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FINE SOLID SOLUTION ALLOY PARTICLES
AND METHOD FOR PRODUCING SAME

TECHNICAL FIELD

The present invention relates to solid solution alloy fine
particles and a method for producing the same.

BACKGROUND ART

Alloys exhibit different properties from those of individual
constituent metal elements. Therefore, newly developed
alloys are expected to have properties (for example, catalytic
properties) that conventional metals do not have. On the other
hand, metal fine particles are expected to have a variety of
applications for reasons such as their large specific areas and
possibly different properties and structures from those of bulk
metals. For these reasons, various alloy fine particles have
been studied. For example, a method for producing alloy
particles containing silver and rhodium is disclosed (see Non
Patent Literature 1).

CITATION LIST
Non Patent Literature

Non Patent Literature 1
Paper No. 41.2-36, Proceedings (I) of the 88th Spring
Meeting of The Chemical Society of Japan, 2008

SUMMARY OF INVENTION
Technical Problem

As shown in a phase diagram of FIG. 18, however, silver
and rhodium in bulk form do not form a solid solution at the
atomic level. Even if a mixture of silver and rhodium is heated
and melted, silver and rhodium remain separated. Therefore,
even if a melt containing silver and rhodium is cooled rapidly,
it is difficult to produce an alloy in which silver and rhodium
form a solid solution. On the other hand, in the method of Non
Patent Literature 1, silver ions and rhodium ions are reduced
in a solution to produce fine particles. In this method of Non
Patent Literature 1, however, it is difficult to produce fine
particles in which silver and rhodium form a solid solution at
the atomic level. Nevertheless, if silver and rhodium do not
form a solid solution at the atomic level, the resulting alloy is
unlikely to exhibit its unique properties. FIG. 19 shows a
phase diagram of gold and rhodium. As is clear from the phase
diagram of FIG. 19, it is difficult to produce a solid solution
alloy of gold and rhodium.

Under these circumstances, it is one of the objects of the
present invention to provide alloy fine particles in which a
plurality of metal elements are mixed at the atomic level and
a method for producing the same.

Solution to Problem

In order to achieve the above object, the alloy fine particles
of the present invention are fine particles of a solid solution
alloy, in which a plurality of metal elements are mixed at the
atomic level. The phrase “mixed at the atomic level” means
that, in one aspect, individual elements are randomly dis-
persed in an elemental map obtained using a STEM with a
spatial resolution of 0.105 nm, and in another aspect, a single
peak pattern is observed by XRD.
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2

The production method of the present invention is a
method for producing alloy fine particles composed of a
plurality of metal elements. This production method includes
the steps of: (i) preparing a solution containing ions of the
plurality of metal elements and a liquid containing a reducing
agent; and (il) mixing the solution with the liquid that has
been heated.

Advantageous Effects of Invention

According to the present invention, solid solution alloy fine
particles in which a plurality of metal elements are mixed at
the atomic level are obtained.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 shows an example of a step of the production
method of the present invention.

FIG. 2 shows another example of the step of the production
method of the present invention.

FIG. 3 shows an example of transmission electron micro-
graphs of alloy fine particles produced in Example 1.

FIG. 4 shows another example of the transmission electron
micrographs of the alloy fine particle produced in Example 1.

FIG. 5 shows an EDX spectrum of the alloy fine particle
produced in Example 1.

FIG. 6 shows an XRD pattern of the alloy fine particles
produced in Example 1.

FIG. 7 shows transmission electron micrographs of alloy
fine particles produced in Examples 2 to 4.

FIG. 8 shows XRD patterns of the alloy fine particles
produced in Examples 2 to 4.

FIG. 9 is a graph showing the relationship between the
silver contents and the lattice constants of the alloy fine par-
ticles produced in Examples 2 to 4.

FIG. 10 shows absorption spectra of the alloy fine particles
produced in Examples 2 to 4.

FIG. 11 shows an XRD pattern of fine particles produced in
Comparative Example 1.

FIG. 12 shows an XRD pattern of fine particles produced in
Comparative Example 2.

FIG. 13 shows an XRD pattern of fine particles produced in
Comparative Example 3.

FIG. 14 shows an XRD pattern of alloy fine particles pro-
duced in Example 5.

FIG. 15 shows an EDX spectrum and an electron micro-
graph of the alloy fine particle produced in Example 5.

FIG. 16A and FIG. 16B show the results obtained by
observing the alloy fine particles produced in Example 1 with
a scanning transmission electron microscope (STEM).

FIG. 17A and FIG. 17B show the results obtained by
observing the alloy fine particles produced in Example 5 with
a scanning transmission electron microscope.

FIG. 18 is a phase diagram of silver and rhodium.

FIG. 19 is a phase diagram of gold and rhodium.

DESCRIPTION OF EMBODIMENTS

Hereinbelow, embodiments of the present invention will be
described by way of examples. The present invention is not
limited to the following embodiments and examples. In the
following description, specific numerical values or specific
materials may be given by way of examples, but other numeri-
cal values or other materials may be used as long as the effect
of the present invention can be obtained.
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[Production Method of Alloy Fine Particles]

The method of the present invention is a method for pro-
ducing alloy fine particles composed of a plurality of metal
elements. According to this production method, solid solution
alloy fine particles in which a plurality of metal elements are
mixed at the atomic level are obtained. The alloy fine particles
obtained by this production method constitute one aspect of
the alloy fine particles of the present invention.

