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Catalysis by gold and gold–palladium nanoparticles has attracted significant research attention in

recent years. These nanocrystalline materials have been found to be highly effective for selective

and total oxidation, but in most cases the catalysts are prepared using precipitation or

impregnation. We report the preparation of Au–Pd nanocrystalline catalysts supported on carbon

prepared via a sol-immobilisation technique and these have been compared with Au–Pd catalysts

prepared via impregnation. The catalysts have been evaluated for two selective chemical syntheses,

namely, oxidation of benzyl alcohol and the direct synthesis of hydrogen peroxide. The catalysts

have been structurally characterised using a combination of scanning transmission electron

microscopy and X-ray photoelectron spectroscopy. The catalysts prepared using the sol

immobilisation technique show higher activity when compared with catalysts prepared by

impregnation as they are more active for both hydrogen peroxide synthesis and hydrogenation,

and also for benzyl alcohol oxidation. The method facilitates the use of much lower metal

concentrations which is a key feature in catalyst design, particularly for the synthesis of hydrogen

peroxide.

Introduction

At present there is a fascination with the design of nanopar-

ticles and nanostructured materials and developing improved

routes for the preparation of these materials is the focus of

much current research, particularly for gold nanoparticles.1

The reason for gold being of particular interest is two-fold.

Firstly, from a preparative point of view, gold is the most

stable noble metal at the nanoscale and has an extensive

surface chemistry. This has provided the impetus to devise

improved preparation routes for gold nanoparticles, and there

is considerable interest in the fabrication of ligand protected

gold nanoparticles.1–5 Secondly, the recent discovery of the

catalytic efficacy of gold nanocrystals for oxidation and

reduction reactions has been a major driving force for research

into novel catalytic applications of gold nanoparticles. This

has enabled a new approach in the search for selective redox

catalysts.6–12 Supported gold catalysts have been shown to be

effective for low temperature oxidation of CO,13 even in the

presence of H2, H2O and CO2 and this reaction is finding some

potential application in fuel cells.14,15 Gold has also been

found to be effective for the selective oxidation of alkenes16,17

and alcohols,18 and for the selective hydrogenation of un-

saturated carbonyl compounds and nitro groups.19

Although there is a rich catalytic chemistry unfolding for

pure gold nanoparticles, we have recently shown that the

combination of gold and palladium in an alloy nanoparticle

configuration leads to enhanced catalytic activity and selectivity

in redox processes. In particular, we have shown that although

gold alone is a very effective catalyst for the selective oxidation

of an alcohol to an aldehyde under solvent free conditions,18

the alloying of gold with palladium leads to a twenty five-fold

enhancement in activity with simultaneous retention of selec-

tivity.20 While palladium alone is an exceptionally effective

catalyst for the direct hydrogenation of molecular oxygen to

produce hydrogen peroxide,21 the alloying of gold with the

palladium significantly enhances the activity and selectivity for

this challenging reaction.22–27 These two specific reactions

provide the focus for the present study since they are repre-

sentative examples of selective oxidation and hydrogenation

that are of key importance in selective chemical synthesis.

The oxidation of primary alcohols to aldehydes is an

important laboratory and commercial procedure.28–30 Alde-

hydes are valuable both as intermediates and as high value

components for the perfume industry.28 Often oxidations of

this type are carried out using stoichiometric oxygen donors

such as chromate or permanganate, but these reagents are

expensive and have serious toxicity and environmental issues

associated with them.28 Given these limitations, there is sub-

stantial interest in the development of heterogeneous catalysts

that use molecular O2 as the oxidant. Au nanocrystals have

been shown to be highly effective for the oxidation of alcohols
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with O2 in an aqueous base, in particular diols and triols;

