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Trimetallic Au–Pd–Pt nanoparticles have been supported on activated carbon by

the sol-immobilisation method. They are found to be highly active and selective

catalysts for the solvent-free aerobic oxidation of benzyl alcohol. The addition of

Pt promotes the selectivity to the desired product benzaldehyde at the expense of

toluene formation. Detailed aberration corrected STEM-XEDS analysis

confirmed that the supported particles are indeed Au–Pd–Pt ternary alloys, but

also identified composition fluctuations from particle-to-particle which vary

systematically with nanoparticle size.
Introduction

The oxidation of primary alcohols to aldehydes is an industrially important process,
as aldehydes are valuable as intermediates and as high value components for the
perfume industry. Conventionally this reaction is carried out using expensive and
toxic oxidants such as chromate or permanganate, causing serious environmental
and economical concerns.1–3 Hence, catalytic oxidation of primary alcohols to alde-
hydes using molecular oxygen/air, or other greener oxidants such as hydrogen
peroxide, becomes an attractive alternative. We have previously demonstrated
that Au–Pd bimetallic nanoparticles can be very active for the alcohol oxidation
reaction, and provide high selectivity toward aldehydes even under solvent-free reac-
tion conditions.4–8 Au–Pd catalysts are generally prepared via co-impregnation4 or
sol-immobilization5–8 methods, the latter of which provides much better control
over the particle size and allows the possibility of tuning the particle morphology
at will, to generate core–shell structures or homogeneous random Au–Pd alloys.9

However previously, in order to achieve high selectivity towards the aldehyde, either
a low reaction temperature approach was chosen resulting in a low turnover
frequency (TOF), or the conversion was kept at a low level. Herein, using benzyl
alcohol oxidation as an example, we demonstrate that when a small amount of Pt
metal is alloyed into the Au–Pd sols, a high selectivity toward benzaldehyde can
be achieved in the solvent-free oxidation of benzyl alcohol reaction while still
preserving high conversion levels.
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bCardiff Catalysis Institute, School of Chemistry, Cardiff University, Main Building, Park Place,
Cardiff, CF10 3AT, UK. E-mail: hutch@cardiff.ac.uk

This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 162, 365–378 | 365

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c2fd20153d
https://pubs.rsc.org/en/journals/journal/FD
https://pubs.rsc.org/en/journals/journal/FD?issueid=FD013162


O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

pr
il 

20
13

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
2:

58
:1

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Experimental details

Catalyst preparation – Sol-immobilisation method

Au-only, Pd-only, Pt-only monometallic catalysts, as well as Au–Pd, Au–Pt, Pt–Pd
bimetallic catalysts and Au–Pd–Pt trimetallic catalysts supported on activated
carbon were prepared using a colloidal method. For the synthesis of the trimetallic
Au–Pd–Pt supported catalysts, an aqueous solution of PdCl2, HAuCl4$3H2O and
H2PtCl6 (Johnson Matthey, 99.9% purity) of the desired concentration was
prepared. To this solution, polyvinyl alcohol (PVA) (1 wt % solution, Aldrich,
weight average molecular weight Mw ¼ 9000–10 000 g mol�1, 80% hydrolysed)
was added (PVA/Au (wt/wt) ¼ 1.2). Subsequently, 0.1 M of freshly prepared
NaBH4 solution (>96% purity, Aldrich, NaBH4/Au (mol/mol) ¼ 5) was then intro-
duced to form a dark-brown sol. After 30 min of sol generation, the colloid was
immobilised by adding the activated carbon (G60 Aldrich) support material (acidi-
fied to pH 1 using sulfuric acid) under vigorous stirring conditions. The amount of
support material required was calculated so as to give a total final metal loading of
1% wt. After 2 h the slurry was filtered, the catalyst washed thoroughly with distilled
water and then dried at 120 �C overnight.

