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Colloidal dispersions of polymer-protected Pd/Ag/Rh trimetallic nanoparticles were synthesized via self-organi-
zation by mixing colloidal dispersions of polymer-protected Rh nanoparticles with those of polymer-protected Pd/Ag
bimetallic nanoparticles with a core—shell (Pd-core/Ag-shell) structure, which were prepared in advance by a sacrificial
hydrogen-reduction method. The Pd/Ag/Rh trimetallic nanoparticles appeared to have a triple core—shell (Pd-core/
Ag-interlayer/Rh-shell) structure on the basis of UV-vis absorption spectra, FT-IR spectra of adsorbed CO, TEM,
HR-TEM, and EF-TEM observation. The spontaneously formed trimetallic nanoparticles having an atomic composition
of Pd/Ag/Rh = 1/2/13.5 and an average diameter of 2.2nm showed the highest catalytic activity among the metal
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nanoparticle catalysts tested here for hydrogenation of methyl acrylate at 30 °C under atmosphere of hydrogen.

Metal nanoparticles, nanoscopic metal particles, or fine par-
ticles of metal in a nanometer size have received much atten-
tion recently, because they have specific chemical and physical
properties much different from those of bulk metal."? They are
expected to be useful in various ways, like as catalysts,>”
magnetic materials,®!! semiconductors,'%!13 electro-optic ma-
terials,'*!> drug delivery materials,'® and so on, and thus
should be attractive to many researchers.

Among these applications, their use as catalysts has been
most commonly investigated by many researchers, because
the metal nanoparticle catalysts are much different from prac-
tical heterogeneous and homogeneous ones. The peculiar cat-
alytic properties of metal nanoparticles are considered to be at-
tributed to their high specific surface area and special surface
structure. The polymer-protected metal nanoparticles can be
used as colloidal dispersions in solution and as solids support-
ed on inorganic supports in gas phase. From the viewpoint of
catalyst design,>” it is of great importance to develop metal
catalysts arranged on the nanometer scale in order to provide
superior functions to metal nanoparticles with uniform size
and narrow size distribution.

Bimetallic nanoparticles, which are composed of two metal
elements in a particle, often have higher catalytic activity and/
or selectivity than the monometallic ones. In this case, the
catalytic activity depends not only on the composition but also
on the structure of bimetallic nanoparticles. Among various
structures of bimetallic nanoparticles, the most interesting
one could be a core—shell structure, in which one element
forms a core and the other element covers the core to form a
shell.!”

We have already reported the formation of core—shell-
structured bimetallic nanoparticles by simultaneous reduc-
tion,!”"1% sacrificial hydrogen reduction,”® and self-organiza-
tion by mixing two colloidal dispersions in solution at room
temperature.>'-?? In the core—shell-structured bimetallic nano-
particles thus prepared, the catalytic activity of shell atoms
can be electronically affected by the core atoms.?* Based on
the concept of electronic effect in bimetallic nanoparticles
having a core-shell structure, a “triple core—shell structure,”
in which one element form a core, the second element covers
the core, forming an interlayer, and the third element covers
the interlayer, forming a shell, has been proposed. A succes-
sive electronic effect is expected in this triple core—shell-
structured trimetallic nanoparticle. However, only few reports
have been published on trimetallic nanoparticles having a
triple core—shell structure. Henglein has reported the forma-
tion of Pd-core/Au-interlayer/Ag-shell trimetallic nanoparti-
cles by successive reduction of the corresponding metal ions
with y-irradiation,?* although they have not been applied to
catalysis.

We have briefly reported on the formation of the present
Pd/Ag/Rh trimetallic nanoparticles in a previous paper.”
Here, we describe the syntheses and characterization of Pd/
Ag bimetallic and Pd/Ag/Rh trimetallic nanoparticles, as well
as their catalytic activities towards hydrogenation of olefin.
Interestingly, the catalytic activity strongly depended on the
composition. Only the trimetallic nanoparticles with strictly
designed composition had very high activity, which suggests
that the triple core—shell structure was spontaneously produced
at the specific composition.
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Experimental

Chemicals. Ethylene glycol by Nacalai Tesque, Inc., palla-
dium(II) acetate and silver perchlorate from Kojima Chemicals
Co., Ltd., rhodium(IIl) nitrate from Junsei Chemical Co., Ltd.,
and palladium(Il) chloride, rhodium(IIl) chloride, 1,4-dioxane,
sodium hydroxide, ethanol, and poly(N-vinyl-2-pyrrolidone)
(PVP, K-30, average molecular weight 40000) from Wako Pure
Chemical Industries, Ltd. were used without further purification.
Methyl acrylate from Wako Pure Chemical Industries, Ltd. was
used as a substrate for hydrogenation after further purification
by vacuum distillation.

