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Capped Bimetallic and Trimetallic Nanoparticles for
Catalysis and Information Technology

Naoki Toshima

Summary: Polymer-capped metal nanoparticles can be recognized as a kind of
macromolecule-metal nanoparticle complexes. Here the preparations of the capped
bimetallic and trimetallic nanoparticles, in which each particle contains two and
three elements of metal, respectively, are presented. They may have a random alloy, a
core/shell, or other kinds of structure depending on the preparation method and the
combination of elements. The core/shell structure is advantageous to electronically
control the activity of metal catalysts. The triple core/shell structured trimetallic
nanoparticles were found to have higher catalytic activity than the corresponding
monometallic and bimetallic nanoparticles in three cases. Capped metal nanopar-
ticles were also used as a dopant to liquid crystals. Liquid crystal displays, fabricated
by metal nanoparticle-doped liquid crystals, showed faster response than those
without dopants. Bimetalization could increase the long-term stability in the doped
liquid crystal displays. Thus, metal nanoparticles can improve the electronic display
system, which occupies an important position in information technology. In addition,
SmCos nanomagnets were successfully prepared by a chemical method, possibly
providing a new building block for information technology. The prepared SmCo,
nanoparticles have a coercivity of 1500 Oe at room temperature. The bimetallic
nanoparticles may open a new field in super-high-density magnetic memories.

Keywords: bimetallic catalyst; core/shell structure; information technology; liquid crystal
display; macromolecular complex; magnetic memory; metal nanoparticle SmCog; trimetallic

catalyst

Introduction

Macromolecular complexes can be defined
as complexes (mainly metal complexes)
having organic macromolecule(s) or macro-
molecular structure(s). Metal nanoparicles
capped by macromolecules have been
recognized as a kind of macromolecular
complexes. For example, more than 10
papers on metal nanoparticles capped by
macromolecules were presented as macro-
molecular metal complex (colloidal) cata-
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lysts at the first symposium held in Beijing,
China in 1985 in a series of MMC interna-
tional symposia. In fact, colloidal disper-
sions of polymer-protected metal nanopar-
ticles have been prepared from the
polymer-metal ion complexes via poly-
mer-metal atom complexes, as shown in
Figure 1. Thus, polymer-protected metal
nanoparticles can be regarded as polymer-
metal cluster complexes.!!

During the production of nanoparticles
polymers play an important role to control
the size and structure especially in bime-
tallic systems,””! and the shape and crystal
facet in catalytic ones.>* For example,
when the mixtures of two kinds of novel
metal ions in solution are subjected to
simultaneous reduction under mild reduc-
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Schematic presentation of formation of capped metal nanoparticles from polymer-metal ion complexes

through polymer-metal atom complexes.

tion condition like alcohol reduction in the
presence of poly(N-vinyl-2-pyrrolidone)
(PVP), the bimetallic nanoparticles with a
core/shell structure can be produced. Dur-
ing this reaction, PVP can coordinate to
metal ions and metal atoms as well as metal
clusters. The difference in the coordination

ability as well as the redox potential can
provide the motive force to control the
core/shell structure as shown in Figure 2.1
In addition, we have to emphasize that the
polymers added to the solution of metal
ions before the formation of metal nano-
particles might coordinate more strongly to
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Schematic presentation of formation of core/shell structured bimetallic nanoparticles by simultaneous

reduction of two metal ions.[
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metal nanoparticles produced than the
polymers added after the formation of
nanoparticles. Thus, the metal nanoparti-
cles prepared from polymer-metal ion
complexes are enough stable to work as
an active catalyst for the organic reaction
like hydrogenation of olefin in solution.[®!
Here, a novel method is presented to
prepare core/shell structured bimetallic
nanoparticles, which can be applied to
prepare trimetallic nanoparticles with a
triple core/shell structure as active cata-
lysts. Then, bimetallic nanoparticles devel-
oped for information technology, i.e., liquid
crystal displays and nanomagnets are
introduced. The latter is applicable to
super-high-density magnetic memory.

Syntheses of Bimetallic and
Trimetallic Nanoparticles with a
Core/Shell Structure for Catalyses

Fortunately by accident, we discovered the
formation of core/shell-structured Pt/Pd
bimetallic nanoparticles by simultaneous
alcohol reduction of H,PtCls and PdCl; in
the presence of PVP.l The core/shell-
structure of bimetallic nanoparticles was
confirmed by extensive studies using an
EXAFS technique.®® The formation
mechanism, shown in Figure 2,[10] can be
applied to the formation of Pt-core/Pd-shell
bimetallic nanoparticles, in which M;
and M, are Pt and Pd, respectively.

