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NANOMATERIALS OF COMPOSITE METAL 
OXIDES 

TECHNICAL FIELD 

[0001] The present invention relates to nanomaterials of 
amorphous metal oxides. More particularly, the present 
invention relates to a technique of manufacturing nanoma 
terials of composite metal oxides by means of a novel 
technique of removing exchangeable metal ions from nan 
opores of an amorphous metal oxide and introducing dif 
ferent metal ions. 

RELATED ART 

[0002] In recent years, nanotechnology has draWn consid 
erable attention as an important scienti?c technology of the 
tWenty-?rst century. It is anticipated that the materials 
having a controlled siZe, shape, composition, distribution, 
function, spatial arrangement, and the like at the nanometer 
level Will bring about neW electronic, physical, chemical, 
and biological functions. Bottom-up compound synthesis 
processes that begin With atoms and molecules are essential 
to manufacture such nanomaterials. Of these, techniques of 
designing the composition and structure of nanoparticles and 
ultra-thin ?lms at the nanometer level have become impor 
tant basic techniques in a Wide range of ?elds. A general 
survey of prior art relating to nanomaterials of composite 
metal oxides comprising tWo or more metal atoms is given 
beloW. 

[0003] Thin-?lm materials of composite metal oxides, the 
thickness of Which is controlled at the nanometer level, are 
anticipated to play important roles in such areas as improv 
ing the chemical, mechanical, and optical characteristics of 
surfaces; catalysts; the separation of materials such as gases; 
the manufacturing of fuel cells, ?uorescent materials, and 
magnetic materials; the manufacturing of various sensors; 
and in high-density electronic devices. The next generation 
of integrated circuit technology requires the production of 
insulating thin ?lms of extremely high precision, With simi 
lar requirements existing for processes used to manufacture 
high-precision memories and thin-?lm magnetic memory 
heads. 

[0004] Conventionally, composite metal oxide thin ?lms 
have been fabricated by spin-coating. As required, Water and 
catalysts are added to the mixed solutions of multiple metal 
alkoxide compounds. By spin-coating these solutions onto 
substrate surfaces, it is possible to readily manufacture thin 
?lms of about one micrometer. It is possible to manufacture 
thin ?lms of about 100 nm With this method by controlling 
the concentration and viscosity of the coating solution. 
HoWever, in the spin-coating, the ?lm thickness is controlled 
by means of the viscosity of the coating solution and the 
speed of rotation, making it dif?cult to obtain ultra-thin ?lms 
With uniform thicknesses of less than 100 nm. Particularly 
When employing very large area substrates, the thickness of 
the ?lm obtained differs from center to edge. 

[0005] When manufacturing composite metal oxide thin 
?lms by spin-coating the mixed solutions of metal alkoxide 
compounds, a micro phase separation structure is often 
produced. This becomes a major problem in ultra-thin ?lms 
of nanometer thickness. This occurs because, due to differ 
ences in the hydrolysis rates of the metal alkoxide com 
pounds employed as starting materials, hydrolysis and con 
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densation of metal alkoxide compounds of high reactivity 
takes place ?rst, forming primary particles of metal oxides, 
With metal alkoxides of loW reactivity forming metal oxides 
by hydrolysis and condensation around the primary par 
ticles. Double alkoxides obtained by reacting in advance tWo 
metal alkoxides of different reactivity are commercially 
available and can be employed as the starting materials of 
composite metal oxides. HoWever, it is impossible to obtain 
composite metal oxides in Which tWo components have been 
uniformly dispersed at the molecular level over a broad 
range of the compositions. When thin ?lm materials of 
composite metal oxides having micro phase separated struc 
tures are sintered, crystalline composite metal oxide thin 
?lms are sometimes obtained. HoWever, the crystalliZation 
temperature of oxides is generally high, and the use of 
sintering processes in applications in Which nanostructures 
play important roles is not easy. 

[0006] When manufacturing composite metal oxide thin 
?lms as structural elements of electronic devices and the 
like, MOCVD employing multiple metal compounds as 
starting materials is often employed. Laser abrasion, ion 
beam sputtering, and the like are employed in addition to the 
CVD method in the manufacturing of nano ?lms in Which 
the ?lm thickness and oxide composition are controlled. 
Methods employing these vacuum techniques have become 
important in the manufacturing of uniform thin ?lms afford 
ing a broad range of selection in pressure, substrate tem 
perature, target, and gas starting materials. HoWever, except 
the epitaxially groWn of composite metal oxides, there are 
feW composite metal oxides Wherein the composition and 
?lm thickness thereof can be controlled at the nanometer 
level. This is because metal oxides are not generally suited 
to CVD, tending to develop minute domains and cracks. 
Further, even in the epitaxial groWth of composite metal 
oxides, the range of condition settings is narroW, precluding 
this technique from becoming a practical thin-?lm manu 
facturing technique. 
[0007] Thin ?lm materials of composite metal oxides such 
as barium titanate can be obtained by electrochemically 
oxidiZing titania crystals in the presence of alkali salts. 
HoWever, it is dif?cult to uniformly manufacture ultra-thin 
?lms With thicknesses of 100 nm and beloW When employ 
ing such a soft solution process. 