Preparation of Rh Nanoparticles. A 100-mL solution of
RhCl; (rthodium(IIl) chloride, 0.66 mM) in a 1/9 (v/v) mixed
solvent of water and ethanol in a two-necked 200-mL flask was
refluxed for 2h under nitrogen in the presence of poly(N-vinyl-
2-pyrrolidone) (PVP, average molecular weight 40000, 0.293 g,
2.63 mmol as monomeric residue, R (molar ratio of monomeric
residue to metal) = 40) as protecting polymer. PVP-protected
Rh nanoparticles thus prepared were collected by filtration with
an ultrafilter (Advantec, Q0100076E, cut off molecular weight =
10000) and washed with ethanol to remove byproducts under
nitrogen, and then were dried under vacuum at 40 °C. The dried
metal nanoparticles were dispersed in a 1/1 (v/v) mixed solvent
of ethanol and water to give a Rh concentration of 0.66 mM.

Preparation of Pd-Core/Ag-Shell Bimetallic Nanoparticles.
A typical procedure to prepare polymer-protected Pd-core/
Ag-shell bimetllic nanoparticles is as follows: PVP (26.4 mmol
in monomeric residue) and palladium(Il) acetate (49.4 mg, 0.22
mmol) in dioxane (20mL) were dissolved in ethylene glycol
(100 mL) in a three-necked 500-mL flask. The pH of the mixture
was adjusted to 8 by adding aqueous NaOH (0.1 M) while stirring.
The colloidal solution of Pd hydroxide and PVP in ethylene glycol
was stirred at 160 °C for 3h with a nitrogen flow passing through
the reaction system to prepare Pd nanoparticles. The PVP-protect-
ed Pd nanoparticles in glycol were collected by filtration with
an ultrafilter and washed with ethanol to remove the byproducts
under nitrogen, and then dried under vacuum at 40°C. The Pd
nanoparticles thus prepared were used as core seeds for prepara-
tion of Pd-core/Ag-shell-structured bimetallic nanoparticles.

The seed Pd nanoparticles were dispersed into 1/1/1 (v/v/v)
mixture of water, ethylene glycol, and ethanol (150 mL) in a three-
necked 500-mL flask equipped with a dropping funnel, which was
charged with a degassed aqueous solution (100 mL) of silver per-
chlorate (91.2 mg, 0.44 mmol). The reaction flask was connected
with a hydrogen balloon as well. Air in the reaction flask was first
replaced with hydrogen, and the seed Pd nanoparticles dispersed
in the flask were treated with hydrogen while stirring for 2h.
The silver perchlorate solution was added into the reaction mix-
ture dropwise over about 12 h period. And the reaction was con-
tinued for another 12h under hydrogen at room temperature.
The PVP-protected Pd-core/Ag-shell bimetallic nanoparticles
thus produced were collected on an ultrafilter, washed with etha-
nol, and dried under vacuum at 40 °C. The dried metal nanoparti-
cles were dispersed in a 1/1 (v/v) mixture of ethanol and water to
give a total metal concentration (Pd + Ag) of 0.66 mM.

Preparation of Pd-Core/Ag-Interlayer/Rh-Shell Trimetal-
lic Nanoparticles. The PVP-protected Pd-core/Ag-interlayer/
Rh-shell trimetallic nanoparticles with designed compositions
were prepared by mixing the colloidal dispersion of PVP-protect-
ed Pd-core/Ag-shell bimetallic nanoparticles with the colloidal
dispersion of PVP-protected Rh monometallic nanoparticles in

Pd/Ag/Rh Trimetallic Nanoparticles

the required atomic ratios at room temperature.

Characterization. Ultraviolet and visible (UV-vis) spectra
were obtained at room temperature using a Shimadzu 2500PC
recording spectrophotometer equipped with a 10 mm quartz cell.
Transmission electron microscopy (TEM) and high-resolution
TEM, performed with a JEOL JEM-1230 electron microscope,
operated at 80kV and a JEOL JEM-2010F electron microscope
operated at 200kV, respectively, were used to characterize the
monometallic, bimetallic, and trimetallic nanoparticles. Elemental
analysis of one nanoparticle was performed with a NORAN-UTV
energy-dispersive spectrometer (EDS) attached to the HR-TEM
equipment. Samples for TEM and HR-TEM were prepared by
placing a drop of the colloidal dispersion of nanoparticles onto
a carbon-coated copper microgrid, followed by evaporation of
the solvent. An average diameter was calculated by counting the
diameters of 200 particles with a magnifier (10 times) on the
TEM photograph at a magnification of 100000. Energy-filtered
TEM (EF-TEM) was measured by using a Carl Zeiss LEO912
electron microscope operated at 200kV to map the distribution
of elements by sorting out a specific atom in the spectrum ob-
tained from electron energy loss spectroscopy (EELS). Detailed
analyses of Pd-core/Ag-shell bimetallic and Pd-core/Ag-inter-
layer/Rh-shell trimetallic nanoparticles were performed by using
EF-TEM with samples that were prepared by a method similar
to that for TEM measurement. In other words, a drop of the col-
loidal dispersion of nanoparticles was placed onto a carbon-coated
copper microgrid or an osmium microgrid, which was specially
prepared just before the observation. For measuring the adsorbed
CO by Fourier-transformed infrared (FT-IR) spectroscopy, a dis-
persed solution of metal nanoparticles in dichloromethane was
degassed by three freeze-thaw cycles, and filled with 1atm of
CO. FT-IR spectra were obtained on a JEOL JIR-Winspec 50
FT-IR spectrophotometer at room temperature.