Catalyst preparation – Impregnation method

For comparative purposes Au-only, Pd-only and Au–Pd, Pt–Pd and Au–Pd–Pt cata-
lysts were also prepared supported on titania (P25Degussa) or carbon (G60Aldrich),
using a conventional wet impregnation technique. The trimetallic Au–Pd–Pt material
was prepared by impregnation of the support using aqueous solutions of PdCl2,
HAuCl4$3H2O and PtCl2 (Johnson Matthey). For instance, the detailed procedure
for the preparation of 2 g of the 5 wt% (2.27Au : 2.27Pd : 0.45Pt)/TiO2 catalyst is as
follows: PdCl2 (75.7 mg) was dissolved in a stirred and heated aqueous solution
(4.55 ml) of HAuCl4$3H2O (5 g in 250 ml water) and an aqueous solution (0.09 ml)
of PtCl2 (1 g in 10 ml water). The resultant solution was added to TiO2 (1.9 g) and
the slurry formed was dried at 110 �C for 16 h. The recovered powder was ground
and calcined (1 g, 6 inch quartz boat) in static air at 400 �C for 3 h at a ramp rate of
20 �C min�1.

Catalytic testing – Benzyl alcohol oxidation

Benzyl alcohol oxidation was carried out in a stirred reactor (100 ml, Parr reactor).
The vessel was charged with alcohol (40 ml) and catalyst (0.05 g). The autoclave was
then purged 5 times with oxygen leaving the vessel at 10 bar gauge. The stirrer was
set at 1500 rpm 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 compar-
ison with known standards. For the quantification of the amounts of reactants
consumed and products generated, the external calibration method was used.

Catalyst characterisation

The aqueous sols, contained in a quartz cuvette, were optically characterised using a
UV-vis spectrometer (V-570, JASCO) operating over the 200 to 900 nm wavelength
range. Samples for examination by scanning transmission electron microscopy
(STEM) were prepared by dispersing the dry catalyst powder onto a holey carbon
film supported by a 300 mesh copper TEM grid. STEM high angle annular dark field
(HAADF) images of the metallic particles were obtained using an aberration cor-
rected JEOL 2200FS (S)TEM operating at 200 kV. X-ray energy dispersive
(XEDS) spectra were acquired from individual nanoparticles larger than 2 nm in
size while rastering the beam over the entire particle, using a Thermo Noran
366 | Faraday Discuss., 2013, 162, 365–378 This journal is ª The Royal Society of Chemistry 2013
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Si(Li) XEDS detector. STEM-XEDS spectrum imaging experiments were carried
out at 200kV using an aberration corrected JEM-ARM 200F microscope equipped
with a JEOL Centurio SDD XEDS spectrometer.
Results and discussion

Supported Au–Pd–Pt trimetallic catalysts were synthesized by the sol-immobiliza-
tion method as described above. This process involved the co-reduction of three
metal precursors (HAuCl4, PdCl2 and H2PtCl6) at the desired concentration in
aqueous solutions, using sodium borohydride as chemical reductant and polyvinyl
alcohol (PVA) as the protective ligand. The synthesised Au–Pd–Pt colloids were
analysed by UV-vis spectrometry (Fig. 1) and the spectrum obtained did not show
a characteristic plasmon resonance band for gold, suggesting the formation of trime-
tallic alloy particles. The colloids were then immobilized onto an activated carbon
support, followed by a washing and 120 �C drying process to yield the final catalysts
with 1 wt% total metal loading. For comparative purposes Au-only, Pd-only,
Pt-only catalysts, as well as Au–Pd, Au–Pt and Pt–Pd bimetallic catalysts were
also prepared using a similar sol-immobilization procedure.
Oxidations were carried out in a stirred autoclave reactor using solvent-free condi-

tions (40 ml of benzyl alcohol), at 120–140 �C, and pO2 ¼ 10 bar. The catalytic
results are given in Table 1, and Table 2 presents the catalytic data at iso-conversion
levels. The oxidation of benzyl alcohol with O2 under solvent-free conditions
proceeds efficiently with very high catalytic activity using C supported Au–Pd nano-
particles, with TOF values of 50 000 to 60 000 h�1 being reached. The main product
is benzaldehyde and the major by-product is toluene, which primarily comes from
the disproportionation of benzyl alchohol10–12 as well as via the hydrogenolysis
pathway.13 It is considered that Pd sites are responsible for the disproportionation
reaction.10–12 However, we have recently reported that this disproportionation reac-
tion can be controlled to some extent by the choice of catalyst support when using
Au–Pd catalysts, as the disproportionation of benzyl alcohol can be switched-off
simply by using basic support materials (e.g. ZnO, MgO).8 While carbon supported
Fig. 1 Typical UV-vis spectrum from a Au–Pd–Pt aqueous sol preparation (0.45 : 0.45 : 0.1
by weight in this case).
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Table 1 Benzyl alcohol oxidation results after 2 h reaction with Pd-only, Pt-only, Au–Pd, Au–