[0008] In any case, it is impossible over a broad range of 
compositions to manufacture thin ?lm materials of compos 
ite metal oxides in Which tWo components are uniformly 
distributed at the molecular level by the above-described 
methods. 

[0009] Ion implantation into oxide thin ?lms by loW-speed 
ion beam is one method of manufacturing thin ?lm materials 
of composite metal oxides. HoWever, the amount of metal 
ions that can be introduced by ion beam is limited. Further, 
compositional distribution is generated in develop perpen 
dicular to the ?lm surface due to the concentrated introduc 
tion of metal ions at a depth corresponding to the energy of 
the ion beam. 

[0010] The fabrication of composite metal oxides by 
impregnation of porous oxide thin ?lms is a method similar 
to that of the present invention. In prior art, catalysts have 
been manufactured by methods of impregnation in Which 
metal ions are supported in porous metal oxides. HoWever, 
in that case, counter anions end up being incorporated in the 
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step incorporating the metal ions. That is, in the method of 
impregnation into porous metal oxides, minute metal salts 
are simply incorporated into oxides. 

[0011] Zeolite compounds and mesoporous materials typi 
?ed by MCM-41 have regular nanopores and internal 
exchangeable metal ions such as sodium ions. Under suit 
able conditions, different metal ions can be introduced into 
the nanopores of these materials. Thus, Zeolite compounds 
and mesoporous materials have characteristics relating to the 
thin ?lm materials of the composite metal oxides obtained in 
the present invention, but they also have the folloWing 
differences. That is, Zeolite compounds having regularly 
arranged nanopores are crystalline materials, differing from 
amorphous metal oxides having uniformly dispersed nan 
opores. Similarly, mesoporous materials in Which voids of 
certain siZe are regularly arranged are micrometer-level 
crystalline materials. Due to the crystalline properties of 
these materials, it is extremely difficult to fabricate thin ?lm 
materials With good thickness precision in the nanometer 
range. Further, both Zeolite compounds and mesoporous 
materials are generally obtained by hydrothermal synthesis 
and sintering, making it impossible to control the quantity of 
exchangeable metal ions and rendering these compounds 
and materials unsuitable as precursors for manufacturing 
composite metal oxides over a Wide range of compositions. 

[0012] Problems to be solved in the manufacturing of thin 
?lm materials of composite metal oxides in the nanometer 
region are the improvement of uniformity in ?lm thickness, 
the improvement of thin ?lm manufacturing processes at 
loW temperatures, the improvement of adhesion to the 
substrate, controlling physical characteristics such as insu 
lating properties, and the like. In thin ?lm manufacturing 
processes at loW temperature, in particular, it is possible to 
avoid heat-induced deterioration in device characteristics 
such as insulation properties in ultra?ne processing tech 
niques, making these processes indispensable in the manu 
facturing of molecular devices employed in organic mate 
rials. 

[0013] The present inventors conducted extensive 
research into ultra-thin ?lms, resulting in the development of 
a novel nanometer thin ?lm manufacturing method named 
the surface sol-gel process. In the surface sol-gel process, 
metal alkoxide compounds are chemically adsorbed on a 
solid substrate having hydroxyl groups on its surface, and 
then hydrolyZed to manufacture ultra-thin oxide ?lms of 
molecular thickness. The neW hydroxyl groups produced by 
hydrolysis of the alkoxide groups in the outermost layer can 
then be used again in chemical adsorption of metal alkoxide 
compounds. Thus, repeated adsorption and hydrolysis steps 
permit the manufacturing of metal oxide multilayer ?lms 
having a nanometer thickness. 

[0014] In this process, multiple metal alkoxide compounds 
are employed for the stepWise adsorption, thereby permit 
ting the manufacture of composite metal oxide thin ?lms 
controlled at the nanometer level. The composition of such 
?lms can also be controlled. Further, mixed solutions of 
metal alkoxide compounds can be used to manufacture 
similar composite metal oxide thin ?lms. 