although under these conditions, the product is the corre-

sponding mono-acid, not the aldehyde.31–33 However, gold in

the absence of base has recently been shown to be highly

effective for the oxidation of alcohols.12

The direct hydrogenation of O2 to give hydrogen peroxide

remains one of the grand challenges in catalytic chemistry. At

present this important commodity chemical which is produced

on a major scale, ca. 2 M tons per annum, is used mainly as a

bleach and disinfectant. It is manufactured using an indirect

method which is based on the sequential hydrogenation and

oxidation of an alkyl anthraquinone,34 that avoids molecular

hydrogen and oxygen coming into direct contact. However, a

direct reaction could be preferable to the current indirect

process. Indeed, there is a recent report35 that a direct process

using a Pd-based catalyst is being commercialised, which

represents a major step forward in the manufacture of this

important material. The direct reaction between hydrogen and

oxygen has been a research target for many years, with the first

reported study in 1914,36 using a Pd catalyst. Since then, there

have been a number of investigations37–49 emanating mainly

from industrial laboratories and until recently all these catalyst

design studies have been based on supported palladium cata-

lysts. We have recently shown that the addition of gold to the

palladium enhances the formation of hydrogen peroxide in the

direct synthesis process.22–27

In our previous work, where we demonstrated that the

combination of gold and palladium provides a pronounced

synergistic effect in redox catalysis,22–27 we have prepared the

catalysts via an impregnation procedure in which 5 wt% total

metal loading was utilized. It could, however, be economically

and practically beneficial to utilise lower concentrations of

gold and palladium since this approach may afford improved

dispersions of the nanocrystals. In this paper we investigate the

use of lower concentrations of these precious metals using a

sol-immobilisation method of preparation. We have recently

shown that this methodology is effective for the synthesis of

monometallic gold and palladium catalysts50 and we now

investigate the applicability of this method for generating

gold–palladium alloy nanoparticles supported on carbon.

Experimental

Catalyst preparation

The following notation is used for the catalyst samples we

have prepared: I denotes impregnation, SI denotes sol-immo-

bilisation, w denotes Au and Pd are present as 1 : 1 by weight,

and m denotes Au and Pd are present as 1 : 1 molar ratio.

Impregnation method. 1 wt% Pd-only, 1 wt% Au-only and

Au–Pd bimetallic catalysts were prepared by impregnation of

carbon (Darco G60, Aldrich), via an impregnation method

using aqueous solutions of PdCl2 (Johnson Matthey) and/or

HAuCl4�3H2O (Johnson Matthey). For the 0.5%Au–0.5%Pd/

carbon catalyst, the detailed preparation procedure employed

is described below. An aqueous solution of HAuCl4�3H2O

(2 ml, 5 g dissolved in water (250 ml)) and an aqueous solution

of PdCl2 (0.83 ml, 1 g in water (25 ml)) were simultaneously

added to carbon (3.8 g). The paste formed was ground and

dried at 110 1C for 16 h and calcined in static air, typically at

400 1C for 3 h.

Sol-immobilisation method. An aqueous solution of PdCl2
(Johnson Matthey) and HAuCl4�3H2O of the desired concen-

tration was prepared. Polyvinylalcohol (PVA) (1 wt% solu-

tion, Aldrich, MW = 10000, 80% hydrolyzed) was added

(PVA/Au (by wt) = 1.2); a 0.1 M freshly prepared solution of

NaBH4 (496%, Aldrich, NaBH4/Au (mol/mol) = 5) was

then added to form a dark-brown sol. After 30 min of sol

generation, the colloid was immobilized by adding activated

carbon (acidified at pH 1 by sulfuric acid) under vigorous

stirring conditions. The amount of support material required

was calculated so as to have a total final metal loading of 1

wt%. After 2 h the slurry was filtered, the catalyst washed

thoroughly with distilled water (neutral mother liquors) and

dried at 120 1C overnight. Two catalysts were prepared using a

1 : 1 molar ratio of Au : Pd (denoted Au–Pd/CSIm) and a 1 : 1

weight ratio of Au : Pd (denoted Au–Pd/CSIw). Monometallic

catalysts containing gold or palladium were also prepared

using similar methodology, and these are denoted Au/CSI

and Pd/CSI.

Catalyst testing

Benzyl alcohol oxidation. The benzyl alcohol oxidation

reactions were carried out in a stirred reactor (100 mL,

Autoclave Engineers Inline MagneDrive III). The vessel was

charged with alcohol (40 mL) and catalyst (0.1 g). The

autoclave was then purged 5 times with oxygen leaving the

vessel at 10 bar gauge. The stirrer was set at 1500 r.p.m. and

the reaction mixture was raised to the required temperature.

