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Probing Composition Distributions in Nanoalloy Catalysts with
Correlative Electron Microscopy

Shikai Liu,? Isla Gow,? Thomas Davies,” Alexandra Barnes,® Meenakshisundaram Sankar,? Xiaoxiao
Gong,® Alexander G. Howe,? Michael Dixon,® Graham J. Hutchings,® Christopher J. Kiely,?¢ and Qjan
He®*

Alloyed nanoparticles are important functional materials and have wide applications especially in heterogeneous catalysis
and electrocatalysis. Controlled synthesis of nanoalloys is desirable in order to undertstand their structure-property
relationships and further optimize their performance. While many synthesis methods have been developed, information on
the resultant composition distributions among particles are often not available, and uniformity of composition from particle-
to-particle is often incorrectly assumed. Such an analysis would require extensive work on a high-resolution analytical
electron microscope, which has some drawbacks and the high-resolution equipment is not always readily accessible. We
hereby introduce an alternative way for composition analysis of nanoalloys via a correlative electron microscopy approach,
separating the size measurement (imaging) and composition analysis between TEM and SEM instruments. Using a case study
of two AuPd nanoalloys which have very similar size distributions but significantly different composition distributions and
catalytic activities, we demonstrate both the necessity of performing composition distribution analysis on ultrasmall
nanoalloys and the feasibility of this method. We show that a more efficient X-ray analysis on nanoalloys can be done in an
SEM due to intrinsically higher ionization cross-sections from the relatively lower energy (e.g. 20 keV) electron beam and

the possibility of using large probe currents and X-ray detectors with large collection angles.

Introduction

Alloyed nanoparticles, often referred to as nanoalloys,! have
drawn great research attention due to their interesting
chemical,2 magnetic3 and optical properties.* In particular,
nanoalloys have shown promising catalytic performance in
many technologically important energy- and environment-
related processes.>® Examples include Pd-based nanoalloys for
selective hydrogenation?.8 and selective oxidation,° as well as
Pt-based!! and Cu-based!? nanoalloys for oxygen reduction
reactions (ORR) and CO, reduction reactions, respectively.
Nanoalloy catalysts often display so-called synergistic effects
that can come from the constituents’ (i) electronic
interactions,®3 (ii) strain,’15 (iii) cooperation in the reaction
(multi-functionality)617 and/or (iv) site-separation effects.18
Compared to their monometallic counterparts, particle
composition serves as an additional parameter for fine-tuning
the physical and chemical properties of nanoalloys.

Many synthesis methods have been developed for
preparing nanoalloys,’® such as co-impregnation,?® co-
reduction,?! chemical vapor deposition2223 to name but a few.
While their resultant particle size distribution (PSD) are
routinely characterized and reported, information regarding the
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composition distributions amongst particles is rarely reported.
In other words, compositional uniformity from particle-to-
particle is often just assumed. However, the limited amount of
experimental work published on this compositional aspect
often indicates that this broad assumption is incorrect. For
instance, significant composition variations have been observed
in Pt-Sn2* and Pt-RhZ> catalysts prepared by co-impregnation.
Another example is Au-Pd catalysts: when prepared by co-
impregnation, larger particles were consistently found to be Au-
rich while smaller ones were Pd-rich;826 when prepared by a
colloidal route using co-reduction, the opposite composition
trend was found.?’.226 These findings are not surprising as
different metal constituents can have very different properties
(e.g., reduction potential, bond energies) so that composition
distributions can be very sensitive to synthesis conditions,
especially when particle sizes are on the nanoscale (i.e., <10 nm)
as desired for catalytic applications. Obtaining quantitative
information about the composition distribution as a function of
particle size is important in order to evaluate and continue
improving synthesis methods for nanoalloys. It also helps us to
better understand their structure-property relationships and
further optimize their catalytic performance.