[0015] With the surface sol-gel process, it is possible to 
manufacture thin ?lms of composite metal oxides on the 
surface of a Wide variety of materials, such as polymers, 
metals, and organic and inorganic materials having func 
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tional groups such as hydroxyl and carboxyl groups that are 
reactive With metal alkoxide groups. Further, since this 
process is based on adsorption from solution, it is possible 
to manufacture uniform composite metal oxide thin ?lms 
independent of the shape of the substrate. 

[0016] HoWever, the compounds that can be obtained by 
the surface sol-gel process are limited to metal oxides 
capable of chemically bonding to hydroxyl groups on the 
surface of solids such as metal alkoxide compounds and 
capable of generating neW hydroxyl groups though hydroly 
sis. Further, chemical adsorption from organic solutions is 
mainly employed to bring such metal compounds into 
contact With solid surfaces, making this process unsuitable 
for insoluble or nonvolatile metal oxides such as the lan 
thanide series. Still further, since metal alkoxide compounds 
such as alkali metals and alkaline earth metals cannot form 
their hydroxyl groups on surfaces by hydrolysis, they are 
unsuited to application to the surface sol-gel process. For 
these reasons the range of thin ?lm materials of composite 
metal oxides that can be manufactured by the surface sol-gel 
process is limited. 

[0017] Thus, no satisfactory method of manufacturing thin 
?lm materials of composite metal oxides in the nanometer 
range affording both good thickness precision over a broad 
range of compositions and reliable formation has yet been 
developed. Accordingly, the object of the present invention 
is to provide such a nanomaterial. 

SUMMARY OF THE INVENTION 

[0018] The present inventors thought that if there Were 
replaceable metal ions in metal oxides, it Would be possible 
to introduce various metal ions in replacement of the 
replaceable metal ions by ion exchange, yielding a broadly 
applicable method of manufacturing nanomaterials of com 
posite metal oxides. 

[0019] When manufacturing nanomaterials of composite 
metal oxides by such a method, it is necessary for replace 
able metal ions to be uniformly distributed in a metal oxide 
serving as matrix. Further, at least a portion of the individual 
replaceable metal ions present in the metal oxide must be in 
contact With the metal oxide serving as matrix. That is, if 
exchangeable metal ions are present Within nanopores Which 
are uniformly distributed in a metal oxide, a high degree of 
dispersion of exchangeable metal ions can be achieved. In 
that case, the siZe of the nanopores is desirably about the siZe 
of molecules. 

[0020] In obtaining thin ?lm materials With good thick 
ness precision, it is desirable for the metal oxide serving as 
matrix to be amorphous. Further, the amorphous metal oxide 
must be able to retain its shape as a thin ?lm during the 
elimination of the exchangeable metal ions and the intro 
duction of different metal ions. 

[0021] The present inventors conducted extensive 
research into the manufacturing of thin ?lm materials of 
composite metal oxides based on chemical adsorption from 
solution and rinsing. 

[0022] As a result, they discovered that it Was possible to 
manufacture thin ?lm materials of composite metal oxides 
containing exchangeable metal ions Within nanopores uni 
formly distributed in amorphous metal oxides by combining 
a metal alkoxide compound providing metal ions soluble in 
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an acidic aqueous solution following hydrolysis and a metal 
alkoxide compound providing metal oxide insoluble in 
Water following hydrolysis in the process of forming a thin 
?lm by the surface sol-gel process. They further discovered 
that the amorphous metal oxide thin ?lm materials of 
nanometer thickness manufactured by the surface sol-gel 
process rapidly adsorbs large quantities of metal ions. They 
also discovered that When thin ?lm formation by the surface 
sol-gel process and metal ion adsorption Were repeated, it 
Was possible to manufacture a thin ?lm material of com 
posite metal oxide containing exchangeable metal ions in the 
nanopores uniformly distributed in an amorphous metal 
oxide. A similar thin ?lm material Was possible to be made 
by contacting an aqueous solution of silicate oligomer With 
a solid surface. Further, the present inventors discovered that 
it Was possible to remove exchangeable metal ions and 
introduce different metal ions in such thin ?lm materials. 

[0023] Accordingly, the present invention provides a 
nanomaterial of composite metal oxides containing 
exchangeable metal ions in nanopores uniformly distributed 
in an amorphous metal oxide. Ametal oxide or composite 
metal oxide nanomaterial manufactured by removing 
exchangeable metal ions from such materials yields a mate 
rial in Which nanopores that can accept metal ions are 
uniformly dispersed, permitting the selective incorporation 
of speci?c metal ions therein. The present invention further 
provides a nanomaterial of composite metal oxides that is 
manufactured by removing exchangeable metal ions and 
introducing different metal ions. The present invention fur 
ther provides a nanomaterial of composite metal oxides or 
amorphous metal oxides in Which nanopores containing 
metal ions soluble in acidic aqueous solutions are uniformly 
distributed in a metal oxide that is insoluble in acidic 
aqueous solutions. 