The core/shell-structured Pt/Pd bimetal-
lic nanoparticles work as an active catalyst
for selective partial hydrogenation of
dienes.'" The Pt/Pd (1/4 in atomic ratio)
bimetallic nanoparticles with a core/shell
structure, in which a nanoparticle with
1.4 nm in diameter consists of a Pt core with
13 Pt atoms and a Pd shell with an atomic
layer of Pd, have about three times higher
catalytic activity for the partial hydrogena-
tion of 1,3-cyclooctadiene than Pd mono-
metallic nanoparticles with the similar
size.® This means that the core Pt can
provide an electronic effect (a ligand effect)
on the surface Pd atoms, active sites of

Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

catalysts. Thus, the core/shell structure is
very important for catalysis.

We reported the controlled construc-
tions of a core/shell structure by sacrificial
hydrogen reduction, where hydrogen
adsorbed on the surface of core metal
nanoparticles work as reductants of the
second metal ions to produce the shell as
shown in Figure 3 for the case of a Pd-core/
Au-shell structure.[?!

In addition, we found that physical
mixture of two kinds of metal nanoparticles
in dispersions can spontaneously produce
core/shell-structured bimetallic nanoparti-
cles.!'! This reaction was first found from
the UV-Vis absorption change observed in
the mixture of the dispersion of PVP-
protected Ag nanoparticles with that of Rh
nanoparticles prepared separately, as
shown in Figure 4.3 The core/shell
structure was confirmed by EF-TEM. The
reaction mechanism is proposed as shown
in Figure 5 based on the EXAFS observa-
tion. This is thought to be a self-organized
process.

Isothermal titration calorimetry (ITC)
studies of the mixing process can clarify the
fact that particular combination like Rh and
Ag shows a strong exothermic interaction,
as shown in Table 1.'*1 The core/shell-
structured bimetallic nanoparticles thus
prepared have found a higher or lower
catalytic activity than the corresponding
monometallic nanoparticles, depending on
the kind of core elements. In the case of the
Ag/Rh bimetallic nanoparticles with an Ag
core prepared by physical mixing of Ag and
Rh nanoparticles, for example, Ag/Rh (1/4)
bimetallic nanoparticles have higher cata-
lytic activity than monometallic Rh nano-
particles with the similar size. This is due to
an electronic (a ligand) effect of the Ag
core on the Rh shell which has active sites
for catalysis. Electron deficient property of
Rh shell in the bimetallic nanoparticles can
enhance the adsorption of olefins on
the surface of Rh shell, and enhance the
catalytic activity. This is similar to the case
of core/shell-structured Pt/Pd bimetallic
nanoparticles prepared by the simultaneous
reduction.™ In the case of a Ag core
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Figure 3.

A sacrificial hydrogen reduction method to produce a core/shell structure.

covered by a Pd shell, in contrast, the
catalytic site of Pd shell is electronically
enriched by the Ag core. Thus, addition of
small amounts of Ag can depress the
catalytic activity of Pd. This difference
between Rh and Pd can be easily explained
by the difference of ionization energy of
Rh, Ag, and Pd (Rh<Ag<Pd).

Recently we have succeeded in con-
struction of a triple core/shell structure by
combination of sacrificial hydrogen reduc-
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tion or simultaneous alcohol reduction with
a physical mixing process (self-organiza-
tion).'>1% The Au-core/Pt-shell bimetallic
nanoparticles were prepared by simulta-
neous alcohol reduction in the presence of
PVP. The dispersions of Au/Pt (1/4)
bimetallic nanoparticles were mixed with
the dispersion of 4 times amounts of Rh
nanoparticles, prepared separately by alco-
hol reduction of RhCl; in the presence of
PVP, to produce Au/Pt/Rh (1/4/20) trime-
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UV-Vis absorption change in the mixed dispersions of PVP-protected Ag nanoparticles with PVP-protected Rh

nanoparticles.!
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Schematic presentation for the formation of a Ag-core/Rh-shell structure by physical mixture of PVP-protected
Ag-nanoparticles with PVP-protected Rh nanoparticles (Self-Organization).