Samples from the reactor were taken periodically, via a

sampling system. For the analysis of the products a GC-MS

and GC (a Varian star 3400 cx with a 30 m CP-Wax 52 CB

column) were employed. The products were identified by

comparison with known standards samples. For the quantifi-

cation of the amounts of reactants consumed and products

generated, the external calibration method was used.

Hydrogen peroxide synthesis and hydrogenation. Catalyst

testing was performed using a stainless steel autoclave (Parr

Instruments) with a nominal volume of 50 ml and a maximum

working pressure of 14 MPa. The autoclave was equipped with

an overhead stirrer (0–2000 rpm) and provision for measure-

ment of temperature and pressure. Typically, the autoclave

was charged with the catalyst (0.01 g unless otherwise stated),

solvent (5.6 g MeOH and 2.9 g H2O), purged three times with

5% H2/CO2 (3 MPa) and then filled with 5% H2/CO2 and

25% O2/CO2 to give a hydrogen to oxygen ratio of 1 : 2 at a

total pressure of 3.7 MPa. Stirring (1200 rpm unless otherwise

stated) was commenced on reaching the desired temperature (2

1C), and all experiments were carried out for 30 min unless

otherwise stated. Gas analysis for H2 and O2 was performed

by gas chromatography using a thermal conductivity detector

and a CP � Carboplot P7 column (25 m, 0.53 mm id). H2O2

yield was determined by titration of aliquots of the final

filtered solution with acidified Ce(SO4)2 (7 � 10�3 mol l�1).

Ce(SO4)2 solutions were standardised against (NH4)2-

Fe(SO4)2�6H2O using ferroin as indicator. Hydrogen peroxide

1922 | Phys. Chem. Chem. Phys., 2008, 10, 1921–1930 This journal is �c the Owner Societies 2008
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hydrogenation was carried out in an identical manner but in

this case the 25% O2/CO2 was not added so that hydrogen

peroxide could not be synthesised, but part of the water was

replaced by hydrogen peroxide (50 vol%) to give a hydrogen

peroxide concentration of 4 wt%.

Catalyst characterisation

The sols were characterized using a UV spectrometer (V-570,

JASCO) in H2O between 200 and 1200 nm, in a quartz cuvette.

Samples for examination by analytical electron microscopy

(AEM) were prepared by dispersing the catalyst powder in

high purity ethanol, then allowing a drop of the suspension to

evaporate on a holey carbon film supported by a 300 mesh

copper TEM grid. Samples were then subjected to chemical

microanalysis and annular dark-field imaging in a VG Systems

HB603 scanning transmission electron microscope (STEM)

operating at 300 kV equipped with a Nion Cs corrector. This

instrument was also fitted with an Oxford Instruments INCA

TEM 300 system for energy dispersive X-ray (XEDS) analysis.

Bright field diffraction contrast imaging experiments were

carried out on a JEOL 2000FX TEM operating at 200 kV.

X-Ray photoelectron spectra were recorded on a Kratos

Axis Ultra DLD spectrometer employing a monochromatic

AlKa X-ray source (75–150 W) and analyser pass energies of

160 eV (for survey scans) or 40 eV (for detailed scans).

Samples were mounted using a double-sided adhesive tape

and binding energies referenced to the C(1s) binding energy of

adventitious carbon contamination which was taken to be

284.7 eV.

Results and discussion

Preparation and characterisation of the sols and catalysts

Characterisation of the sols.UV-Vis spectra (200–900 nm) of

the Au and Pd sols were recorded in H2O. For the Au sol the

plasmon resonance band was located at 505 nm (Fig. 1a). This

band is characteristic of the plasmon resonance band of gold

nanoparticles having a size of o10 nm.51,52 In contrast to

gold, Pd metallic sols display no surface plasmon band

(Fig. 1b);53 therefore, we observe the disappearance of the

precursor peak after reduction (lmax = 210 and 238 nm) as has

previously been reported.51 The spectra resulting from the

mixture of the two metal sols indicates the disappearance of

the gold surface plasmon band as previously reported for this

system.51 This is a phenomena commonly found in the for-

mation of sols of bimetallic nanoparticles where one of the

component metals lacks a surface plasmon band. An example

of this phenomena is demonstrated in the formation of Ag–Rh

nanoparticles where the effect was attributed to the sponta-

neous formation of Ag-core/Rh-shell particles.54 In the parti-

cular case of gold and palladium, Deki et al.55 dispersed

nanoparticles of several Au–Pd compositions on a polymer

thin film matrix and concluded that the progressive decrease of

the gold plasmon band in the UV-Vis spectra observed by

increasing the palladium content was the result of changes in

the band structure of the Au particles due to alloying with Pd.