The catalytic activities of bimetallic and trimetallic nanopar-
ticles were evaluated by the rate of hydrogenation of methyl
acrylate. Ethanol dispersions of bimetallic and trimetallic nano-
particles (0.3mL, 2.0 x 10~ mmol of total metal) and ethanol
(18.7mL) were placed in a flask, the atmosphere of which was re-
placed in advance with 1 atm of hydrogen. The mixtures were kept
at 30°C for 2h while stirring to activate the catalyst. Then, an
ethanol solution (1 mL) containing methyl acrylate (43.0mg, 0.5
mmol) was added to the mixture keeping the total pressure at
1 atm. The reaction was followed by hydrogen uptake, using the
initial slope from which the catalytic activity was determined.
In order to achieve enough accuracy, we carried out the hydro-
genation reaction 8 times under the same conditions and used
an averaged value of the catalytic activity.

Results and Discussion

Pd/Ag Bimetallic Nanoparticles. Colloidal dispersions
of PVP-protected Pd/Ag bimetallic nanoparticles with a Pd-
core/Ag-shell structure were prepared by a so-called “sacrifi-
cial hydrogen reduction” method.?? Polymer-protected Pd
nanoparticles, prepared separately from palladium(II) acetate
by an alcohol reduction method in ethylene glycol (average
diameter = 4.4 + 1.2 nm), were treated with hydrogen in ad-
vance, and then a solution of silver perchlorate was slowly
added to the colloidal dispersion of hydrogen-treated seed Pd
nanoparticles. No aggregates or precipitates were observed in
the colloidal dispersions of PVP-protected Pd/Ag bimetallic
nanoparticles thus prepared. The bimetallic nanoparticles were
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Fig. 1. UV-vis spectra of the dispersions of (a) PVP-
protected Pd and Ag monometallic nanoparticles, and
(b) PVP-protected Pd/Ag bimetallic nanoparticles at the
atomic ratio Pd/Ag = 1/4, 1/3, 1/2, and 1/1.

separated by filtration with an ultrafilter membrane. Since the
filtrates did not contain any metal ions according to qualitative
analyses, we believe the yield of the bimetallic nanoparticles is
almost quantitative.

Figure 1 shows the UV-vis spectra of the colloidal disper-
sions of polymer-protected Pd/Ag bimetallic nanoparticles at
various Pd/Ag atomic ratios. The absorption peak at 380 nm
can be attributed to the surface plasmon absorption of Ag
nanoparticles.?® The surface plasmon absorption of Ag cannot
be observed for the colloidal dispersions of Pd/Ag bimetallic
nanoparticles at a Pd/Ag atomic ratio of 1/1. This means that
the Ag ions added do not form enough large Ag nanoparticles
to show a plasmon absorption, but deposit on the surface of Pd
nanoparticles to form only tiny spots, which are too small to
show plasmon absorption. When the amount of Ag was larger
than Pd, that is, the atomic ratio of Pd/Ag was less than 1/2, a
strong plasmon absorption was observed. This observation
suggests that the Ag atoms, produced by reduction of Ag ions
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Fig. 2. Fourier transformed IR spectra of CO adsorbed
on PVP-protected nanoparticles: (a) Pd, (b) Pd-core/Ag-
shell (1/1), (c) Pd-core/Ag-shell (1/2), (d) Pd-core/Ag-
shell (1/3), (e) Pd-core/Ag-shell (1/4), and (f) Ag nano-
particles.

with hydride on the surface of the Pd seed, cover the Pd seeds
completely to form a Ag shell when the atomic ratio of Pd/Ag
is less than 1/2.

Since the IR spectrum of CO adsorbed on the surface of
metals varies depending on the kind of metals, FT-IR absorp-
tion spectra of carbon monoxide (CO) are often used to gain
information about the surface metal.>’>° We also used this
technique. The results are shown in Fig. 2. The spectra of
the seed Pd nanoparticles with adsorbed CO showed peaks at
1934 and 2044 cm™!, while Ag nanoparticles prepared sepa-
rately as a reference showed weak CO-FT-IR peaks at 1992
and 2019 cm™!. When the Pd/Ag ratio was 1/1, the CO peaks
attributed to Pd remained. When Pd/Ag = 1/2, the CO peaks
due to Pd completely disappeared, while those attributed to
Ag increased and shifted a little to a higher wavenumber.
These results again support the formation of Pd/Ag bimetallic
nanoparticles with a Pd-core/Ag-shell structure with an atomic
ratio of Pd/Ag = 1/2.