The method of the present invention includes the following
steps (1) and (ii). Hereinafter, the plurality of metal elements
that constitute the alloy fine particles may sometimes be
referred to as “a plurality of metal elements (E)”.

In the step (i), a solution containing ions of the plurality of
metal elements (E) and a liquid containing a reducing agent
are prepared. Hereinafter, the solution containing the plural-
ity of metal elements (E) may sometimes be referred to as a
“metal ion solution” or a “solution 11”. The liquid containing
a reducing agent may sometimes be referred to as a “liquid
12”.

The plurality of metal elements (E) may be two kinds of
metal elements. In that case, binary alloy fine particles are
obtained. When the plurality of metal elements (E) include
rhodium, rhodium alloy fine particles are obtained.

An example of the plurality of metal elements (E) is a
combination of silver (Ag) and rhodium (Rh). Another
example of the plurality of metal elements (E) is a combina-
tion of gold (Au) and rhodium (Rh).

The metal ion solution can be prepared by dissolving at
least one type of compound containing the plurality of metal
elements (E) in a solvent. One compound may contain all the
metal elements included in the plurality of metal elements
(E). One compound also may contain only one metal element
included in the plurality of metal elements (E).

When the plurality of metal elements (E) are silver and
rhodium, the metal ion solution can be prepared by dissolving
a silver compound and a rhodium compound in a solvent.
Examples of the silver compound include silver (I) acetate
(AgCH;COO) and silver nitrate (AgNO;). Examples of the
rhodium compound include rhodium (III) acetate (Rh
(CH;C0O0Q);) and rhodium (II) acetate (Rh(CH;COO),). As
the solvent, a solvent capable of dissolving silver ions and
rhodium ions is used. An example of the solvent is water.

When the plurality of metal elements (E) are gold and
rhodium, the metal ion solution can be prepared by dissolving
a gold compound and a rhodium compound in a solvent.
Examples of the gold compound include chloroauric acid
(HAuCl,). Examples of the rhodium compound include the
above-mentioned rhodium compounds and rhodium (III)
chloride (RhCl;). An example of the solvent is water.

The concentration of ions of one of the plurality of metal
elements (for example, silver ions or gold ions) in the metal
ion solution may be in the range 0of0.1 mmol/L to 1 mol/L (for
example, in the range of 0.1 mmol/lL to 5 mmol/L.). The
concentration of rhodium ions in the metal ion solution may
be in the range of 0.1 mmol/L. to 1 mol/L (for example, in the
range of 0.1 mmol/LL to 5 mmol/LL or in the range of 0.1
mmol/LL to 1 mmol/L).

The alloy composition can be varied by varying the ratio
between the concentration of silver ions C, (mol/L) in the
metal ion solution and the concentration of rhodium ions C,,
(mol/L) in the metal ion solution. The value of Cg,/[Cg,+
C,,] may be 0.1 or more, 0.2 or more, 0.3 or more, 0.4 or
more, 0.5 or more, 0.6 or more, 0.7 or more, 0.8 or more, or
0.9 or more. The value may also be 0.9 or less, 0.8 or less, 0.7
or less, 0.6 or less, 0.5 or less, 0.4 or less, 0.3 or less, 0.2 or
less, or 0.1 or less. The use of a metal ion solution with
Cri/[Crp+C4,]=X makes it possible to produce alloy fine
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4

particles having a rhodium content of almost 100x atomic %.
For example, with the use of a metal ion solution with a
Cri/[Cri+C 4] value of 0.5 or more, alloy fine particles hav-
ing a rhodium content of 50 atomic % or more can be pro-
duced. When the plurality of metal elements (E) are two kinds
of elements, the relationship between the concentrations of
ions of the individual elements in the metal ion solution and
the resulting alloy composition is the same as the above-
mentioned relationship between the concentrations of silver
ions and rhodium ions and the resulting alloy composition.

Next, in the step (ii), the metal ion solution (solution 11) is
mixed with the heated liquid (liquid 12) containing a reducing
agent. In the step (ii), not only the liquid 12 but also the
solution 11 may be heated.

Inthestep (ii), the solution 11 may be mixed with the liquid
12 by dropping the solution 11 into the heated liquid 12. In the
step (ii), the solution 11 may be mixed with the liquid 12 by
spraying the solution 11 onto the heated liquid 12. For
example, in the step (i), as shown in FIG. 1, the solution 11
and the heated liquid 12 may be mixed by dropping the former
into the latter. In the step (ii), as shown in FIG. 2, the solution
11 and the heated liquid 12 may be mixed by spraying the
former onto the latter. When the concentration of metal ions in
the metal ion solution is high, it may be preferable in some
cases to mix the solution 11 and the liquid 12 by spraying the
solution 11.

