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Description

Technical Field

[0001] The present invention relates to a method for
producing a fine particle composite comprising fine par-
ticles of a sulfide or sulfide complex comprising at least
one element selected from the group consisting of mo-
lybdenum (Mo), rhodium (Rh), ruthenium (Ru), and rhe-
nium (Re), and conductive carbon powder as conductive
fine particles.

Background Art

[0002] Hydrothermal and solvothermal reactions have
drawn attention as means for synthesizing compounds.
For example, JP Patent Publication (kokai) No.
H11-288732 A (1999) discloses a method for preparing
zinc sulfide particles having multiply twinned structures
and an average particle diameter of 5 nm to 20 mm via
a hydrothermal reaction of a sulfur ion and a zinc ion
using water as a reaction solvent at 150°C to 370°C dur-
ing the process of particle growth.
[0003] Various chalcogenide compounds have drawn
attention as alternatives to existing expensive platinum
catalysts. Catalysts used for polymer electrolyte fuel cells
are mainly platinum and platinum-alloy-based catalysts.
Specifically, catalysts in which a platinum-containing no-
ble metal is supported by carbon black have been used.
In terms of practical applications of polymer electrolyte
fuel cells, one problem relates to the cost of materials. A
means to solve such problem involves the reduction of
platinum content.
[0004] Recently, low-cost fuel cell catalysts have been
developed via a reaction that produces water as a result
of four-electron reduction of oxygen, which results in
elimination of the need for expensive platinum catalysts.
Electrochimica Acta, vol. 39, No. 11/12, pp. 1647-1653,
1994 discloses that a catalyst comprising a chalcogen
element is excellent in terms of four-electron reduction
performance and suggests that such catalyst be applied
to fuel cells. Specifically, Electrochimica Acta, vol. 39,
No. 11/12, pp. 1647-1653, 1994 discloses a Mo-Ru-Se
ternary electrode catalyst and a method for synthesizing
the same.
[0005] Also, JP Patent Publication (kohyo) No.
2001-502467 A discloses, as a platinum (Pt) catalyst sub-
stitute, an electrode catalyst comprising at least one tran-
sition metal and a chalcogen. An example of a transition
metal is Ru and an example of a chalcogen is S or Se.
It is also disclosed that, in such case, the Ru:Se molar
ratio is from 0.5:1 to 2:1 and the stoichiometric number
"n" of (Ru)nSe is 1.5 to 2.
[0006] Further, JP Patent Publication (kohyo) No.
2004-532734 A discloses, as a Pt catalyst substitute, a
fuel cell catalyst material comprising a transition metal
that is either Fe or Ru, an organic transition metal com-
plex containing nitrogen, and a chalcogen component

such as S.
[0007] Further, J. Chem. Soc., Faraday Trans., 1996,
92 (21), 4311-4319 discloses Ru-S, Mo-S, and Mo-Ru-
S binary and ternary electrode catalysts and methods for
synthesizing the same.
[0008] Further, Electrochimica Acta, vol. 45, pp.
4237-4250, 2000 discloses Ru-Mo-S and Ru-Mo-Se ter-
nary chalcogenide electrode catalysts.
[0009] Q. Wang et al, J. Phys Chem C 2007, 111,
1675-1682 discloses a composite material comprising
carbon nanotubes coated with MoS2 layers. The nano-
tubes are obtained by a hydrothermal process. Sodium
molybdate and thioacetamide were dissolved in water
and after the addition of carbon nanotubes, the reaction
mixture was placed in an autoclave and heated at 240
°C. The obtained product is subjected to a further heat
treating step at 400 °C in a flowing argon atmosphere.

Disclosure of the Invention

[0010] The present invention is intended to provide a
method for preparing a fine particle composite according
to claim 1.
[0011] The present inventors discovered that the
above object could be attained via a solvothermal reac-
tion and arrived at the present invention.
[0012] Specifically, the present invention concerns the
preparation of a fine particle composite comprising fine
particles of a sulfide or sulfide complex comprising at
least one element selected from the group consisting of
molybdenum (Mo), rhodium (Rh), ruthenium (Ru), and
rhenium (Re) and conductive carbon powder as conduc-
tive fine particles. The fine particle composite prepared
by the process of the present invention at least comprises
the above components. Fine particles of a sulfide or
sulfide complex comprising at least one element selected
from the group consisting of molybdenum (Mo), rhodium
(Rh), ruthenium (Ru), and rhenium (Re) have catalyst
functions in oxygen reduction reactions and conductive
fine particles function as catalyst carriers. Accordingly,
the fine particle composite prepared by the process of
the present invention have carriers and, thus, such fine
particle composite are not in particular need of other car-
riers.
[0013] Regarding the fine particle composite prepared
by the process of the present invention, the average par-
ticle diameter is preferably 1 nm to 1 mm.
[0014] In the fine particle composite prepared by the
process of the present invention, a sulfide or sulfide com-
plex comprising at least one element selected from the
group consisting of molybdenum (Mo), rhodium (Rh), ru-
thenium (Ru), and rhenium (Re) can be configured in
various ways. Specifically, such sulfide or sulfide com-
plex can be in the form of single-crystal fine powder.
[0015] The single-crystal fine powder can be config-
ured in various ways. For example, that of an approxi-
mately spherical configuration can be obtained.
[0016] Preferable examples of the aforementioned
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sulfide as a component of the fine particle composite in-
clude binary compounds selected from among molybde-
num sulfide (Mo2S2, MoS2, Mo2S3, MoS3, or MoS4), rho-
dium sulfide (Rh17S15, Rh9S8, Rh3S4, Rh2S3, or Rh2S5),
ruthenium sulfide (RuS2), and rhenium sulfide (ReS2 or
Re2S7).
[0017] An example of a preferable sulfide complex is
a ternary compound represented by Rh-X-S or Ru-X-S,
wherein X is preferably at least one element selected
from among molybdenum (Mo), palladium (Pd), selenium
(Se), silicon (Si), tantalum (Ta), tellurium (Te), thorium
(Th), vanadium (V), zinc (Zn), rhodium (Rh), ruthenium
(Ru), antimony (Sb), and tungsten (W). Rh or Ru func-
tions as a catalyst and X functions as a promoter. Among
them, particularly preferable examples include Rh-Mo-S
and Ru-Mo-S.
[0018] Preferable examples of the aforementioned fine
particle as a component of the fine particle composite
prepared by the process of the present invention include
carbon black and/or carbon nanotube.
[0019] The method comprises steps of: preparing a
solvent mixture comprising conductive carbon powder,
an element selected from among molybdenum (Mo), rho-
dium (Rh), ruthenium (Ru), and rhenium (Re), and sulfur
or a sulfur (S)-containing compound; wherein the solvent
is selected from among xylene, acetone, and chloroform;
and performing a solvothermal reaction at a pressure and
temperature of 200 °C to 600 °C that converts the solvent
mixture into a supercritical or subcritical solvent.
[0020] Also, thermal treatment in an inert gas atmos-
phere at 300°C to 800°C following the step of a solvo-
thermal reaction can improve crystallinity, thereby dis-
persing residues of starting compounds, such as carbo-
nyl groups.
[0021] In the present invention, preferable examples
of the conductive carbon powder include carbon black
and/or carbon nanotube.
[0022] The fine particle composite can be produced by
carrying out the reaction in situ. Compared with conven-
tional methods for producing catalysts used for fuel cells
involving combinations of several reactions, the fact that
the fine particle composite can be produced by perform-
ing all reactions in situ is a remarkable advantage of the
present invention. A catalyst used for a solid polymer fuel
cell comprising the fine particle composite is described.
The catalyst can serve as a substitute for an expensive
platinum catalyst. A solid polymer fuel cell comprising
the above fine particle composite as a catalyst is de-
scribed. Use of the fine particle composite prepared by
the process of the present invention comprising fine par-
ticles of a sulfide or sulfide complex comprising at least
one element selected from the group consisting of mo-
lybdenum (Mo), rhodium (Rh), ruthenium (Ru), and rhe-
nium (Re) and conductive fine particles can be realized
in the form of various types of reaction catalysts by uti-
lizing catalytic performance such that it does not require
the use of a carrier. For example, such fine particle com-
posite can be utilized for a catalyst for a fuel cell while

serving as a cost-effective alternative to an existing plat-
inum catalyst. Further, adequate selection of a dopant
element with which the fine particle composite is to be
doped leads to improvement in catalytic properties.
[0023] By performing all the reaction processes for pro-
ducing the fine particle composite in situ, a catalyst used
for a fuel cell, which had heretofore been produced in
complicated steps, can be easily manufactured.