Figure 3 shows the TEM images and the size distribution
histograms of Pd/Ag bimetallic nanoparticles. The bimetallic
nanoparticles were spherical and small, and had a considerably
uniform size. The average diameter of Pd/Ag (1/2 in atomic
ratio) nanoparticles was 6.8 + 1.8 nm, which is larger than that
of seed Pd nanoparticles (4.4 £ 1.2nm) and smaller than that
of Ag nanoparticles (10.6 & 1.4 nm) that were prepared sepa-
rately by glycol reduction. The average diameter of Pd/Ag
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Fig. 3. TEM photographs of PVP-protected Pd and Ag monometallic, and Pd/Ag bimetallic nanoparticles: (a) Pd, (b) Ag, (c) Pd-
core/Ag-shell (1/1), (d) Pd-core/Ag-shell (1/2), (e) Pd-core/Ag-shell (1/3), and (f) Pd-core/Ag-shell (1/4) nanoparticles.

D,, = average diameter, and o = standard deviation.

bimetallic nanoparticles increased with an increase in the Ag
content in the bimetallic nanoparticles. The same tendency
was observed in the case of Pd/Au® and Pd/Pt?%3! bimetallic
nanoparticles prepared by the same method (a sacrificial
hydrogen-reduction method).

Detailed analyses of the Pd/Ag bimetallic nanoparticles
were carried out using EF-TEM. Figure 4 shows the mapping
of Pd and Ag in the Pd/Ag (1/2) bimetallic nanoparticles by
using EELS. Green and red areas of the map show the presence
of Pd and Ag, respectively. The yellow areas show the co-
existence of Pd and Ag. This mapping picture clearly indicates
that the Ag surrounds Pd.

Based on the results of CO-FT-IR spectra, UV-vis spectra,
TEM images, and EF-TEM pictures, PVP-protected Pd/Ag
(1/2) bimetallic nanoparticles prepared by a sacrificial hydro-
gen-reduction method are considered to have a Pd-core/Ag-
shell structure.3? This core—shell structure was also supported
by comparing the catalytic activities of these nanoparticles to-
wards the hydrogenation of methyl acrylate at 30 °C under an
atmospheric pressure of hydrogen. The Pd seed had a high cat-
alytic activity (6.71 mol-H, mol-Pd~! s~!), while the Ag nano-
particles, prepared by reduction with ethylene glycol, showed
almost no activity (0.049 mol-H, mol-Ag~!s™!). When the
atomic ratio of Pd/Ag was varied, the bimetallic nanoparticles
with Pd/Ag = 1/1 had a low activity (0.115mol-H, mol-
(Pd + Ag)~!'s™1), while those with Pd/Ag = 1/2 had almost
no activity (0.037 mol-H, mol-(Pd + Ag)~!s~!), similar to the

case of Ag. This result supports that, when Pd/Ag = 1/2, the
Pd core is completely covered by Ag shell.

In the above-described experiments, the seed Pd nano-
particles, prepared by the reduction of palladium(Il) acetate
Pd(OACc); at 160 °C in ethylene glycol in the presence of PVP
at the molar ratio of monomeric residue of PVP to (Pd + Ag)
(=R) of 40, had an average particle size of 4.4 4+ 1.2nm. The
resulting Pd/Ag (1/2) bimetallic nanoparticles with a Pd-core/
Ag-shell structure, prepared by sacrificial hydrogen reduction
from the above Pd seeds, had an average size of 6.8 £ 1.8
nm. If we wish to prepare the smaller bimetallic nanoparticles,
the seed particles should be a smaller size. For examples, the
Pd seed prepared from not Pd(OAc), but PdCl, at 160°C in
ethylene glycol had an average diameter of 2.5 4+ 0.68 nm,
and then the Pd/Ag (1/2) bimetallic nanoparticles prepared
from this seed by a sacrificial hydrogen-reduction method
had the diameter of 3.2 £0.73nm. On the other hand, the
Pd seeds prepared by the reduction of PdCI, in refluxing in
ethylene glycol for 1h at 198 °C had an average diameter of
1.6 £ 0.40nm, and the Pd/Ag (1/2) bimetallic nanoparticles
starting from the Pd seeds had an average diameter of
2.5 £0.38 nm. These three series of Pd/Ag bimetallic nano-
particles prepared by starting from three kinds of Pd seeds with
different sizes showed the same tendency in the structure anal-
yses indicating a core—shell structure and were used for prep-
aration of trimetallic nanoparticles.

