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In this study, we report a novel facile strategy for atomically-precise synthesis of supported Au@Pd core-
shell bimetallic catalyst via atomic layer deposition (ALD). By choosing a proper deposition condition, we
can selectively deposit Pd only on Au nanoparticle surface, but not on SiO, support to exclusively form
Au@Pd core-shell bimetallic nanoparticles, while avoiding monometallic nanoparticle formation;

therein, the Pd shell thickness can be atomically precisely tuned by varying the number of Pd ALD cycles.
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In solvent-free oxidation of benzyl alcohol, the catalytic activities of the resulted Au@Pd/SiO, core-shell
bimetallic catalysts showed a clear volcano-like trend with the Pd shell thickness, reaching a maximum at
a Pd shell thickness of 0.6-0.8 nm due to the optimized synergistic effect. More importantly, we believe
this new strategy of precise synthesis of core-shell structured bimetallic catalyst using ALD can be gen-
eral to other supported bimetallic catalysts for broad applications.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Bimetallic catalysts often show superior catalytic properties
compared to those of their parent monometallic counterparts
due to the synergistic effect of two components [1-3]. This behav-
ior may mainly originate from the ensemble effect, (particular
metal atoms arrangements that are required for facilitating a par-
ticular catalytic process) or electronic effect (electronic modifica-
tion resulting from hetero-nuclear metal-metal bond formation)
[1,4]. The catalytic properties of bimetallic catalysts often vary
dramatically with their size, structure, and composition. Thus, pre-
cisely tuning these factors of bimetallic nanoparticles will make
them a new class of materials with enhanced properties for a range
of applications.

In particular, core-shell structured bimetallic nanoparticles are
currently of enormous interest. In addition to their unique proper-
ties, another motivation is to decrease precious metal consumption
by coating inexpensive metal cores with a small amount of pre-
cious metal while retaining catalytic activity [5,6]. Lots of efforts
have been devoted to exploring facile methods of synthesis of
core-shell structured bimetallic nanoparticles. The most com-
monly used synthetic method is the reduction of a second metal
onto pre-formed primary metal particles [7-10], while such
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method often generates undesired monometallic nanoparticles
[7,11,12]. Other strategic routes in a more controlled manner were
also reported, such as anion coordination protocol [6], sacrificial
hydrogen method [13], surface-specific reductants [14], redox
transmetalation reactions [15], and controlled simultaneous reduc-
tion [16]. Typically, the surface structures, lattice strains, and elec-
tronic properties of core-shell bimetallic nanoparticles largely
depend on the shell thickness, which thus determines their cata-
lytic performance [8,9,16-18]. Nevertheless, a facile and general
strategy to achieve atomically precise control over the shell thick-
ness while avoiding monometallic nanoparticle formation is still
missing.

ALD is a variation on chemical vapor deposition in which met-
als, oxides, and other materials are deposited on surfaces by a
sequence of self-limiting reactions [19-22]. In recent years, ALD
has demonstrated its great potential in advanced catalysts synthe-
sis beyond its original application in microelectronics [23-28]. Due
to its self-limiting features in each deposition cycle, ALD provides a
possible method to design and modify catalysts at the nanoscale
through precise control over the structure and composition of
the underlying support, the catalytic active sites, and the protec-
tive layer [29-34]. Very recently, we reported a general strategy
of low-temperature selective metal ALD for atomically precise syn-
thesis of supported bimetallic catalysts [34], wherein monometal-
lic nanoparticle formation is avoided by selectively growing a
secondary metal on the primary metal nanoparticle but not on
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the support using ALD. Meanwhile, the size, composition, and
structure of the bimetallic nanoparticles can be precisely con-
trolled by tailoring the precursor pulse sequences.

However, Au ALD is still currently not applicable due to a lack of
a proper Au ALD precursor, even though Au monometallic and Au-
based bimetallic catalysts are extremely interesting systems in
catalysis [35-37]. For example, AuPd bimetallic catalysts have
showed superior catalytic performance in many reactions such as
CO oxidation [38,39], direct synthesis of hydrogen peroxide
[40,41], direct synthesis of vinyl acetate [42], formic acid decompo-
sition [43,44], and oxidation of carbon-hydrogen bonds [45]. In
particular, AuPd bimetallic nanoparticles can remarkably enhance
the catalytic activity and product selectivity in primary alcohol
oxidations [37,46-56].

Herein we report a novel strategy to precisely synthesize SiO,
supported Au@Pd core-shell catalysts using a combined wet-
chemistry and ALD method: We first synthesized Au/SiO, catalysts
using the deposition-precipitation (DP) method, then Pd was
selectively deposited only on the surface of Au nanoparticles but
not on the SiO, support to exclusively form uniform Au@Pd
core-shell nanoparticles, while avoiding monometallic nanoparti-
cle formation. By varying the number of Pd ALD cycles, the thick-
ness of Pd shell was precisely tuned. Extensive characterizations
were carried out to confirm this selective deposition and uniform
formation of core-shell structured bimetallic nanoparticles.
Finally, we evaluated the catalytic performance of the resulted
Au@Pd/SiO, core-shell bimetallic catalysts using solvent-free aer-
obic oxidation of benzyl alcohol as a probe reaction, and we found
that the catalytic activities showed a clear volcano-like trend as a
function of Pd ALD cycles (or Pd shell thickness), wherein a Au@Pd
core-shell catalyst with a Pd shell thickness of 0.6-0.8 nm showed
a maximum activity due to the optimized synergistic effect via
both ensemble and electronic promotion.