Brief Description of the Drawings

[0024]

Fig. 1 is a flow chart detailing the method of synthesis
via a solvothermal reaction of the present invention.
Fig. 2 shows an XRD pattern of MoS2 synthesized
via a solvothermal reaction.
Fig. 3 shows an SEM photograph of MoS2 powder
synthesized from MoCl5 precalcined at 400°C for 5
hours.
Fig. 4 shows an XRD pattern of MoS2 synthesized
via a solvothermal reaction.
Fig. 5 shows an SEM photograph of MoS2 powder
synthesized from thiourea precalcined at 400°C for
5 hours.
Fig. 6 shows XRD patterns of MoS2 synthesized via
a solvothermal reaction (a) and the resultant of pre-
calcination thereof (b, c).
Fig. 7 shows XRD patterns of MoS2 products syn-
thesized from Mo(CO)6 and S while varying S:Mo
ratios via a solvothermal reaction at 220°C for 10
hours.
Fig. 8 shows XRD patterns of the resultant of pre-
calcination of MoS2 at 400°C for 5 hours. Such re-
sultants were synthesized from Mo(CO)6 and S via
a solvothermal reaction at 220°C for 10 hours while
varying S:Mo ratios.
Fig. 9A shows a scanning electron micrograph of
MoS2 resulting from a solvothermal reaction, and
Fig. 9B shows that of a resultant of precalcination
thereof at 400°C for 5 hours.
Fig. 10 shows a transmission electron micrograph
of a resultant of precalcination, at 400°C for 5 hours,
of MoS2 resulting from a solvothermal reaction.
Fig. 11 shows an XRD pattern of MoS2 resulting from
a solvothermal reaction.
Figs. 12A and 12B each show an electron micro-
graph of MoS2 resulting from a solvothermal reac-
tion.
Fig. 13 shows an XRD pattern of MoS2 hydrother-
mally synthesized at 220°C for 10 hours with the ad-
dition of ammonia.
Fig. 14 shows an XRD pattern of a resultant of pre-
calcination, in an argon stream at 400°C for 5 hours,
of MoS2 hydrothermally synthesized with the addi-
tion of ammonia.
Figs. 15A and 15B each show a scanning electron
micrograph of MoS2 (an S:Mo ratio of 2.2:1) hydro-

3 4 



EP 2 198 961 B1

5

5

10

15

20

25

30

35

40

45

50

55

thermally synthesized at 220°C for 10 hours with the
addition of ammonia.
Fig. 16 shows an XRD pattern of MoS2 hydrother-
mally synthesized at 220°C for 10 hours with the ad-
dition of sodium hydroxide at an S:Mo ratio of 2.2:1
and that of MoS2 precalcined at 400°C for 5 hours
in an argon stream.
Fig. 17 shows a scanning electron micrograph of
MoS2 hydrothermally synthesized at 220°C for 10
hours in an aqueous solution of 0.6M NaOH (an S:Mo
ratio of 2.2:1).
Fig. 18 shows an XRD pattern of a resultant of a
hydrothermal reaction of (NH4)3[PO4Mo12O]·3H2O
and thiourea and that of a resultant of precalcination
thereof.
Figs. 19A and 19B each show a scanning electron
micrograph of a resultant of a hydrothermal reaction
of (NH4)3[PO4Mo12O]·3H2O and thiourea and that
of a resultant of precalcination thereof.
Fig. 20 shows the FTIR spectra of a resultant of a
hydrothermal reaction of (NH4)3[PO4Mo12O]·3H2O
and thiourea and that of a resultant of precalcination
thereof.
Fig. 21 shows an XRD pattern of a resultant of a
hydrothermal reaction of (NH4)6Mo7O24·4H20 and
thiourea and that of a resultant of precalcination
thereof.
Figs. 22A and 22B each show a scanning electron
micrograph of a resultant of a hydrothermal reaction
of (NH4)6Mo7O24·4H20 and thiourea and that of a
resultant of precalcination thereof.
Fig. 23 shows the FTIR spectra of a resultant of a
hydrothermal reaction of (NH4)6Mo7O24·4H2O and
thiourea and that of a resultant of precalcination
thereof.
Fig. 24 shows an XRD pattern of RuS2 synthesized
via a solvothermal reaction at 220°C for 10 hours
while varying S:Ru ratios.
Fig. 25 shows an XRD pattern of a resultant of pre-
calcination, in an argon stream at 400°C for 5 hours,
of RuS2 synthesized via a solvothermal reaction at
220°C for 10 hours.
Figs. 26A, 26B, and 26C each show a scanning elec-
tron micrograph of a resultant of precalcination, in
an argon stream at 400°C for 5 hours, of RuS2 syn-
thesized via a solvothermal reaction at 220°C for 10
hours.
Figs. 27A, 27B, 27C, and 27D each show a trans-
mission electron micrograph of a resultant of precal-
cination of RuS2.
Fig. 28 shows the FTIR spectra of RuS2 synthesized
via a solvothermal reaction (an S:Ru ratio of 4:1) and
that of a resultant of precalcination thereof at 400°C.
Fig. 29 shows an XRD pattern of RuS2 resulting from
a hydrothermal reaction at 220°C for 10 hours.
Fig. 30 shows an XRD pattern of a resultant of pre-
calcination, at 400°C for 5 hours, of RuS2 resulting
from a hydrothermal reaction at 220°C for 10 hours.

Figs. 31A and 31B each show a scanning electron
micrograph of RuS2 and that of a resultant of precal-
cination thereof.
Fig. 32 shows an XRD pattern of Rh2S3 synthesized
via a solvothermal reaction at 220°C for 10 hours.
Fig. 33 shows an XRD pattern of a resultant of pre-
calcination, in an argon stream at 400°C for 5 hours,
of Rh2S3 synthesized via a solvothermal reaction at
220°C for 10 hours.
Fig. 34 shows an XRD pattern of Rh2S3 synthesized
via a solvothermal reaction at 220°C for 10 hours at
an S:Rh ratio of 5.0:1 and that of a resultant of pre-
calcination thereof in an argon stream at 400°C for
5 hours and at 750°C for 5 hours.
Figs. 35A, 35B, 35C, and 35D each show a scanning
electron micrograph of Rh2S3 resulting from a sol-
vothermal reaction and a resultant of precalcination
thereof.
Fig. 36 shows an XRD pattern of Rh2S3 resulting
from a hydrothermal reaction and that of a resultant
of precalcination thereof.
Figs. 37A and 37B each show an electron micro-
graph of Rh2S3 resulting from a hydrothermal reac-
tion and that of a resultant of precalcination thereof.
Figs. 38A and 38B each show an electron micro-
graph and an electron diffraction diagram of Rh2S3
resulting from a hydrothermal reaction (an S:Rh ratio
of 3.0:1).
Figs. 39A and 39B each show an electron micro-
graph and an electron diffraction diagram of a result-
ant of calcination of Rh2S3 resulting from a hydro-
thermal reaction at 400°C (an S:Rh ratio of 3.0:1).
Fig. 40 shows the FTIR spectra of hydrothermally
synthesized Rh2S3 (an S:Rh ratio of 3:1) and a re-
sultant of precalcination thereof at 400°C.
Fig. 41 shows an XRD pattern of ReS2 synthesized
via a solvothermal reaction at 220°C for 10 hours.
Fig. 42 shows an XRD pattern of a resultant of pre-
calcination, in an argon stream at 400°C for 5 hours,
of ReS2 synthesized via a solvothermal reaction at
220°C for 10 hours.
Fig. 43 shows an XRD pattern of ReS2 obtained at
an S:Re ratio of 4:1 and that of a resultant of precal-
cination thereof.
Fig. 44 shows an XRD pattern of ReS2 obtained at
an S:Re ratio of 9:1 and that of a resultant of precal-
cination thereof.
Figs. 45A, 45B, 45C, and 45D each show a scanning
electron micrograph of ReS2 resulting from a solvo-
thermal reaction and that of a resultant of precalci-
nation thereof.
Figs. 46A and 46B each show an electron micro-
graph and an electron diffraction diagram of ReS2
resulting from a solvothermal reaction at an S:Rh
ratio of 9.0:1 and those of a resultant of calcination
thereof at 750°C.
Fig. 47 shows the FTIR spectra of a solvothermal
product (an S:Rh ratio of 4:1) and a resultant of pre-
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calcination thereof at 400°C.
Fig. 48 shows an XRD pattern of ReS2 synthesized
via a hydrothermal reaction at 220°C for 10 hours
and that of a resultant of precalcination thereof in an
argon stream at 400°C for 5 hours.
Figs. 49A, 49B, 49C, and 49D each show a scanning
electron micrograph of ReS2 resulting from a hydro-
thermal reaction and a resultant of precalcination
thereof.
Fig. 50 shows the results of TEM observation of Rh-
Mo-S synthesized via a solvothermal reaction at
220°C for 10 hours.
Fig. 51 shows the oxygen reduction currents of
Rh2S3/C and Rh-Mo-S/C.
Fig. 52 shows the results of examining the perform-
ance as oxygen-reducing catalysts of the fine particle
composite comprising fine particles of sulfides or
sulfide complexes comprising several elements and
conductive fine particles of the present invention.
Fig. 53 shows the results of RDE evaluation of
MoRuS/C-1 and MoRuS/C-2, which are Ru-Mo-S
products synthesized via a solvothermal reaction.
Fig. 54 shows the results of TEM observation of
MoRuS/C-1 synthesized via a solvothermal reaction.
Fig. 55 shows the results of RDE evaluation of
MoRuS/C-1, MoRuS/C-4, and MoRuS/C-5, which
are Ru-Mo-S products synthesized via a solvother-
mal reaction.
Fig. 56 shows the results of RDE evaluation of
MoRuS/C-5 and Paper, which are Ru-Mo-S products
synthesized via a solvothermal reaction.
Fig. 57 shows the results of RDE evaluation of
MoRuS/C-11-C2 and MoRuS/C-11-C4, which are
Ru-Mo-S products synthesized via a solvothermal
reaction.
Fig. 58 shows the results of RDE evaluation of
MoRuS/C-12 and MoRuS/C-14, which are Ru-Mo-
S products synthesized via a solvothermal reaction.
Fig. 59 shows the results of RDE evaluation of MoRu-
H1-CNT-C1 and MoRu-H2-CNT-C1, which are Ru-
Mo-S products synthesized via a solvothermal reac-
tion.
Fig. 60 shows the results of TEM observation of
MoRu-H1-CNT-C1, which is an Ru-Mo-S product
synthesized via a hydrothermal reaction.
Fig. 61 shows the results of RDE evaluation of MoRu-
H1-CB-C1 and MoRu-H2-CB-C1, which are Ru-Mo-
S products synthesized via a solvothermal reaction.
Fig. 62 shows the results of RDE evaluation of MoRu-
H01-CNT-C1, MoRu-H01-CNT-C2, MoRu-H02-
CNT-C1, and MoRu-H02-CNT-C2, which are Ru-
Mo-S products synthesized via a hydrothermal re-
action.
Fig. 63 shows the results of RDE evaluation of MoRu-
S01-CNT-C1, MoRu-S01-CNT-C2, MoRu-S02-
CNT-C1, and MoRu-S02-CNT-C2, which are Ru-
Mo-S products synthesized via a solvothermal reac-
tion.

