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Abstract
We demonstrate that the combination of x-ray irradiation and capping by polyethylene glycol
(PEG) produces excellent flexibility in controlling the structure of Au–Pd nanoparticles while
preserving their catalytic performance. We specifically adopted two different fabrication
methods: co-reduction and seed-assisted reduction. In both cases, precursor composition plays an
important role in controlling the phases and size of the bimetallic nanoparticles. The optimal
catalytic performance is obtained with the highest Pd concentration and when the nanoparticles
consist of a Au core and a Pd shell.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Au–Pd nanoparticles were extensively investigated because
of their remarkable catalytic properties in oxidation reaction,
e.g. of primary alcohols [1], CO [2], and of their potential as
fuel cell electrodes [3]. A synergistic effect was observed in
liquid phase oxidation [1, 4, 5] which enhances the catalytic
effect of the Au or Pd nanoparticles. These properties depend
on the composition, particle size, chemical phases and their
geometrical distribution (alloy, distributed clusters or core–
shell) and on the supporting material. It is therefore quite
important to synthesize these nanocomposites with adjustable
nanostructures and surface modification so the overall per-
formance can be optimized.

So far, quite a number of chemical methods have been
developed to prepare Au–Pd nanoparticles [6–16] suitable for
catalytic applications. Our present work was inspired by the

recent use of x-ray irradiation to fabricate Au–Pt nano-
particles [17]. Even though there is an immiscible gap in the
bulk Au–Pt phase diagram, we obtained alloyed Au–Pt
nanoparticles. The alloying of Au–Pt nanoparticles was
attributed to the ultrahigh reduction rate triggered by the high-
intensity irradiation.

We present a similar irradiation technique to prepare Au–
Pd nanoparticles, targeting both alloyed and core–shell
structures. The approach is based on the simultaneous
reduction by exposure to an intense synchrotron radiation
x-ray beam. To synthesize core–shell nanoparticles, Au or Pd
seeds were pre-formed and then mixed with the other metal
precursors before irradiation. PEG was included in the pre-
cursor solution as an option for stabilization and particle size
control [18–20]. Compared to uncoated Au–Pd nanoparticles,
colloidal PEG-coated Au–Pd nanoparticles remained stable
after more than one month as the PEG acted as an anti-
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aggregation surface passivation agent. The PEG coating
enabled the successful synthesis of smaller Au–Pd nano-
particles, ∼5–7 nm, with a narrower size distribution, <20%,
than those without coating. In addition to these positive
effects in the synthesis, an unexpected result was found: the
PEG coating does not reduce the catalytic properties of the
Au–Pd nanoparticles but rather enhances the performance due
to better control of the nanoparticle size and better colloidal
stability.

Our present tests, therefore, show that our irradiation
synthesis approach also works for Au–Pd nanoparticles, and
that PEG coating improves it substantially. The PEG coating
not only provides the necessary colloidal stability and better
control of particle size, it also does not affect the catalytic
performance. Alloy or core–shell nanoparticles like AuPd
are of high technological value as catalysts and their ability
to tune and optimize their performance by adjusting the
nanostructure and surface modification. Note that certain
unique features of the x-ray radiation reduction and synth-
esis are particularly beneficial. Specifically, the synthesis
can be performed at room temperature and atmospheric
pressure, allowing the synthesis of more versatile nano-
particle surface and substrate modifications; reaction in
aqueous solutions without using reducing agents makes
the process quite environmentally friendly and compatible
for biomedical applications. In addition, the very intense
x-rays generated by a synchrotron source enable a very fast
and uniform reduction and thus facilitate accurate nano-
particle size control [17–20] and the potential scaling-up
of the production. In this work, the fabrication method
remains very simple and its products are quite promising
for application in diverse types of catalytic processes.
We specifically identified the optimal fabrication para-
meters, in particular the composition, for the best catalytic
performances.