[0024] When con?guring the nanomaterial of the present 
invention as a thin ?lm, it is desirably formed on a solid 
surface to a thickness of from 0.5 to 100 nm. The use of a 
solid surface having positive electric charges or a solid 
surface having groups reactive With silicate oligomer or 
metal alkoxide groups is desirable. Further, one embodiment 
of the nanomaterial of the present invention does not com 
prise organic ligands coordinated With metal ions through a 
nitrogen atom, an oxygen atom, a sulfur atom or a phos 
phorus atom. 

[0025] The repetition at least one time of the steps of 
chemically adsorbing a metal alkoxide compound on a solid 
surface and rinsing is desirable in the manufacturing of a 
thin ?lm material, and the method of bringing the solid 
surface into contact With a mixed solution of a metal 
alkoxide compound providing metal ions soluble in acidic 
aqueous solutions folloWing hydrolysis and a metal alkoxide 
compound providing a metal compound insoluble in Water 
folloWing hydrolysis is particularly preferred. That is, When 
manufacturing a thin ?lm in the present invention, a metal 
alkoxide compound is chemically adsorbed onto the solid 
surface, the excess adsorbed metal alkoxide compound is 
removed by rinsing, and the metal alkoxide compound 
present on the solid surface is hydrolyZed to form a com 
posite metal oxide thin ?lm, With these steps preferably 
being repeated one or more times. In the thin ?lm material 
of the present invention, in place of the mixed solution of the 
above-described metal alkoxide compounds, a solution of a 
metal alkoxide compound providing metal ions soluble in 
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acidic aqueous solutions folloWing hydrolysis and a solution 
of a metal alkoxide compound providing a metal oxide 
insoluble in Water folloWing hydrolysis may be separately 
employed, and manufacturing may be conducted by imple 
menting one or more times the steps of chemical adsorption 
of the respective metal alkoxide compounds, rinsing, and 
hydrolysis. 

[0026] The thin ?lm material of the present invention may 
also be manufactured by forming a thin ?lm of amorphous 
metal oxide of nanometer thickness on the above-described 
solid surface, immersing this thin ?lm in a solution contain 
ing metal ions, and rinsing aWay the excess adsorbed metal 
ions. In that case, the surface sol-gel process is the optimum 
means of manufacturing the thin ?lm of amorphous metal 
oxide compound of nanometer thickness. That is, the thin 
?lm material of the present invention is desirably manufac 
tured by performing one or more times the steps of bringing 
a metal alkoxide compound providing a metal oxide 
insoluble in Water folloWing hydrolysis into contact With a 
solid surface having groups reactive With metal alkoxide 
groups to chemically adsorb the metal alkoxide compound, 
removing the excess metal alkoxide compound by rinsing, 
and hydrolyZing the metal alkoxide compound present on 
the solid surface to form a thin ?lm of metal oxide com 
pound; then immersing the thin ?lm in a solution comprising 
metal ions and rinsing aWay the excess adsorbed metal ions. 
When the steps of forming a thin ?lm of amorphous metal 
oxide and adsorbing metal ions are repeated, the thin ?lm 
material of the present invention is obtained With a ?lm 
thickness restricted to the nanometer level. 

[0027] The thin ?lm material of the present invention can 
be manufactured by bringing an aqueous solution of silicate 
oligomer into contact With a solid having a solid charge or 
having a surface that is reactive With silicate oligomer to 
chemically adsorb the oligomer, then rinsing aWay the 
excess adsorbed silicate oligomer. Different metal ions can 
be introduced by ion exchange into the thin ?lm material of 
composite metal oxide thus obtained. Further, repeating the 
steps of adsorbing silicate oligomer and introducing metal 
ions by ion exchange can be repeated to obtain the thin ?lm 
material of the present invention With a ?lm thickness 
restricted to the nanometer level. 