2. Experimental
2.1. Catalyst synthesis

2.1.1. Au/SiO; catalyst

A 1 wt% Au/SiO, catalyst was first prepared using DP method
[57]. Typically, 1g HAuCl4-4H,0 (Sinopharm Chemical Reagent
Co., Ltd.) was dissolved into 50 ml deionized water to prepare
0.0485 mol L~! HAuCl, aqueous solution. Next, 1.1 ml HAuCl,
aqueous solution, 1.0 g spherical SiO,, and 80 ml deionized water
were co-added into a three-necked bottle and mixed for 30 min
under vigorous stirring at 60 °C, and ammonia was used to adjust
the pH value between 9 and 10. Then, the system was continued
vigorously stirred for another 12 h. The suspension was then cen-
trifuged and washed with deionized water for several times, and
dried at 80 °C overnight. Finally, the resulted sample was calcined
at 250 °C under 10% O, in He at a flow rate of 20 ml min~! for 4 h to
obtain the Au/SiO, catalyst. Note that mono-dispersed SiO, spheres
were synthesized according to the modified Stober method [58].

2.1.2. Pd/SiO; catalyst

A 1 wt% Pd/SiO, catalyst was prepared by wet impregnation
method [59]. Typically, 52 mg Pd(acac), (Sinopharm Chemical
Reagent Co., Ltd.) was dissolved into 50 ml acetylacetone to pre-
pare a 1.04 mg ml~! impregnation solution. 30.2 ml Pd solution
and 1 g spherical SiO, were co-added into a 100 ml flask and stir-
red at 25 °C for 24 h. The solvent was slowly evaporated under stir-
ring. The obtained solid was dried at 110 °C overnight and further
calcined at 500 °C under 10% O, in He for 3 h followed by a reduc-
tion step at 250 °C under 10% H, in Ar for 2 h to obtain the Pd/SiO,

catalyst (Pd/SiO,-WI). All flow rates were kept at 20 ml min~! with
mass flow controllers.

2.1.3. Au@Pd/SiO, bimetallic catalysts using selective Pd ALD

Pd ALD was carried out on a viscous flow reactor (GEMSTAR-6™
Benchtop ALD, Arradiance). Ultrahigh purity N, (99.999%) was
used as carrier gas at a flow rate of 200 ml min~"'. Pd ALD was used
to selectively deposit Pd only on the Au nanoparticle surface of the
Au/SiO; catalyst, but not on the SiO, support to exclusively form
Au@Pd core-shell bimetallic nanoparticles, while avoiding mono-
metallic nanoparticle formation. Such selective Pd ALD process
was executed on the as-prepared Au/SiO, catalysts at 150 °C, using
Pd(II) hexafluoroacetylacetonate (Pd(hfac),, Sigma-Aldrich, >97%)
as the Pd precursor and ultrahigh purity H, as reductant [34]. Here
the Pd(hfac), precursor was contained in a sealed stainless steel
bottle at 65 °C to get sufficient vapor pressure, and the inlet lines
were heated to 110°C to avoid any condensation. The timing
sequence for selective Pd ALD was 300, 180, 25, and 180s for
Pd(hfac), exposure, N, purge, H, exposure, and N, exposure,
respectively. A series of Au@Pd bimetallic catalysts were synthe-
sized by different numbers of Pd ALD cycles, which are denoted
as Au@xPd/SiO, (here x=1, 3, 5, 8, 10, 15, and 20, representing
the number of Pd ALD cycles). In order to further confirm the selec-
tive deposition of Pd only on the Au surface, but not on the SiO,
support, Pd ALD was also carried out on the bare SiO, support for
different cycles under the same conditions (xc-Pd/SiO,, here x = 1,
2, and 8) as a control experiment.

2.2. Characterizations

2.2.1. Structure and compositions

Transmission electron microscopy (TEM) measurements were
performed on a JEOL-2010 instrument operated at 200 kV to char-
acterize the morphology of Au/SiO, and Pd/SiO, catalysts, while
characterizations of the Au@Pd bimetallic catalysts were more
carefully carried out on an aberration-corrected high-angle annu-
lar dark-field scanning TEM (HAADF-STEM) instrument at 200 kV
(JEOL-2010F, University of Science and Technology of China).
Meanwhile, energy-dispersive X-ray (EDX) spectroscopy was also
collected on the same equipment. The compositions and loadings
of catalysts were analyzed by an inductively coupled plasma-
atomic emission spectrometer (ICP-AES); therein, all samples were
dissolved in hot aqua regia.