Inthestep (ii), the solution 11 may be mixed with the liquid
12 that has been heated to a temperature not lower than a
temperature at which each of the ions of the plurality of metal
elements (E) is reduced. Furthermore, in the step (ii), the
solution 11 may be mixed with the liquid 12 that has been
heated to a temperature higher by 20° C. or more than a
temperature at which each of the ions of the plurality of metal
elements (E) is reduced. In these two cases, the reducing
agent may be ethylene glycol.

Spraying of the solution 11 and/or the liquid 12 can be
performed, for example, using a spray gun or an ink jet head.
The particle size of the alloy fine particles to be formed may
possibly be controlled by varying the size of sprayed droplets.

The reducing agent contained in the liquid 12 may be
alcohol. The liquid 12 as a solvent may consist of an alcohol
acting as a reducing agent (for example, ethylene glycol). The
liquid 12 may contain an alcohol not acting as a reducing
agent in addition to an alcohol acting as a reducing agent.
When the liquid 12 is heated, the action of the alcohol as a
reducing agent is increased. The temperature to which the
liquid 12 is heated in the step (ii) depends on the type of
alcohol as a reducing agent contained in the liquid 12. For
example, when ethylene glycol is used, it is assumed that
silver ions are reduced at 100° C. or lower and rhodium ions
arereduced at around 140° C. Therefore, when the plurality of
metal elements (E) are silver and rhodium and ethylene glycol
is used as a reducing agent, the liquid 12 must be heated to
140° C. or higher.

There is no limitation on the type of alcohol as a reducing
agent contained in the liquid 12 as long as the effect of the
present invention can be obtained. The alcohol used as a
reducing agent may be a monovalent alcohol, or a polyvalent
alcohol such as a divalent alcohol. Preferred examples of the
alcohol used as a reducing agent are at least one type of
alcohol selected from the group consisting of ethylene glycol,
diethylene glycol, and triethylene glycol. Hereinafter, at least
one type of alcohol selected from the group consisting of
ethylene glycol, diethylene glycol, and triethylene glycol
may sometimes be referred to as “ethylene glycols”. The
boiling point of ethylene glycols is 190° C. or higher. There-
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fore, the use of such an alcohol as a solvent makes it possible
to produce alloy fine particles at a high temperature.

Instead of the alcohol (i.e. an alcohol acting as a reducing
agent) contained in the liquid 12, a substance capable of
reducing metal ions (such as silver ions, rhodium ions, and
gold ions) and acting as a solvent may be used.

At least one selected from the solution 11 and the liquid 12
may contain a protective agent for preventing the agglomera-
tion of the alloy fine particles. The use of a protective agent
makes it easier to obtain alloy fine particles of small size.
Specifically, both or either one of the solution 11 and the
liquid 12 may contain a protective agent. Examples of the
protective agent include polymers and surfactants. For
example, the protective agent is poly(N-vinyl-2-pyrrolidone)
(hereinafter may be referred to as “polyvinylpyrrolidone” or
“PVP”). The concentration of the protective agent in the
solution is selected according to the type of the protective
agent. When the protective agent is polyvinylpyrrolidone, it
may be added so that the concentration of its constituent units
(monomer units) is in the range of 0.1 mmol/L. to 2 mol/L. (for
example, in the range of 1 mmol/L. to 10 mmol/L).

When neither the solution 11 nor the liquid 12 contains a
protective agent, the alloy fine particles are likely to agglom-
erate to form particles of larger size.

A typical example of the liquid 12 is a solution (an alcohol
solution of a protective agent) obtained by dissolving the
protective agent in an alcohol (for example, ethylene glycols).
For example, an ethylene glycol solution in which polyvi-
nylpyrrolidone is dissolved can be used as the liquid 12.
Hereinafter, the liquid 12 in which the protective agent is
dissolved may sometimes be referred to as a “reducing agent
solution”.

In one example, the reducing agent is ethylene glycol, the
plurality of metal elements (E) are silver and rhodium, and in
the step (i), the solution 11 is mixed with the liquid 12 that
has been heated to 145° C. or higher. In another example, the
reducing agent is ethylene glycol, the plurality of metal ele-
ments (E) are gold and rhodium, and in the step (ii), the
solution 11 is mixed with the liquid 12 that has been heated to
145° C. or higher. In these examples, the liquid 12 may be an
ethylene glycol solution in which polyvinylpyrrolidone is
dissolved. The solution 11 may be an aqueous solution con-
taining silver ions and rhodium ions or an aqueous solution
containing gold ions and rhodium ions.

In the production method of the present invention, the
liquid 12 may be one essentially or substantially free from a
reducing agent (for example, sodium borohydride (NaBH,,)
or hydrazine) other than alcohol. However, sodium borohy-
dride orthe like may be used as a reducing agent as long as the
effect of the present invention can be obtained.

When the alcohol contained in the liquid 12 is ethylene
glycol, the liquid 12 may be heated to a temperature of 145°
C. or higher. It may also be heated to a temperature of 150° C.
or higher or 160° C. or higher. In the step (ii), the liquid 12
may be heated to a lower temperature as long as the effect of
the present invention can be obtained. In the step (ii), the
liquid 12 may be heated to a temperature of 200° C. or lower,
for example, 50° C. or lower.