Also the formation of nanocomposites from Au-COO� and

Pd-NH3
+ resulted in the disappearance of the gold plasmon

resonance.56

XPS characterization. Fig. 2 shows the Au(4f) and Pd(3d)

spectra for the dried and calcined 1 wt% AuPd (1 : 1 by wt)/C

catalysts, prepared by both sol-immobilisation and impregna-

tion. For all the samples the Au(4f) spectra (Fig. 2a) show no

change in the oxidation state, and the binding energy is

indicative of the presence of metallic gold. In contrast, the

Pd(3d) spectra (Fig. 2b) show significant changes on calcina-

tion. The uncalcined samples exhibit predominantly Pd1 spe-

cies which on calcination transform to mainly Pd2+, but with

a small residual Pd1 component. The dramatic decrease in the

Au(4f) and Pd(3d) spectral intensities for the impregnated

samples as compared with the sol immobilization prepared

samples, as evident in Fig. 2, is reflected in the calculated

molar elemental ratios, as discussed later (Table 3). In order to

calculate the molar ratios, the Pd(3d) intensity is first be

corrected for the presence of an overlapping Au(4d5/2) com-

ponent, by subtracting an intensity calculated from that of the

well-resolved Au(4d3/2) peak.

Electron microscopy characterization. The size distribution

of the supported metal nanoparticles for both the impregnated

and sol-immobilized AuPd/C samples was assessed from

analysis of bright field TEM micrographs such as those

presented in Fig. 3a and c, respectively. In the sample made

via the impregnation route, the particle size ranged between 2

and 14 nm, with the average size being around 6 nm (Fig. 3b).

Occasional larger particles in excess of 25 nm were also seen in

this material, although these were relatively rare. By compar-

ison, the metal particle size distribution in the catalyst pre-

pared by sol-immobilization was found to be much narrower,

i.e. between 4–7 nm, as shown in Fig. 3d.

The compositions of the metal particles in these two materi-

als were monitored by STEM-XEDS (i.e. X-ray energy dis-

persive analysis) spectrum imaging. A representative annular

Fig. 1 UV-Vis spectra of sol-immobilised catalysts. Key: 1 wt%Au/

CSI (———), 1 wt% Pd/CSI (� � �� � �� � �) and 1 wt%Au–Pd/CSIm (TTTT).
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dark field (ADF) image and the corresponding Au La1 and Pd

La1 elemental maps from the impregnated AuPd/C sample are

shown in Fig. 4. It is clear that there is a direct spatial

correlation between the Au and Pd signals confirming that

all the metal particles are in fact Au–Pd alloys. It is not

possible from our present analysis to discern whether the

Au–Pd particles are random alloys or core–shell in nature. It

is clear however from comparison of the relative Pd and Au

signal intensities that the particle compositions within the 4–8

nm size range shown here are all fairly consistent, with the

particles being slightly Pd-rich in all cases. This is entirely

consistent with previous studies on materials prepared in a

similar manner where the AuPd composition as a function of

particle size was measured by STEM-XEDS.57 In this previous

work we consistently found that large (B50 nm) particles were

Au–rich, intermediate size particles (B15 nm) were closer to

the nominal 1 : 1 at% composition, and the very smallest

(B5 nm) particles were always Pd-rich. For comparison, a

representative ADF image and the corresponding Au La1 and

Pd La1 elemental maps from the area delineated by the box are

presented for the sol immobilized AuPd/C samples shown in

Fig. 5. The quality of the X-ray mapping data is not as good in

this instance because of the significant contamination we

encountered during the experiment due to the degradation of

the PVA ligands bound to particle surface under the high

fluence of electrons in the incident beam. Even so, we can

confirm that the relatively monodisperse particles prepared by

the colloidal route are all bimetallic Au–Pd alloys. A signifi-

cant difference from the impregnated samples, however, can be

seen by comparing the relative intensities of the Au La1 and Pd

La1 signals from particle-to-particle. If one compares the

neighbouring pairs of particles labelled ‘a’ and ‘b’ or ‘c’ and

‘d’ for instance, it is clear that the composition is quite variable

(e.g. particle ‘b’ is considerably more Pd-rich than particle ‘a’).