2.2.2. DRIFTS CO chemisorption

The diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) CO chemisorption measurements were performed on a
Nicolet iS10 spectrometer equipped with an MCT detector and a
low-temperature reaction chamber (Praying Mantis Harrick).
Before DRIFTS measurements, the samples were calcined in 10%
0, in He and followed by reduction in 10% H, in He at 150 °C. After
cooling the sample to room temperature under He, a background
spectrum was collected. Subsequently, the sample was exposed
to 10% CO in He at a flow rate of 20 ml min~' for about 30 min until
saturation. Next, the sample was purged with He at a flow rate of
20 ml min~! for another 30 min to remove the gas phase CO and
weakly bonded CO on Au surface, and then the DRIFT spectrum
was collected with 256 scans at a resolution of 4 cm™.

2.2.3. UV-vis and XPS studies

The UV-vis spectra were measured on a Shimadzu DUV-3700
spectrophotometer. The X-ray photoelectron spectroscopy (XPS)
measurements were taken on a Thermo-VG Scientific Escalab 250
spectrometer equipped with an Al anode (Al Ko = 1486.6 eV). The
binding energies were calibrated using the C 1s peak at 284.4 eV
as the internal standard [9]. All samples were pretreated in 10%
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H, in Ar at a flow rate of 20 ml min~" for 1 h at 150 °C before UV-
vis and XPS measurements.

2.3. Catalytic performance

Solvent-free aerobic oxidation of benzyl alcohol using molecu-
lar O, was carried out in a batch-type reactor under mild condi-
tions. 5 ml benzyl alcohol and 20 mg catalyst were added into a
25 ml three-necked glass flask equipped with a reflux condenser.
Prior to reaction, the system was first charged with O, by bubbling
ultrahigh purity O, at a flow rate of 15 mlmin~! for 20 min to
remove air. Under the continuous flow of O,, the reactor was
immersed into a silicon oil bath at 90 °C to initiate the reaction.
During the reaction, the mixture was vigorously stirred at a rate
of 1250 rpm to exclude any mass transfer limitation [60]. Finally,
the reaction products were analyzed using a Shimadzu GC-2014
gas chromatograph equipped with an Rtx-1 capillary column and
an auto-injector.

3. Results and discussion
3.1. Morphology of Au/SiO, and Pd/SiO, catalysts

Au/SiO; and Pd/SiO; catalysts were first prepared using the DP
and impregnation method, respectively. TEM images and corre-
sponding metal particle size distribution histograms show that
metal nanoparticles were well dispersed in both Au/SiO, and Pd/
SiO, samples with a rather narrow size distribution within 3-
6 nm, and the mean size calculated from TEM images were
4.0 £ 0.6 nm and 4.7 £ 0.8 nm in Au/SiO, and Pd/SiO,, respectively
(Fig. 1). ICP-AES measurements showed that the Au loading in

Frequency (%)

Frequency (%)

the Au/SiO, catalyst was 1.01% and the Pd loading in the Pd/SiO,
catalyst was 0.92%, both close to the calculated values which dem-
onstrate the high efficiencies of DP and impregnation processes.

3.2. Precise synthesis of Au@Pd/SiO, bimetallic catalysts using selective
Pd ALD

Using the strategy of low-temperature selective metal ALD on
metals but not on oxide support, we developed recently, selective
Pd ALD was performed on the Au/SiO, catalyst by alternatively
exposing to Pd(hfac), and hydrogen at 150 °C [34]. Here, hydrogen
was chosen as the reducing regent instead of formaldehyde to fur-
ther inhibit the growth on the support [34]. Indeed, we observed
that there was negligible Pd loading (0.04%, close to the detection
limit) even after 8 cycles of Pd ALD on the bare SiO, support as
shown in Fig. 2a, which strongly indicates that Pd does not nucle-
ate on the SiO, support under these conditions due to the inert
properties of Si—-OH groups, consistent with our previous results
[61]. However, the Pd loadings in the Au@xPd/SiO, samples
(x=1, 3, 5, 8, 10, 15, and 20) considerably increased along with
the number of Pd ALD cycles. Therefore, it is obviously that the
Pd must be deposited on the surface of Au nanoparticles of the
Au/SiO, catalyst, but not on the SiO, support, demonstrating the
advantage of selective Pd ALD method in bimetallic catalyst syn-
thesis. It is noted that the increase of Pd loading showed a slight
lower rate in the first several ALD cycles than the one in the follow-
ing cycles, which could contribute to the increase in the surface
area of Au@Pd bimetallic nanoparticles via the particle size growth.