In the step (ii), the solution 11 and the liquid 12 are mixed
in such a way that the temperature of the liquid 12 does not
drop excessively. For example, when the alcohol is ethylene
glycol, the solution 11 and the liquid 12 are mixed in such a
way that the temperature of the liquid 12 is maintained at 145°
C. or higher, 150° C. or higher, or 160° C. or higher. A way of
preventing an excessive drop in the temperature of the liquid
12 is, for example, to add the solution 11 little by little.
Examples of methods of adding the solution 11 little by little
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include a method of dropping the solution 11 and a method of
spraying the solution 11. The solution 11 may also be added
after it is heated to a certain temperature.

In one example, the weight of the solution 11 to be added
per second to the liquid 12 may be not more than one three-
hundredth (for example, not more than one three-thousandth)
of the weight of the liquid 12.

According to the production method of the present inven-
tion, solid solution alloy fine particles in which the plurality
of metal elements (E) are mixed at the atomic level are
obtained. For example, fine particles of a silver-rhodium solid
solution alloy, in which silver and rhodium are mixed at the
atomic level, are obtained. Silver and rhodium in bulk form do
not form a solid solution at the atomic level. However, fine
particles having a particle size of several tens of nanometers
or less have different structures and properties from those of
bulk metals, and it is believed that silver and rhodium therein
can form a solid solution at the atomic level. Furthermore,
according to the present invention, fine particles of a gold-
rhodium solid solution alloy, in which gold and rhodium are
mixed at the atomic level, are obtained.

Even if the plurality of metal elements (E) are a plurality of
metal elements that do not form a solid solution even in the
liquid phase in a phase diagram, the production method of the
present invention makes it possible to obtain alloy fine par-
ticles in which the plurality of metal elements (E) form a solid
solution at the atomic level. In this case, the metal ion solution
may be a solution containing a plurality of metal elements
whose concentrations correspond to the composition ratio of
those metals in bulk form that do not form a solid solution.
This production method makes it possible to obtain alloy fine
particles in which a plurality of metal elements form a solid
solution at the atomic level although these metal elements
have a composition ratio that does not allow them to form a
solid solution in the liquid phase if they are in bulk form (i.e.,
these metal elements include a plurality of metal elements
that do not form a solid solution in the liquid phase over the
entire range of composition ratios when they are in bulk
form). The production method of the present invention can be
used for producing various alloy fine particles.

[Alloy Fine Particles]

The alloy fine particles of the present invention are alloy
fine particles in which the plurality of metal elements (E)
form a solid solution. More specifically, the alloy fine par-
ticles of the present invention are solid solution alloy fine
particles in which the plurality of metal elements (E) are
mixed at the atomic level. The fact that they are solid solution
alloy fine particles in which the plurality of metal elements
(E) are mixed at the atomic level can be confirmed by mea-
surements or the like performed in the following examples.
Examples of the alloy fine particles of the present invention
include rhodium alloy fine particles containing rhodium.
Examples of the alloy fine particles of the present invention
include silver-rhodium alloy fine particles and gold-rhodium
alloy fine particles.

The alloy fine particles of the present invention can be
produced by the production method of the present invention.
Since the details of the production method of the present
invention that have been described can be applied to the alloy
fine particles of the present invention, overlapping descrip-
tions may be omitted. Furthermore, the details of the alloy
fine particles of the present invention that have been described
can be applied to the production method of the present inven-
tion.

In one aspect, the alloy fine particles of the present inven-
tion are such that elemental mapping using a scanning trans-
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mission electron microscope with a resolution of 0.105 nm
demonstrates that there is no phase separation in the alloy fine
particles.

The alloy fine particles of the present invention (for
example, binary alloy fine particles) may be such that all of
the plurality of metal elements (E) are contained in any cube
with a side length of 1 nm that is arbitrarily selected from the
alloy fine particle.

In one aspect, the alloy fine particles of the present inven-
tion are such that X-ray diffraction demonstrates that there is
no phase separation in the alloy fine particles.

In the rhodium alloy fine particles of the present invention
(for example, silver-rhodium alloy fine particles and gold-
rhodium alloy fine particles), the rhodium content may be 10
atomic % or more, 20 atomic % or more, 30 atomic % or
more, 40 atomic % or more, 50 atomic % or more, 60 atomic
% or more, 70 atomic % or more, 80 atomic % or more, or 90
atomic % or more. It may also be 90 atomic % or less, 80
atomic % or less, 70 atomic % or less, 60 atomic % or less, 50
atomic % or less, 40 atomic % or less, 30 atomic % or less, 20
atomic % or less, or 10 atomic % or less.

There is no limitation on the particle size of the alloy fine
particles of the present invention as long as the plurality of
metal elements (E) form a solid solution at the atomic level.
The alloy fine particles of the present invention (for example,
silver-rhodium alloy fine particles and gold-rhodium alloy
fine particles) may have an average particle size of 30 nm or
less, 20 nm or less, or 10 nm or less. The average particle size
may be 3 nm or more. The average particle size can be
calculated in a manner described in the examples.