[0028] The thin ?lm materials of the present invention 
includes thin ?lm materials of composite metal oxides 
comprising metal components or mixed valence metal oxide 
components manufactured by chemically reducing or reduc 
ing by a physical means such as hydrogen plasma or 
light-irradiatation treatment of the thin ?lm material 
obtained by the above-described steps; thin ?lm materials of 
composite metal oxides comprising metal chalcogenite com 
ponents manufactured by reaction With a chalcogen com 
pound; thin ?lm materials of composite metal oxides 
obtained by employing a heat treatment or oxygen plasma 
treatment to reduce the ion exchange capability of the 
exchangeable metal ions and thin ?lm materials obtained by 
repeat oxidation and reduction treatment such as hydrogen 
plasma treatment and oxygen plasma treatment. Further, the 
present invention mainly relates to solid surface thin ?lm 
materials, but nanomaterials of composite metal oxides 
containing exchangeable metal ions are not necessarily 
limited to items With thin shapes. For example, the nano 
material of the present invention can be manufactured as 
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nanoparticles in a solution from Which the nanoparticles are 
then separated by centrifugal separation or the like. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0029] FIG. 1 is a graph shoWing the change in frequency 
of a quartZ resonator based on stacking of the composite 
metal oxide thin ?lm of Embodiment 1, and the change in 
frequency of a quartZ resonator due to treatment by immer 
sion in dilute hydrochloric acid and by sodium hydroxide 
treatment. 

[0030] FIG. 2 shoWs XPS spectra before and after the 
removal of magnesium ions and folloWing the introduction 
of gadolinium ions in the composite metal oxide thin ?lm of 
Embodiment 1. 

[0031] FIG. 3 is a chart shoWing the introduction levels of 
various metal ions into the composite metal oxide thin ?lm 
of Embodiment 1. 

[0032] FIG. 4 is a chart shoWing the levels of removal and 
introduction With repeated introduction and removal of 
gadolinium ions in the composite metal oxide thin ?lm of 
Embodiment 1. 

[0033] FIG. 5 is a scanning electron microscope photo 
graph of the surface of a thin ?lm folloWing the introduction 
of barium ions into the composite metal oxide thin ?lm of 
Embodiment 1. 

[0034] FIG. 6 is a graph shoWing changes in ultraviolet 
and visible absorption spectra based on stacking of the 
composite metal oxide thin ?lm of Embodiment 2. 

[0035] FIG. 7 is a graph shoWing the change in frequency 
of a quartZ resonator based on stacking of the composite 
metal oxide thin ?lm of Embodiment 2, the removal of 
europium ions, and the introduction of lanthanum ions. 

[0036] FIG. 8 is a graph shoWing the change in frequency 
of a quartZ resonator based on stacking of thin ?lms When a 
composite metal oxide thin ?lm of lanthanum and silicate 
oligomer Was fabricated on a thin ?lm of titanium oxide in 
Embodiment 3. 

[0037] FIG. 9 is a graph shoWing the change in frequency 
of a quartZ resonator based on the stacking of thin ?lms 
When a composite metal oxide thin ?lm of lanthanum and 
silicate oligomer Was directly fabricated on the electrode 
surface of a quartZ resonator modi?ed With mercaptoethanol 
in Embodiment 3. 

[0038] FIG. 10 is a graph shoWing the change in fre 
quency of a quartZ resonator based on the stacking of the 
composite metal oxide thin ?lm of Embodiment 3. 

[0039] FIG. 11 is a transmission electron microscope 
photograph of a composite metal oxide thin ?lm containing 
nanoparticles of silver in Embodiment 4. 

[0040] FIG. 12 is a graph shoWing ultraviolet and visible 
absorption spectra before and after the formation of nano 
particles of CdS in Embodiment 5. 

[0041] FIG. 13 is a transmission electron microscope 
photograph of a composite metal oxide thin ?lm containing 
nanoparticles of palladium in Embodiment 7. 

[0042] FIG. 14 is a graph shoWing an XPS spectrum of the 
thin ?lm material of Embodiment 8. 
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[0043] FIG. 15 is a transmission electron microscope 
photograph of microparticles present in a suspension in 
Embodiment 9. 

[0044] FIG. 16 shoWs ultraviolet and visible absorption 
spectra of a composite metal oxide thin ?lm. It shoWs the 
alternate formation of composite metal oxide thin ?lms 
containing nanoparticles of silver and composite metal oxide 
thin layers containing nanoparticles of silver oxide by alter 
nately treating With hydrogen plasma and oxygen plasma in 
Embodiment 10. 

[0045] FIG. 17 shoWs a transmission electron microscope 
photograph of a composite metal oxide thin ?lm containing 
the silver nanoparticles of Embodiment 10 (left) and a 
transmission electron microscope photograph of a compos 
ite metal oxide thin ?lm containing silver oxide nanopar 
ticles (right). 

[0046] FIG. 18 shoWs charts of the particle siZe distribu 
tion of silver nanoparticles (left) and silver oxide nanopar 
ticles (right) in the composite metal oxide thin ?lm of 
Embodiment 10. 

BEST MODES OF IMPLEMENTING THE 
INVENTION 

[0047] The nanomaterial of the composite metal oxide of 
the present invention is described beloW. In the present 
speci?cation, the symbol “—” is used to indicate that the 
numeric values before and after it are included as minimum 
and maximum. 