On Au surface, we speculate that the Pd (hfac), precursor very
likely undergoes a dissociative chemisorption process via Eq. (1)
by forming Pdhfac* and hfac* surface species (the asterisk
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Fig. 1. Representative TEM images of (a) Au/SiO,, (b) Pd/SiO,-WI, and (c), (d) the corresponding particle size distributions.
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Fig. 2. (a) ICP-AES results of Pd loadings as a function of Pd ALD cycles. Solid circles, Pd ALD on the Au/SiO, sample, solid squares, Pd ALD on the SiO, support. (b) A linear

fitting of the calculated Pd shell thickness as a function of Pd ALD cycles.

designates a surface species, and [0 designates a nucleation site),
similar to our previous observation of exposing trimethylalumi-
num on noble metal surfaces [62,63]; next in the hydrogen reduc-
tion step, both hfac ligands were removed through Eq. (2) by
forming Pd-H* surface species and gaseous Hhfac product. The
deposited Pd adatoms on the Au nanoparticles might likely remain
isolated from each other or form very small Pd aggregates due to
the low surface coverage caused by the steric hindrance of hfac
ligand. In the following Pd cycles, the Pd(hfac), precursor can
either react with the pre-formed Pd-H* species by forming Pd-
Pd-hfac* and gaseous Hhfac product (Eq. (3)) or react with the
re-exposed Au surface via Eq. (1); hydrogen will again remove all
the hfac ligand in the reduction step (Eq. (4)). As a consequence,
the amount of Pd on the Au nanoparticles can be precisely con-
trolled by varying the number of ALD cycles.

20 + Pd(hfac),(g) — Pdhfac” + hfac” (1)
Pdhfac” + hfac” + 3/2H,(g) — Pd—H" + O + 2Hhfac(g) (2)
Pd—H" + Pd(hfac),(g) — Pd—Pd—hfac” + Hhfac(g) (3)
Pd—Pd—hfac” + H,(g) — Pd—Pd—H" + Hhfac(g) (4)

Given that low-temperature selective deposition of Pd on Au nano-
particles will likely form Au@Pd core-shell structured bimetallic
nanoparticles, we estimated the Pd shell thickness after different
Pd ALD cycles using the Au “magic clusters” model [9,64]; therein,
a Au nanoparticle was treated as a central Au atom surrounded by
closed shells of identical Au atoms. In this model, a 4 nm Au nano-
particle contains seven shells of Au atoms (total number: 1415) [9];
Pd deposited on a 4 nm Au core was approximately considered to
form the other shells of the seven-shell Au core. According to the
molar ratio of Au/Pd determined by the ICP-AES measurements, this
model provides a useful way to estimate the Pd surface coverage in
various Au@Pd bimetallic catalysts with different Pd loadings. Given
that the thickness of one full monolayer Pd is about 0.227 nm (lat-
tice distance of Pd (111) planes) [65], thus the thickness of Pd shells
in these bimetallic catalysts is obtained. The details of the calcula-
tion results are shown in Table 1. To clearly illustrate the trend of
the Pd shell thickness as a function of ALD cycles, we further plotted
the calculated results as shown in Fig. 2b. It is obviously that the
estimated Pd shell thickness rather linearly increased at a rate of
0.09 nm per Pd ALD cycle (or 0.39 Pd monolayer per cycle). Even
though one might argue that the variation of size and structures
of Au nanoparticle and the contact area between the particles and
support would induce uncertainties to the estimations, we believe
these approximate results would help us understand the structures

of the Au@Pd bimetallic catalysts characterized by other techniques
as follows.

3.3. HAADF-STEM characterization and EDX mapping analysis

Aberration-corrected HAADF-STEM measurements were further
carried out to investigate the atomic structural information of
these bimetallic samples. As shown in Fig. 3a-c, the as-prepared
Au@3Pd/SiO,, Au@8Pd/SiO, and Au@20Pd/SiO, samples clearly
show the gradual particle size growth with Pd ALD cycles, and
the growth rate, determined from the slope of the linear fitting
of measured mean particle size as a function of Pd ALD cycles,
was about 0.14 nm per cycle (Fig. 3d). At higher magnification,
all these samples demonstrated a clear Au core-Pd shell structure,
where the darker contrast is due to the atomically lighter Pd and
the brighter contrast is attributed to the heavier Au (Fig. 3e-g,
and i). Here, Au nanoparticles consisted of different orientations
wherein the lattice distances of 0.235-0.237 nm and 0.205 nm
are assigned to the (111) and (200) planes of Au, respectively.
The Pd shell in a darker contrast rather uniformly coated on the
Au nanoparticles, and the thickness of Pd shells measured from
the HAADF-STEM images at different locations of these samples
were about 0.33nm, 0.77 nm, and 1.61 nm for Au@3Pd/SiO,,
Au@8Pd/SiO,, and Au@20Pd/SiO,, respectively. The deposition rate,
determined from the slope of the linear fitting of measured thick-
ness of Pd shells, as a function of Pd ALD cycles, was 0.08 nm per Pd
ALD cycle (or 0.35 Pd monolayer per cycle), as shown in Fig. 3h,
which is very close to the expected value, about half of particle size
growth rate (0.14 nm per cycle, Fig. 3d). Despite the inevitable
errors between the real Au nanoparticles and the “magic cluster”
model, or the measuring errors from the STEM images, the deposi-
tion rate determined from the STEM images consists very well with
the one obtained from the ICP-AES results using the “magic clus-
ter” model, implying the rationality of our estimation about the
Pd shell thicknesses. The core-shell structure was further con-
firmed by the elemental mapping of Au Lo and Pd Lo on the
Au@8Pd/SiO, sample using EDX (Fig. 3i-1). Even though Au has
lower surface energy than Pd [66,67], it is not surprising that we
could obtain Au@Pd core-shell nanoparticles by selective Pd ALD
at 150 °C, because structural transformation from Au@Pd core-
shell to Au-Pd alloy often occurs after heat treatment at about
300 °C or even higher [68-72]. As a consequence, low-temperature
selective Pd ALD appears to be possible for synthesis of Au@Pd
core-shell bimetallic nanoparticles with precisely tunable Pd shell
thickness and compositions by varying the number of Pd ALD
cycles.
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Table 1