The alloy fine particles of the present invention may be
composed of the plurality of metal elements (E) that do not
form a solid solution even in the liquid phase.

The alloy fine particles of the present invention may con-
tain trace amounts of impurities as long as they do not essen-
tially change the properties of the particles.

EXAMPLES

Hereinafter, the present invention will be described inmore
detail by way of examples. In the examples and comparative
examples below, an electron microscope (JEM 2010EFE
manufactured by JEOL Ltd.) and a scanning transmission
electron microscope (HD-2700 manufactured by Hitachi
High-Technologies Corporation) were used for EDX mea-
surements. An X-ray diffractometer (D8 ADVANCE manu-
factured by Bruker AXS) and SPring-8 BLO2B2 were used
for XRD measurements. As a scanning transmission electron
microscope, HD-2700 with a resolution of 0.105 nm, manu-
factured by Hitachi High-Technologies Corporation, was
used. Elemental mapping was conducted with EDX. In the
following examples, elemental mapping data were obtained
using a scanning transmission electron microscope (HD-
2700). In the elemental mapping performed in the following
examples, an electron beam was scanned in two dimensions
using the STEM to generate a scan image while the EDX
incorporated in the STEM detected the elements, which were
plotted in two dimensions with reference to the operation of
the STEM to conduct the elemental mapping.

Example 1

In Example 1, silver-rhodium alloy fine particles were
produced by dropping the solution 11.

First, polyvinylpyrrolidone (0.1 mmol) was dissolved in
ethylene glycol (100 ml) to obtain a reducing agent solution
(liquid 12). Silver acetate (0.005 mmol) and rhodium (III)
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acetate (0.005 mmol) were dissolved in 20 ml of pure water to
obtain a metal ion solution (solution 11).

Next, the reducing agent solution was heated, and when the
temperature of the reducing agent solution reached 160° C.,
the metal ion solution was dropped with a syringe into the
reducing agent solution. At this time, the metal ion solution
was dropped in such a way that the temperature of the reduc-
ing agent solution was maintained at 160° C. or higher. Next,
the reducing agent solution into which the metal ion solution
was dropped was centrifuged to separate the reaction product
(fine particles).

FIG. 3 shows the transmission electron micrograph and the
particle size distribution of the fine particles of Example 1. As
shown in FIG. 3, the fine particles having a uniform particle
size were obtained. The average particle size of the fine par-
ticles of Example 1 was 12.5 nm+2.6 nm. The average par-
ticle size was calculated by actually measuring the particle
sizes of (at least 300) particles in the transmission electron
microscope photograph (TEM photograph) and averaging
them. FIG. 4 shows the transmission electron microscope
photograph of one of the fine particles of Example 1. Since
regularly-spaced lattice fringes are observed across the fine
particle, the fine particle in FIG. 4 is considered as a single
crystal.

FIG. 5 shows the spectrum of the fine particle shown in
FIG. 4, obtained by energy-dispersive X-ray spectroscopy
(EDX). The result shown in FIG. 5 indicates that silver and
rhodium are present in one particle ina ratio of approximately
1:1, which demonstrates that the fine particles of Example 1
are alloy fine particles in which silver and rhodium form a
solid solution at the atomic level.

FIG. 6 shows the XRD pattern (X-ray diffraction pattern)
of'the fine particles of Example 1. The fitting curve shown in
FIG. 6 is a curve obtained by assuming that the alloy fine
particles of Example 1 have an fce structure. This fitting curve
coincides approximately with that of measured values, which
indicates that the alloy fine particles of Example 1 have an fcc
structure. Furthermore, each peak of the fine particles of
Example 1 appears between the peak of bulk silver and the
peak of bulk rhodium. This result also indicates that the fine
particles of Example 1 are alloy fine particles in which silver
and rhodium form a solid solution at the atomic level.

Example 2

In Example 2, alloy fine particles containing silver and
rhodium in an atomic ratio of approximately 50:50 were
produced by spraying the solution 11.

First, polyvinylpyrrolidone (1.0 mmol) was dissolved in
ethylene glycol (200 ml) to obtain a reducing agent solution
(liquid 12). Silver acetate (0.05 mmol) and rhodium (III)
acetate (0.05 mmol) were dissolved in 20 ml of pure water to
obtain a metal ion solution (solution 11).

Next, the reducing agent solution was heated, and when the
temperature of the reducing agent solution reached 160° C.,
the metal ion solution was sprayed with a spray gun onto the
reducing agent solution. At this time, the metal ion solution
was sprayed in such a way that the temperature of the reduc-
ing agent solution was maintained at 160° C. or higher. Next,
the reducing agent solution into which the metal ion solution
was added was centrifuged to separate the reaction product
(fine particles).

Example 3
In Example 3, alloy fine particles containing silver and

rhodium in an atomic ratio of approximately 75:25 were
produced by spraying the solution 11.
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First, polyvinylpyrrolidone (1.0 mmol) was dissolved in
ethylene glycol (200 ml) to obtain a reducing agent solution
(liquid 12). Silver acetate (0.075 mmol) and rhodium (III)
acetate (0.025 mmol) were dissolved in 20 ml of pure water to
obtain a metal ion solution (solution 11).