Best Modes for Carrying out the Invention

[0025] Objectives of the present examples are to syn-
thesize a fine particle composite comprising fine particles
of MoS2, RuS2, Rh2S3, or ReS2 and conductive fine par-
ticles via a solvothermal reaction, to explore the possi-
bility of a fine particle composite comprising fine particles
of a binary or ternary sulfide solid solution and conductive
fine particles, and to establish applications of such fine
particle composite comprising fine particles of a sulfide
or sulfide complex and conductive fine particles as a cat-
alyst used for a fuel cell.
[0026] Fig. 1 shows a flow chart detailing the method
of synthesis via a solvothermal reaction of the present
invention. A Teflon-lined autoclave was used for a low-
temperature reaction, and a Hastelloy-C-lined autoclave
was used for a high-temperature reaction. The reaction
was carried out in situ. Specific conditions for synthesis
are described below.
[0027] The conditions are as shown in Fig. 1.

(1) Starting materials (Mo, Ru, Rh, Re, and S) are
introduced into an autoclave. The types and the
quantitative ratio of starting materials are deter-
mined.
(2) A solvent is introduced into an autoclave. The
type and the amount of the solvent are determined.
(3) A solvothermal reaction is carried out.
(4) A solid product is washed, recovered with the use
of a centrifuger, and then dried in vacuo.
(5) Precalcination is carried out in an inert gas at-
mosphere, such as Ar. The temperature and the du-
ration are determined.
(6) Properties are evaluated by means of SEM, HR-
TEM, EDX, FTIR, XRD, or other means.

Example 1: Synthesis of MoS2 (outside the scope of claim 
1)

[0028] Mo(CO)6, MoCl5, (NH4)6Mo7O24·4H2O, and
(NH4)3[PO4Mo12O]·3H2O were used as starting materi-
als for Mo, S (solid sulfur) and thiourea ((NH2)2CS) were
used as starting materials for S, and xylene or distilled
water was used as a solvent. A solvothermal or hydro-
thermal reaction was carried out at 220°C or 350°C for
10 hours. Thereafter, precalcination was carried out in
an Ar atmosphere at 350°C to 750°C for 5 hours.

1.1: Synthesis of MoS2 via solvothermal reaction (outside 
the scope of claim 1)

[0029] When Mo(CO)6 and S were used as starting
materials for the solvothermal reaction, well-dispersed
MoS2 powder was obtained. MoS2 powder that had been
synthesized at a low temperature of 220°C for 10 hours
had low crystallinity, although crystallinity was improved
via precalcination in an argon atmosphere at 350°C. By
synthesizing the powder at a high temperature of 350°C
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for 10 hours, the crystallinity of the resulting powder was
improved, compared with the powder synthesized at a
low temperature.

1.1.1: Influence imposed by starting materials for Mo 
(outside the scope of claim 1)

[0030] A synthesis experiment was performed using
Mo(CO)6 or MoCl5 as a starting material for Mo at 220°C
for 10 hours. When using MoCl5 as a starting material,
the resulting MoS2 powder had somewhat higher crys-
tallinity, and particles were more firmly aggregated. Thus,
Mo(CO)6 was employed as a starting material for Mo.
[0031] Fig. 2 shows an XRD pattern of MoS2 synthe-
sized via a solvothermal reaction, with the solvent being
xylene, the temperature being 220°C, and the duration
being 10 hours. In the figure, "a" represents MoCl5+S
and "b" represents Mo(CO)6+S.
[0032] Fig. 3 shows an SEM photograph of MoS2 pow-
der synthesized from MoCl5 precalcined at 400°C for 5
hours.

1.1.2: Influence imposed by starting materials for S (out-
side the scope of claim 1)

[0033] A synthesis experiment was performed using S
or thiourea as a starting material for sulfur at 220°C for
10 hours. The resulting MoS2 powder had somewhat
higher crystallinity when synthesized from S. In contrast,
the resultant became firmly aggregated when thiourea
was used as a starting material. Thus, S was employed
as a sulfur source.
[0034] Fig. 4 shows an XRD pattern of MoS2 synthe-
sized via a solvothermal reaction, with the solvent being
xylene, the temperature being 220°C, and the duration
being 10 hours. In the figure, "a" represents
Mo(CO)6+thiourea, and "b" represents Mo(CO)6+S.
[0035] Fig. 5 shows an SEM photograph of MoS2 pow-
der synthesized from thiourea precalcined at 400°C for
5 hours.

1.1.3: Effects of precalcination (outside the scope of 
claim 1)

[0036] MoS2 synthesized from Mo(CO)6 and S via a
solvothermal reaction at 220°C for 10 hours was precal-
cined in an Ar stream. Fig. 6 shows XRD patterns of MoS2
synthesized via a solvothermal reaction (a) and resultant
of precalcination thereof (b, c); wherein "b" represents
350°C for 2 hours and "c" represents 600°C for 2 hours.
[0037] As shown in Fig. 6, crystallinity was increased
via precalcination at 350°C, and crystallinity attained via
precalcination at 600°C was not very different from that
attained at 350°C. Thus, it was determined that precal-
cination would be carried out at 400°C or higher for 5
hours in the following experiments.

1.1.4: Influence imposed by S:Mo ratio (outside the scope 
of claim 1)

[0038] When synthesizing MoS2 from Mo(CO)6 and S
via a solvothermal reaction at 220°C for 10 hours, the
S:Mo ratios of the starting materials were varied. Fig. 7
shows XRD patterns of MoS2 products synthesized from
Mo(CO)6 and S via a solvothermal reaction at 220°C for
10 hours while varying S:Mo ratios. Also, Fig. 8 shows
XRD patterns of a resultant of precalcination of MoS2 at
400°C for 5 hours synthesized from Mo(CO)6 and S via
a solvothermal reaction at 220°C for 10 hours while var-
ying S:Mo ratios. In these figures, "a" represents an S:Mo
ratio of 1.6:1, "b" represents a ratio of 2.0:1, "c" represents
a ratio of 2.4:1, and "d" represents a ratio of 3.0:1.
[0039] As shown in Fig. 7 and in Fig. 8, the resulting
product had a monolayer structure of MoS2, even when
the S:Mo ratio was varied from 1.6:1 to 3.0:1. When the
S:Mo ratio was 2.0:1 or higher, the crystallinity of MoS2
was somewhat increased. No difference was observed
in the crystallinity of products precalcined at 400°C for 5
hours in an argon stream.