tallic nanoparticles as shown in Figure 6.1
TEM photographs of original PVP-pro-
tected Au/Pt (1/4) and Rh nanoparticles, as
well as Au/Pt/Rh (1/4/20) trimetallic nano-
particle prepared by self-organization, are
shown in Figure 7.051 The trimetallic
nanoparticles are enough small in size
and have narrow size distribution, suggest-
ing the self-organization process. High
resolution TEM and energy-filtered TEM
images shown in Figure 8 also support this
consideration. We have not the complete
evidence for the triple core/shell (Au-core/
Pt-interlayer/Rh-shell) structure yet, but
the results of the HR-TEM and EF-TEM
were not contradictory to the triple core/

Table 1.

shell structure. In addition, the trimetallic
nanoparticles thus prepared had a higher
catalytic activity for hydrogenation of olefin
than not only any kinds of monometallic
and bimetallic nanoparticles of the corre-
sponding elements but also trimetallic
nanoparticles prepared by methods other
than the present sophisticated combined
method (physical mixing of Rh nanopar-
tilces and Au-core/Pt-shell structured nano-
particles) as shown in Figure 9.1

The advantage of the triple core/shell
structures had also been confirmed in
the case of Pt-core/Pd-interlayers/Rh-
shell and Pd-core/Ag-interlayer/Rh-shell
trimetallic nanoparticles prepared by self

Isothermal titration calorimetric results by injecting the dispersion of injection particles into the dispersion of

particles in a cell.

Injection particle Particle in cell AH (kj/mol) AH x 107 (J/particle)
PVP - Rh — PVP - Ag —908 —0.79

PVP - Pd — PVP - Ag —600 —0.43

PVP - Pt - PVP - Ag —414 —032

PVP - Ag — PVP - Rh —357 —21.6

PVP - Ag — PVP - Pd —331 —21.2

PVP - Ag - PVP - Pt —189 1.4
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Synthesis of Au/Pt/Rh trimetallic nanoparticles by
organization.
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Figure 7.

TEM photographs and size distribution histograms of
PVP-protected (a) Au/Pt (1/4) bimetallic, (b) Rh mono-
metallic, and (c) Au/Pt/Rh trimetallic nanoparticles.!'!
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combination of simultaneous reduction and self-

organization.[16] The PVP-protected Pd/
Ag/Rh (1/2/36) trimetallic nanoparticles
have an average diameter of 3.5 nm, while
original Pd/Ag (1/2) bimetallic nanoparti-
cles with an inverted core/shell structure
and Rh nanoparticles have average dia-
meters of 6.8 nm and 2.5 nm, respectively,
as shown in Figure 10.111 The catalytic
activity of the Pd/Ag/Rh trimetallic nano-
particles, prepared by the present sophis-
ticated method using self-organization, is
the highest among the corresponding
monometallic, bimetallic and trimetallic
nanoparticles prepared by other methods.
In addition, it is noteworthy that the
trimetallic nanoparticles with the smaller
size had higher catalytic activity than those
with the larger size, among the trimetallic
nanoparticles prepared by altering the
molar ratio of Pd/Ag to Rh to get the
highest activity. Starting from the smallest
Pd/Ag (1/2) bimetallic nanoparticles (2.5
nm) with an inverted core/shell structure,
the highest catalytic activity was achieved
at molar ratio of Pd/Ag/Rh =1/2/13.5. The
catalytic activity is compared with those of
other metal nanoparticles in Figure 11.

Capped Bimetallic and Trimetallic
Nanoparticles for Information
Technology

Information technology is developing so
rapidly. Metal nanoparticles should be
applied to the development of information
technology. Here, two examples were

www.ms-journal.de
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Images of (a) high resolution TEM, (b) TEM and (c) elemental distribution (Rh, red; Pt, yellow) in energy-filtered
TEM of the Au/Pt/Rh (1/4/20) trimetallic nanoparticles.™
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Comparison of catalytic activities of Au, Pt, Rh, Au/Pt (1/4) and Au/Pt/Rh (1/4/20) nanopartilces prepared by (1)
simultaneous reduction, (2) physical mixture of Au, Pt and Rh nanoparticles, and (3) the present self-
organization method.™
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Figure 10.
TEM images and size distribution histograms of (a) original Rh, (b) original Pd/Ag (1/2) bimetallic nanoparticles,
and (c) produced Pd/Ag/Rh (1/2/36) trimetallic nanoparticles.!®

Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de



34

Macromol. Symp. 2008, 270, 27-39

25

no
=]

—_
[9))

&)

Catalytic activity / mol-H, mol-M-' s
)

o

Pd  Ag
\ | \

Rh Pd/Ag Ag/Rh Pd/Rh (1) () (3)
| | |

Monometallic Bimetallic

Figure 11.
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Comparison of catalytic activities of monometallic, bimetallic and trimetallic nanoparticles for hydrogenation
of olefin. Trimetallic nanoparticles (Pd/Ag/Rh=1/2/13.5) were prepared by (1) the present method, (2)
simultaneous reduction and (3) mixture of three monometallic nanoparticles.

presented, which have been investigated in
our laboratory.