[0048] The nanomaterial of the composite metal oxide of 
the present invention is characteriZed in that an amorphous 
metal oxide has uniformly distributed nanopores Which 
contain exchangeable metal ions. Here, the term “uniformly 
distributed nanopores” is used to mean that nanopores in the 
metal oxide serving as matrix are uniformly distributed 
throughout the entire material. That is, the nanopores 
referred to here are such that the material is of uniform 
composition When evaluated on a scale larger than the siZe 
of the nanopores. Further, the siZe of the nanopores is of 
about the same siZe as the molecules in at least one dimen 
sion or the thickness and they are not formed by removing 
some speci?c component from a microscopic phase-sepa 
rated structure. Here, the phrase “amorphous metal oxides” 
is de?ned to mean that both the arrangement of the atoms 
constituting the nanomaterial and the arrangement of the 
nanopores in the nanomaterial are irregular. This states a 
characteristic structural difference from Zeolite compounds 
and mesoporous materials having periodic holes. At least a 
portion of the “exchangeable metal ion” referred to herein is 
in contact With the metal oxide constituting the matrix. The 
exchangeable metal ions in the amorphous metal oxide 
serving as matrix are present Within the internal space of the 
above-described nanopores. The nanopores may have vari 
ous shapes such as dot, line, net, and planar shapes. HoW 
ever, as set forth above, the internal space must be of about 
the same siZe as the molecule at least in Width or in 
thickness. Further, When removing one exchangeable metal 
ion and replacing it With a different ion, the amorphous 
metal oxide serving as matrix must be able to maintain its 
shape. 

[0049] When obtaining a nanomaterial in the form of a 
thin ?lm in the present invention, the nanomaterial is desir 



US 2003/0047028 A1 

ably formed on a solid surface. The type of solid surface is 
not speci?cally limited provided that it permits the forma 
tion of a thin layer thereon. Considering that many of the 
thin ?lm materials of the present invention are desirably 
manufactured With metal alkoxide compounds, the use of a 
solid having groups reactive With metal alkoxide groups is 
desirable. Hydroxyl groups and carboxyl groups are pre 
ferred groups reactive With metal alkoxide groups. The 
material making up the solid is not speci?cally limited and 
examples of materials suitable for use include various mate 
rials such as organic, inorganic, and metal materials. Spe 
ci?c examples are glass, titanium oxide, silica gel, and other 
solids comprised of inorganic materials; solids comprising 
organic compounds such as polyacrylic resin, polyvinyl 
alcohol, cellulose, and phenol resins; and metals With sur 
faces characteriZed by ready oxidation, such as iron, alumi 
num, and silicon. 

[0050] When forming the thin ?lm material of the present 
invention on a solid having no reactive groups (for example, 
cadmium sul?de, polyaniline, or gold), it is recommended 
that hydroxyl groups or carboxyl groups be incorporated 
into the solid surface in advance. Hydroxyl groups can be 
incorporated by knoWn methods Without restriction. For 
example, hydroxyl groups can be introduced to a gold 
surface by adsorption of mercaptoethanol or the like. Fur 
ther, carboxyl groups can be introduced to substrate surfaces 
having cationic charges by extremely thin adsorption of 
anionic polymer electrolytes such as polyacrylic acid. 

[0051] The quantity of hydroxyl groups or carboxylic 
groups present on the solid surface affects the uniformity of 
the thin ?lm material of composite metal oxide that is to be 
formed. Thus, to form a good thin ?lm of composite metal 
oxide in the present invention, the groups that are reactive 
With the solid surface (particularly hydroxyl groups and 
carboxyl groups) are generally present in a quantity of from 
5.0><1013 to 5.0><1014 equivalent/cm2, preferably from 1.0x 
1014 to 2.0><1014 equivalent/cm2. 

[0052] Further, considering that the thin ?lm material of 
the present invention can also be manufactured using an 
aqueous solution of silicate oligomer, the use of a solid 
capable of adsorbing the silicate oligomer employed is 
desirable. Solid surfaces having cationic charges and the 
surfaces of metal oxides on Which hydroxyl groups are 
present may be suitably employed to that end. 

[0053] The shape and surface form of the solid are not 
speci?cally limited. That is, so long as a thin ?lm material 
of composite metal oxide can be formed by chemical 
adsorption from a solution and rinsing, there is not a 
requirement that the solid surface be smooth. Thus, the thin 
?lm material of the present invention may be formed on a 
variety of solid surfaces, such as the solid surfaces of various 
items such as textiles, beads, poWder, and thin pieces, as 
Well as on the inner Walls of tubes and ?lters, on the inner 
surfaces of porous materials, and items of even larger 
surface area. Although not a speci?c limitation, it is possible 
to form the thin ?lm material of the present invention on 
metal oxide thin ?lms formed by methods such as the 
surface sol-gel process. 