63

Pd loadings in a series of Au@xPd/SiO, bimetallic catalysts with different Pd ALD cycles and the corresponding thicknesses of Pd shells calculated according to the “magic clusters

model” based on a 4 nm Au core, which contains 1415 Au atoms.

Pd shell number (n) Numbers of Pd atoms in shell (n,m)* Pd ALD cycles

Pd loading (%)

Pd/Au molar ratio  Pd coverage (ML) Thickness of Pd shell (nm)

1 642 1
2 812 3
3 1002 5
4 1212 8
5 1442 10
6 1692 15
7 1962 20
8 2252

0.17
0.40
0.57
0.90
1.34
3.0

4.0

0.31 0.68 0.16
0.73 1.5 0.34
1.05 2.0 0.46
1.65 29 0.66
247 3.8 0.87
5.52 6.5 1.48
7.36 7.7 1.75

3 Equation: Naem=10* (n+7)% + 2.

3.4. DRIFT of CO chemisorption study

The detailed surface structures and compositions of Au@xPd/
Si0, core-shell bimetallic catalysts were further analyzed by
DRIFTS CO chemisorption, because IR studies of CO chemisorption
have been widely used to characterize the surface composition of
bimetallic nanoparticles [65,68,73-76]. On Au catalyst, CO often
weakly bonds to the low-coordinated sites of Au nanoparticles
and can be fairly easily purged away with inert gas at room tem-
perature (not shown here) [77]. Thus, the CO chemisorption peaks
observed on the Au@Pd bimetallic catalysts after 30 min He purg-
ing should attribute to chemisorbed CO on Pd surfaces. Fig. 4 illus-
trates the DRIFT spectra of CO chemisorption on various bimetallic
catalysts recorded at room temperature. On the Au@1Pd/SiO, cat-
alyst, two peaks at 2082 and 1980 cm™~! were observed, which are
assigned to linear and twofold-bridged CO on Pd, respectively. The
strong linear CO together with the much weaker twofold-bridged
CO strongly indicates that Pd can be majorly isolated Pd adatoms
or tiny aggregates [73,76]. With an increase of Pd ALD cycles from
1 to 10, the intensity of linear CO chemisorption band gradually
decreased along with a blue shift from 2082cm~' to about
2093 cm~!, while the twofold-bridged CO developed aggressively.
The blue shift of linear CO is due to the increasing dipole-dipole
coupling effect, implying the aggregation of Pd atoms [73]. Mean-
while, a new broad shoulder peak at around 1930 cm~! appeared
on the Au@8Pd/SiO, and Au@10Pd/SiO, samples, which is assigned
to bridge-bonded CO on Pd(111) facet, implying the formation of
continuous Pd islands or films in (11 1) orientation [65,73,75]. This
trend in DRIFT spectra of CO chemisorption clearly indicates the
gradual evolution of Pd species on Au nanoparticle surfaces while
increasing the Pd ALD cycles: from isolated Pd adatoms or very
small aggregates to large ensembles, and to continuous islands or
films [73,74]. Thus, DRIFT CO chemisorption results provide
another strong evidence of precise control over the surface struc-
ture of AuPd bimetallic catalysts through the facile low-tempera-
ture selective Pd ALD.

3.5. UV-vis and XPS studies

UV-vis and XPS characterizations were employed to further
understand the electronic properties of the well-controlled
Au@xPd/SiO, bimetallic catalysts. As shown in Fig. 5, the UV-vis
spectrum of the Au/SiO, catalyst showed a characteristic surface
plasma resonance (SPR) band centered at 529 nm [8,74,78], while
the Pd/SiO,-WI catalyst does not show any SPR band between
200 and 800 nm. Deposition of Pd onto Au nanoparticles for even
one Pd ALD cycle (Au@1Pd/SiO,) led to significantly decline and
broaden the Au SPR band, indicating that the Au surface was cov-
ered by Pd to form Au@Pd bimetallic nanoparticles [8,78]. The Au
SPR band was gradually obscured while increasing the Pd ALD
cycles, implying the gradual thickening of Pd shells, consistent very

well with the ICP-AES and STEM results. Note that the Au SPR
bands demonstrated a slight blue shift as increasing the Pd ALD
cycles, which is contributed to the electron density increase in
Au caused by the Pd shells [8,79].