Pt, Pt–Pd and various Au–Pd–Pt catalysts supported on carbon prepared by the sol-immobi-

lisation methoda

Catalyst

Conversion

(%)

Selectivity (%)

TOF/

h�1bToluene Benzaldehyde

Benzoic

acid

Benzyl

benzoate

1 wt% (0.65Au +

0.35Pd)/C

71.1 4.0 69.8 19.9 6.3 52 700

1 wt% (0.5Au + 0.5Pd)/C 80.7 3.4 67.0 23.1 6.5 63 800

1 wt% (0.3Au + 0.4Pd

+ 0.3Pt)/C

35.4 0.9 83.3 7.9 7.9 16 000

1 wt% (0.4Au + 0.4Pd

+ 0.2Pt)/C

36.7 0.6 81.7 8.0 9.7 22 100

1 wt% (0.45Au + 0.45Pd

+ 0.1Pt)/C

53.9 0.1 80.2 13.1 6.6 31 900

2 wt% (1Au + 1Pt)/C 11.8 2.0 79.9 8.4 9.7 4770

1 wt% (0.5Au + 0.5Pt)/C 9.7 1.1 84.9 3.1 10.9 8450

1 wt% (0.5Pd + 0.5Pt)/C 14.8 0.7 84.7 5.7 8.9 9580

1 wt% Pt/C 2.8 0.0 90.7 0.7 8.6 2910

1 wt% Pd/C 59.3 6.8 74.7 10.4 8.1 12 200

a Reaction conditions: benzyl alcohol, 0.05g of catalyst, T ¼ 120 �C, pO2 ¼ 150 psi, stirring rate

1500 rpm. b Calculation of TOF (h�1) value was done after 0.5 h of reaction, and was based on

the total metal loading.

Table 2 Comparison of benzyl alcohol oxidation at iso-conversion of 30% with Pd-only, Au–

Pd and various Au–Pd–Pt catalysts supported on carbon prepared by the sol-immobilisation

methoda

Catalyst

Selectivity (%)

Toluene Benzaldehyde Benzoic acid Benzyl benzoate

1% (0.65Au + 0.35Pd)/C 8.1 80.5 2.6 8.8

1% (0.5Au + 0.5Pd)/C 6.9 81.5 3.6 8.0

1% (0.3Au + 0.4Pd + 0.3Pt)/C 0.8 85.7 6.5 7.0

1% (0.4Au + 0.4Pd + 0.2Pt)/C 0.6 83.3 6.8 9.3

1% (0.45Au + 0.45Pd + 0.1Pt)/C 0.4 86.7 5.9 7.0

1% Pd/C 5.6 78.7 5.8 9.9

a Reaction conditions: benzyl alcohol, 0.05g of catalyst, T ¼ 120 �C, pO2 ¼ 150 psi, stirring rate