Pd/Ag/Rh Trimetallic Nanoparticles. As mentioned in
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Fig. 4. EF-TEM images of Pd/Ag (1/2) bimetallic nano-
particles prepared by a sacrificial hydrogen-reduction
method: (a) Pd mapping, (b) Ag mapping, and (c) total
mapping of Pd and Ag (Pd, green; Ag, red; Pd + Ag,
yellow).
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Fig. 5. UV-vis spectra of colloidal dispersions of Pd/Ag
(1/2) bimetallic and Rh monometallic nanoparticles, and
spectral change of the 1/1 mixtures of these two disper-
sions after 1 min (blue), Smin (yellow), 10 min (green),
15 min (red), 20 min (brown) after the mixture. The origi-
nal Ag surface plasmon adsorption peak of Pd/Ag bimet-
allic nanoparticles was quenched by keeping the mixed
solution at room temperature after the addition of Rh
nanoparticles.

the previous section, the colloidal dispersion of PVP-protected
Pd/Ag (1/2) bimetallic nanoparticles with a Ag shell had a
plasmon absorption at 380 nm. When a colloidal dispersion
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Fig. 6. Fourier transformed IR spectra of CO adsorbed on
PVP-protected nanoparticles: (a) Pd-core/Ag-shell (1/2),
(b) Pd-core/Ag-interlayer/Rh-shell (1/2/3), (c) Pd-core/
Ag-interlayer/Rh-shell (1/2/18), (d) Pd-core/Ag-interlay-
er/Rh-shell (1/2/36), and (e) Rh nanoparticles.

of PVP-protected Rh nanoparticles (an average diameter =
2.5 £ 0.83 nm), prepared by an alcohol-reduction method, was
mixed at room temperature with the colloidal dispersion of
Pd/Ag (1/2) bimetallic nanoparticles (an average diameter =
6.8 + 1.8nm) prepared by a sacrificial hydrogen-reduction
method, the plasmon absorption at 380 nm gradually decreased
in strength and disappeared completely after 20 min, as shown
in Fig. 5. This phenomenon suggests that the Ag surface of
Pd/Ag bimetallic nanoparticles is covered by the Rh nanopar-
ticles. Similar phenomena were observed in the mixture of col-
loidal dispersions of PVP-protected Ag nanoparticles and Rh
nanoparticles, which we have previously reported.?!?> During
and after the mixing reaction of colloidal dispersions, no
aggregates or precipitates were observed.

In the CO-FT-IR spectra of the mixtures of Pd/Ag (1/2)
bimetallic nanoparticles and Rh nanoparticles, the peaks at
1905, 1992, 2021, and 2067 cm™!, characteristic to Rh, rapidly
increased in intensity with an increase in the amount of Rh
nanoparticles added to the mixtures, as Fig. 6 shows. This
observation suggests the presence of Rh on the surface of par-
ticles resulting from the mixtures.

Figure 7 shows TEM images of Rh nanoparticles and the
Pd/Ag/Rh (1/2/36) trimetallic nanoparticles, produced by
mixture of Pd/Ag (1/2) bimetallic nanoparticles and Rh nano-
particles at the atomic ratio of (Pd + Ag)/Rh = 1/12. The tri-
metallic nanoparticles were considerably uniform in size and
had an average diameter of 3.5 £ 1.3 nm, although average di-
ameters of Pd/Ag (1/2) and Rh nanoparticles were 6.8 and
2.5nm, respectively. This suggests that the particles produced
by the mixture are not composed of two independent kinds of
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Fig. 7. TEM photographs of PVP-protected (a) Rh mono-

metallic, and (b) Pd/Ag/Rh (1/2/36) trimetallic nanopar-
ticles: D,y = average diameter, 0 = standard deviation.

particles, but of alloyed trimetallic nanoparticles. The HR-
TEM image and EF-TEM mapping are shown in Fig. 8. EF-
TEM mapping showed that Rh atoms were located not in the
center of the particles, but rather on the surface of the particles.
The HR-TEM image showed that the particles were the mostly
single crystals and were composed of three elements on the
basis of EDS spectra, although some polycrystalline structures
were also observed. Since all of the bulk crystals of Pd, Ag,
and Rh have a face-centered cubic structure, in the Pd/Ag/
Rh trimetallic nanoparticles the Ag interlayer can grow epitax-
ially on the Pd seed, and the Rh shell also can grow up epitax-
ially on the Ag interlayer, resulting in almost single crystal
structure.33-3

Although we have no strict evidence on the structure of the
present PVP-protected Pd/Ag/Rh (1/2/36) trimetallic nano-
particles, the above CO-FT-IR, TEM, HR-TEM, and EF-TEM
results suggest the spontaneous formation of a triple core—shell
structure or a Pd-core/Ag-interlayer/Rh-shell structure by
self-organization. This structure is also supported by the high
catalytic activity of these trimetallic nanoparticles, described
in the next section.