On the other hand, the disturbance of Pd shell 3d electrons by
the Au core as a function of the Pd shell thickness was investigated
using XPS measurements. As shown in Fig. 6a, the Pd 3ds, and
3ds,, binding energies were 340.4 and 335.2 eV on the Pd/SiO,-
WI sample, respectively, which are assigned to zero-valence Pd
[9]. Focusing on the Pd 3ds, peak, we observed it was 334.7 eV
on the Au@1Pd/SiO, sample, and it gradually shifted to higher
binding energies as increasing Pd ALD cycles. On the Au@20Pd/
SiO, sample, the Pd 3ds;, binding energy was 335.1 eV very close
to the Pd/SiO,-WI sample [9,65]. The 3ds;, binding energy shifts
on these bimetallic catalysts from zero-valence Pd (335.2 eV) were
further emphasized as a function of Pd ALD cycles as shown in
Fig. 6b. It is obvious that the thinner of the Pd shell, the more neg-
ative shift of the Pd 3ds), binding energy, strongly indicating the
modification of Pd electronic properties by Au tightly depends on
the Pd shells thickness [9,74]. The negative shift implies the Pd
3d level draws electrons from Au in the bimetallic system, even
though electrons intuitively transfer from Pd to Au, suggested by
our UV-vis results, which is due to the higher electronegativity
of Au. This phenomenon could be interpreted with the electron
transfer model that in a AuPd bimetallic system, Au usually gains
s, p electrons and loses d electrons while Pd loses s and p electrons
but gains d electrons [4,8,68,80]. Therefore, Pd gaining d electrons
from Au explains the negative shift of Pd 3d binding energy in
Au@xPd/SiO, bimetallic samples. Moreover, this electron transfer
model between Au and Pd indicates a stronger interaction of Au-
Pd than Au-Au or Pd-Pd, which favors the formation of isolated
Pd adatoms on Au at low Pd coverages [4,42,73], consistent with
our observation in DRIFT CO chemisorption on Au@1Pd/SiO,
(Fig. 4). Such electronic interaction between Au and Pd persists
on the Au@20cPd/SiO, sample, showing a small negative shift
(~0.1eV) of Pd 3ds, binding energy, even though the Pd shell
thickness on this sample was about 1.61 nm.

3.6. Catalytic performance

The catalytic performance of monometallic and bimetallic cata-
lysts was evaluated in solvent-free selective oxidation of benzyl
alcohol at 90 °C using molecular O, as oxidant [60]. As shown in
Fig. 7, the Au/SiO, catalyst was totally inactive, which is likely
due to the large size of the Au particles or the inert property of
SiO, support [37]. The Pd/SiO,-WI catalyst also showed a poor
activity, and the conversion was only 35% after 6 h reaction, even
though the selectivity to benzaldehyde was about 94%
[60,65,81,82]. As a control experiment, the 8c-Pd/SiO, ALD catalyst
was also tested and it did not show any catalytic activity as what
we expected, again providing strong evidence that Pd cannot
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Fig. 3. Aberration-corrected HAADF-STEM images of different bimetallic catalysts at low and high magnifications: (a) and (e) Au@3Pd/SiO,; (b) and (f) Au@8Pd/SiO,; (c) and
(g) Au@20Pd/SiO,. (d) The growth of Au@Pd particle size as a function of Pd ALD cycles. (h) The Pd shell thickness as a function of Pd ALD cycles. (i) A lower magnification

HAADF-STEM image of Au@8Pd/SiO,, and corresponding EDX mapping images: (j) Au La1 and (k) Pd La1 signals, and (1) the reconstructed Au@Pd bimetallic composition
image.

deposit on the SiO, support under current Pd ALD conditions. On 90% after 6 h reaction was obtained on Au@8Pd/SiO,, Au@10Pd/
the other hand, remarkable increases of catalytic activities were Si0,, Au@15Pd/SiO,, and Au@20Pd/SiO, catalysts.

observed on all the Au@xPd/SiO, (x=1, 3, 5, 8, 10, 15, 20) bimetal- Table 2 summarizes the conversion and the product selectivity
lic catalysts. Among them, high conversion of benzyl alcohol about on all these catalysts after the initial 1 h and 6 h reaction, respec-
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Fig. 4. DRIFT spectra of CO chemisorption at 298 K on various Au@xPd/SiO,
catalysts at the CO saturation coverage.

529 nm Au/SiO,
Au@1Pd/SiO,
Au@2Pd/Si0,
Au@8Pd/SiO,
-~ Au@20Pd/SiO,
3 —— Pd/Si0,-WI
8 ///\
=
<
2
e
8 //\
2
<
T T T T T
300 400 500 600 700 800
Wavelength (nm)

Fig. 5. UV-vis spectra of Au/SiO,, Pd/SiO,-WI, and various Au@xPd/SiO catalysts.