1500 rpm.
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Au–Pd nanoparticles were always found to catalyse the disproportionation reaction,
we observed a very low selectivity towards toluene for carbon supported monome-
tallic Pt and bimetallic Au–Pt (1.1%) and Pd–Pt (0.7%) catalysts. However these
desirable selectivities were accompanied by low benzyl alcohol conversion levels of
2.8%, 9.7% and 14.8% respectively. Taking into account the fact that the highest
conversion level was observed with the Au–Pd/C catalysts, it was natural to consider
the possibility of maintaining high activity while simultaneously keeping the selec-
tivity to toluene at a very low level, simply by incorporating Pt into the Au–Pd sup-
ported catalyst. Consequently, we synthesised a series of trimetallic Au–Pd–Pt
nanoparticles supported on carbon in which the amount of Pt metal added was
368 | Faraday Discuss., 2013, 162, 365–378 This journal is ª The Royal Society of Chemistry 2013
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systematically varied. By comparing three trimetallic catalyst formulations, namely
(0.3Au + 0.4Pd + 0.3Pt)/C, (0.4Au + 0.4Pd + 0.2Pt)/C, (0.45Au + 0.45Pd + 0.1Pt)/C,
it is clear from Table 1 that, by decreasing the amount of Pt incorporated, an
increase in benzyl alcohol conversion was observed, whereas the selectivity to
toluene remained below 1% in all cases. The highest selectivity toward benzaldehyde,
measured at iso-conversion levels, was found for the 1 wt% (0.45Au + 0.45Pd +
0.1Pt)/C catalyst where the formation of toluene was almost completely switched-
off. These results clearly demonstrate that only a small amount of Pt is needed for
the effective termination of toluene formation. The best of our knowledge, this is
the first report of the effective blocking of toluene formation under solvent-free
conditions using Au–Pd nanoparticles modified with the optimum amount of a third
alloying component.
Selected catalysts were characterized by aberration corrected scanning transmis-

sion electron microscopy (AC-STEM) in order to evaluate their microstructure.
Fig. 2 shows representative low magnification STEM-HAADF images and the
corresponding measured particle size distribution of various trimetallic (Au–Pd–
Pt/C), bimetallic (Au–Pd/C, Au–Pt/C and Pt–Pd/C) and monometallic (Pt/C) cata-
lyst samples analysed in this study. To produce each histogram 500–1000 particles
were analysed in each survey. It was found that the trimetallic (Fig. 2a and b) and
bimetallic (Fig. 2c–e) samples analyzed all have quite similar particle size distribu-
tions with mean diameters in the 2–3 nm range. Although some minor coarsening
effects were noted as a result of the 120 �C drying process, especially for the 1%
(0.5Au + 0.5Pt)/C (Fig. 2e) and 1% Pt/C samples (Fig. 2f), the vast majority of
the particles in each sample resided in the 1–3 nm size range. For these reasons,
particle size variation issues from sample-to-sample should not be too significant
when comparing the catalytic activities of these samples.
It proved possible to collect reasonable quality X-ray energy dispersive point

spectra (XEDS) from individual nanoparticles larger than about 2 nm in size in
our JEM 2200FS microscope which was equipped with a standard Si(Li) XEDS
detector.14 Representative STEM-HAADF and XEDS data from small (�2 nm),
intermediate size (�5 nm), and larger (�10 nm) metal particles are shown in
Fig. 3a–c respectively for the most active 1 wt% (0.45Au + 0.45Pd + 0.1Pt)/C cata-
lyst. From the relative intensity ratios between the overlapping Au and Pt M series
and Pd L series, a clear size-dependent composition variation can be seen. The
larger (�10 nm) particles tend to be Pd-rich, while the smaller (�2 nm) particles
were consistently found to be Pd-deficient. This same general size/composition
trend was also noted for all the Pd-containing alloys analyzed in the current study;
(i.e. the 1 wt% (0.3Au + 0.4Pd + 0.3Pt)/C trimetallic sample (Fig. 4); the 1 wt%
(0.5Pd + 0.5Pt)/C bimetallic sample (Fig. 5); and the 1 wt% (0.5Au + 0.5Pd)/C
bimetallic sample (Fig. 6). It is interesting to note that no comparable composi-
tion/size variation was found for the particles in the Au–Pt binary system
(Fig. 7). It has been reported previously by Braidy et al.15 that similar size-depen-
dent composition variations in bimetallic Au–Ag nanoparticles can be generated
as an artifact in the electron microscope if one of the constituent elements has
a tendency to be depleted preferentially from the particle by electron beam
bombardment. Since only Pd, but not Au or Pt, has a knock-on damage threshold
below 200 keV,16 we examined the possibility of beam damage occurring by taking
two consecutive XEDS spectra from a single Au–Pd–Pt particle about 2 nm in
size. As shown in Fig. 8, even though significant structural modification can be
clearly seen from the consecutive HAADF images, the two sequentially obtained
XEDS spectra gave similar composition results within the limits of experimental
error. This suggests that the composition variation noted in our study is inherent
to the material itself and not an artifact of electron beam damage. This particle
size/composition trend with respect to Pd concentration is also consistent with
XEDS composition measurements presented in our previous study of the sol-im-
mobilized bimetallic Au–Pd system.14 Interestingly, as shown in Fig. 3 and 4
This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 162, 365–378 | 369
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Fig. 2 Representative low magnification STEM-HAADF images and corresponding particle
size distributions of selected trimetallic, bimetallic and monometallic catalysts characterized in
this study; namely; (a) 1 wt% (0.3Au + 0.4Pd + 0.3Pt)/C; (b) 1 wt% (0.45Au + 0.45Pd + 0.1Pt)/
C; (c) 1 wt% (0.5Au + 0.5Pd)/C; (d) 1 wt% (0.5Au + 0.5Pt)/C; (e) 1 wt% (0.5Pd + 0.5Pt)/C and
(f) 1 wt% Pt/C.
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for the Au–Pt–Pd trimetallic samples, and Fig. 7 for the bimetallic 1 wt% 0.5Au +
0.5Pt/C sample, the Pt L series peak can be detected in all spectra and the relative
intensities of the Au La (9.71 keV) to Pt La (9.44 keV) peaks was found to be rela-
tively constant with particle size, suggesting that no systematic particle size/
composition variation develops for this particular pair of elements.
The elemental distributions within individual particles, which have a profound