Such analysis would normally require access to a high-
performance analytical electron microscope (AEM), which can
simultaneously obtain information about the sizes and the
compositions of isolated or supported small nanoalloys (e.g.
<10 nm). X-ray Energy Dispersive Spectroscopy (X-EDS)&1526 js
often used as many of the catalytically relevant elements are
relatively heavy (i.e., Pt, Pd, Ir, Au) although electron energy loss
spectroscopy (EELS)7-2%30 can also be used in some cases. With
modern aberration-corrected scanning transmission electron


mailto:heqian@nus.edu.sg

microscopes (AC-STEM), imaging and analysis of individual
particles can be performed down to the atomic-scale.3! These
high-performance instruments, however, suffer from several
disadvantages when trying to collect enough data to generate
statistically relevant composition distribution information.
Firstly, incident electrons in those types of instrument usually
have high kinetic energies (e.g., 200keV), which gives relatively
small cross-sections for exciting electronic transitions in the
typical energy ranges needed for X-EDS (i.e., <20 keV) and EELS
(i.e., < 2 keV) analysis. Secondly, the analysis is also often limited
by the possibility of knock-on damage3? from the high-energy
electrons interacting with the metal nanoparticles and the
support materials (e.g., activated carbon, refractory oxides).
Although these drawbacks can be partially alleviated by AC-
STEMs operating at lower kV (i.e., 40-60 kV),33 the X-ray analysis
is usually limited by the tight space available in the STEM for
positioning X-ray detectors, which result in poor collection
efficiency (i.e., only < 0.1% - 6% of total X-ray photons emitted
are detected). As a result, accurate, quantitative analysis of the
particle-to-particle composition distributions in nanoalloy
samples can be very challenging and time-consuming, making
statistical analysis almost not practical. However, it should be
noted that with the very latest generation of AC-STEM
instruments, larger X-ray collection angles up to about 2 sr. can
now be achieved,3* meaning that about 16% of the X-ray
photons emitt g can be detected. Such high-end instruments
are often not accessible to many catalyst researchers for
routine analysis of nanoalloy samples.

In this work, we introduce an alternative way of performing
statistical analysis of composition- size distributions in
nanoalloys that can overcome those drawbacks described
above, using a correlative electron microscopy approach. This
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approach separates the structural characterization (i.e., particle
location, structure and size measurement) to a 200 kV
Transmission Electron Microscope (TEM), and the composition
analysis (X-EDS) of the same particles to a 20 kV Field-Emission
Gun Scanning Electron Microscope (FEG-SEM) equipped with a
large area silicon drift detector, in order to optimize the
efficiency of the compositional analyses. Using AuPd nanoalloys
prepared by a colloidal method as an example, we demonstrate
both the feasibility of this new approach and the necessity for
probing composition-size distributions in nanoalloy catalysts, as
this is a key parameter that is often overlooked.

Results and Discussions

Correlative Electron Microscopy Protocol

In order to carry out a composition analysis of nanoalloy
samples more effectively, it is necessary to improve both the
yield and the detection efficiency for characteristic X-rays. Using
an SEM that operates below 30 kV can offer three main
advantages: Firstly, electrons with lower energy (i.e., <30keV)
can give rise to higher ionization cross-sections compared to
those at higher energy (i.e., 200 keV) in high-resolution
instruments. This is particularly true for transition metals in
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Figure 1 (a) Schematic of the experimental set-up for X-EDS analysis in the Hitachi 8230 Cold-FEG SEM, equipped with a Bruker
XFlash® FlatQUAD silicon drift detector (SDD) that is inserted above the specimen. The specimen was the TEM grid that was
loaded onto a custom made TEM grid holder made of aluminium. A carbon tape was used to cover the bottom of the holder

to minimize stray electrons and X-rays. The inset image (b) shows the FlatQUAD detector, comprising 4-segmented SDDs and
a retractable polymer film that is used to protect the SDDs from back-scattered electrons. A representative pair of correlative
(c) TEM Bright Field (BF) and (d) SEM secondary electron (SE) images (detected by the in-lens SE detectors). The SE image was
low-pass filtered. The white arrow highlighted a small particle about 1 nm in size that was not visible in the SEM image, possibly
because it was located on the opposite side of the film relative to the incident beam direction. (a) and (b) are modified from