Hence we conclude that even though the colloidal sol-immo-

bilisation route clearly produces a narrower size distribution

of particles, the degree of control of particle composition

within a particular size interval is not as good as that for the

impregnated sample.

Evaluation of the Au–Pd/C catalysts for selective chemical

synthesis

Benzyl alcohol oxidation. The oxidation of benzyl alcohol is

often used as a model reaction for alcohol oxidation, not only

due to its relatively high reactivity but also because of the

existence of a complex reaction network (Fig. 6). The target

products are benzaldehyde and benzoic acid, but other by-

products e.g. toluene, benzene, benzyl benzoate and acetal can

form depending on the reaction conditions and metal catalyst

employed. These by-products are likely to be the outcome of

side reactions due to hydrogenolysis (toluene formation),

decarbonylation (benzene) and esterification reaction path-

ways (benzyl benzoate) (see Fig. 6).

The catalytic data for Au–Pd/CSIm, Au/CSI and Pd/CSI are

displayed in Fig. 7a and Tables 1 and 2. A comparison

between the monometallic catalysts (Au, Pd) supported on

carbon indicates that these two catalysts gave very similar

activities and selectivities (Table 1). Their selectivities at the

same level of conversion (50%) were also found to be similar

(Table 2). Comparison at iso-conversion permits a direct and

meaningful comparison between the product distributions

obtained with each catalyst. The bimetallic Au–Pd/CSIm cat-

alyst was significantly more active and gave higher yields of

benzaldehyde. In particular, the turnover frequency (mol

benzyl alcohol oxidized per mol of metal) was markedly higher

for the Au–Pd catalyst. However, comparison at iso-conver-

sion (Table 2) showed that the bimetallic catalyst also gave

significantly higher yields of toluene formed by hydrogenoly-

sis. It is interesting to compare the activity of the bimetallic

catalyst prepared by sol-immobilisation and similar catalysts

prepared by impregnation (Fig. 7b and 7c, Tables 1 and 2). It

is apparent that the catalysts prepared by the sol immobiliza-

tion procedure are more active for benzyl alcohol oxidation to

benzaldehyde when compared with catalysts prepared using

the impregnation procedure. Analysis by TEM confirmed that

the particle size distribution for the Au–Pd/CSIm sample did

not change after reaction (see Fig. S1, ESI).w
In Table 3 we report elemental atomic ratios and total metal

loadings derived from XPS analysis of these three samples and

also two 1 wt% AuPd/C catalysts prepared by impregnation

and corresponding to molar and weight ratios of Au : Pd =

1 : 1. The Pd :Au molar ratio for the bimetallic catalyst

Fig. 2 Au(4f) spectra (plot a) and Pd(3d) spectra (plot b) for 1 wt%

Au–Pd/C catalysts (Au : Pd = 1 : 1 by wt) prepared by sol immobilisa-

tion [(a) dried and (b) calcined at 400 1C] and impregnation [(c) dried

and (d) calcined at 400 1C].
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Au–Pd/CSIm (0.81) is reasonably close to the expected value of

1.0, indicating that there are few particles present exhibiting

the Au-core Pd-shell morphology observed in several other

systems involving supported Au–Pd nanoparticles,22–26 nota-

bly oxide supported systems, but this observation is in agree-

ment with our recent observations for carbon-supported

Au–Pd nanoparticles prepared by impregnation.27 Since there

is a significant synergistic effect on catalytic activity for the

Au–Pd sample compared to the mono-metallic catalysts

(Table 1), a significant fraction of the particles must be present

as Au–Pd alloys, and this is in agreement with the observa-

tions made by electron microscopy. The impregnated samples

show much higher Pd :Au ratios (by a factor 42) than for the

samples prepared by sol immobilization (Table 3), consistent

with either the development of Pd-rich shell/Au-rich core

particles or a significantly higher Pd dispersion relative to

Au compared with the SI catalysts. Elemental analysis of the

1 wt% catalysts prepared by either impregnation or sol-

Fig. 3 Bright field TEM micrographs and the corresponding histograms of the particle size distributions for the AuPd/C samples prepared by

impregnation ((a) and (b)) and sol-immobilization ((c) and (d)).