effect on the resultant catalytic activities, can also be probed using STEM. It has
been demonstrated by our group9 and others17–19 that Pd (Z ¼ 46) segregation
with respect to Au (Z ¼ 79) or Pt (Z ¼ 78) in multi-metallic nanoparticles can be
easily distinguished by STEM-HAADF imaging, which provides mass-thickness
contrast approximately proportional to Z2. From the HAADF images presented
370 | Faraday Discuss., 2013, 162, 365–378 This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 High magnification STEM-HAADF images and the corresponding X-ray energy
dispersive spectra acquired from representative (a) 2 nm, (b) 5 nm and (c) 10 nm particles in
the sol-immobilized 1 wt% (0.45Au + 0.45Pd + 0.1Pt)/C catalyst dried at 120 �C.
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in Fig. 3, 4, 5, 6 and 7 no Pd segregation or chemical ordering was detected within
trimetallic or bimetallic alloy nanoparticles containing Pd, suggesting that the Pd
atoms were intimately mixed with the Au and Pt components. Indeed, this homoge-
neous alloy morphology is to be expected for materials generated by the co-reduc-
tion colloidal route and is consistent with our previous studies.9,14 Although the
HAADF Z-contrast between Au and Pt is minimal, the relative distribution of Au
and Pt within individual alloy nanoparticles can in principle be probed by STEM-
XEDS mapping. However, in practice, small nanoparticles are rapidly damaged
when subjected to an intense electron beam, whereas the use of low probe currents
provides insufficient X-ray generation for XEDS analysis. Furthermore, conven-
tional Si(Li) XEDS detectors only have a very small solid angle of collection (i.e.
�0.13 sr) which captures less than 1% of the total characteristic X-rays emitted.
For these two reasons, STEM-XEDS mapping on nanoparticles smaller than about
6 nm is extremely challenging in our aberration corrected JEOL 2200FS (S)TEM.
This situation has dramatically improved recently with the installation of our aber-
ration corrected JEM-ARM 200F (S)TEM which is equipped with a Centurio
SDD XEDS spectrometer, having a collection solid angle of 0.9 sr, which represents
a 5–10 fold improvement in X-ray collection efficiency.20 Therefore it has now
become feasible to routinely acquire STEM-XEDS mapping data on nanoparticles
This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 162, 365–378 | 371
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Fig. 4 Representative high magnification STEM-HAADF images and the corresponding
X-ray energy dispersive spectra acquired from representative (a) 2 nm, (b) 5 nm and (c)
10 nm particles in the sol-immobilized 1 wt% (0.3Au + 0.4Pd + 0.3Pt)/C trimetallic catalyst
dried at 120 �C.O
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as small as 2–3 nm. Fig. 9 shows representative STEM-XEDS spectrum images of 3
nm, 5 nm and 10 nm diameter alloy particles in the 1 wt% (0.3Au + 0.4Pd + 0.3Pt)/C
sol-immobilized catalyst taken using this new instrument. This sample was deliber-
ately chosen, instead of the most active 1 wt% (0.45Au + 0.45Pd + 0.1Pt)/C catalyst,
because it had the highest Pt loading allowing the distribution of all three elements to
be more clearly visualized. These results conclusively demonstrate that regardless of
size, the particles are all homogenous trimetallic alloys which show no
apparent signs of elemental segregation. It is also reasonable to extrapolate that
even for the catalyst with the most dilute Pt loading (i.e. 1 wt% (0.45Au + 0.45Pd
+ 0.1Pt)/C), the Pt atoms get randomly incorporated into the Au–Pd nanoparticles.
Even though a wide miscibility gap exists in the ‘bulk’ binary phase diagram for the
Au–Pt binary system,21 both experimental22 and theoretical23,24 investigations now
suggest that a wide range of homogeneous alloy compositions between Pt, Au and
Pd can be prepared and stabilized at low temperature in the nano-regime.
The beneficial effects of adding some Pt into Au–Pd nanoparticles, in terms of