the schematic shown on Bruker’s website with permission.3¢



groups 8-11 of the periodic table. According to Llovet et al.,?>
when comparing 20 keV electrons to 200 keV electrons, the
ionization cross-sections will be roughly doubled for K-shells in
3d metals (e.g., Fe, Co, Ni and Cu), and roughly tripled or
quadrupled for L-shells in 4d metals (e.g., Ag, Pd) and for M-
shells in 5d metals (e.g., Au). Secondly, electrons with lower
energy will cause less or no knock-on damage in the specimen,
allowing a larger probe current to be used for better signal
generation. According to Egerton,32 20 kV is below the
sputtering threshold energies for most of the elements, except
a few metals from groups 1 and 2 of the periodic table. Thirdly,
specimens in the SEM are in more open space compared to a
high-resolution STEM, potentially allowing larger area X-EDS
detectors to be implemented for better signal collection. The
drawback is the limited spatial resolution of an SEM, which we
show here can be complemented by TEM imaging in a
correlative microscopy approach.

Our experimental set-up for studying nanoalloys in a
scanning electron microscope is shown schematically in Figure
1(a). The nanoalloy sample (i.e., the colloid drop-cast onto a
holey carbon grid) was firstly imaged using a TEM, in order to
precisely record the sizes and locations of a representative set
(approximately 100-200 in number) of nanoalloy particles. After
the TEM characterization, the same grid was cleaned using a UV
cleaner (see Materials and Methods) and transferred onto a
custom-made aluminium holder for a Hitachi Regulus 8230 SEM
equipped with a cold field emission gun. A Faraday cup was also
made by drilling a hole (1 mm in diameter and more than 10
mm deep) into this holder so that the electron probe current
can be conveniently monitored. The SEM was equipped with a
Bruker X-Flash® FlatQUAD X-ED Spectrometer,3® which contains
four segmented silicon drift detectors (SDD) that are protected
from back-scattered electrons by a retractable polymer film
arrangement (Figure 1(b)). The electron stopping power of the
protective film limited the maximum allowed electron beam
energy to be 20 kV in our instrument. During the experiment,
the working distance of the specimen was kept at the minimum
allowable distance of 10 mm, which provided a good spatial
resolution while still allowing the X-EDS detector to be inserted
over the specimen. This overhead X-EDS detector provided a
relatively large collection solid angle about 1.1 sr.,3% suggesting
that about 9% of the characteristic X-rays emitted can in
principle be collected. In order to minimize stray electrons and
X-rays, carbon tape was applied to the bottom of the holder as
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Figure 2 Representative BF-TEM images and the

corresponding particle size distributions for the (a) AuPd

(PVP) and (b) AuPd (PVA) colloids.

an electron absorber. Figure 1 (c) and (d) show a typical pair of
correlative TEM bright-field (BF) and SEM secondary electron
(SE) images of same nanoparticles that are less than 5 nm in
diameter. Notice that it is possible that some of the
nanoparticles are located on the backside of the carbon film
relative to the incident electron beam direction. Those particles
are only visible in the TEM BF image but not in SEM SE image
(see the particle indicated by a white arrow in Figure 1 (c, d)).

Study of AuPd nanoalloy catalysts

To demonstrate the feasibility of this correlative microscopy
approach, two sets of AuPd nanoalloy samples were prepared
using a standard colloidal synthesis method that has been
previously reported. Au and Pd precursors (Au:Pd wt ratio = 1)
inan aqueous solution were reduced quickly using NaBHg, in the
presence of a polymer stabilizer, namely polyvinylpyrrolidone

Table 1 Catalytic activities of the 1wt% AuPd/TiO; (PVP) and 1wt% AuPd/TiO, (PVA) catalysts in the direct synthesis of H,0,? and H,0,

hydrogenation® reactions.

Catalyst Activity for the direct “7'h,0, selectivity (%)® Activity for the H,0,
synthesis? of H,0, (mol! H,0, hydrogenation ¢(mol H,0; h't
h™ kgeat™ kgear?
1wt% AuPd/TiO2(PVP) 26 61.7 349
1wt% AuPd/TiO2(PVA) 31 85.3 207

2 Reaction conditions: 10 mg catalyst in 5.6 g of methanol and 2.9 g of water solvent, 420 psi 5%H,/CO; +160 psi 25%0,/CO,. Productivity

calculated after 30 min of reaction with stirring 1200 rpm at 2°C.

b H,0, selectivity was determined by measuring the amount of H, present after the reaction using gas chromatography.
¢ Reaction conditions: were the same as those used for H,0, synthesis, but in the absence of 160 psi 25%0,/C0, and with 4 wt% H,0,

present in the solvent.