Next, the reducing agent solution was heated, and when the
temperature of the reducing agent solution reached 160° C.,
the metal ion solution was sprayed with a spray gun onto the
reducing agent solution. At this time, the metal ion solution
was sprayed in such a way that the temperature of the reduc-
ing agent solution was maintained at 160° C. or higher. Next,
the reducing agent solution into which the metal ion solution
was added was centrifuged to separate the reaction product
(fine particles).

Example 4

In Example 4, alloy fine particles containing silver and
rhodium in an atomic ratio of approximately 25:75 were
produced by spraying the solution 11.

First, polyvinylpyrrolidone (1.0 mmol) was dissolved in
ethylene glycol (200 ml) to obtain a reducing agent solution
(liquid 12). Silver acetate (0.025 mmol) and rhodium (III)
acetate (0.075 mmol) were dissolved in 20 ml of pure water to
obtain a metal ion solution (solution 11).

Next, the reducing agent solution was heated, and when the
temperature of the reducing agent solution reached 160° C.,
the metal ion solution was sprayed with a spray gun onto the
reducing agent solution. At this time, the metal ion solution
was sprayed in such a way that the temperature of the reduc-
ing agent solution was maintained at 160° C. or higher. Next,
the reducing agent solution into which the metal ion solution
was added was centrifuged to separate the reaction product
(fine particles).

FIG. 7 shows the transmission electron micrographs of the
fine particles of Examples 2 to 4. As shown in FIG. 7, the
particle size increases as the proportion of silver increases
under the same conditions.

FIG. 8 shows the XRD patterns of the fine particles of
Examples 2 to 4. FIG. 8 also shows the results of silver fine
particles and rhodium fine particles. The results shown in
FIG. 8 indicate that the fine particles of Examples 2 to 4 are
solid solution alloy fine particles and that all of the fine
particles of Examples 2 to 4 have an fcc structure. FIG. 9
shows the lattice constants estimated from the results of the
X-ray diffraction measurements. As shown in FIG. 9, the
lattice constant increases continuously as the silver content
increases.

FIG. 10 shows the measurement results of the absorption
spectra of the fine particles of Examples 2 to 4. FIG. 10 also
shows the absorption spectra of silver fine particles and
rhodium fine particles. In the absorption spectrum of silver
fine particles, an absorption peak due to the surface plasma
absorption appears around 400 nm. On the other hand, in the
cases of the fine particles of Examples 2 to 4, the absorption
peak shifts to the shorter wavelengths and becomes broader as
the rhodium content increases. This result also suggests that
silver-thodium alloy fine particles in which silver and
rhodium form a solid solution at the atomic level were
obtained.

The above results demonstrate that the fine particles of
Examples 1 to 4 are solid solution alloy fine particles in which
silver and rhodium are mixed at the atomic level.

Comparative Example 1

In Comparative Example 1, fine particles were produced
by adding the solution 11 to the liquid 12 in advance and then
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the resulting mixed solution was heated from about room
temperature (about 20° C.) to 140° C.

First, polyvinylpyrrolidone (10 mmol) was dissolved in
ethylene glycol (100 ml) to obtain a reducing agent solution
(liquid 12). Silver acetate (0.5 mmol) and rhodium (III)
acetate (0.5 mmol) were dissolved in 10 ml of pure water to
obtain a metal ion solution (solution 11).

Next, the metal ion solution was added to the reducing
agent solution, and then the resulting mixed solution was
heated to 140° C. with stirring. Then, the mixed solution was
stirred for one hour with its temperature maintained at 140° C.
Next, after the reaction, the mixed solution was centrifuged to
separate the reaction product (fine particles).

FIG. 11 shows the XRD pattern of the fine particles of
Comparative Example 1. FIG. 11 also shows a curve fitted
using fitting components 1 and 2. The fitting component 1 is
a component having a lattice constant of 4.08 angstroms and
a particle size of 9.7 nm. The fitting component 2 is a com-
ponent having a lattice constant of 3.73 angstroms and a
particle size of 1.1 nm. The lattice constant of the fitting
component 1 is close to that of bulk silver (i.e., 4.086 ang-
stroms) and the lattice constant of the fitting component 2 is
close to that of bulk rhodium (i.e., 3.803 angstroms). From the
result shown in FIG. 11, it is believed that the fine particles of
Comparative Example 1 are core-shell fine particles having a
silver core or fine particles in which silver and rhodium are
phase-separated.

Comparative Example 2

First, polyvinylpyrrolidone (0.15 mmol) was dissolved in
ethylene glycol (100 ml) to obtain a reducing agent solution
(liquid 12). Silver acetate (0.03 mmol) and rhodium (III)
acetate (0.03 mmol) were dissolved in 20 ml of pure water to
obtain a metal ion solution (solution 11).