A liquid crystal display (LCD) is now
ubiquitous. It is widely used at any time
in any place. From a small-size display in
mobile phones to a large-size display
in television sets, LCD is the most common
electronic display. LCD has already been
well-developed. However, it has still some
issues. The most important issues will be its
response time. Power consumption will be
the second. Here we have found that metal
nanoparticles may solve these issues. In
order to prepare Pd nanoparticles dispersed
in liquid crystal media, we used photo-
reduction of palladium(I) acetate in the
presence of 4'-pentyl-4-cyanobiphenyl
(5CB) in THF (Figure 12).17181 5CB-

5
N, hv
L LA —

Pd(CH,COO 5CB
(CHy )2 + THF

Figure 12.
Synthesis of 5CB-capped Pd nanoparticles by photo-
irradiation.

Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

capped Pd nanoparticles prepared could
be dispersed in 5CB, a typical liquid crystal
medium. Dispersions of SCB-Pd nanopar-
ticles in a SCB medium can be schemati-
cally illustrated in Figure 13. If the mixed
solution of palladium(II) acetate and silver
perchlorate in THF was used for photo-
irradiation, dispersions of S5CB-Ag/Pd
bimetallic nanoparticles were obtained.
TEM images and size distribution histo-
grams at various Ag/Pd ratios as well as
HR-TEM images at Ag/Pd=5/5 of 5CB-
Ag/Pd nanoparticles are shown in
Figure 14, which also presents elemental
analyses of metals by EDS and atomic
absorption spectrum. These data indicate
the formation of Ag/Pd bimetallic nano-
particles.

Addition of these metal nanoparticles to
liquid crystal media in only 0.1 wt% could
improve the response time. Ag nanoparti-
cles had stronger effect than Pd to improve
the response time.'*) However, Ag
nanoparticles were not stable enough to
get a long life. So, we used the bimetallic
nanoparticles to obtain a stable system. Life
time of the metal nanoparticle-doped LCD

www.ms-journal.de
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Figure 13.
Schematic presentation of dispersion of 5CB-capped Pd nanoparticles in 5CB medium.

was evaluated at elevated temperature. The  practical LCDs. Both pictures were taken at

results are shown in Figure 15, suggesting —10°C when a scene was changed from a
that Ag/Pd bimetallic systems are not so numeral list to a picture of a dog. The left-
bad compared with a stable Pd system. side cell did not contain bimetallic nanopar-

Now, the result obtained by collaboration ticles, while right cell did. In a top part of the
with industries is shown.”” Figure 16 is the  left picture, there still remain some numbers,
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TEM images and size distribution histograms of 5CB-capped Ag/Pd bimetallic nanoparticles at various Ag/Pd
ratios, and HR-TEM image of those at Ag/Pd = 5/5. Elements analyses by EDS and atomic absorption spectra are
also shown.
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Comparison of driving voltage change of LCD fabricated by nanoparticle-doped 5CB at 80 °C.

which have been illustrated in the previous
scene. On the contrary, a top part of right
picture does not contain numbers. This
means that the nanoparticle can enhance
the response of LCD. This might be because
of Maxwell Wagner effect.*"’

When CdS nanoparticles were used as a
dopant for 5CB, the doped LCD cell can be
driven at a lower driving voltage than that
without dopant, which could provide a new
technique for energy saving.?!]

Another example of application of bime-
tallic and trimetallic nanoparticles for infor-
mation technology is the synthesis of novel
nanomagnet for super-high-density magnetic
memory. At the present the practical mag-
netic memory devises are constructed by
CoCr films, prepared by vapor deposition
and composed of domains in submicrometer
size. Since each domain keeps one memory,
decreases of the domain size can increases
the density of memory. S. Sun proposed the

Without NP

Figure 16.