¢ Reaction conditions: were the same as those used for H,0, synthesis, but in the absence of 160 psi 25%0,/CO, and with 4 wt% H,0,

present in the solvent.

(c)



20 22 24 26 28 30 32
keV

2
=
3
§ 200 |t S,

20 22 24 26 28 3.0 3.2
keV

Figure 3 X-EDS analysis of AuPd nanoalloy composition in the SEM. (a) BF-TEM and (b) SE-SEM images of AuPd (PVA) particles
from the same area; (c) X-ED spectrum obtained when the beam was scanned over the isolated particle highlighted in (b); (d)

X-ED spectrum obtained from an identically sized area located nearby but without any visible particles in the BF-TEM or SEM-

SE images. The SEM image has been low-pass filtered.

(PVP) or polyvinyl alcohol (PVA). The two colloid samples are
denoted as AuPd (PVP) and AuPd (PVA), respectively. To make
supported catalysts, the requisite amount of colloids was
immobilized onto commercial TiO, support (Degussa, P25) to
make 1wt% metal loading AuPd/TiO, (PVP) and 1wt%
AuPd/TiO, (PVA) catalysts. The catalytic properties of the
supported catalysts were evaluated in the direct synthesis of
hydrogen peroxide from H, and O, as well as the H,0;
degradation reaction.?® The catalytic performances of the two
supported catalysts were found to be very different (Table 1). In
the direct synthesis reaction, 1wt% AuPd/TiO, (PVP) gives
slightly lower activity (26 moll H,0, hl kgcat?) and H,0;
selectivity (61.7%) compared to the 1wt% AuPd/TiO, (PVA)
catalyst (activity - 31 mol! H,0, h'1 kgcat.;, H,0; selectivity -
85.3%). In the H,0, degradation reaction, the 1wt% AuPd/TiO,
(PVP) material showed an almost 70% higher activity (349 mol-!
H,03 h'1 kgeat?) compared to that of 1wt% AuPd/TiO, (PVA) (207
mol? H,0; h! kgearl), which are consistent with their different
H,0, selectivities exhibited in the direct synthesis reaction. In
this work, we introduce an alternative way of performing
statistical analysis.

The two parent AuPd colloids were characterized using TEM,
from which the corresponding particle size distributions were
obtained by analyzing more than 200 particles for each sample
(using the method shown in Supplementary Information, Figure
S1). The particle size distribution histogram and representative
TEM-BF images of each sample are shown in Figure 2. Both
AuPd (PVP) and AuPd (PVA) have very similar size distributions,
with average particle sizes of 2.1 nm and 2.0 nm respectively.
The overall compositions of the AuPd colloid samples were
determined using inductively coupled plasma atomic emission
spectroscopy (ICP-AES), and the two AuPd nanoalloys were
found to have very similar overall compositions, with Pd:Au
weight ratios of 0.98 and 1.05 for the AuPd (PVP) and AuPd
(PVA) materials respectively. According to our previous study on
composition-dependent activities of AuPd nanoparticles,3” we

can be confident that the considerably different catalytic
activities noted for the two AuPd/TiO; nanoalloy materials is
unlikely to be due to such small differences in both mean
particle size and averaged sample composition.

The correlative microscopy approach described above was
then used to study the composition variation as a function of
particle size in these two nanoalloys. A representative area that
was imaged using both TEM and SEM is shown in Figure 3 (a)
and (b), respectively. The SEM was operated at a relatively high
probe current (about 500-600 pA as measured by the Faraday
cup) while still maintaining a reasonable image resolution so
that the smallest particles are still visible in the secondary
electron images. To analyze the composition of an individual
particle, the electron beam was continuously scanned over an
area that only covers the selected particle (see box delineated
in Figure 3 (b)) while the X-rays emitted were collected by the
overhead SD detectors. The acquisition time varied from 60
seconds to 180 seconds per particle. Figure 3(c) shows part of
the X-ED spectrum obtained from the particle highlighted in
Figure 3(b), with clear peaks visible for the Au M (~2.1 keV) and
Pd L (~2.8 keV) characteristic X-ray signals. A background
spectrum was also acquired from a nearby support area without
any visible particles (in both the SEM and TEM images). As
shown in Figure 3(d), no detectable Au M or Pd L peaks were
found from this latter area, suggesting the contribution from
stray electrons and X-rays is negligible. The spectra were
smoothed and subjected to background removal before the
peak intensities were integrated (see Figure S2). The resultant
X-ED spectra were then quantified using the Cliff-Lorimer
method38 (details are given in Materials and Methods). Several
X-ED spectra obtained by scanning relatively larger areas
containing hundreds of particles were averaged and served as
an internal standard, assuming that they represent the average
compositions of the AuPd (PVA) and AuPd (PVP) samples
measured by independent ICP-AES analysis (Supplementary
Information, Figure S3 and Table S1).