Next, the reducing agent solution was heated, and when the
temperature of the reducing agent solution reached 140° C.,
the metal ion solution was dropped with a syringe into the
reducing agent solution. At this time, the reducing agent
solution was dropped in such a way that the temperature of the
reducing agent solution was maintained at 140° C. Next, the
reducing agent solution into which the metal ion solution was
dropped was centrifuged to separate the reaction product (fine
particles).

FIG. 12 shows the XRD pattern of the fine particles of
Comparative Example 2. FIG. 12 also shows a curve fitted
using fitting components 1 and 2. The fitting component 1 is
a component having a lattice constant of 4.04 angstroms and
a particle size of 5.3 nm. The fitting component 2 is a com-
ponent having a lattice constant of 3.89 angstroms and a
particle size of 3.5 nm. In the XRD pattern of the fine particles
of Comparative Example 2, the peak is not that of a single fcc
structure but is composed of two components. The lattice
constant of the fitting component 1 is close to that of silver,
and the lattice constant of the fitting component 2 is close to
that of bulk rhodium. Therefore, it is believed that silver and
rhodium are phase-separated in the fine particles of Compara-
tive Example 2.

Comparative Example 3

First, polyvinylpyrrolidone (0.1 mmol) was dissolved in
ethylene glycol (100 ml) to obtain a reducing agent solution
(liquid 12). Silver acetate (0.005 mmol) and rhodium (III)
acetate (0.005 mmol) were dissolved in 20 ml of pure water to
obtain a metal ion solution (solution 11).



US 9,273,378 B2

11

Next, the metal ion solution at room temperature was
dropped with a syringe into the reducing agent solution at
room temperature (about 20° C.). Next, the reducing agent
solution into which the metal ion solution was dropped was
heated to reflux with stirring at 160° C. for one hour. Next, the
heated solution was centrifuged to separate the reaction prod-
uct (fine particles). FIG. 13 shows the X-ray diffraction pat-
tern of the fine particles thus obtained. In FIG. 13, the fitting
component 1is acomponent having a lattice constant 0£4.070
angstroms and a particle size of 5.4 nm. The fitting compo-
nent 2 is a component having a lattice constant of 3.842
angstroms and a particle size of 1.6 nm. From the X-ray
diffraction pattern of FIG. 13, it is believed that silver and
rhodium are phase-separated in the fine particles of Compara-
tive Example 3.

Example 5

In Example 5, gold-rhodium alloy fine particles were pro-
duced by spraying the solution 11.

First, polyvinylpyrrolidone (1.0 mmol) was dissolved in
ethylene glycol (200 ml) to obtain a reducing agent solution
(liquid 12). Chloroauric acid (0.05 mmol) and rhodium (IIT)
chloride (0.05 mmol) were dissolved in 20 ml of pure water to
obtain a metal ion solution (solution 11).

Next, the reducing agent solution was heated, and when the
temperature of the reducing agent solution reached 160° C.,
the metal ion solution was sprayed with a spray gun onto the
reducing agent solution. At this time, the metal ion solution
was sprayed in such a way that the temperature of the reduc-
ing agent solution was maintained at 160° C. or higher. Next,
the reducing agent solution onto which the metal ion solution
was sprayed was centrifuged to separate the reaction product
(fine particles of Example 5).

FIG. 14 shows the X-ray diffraction pattern of the fine
particles of Example 5. FIG. 15 shows the EDX spectrum of
the fine particles of Example 5. FIG. 15 also shows an elec-
tron micrograph of a measured fine particle. Not only the
XRD pattern of Example 5 indicates a single fcc pattern but
also its lattice constant has a value between the lattice con-
stant of gold nanoparticles and that of rhodium nanoparticles.
These facts prove that gold and rhodium form a solid solution
at the atomic level. Furthermore, the EDX spectrum confirms
that both of the elements, i.e., gold and rhodium, are present
in one particle.

[Observation with STEM]

The silver-rhodium alloy fine particles of Example 1 were
observed using a scanning transmission electron microscope
(STEM). FIG. 16A and FIG. 16B show the data of the fine
particles of Example 1. In FIG. 16A, a) shows a dark-field
STEM image, and b) to d) show elemental mapping data. FIG.
16B shows the result of line analysis. A scale bar in each of the
images in FIG. 16A indicates 10 nm. FIG. 16 A shows that all
of' the particles form a solid solution. Furthermore, FIG. 16B
shows that the individual elements are not locally present in a
particle but both of the elements are uniformly distributed
across the particle. In other words, the data of FIG. 16 A and
FIG. 16B indicate that silver and rhodium form a solid solu-
tion at the atomic level in the fine particles of Example 1.

The fine particles of Example 5 were observed using a
STEM. FIG. 17A and FIG. 17B show the data thus obtained.
InFIG. 17A, a) shows a dark-field STEM image, and b) to d)
show elemental mapping data. FIG. 17B shows the result of
line analysis. A scale bar in each of the images in FIG. 17A
indicates 10 nm. FIG. 17A shows that all of the particles form
a solid solution. Furthermore, FIG. 17B shows that the indi-
vidual elements are not locally present in a particle but both of
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the elements are uniformly distributed across the particle. In
other words, the data of FIG. 17A and FIG. 17B indicate that
gold and rhodium form a solid solution at the atomic level in
the fine particles of Example 5.