Fig. 4 STEM–ADF image and the corresponding Au La1 and Pd La1 elemental maps of the AuPd/C catalyst prepared by the impregnation

method.
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immobilisation confirms that the metal loading of all the

samples is close to the expected nominal value. Although

XPS analysis of the impregnated samples also yields metal

loadings close to the nominal values (Table 3), extremely high

loadings are calculated for the catalysts prepared by sol

immobilisation (Table 3). These anomalous values probably

arise from the coated metal particles preferentially decorating

the exterior surface of the carbon, thereby contributing to the

higher catalytic activity we observe, whereas impregnation

leads to more effective filling of the pores within the support

which in turn means the metal atoms are more homogeneously

distributed throughout the material. Since XPS is very surface

sensitive the metal signal measured by this technique will

therefore be much higher for the samples prepared by sol-

immobilisation. Differences in particle size are not likely to

make a large contribution to the differences in apparent metal

loading.

AuPd/CSIw was also investigated for benzyl alcohol conver-

sion and the results are presented in Fig. 8a. These data show

significant differences from those for AuPd/CSIm, AuPd/CSIw

being much more active and, when the data are compared at

iso-conversion it is apparent that the selectivities are very

similar (Table 4). We also evaluated Au–Pd/CIm at 120 1C

which was again found to be less active than Au–Pd/CSIw

(Fig. 8b) and we observed a TOF of 35 400 h�1 for AuPd/CSIw

and 982 for AuPd/CIm. The XPS derived Pd :Au molar ratio is

1.47 in this instance as compared with the expected value of

1.86. Both AuPd samples show a somewhat lower Pd content

than expected, possibly reflecting a larger average particle size

for Pd.

As noted earlier, the catalysts used in our earlier studies22–27

prepared using impregnation were calcined at 400 1C prior to

use. Hence, we have calcined AuPd/CSIw and have compared

this with catalysts prepared by impregnation, to provide a

comparison for the two methods of catalyst synthesis, and the

data are shown in Table 1. It is very clear that calcination leads

to a decrease in catalyst activity, and the catalyst made by the

sol-immobilisation method is more significantly affected by

heat treatment. Analysis by TEM of the calcined sample

showed that considerable sintering and growth of the Au–Pd

nanoparticles has occurred presumably because of disruption

of the protective ligand shell at elevated temperatures (see Fig.

Fig. 5 STEM–ADF image and the corresponding Au La1 and Pd La1

elemental maps of the AuPd/C catalyst prepared by the sol-immobo-

lization method.

Fig. 6 General reaction pathway for benzyl alcohol: (1) benzyl alcohol; (2) benzaldehyde; (3) benzoic acid; (4) benzyl benzoate; (5) benzene;

(6) toluene.
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S2, ESI).w Using TGA we have observed that the PVA is

largely lost by oxidation from the catalyst on heating at

350 1C. Hence, we consider that when we calcine the catalysts

at 400 1C the PVA is largely removed. For the dried materials,

at this stage, we do not know how much of the PVA remains

on the catalyst after drying and clearly this could play a role in

the observed catalysis with the dried materials and we will

attempt to address this issue in subsequent studies.

Hydrogen peroxide synthesis and hydrogenation. A series of

catalysts, prepared either by sol-immobilisation (Au/CSI, Pd/

CSI, AuPd/CSIm, AuPd/CSIm) or by co-impregnation (AuPd/

CIm, AuPd/CIw) all containing 1 wt% total metal, with carbon

as support, were investigated for the direct synthesis of hydrogen

peroxide; the results for reaction at 2 1C are shown in Table 6.