The quantified compositions (measured in the SEM) of
individual particles were then plotted as a function of particle
size (as measured in the TEM) for the AuPd (PVP) and AuPd
(PVA) nanoalloys as shown in Figure 4 (a) and (b) respectively.
The error bars represent a 99% confidence interval. In a typical
analysis, over 10,000 counts can be collected in a characteristic
peak from an individual particle about 3-4 nm in size over a 3
minutes time interval so that the uncertainties according to
Poisson counting statistics are less than 1%. This represents an
order of magnitude improvement when compared to previous
work using high-resolution analytical electron microscopy.® 26
Alternatively, shorter acquisition time can be employed,
allowing more particles to be analyzed in a given time period so
that the composition distribution better represents the
nanoalloy population. From Figure 4 (a) and (b), it can be first
seen that for both samples, particle compositions vary
significantly for particles with similar sizes. For instance, the
compositions for particles of 3 nm in both samples can vary
from about 40 at% Pd to more than 70 at% Pd. Another
interesting finding is that the two samples also show a distinctly
different size-dependency of the particle composition: the AuPd
(PVP) sample shows a more random composition distribution
across particles with different sizes, whereas the AuPd (PVA)
sample displays a definite systematic size-dependent
composition variation. To better visualize the trends, Figure 4
(c) and (d) show the corresponding averaged compositions of
particles over a certi@h size range, obtained from the data
shown in Figure 4(a) and (b) respectively. The vertical bars
represent a 90% confidence interval calculated using the t-

distribution. The horizontal bars represent the size range over
which the compositional data were averaged. For the AuPd
(PVP) sample, it is clearer in this view that the averaged
compositions are almost constant across the 1 —8 nm size range
and they are reasonably close to the nominal value of 65 at% Pd
and 35 at% Au. The size-dependent composition variation in the
AuPd (PVA) sample is more evident in Figure 4(d). For smaller
particles, the average Pd content was found to be below 60 at%,
while for the larger particles, the Pd content was approaching
75at%.

Previous studies on the direct synthesis of H,0; using
supported AuPd nanoalloys have indicated that both the
activity and selectivity are sensitive to the catalyst
composition.38 Since the mean particle size and the overall
nominal composition of the AuPd (PVP) and AuPd (PVA)
materials are very similar, it is reasonable to hypothesize that
the measured differences in the catalytic activity may originate
from differences in the composition variations that can occur
from particle-to-particle. The finding that two AuPd colloids
made by very similar methods, except using different polymer
stabilizers (i.e., PVA and PVP), can have very different
composition distributions as a function of particle size is
noteworthy and consistent with our previous reports based on
complementary on aberration-corrected AEM analyses.826-28,37
For instance, in the study of Pritchard et al.,3” we have observed
Pd segregation in larger particles for a AuPd (PVA) colloid

(Bample, and such a phenomenon was not observed for the AuPd
(PVP) sample in a later study by Agarwal et al...8 Compared to
those studies, in which only 20-30 particles of the population
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versus particle size measurements of the AuPd colloids as determined using the correlative electron

microscopy approach. (a), (b) show the compositions of individual nanoparticles (measured by X-EDS in the SEM) plotted
against their particle sizes (measured by TEM) for both the AuPd (PVP) and AuPd (PVA) colloids. About 100-200 particles were

analysed in each case. The error bars in (a) and (b) represent

99% confidence intervals. (c) and (d) represent the ‘averaged’

particle composition as a function of particle size intervals, derived from the data shown in (a) and (b). The horizontal bars
represent the particle size binning range over which the compositions were averaged. The vertical bars represent 90%

confidence intervals calculated using the t-distribution.