2. Experimental details

2.1. Materials and methods

The precursor solution contained HAuCl4·3H2O (10 mM,
Aldrich) and PdCl2 (10 mM, Seedchem). Due to its limited
solubility in water, PdCl2 powders were first dissolved in
concentrated hydrochloride acid. PEG (2 w/v%, MW6000,
Showa) was used to achieve both colloidal stabilization and
particle size control. In the simultaneous reduction approach
(no seeding), we tested precursors with different Au/Pd molar
ratios, x, ranging from 0.2 to 0.8; the total metal concentration
was fixed at 1 mM. For x= 0.5, for example, 10 ml of pre-
cursor solution with 0.5 mM Au3+ and 0.5 mM Pd2+ was put
in a polypropylene conical tube and exposed to x-rays for
5 min at the BL01A beamline of the National Synchrotron
Radiation Research Center (NSRRC, Hsinchu, Taiwan). The
details of the x-ray source were reported elsewhere [21, 22].
The final PEG concentration in the precursor solutions was
0.1 w/v%. Monometallic PEG-capped Au and Pd

nanoparticles were also prepared under identical conditions
for comparison.

In the seeding approach, Au and Pd seed particles
were prepared by x-ray irradiation of a precursor solution

Figure 1. UV–Vis absorption spectra of nanoparticles prepared with
the simultaneous reduction approach. The inset shows pictures of the
corresponding solutions.

Figure 2. Synchrotron powder XRD patterns (a) and the linear fit of
the lattice constants versus x for nanoparticles prepared with the
simultaneous reduction approach. X-ray wavelength: 1.33146 Å.
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with 1 mM of the metal salt and 0.2% PEG. For
example, to prepare Au seeds, we used 10 ml of precursor
solution with 1 ml of HAuCl4, 1 ml of PEG6K and
0.8 ml 0.1M NaOH (for pH adjustment). The seed

colloidal was then co-cultured with the precursor solution
of the second element with the desired seed/second
metal ratios (total volume 10 ml) and x-ray irradiated
for 5 min

Figure 3. Typical TEM micrographs and corresponding particle size distribution of nanoparticles prepared with the simultaneous reduction
approach: P–Au0.8Pd0.2 (a)–(b); P–Au0.5Pd0.5 (c)–(d); P–Au0.2Pd0.8 (e)–(f).
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2.2. Characterizations

The nanoparticles were analyzed with an Ocean Optics
USB4000 UV–vis spectrophotometer. Their size, morphology
and composition were investigated by transmission electron
microscopy (TEM, with a JEOL JEM-2100F instrument)
operating at 200 kV and by energy dispersive x-ray spec-
troscopy (EDS). For <5 nm nanoparticles, the morphology
and composition were identified in the dark-field scanning
transmission electron microscopy (STEM) mode. For TEM
sample preparation, after filtering with a 0.22 μm Millipore
Amicon membrane several solution drops were loaded on
carbon-coated copper grids and allowed to dry. The average
size was evaluated by inspecting at least 100 particles in
each case.

Synchrotron powder x-ray diffraction (XRD) measure-
ments were performed on the NSRRC beamlines BL17A
(0.1331 nm wavelength) and BL13A (0.1027 nm wave-
length). To collect a sufficient nanoparticle amount, the Au–
Pd colloidal solutions were condensed with a high-speed
Eppendorf 5810R centrifuge combined with Millipore Ami-
con Ultra-15 filters, at 3200 g for 30 min The nanoparticle
powder was then obtained by drying at 45 °C in ambient
atmosphere.

The nanoparticle catalytic performances were investi-
gated by studying the p-nitrophenol reduction in the presence
of NaBH4, which is well documented [31–33]. All aqueous
solutions were prepared immediately before use. A typical
test was performed by mixing 1 ml of 0.2 mM p-nitrophenol,
0.7 ml of DI water and 0.2 mL of 0.1 M NaBH4 in a quartz
cuvette. The solutions became bright yellow right after the
addition of NaBH4. The reaction started after adding 0.1 ml of
0.1 mM nanoparticle solution. In UV–vis measurements, p-
nitrophenol exhibits an SPR peak at 317 nm that shifts to
400 nm in the presence of NaBH4. Excess NaBH4 was added
to ensure the stability of p-nitrophenolate and the reaction of
forming p-aminophenol can be treated as of pseudo-first-order
reaction.