activity and selectivity for the benzyl alcohol oxidation reaction, are quite remark-
able. The incorporated Pt atoms seem to act as either as an electronic or strain modi-
fier to the Au–Pd nanoparticles, which nullifies the Pd sites that are normally active
372 | Faraday Discuss., 2013, 162, 365–378 This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Representative high magnification STEM-HAADF images and the corresponding
X-ray energy dispersive spectra acquired from representative (a) 2 nm, (b) 5 nm and (c)
10 nm particles in the sol-immobilized 1 wt% (0.5Pd + 0.5Pt)/C bimetallic catalyst dried
at 120 �C.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

pr
il 

20
13

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
2:

58
:1

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
for disproportionation reactions. One issue that hinders a more detailed mechanistic
understanding of this process is that the co-reduction colloidal preparation route
employed provides only limited composition control as the larger particles are
consistently Pd-rich, while the smaller ones are always Pd-deficient. Therefore
although the nominal composition of the trimetallic catalysts can be modified by
adjusting the molar ratios of the three metal precursors, the resultant materials still
contain a complex distribution of particle sizes and compositions. One possible
cause of such size dependent composition variations in nanoalloys was proposed
by Alloyeau et al.,25 who found that in Pt–Co nanoparticles, the Co has a higher
rate of Ostwald ripening than the Pt component on the surface of the carbon
This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 162, 365–378 | 373
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Fig. 6 Representative high magnification STEM-HAADF images and the corresponding
X-ray energy dispersive spectra acquired from representative (a) 2 nm, (b) 5 nm and (c)
10 nm particles in the sol-immobilized 1 wt% (0.5Au + 0.5Pd)/C bimetallic catalyst dried at
120 �C.
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support, causing the Co to preferentially segregate onto larger particles after high
temperature (c.a. 700 �C) heat treatments. If this type of effect were happening in
our situation, we suspect that the selective Ostwald ripening process for Pd is
more likely to occur in the solution phase during the sol synthesis process instead
of while on the carbon support after immobilization, because the catalyst only
underwent a very mild drying treatment at 120 �C. Hence, the ability to synthesize
trimetallic Au–Pd–Pt nanoparticles where there is a tighter control over the compo-
sition from particle-to-particle, while preserving the mean particle size below 5 nm,
still remains as a significant technical challenge.
374 | Faraday Discuss., 2013, 162, 365–378 This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 Representative high magnification STEM-HAADF images and the corresponding
X-ray energy dispersive spectra acquired from representative (a) 2 nm and (b) 5 nm and (c)
10 nm particles in the sol-immobilized 1 wt% (0.5Au + 0.5Pt)/C bimetallic catalyst dried at
120 �C.
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Finally, we have also extended the scope of using Pt as a third alloying element by
synthesizing trimetallic Au–Pd–Pt nanoparticles supported on C and TiO2 using a
conventional impregnation method. This synthesis method would be preferred by
industry due to its greater simplicity, so we investigated if the same catalytic trends
could be obtained with impregnation. The catalytic results for the impregnated cata-
lysts are presented in Table 3, and it is evident that the impregnated trimetallic cata-
lysts also significantly decreased the formation of toluene. However, it should be
noted that the catalytic activity of the impregnated supported Au–Pd–Pt catalysts
are much lower than the corresponding sol-immobilized catalysts, probably due to
(i) a significant increase in mean particle size and (ii) wider composition variations
as compared to the colloid derived materials.
This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 162, 365–378 | 375
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Fig. 8 (a) An HAADF image and the corresponding XEDS spectra from a 2 nm Au–Pd–Pt
particle in a 1 wt% (0.3Au + 0.4Pd + 0.3Pt)/C trimetallic catalyst prepared by the sol-immobi-
lization method; (b) A second consecutive HAADF image and corresponding XEDS spectra of
the same particle. A comparison of these two datasets indicates that the composition quantifi-
cation from XEDS spectra was not significantly affected by electron beam damage under the
experimental conditions employed.