was analyzed, here we analyzed between and 100 and 200
particles in each case, and the observed trend is more reliable
and statistically significant. The reason why simply changing
polymer stabilizers can give rise to such different trends in
composition versus particle size is currently unclear and is still a
matter for debate. Alloyeau et al.3° have reported that similar
size-dependent composition distributions can be caused by a
selective Ostwald Ripening process, in which one element
undergoes ripening faster than the other. It is conceivable that
a similar Ostwald ripening process has occurred more
prolifically during colloid synthesis for the PVA ligand variant
compared to the PVP stabilized particles due to subtle
differences in the PVA and PVP ligand binding strengths.
Nevertheless, this finding shows that even small changes in
synthesis protocols can result in significant changes to the
compositional uniformity displayed by the resultant nanoalloys,
which in turn can affect their catalytic properties This study
clearly demonstrates the necessity of performing additional
individual particle composition analyses (as a matter of routine)
alongside the standard particle size distribution analyses when
characterizing nanoalloy particle populations.

Some additional practical considerations

The feasibility and advantages of this correlative microscopy
approach for characterizing colloidal nanoalloy particle
populations have been clearly demonstrated through this
study. In practice, we found that the most challenging practical
aspect to overcome was the hydrocarbon contamination that
can build up on the sample during the prolonged X-EDS analysis
in the SEM chamber, which usually has a poorer vacuum (i.e.,~
10-4 Pa) compared to a high-resolution STEM instrument (i.e., <
10-5 Pa). If contamination does build-up, the particles can no
longer be identified by SE imaging, so that extended analysis
cannot take place. A UV cleaner was therefore used to treat the
TEM grid before commencing the SEM experiment, which does
slightly heat up the TEM grid. In addition, an electron scan with
relatively large probe current could also induce heating. In order
to see if these will induce unwanted particle growth, BF-TEM
imaging was used to check the sample before and after the UV
cleaning and EDS analysis. Indeed, some particle sintering
occurred if the particles were in very close proximity in the first
place. However, for particles that were initially reasonably well
separated from each other, (which were the ones we would
always select to perform SEM-XEDS analysis on), no particle
growth was observed due to the UV treatment and then the X-
EDS analysis in the SEM (see Figure S4). Another noteworthy
feature of this correlative method is that it works best for sub-
10 nm nanoalloy particles, since (i) this is the size range where
the particles were difficult to analyze quantitatively using high-
resolution analytical electron microscopes and thus could
benefit the most from this new approach; and (ii) with larger
particles, significant beam broadening can occur that could
potentially create bias in the composition analysis, especially
when there are segregation effects occurring in these bimetallic
particles. To illustrate the second point, a Monte Carlo
simulation®® was carried out using 20 keV electrons, a 1 nm
probe size and the target consisted of a series of Au nanocubes

of 20, 10, 5, and 2 nm in size. As shown in Figure S5, when the
particles get larger, the extent of beam broadening becomes
more obvious.

Conclusions

A correlative electron microscopy approach has been
developed for analyzing the composition distributions that can
exist in nanoalloy populations, a key parameter that has been
largely overlooked in most previous catalyst characterisation
studies of such nanomaterials. We have shown using this
approach that two AuPd colloids, differing only in protective
ligand identity, can exhibit very different composition versus
particle size trends that result in different catalytic performance
characteristics properties. The benefits of using this correlative
electron microscopy approach arise primarily from more
efficient X-ray analysis of nanoalloy composition using relatively
low energy electrons (i.e., 20kV), which have larger ionization
cross-sections. The technique also permits the use of higher
probe currents due to the absence of knock-on damage at lower
electron energies (e.g. 20keV), which also gives rise to better
counting statistics through improved signal generation.
Furthermore, the current method can potentially be still further
improved with better X-EDS detector design that takes full
advantage of the available space around the sample and a
better SEM chamber vacuum. Finally, the combined cost of a
cold-FEG SEM and a large X-EDS detector such as a FlatQuad are
still much lower compared to a multimillion-dollar aberration-
corrected analytical electron microscope. Compared to other
techniques such as atom probe tomography,*-46 the current
approach does not require special sample preparation for small
nanoalloys (e.g. making a tip-shaped specimen in which the
particles are embedded). Therefore, we believe the technique
described in this paper should, in general, be more accessible to
researchers interested in the structural and compositional
analysis of individual nanoalloy particles and can help to
promote more routine composition distribution analysis of
nanoalloys. Through such studies, highly relevant insights into
structure/performance relationships will emerge, which could
result in synthesis technique improvements that lead to further
optimised nanoalloy catalyst performance.