tively. After the first 1 h reaction, the benzaldehyde selectivity was
rather low and toluene was the main by-product for all the bime-
tallic catalysts. The benzaldehyde selectivity decreased as increas-
ing Pd ALD cycles, which was only 64% at a conversion of 45% on
the Au@20Pd/SiO, catalyst, while the toluene selectivity was as
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Fig. 7. Conversions of benzyl alcohol versus reaction time over Au/SiO», Pd/SiO,-
WI, 8c-Pd/SiO,, and various Au@xPd/SiO, catalysts. Reaction conditions: benzyl
alcohol, 5 ml; catalyst, 20 mg; O,, 15 ml min~'; stirring speed, 1250 rpm; temper-
ature, 90 °C.

high as 35%. Similar trend was also observed in the low conversion
range, when we compare the benzaldehyde selectivity at the same
conversion. For example, at about 55% conversion, the benzalde-
hyde selectivity was about 93% and 67% on Au@5Pd/SiO, and
Au@15Pd/SiO,, respectively. Such observations are consistent with
the previous studies that toluene is generated from the dispropor-
tionation of benzyl alcohol via either a hydrogen transfer or an
oxygen transfer mediated by surface-enriched Pd over a Pd-rich
shell/Au-rich core structure [65]. Nevertheless, the benzaldehyde
selectivity all increased to near 90% on all the Au@xPd/SiO, bime-
tallic catalysts as preceding the reaction for 6 h, consistent with the
previous studies that the benzaldehyde selectivity is independent
of Au:Pd ratio [49,65]. Meanwhile, the toluene formation was sig-
nificantly inhibited to only a few percent. Corma and coworkers
suggested that the Au-H and Pd-H species that formed on sup-
ported Au and Pd catalysts are important in the toluene formation
[83]. Therefore, we speculate that the accumulation of surface oxy-
gen on the Pd shells with reaction time facilitates the removal of
Au-H and Pd-H surface species, thus might be the main reason
for the effective inhibition of toluene formation pathway.

To gain the information of the intrinsic reaction rate over the Pd
shell thickness, we calculated both the turnover frequency (TOF)
and specific activity after 1 h reaction based on the number of sur-
face Pd sites estimated using the “magic cluster” model and the
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Fig. 6. (a) XPS spectra in the Pd 3d region for a variety of catalysts. Here, the spectrum of Pd/SiO,-WI sample was amplified by 5 times for a better comparison. (b) Binding
energies shift for a variety of bimetallic catalysts compared to the Pd binding energy in the Pd/SiO,-WI as a function of Pd ALD cycles.
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Table 2

Catalytic performance comparisons in solvent-free selective oxidation of benzyl alcohol on series catalysts after 1 h and 6 h reaction. Reaction conditions: benzyl alcohol, 5 ml;

-1

catalyst, 20 mg; O, 15 ml min~'; stirring speed, 1250 rpm; temperature, 90 °C.

Samples Time (h) Conversion (%) Selectivity (%)
Benzaldehyde Toluene Benzoic acid Benzyl benzoate
Au/SiO, 1 <0.5 NA NA NA NA
6 <0.5 NA NA NA NA
Pd/Si0,-WI 1 34 93 0.6 2.2 4.7
6 35 94 0.5 1.9 41
8c-Pd/SiO, 1 <0.5 NA NA NA NA
6 <0.5 NA NA NA NA
Au@1Pd/SiO, 1 2.6 92 8.5 NA NA
6 8.8 91 7.1 0.8 1.0
Au@5Pd/SiO, 1 15 80 18 1.0 1.0
6 54 93 2.2 2.4 2.0
Au@8Pd/SiO, 1 35 73 26 0.8 0.8
6 91 87 4.6 43 3.7
Au@10Pd/SiO, 1 33 74 24 0.8 1.2
6 88 91 1 3.2 5.0
Au@15Pd/SiO, 1 55 67 31 0.4 1.8
6 90 88 52 1.5 5.5
Au@20Pd/SiO, 1 45 64 35 0.2 0.8
6 94 88 7.0 2.2 3.0

total amount of Pd, respectively. Here, we did not take Au into
account, since Au is almost inactive and Pd is widely considered
as the active sites [37,73]. Interestingly, the histograms of TOF
and specific activity both demonstrate a volcano-like trend that
they gradually increased as Pd shell thickness (or Pd ALD cycles)
and reached maximums at 27,600h~' and 9800h~! on the
Au@8Pd/SiO, bimetallic catalyst (Pd shell thickness, ~0.8 nm),
respectively; then, they both decreased as further increasing Pd
shell thickness (Fig. 8), which is different from the values reported
previously, wherein the maximum activity was observed on
Au@Pd core-shell catalysts with a Pd shell thickness of one atomic
layer [84] and 2.2 nm [56], respectively. However, we noticed the
leaching of metal nanoparticles to a certain extent during the recy-
cling tests on the Au@8Pd/SiO, bimetallic catalyst due to the weak
interaction between metal particles and the “inert” SiO, support
and lack of catalyst stability enhancement by high-temperature
pretreatment [37]. Nevertheless, the superior catalytic perfor-
mance of Au@Pd core-shell bimetallic catalysts over the Au and
Pd monometallic catalysts can be addressed to the synergistic

