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Bimetallic nanocrystals are a promising new class of materials
to meet increasing industrial demand for optimized catalysts.
Owing to synergistic effects between two metals, bimetallic
nanocrystalline catalysts often display superior catalytic
performance compared to their single metal counterparts.'!
As the composition of core-shell nanocrystals can be
precisely tuned through control of the shell thickness, the
catalytic activity of these systems can be readily optimized.?
Close control over nanocrystal size and shape is also essential
for controlling catalytic properties.”] Herein we report the
synthesis of small (< 15 nm), monodispersed uniform icosa-
hedral Au-Pd core—shell nanocrystals, with a range of shell
thicknesses. The critical step in our synthesis is an extremely
slow growth rate, which allows precise tuning of the palladium
shell thickness, while maintaining a highly faceted icosahedral
shape. We show that the catalytic properties of the Au-Pd
core—shell nanocrystals can be optimized for the oxidation of
benzyl alcohol to benzaldehyde, an important industrial
product.

Bimetallic core—shell nanocrystals are key candidates for
future heterogeneous catalysis, as unlike many doped or
alloyed nanostructures, all surface atoms can be tailored to be
the desired catalytically active metal. To date, previous
synthetic investigations have resulted in a variety of faceted
shapes of larger sized (ca. 20-200 nm) bimetallic nanocrys-
tals.! However, faceted particles less than 15 nm in size have
maximized catalytic performance and have proved challeng-
ing to synthesize.'*3 % Of the many possible bimetallic
systems, gold-palladium is one of the most exciting for
catalytic studies,'®! as gold—palladium catalysts are important
for the direct formation of hydrogen peroxide,” vinyl acetate
synthesis, "> carbon monoxide oxidation,'"™*% and the

oxidation of primary alcohols'™” all of which are key
reactions in the petrochemical and pharmaceutical industries.

Our strategy for synthesizing highly faceted icosahedral
Au-Pd core-shell nanocrystals is by using a seed-mediated
approach, which enables the independent control of nuclea-
tion and growth stages.®! Initially, highly faceted, monodis-
perse icosahedral gold nanocrystal seeds (7.1 + 0.4 nm in size)
were synthesized (Supporting Information, Figure S1). To
grow the palladium shell, the gold seed solution was added to
a precursor solution containing palladium acetylacetonate
and hexadecylamine in toluene, in a 2:1 molar ratio of
palladium to gold; this reaction mixture was then reduced
under hydrogen at 60°C for 120 min.

The key step in our synthesis is the layer by layer atomic
addition of Pd" to the surface of the gold nanocrystal seeds,
thus enabling slow, controlled growth of the palladium shell
with time. This growth regime means that it is simple to
quench the growth at different reaction times to give finely
controlled palladium shell thicknesses. Most importantly, the
icosahedral morphology of the seed is maintained during the
slow growth.

A transmission electron microscopy (TEM) image of the
Au-Pd core-shell nanocrystals is shown in Figure 1a. The
nanocrystals are 11.4 + 0.4 nm in size and monodisperse with
well-defined faceting, and form a honeycomb-like monolayer
when deposited on a TEM grid. A high resolution TEM
image of a single Au-Pd core—shell nanocrystal is shown in
Figure 1b. The atomic lattice fringes are continuous from the
center of the nanocrystal to the edge, thus indicating epitaxial
growth of palladium onto the gold seeds. Epitaxial growth is
expected as the lattice mismatch between gold and palladium
is less than 5 %."! The TEM image corresponds to a multiply
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Figure 1. a) Bright-field TEM image of an array of 11.4 nm highly
faceted Au—Pd core-shell nanocrystals. b) High-resolution TEM image
of a single Au—Pd core-shell nanocrystal, with a clear contrast differ-
ence between the dark core (gold) and lighter shell (palladium). Lattice
fringes correspond to an icosahedral structure oriented along (111).

c) STEM-EDX map shown as an overlay of gold and palladium signals,
confirming the core-shell structure. d) HAADF-STEM image showing

a contrast difference between gold core (bright) and palladium shell
(dark). Dotted blue line represents the EDX line scan shown in e) with
palladium in red, gold in green and copper in black.

twinned icosahedral morphology viewed along a (111) zone
axis, with only {111} surfaces exposed.”

