches we have

taken, we have at the heart of the experimental protocols

focused our attention on making supported nanoparticles

that can function as effective catalysts, and they alsomust be

robust and reusable.

We have investigated three experimental strategies for

the synthesis of bimetallic nanoparticles, and we stress that

the preparation of bimetallic nanoparticles is far more com-

plex than producing their monometallic counterparts. In the

case of a single metal, such as gold, the prime concern is

control of the particle size distribution; although there are

secondary concerns such as the oxidation state on the

surface of the metal nanoparticles (which in the case of Au

is typically zerovalent) and the interaction between the

metal nanoparticles and the support and the specific nano-

particles morphologies that can be formed. However, the

addition of a secondmetal adds significantly to the complex-

ity. Does the addition of the second metal alloy effectively

with the first? Do the nanoparticles have a uniform compo-

sition? We have demonstrated these complexities using

AuPd as an example. It is apparent that the addition of small

amounts of Au to Pd and vice versa leads to a significant

enhancement in the three reactions we have used as ex-

amples in this Account, and these are typical examples of

redox reactions that vary in difficulty. The synergistic effect

of the combination of the two metals is not considered to

originate from amorphological effect but rather an electron-

ic effect, but the precise origin of the effect has yet to be

determined.

It is clear that, of the three preparation methods we

describe, the coimpregnationmethodgives themost diverse

range of supported nanostructures. Yet it also produces

materials that have excellent catalytic activity for alcohol

oxidation and hydrogen peroxide synthesis. As we have

FIGURE 18. Activity and reusability data for H2O2 synthesis with 0.5%
Auþ0.5%Pd/TiO2 catalysts preparedby SIm (Cat-1), CIm (Cat-2), andMIm

methodologies (Cat-3 through 6), withMIm dried only (Cat-3), reduced in
5% H/Ar at 400 �C/4 h (Cat-4), MIm prepared by NaCl excess (0.58 M)
reduced as cat 4 (Cat-5), and MIm prepared by 2 M HCl reduced as cat 4
(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.
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noted earlier, from a catalyst design standpoint, this method

produces such a range of structures that some should be

effective for the chosen catalytic application. For this reason,

we typically select CIm as our starting point when designing

catalysts for a new reaction. However, with respect to

selectivity, this relatively simple method far outperforms

other methods of preparation. Hence, for alcohol oxidation

and hydrogen peroxide synthesis, it is apparent that larger

nanoparticles are the effective catalytic entities. This is in

contrast tomany experimental approaches where the aim is

to produce very small nanoparticles. Coupling the synthesis

of supported nanoparticles with their use as catalysts shows

that a different range of nanostructures can be preferred. For

example, in themore demanding reaction of toluene oxida-

tion, the much smaller nanoparticles made by sol-immobi-

lization are effective, and hence the particle size has to be

fine-tuned to the specific catalytic application.

We have emphasized that one key problem when deal-

ing with bimetallic nanoparticles concerns the control of the

composition of the individual nanoparticles. With CIm and

SIm, we have shown that the interparticle composition varies

significantly with particle size. This will have major conse-

quences for any potential application, not just catalysis.

However, wehave recently shown that adding excess halide

in the impregnationmethodology, coupled with a reduction

step, leads to alloyed nanoparticles that have uniform

compositions. Furthermore, the composition in the AuPd

system can be controlled by the amount of the excess halide

that is used. These materials, when optimized, are very

active and reusable catalysts.

There are clearly a wide range of potential experimental

strategies for the synthesis of bimetallic nanoparticles. In this

Account, we have described and discussed the three ap-

proacheswehave studied in detail over the past decade. The

three methods exemplify the key problems that require

attention: namely, how can the particle size distribution

and the nanoparticle composition be effectively controlled?

We have shown how this can be achieved and that the

nanostructures produced are highly effective as catalysts;

however, of course, there is still room for much improve-

ment. In addition, we have only focused on the synthesis of

the bimetallic nanoparticles, although the interface between

the nanoparticles and the support can be very important in

defining the catalytic activity that can be expected. In this

sense, the synthesis of the support is equally important as in

many cases it is an integral part of the catalyst. Hence,

designing and fabricating active catalysts requires the opti-

mization of many factors, and we hope that this Account

will inspire the design of greatly improved catalysts for

the future.
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