Pd/Ag/Rh Trimetallic Nanoparticles

(¢)

Fig. 8. EF-TEM images and HR-TEM photograph of Pd/
Ag/Rh (1/2/36) trimetallic nanoparticles: (a) Zeroloss
image, (b) Ag mapping, (c¢) Rh mapping, (d) total mapping
of Ag and Rh (Ag, green; Rh, red; Ag + Rh, yellow), and
(e) HR-TEM photograph.

Catalytic Activity of Trimetallic Nanoparticles. PVP-
protected Pd/Ag/Rh trimetallic nanoparticles at various atom-
ic ratios of (Pd + Ag)/Rh were prepared by self-organization
starting from Pd/Ag (1/2) bimetallic nanoparticles and Rh
nanoparticles. Here, we used Pd/Ag bimetallic nanoparticles
only at the atomic ratio of 1/2, because the Pd seed core is
completely covered by Ag at an atomic ratio of 1/2, as de-
scribed in the previous section. These trimetallic nanoparticles
with various atomic ratios were used as catalysts for hydroge-
nation of methyl acrylate at 30 °C under an atmosphere of hy-
drogen. The catalytic activity was calculated by dividing the
initial rate of hydrogen uptake per second with total amount
of used metals (Pd + Ag + Rh). The catalytic activity varied
with the composition of trimetallic nanoparticles. In the series
of trimetallic nanoparticles prepared from Pd/Ag (1/2) bimet-
allic nanoparticles (average diameter = 6.8 £+ 1.8 nm) and Rh
nanoparticles (average diameter = 2.5 & 0.83 nm), the catalyt-
ic activity varied an increase in the atomic ratio of Rh to (Pd +
Ag) as shown in Fig. 9. In other words, the highest catalytic
activity was achieved by the trimetallic nanoparticles at the
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Iytic activity of PVP-protected Pd/Ag/Rh trimetallic
nanoparticles for hydrogenation of methyl acrylate. The
trimetallic nanoparticles were prepared by starting from
Pd/Ag (1/2) bimetallic nanoparticles (av. diameter =
6.8nm) and Rh nanoparticles (av. diameter = 2.5 nm).
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of Rh in total metal (Pd + Ag + Rh).
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Fig. 10. Average diameter of PVP-protected Pd/Ag/Rh
trimetallic nanoparticles as a function of Rh content.
The trimetallic nanoparticles are the same as those used
for measurements of catalytic activities shown in Fig. 9.
The dashed line indicates average particles sizes estimated
for the mixtures without any reaction.

atomic ratio of 1/2/36. Interestingly the catalytic activity had
a sharp maximum peak at this point, where the average diam-
eter was the smallest (3.5 £ 1.3nm) among a series of trime-
tallic nanoparticles starting from the Pd/Ag (1/2) bimetallic
nanoparticles (6.8 £ 1.8 nm) and Rh nanoparticles (2.5 £ 0.83
nm) (cf. Fig. 10). Even when the catalytic activity was normal-
ized by dividing the activity with total surface area of the cat-
alyst, the same tendency was observed. Thus, the atomic ratio
of 1/2/36 (Pd/Ag/Rh) could be a magic ratio for the present
system and could be determined naturally during the self-
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Fig. 11. The relationship between metal composition and

catalytic activity of PVP-protected Pd/Ag/Rh trimetallic
nanoparticles for hydrogenation of methyl acrylate. The
trimetallic nanoparticles were prepared by starting from
Pd/Ag (1/2) bimetallic nanoparticles with average diame-
ters of @ 2.5+ 0.38 nm, and M 3.2 £ 0.73 nm. The con-
centration of Rh Cg;, shows the % atomic ratio of Rh in
total metal (Pd + Ag + Rh).

organization process. Note that these results are reproduced.

When the Pd/Ag (1/2) bimetallic nanoparticles with the
smaller sizes than this case, i.e., those of an average diameter
of 3.2 +£0.73 and 2.5 & 0.38 nm, were used instead of those of
6.8 & 1.8 nm, the dependence of catalytic activity on the metal
composition varied as shown in Fig. 11. The highest catalytic
activities were observed for atomic ratios of 1/2/21 (Pd/Ag/
Rh) and 1/2/13.5, and the average diameters of trimetallic
nanoparticles at these composition were 2.6 £ 0.58 nm and
2.2 £ 0.59 nm, respectively. These two kinds of Pd/Ag/Rh tri-
metallic nanoparticles showed the same tendency in structure
analyses as those of trimetallic nanoparticles prepared from
Pd/Ag (1/2) bimetallic nanoparticles (average diameter =
6.8 £1.8nm) and Rh nanoparticles. Again, the trimetallic
nanoparticles with highest catalytic activity had the smallest
average diameter. The high catalytic activity, however, is not
due to a large surface area. In fact, even if the activity is nor-
malized to the surface area, the trimetallic nanoparticles with
the smallest size still have the highest catalytic activity.