The nanocrystals were also analysed using Scanning TEM
(STEM) coupled with energy dispersive X-ray spectroscopy
(EDX) to confirm the composition of the bimetallic particles.
An overlay of palladium and gold EDX maps is shown in
Figure 1c (and Supporting Information, Figure S2), indicating
a clear separation of the two elements and confirming the
core-shell structure. The high-angle annular dark-field
(HAADF) STEM image in Figure 1d also shows a clear
contrast difference between the gold core and palladium shell.
An EDX line from a single nanocrystal from the image in
Figure 1d is shown by a dotted blue line, with the resultant
compositional profile shown in Figure 1e; this compositional
profile is consistent with a polyhedral core—shell particle, in
which the gold count decreases from the center of the particle
with respect to palladium. Finally UV-Vis spectroscopy was
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used to confirm the absence of uncoated gold cores in the
sample (Supporting Information, Figure S3).

Time-resolved experiments were performed to investigate
how faceting is maintained at a small particle size and to
synthesize nanocrystals with different shell thicknesses for
subsequent catalytic studies. Samples of nanocrystals were
isolated by quenching the reaction at 30, 60, 90, 120, and
180 min and size distributions measured from TEM images
(Supporting Information, Figure S4 and S5). From measure-
ments of the increase in the mean size of the nanocrystals, the
change in palladium shell thickness as a function of reaction
time was calculated, giving shell thicknesses of 0.4, 0.8, 1.5,
2.2, and 3.2 nm after 30, 60, 90, 120, and 180 min, respectively.
The gold cores appear to maintain a constant size over the
course of the reaction. A thin alloy region between the core
and the shell cannot be discounted because of local variations
in particle orientation and from the resolution of the images,
which make such alloying hard to observe.

The measured palladium shell thicknesses were plotted
against reaction time (Figure 2) and the rate of palladium
shell growth calculated as 1 atomic layer of palladium
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Figure 2. Palladium shell thickness (nm) versus time (min) for the
growth of faceted icosahedral Au—Pd core—shell nanocrystals. Time-
resolved samples were obtained by quenching the reaction at 30, 60,
90, 120, and 180 min. The size distributions of each sample were
measured and the shell thickness was calculated by subtracting the
size of the gold seed. Standard size deviation is shown as error bars.
Representative HRTEM images of each sample are shown in a)—f).
Scale bars: 5 nm.

deposited every 13 min. This growth rate is extremely slow
compared to previously reported syntheses. For example,
calculations from the data of the groups of Wiley and Xia
show a growth rate of 1 atomic layer every 2 min for the seed-
mediated growth of Au-Pd nanodendrites,'”! and a growth
rate of 1 atomic layer every 4.5 min for the synthesis of 12—
38 nm Au-Pd nanocubes.'!! Figure 3 shows that there is linear
growth of the palladium shell over the course of the entire
reaction. This type of growth has previously been shown to
produce thermodynamically stable nanocrystal shapes for
palladium,™ thus implying that growth of our Au-Pd core—
shell nanocrystals is thermodynamically controlled.

In thermodynamically controlled growth, palladium
atoms have sufficient time post deposition to migrate to the
lowest energy surface site, thus maintaining the initial
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Figure 3. Catalytic properties of icosahedral Au—Pd core—shell nano-
crystals with varying palladium shell thicknesses for the solvent-free
oxidation of benzyl alcohol. a) Turnover frequency (TOF) versus
palladium shell thickness. b) Selectivity to products in the oxidation of
benzyl alcohol versus palladium shell thickness.

icosahedral morphology with {111} surface facets.'¥ The
persistence of an icosahedral morphology was confirmed
from HRTEM images of nanocrystals sampled from each
reaction (Figure 2a-f). These each show multiply twinned
icosahedra oriented along a (111) zone axis, thus indicating
the Au-Pd core-shell nanocrystals maintain their faceted
icosahedral shape throughout the growth process.

These Au-Pd core—shell systems can be designed and
optimized to achieve nanocrystals with maximum catalytic
performance, as the bimetallic composition can be finely
tuned by controlling the thickness of the shell formed around
a uniform core, while a faceted and thermodynamically stable
morphology is maintained. To demonstrate the catalytic
performance, a series of nanocrystals were used as catalysts
for the oxidation of benzyl alcohol to benzaldehyde, which is
an important probe reaction and an important industrial step
in the oxidation pathway of toluene derivatives.'*7)

The nanocrystals studied were taken from the entire range
of time resolved experiments shown in Figure 3 with average
palladium shell thicknesses of 0.4, 0.8, 1.5, 2.2, and 3.2 nm. In
addition, 7.1 nm pure gold cores were studied as a control. All
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catalysts were prepared with a loading of 1wt% metal
nanoparticles on activated carbon. Solvent-free benzyl alco-
hol (40 mL) was converted into benzaldehyde in an autoclave
under 10 bar oxygen at 140°C in the presence of 25 mg of the
Au-Pd/C catalyst (see the Supporting Information for exper-
imental details).