Experimental

Synthesis of AuPd nanoalloy particles and AuPd/TiO; supported
catalysts

The AuPd alloy nanoparticles were prepared using a previously
reported colloidal synthesis method.9 The requisite amount of
an aqueous solution of HAuCl4 and an acidified solution of PdCl,
(in 0.5M HCI) were mixed in 400 mL of de-ionized water so that
the total amounts of Pd and Au in the solution are 5 mg each.
Next 12 mg of pre-dissolved polyvinylpyrrolidone (PVP, average
molecular weight 10,000 g/mol, Sigma Aldrich) or polyvinyl
alcohol (PVA, average molecular molar weight 10,000 g/mol,
Sigma Aldrich) were added as stabilizers to give a metal-to-
polymer weight ratio of 1:1.2. After 2-3 mins of stirring, 3.62 ml
of a freshly prepared 0.1 M aqueous solution of sodium



borohydride (NaBH4, Sigma Aldrich) was quickly injected, so
that the molar ratio of NaBH4-to-metal was 5:1. After the
injection process, the metal precursor solution rapidly changed
colour to dark brown, which indicated the formation of colloidal
AuPd nanoparticles. The aqueous solution was then stirred for
an additional 30 min in the air before being stored.

For making supported catalysts, the pre-synthesised AuPd (PVA)
or AuPd (PVP) colloids were immobilized onto a commercial
TiO; support material consisting of a mixture of rutile and
anatase phases (P25, Degussa, 1.98g). A sufficient amount of
support material was added into the stirred colloidal solution to
achieve a 1 wt% total metal loading. The solution was acidified
to pH=1-2 using sulphuric acid to achieve a more homogeneous
spatial deposition of nanoparticles. The mixture was then
stirred for 1 h until the supernatant solution became clear,
indicating the deposition process was complete. The AuPd/TiO,
catalyst was then filtered and washed with 2 L of distilled water
to remove excess contaminants and dried in an oven at 110°C
for 16 h.

The Direct Synthesis of Hydrogen Peroxide (H,0,)

The AuPd/TiO, (PVA) and AuPd/TiO, (PVP) catalysts were
evaluated for the direct synthesis of H,0; using a stainless-steel
autoclave (Parr Instruments) with a nominal volume of 100 mL
and a maximum working pressure of 14 MPa. The autoclave was
equipped with an overhead stirrer (0-2000 rpm) and had
provision for measurement of temperature and pressure. For
the standard reaction conditions, the autoclave was charged
with the catalyst (0.01 g) and solvent (5.6 g MeOH and 2.9 g
H,0), and purged three times with 5% H,/CO (3 MPa) and then
filled with 5% H,/CO, and 25% O0,/CO, to give a
hydrogen/oxygen ratio of 1:2 at a total pressure of 3.7 MPa.
Stirring (at 1200 rpm) was commenced upon reaching the
desired temperature at 2°C, and experiments were carried out
for 30 min. The H,0, yield was determined by titration of
aliquots of the final filtered solution with acidified Ce(SOa)
(7x103 mol/L). The Ce(SO4)> solutions were standardized
against (NH4);Fe(SO4), .6H20 using ferroin as the indicator. The
catalytic conversion of H; and selectivity towards H,0, were
determined using a Varian 3800 GC fitted with TCD and
equipped with a Porapak Q column. The H; conversion and H,0,
selectivity were defined as follows:

mmoly, (t0) ~ mmoly, (t(D) 8

100
mmoly, (t(0))

H, Conversion (%) =

H,0,detected (mmol)

x 100
H, consumed (mmol)