1.1.5: Microscopic observation of MoS2 (outside the 
scope of claim 1)

[0040] MoS2 synthesized from Mo(CO)6 and S via a
solvothermal reaction at 220°C for 10 hours at an S:Mo
ratio of 2.4:1 and a resultant of precalcination thereof at
400°C for 5 hours were observed under an electron mi-
croscope. Fig. 9A shows a scanning electron micrograph
of MoS2 resulting from a solvothermal reaction, and Fig.
9B shows that of a resultant of precalcination thereof at
400°C for 5 hours. Fig. 10 shows a transmission electron
micrograph of a resultant of precalcination, at 400°C for
5 hours, of MoS2 resulting from a solvothermal reaction.
The resulting MoS2 was found to be composed of well-
dispersed fine particles of about 100 nm, which was sig-
nificantly different from MoS2 synthesized from other Mo
starting materials shown in Figs. 3A, 3B, 5A, and 5B.
[0041] In particular, enhanced aggregation was not ob-
served as a result of precalcination.
[0042] As a result of transmission electron microscopic
observation, the product was found to have a fine struc-
ture of multiple layers of fibers. The XRD pattern of the
resultant may be different from that described in the
JCPDS card in terms of diffraction intensities, because
of such structure.

1.1.6: Synthesis at high temperature (outside the scope 
of claim 1)

[0043] Synthesis of MoS2 from Mo(CO)6 and S via a
solvothermal reaction at a higher temperature of 350°C
for 10 hours was attempted while varying the S:Mo ratio.
Fig. 11 shows an XRD pattern of MoS2 resulting from a
solvothermal reaction. Also, Figs. 12A and 12B each
show an electron micrograph of MoS2 resulting from a
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solvothermal reaction.
[0044] By raising the reaction temperature, crystallinity
of the resulting MoS2 was improved to a level equivalent
to that attained via precalcination. When the S:Mo ratio
was particularly high, the diffraction intensity of (002) was
increased.
[0045] As a result of scanning electron microscopic ob-
servation, the configuration of the product was found to
be the same as the configuration resulting from a low-
temperature reaction, and it was found to be composed
of fine particles. As a result of transmission electron mi-
croscopic observation, two components, i.e., a fibrous
layer having a strong contrast and a lattice layer having
relatively high crystallinity, were observed. The lattice in-
tervals were found to be 6.2 Å and 2.7 Å, which were
considered to correspond to <002> and <100> of MoS2.
[0046] It was thus demonstrated that MoS2 with high
crystallinity and excellent dispersibility could be synthe-
sized via a solvothermal reaction using Mo(CO)6 and S
as starting materials at an S:Mo ratio of 3:1 at 350°C for
10 hours.

1.2: Synthesis of MoS2 via hydrothermal reaction (out-
side the scope of claim 1)

[0047] Synthesis of MoS2 was attempted via a hydro-
thermal reaction using MoCl5, (NH4)6Mo7O24·4H2O, and
(NH4)3[PO4Mo12O]·3H2O as starting materials for Mo
and thiourea ((NH2)2CS) as a starting material for S. As
a result, MoS2 having higher crystallinity than the crys-
tallinity attained via a solvothermal reaction was ob-
tained. When sodium hydroxide was added to MoCl5,
MoS2 composed of fine particles having relatively high
dispersibility was obtained with the use of
(NH4)6Mo7O24·4H2O or (NH4)3[PO4Mo12O]·3H20 as a
starting material.

1.2.1: Reaction between MoCl5 and thiourea with the ad-
dition of ammonia (outside the scope of claim 1)

[0048] Synthesis of MoS2 was attempted using MoCl5
and thiourea as starting materials while varying the quan-
titative ratio thereof and varying the amount of ammonia
to be added at 220°C for 10 hours. Fig. 13 shows an XRD
pattern of MoS2 hydrothermally synthesized at 220°C for
10 hours with the addition of ammonia. Fig. 14 shows an
XRD pattern of a resultant of precalcination, in an argon
stream at 400°C for 5 hours, of MoS2 hydrothermally syn-
thesized with the addition of ammonia. In these figures,
"a" represents an S:Mo ratio of 2.2:1 without the addition
of ammonia, "b" represents an S:Mo ratio of 2.2:1 in the
presence of 50% of ammonia by volume, "c" represents
an S:Mo ratio of 3.0:1 in the presence of 50% of ammonia
by volume, and "d" represents an S:Mo ratio of 4.0:1 in
the presence of 50% of ammonia by volume. Further,
Figs. 15A and 15B each show a scanning electron mi-
crograph of MoS2 (an S:Mo ratio of 2.2:1) hydrothermally
synthesized at 220°C for 10 hours with the addition of

ammonia.
[0049] When the S:Mo ratio was 30:1, a product ex-
hibiting a deviated diffraction line (002) was obtained,
regardless of the presence or absence of ammonia.
When this product was precalcined at 400°C, the same
diffraction pattern as that of conventional MoS2 was ob-
tained. When the S:Mo ratio was 30:1, some sorts of
substances may have been introduced into sites between
layers. Precalcination resulted in improved crystallinity.
In general, the product was firmly aggregated.

1.2.2: Reaction between MoCl5 and thiourea with the ad-
dition of sodium hydroxide (outside the scope of claim 1)

[0050] Fig. 16 shows an XRD pattern of MoS2 hydro-
thermally synthesized at 220°C for 10 hours with the ad-
dition of sodium hydroxide at an S:Mo ratio of 2.2:1 and
that of MoS2 precalcined at 400°C for 5 hours in an argon
stream. In the figure, "a" represents an aqueous 0.6 M
NaOH solution, "b" represents an aqueous 0.9 M NaOH
solution, "c" represents an aqueous 1.2 M NaOH solution,
and "d" represents an aqueous 1.8 M NaOH solution.
Fig. 17 shows a scanning electron micrograph of MoS2
hydrothermally synthesized at 220°C for 10 hours in an
aqueous 0.6M NaOH solution (an S:Mo ratio of 2.2:1).
[0051] MoS2 synthesized with the addition of sodium
hydroxide had relatively high crystallinity and was com-
posed of well-dispersed fine spherical particles.

1.2.3: Reaction between (NH4)3[PO4Mo12O]·3H2O and 
thiourea (outside the scope of claim 1)

[0052] Fig. 18 shows an XRD pattern of a resultant of
a hydrothermal reaction of (NH4)3[PO4Mo12O]·3H2O and
thiourea and that of a resultant of precalcination thereof.
Figs. 19A and 19B each show a scanning electron mi-
crograph of a resultant of a hydrothermal reaction of
(NH4)3[PO4Mo12O]·3H2O and thiourea and that of a re-
sultant of precalcination thereof. Fig. 20 shows the FTIR
spectra of a resultant of a hydrothermal reaction of
(NH4)3[PO4Mo12O]·3H2O and thiourea and that of a re-
sultant of precalcination thereof. In these figures, "a" rep-
resents a product hydrothermally synthesized at 220°C
for 10 hours and "b" represents a product calcined at
400°C for 5 hours.
[0053] The resulting product had high crystallinity, and
crystallinity was not improved via precalcination. The
sample was composed of fine particles having relatively
high dispersibility. The FTIR spectra did not show any
absorption resulting from organic matter.

1.2.4: Reaction between (NH4)6Mo7O24·4H2O and thiou-
rea (outside the scope of claim 1)

[0054] Fig. 21 shows an XRD pattern of a resultant of
a hydrothermal reaction of (NH4)6Mo7O24·4H2O and
thiourea and that of a resultant of precalcination thereof.
Figs. 22A and 22B each show a scanning electron mi-
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crograph of a resultant of a hydrothermal reaction of
(NH4)6Mo7O24·4H2O and thiourea and that of a resultant
of precalcination thereof. Fig. 22A shows a product hy-
drothermally synthesized at 220°C for 10 hours, and Fig.
22B shows a product calcined in argon at 400°C for 5
hours. Fig. 23 shows the FTIR spectra of a resultant of
a hydrothermal reaction of (NH4)6Mo7O24· 4H2O and
thiourea and that of a resultant of precalcination thereof.
In these figures, "a" represents a product hydrothermally
synthesized at 220°C for 10 hours and "b" represents a
product calcined in argon at 400°C for 5 hours.
[0055] The results attained with the use of
(NH4)6Mo7O24·4H2O as a starting material were the
same as those attained with the use of
(NH4)3[PO4Mo12O]·3H2O as a starting material. The re-
sulting product had high crystallinity, and crystallinity was
not improved via precalcination. The sample was com-
posed of fine particles having relatively high dispersibility.
The FTIR spectra did not show any absorption resulting
from organic matter.

Example 2: Synthesis of RuS2 (outside the scope of claim 
1)

[0056] Ru(CO)12 was used as a starting material for
Ru, S (solid sulfur) was used as a starting material for S,
and xylene or distilled water was used as a solvent. A
solvothermal or hydrothermal reaction was carried out at
220°C for 10 hours. Thereafter, precalcination was car-
ried out in an Ar atmosphere at 400°C for 5 hours.