The data shown in Figure 3 clearly show peaks in the
catalytic performance, measured as both turnover frequency
(TOF) and selectivity, for nanocrystals with a shell thickness
of 2.2 nm (ca. 12 atomic layers of palladium). The maximum
activity occurs at a shell thickness of 2.2 nm (Figure 3a) when
the bimetallic synergy between gold and palladium is
optimized; thinner or thicker shells become more gold- or
palladium-like, thus resulting in lower activities."¥ A max-
imum selectivity of greater than 95 % for benzaldehyde is also
achieved for a shell thickness of 2.2 nm (Figure 3b). More-
over, the consistently high selectivity (greater than 70 %) for
all shell thicknesses indicates that maintaining a faceted
morphology leads to good catalytic selectivity over a range of
compositions. We also note that as the shell thickness
increases from 1.5 nm to 2 nm, the faceting of the particles
becomes more pronounced; this more-pronounced faceting
may also contribute to the increases in TOF and in selectivity
observed. Further catalytic characterization is given in the
Supporting Information (Figure S6).

In summary, we have described a method for the synthesis
of highly faceted, icosahedral Au-Pd core—shell nanocrystals,
far smaller than any previously produced. The control of the
size and shape is achieved by the extremely slow growth of the
palladium shell on the gold core, thus enabling precise, layer
by layer, control of the shell thickness. The catalytic proper-
ties of the Au—Pd core—shell nanocrystals for the industrially
important oxidation of benzyl alcohol have been tested and
the shell thickness of the nanocrystals that give maximum
catalytic performance can be identified and these nanocrys-
tals can be isolated. This concept of extremely slow shell
growth unlocks the possibility for future nanocrystal catalyst
design where all three critical variables of size, shape and
composition can be optimized for a given catalytic reaction.

Experimental Section

Synthesis of gold seeds: Gold chloride trihydrate (19.7 mg, Aldrich,
99.9 %) was dissolved in toluene (1 mL; >99 % HPLC grade) along
with dodecylamine (0.185 g; 0.1 mmol; Aldrich, 98%) in a 11 mL
sample vial. The vial was placed in a 10 oz. Fischer-Porter bottle filled
with 10 mL of excess toluene and sealed with bivalves. Air was
evacuated from the bottle and then repeatedly purged with vacuum
and hydrogen gas (1 bar). The bottle was then filled with hydrogen
gas (3 bar) and placed in an oven at 60°C for 24 h. The gas was
released, the solution washed once with an equal amount of methanol
in a macrocentrifuge for 15 min at 4000 rpm, and then the product was
stored as a powder.

Typical synthesis of Au-Pd core—shell nanoparticles: Hexadecyl-
amine (0.12 g; Aldrich, 90 %) was added, as surfactant, to a solution
of palladium acetylacetonate ([Pd(acac),]; 15.2 mg; Aldrich, 99 %) in
toluene in a sample vial. The gold seeds prepared as above were
added to the reaction mixture to give a Pd/Au molar ratio of 2:1, and
a total solvent volume of 1 mL. The vial was placed in a 10 oz. Fischer-
Porter bottle and prepared as described above. The bottle was then
filled with 1 bar of hydrogen gas and placed in an oven at 60 °C for 2 h.
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The solution was then removed and the product washed twice by
centrifugation at 14000 rpm using an equal amount of methanol.

Characterization: Low- and high-resolution TEM images were
recorded using a JEOL 2010 electron microscope operated at 200 kV.
Scanning TEM images were recorded using a JEOL 2100F Field
Emission microscope. EDX maps were recorded using a JEOL 2800
Field Emission emicroscope fitted with a Centurio 100 mm2 SDD
EDX detector giving a solid angle of 0.95sr. EDX maps were
acquired with a probe size of 1 nm and a probe current of 1nA. In all
cases TEM samples were prepared by redispersing the dried samples
in toluene and dropping the liquid sample onto carbon-coated copper
grids.
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