H, 0, Selectivity (%) =

H,0, Hydrogenation Test

H,0, hydrogenation experiments were also carried out in a
similar manner to that described above for the direct synthesis
of H,0, but in the absence of 1.1MPa 25% 0,/CO,. In a typical
test run, the autoclave was charged with catalyst (0.01 g) and a
solution containing 4 wt% H,0; (5.6 g MeOH, 2.22 g H,0, and
0.68 g H,0;, (50%)). The charged autoclave was then purged

three times with 5% H,/CO, (0.7 MPa) before filling with 5%
H,/CO, to a pressure of 2.9 MPa at 20°C. The temperature was
then dropped to 2°C using an ice bath, followed by stirring (at
1200 rpm) of the reaction mixture for 30 min. The amount of
residual H,0; present after the reaction was determined using
the titration method described above.

Transmission Electron Microscopy

A JEOL 2100 TEM with a LaBg gun operating at 200 kV was used
to image the as-prepared AuPd-PVA and AuPd-PVP colloidal
particles. The TEM specimen was prepared by depositing the
aqueous AuPd colloid solution onto a holey carbon grid and
allowing the solvent to evaporate. The grids were obtained from
SPI Supplies and Ted Pella. They are not finder grids but do have
recognizable features in the centre, which were used to locate
particles (an example is given in Figure S6 in the Supplementary
Information). A systematic series of higher and lower
magnification images of the nanoparticles were recorded in
order to measure particle size and record their precise locations
on the TEM grid. Particle size distributions were determined
using the auto-local threshold and the particle analysis
functions in Imagel.

Scanning Electron Microscopy and X-ray Energy Dispersive
Spectroscopy

A Hitachi SU-8230 SEM equipped with cold field emission gun
was used to image the same set of AuPd particles that were
previously located and characterised in the TEM. A customized
sample holder was used to hold the TEM grids close to the
objective lens, and a thick carbon tape was used at the bottom
of the holder to minimize stray electrons and X-rays. Prior to
SEM analysis, the TEM grids were cleaned using a Hitachi ZONE
Il tabletop UV specimen cleaner in order to minimize
contamination during the subsequent SEM experiments.

X-ray Energy Dispersive Spectroscopy (X-EDS) of individual
particles was performed using a Bruker XFlash® FlatQUAD
silicon drift detector, which was inserted between the SEM
polepiece and the sample, allowing a collection solid angle of
~1.1 sr.. X-EDS quantification was carried out using the Cliff-
Lorimer method, in which the average composition of several
hundred of particles was used as an internal standard, assuming
that they have the same composition as was independently
determined by ICP-AES analysis of the same specimen. The X-
EDS spectrum was smoothed and background-subtracted
before integrating the areas of the Au M peak (2.03-2.26 keV)
and Pd L peak (2.75-3.08 keV). The estimation of errors for the
compositions measured of individual particles was done by
following by a modified procedure described in reference 37.
The errors associated with the Cliff-Lorimer k-factor was
estimated using the following formula:

Ak (AIAu>2 N (A1pd>2 N (AMPd)Z N (AMAu>2

k IAu IPd M MAu

where Aly, = 34/l , Alpg = 3,/Ipg are the Poisson counting
uncertainties at 99% interval. (AM_Pd)/M_Pd and (AM_Au)/M_Au

are the estimated relative error from ICP-AES analysis for Pd and Au.
(Table S1)




The error in composition was then estimated using the following
formula:
ACpq

= (Cpa(Bk) — Cpg)? + (Cpa(Blyy) — Cpa)? + (Cpa(Alpg) — Cpa)?

The first term is the maximum error that the uncertainty of k factor
could cause to the composition, while the second and third terms are
the maximum errors that counting uncertainties in the Au M peak
and Pd L peak could contribute, respectively.

Alyy, = 3/1ay, and, Alpy; = 34/1p,, represents a 99% confidence
interval.

Inductively coupled plasma — atomic emission spectroscopy (ICP-
AES)

ICP-AES analysis was performed using an Atom Scan 16 instrument
(TJA Corporation). The AuPd/TiO, catalysts were digested using aqua
regia. The solution was then filtered and diluted down to a metal
concentration of about 10 ppm before being tested.
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