The average diameter of the last trimetallic nanoparticles
was smaller than those of both starting materials, that is, Pd/
Ag (1/2) bimetallic and Rh nanoparticles. This phenomenon
is very interesting, if the successive deposition mechanism,
which is a commonly accepted mechanism, is assumed. Thus,
any kind of re-alignment should occur during the self-organi-
zation process. A similar consideration has been also discussed
in the case of self-organization between Ag and Rh nanopar-
ticles.2?>25 The catalytic activity of Pd/Ag/Rh trimetallic
nanoparticles with a triple core—shell, i.e., a Pd-core/Ag-inter-
layer/Rh-shell structure prepared by self-organization, was
compared to those of the corresponding monometallic and
bimetallic nanoparticles as well as trimetallic nanoparticles
prepared by other methods. The results are shown in Fig. 12.
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Fig. 12. Catalytic activity of Pd, Ag, and Rh monometallic
nanoparticles, Pd/Ag (1/2), Ag/Rh (1/4), and Pd/Rh
(1/2) bimetallic nanoparticles, and Pd/Ag/Rh (1/2/
13.5) trimetallic nanoparticles: (1) The trimetallic nano-
particles prepared by self-organization starting from Pd/
Ag (1/2) bimetallic and Rh nanoparticles, (2) those pre-
pared by simultaneous reduction, and (3) those prepared
by self-organization by mixing of Pd, Ag, and Rh mono-
metallic nanoparticles. The atomic composition Pd/Ag/
Rh was kept constant 1/2/13.5 for all trimetallic nanopar-
ticles. See the text for details of preparation of monometal-
lic and bimetallic nanoparticles.

In Fig. 12, the catalytic activities of monometallic and bi-
metallic nanoparticles are shown for comparison. The colloidal
dispersions of PVP-protected Pd, Ag, and Rh monometallic
nanoparticles used for these measurements were prepared by
an alcohol-reduction method in ethanol/water. The catalytic
activity of Pd/Ag (1/2) bimetallic nanoparticles with a Pd-
core/Ag-shell structure is also shown in Fig. 12 for compari-
son. In the case of other bimetallic nanoparticles, various kinds
of reference nanoparticles were prepared with different atomic
ratios by two methods, i.e., simultaneous reduction and phys-
ical mixing (self-organization). The highest activities for
Ag/Rh (1/4) by physical mixing and Pd/Rh (1/2) bimetallic
nanoparticles by simultaneous reduction are shown in Fig. 12.

In the series of the Pd/Ag/Rh trimetallic nanoparticles pre-
pared by mixing three kinds of Pd/Ag (1/2) bimetallic nano-
particles with Rh nanoparticles, the Pd/Ag/Rh (1/2/13.5)
nanoparticles with an average diameter of 2.2 £ 0.59 nm had
the highest catalytic activity (21.0 mol-H, mol-M~! s~!), while
the Pd/Ag/Rh (1/2/36) nanoparticles with an average diame-
ter of 3.5 & 1.3 nm and Pd/Ag/Rh (1/2/21) nanoparticles with
an average diameter of 2.6 = 0.58 nm had activites of 11.0 and
18.0mol-H, mol-M~1 571, respectively. Thus, the smaller the
particle size is the higher the catalytic activity. This result is
not due to the surface area. In fact, when the activity was nor-
malized to the surface area, the trimetallic nanoparticles with
the smallest size still had the highest catalytic activity.

Now, the catalytic activity of Pd/Ag/Rh (1/2/13.5) nano-
particles prepared by self-organization was compared to those
of trimetallic nanoparticles prepared by other methods. At first,
the simultaneous reduction method was used for preparation of

Pd/Ag/Rh Trimetallic Nanoparticles

trimetallic nanoparticles. Thus, a 1/9 (v/v) water/ethanol so-
lution of Pd(OAc),, AgClO4, and Rh(NO3); with a molar ratio
of 1/2/13.5 was refluxed for 3 h under nitrogen. The obtained
trimetallic nanoparticles had an average diameter of 2.5 +
0.69 nm. This was thought to be small enough for the particles
to show a high catalytic activity, but the catalytic activity was,
in fact, very small (0.59 mol-H, mol-M~!s~!). This is prob-
ably due to the structure of trimetallic nanoparticles prepared
by simultaneous reduction, which may provide the structure
different from Pd-core/Ag-interlayer/Rh-shell, like Pd-core/
Rh-interlayer/Ag-shell. This structure is based on the forma-
tion mechanism proposed for simultaneous reduction?® and
is supported by the appearance of a plasmon resonance peak
at 350 nm in the colloidal dispersion of these trimetallic nano-
particles.