2.1: Synthesis of RuS2 via solvothermal reaction (outside 
the scope of claim 1)

[0057] Fig. 24 shows an XRD pattern of RuS2 synthe-
sized via a solvothermal reaction at 220°C for 10 hours
while varying S:Ru ratios. In the figure, "a" represents an
S:Ru ratio of 6:1, and "b" represents an S:Ru ratio of 4:1.
Regardless of the S:Ru ratio, the product exhibited low
crystallinity. The FTIR spectra of RuS2 synthesized via
a solvothermal reaction at 220°C for 10 hours and a re-
sultant of precalcination thereof shown in Fig. 28 dem-
onstrate that the resultant of a solvothermal reaction con-
tains organic matter. In the figure, "a" represents resulting
RuS2, and "b" represents a resultant of precalcination
thereof.
[0058] Fig. 25 shows an XRD pattern of a resultant of
precalcination, in an argon stream at 400°C for 5 hours,
of RuS2 synthesized via a solvothermal reaction at 220°C
for 10 hours. In the figure, "a" represents an S:Ru ratio
of 6:1, "b" represents an S:Ru ratio of 4:1, "c" represents
an S:Ru ratio of 4.8:1, "d" represents an S:Ru ratio of
4.3:1, and "e" represents an S:Ru ratio of 4:1. Organic
matter in the product was eliminated via precalcination.
An S:Ru ratio of 4.8:1 or smaller was found to be neces-
sary, so as to significantly change behavior because of
S:Ru ratios and to cause crystallization via precalcination
of a sample. When the S:Ru ratio was lowered to 4:1,

crystallization was significantly advanced, and genera-
tion of an Ru metal also became observable.
[0059] Figs. 26A, 26B, and 26C each show a scanning
electron micrograph of a resultant of precalcination, in
an argon stream at 400°C for 5 hours, of RuS2 synthe-
sized via a solvothermal reaction at 220°C for 10 hours.
In the figure, "a" represents an S:Ru ratio of 4:1, "b" rep-
resents an S:Ru ratio of 4.3:1, and "c" represents an S:Ru
ratio of 6:1. Spherical particles of about 1 mm were ag-
gregated, and the S:Ru ratio did not significantly influ-
ence powder or particle configurations. Transmission
electron micrographs of a resultant of precalcination of
RuS2 shown in Figs. 27A, 27B, 27C, and 27D demon-
strate that precalcined spherical particles were fine par-
ticles and that each particle exhibits a lattice image, in-
dicating satisfactory crystallization.
[0060] Fig. 28 shows the FTIR spectra of RuS2 syn-
thesized via a solvothermal reaction (with an S:Ru ratio
of 4:1) and that of a resultant of precalcination thereof at
400°C. In the figure, "a" represents a product of hydro-
thermal synthesis, and "b" represents a resultant of pre-
calcination thereof.

2.2: Synthesis of RuS2 via hydrothermal reaction (outside 
the scope of claim 1)

[0061] Fig. 29 shows an XRD pattern of RuS2 resulting
from a hydrothermal reaction at 220°C for 10 hours. Fig.
30 shows an XRD pattern of a resultant of precalcination,
at 400°C for 5 hours, of RuS2 resulting from a hydrother-
mal reaction at 220°C for 10 hours. In these figures, "a"
represents an S:Ru ratio of 2:1, "b" represents an S:Ru
ratio of 2.8:1, "c" represents an S:Ru ratio of 3.6:1, and
"d" represents an S:Ru ratio of 4.4:1. Further, Figs. 31A
and 31B each show a scanning electron micrograph of
RuS2 and that of a resultant of precalcination thereof.
Fig. 31A shows a product, RuS2, attained at an S:Ru
ratio of 4.4:1, and Fig. 31B shows a resultant of precal-
cination thereof at 400°C for 5 hours.
[0062] At an S:Ru ratio of 3.6:1 or lower, a crystal phase
was generated in the resulting product, although a phase
could not be identified. This phase is considered to con-
tain organic matter. The non-crystalline phase attained
at an S:Ru ratio of 4.4:1 became crystallized into RuS2
via precalcination. At an S:Ru ratio of 2.8:1 or lower, an
unidentified phase was also observed in a resultant of
precalcination. At an S:Ru ratio of 2.0:1, generation of
an Ru metal was observed.

Example 3: Synthesis of Rh2S3 (outside the scope of 
claim 1)

[0063] Rh6(CO)16 was used as a starting material for
Rh, S (solid sulfur) was used as a starting material for S,
and xylene or distilled water was used as a solvent. A
solvothermal or hydrothermal reaction was carried out at
220°C for 10 hours. Thereafter, precalcination was car-
ried out in an Ar atmosphere at 400°C for 5 hours (partially
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at 750°C).

3.1: Synthesis of Rh2S3 via solvothermal reaction (out-
side the scope of claim 1)

[0064] Fig. 32 shows an XRD pattern of Rh2S3 synthe-
sized via a solvothermal reaction at 220°C for 10 hours.
Fig. 33 shows an XRD pattern of a resultant of precalci-
nation, in an argon stream at 400°C for 5 hours, of Rh2S3
synthesized via a solvothermal reaction at 220°C for 10
hours. In these figures, "a" represents an S:Rh ratio of
1.5:1, "b" represents an S:Rh ratio of 3.6:1, and "c" rep-
resents an S:Rh ratio of 5.0:1. Fig. 34 shows an XRD
pattern of Rh2S3 synthesized via a solvothermal reaction
at 220°C for 10 hours at an S:Rh ratio of 5.0:1 and that
of a resultant of precalcination thereof in an Ar stream at
400°C for 5 hours and at 750°C for 5 hours. In the figure,
"a" represents a product, Rh2S3, of a solvothermal reac-
tion, "b" represents a resultant of precalcination thereof
in an Ar stream at 400°C for 5 hours, and "c" represents
a resultant of precalcination thereof in an Ar stream at
750°C for 5 hours.
[0065] A product of a solvothermal reaction, Rh2S3,
exhibited low crystallinity; however, crystallization was
remarkably advanced via precalcination thereof. Crystal-
lization resulting from precalcination is influenced by the
S:Rh ratio. At an S:Rh ratio of 3.6:1 or lower, crystalliza-
tion occurred; however, crystallization did not occur at
an S:Rh ratio of 5.0:1. By raising the precalcination tem-
perature to 750°C, the sample became crystallized at an
S:Rh ratio of 5:1.
[0066] Figs. 35A, 35B, 35C, and 35D each show a
scanning electron micrograph of Rh2S3 resulting from a
solvothermal reaction and a resultant of precalcination
thereof. In the figures, "a" represents a product of a sol-
vothermal reaction attained at an S:Rh ratio of 3.6:1, "b"
represents a resultant of calcination thereof at 400°C, "c"
represents a product of a solvothermal reaction attained
at an S:Rh ratio of 5.0:1, and "d" represents a resultant
of calcination thereof at 400°C. The products were com-
posed of very fine particles, regardless of the S:Rh ratio,
and no change was observed via precalcination.

3.2: Synthesis of Rh2S3 via hydrothermal reaction (out-
side the scope of claim 1)

[0067] Fig. 36 shows an XRD pattern of Rh2S3 result-
ing from a hydrothermal reaction and that of a resultant
of precalcination thereof. In the figure, "a" represents a
product of a hydrothermal reaction attained at an S:Rh
ratio of 1.5:1, "b" represents a resultant of calcination
thereof at 400°C, "c" represents a product of a hydrother-
mal reaction attained at an S:Rh ratio of 3.0:1, and "d"
represents a resultant of calcination thereof at 400°C.
[0068] A product of a hydrothermal reaction, Rh2S3,
exhibited low crystallinity, regardless of the S:Rh ratio;
however, crystallization was remarkably advanced via
precalcination. At an S:Rh ratio of 1.5:1, a resultant of

precalcination contained impurities, and a phase of in-
terest was more likely to be obtained at an S:Rh ratio of
3.0:1.
[0069] Figs. 37A and 37B each show an electron mi-
crograph of Rh2S3 resulting from a hydrothermal reaction
and that of a resultant of precalcination thereof. In the
figures, "a" represents a resultant of calcination at 400°C
of a product of a hydrothermal reaction at an S:Rh ratio
of 1.5:1, and "b" represents a resultant of calcination at
400°C of a product of a hydrothermal reaction at an S:Rh
ratio of 3.0:1. The product of the hydrothermal reaction
was partially idiomorphic and grown to become a larger
crystal. While the XRD pattern exhibits noncrystalline
properties, the crystal assuredly grew, which is an inex-
plicable phenomenon.
[0070] Figs. 38A and 38B each show an electron mi-
crograph and an electron diffraction diagram of Rh2S3
resulting from a hydrothermal reaction at an S:Rh ratio
of 3.0:1. Figs. 39A and 39B each show an electron mi-
crograph and an electron diffraction diagram of a result-
ant of calcination at 400°C of Rh2S3 resulting from a hy-
drothermal reaction at an S:Rh ratio of 3.0:1. Growth of
crystals described above was verified by the transmis-
sion electron micrograph or the electron diffraction dia-
gram shown in Figs. 38A, 38B, 39A, and 39B.
[0071] Fig. 40 shows the FTIR spectra of hydrother-
mally synthesized Rh2S3 (with an S:Rh ratio of 3:1) and
a resultant of precalcination thereof at 400°C. In the fig-
ure, "a" represents a product of hydrothermal synthesis,
and "b" represents a resultant of precalcination thereof.
The IR spectra shown in Fig. 40 demonstrate that the
product of the hydrothermal reaction did not contain any
organic matter.