3. Results and discussion

3.1. Simultaneous reduction approach

Figure 1 shows UV–Vis absorption spectra of the corre-
sponding PEG-coated nanoparticles. The Au surface plasmon
resonance (SPR) peak intensity rapidly decreased as the Pd
content increased, and disappeared for x < 0.5. The peak

position shifted from around 527 nm with no Pd (data not
shown) to 512 nm; the peak broadened indicating smaller
nanoparticles.

Figure 2(a) shows XRD patterns for three different x-
values. Only single reflection peaks between Au (111) and
Pd (111) reflections are observed. The Bragg peaks shift to
higher diffraction angles as x decreases, indicating an
alloyed structure, and become broader, indicating small
particles. The lattice parameters calculated from the most
prominent (111) reflections are shown in figure 2(b) as a
function of x. Note that Au–Pd alloyed phases were obtained
for all x-values.

Figure 3 shows representative TEM micrographs and the
particle size distribution: the nanoparticles are spherical,
5–6.5 nm in diameter, and with a narrow dispersion. The
high–resolution TEM results in figure 4 reveal lattice fringes
attributed to {111} and {100} Pd planes, indicating Pd seg-
regation on the nanoparticle surface. Similar cases of surface
segregation were reported in [23] and attributed to the auto-
reduction of Au ions by Pd due to the electronegativity
difference.

Table 1. x-values, size, and phases of PEG-coated Au, Pd, and Au–Pd nanoparticles prepared by simultaneous reduction.

Sample ID Au3+/Pd2+ ratio (x) a (Å) Size (nm) by XRD Size (nm) by TEM Phase structure

P–Au 1 4.083 4.7 4.7 ± 1.9 Au
P–Au0.8Pd0.2 0.8 4.025 6.5 4.9 ± 0.8 Au–Pd alloy
P–Au0.5Pd0.5 0.5 3.982 6.1 6.5 ± 1.2 Au–Pd alloy
P–Au0.2Pd0.8 0.2 3.948 5.1 6.0 ± 1.2 Au–Pd alloy
P–Pd 0 3.891 4.9 4.9 ± 1.0 Pd

Figure 4. HRTEM micrographs of P–Au0.5–Pd0.5 nanoparticles
prepared with the simultaneous reduction approach. The insets show
magnified versions of the two rectangles (scale bar: 2 nm).
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The lattice parameter, crystal size and phases are sum-
marized in table 1. Note that XRD and optical absorption
probe bulk properties are better than TEM, thus they carry
more weight in deriving the crystal nanoparticle structure and
phases. The crystal size was calculated with the Sherrer
equation [24] using the (111) reflections. The size of Au–Pd
alloyed particles decreased from 6.5 to 5.1 nm as x decreased,
but remained slightly larger than for PEG-coated Au or Pd
nanoparticles.

3.2. Seeding approach

References [25–28] report seed-assisted processes to prepare
the Au-Pd nanoparticles with an Au core and a Pd shell or
vice-versa, and alloyed nanoparticles. This inspired us to try a
similar approach coupled with x-ray irradiation. Table 2
summarizes for the products the x-values, the seeds, the
particle size and the phase structure.

3.2.1. Au seeds. Figure 5 shows UV–Vis absorption
spectra for different x-values. As x decreased, the Au SPR
peak intensity sharply decreased and its position shifted to
lower wavelengths. This can be attributed to an increase of
the Au electron density due to Pd atoms immobilized on Au

cores [15, 29, 30], suggesting that Pd atoms settle on the
surface of Au seeds to form nanoparticles with an Au core
and a Pd shell. The absorbance increase in the visible range
as x decreases indicate that either the Pd shells become
thicker or more isolated Pd nanoparticles are formed,
or both.