WithNP

Pictures of STN-LCDs fabricated with (right) and without (left) Ag/Pd bimetallic nanoparticle dopants at —10 °C.
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preparation of single-nanometer-sized FePt
nanoparticles by a chemical method and
their alignment on a substrate.”?! However,
heat treatment over 500 °C is required to
transfer the FePt nanoparticles from super-
paramagnetic to ferromagnetic phase. In
addition, the high cost of platinum is another
problem for practical use.

SmCos bulk alloy having a CaCus type
crystal structure is known as one of strong
permanent magnets composed of rare-
earth alloys. Some researchers have tried
to prepare SmCos nanoparticles having
ferromagnetism at room temperature. K.
Ono et al.? and H. Gu et al.?4l reported
the preparation of SmCos nanoparticles by
a chemical method starting from Sm(acac);
and Co,(CO)g. However, their nanoparti-
cles did not have ferromagnetism at room
temperature. Quite recently, Tens and
Yang reported the preparation of SmCos
nanoparticles coated by Fe,Oj shell, the
coercivity of which was shown at 5 K but
not at room temperature.[zs]

We have synthesized SmCos ananopar-
ticles from Sm(acac); and Co(acac); in the
presence of oleic acid and oleylamine in
tetracthyleneglycol (TEG) at 280 °C under
nitrogen. The products were rich in Co. If
small amounts of AuCl were added to
reaction mixtures, the products contained
three elements at the charged ratio, and the
coercivity of 1500 Oe at 300 K.2° The XRD

<FE-TEM>

patterns showed the presence of SmCos
crystal with a CaCus type crystalline
structure.’*! HR-TEM photographs, shown
in Figure 17, indicate the presence of Au at
the central part, which is surrounded by
SmCos polycrystals and Sm in the outer
side. Thus, Au nanoparticles may play a
role of a seed for crystal growth of SmCos
nanoparticles.

Conclusion

Capped metal nanoparticles are recognized
as a macromolecule-metal nanoparticle
complexe, a kind of macromolecular
complex. Here, bimetallic and trimetallic
nanoparticles were focused on application
to catalysis ad information technology,
because both fields are rapidly developing
recently.

As for catalysis, recently much attention
has been given to the structure design of
metal nanopartilces as an active site of the
catalyst. Especially, a core/shell structure is
interesting from the viewpoint of control of
the electronic property of surface metal.
Here we propose a novel method, physical
mixture of nanoparticles or self-organiza-
tion. Since the reaction in this method
proceeds under mild conditions, it can be
applied to construct a triple core/shell
structure by surrounding the bimetallic

<STEM>

Figure 17.

Structural analysis of SmCos-Au nanoparticles by FE-TEM and STEM. Spot 1: Au contaminated by Co on the

surroundings, Spot 2: Sm-Co alloy, Spot 3: Sm.
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nanoparticle having a core/shell structure
with the third element without destroying
the original bimetallic core/shell structure.
Macromolecules play an important role for
construction of the core/shell structure. The
electron density of the surface element in
trimetallic nanopartilces can be affected by
the electronic level of elements in inner
layers. If the electronic levels or work
functions of three elements are aligned so
as to enhance an overall electronic charge
shift in trimetallic nanoparticles having a
triple core/shell structure, then the concept
of a sequential potential field®?”) can
provide the catalyst with the highest activity
in the sense of an electronic effect or a
ligand effect.

As for information technology, two
examples, a liquid crystal display and a
super-high-density magnetic memory, are
presented. Addition of capped metal nano-
particles to liquid crystal media as a dopant
can improve the response time of the liquid
crystal display. The capped metal nanopar-
ticles may work as a disturbant to the
ordered liquid crystal media, resulting in
easy movement of liquid crystal molecules.
Another example is novel syntheses of
SmCos nanomagnet. Usually magnetic
properties require an enough large domain
size. Thus, metal particles in a single
nanometer size are difficult to be ferro-
magnetic at room temperature. We have
succeeded in syntheses of SmCos nano-
magnets in a single nanometer size with
assistance of Au metal. Au nanoparticles
may work as a seed to construct magnetic
SmCos nanoparticle crystals with a CaCus
type structure.

Metal nanoparticles will be applied to a
variety of fields in the near future. Bime-
tallization or trimetallization can improve
the properties of metal nanoparticles. In
addition, organic ligands, especially macro-
molecules may play an important role to
construct and stabilize the nanoparticles,
and disperse the nanoparticles into the
proper media for application.
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