Example 4: Synthesis of ReS2 (outside the scope of claim 
1)

[0072] Re2(CO)10 was used as a starting material for
Re, S (solid sulfur) was used as a starting material for S,
and xylene or distilled water was used as a solvent. A
solvothermal or hydrothermal reaction was carried out at
220°C for 10 hours. Thereafter, precalcination was car-
ried out in an Ar atmosphere at 400°C or 750°C for 5
hours.

4.1: Synthesis of ReS2 via solvothermal reaction (outside 
the scope of claim 1)

[0073] Fig. 41 shows an XRD pattern of ReS2 synthe-
sized via a solvothermal reaction at 220°C for 10 hours.
Fig. 42 shows an XRD pattern of a resultant of precalci-
nation in an Ar stream at 400°C for 5 hours of ReS2 syn-
thesized via a solvothermal reaction at 220°C for 10
hours. In the figures, "a" represents an S:Re ratio of
1.32:1, "b" represents an S:Re ratio of 2:1, "c" represents
an S:Re ratio of 4:1, and "d" represents an S:Re ratio of
9:1.
[0074] When the S:Re ratio was lower than 2:1, a very
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sharp diffraction line was observed in addition to a broad
diffraction line obtained from a low-crystalline substance,
although this sharp line could not be identified. Since this
diffraction line disappears upon precalcination, this line
is considered to be derived from organic matter. When
a sample was precalcined at 400°C and the S:Re ratio
was lower than 2:1, a diffraction line at around 40°C did
not separate at all, and the behavior was different from
that of a sample with a higher S:Re ratio.
[0075] Fig. 43 shows an XRD pattern of ReS2 obtained
at an S:Re ratio of 4:1 and that of a resultant of precal-
cination thereof. In the figure, "a" represents a product,
ReS2, of a solvothermal reaction, "b" represents a result-
ant of precalcination thereof at 400°C, and "c" represents
a resultant of precalcination thereof at 750°C. Fig. 44
shows an XRD pattern of ReS2 obtained at an S:Re ratio
of 9:1 and that of a resultant of precalcination thereof. In
the figure, "a" represents a product, ReS2, of a solvother-
mal reaction, "b" represents a resultant of precalcination
thereof at 400°C, and "c" represents a resultant of pre-
calcination thereof at 750°C. Crystallinity is enhanced via
calcination at 750°C; however, the diffraction line re-
mains broad and the sample is not considered to be com-
pletely crystallized.
[0076] Figs. 45A, 45B, 45C, and 45D each show a
scanning electron micrograph of ReS2 resulting from a
solvothermal reaction and that of a resultant of precalci-
nation thereof. In the figures, "a" represents a product of
a solvothermal reaction at an S:Re ratio of 4:1, "b" rep-
resents a resultant of precalcination thereof at 400°C, "c"
represents a product of a solvothermal reaction at an
S:Re ratio of 2:1, and "d" represents a resultant of pre-
calcination thereof at 400°C. The resultant was com-
posed of spherical particles. When the S:Re ratio was
2:1, in particular, the size was homogeneous. When the
S:Re ratio was 4:1, however, the particle diameter distri-
bution became broadened.
[0077] Figs. 46A and 46B each show an electron mi-
crograph and an electron diffraction diagram of ReS2 re-
sulting from a solvothermal reaction at an S:Rh ratio of
9.0:1 and those of a resultant of calcination thereof at
750°C.
[0078] Fig. 47 shows the FTIR spectra of a solvother-
mal product (with an S:Rh ratio of 4:1) and a resultant of
precalcination thereof at 400°C. In the figure, "a" repre-
sents a product of hydrothermal synthesis and "b" rep-
resents a resultant of precalcination thereof.
[0079] Table 1 shows the results of EDX analysis of
resultants of precalcination at 750°C.

Table 1

Area No. S:Re

1 2.39

2 1.80

3 1.21

[0080] As a result of EDX analysis of compositions, an
S:Re ratio of 1.98:1 was attained as a mean, and variation
in composition was observed regarding the same spher-
ical particle. Thus, an accurate composition ratio may not
necessarily be attained.

4.2: Synthesis of ReS2 via hydrothermal reaction (outside 
the scope of claim 1)

[0081] Fig. 48 shows an XRD pattern of ReS2 synthe-
sized via a hydrothermal reaction at 220°C for 10 hours
and that of a resultant of precalcination thereof in an Ar
stream at 400°C for 5 hours. In the figure, "a" represents
a product attained at an S:Re ratio of 2:1, "b" represents
a resultant of precalcination thereof, "c" represents a
product attained at an S:Re ratio of 4:1, and "d" repre-
sents a resultant of precalcination thereof.
[0082] Even when the S:Re ratio was changed to 2:1
or 4:1 and the sample was precalcined at 400°C, crys-
tallinity was somewhat improved, but the crystallinity of
the product remained low.
[0083] Figs. 49A, 49B, 49C, and 49D each show a
scanning electron micrograph of ReS2 resulting from a
hydrothermal reaction and a resultant of precalcination
thereof. In the figures, "a" represents a product of a hy-
drothermal reaction at an S:Re ratio of 4:1, "b" represents
a resultant of precalcination thereof at 400°C, "c" repre-
sents a product of a hydrothermal reaction at an S:Re
ratio of 2:1, and "d" represents a resultant of precalcina-
tion thereof at 400°C. The product was firmly aggregated.

Example 5: Synthesis of Rh-Mo-S (outside the scope of 
claim 1)

[0084] Rh6(CO)16 was used as a starting material for
Rh, (NH4)6Mo7O24·4H2O was used as a starting material
for Mo, S (solid sulfur) was used as a starting material
for S, and xylene was used as a solvent. A solvothermal
reaction was carried out at 400°C for 10 hours. Thereaf-
ter, precalcination was carried out in an Ar atmosphere
at 400°C for 5 hours.
[0085] As a result of synthesis, the product exhibited
an Mo:Rh ratio of 0.2: 0.8, an S:Rh ratio of 2.25:1, an
S:Mo ratio of 3.0:1, and a filling rate of 50%.
[0086] Fig. 50 shows the results of TEM observation

(continued)

Area No. S:Re

4 2.19

5 1.71

6 1.26

7 2.19

8 2.22

9 1.99
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of Rh-Mo-S synthesized via a solvothermal reaction at
220°C for 10 hours. The results of TEM/EDX analysis
demonstrate that Rh-Mo-S is composed of 42.68% of
Rh, 4.86% of Mo, and 52.46% of S in terms of an atomic
percentage on average. The results also demonstrate
that the Mo:Rh ratio is 0.10:0.90, the S/Rh ratio is 1.34:1,
and the S:Mo ratio is 12.85:1. Electrochemical properties
of Rh2S3/C and Rh-Mo-S/C
[0087] As electrochemical properties of Rh2S3/C ob-
tained in Example 3 and those of Rh-Mo-S/C obtained
in Example 5, the oxygen reduction currents in relation
to electric potentials were inspected.
[0088] Fig. 51 shows the oxygen reduction currents of
Rh2S3/C and Rh-Mo-S/C. In Fig. 50, enlarged views of
the area around the potential at which oxygen reduction
is initiated were additionally provided.
[0089] The results shown in Fig. 51 demonstrate oxy-
gen-reducing functions of Rh2S3/C and Rh-Mo-S/C.
While the activity of Rh2S3/C is 5.76 E-06 at 0.7 V, the
activity of Rh-Mo-S/C is approximately 5 times greater;
i.e., 2.52E-05.

Performance evaluation

[0090] Fig. 52 shows the results of examining the per-
formance as an oxygen-reducing catalyst of the fine par-
ticle composite comprising fine particles of sulfides or
sulfide complexes comprising several elements and con-
ductive fine particles of the present invention. The results
shown in Fig. 52 demonstrate that the fine particle com-
posite comprising fine particles of a sulfide or sulfide com-
posite and conductive particles of the present invention
is excellent in oxygen reducing catalytic activity.