For the so-immobilisation set, the pure Au catalyst did generate

some H2O2 but at a very low rate, whereas the Pd only catalyst

was more active. However, the addition of Au to Pd markedly

enhanced the catalyst activity by a factor of 36. This is the most

dramatic synergistic effect we have observed to date for the

direct synthesis of hydrogen peroxide. Comparison of the

Au–Pd catalysts prepared by sol-immobilisation with the corre-

sponding Au–Pd catalysts prepared by impregnation (Table 5)

shows that the catalysts prepared by sol-immobilisation are

significantly more active. This dramatic enhancement in activity

is a feature that we will investigate in greater detail in subsequent

studies. One of the key problems with respect to the synthesis of

hydrogen peroxide is the stability of the product under reaction

conditions where hydrogen peroxide is present with high pres-

sure H2. It is generally acknowledged that catalysts that are

effective for the synthesis reaction, e.g. supported Pd catalysts,

are all effective hydrogenation catalysts, since their primary role

is the activation of H2 at low temperatures. This creates a major

problem, since catalysts that are effective in the initial hydro-

genation of oxygen to give hydrogen peroxide selectively are also

equally effective at the hydrogenation of hydrogen peroxide to

water in a subsequent hydrogenation reaction (see Fig. 9). We

have found that the decomposition of hydrogen peroxide to give

oxygen and water is not observed during the direct reaction

when hydrogen is present, i.e. k4 is not significant under our

reaction conditions,23,27 and the loss of selectivity we observe is

principally due to the hydrogenation of hydrogen peroxide.27

This is because the selectivity for hydrogen peroxide we observe

at very low conversions approaches 100%, indicating that k3 is

not significant. Hence, under our reaction conditions the even-

tual yield of hydrogen peroxide is governed by the relative ratio

of k1 and k2. In view of this we have investigated the hydro-

genation of hydrogen peroxide (Table 6) and it is evident that

the sol-immobilised catalysts are more active for the sequential

hydrogenation of hydrogen peroxide as well as its synthesis

(Table 6). Clearly, this is a crucial area of catalyst design that

requires further attention if the higher activity of the sol-

immobilised catalysts is to be realised for hydrogen peroxide

synthesis.

Conclusions

In our earlier studies based on carbon-supported Au–Pd alloy

nanoparticles prepared by impregnation we have shown these

Fig. 7 Selective oxidation of benzyl alcohol, (a) 1 wt% Au–Pd/CSIm;

(b) 1 wt% Au–Pd/CIm; (c) 1 wt% Au–Pd/CIw. Reaction conditions:

benzyl alcohol 40 ml, 0.1 g of catalyst, T = 160 1C, pO2 = 150 psi,

time of reaction = 8 h, stirring rate 1500 rpm. Key:E benzyl alcohol

conversion (%), ’ benzene selectivity (%), m toluene selectivity (%),

Bbenzaldehyde selectivity (%), & benzoic acid selectivity (%) and n

benzyl benzoate selectivity (%).
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to be present in a broad particle size range (typically 3–7 nm

but with a number of particles 410 nm).27,52 We have also

shown these materials to exhibit very high activity for both the

synthesis of hydrogen peroxide27 and the oxidation of alcohols

to aldehydes.20 We used the relatively simple impregnation

method during the catalyst discovery phase of these studies

precisely because it generates a broad range of potential active

species, and hence improves our chances of determining

Table 1 Liquid phase oxidation of benzyl alcohol for catalysts containing 1 wt% of metal prepared by the sol-immobilization and impregnation
methods

Catalyst Conversion
Selectivity/% Yield/%

% Toluene Benzaldehyde Benzoic acid Toluene Benzaldehyde Benzoic acid TOF/h�1 a

1%Au–Pd/CSIm
b 82 31.0 48.0 18.0 25.4 39.4 14.8 29 900

1%Au/CSI
b 48 5.8 64.4 22.8 2.8 30.8 10.9 14 800

1%Pd/CSI
b 56 8.2 61.0 23.7 10.9 34.2 13.3 16 200

1%Au–Pd/CSIw
c 81.1 40.9 55.0 1.3 33.17 44.61 1.05 35 404

1%AuPd/CSIw
c treated/400 1C 6.7 2.4 78.7 3.6 0.16 5.27 0.24 1770

1%Au–Pd/CIm
b 44.6 7.5 65.0 20.5 3.2 27.6 8.7 17 265

1%Au–Pd/CIm
b treated/400 1C 72.1 24.0 56.6 15.7 17.3 40.8 11.3 12 656

1%Au–Pd/CIw
b 74.3 13.5 50.1 31.3 10.0 37.2 23.3 29 914

1%Au–Pd/CIw
b treated/400 1C 47.8 19.0 73.8 3.1 9.1 35.3 1.5 7154

a TOF (h�1) at 0.5 h of reaction. TOF numbers were calculated on the basis of total loading of metals. b Reaction conditions: benzyl alcohol,

catalyst (0.1 g) , T= 160 1C, pO2 = 10 bar, time of reaction = 4 h, stirring rate 1500 rpm. c Reaction conditions: benzyl alcohol, 0.1 g of catalyst,

T = 120 1C, time of reaction = 2 h, pO2 = 150 psi, stirring rate 1500 rpm.