[0054] The method of forming the composite metal oxide 
thin ?lm of the present invention on these solid surfaces is 
not speci?cally limited. HoWever, examples of preferred 
methods are a method employing a combination of several 
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metal alkexides (referred to as “Method A” hereinafter), a 
method employing a combination of a metal alkoxide com 
pound and metal ions (referred to as “Method B” hereinaf 
ter), and a method employing a Water-soluble silicate oli 
gomer (referred to as “Method C” hereinafter). 

[0055] [Method A] 
[0056] In Method A, a metal alkoxide compound provid 
ing metal ions soluble in acidic aqueous solutions folloWing 
hydrolysis and a metal alkoxide compound providing a 
metal oxide insoluble in Water folloWing hydrolysis are 
desirably combined for use. 

[0057] The “metal alkoxide compound providing metal 
ions soluble in acidic aqueous solutions folloWing hydroly 
sis” that is employed in the present invention may be any 
knoWn compound having such characteristics. Examples of 
typical compounds include metal alkoxide compounds com 
prising alkaline earth metals such as magnesium ethoxide 
(Mg(OCH2CH3)2), calcium methoxyethoxide 
(Ca(OCH2CH2OCH3)2), and barium isopropoxide (Ba(O 
iPr)2); metal alkoxide compounds comprising alkali metals 
such as lithium ethoxide (LiOCH2CH3); metal alkoxide 
compounds comprising alkali metals such as potassium 
ethoxide (KOCH2CH3) and sodium ethoxide 
(NaOCH2CH3); metal alkoxide compounds comprising lan 
thanide series metals such as lanthanum methoxymethoxide 
(La(OCH2CH2OCH3)3); and metal alkoxide compounds 
comprising transition metals, such as copper ethoxide 
(Cu(OCH2CH3)2). 
[0058] The “metal alkoxide compound providing metal 
oxide insoluble in Water folloWing hydrolysis” that is 
employed in the present invention may be any knoWn 
compound having such characteristics. Examples of typical 
compounds include metal alkoxide compounds such as 
titanium butoxide (Ti(OnBu)4), Zirconium propoxide 
(Zr(OnPr)4), aluminum butoxide (Al(OnBu)3), niobium 
butoxide (Nb(OnBu)5), and tetramethoxysilane (Si(OMe)4); 
metal alkoxide compounds having tWo or more alkoxide 
groups such as methyltrimethoxysilane (MeSi(OMe)3); and 
metal alkoxide compounds comprising tWo types of metal 
ions, such as BaTi(OR)X. 

[0059] In Method Aof the present invention, in addition to 
the above-described metal alkoxide compound, an oligomer 
of metal alkoxide compound obtained by partially hydro 
lyZing and condensing the alkoxide by the addition of a 
small amount of Water may be employed. HoWever, the 
combination of metal alkoxide compounds sometimes 
results in the formation of ?ne particles exceeding the nano 
siZe range due to the addition of an excess amount of Water. 
In such cases, they cannot be employed as the metal alkox 
ide compound of the present invention. That is because the 
formation of large ?ne particles results in a thin ?lm material 
having a phase-separated structure, precluding the uniform 
dispersion of nanopores. 

[0060] One preferred method employed as Method Ais to 
chemically adsorb a metal alkoxide compound by bringing 
a mixed solution of the tWo above-described metal alkoxide 
compounds in contact With a solid surface having groups 
reactive With metal alkoxide groups. 

[0061] Any method of saturation adsorption on the solid 
surface can be employed Without limitation in the contacting 
of the mixed solution of metal alkoxide compounds. Gen 
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erally, the solid is either immersed in the mixed solution, or 
the solution is suitably coated on the solid surface by a 
method such as spin-coating. The solvent employed in this 
process is not speci?cally limited. For example, methanol, 
ethanol, toluene, propanol, or benZene may be employed 
singly or in combination. 

[0062] The concentration of the “metal alkoxide com 
pound providing metal ions soluble in acidic aqueous solu 
tions following hydrolysis” is desirably from about 1 to 100 
mM. Further, the concentration of the “metal alkoxide 
compound providing metal oxide insoluble in Water folloW 
ing hydrolysis” is desirably from about 5 to 500 mM. The 
compositional ratio of the tWo cannot be speci?ed once for 
all conditions, but the “metal alkoxide compound providing 
metal oxide insoluble in Water folloWing hydrolysis” is 
desirably employed in an excess quantity of from about 5 to 
20 times the quantity of “metal alkoxide compound provid 
ing metal ions soluble in acidic aqueous solutions folloWing 
hydrolysis”. The contact period and temperature vary With 
the activity of the metal alkoxide compound employed and 
cannot be speci?ed once for all conditions, but in general the 
selection of a contact period of from one minute to several 
hours and the selection of a temperature of from 0 to 100° 
C. are generally adequate. 