Dispersion state of Rh2S3/C and Rh-Mo-S/C

[0091] Rh2S3/C was synthesized in the following man-
ner. At an S:Rh ratio of 1.65:1 and a C:Rh2S3 ratio of
4:8, a solvothermal reaction was conducted using xylene
as a solvent at 400°C for 10 hours. Thereafter, precalci-
nation was carried out in an Ar atmosphere at 400°C for
5 hours. Also, Rh-Mo-S/C was synthesized in the follow-
ing manner. At an Mo:Rh ratio of 5:95, an S:Rh ratio of
1.65:1, and a C:(Mo+Rh)2S3 ratio of 4:8, a solvothermal
reaction was conducted using xylene as a solvent at
400°C for 10 hours. Thereafter, precalcination was car-
ried out in an Ar atmosphere at 400°C for 5 hours.
[0092] Synthesized powder was introduced into alco-
hol and the resultant was subjected to ultrasonic disper-
sion for about 5 minutes. The resulting slurry was added
dropwise to the Cu microgrid, dried naturally, and then
subjected to FE-TEM observation as an observation
sample under a field-emission analytical electron micro-
scope ("Tecnai" G2-F20-MAT, manufactured by FE; ac-
celerating voltage: 200 kV (max.); resolution: 0.24 nm
(irradiation on the axis)).
[0093] As a result of FE-TEM observation, Rh and S
were found to be dispersed at substantially the same

positions in Rh2S3/C. Thus, Rh2S3/C was determined to
be a product of synthesis. C particles are extensively
dispersed, so as to surround the sites at which Rh and
S are detected. In Rh-Mo-S/C, Rh, Mo, and S particles
are dispersed at substantially the same positions. Thus,
Rh-Mo-S/C is determined to be a product of synthesis.
Also, C particles are extensively dispersed, so as to sur-
round the sites at which Rh, Mo, and S are detected.

Example 6: Synthesis of Ru-Mo-S

6.1: Ratio of Mo:Ru synthesis

[0094] Ru3(CO)16 was used as a starting material for
Ru, Mo(CO)6 was used as a starting material for Mo, S
(solid sulfur) was used as a starting material for S, Ketjen
Black EC300J (tradename) was used as carbon black,
and xylene was used as a solvent. A solvothermal reac-
tion was carried out at 220°C for 10 hours. Thereafter,
precalcination was carried out in an Ar atmosphere at
600°C for 5 hours.
[0095] As a result of synthesis, a product comprising
Mo and Ru at a ratio of 0.2: 0.8 (this product is referred
to as "MoRuS/C-1") and a product comprising Mo and
Ru at a ratio of 0.05:0.95 (this product is referred to as
"MoRuS/C-2") were obtained.
[0096] Fig. 53 shows the results of RDE evaluation of
MoRuS/C-1 and MoRuS/C-2, which are Ru-Mo-S prod-
ucts synthesized via a solvothermal reaction.
[0097] Fig. 54 shows the results of TEM observation
of MoRuS/C-1 via a solvothermal reaction. The results
shown in Fig. 54 demonstrate that MoRuS and C are
dispersed on a nanoscale level.

6.2: S content

[0098] Ru3(CO)16 was used as a starting material for
Ru, Mo(CO)6 was used as a starting material for Mo, S
(solid sulfur) was used as a starting material for S, Ketjen
Black EC300J (tradename) was used as carbon black,
and xylene was used as a solvent. A solvothermal reac-
tion was carried out at an Mo:Ru ratio of 0.2:0.8 at 220°C
for 10 hours. Thereafter, precalcination was carried out
in an Ar atmosphere at 600°C for 5 hours.
[0099] As a result of synthesis, a product with an S
content of 300% (this product is referred to as "MoRuS/C-
1"), a product with an S content of 100% (this product is
referred to as "MoRuS/C-4"), and a product with an S
content of 70% (this product is referred to as "MoRuS/C-
5") were obtained.
[0100] Fig. 55 shows the results of RDE evaluation of
MoRuS/C-1, MoRuS/C-4, and MoRuS/C-5, which are
Ru-Mo-S products synthesized via a solvothermal reac-
tion.
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6.3: Carbon black (CB) and carbon nanotube (CNT) pa-
per

[0101] Ru3(CO)16 was used as a starting material for
Ru, Mo(CO)6 was used as a starting material for Mo, S
(solid sulfur) was used as a starting material for S, carbon
black (Ketjen Black EC300J, tradename) or carbon na-
notube (CNT) paper was used, and xylene was used as
a solvent. A solvothermal reaction was carried out at an
Mo:Ru ratio of 0.2:0.8 at 220°C for 10 hours. Thereafter,
precalcination was carried out in an Ar atmosphere at
600°C for 5 hours.
[0102] As a result of synthesis, carbon black (referred
to as "MoRuS/C-5") and carbon nanotube (CNT) paper
(referred to as "Paper") were obtained.
[0103] Fig. 56 shows the results of RDE evaluation of
MoRuS/C-5 and Paper, which are Ru-Mo-S products
synthesized via a solvothermal reaction.

6.4: Calcination temperature

[0104] Ru3(CO)16 was used as a starting material for
Ru, Mo(CO)6 was used as a starting material for Mo, S
(solid sulfur) was used as a starting material for S, Ketjen
Black EC300J (tradename) was used as carbon black,
and xylene was used as a solvent. A solvothermal reac-
tion was carried out at an Mo:Ru ratio of 0.21:0.79 at
220°C for 10 hours. Thereafter, precalcination was car-
ried out in an Ar atmosphere at 350°C for 5 hours or at
450°C for 5 hours.
[0105] As a result of synthesis, a product attained at
350°C for 5 hours (this product is referred to as
"MoRuS/C-11-C2") and a product attained at 450°C for
5 hours (this product is referred to as "MoRuS/C-11-C4")
were obtained.
[0106] Fig. 57 shows the results of RDE evaluation of
MoRuS/C-11-C2 and MoRuS/C-11-C4, which are Ru-
Mo-S products synthesized via a solvothermal reaction.

6.5: Calcination time

[0107] Ru3(CO)16 was used as a starting material for
Ru, Mo(CO)6 was used as a starting material for Mo, S
(solid sulfur) was used as a starting material for S, Ketjen
Black EC300J (tradename) was used as carbon black,
and xylene was used as a solvent. A solvothermal reac-
tion was carried out at an Mo:Ru ratio of 0.21:0.79 at
140°C for 20 hours. Thereafter, precalcination was car-
ried out in an Ar atmosphere at 350°C for 2 hours or at
350°C for 5 hours.
[0108] As a result of synthesis, a product attained at
350°C for 2 hours (this product is referred to as
"MoRuS/C-12") and a product attained at 350°C for 5
hours (this product is referred to as "MoRuS/C-14") were
obtained.
[0109] Fig. 58 shows the results of RDE evaluation of
MoRuS/C-12 and MoRuS/C-14, which are Ru-Mo-S
products synthesized via a solvothermal reaction.

6.6: Changing of synthesis conditions using carbon na-
notube (CNT) dispersion (outside the scope of claim 1)

[0110] Ru3(CO)16 was used as a starting material for
Ru, Mo(CO)6 was used as a starting material for Mo, S
(solid sulfur) was used as a starting material for S, a dis-
persion of 0.05 g of carbon nanotubes (CNT) in water
was used, and water was used as a solvent. A hydro-
thermal reaction was carried out at an Mo:Ru ratio of
0.17:0.83 at 140°C for 10 hours or at 220°C for 10 hours.
Thereafter, precalcination was carried out in an Ar at-
mosphere at 350°C for 2 hours.
[0111] As a result of synthesis, a product attained at
140°C for 10 hours (this product is referred to as "MoRu-
H1-CNT-C1") and a product attained at 220°C for 10
hours (this product is referred to as "MoRu-H2-CNT-C1")
were obtained.
[0112] Fig. 59 shows the results of RDE evaluation of
MoRu-H1-CNT-C1 and MoRu-H2-CNT-C1, which are
Ru-Mo-S products synthesized via a hydrothermal reac-
tion.
[0113] Fig. 60 shows the results of TEM observation
of MoRu-H1-CNT-C1, which is an Ru-Mo-S product syn-
thesized via a hydrothermal reaction. The results shown
in Fig. 60 demonstrate that MoRuS are dispersed on car-
bon nanotubes on a nanoscale level.

6.7: Changing of synthesis conditions using carbon black 
(CB)

[0114] Ru3(CO)16 was used as a starting material for
Ru, Mo(CO)6 was used as a starting material for Mo, S
(solid sulfur) was used as a starting material for S, Ketjen
Black EC300J (tradename) was used as carbon black,
and xylene was used as a solvent. A solvothermal reac-
tion was carried out at an Mo:Ru ratio of 0.17:0.83 at
140°C for 10 hours or at 220°C for 10 hours. Thereafter,
precalcination was carried out in an Ar atmosphere at
350°C for 2 hours.
[0115] As a result of synthesis, a product attained at
140°C for 10 hours (this product is referred to as "MoRu-
H1-CB-C1") and a product attained at 220°C for 10 hours
(this product is referred to as "MoRu-H2-CB-C1") were
obtained.
[0116] Fig. 61 shows the results of RDE evaluation of
MoRu-H1-CB-C1 and MoRu-H2-CB-C1, which are Ru-
Mo-S products synthesized via a solvothermal reaction.