XRD and TEM corroborate the phases revealed by
optical absorption. From the patterns of figure 6, it is clear
that the nanoparticle phases depend on x. For AS–Au0.8Pd0.2
and AS–Au0.5Pd0.5 (table 1), the derived lattice constants are
close to those of the alloyed (no seeding) Au–Pd nanoparticle,
indicating the alloyed Au–Pd phase also for these nanopar-
ticles. On the other hand, separated Au and Pd reflection
peaks were observed for AS-Au0.2Pd0.8, indicating the
formation of nanoparticles with an Au core and a Pd shell.
It should be noted, however, that the UV–Vis and XRD
results cannot exclude the additional formation of individual
Pd nanoparticles.

Figure 7 shows typical TEM micrographs and the
nanoparticle size distribution. The size increases as the x-
value decreases. The HRTEM images of figure 8 show a clear
density contrast that reveals the Au(core)–Pd(shell) structure.
Also note that, with increasing Pd content, the Pd shell
thickness markedly increases and more isolated Pd nanopar-
ticles are observed.

3.2.2. Pd seeds. The UV–Vis results of figure 9 show
that, as x increases, more Au-coated Pd nanoparticles and/

Table 2. x-values, size, and phases of PEG-coated Au, Pd, and Au-Pd nanoparticles prepared by the seeding approach.

Sample ID Au3+/Pd2+ ratio (x) Seed a (Å) Size (nm) by TEM Phase structure

AS–Au0.8Pd0.2 0.8 PEG–Au 3.993 5.3 ± 1.1 Core (Au)–Shell (Pd), Pd
AS–Au0.5Pd0.5 0.5 PEG–Au 3.853 6.2 ± 1.2 Core (Au)–Shell (Pd), Pd
AS–Au0.2Pd0.8 0.2 PEG–Au — 7.2 ± 2.1 Core (Au)–Shell (Pd), Pd
PS–Pd0.29Au0.71 0.71 PEG–Pd 4.037 3.7 ± 2.2 Au–Pd alloys
PS–Pd0.02Au0.98 0.98 PEG–Pd 4.072 8.3 ± 3.3 Au–Pd alloys, Au

Figure 5. UV–Vis absorption spectra of nanoparticles prepared with
Au seeding.

Figure 6. XRD patterns of nanoparticles prepared with Au seeding.
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or isolated Au nanoparticles are formed; the red shift
indicates a size increase. The XRD data of figure 10
show that for PS–Pd0.29Au0.71 the (111) reflection peak is
broad, indicating smaller particles (≈5.3 nm) than for the
two other samples. The TEM micrographs of figure 11
for PS–Au0.98Pd0.02 and PS–Au0.71Pd0.29 show that,

depending on x, the particle size varies from 3.7 nm
to 8.3 nm.

3.3. Catalytic properties

To assess the catalytic performance of the Au–Pd nano-
particles, we model the reduction reaction kinetics of p-

Figure 7. Typical TEM micrographs and corresponding size distribution of nanoparticles prepared with Au seeding: AS–Au0.8Pd0.2 (a)–(b);
AS–Au0.5Pd0.5 (c)–(d); AS–Au0.2Pd0.8 (e)–(f).
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nitrophenol reduction in the presence of NaBH4. The con-
centration ratio was replaced by the At/A0 absorbance (at
400 nm) ratio, where At was measured at the time t and A0 is
the initial value. The catalytic efficiency was linked to the
reaction kinetics which in turn can be described by the
equation:

= = −C

C

A

A
ktln ln ,t t

0 0

where k is the rate constant.
Figure 12 shows the results for both fabrication

approaches. The catalytic performances strongly depend on
the Pd content, becoming optimal for the highest Pd frac-
tion. They are also affected by the nanoparticle phases, in
particular by the presence of alloyed or core–shell
structures.

The core–shell AS–Au0.2Pd0.8 nanoparticles exhibit the
best catalytic performances. Alloyed Au–Pd nanoparticles

with the same composition also exhibit good perfor-
mances. This is consistent with the Pd surface segregation
revealed by TEM. Very low catalytic activity was found
for the Pd seeding as expected because of the Au
passivation.
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Figure 9.UV–Vis spectra of nanoparticles prepared with Pd seeding.
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prepared with Pd seeding.
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