Fig. 9 STEM-XEDS spectrum image analysis of the 1 wt% (0.3Au + 0.4Pd + 0.3Pt)/C trime-
tallic sample. The first column shows HAADF images from representative particles that are (a)
�3 nm, (b) �5 nm, and (c) �10 nm in size. The scale bar represents 2 nm. The next three
columns show the corresponding XEDS maps derived from the Au L (9.64–9.84 keV), Pd L
(2.75–3.05 keV) and Pt L (9.35–9.55 keV) peaks. The final column shows the corresponding
RGB overlay maps where Au is red, Pd is green and Pt is blue.
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Table 3 Benzyl alcohol oxidation results after 3 h reaction with, Au–Pd, Pt–Pd and various

Au–Pd–Pt catalysts supported on carbon and titania as prepared by the impregnation method

(calcined at 400 �C in air)a

Entry Catalyst

Conversion

(%)

Selectivity (%)

TOF/

h�1bToluene Benzaldehyde

Benzoic

acid

Benzyl

benzoate

1 5% (2.5Au +

2.5Pd)/TiO2

45.1 13.6 74.2 9.4 2.8 6420

2 5% (1.67Au +

1.67Pd + 1.67Pt)/

TiO2

8.95 0.4 94.5 2.8 2.2 1410

3 5% (2.5Au + 2.5Pd

+ 0.5Pt)/TiO2

18.6 2.7 86.9 3.3 7.1 2470

4 5% (2.27Au +

2.27Pd + 0.45Pt)/

TiO2

10.6 1.8 86.1 5.1 7.0 1150

5 5% (2.5Pd +

2.5Pt)/TiO2

8.6 1.1 91.3 4.3 3.3 1220

6 5% (2.5Au +

2.5Pd)/C

55.0 16.6 79.7 1.8 1.9 7830

7 5% (2.27Au +

2.27Pd + 0.45Pt)/C

6.2 2.7 87.9 4.8 4.6 910

a Reaction conditions: benzyl alcohol, 0.025g of catalyst, T¼ 140 �C, pO2 ¼ 150 psi, stirring rate

1500 rpm. b Calculation of TOF (h�1) value was done after 0.5 h of reaction, and was based on

the total metal loading.
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Conclusions

In summary, Au–Pd–Pt/C trimetallic catalysts were successfully synthesized using
the sol-immobilization method. Aberration corrected STEM characterization
reveals that the nanoparticles were tightly controlled in size, with mean diameters
around 2–3 nm, and they were all random ternary alloys. However, a systematic
size-dependant composition variation with respect to Pd was observed, as larger
particles were always found to be Pd-rich and smaller particles were consistently
Pd-deficient. It was shown that the addition of a small amount of Pt can significantly
enhance the selectivity of benzaldehyde in the solvent-free oxidation of benzyl
alcohol reaction, while still maintaining a high alcohol conversion.
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