6.8: Changing of S content and calcination temperature 
using a dispersion of carbon nanotubes (CNT) in water 
(outside the scope of claim 1)

[0117] Ru3(CO)16 was used as a starting material for
Ru, Mo(CO)6 was used as a starting material for Mo, S
(solid sulfur) was used as a starting material for S, a dis-
persion of 0.2 g of carbon nanotubes (CNT) in water was
used, and water was used as a solvent. A hydrothermal
reaction was carried out at an Mo:Ru ratio of 0.2:0.9 at
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220°C for 10 hours. Thereafter, precalcination was car-
ried out in an Ar atmosphere at 350°C for 2 hours or at
550°C for 2 hours.
[0118] As a result of synthesis, a product attained at
350°C for 2 hours with an S content of 70% (this product
is referred to as "MoRu-H01-CNT-C1"), a product at-
tained at 550°C for 2 hours with an S content of 70% (this
product is referred to as "MoRu-H01-CNT-C2"), a prod-
uct attained at 350°C for 2 hours with an S content of
50% (this product is referred to as "MoRu-H02-CNT-
C1"), and a product attained at 550°C for 2 hours with
an S content of 50% (this product is referred to as "MoRu-
H02-CNT-C2") were obtained.
[0119] Fig. 62 shows the results of RDE evaluation of
MoRu-H01-CNT-C1, MoRu-H01-CNT-C2, MoRu-H02-
CNT-C1, and MoRu-H02-CNT-C2, which are Ru-Mo-S
products synthesized via a hydrothermal reaction.

6.9: Changing of S content and calcination temperature 
using a dispersion of carbon nanotubes (CNT) in xylene

[0120] Ru3(CO)16 was used as a starting material for
Ru, Mo(CO)6 was used as a starting material for Mo, S
(solid sulfur) was used as a starting material for S, a dis-
persion of 0.2 g of carbon nanotubes (CNT) in xylene
was used, and xylene was used as a solvent. A solvo-
thermal reaction was carried out at an Mo:Ru ratio of
0.2:0.9 at 220°C for 10 hours. Thereafter, precalcination
was carried out in an Ar atmosphere at 350°C for 2 hours
or at 550°C for 2 hours.
[0121] As a result of synthesis, a product attained at
350°C for 2 hours with an S content of 70% (this product
is referred to as "MoRu-S01-CNT-C1"), a product at-
tained at 550°C for 2 hours with an S content of 70% (this
product is referred to as "MoRu-S01-CNT-C2"), a product
attained at 350°C for 2 hours with an S content of 50%
(this product is referred to as "MoRu-S02-CNT-C1"), and
a product attained at 550°C for 2 hours with an S content
of 50% (this product is referred to as "MoRu-S02-CNT-
C2") were obtained.
[0122] Fig. 63 shows the results of RDE evaluation of
MoRu-S01-CNT-C1, MoRu-S01-CNT-C2, MoRu-S02-
CNT-C1, and MoRu-S02-CNT-C2, which are Ru-Mo-S
products synthesized via a solvothermal reaction.

Industrial Applicability

[0123] The present invention can provide a fine particle
composite comprising fine particles of a sulfide or sulfide
complex comprising at least one element selected from
the group consisting of molybdenum (Mo), rhodium (Rh),
ruthenium (Ru), and rhenium (Re) and conductive fine
particles. Such fine particle composite comprising fine
particles of a sulfide or sulfide complex comprising a giv-
en element and conductive fine particles can be used for
known applications. Further, development thereof can
be expected in various applications by making use of its
properties. For example, such substance can be used

for a catalyst for a fuel cell that can be operated in a cost-
effective manner. Furthermore, adequate selection of a
dopant element with which the particle is to be doped
can lead to manifestation of various physical properties.

Claims

1. A method for producing a fine particle composite
comprising fine particles of a sulfide or sulfide com-
plex comprising at least one element selected from
the group consisting of molybdenum (Mo), rhodium
(Rh), ruthenium (Ru), and rhenium (Re) and conduc-
tive carbon powder as conductive fine particles char-
acterized in comprising steps of:

preparing a solvent mixture from

- the conductive carbon powder,
- at least one compound containing an ele-
ment selected from among molybdenum
(Mo), rhodium (Rh), ruthenium (Ru), and
rhenium (Re), and
- sulfur (S) or a sulfur (S)-containing com-
pound,

wherein the solvent is selected from among xy-
lene, acetone, and chloroform; and
conducting a solvothermal reaction in an auto-
clave at a pressure and temperature of 200°C
to 600°C that convert the solvent mixture into a
supercritical or subcritical solvent.

2. The method for producing a fine particle composite
according to claim 1, wherein the step of solvother-
mal reaction is followed by thermal treatment in an
inert gas atmosphere at 300°C to 800°C.

3. The method for producing a fine particle composite
according to claim 1 or 2, wherein the conductive
carbon powder is carbon black and/or carbon nan-
otubes.

4. The method for producing a fine particle composite
according to any of claims 1 to 3, wherein the reaction
is carried out in situ.

Patentansprüche

1. Verfahren zum Herstellen einer Feinpartikelzusam-
mensetzung, die Feinpartikel aus einem Sulfid oder
Sulfidkomplex, der zumindest ein Element aufweist,
das aus der Gruppe ausgewählt ist, die aus Molyb-
dän (Mo), Rhodium (Rh), Ruthenium (Ru) und Rhe-
nium (Re) besteht, und einem leitfähigen Kohlen-
stoffpulver als leitende Feinpartikel aufweist,
wobei das Verfahren dadurch gekennzeichnet ist,

23 24 



EP 2 198 961 B1

15

5

10

15

20

25

30

35

40

45

50

55

dass es die folgenden Schritte aufweist:

Bereiten einer Lösungsmittelmischung aus:

- dem leitfähigen Kohlenstoffpulver,
- zumindest einer Verbindung, die ein Ele-
ment beinhaltet, das aus Molybdän (Mo),
Rhodium (Rh), Ruthenium (Ru) und Rheni-
um (Re) ausgewählt ist, und
- Schwefel (S) oder einer schwefel-(S)-hal-
tigen Verbindung,

wobei das Lösemittel aus Xylen, Aceton und
Chloroform ausgewählt ist; und
Durchführen einer solvothermalen Reaktion in
einem Autoklav bei einem Druck und einer Tem-
peratur zwischen 200 °C und 600 °C, wobei die
Lösungsmischung in ein überkritisches oder un-
terkritisches Lösungsmittel konvertiert wird.

2. Verfahren zum Herstellen einer Feinpartikelzusam-
mensetzung nach Anspruch 1, wobei dem Schritt
der solvothermalen Reaktion eine Wärmebehand-
lung in einer Inertgasatmosphäre zwischen 300 °C
und 800 °C folgt.

3. Verfahren zum Herstellen einer Feinpartikelzusam-
mensetzung nach Anspruch 1 oder 2, wobei das leit-
fähige Kohlenstoffpulver aus Ruß und/oder Kohlen-
stoff-Nanoröhren besteht.

4. Verfahren zum Herstellen einer Feinpartikelzusam-
mensetzung nach einem der Ansprüche 1 bis 3, wo-
bei die Reaktion in situ durchgeführt wird.

Revendications

1. Procédé de production d’un composite de fines par-
ticules comprenant de fines particules d’un sulfure
ou complexe de sulfure comprenant au moins un
élément choisi dans le groupe constitué de molyb-
dène (Mo), rhodium (Rh), ruthénium (Ru), et rhénium
(Re) et de la poudre de carbone conductrice comme
fines particules conductrices, caractérisé en ce
qu’il comprend les étapes de :

préparation d’un mélange de solvants à partir de

- la poudre de carbone conductrice,
- au moins un composé contenant un élé-
ment choisi parmi le molybdène (Mo), le
rhodium (Rh), le ruthénium (Ru), et le rhé-
nium (Re), et
- du soufre (S) ou un composé contenant
du soufre (S),

dans lequel le solvant est choisi parmi le xylène,

l’acétone, et le chloroforme ; et
de réalisation d’une réaction solvothermique
dans un autoclave à une pression et à une tem-
pérature de 200°C à 600°C qui transforme le
mélange de solvants en un solvant super-criti-
que ou sous-critique.

2. Procédé de production d’un composite de fines par-
ticules selon la revendication 1, dans lequel l’étape
de réaction solvothermique est suivie par traitement
thermique dans une atmosphère de gaz inerte à de
300°C à 800°C.

3. Procédé de production d’un composite de fines par-
ticules selon la revendication 1 ou 2, dans lequel la
poudre de carbone conductrice est du noir de car-
bone et/ou des nanotubes de carbone.

4. Procédé de production d’un composite de fines par-
ticules selon l’une quelconque des revendications 1
à 3, dans lequel la réaction est réalisée in situ.
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