Table 2 Liquid phase oxidation of benzyl alcohol for catalysts containing 1 wt% total metal loading. Product distribution selectivities were
determined at iso-conversion (50%)

Catalyst
S50%

Benzene Toluene Benzaldehyde Benzoic acid Benzyl benzoate Acetal

1%Au–Pd/CSIm 0.3 41.4 53.0 4.9 0.7 0
1%Au/CSI 0.7 5.2 63.5 24.2 6.5 0
1%Pd/CSI 1.3 12.6 66.0 16.2 3.9 0
1%Au–Pd/CIm 0.9 4.2 61.9 25.0 2.7 0
1%Au–Pd/CIw 0.2 20.9 71.1 6.3 0.8 0

a Reaction conditions: benzyl alcohol, 0.1 g of catalyst, T = 160 1C, pO2 = 10 bar, stirring rate 1500 rpm. S50 indicate the selectivity observed at

50% conversion.

Table 3 XPS derived elemental atomic ratios for carbon supported AuPd, Au and Pd catalysts prepared by sol-immobilisation. Total metal
loading for each sample is 1 wt% and all samples were dried at 120 1C overnight

Sample Nominal Pd :Au
Elemental ratios and total metal loading derived from XPS peak intensities

Pd/Au Pd/C Au/C (Au + Pd)/C O/C wt% metal

AuPd/CSIm 1/1 molar 0.81 0.013 0.017 0.030 0.144 39
Au/CSI 0/1 0.027 0.027 0.114 49
Pd/CSI 1/0 0.017 0.017 0.139 15
AuPd/CSiw 1/1 Weight (1.85 : 1 molar) 1.47 0.015 0.010 0.024 0.136 29
AuPd/CI 1/1 molar 2.37 0.0007 0.0003 0.001 0.00441 1.08
AuPd/CI 1/1 Weight (1.85 : 1 molar) 3.29 0.0011 0.0003 0.0014 0.0485 1.49

Table 4 Liquid phase oxidation of benzyl alcohol for catalysts prepared by sol-immobilization

Catalyst

Selectivity at 50% conversion/%

TOF/h�1 cBenzene Toluene Benzaldehyde Benzoic acid Benzyl benzoate Acetal

1%AuPd/CSIma 0.3 41.4 52.7 4.9 0.7 0.0 29 900
1%AuPd/CSIwb 0.3 44.0 51.3 1.7 2.7 0.1 35 400

a Reaction conditions: benzyl alcohol, 0.1 g of catalyst, T = 160 1C, pO2 = 150 psi. b Reaction conditions: benzyl alcohol, 0.1 g of catalyst,

T = 120 1C, pO2 = 150 psi. c Calculation of TOF (h�1) after 0.5 h of reaction. TOF numbers were calculated on the basis of total loading of

metals. S50 indicate the selectivity observed at 50% conversion.
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whether or not catalyst activity is enhanced with this metho-

dology. In contrast, the sol-immobilisation method leads to a

distinctly narrower particle size range of Au–Pd alloy nano-

particles. However, both methods lead to the formation of

alloy nanoparticles and X-ray photoelectron spectroscopy

together with STEM-XDS show that in both cases the parti-

cles are homogeneous alloys. The sol-immobilised catalysts

display different activities when compared with the materials

prepared by impregnation, being more active for hydrogen

peroxide synthesis and also for alcohol oxidation. The sol-

immobilisation method certainly permits a greater control of

the particle size distribution design parameter, but controlling

the compositional homogeneity as a function of particle size

still needs some further development. Studies have shown that

Au–Pd alloy nanoparticles are of interest for the formation of

vinyl acetate58 and the cyclisation of acetylene59 and hence the

results of this study may have general applicability.
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