The other preparation method was self-organization among
the Pd, Ag, and Rh monometallic nanoparticles with average
diameters of 2.3, 5.3, and 2.5 nm, respectively. PVP-protected
Pd, Ag, and Rh nanoparticles separately prepared by alcohol
reduction were mixed at room temperature, and the mixtures
were kept at room temperature for 3 days. The resulting mix-
ture had a wide size distribution with an average diameter of
3.3 £3.7nm, and no plasmon absorption was observed. This
suggests that the colloidal dispersions, prepared by self-organ-
ization, might be a mixture of Ag-core/Pd-shell and Ag-core/
Rh-shell bimetallic nanoparticles, or alloyed bimetallic and/or
trimetallic nanoparticles. In fact, the trimetallic nanoparticles
had a reasonably high catalytic activity (9.2 mol-H; mol-
M~!s~1). This catalytic activity data is roughly consistent with
the structure speculated above. We also tried to synthesize
PVP-protected Pd/Ag/Rh trimetallic nanoparticles using
Pd/Ag bimetallic nanoparticles prepared by simultaneous re-
duction. However, the trimetallic nanoparticles with a triple
core/shell structure could not be prepared by this method.3¢

Based on the comparison among the catalytic activities of
trimetallic nanoparticles shown in Fig. 12, the Pd/Ag/Rh
(1/2/13.5) nanoparticles prepared by the self-organization
from Pd-core/Ag-shell (1/2) bimetallic nanoparticles (average
diameter = 2.5 = 0.38 nm) and Rh nanoparticles had the high-
est catalytic activity. This can be understood by the successive
electronic charge transfer from Rh-shell to Ag-interlayer and
Ag-interlayer to Pd-core in triple core—shell-structured tri-
metallic nanoparticles.?>?* Other trimetallic nanoparticles did
not have such an ideal structure for successive electronic
effect, which could be the reason why the other trimetallic
nanoparticles had lower activity.

Conclusion

Colloidal dispersions of PVP-protected Pd/Ag bimetallic
nanoparticles with a Pd-core/Ag-shell structure were prepared
by a sacrificial hydrogen-reduction method starting from col-
loidal dispersions of PVP-protected Pd seed nanoparticles.
The core—shell structures were supported by UV-vis absorp-
tion and CO-FT-IR spectroscopes, TEM, and EF-TEM. When
the atomic ratio of Pd/Ag was 1/2, the Pd seed cores were
considered to be completely covered by Ag layers.

The physical mixture of colloidal dispersions of PVP-pro-
tected Pd/Ag (1/2) bimetallic nanoparticles and Rh nanopar-
ticles at room temperature resulted in the formation of colloi-
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dal dispersions of Pd/Ag/Rh trimetallic nanoparticles by self-
organization. The trimetallic nanoparticles, thus prepared, ap-
peared to have a triple core—shell structure, i.e., a Pd-core/Ag-
interlayer/Rh-shell structure, by UV-vis absorption spectra,
FT-IR spectra of adsorbed CO, TEM, HR-TEM, and EF-TEM.

The catalytic activities of the PVP-protected Pd/Ag/Rh tri-
metallic nanoparticles were measured by the rate of hydrogen
uptake during hydrogenation of methyl acrylate in ethanol/
water at 30 °C under an atmosphere of hydrogen and compared
with those of monometallic and bimetallic nanoparticles and
trimetallic nanoparticles prepared by other methods. The Pd/
Ag/Rh trimetallic nanoparticles, prepared by self-organization
starting from the smallest Pd/Ag (1/2) bimetallic nanoparti-
cles with an average diameter 2.5 + 0.38 nm and having an
atomic composition of Pd/Ag/Rh = 1/2/13.5, had the small-
est average diameter (2.2 & 0.59nm) among the trimetallic
nanoparticles tested here and had the highest catalytic activity
for the hydrogenation of an olefin among the metal nanoparti-
cles tested here.

The high catalytic activity of the Pd/Ag/Rh (1/2/13.5) tri-
metallic nanoparticles, having a Pd-core/Ag-interlayer/Rh-
shell structure, is considered to be due to successive electron
transfer between the metals in a particle, i.e., Rh-shell to
Ag-interlayer and Ag-interlayer to Pd-core. Thus, it is suggest-
ed that the concept of the successive or sequential electron
transfer, which is known to be very important in living organ-
isms, like the photosynthetic system, is also useful for the
design of new multi-metallic catalysts.

This work was supported by a Grant-in-Aid for Scientific
Research (B) (No. 15310078) by the Ministry of Education,
Culture, Sports, Science and Technology (MEXT), Japan.

Supporting Information

X-ray diffraction patterns of PVP-protected Pd, Ag, and Rh
monometallic, Pd/Ag bimetallic nanoparticles, and Pd/Ag/Rh tri-
metallic nanoparticles (Fig. S1), catalytic activity normalized by
surface area as a function of metal composition of PVP-protected
Pd/Ag/Rh trimetallic nanoparticles for hydrogenation of methyl
acrylate (Fig. S2) and comparison of normalized catalytic activ-
ity of monometallic, bimetallic, and trimetallic nanoparticles
(Fig. S3) are shown in Supporting Information. This material is
available free of charge on the web at http://www.csj.jp/journals/
besj/.
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