Il Specific activity
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Fig. 8. Initial activities of different catalysts in benzyl alcohol oxidation after 1 h
reaction. Specific activity (black column) normalized to the total Pd content; TOF
(red column) normalized to the surface Pd content. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

effect [2,37,48]. Moreover, the volcano-like trend of catalytic activ-
ities as a function of the Pd shell thickness clearly indicates that
aerobic oxidation of benzyl alcohol is a structure-sensitive reaction
[2,47,65,82]. A similar volcano-like behavior was also observed on
the Au-Pd alloy catalysts [53]. However, when Au@8Pd/SiO, was
annealed at 550 °C for 30 min in 10% H, in He to form Au-Pd alloy
nanoparticles [85] (indicted by the observation of a large decease
of CO chemisorption peaks, especially the bridge-bonded CO in
the DRIFT spectra, which is not shown here), the specific activity
decreased by about 60-70%, even though the TEM measurements
showed the AuPd particle size did not change after high-tempera-
ture reduction.

A generally accepted mechanism of oxidation of benzyl alcohol
over Pd-contained catalysts is first to form the Pd alcoholate inter-
mediate through the interaction of the O-H bond of the alcohol
with a Pd site, followed by the p-hydride elimination
[2,65,78,86]. Nevertheless, the role of the terrace and low-coordi-
nated (edges and corners) Pd sites is still in the debate. Kaneda
et al. [86] suggested that the low-coordinated Pd atoms are the cat-
alytic active site for the formation of Pd alcoholate and the B-
hydride elimination, wherein the later step is the rate-limiting
step. On the other hand, Baiker et al. [87] proposed that the dehy-
drogenation of alcohol to carbonyl product could occur virtually on
all the surface Pd atoms of Pd/Al,05 catalyst. Wang et al. [82] also
observed that TOF depends significantly on the mean size of Pd
particles with a maximum at the medium mean particle size
(3.6-4.3nm), thus speculated that benzyl alcohol might first
chemisorb on the Pd terrace sites via the interaction of the delocal-
ized m-bond of benzene ring and then probably forms Pd alcoholate
species, followed by the p-hydride elimination on the nearby edge
or corner Pd sites.

In our studies, we observed that isolated Pd adatoms or small
aggregates on the Au@1Pd/SiO, bimetallic catalyst had an appar-
ently lower activity than the continuous Pd islands or shells in
(111) orientation on the Au@Pd/SiO, bimetallic catalyst. This
result is in line with the geometric effect suggested by Wang
et al. [82] that both terrace and low-coordinated Pd atoms play
important role in this reaction, and also explains well the lower
activity of Au-Pd alloy compared to Au@Pd core-shell bimetallic
nanoparticles, since significantly smaller amount of continuous
Pd islands are present on the alloy surface. On the other hand, fur-
ther increasing Pd shell thicker than 0.8 nm (>8 Pd ALD cycles)
resulted in a considerable decrease of TOF and specific activity,
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which is probably mainly due to the decline of electronic effects,
since the Pd 3d binding energy shift is much less pronounced over
the Au@xPd/SiO, (x > 8) bimetallic catalysts (Fig. 6). As a conse-
quence, the activity appears to be optimized by precisely tuning
the Pd shell thickness of Au@Pd core-shell bimetallic catalysts,
through the maximization of the synergistic effect via both ensem-
ble and electronic promotion.

4. Conclusions

In conclusion, we have successfully demonstrated that low-
temperature selective Pd ALD only on Au nanoparticles, but not
on the SiO, support could be a facile method to exclusively synthe-
size well-dispersed Au@Pd core-shell bimetallic catalysts sup-
ported on SiO,, while avoiding the formation of monometallic
nanoparticles. The thickness of Pd shell can be precisely tuned at
a rate of ~0.08 nm per Pd ALD cycle. ICP-AES and aberration-cor-
rected HAADF-STEM measurements were performed to confirm
the selective Pd deposition, and the formation of Au@Pd core-shell
structured bimetallic catalysts, respectively; DRIFTS CO chemi-
sorption, and UV-vis and XPS measurements were further
employed to reveal the evolution of Pd atoms arrangement on Au
nanoparticle surface and the electronic properties of the bimetallic
nanoparticles as a function of Pd ALD cycles (or Pd shell thickness),
respectively. In solvent-free aerobic oxidation of benzyl alcohol, we
discovered that the catalytic activities of resulted Au@Pd core-
shell bimetallic catalysts showed a clear volcano-like trend as a
function of Pd shell thickness, wherein a Au@Pd core-shell catalyst
with a Pd shell thickness of 0.6-0.8 nm showed a maximum TOF of
27,600 h™! (or a specific activity of 9800 h~!) due to the synergistic
effect via both ensemble and electronic promotion. Finally, it is
worthy to note that synthesizing core-shell structured bimetallic
nanoparticles using a combined wet-chemistry and gas phase
ALD method could further extend the application of ALD in cataly-
sis. Moreover, this low-temperature selective metal ALD on the
metal particle surface of a monometallic catalyst could be general
for other metals and supports and thus opens great opportunities
for atomically precise synthesis of various supported bimetallic
catalysts with core-shell structures for broad applications.
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