As shown in the above examples, according to the produc-
tion method of the present invention, silver-rhodium fine
particles in which silver and rhodium form a solid solution
and gold-rhodium fine particles in which gold and rhodium
form a solid solution were obtained. No data have been pre-
sented to indicate that these elements are mixed at the atomic
level. The present inventors have presented the first data indi-
cating that these elements are mixed at the atomic level.

INDUSTRIAL APPLICABILITY

According to the present invention, solid solution alloy fine
particles in which a plurality of metal elements are mixed at
the atomic level are obtained. These alloy fine particles can be
used for various applications (for example, catalysts). For
example, silver-rhodium alloy fine particles can be used as a
catalyst for organic synthesis, an electrode catalyst for a fuel
cell, and a catalyst for reducing NO,. Furthermore, since
silver-rhodium alloy fine particles are considered to exhibit
hydrogen storage properties, they are expected to be applied
to various devices by taking advantage of their hydrogen
storage properties. Silver-rhodium alloy fine particles in
which silver and rhodium form a solid solution at the atomic
level are expected to exhibit the properties similar to those of
palladium. Likewise, it is possible to produce alloys having
various properties by producing alloys of various elements.

The invention claimed is:

1. A method for producing alloy fine particles composed of
aplurality of metal elements, the method comprising the steps
of:

(1) preparing a solution containing ions of the plurality of
metal elements and a liquid containing a reducing agent;
and

(i1) mixing the solution with the liquid that has been heated,
wherein

the plurality of metal elements are a plurality of metal ele-
ments that do not form a solid solution even in the liquid
phase,

the reducing agent is ethylene glycol,

the plurality of metal elements are silver and rhodium, and

in the step (ii), the solution is mixed with the liquid that has
been heated to 145° C. or higher.

2. The production method according to claim 1, wherein

in the step (ii), the solution is mixed with the liquid that has
been heated to a temperature not lower than a tempera-
ture at which each of the ions of the plurality of metal
elements is reduced.

3. The production method according to claim 2, wherein

in the step (ii), the solution is mixed with the liquid that has
been heated to a temperature higher by 20° C. or more
than a temperature at which each of the ions of the
plurality of metal elements is reduced.

4. The production method according to claim 1, wherein at
least one selected from the liquid and the solution contains a
protective agent for preventing agglomeration of the alloy
fine particles.

5. The production method according to claim 1, wherein in
the step (ii), the solution is mixed with the liquid by dropping
the solution into the liquid.

6. The production method according to claim 1, wherein in
the step (ii), the solution is mixed with the liquid by spraying
the solution onto the liquid.
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7. A method for producing alloy fine particles composed of
aplurality of metal elements, the method comprising the steps
of:

(1) preparing a solution containing ions of the plurality of
metal elements and a liquid containing a reducing agent;
and

(ii) mixing the solution with the liquid that has been heated,
wherein

the plurality of metal elements are a plurality of metal
elements that do not form a solid solution even in the
liquid phase,

the reducing agent is ethylene glycol, and

in the step (ii), the solution is mixed with the liquid that has
been heated to a temperature higher by 20° C. or more
than a temperature at which each of the ions of the
plurality of metal elements is reduced.

8. The production method according to claim 7, wherein

the plurality of metal elements are silver and rhodium, and
in the step (ii), the solution is mixed with the liquid that has
been heated to 145° C. or higher.

9. The production method according to claim 7, wherein
the plurality of metal elements are gold and rhodium.

10. The production method according to claim 7, wherein
at least one selected from the liquid and the solution contains
a protective agent for preventing agglomeration of the alloy
fine particles.

11. The production method according to claim 7, wherein
in the step (i), the solution is mixed with the liquid by drop-
ping the solution into the liquid.

12. The production method according to claim 7, wherein
in the step (ii), the solution is mixed with the liquid by spray-
ing the solution onto the liquid.
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13. A method for producing alloy fine particles composed
of a plurality of metal elements, the method comprising the
steps of:

(1) preparing a solution containing ions of the plurality of
metal elements and a liquid containing a reducing agent;
and

(i1) mixing the solution with the liquid that has been heated,
wherein

the plurality of metal elements are a plurality of metal
elements that do not form a solid solution even in the
liquid phase, and

in the step (ii), the solution is mixed with the liquid by
spraying the solution onto the liquid.

14. The production method according to claim 13, wherein

the reducing agent is at least one type of alcohol selected
from the group consisting of ethylene glycol, diethylene
glycol, and triethylene glycol.

15. The production method according to claim 13, wherein

the reducing agent is ethylene glycol, and

in the step (ii), the solution is mixed with the liquid that has
been heated to a temperature not lower than a tempera-
ture at which each of the ions of the plurality of metal
elements is reduced.

16. The production method according to claim 13, wherein

the plurality of metal elements are gold and rhodium.

17. The production method according to claim 13, wherein
at least one selected from the liquid and the solution contains
a protective agent for preventing agglomeration of the alloy
fine particles.