[0063] Saturated adsorption of the “metal alkoxide com 
pound providing metal oxide insoluble in Water folloWing 
hydrolysis” and the “metal alkoxide compound providing 
metal ions soluble in acidic aqueous solutions folloWing 
hydrolysis” against the hydroxyl or carboxyl groups of a 
solid surface are achieved by the above-described contact 
step. At the same time, metal alkoxide compounds are 
present due to physical adsorption. Achieving a uniform and 
homogeneous thin ?lm may require removing the excess 
adsorbed metal alkoxide compound. 

[0064] The method of removing the excess metal alkoxide 
compound may be any method of selectively removing the 
metal alkoxide compound, Without limitation. For example, 
rinsing With the above-listed organic solvents is a suitable 
method. Rinsing may be conducted by immersion rinsing in 
the organic solvent, spray rinsing, vapor rinsing, or the like. 
The temperature employed in the above-described contact 
step may be suitably employed for rinsing. 

[0065] Upon hydrolyZing, the “metal alkoxide compound 
providing metal oxide insoluble in Water folloWing hydroly 
sis” and “metal alkoxide compound providing metal ions 
soluble in acidic aqueous solutions folloWing hydrolysis” 
that have been chemically adsorbed onto the solid surface 
condense to form a thin ?lm material of composite metal 
oxides. 

[0066] This hydrolysis may be conducted by knoWn meth 
ods Without speci?c limitation. For example, the most 
common operation is to immerse in Water the solid on Which 
have been adsorbed the above-described metal alkoxide 
compounds. The Water employed is desirably ion-exchange 
Water to prevent the introduction of impurities and the like 
and to produce high-purity metal oxides. It is also possible 
to immerse the solid on Which has been adsorbed the metal 
alkoxide compound in an organic solvent containing a small 
amount of Water to conduct hydrolysis. Further, When 
employing a combination of metal alkoxide compounds that 
are highly reactive With Water, hydrolysis can be conducted 
by reaction With the Water vapor in air. 
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[0067] As needed, folloWing hydrolysis, the surface can be 
dried With a drying gas such as nitrogen gas, yielding the 
thin ?lm material of composite metal oxides of the present 
invention. 

[0068] In Method A, the thickness of the composite metal 
compound can be adjusted at the nanometer level by repeat 
ing the above series of steps one or more times. That is, 
hydrolysis generates on the surface of the thin ?lm neW 
hydroxyl groups capable of reacting With metal alkoxide 
compounds. By repeating chemical adsorption through con 
tact of the metal alkoxide compounds With the surface 
hydroxyl groups, removal of excess adsorbed alkoxides, and 
hydrolysis, it is possible to conduct nanometer level adjust 
ment of the ?lm thickness of the thin ?lm material of 
composite metal oxides. 

[0069] In Method A, the “metal alkoxide compound pro 
viding metal oxide insoluble in Water folloWing hydrolysis” 
and “metal alkoxide compound providing metal ions soluble 
in acidic aqueous solutions folloWing hydrolysis” may be 
prepared as separate solutions and the above-described 
series of steps conducted With the respective metal alkoxide 
compound solutions to produce the thin ?lm material of 
composite metal oxides. For example, after chemically 
adsorption through contact of the “metal alkoxide compound 
providing metal oxide insoluble in Water folloWing hydroly 
sis” With the solid, removing the excess adsorption material, 
and conducting the hydrolysis step, the solid surface is 
brought into contact With the “metal alkoxide compound 
providing metal ions soluble in acidic aqueous solutions 
folloWing hydrolysis” to conduct chemical adsorption, the 
excess adsorption material is removed, and hydrolysis is 
conducted to obtain the thin ?lm material of composite 
metal oxides. Although there is no speci?c limitation to the 
adsorption sequence, adsorption of the “metal alkoxide 
compound providing metal ions soluble in acidic aqueous 
solutions folloWing hydrolysis” cannot be consecutively 
conducted three or more times. This is because the consecu 
tive adsorption of the “metal alkoxide compound providing 
metal ions soluble in acidic aqueous solutions folloWing 
hydrolysis” produces a thin ?lm material having a phase 
separated structure, precluding uniform dispersion of nan 
opores. 

[0070] By means of the above-described steps, a thin ?lm 
material of composite metal oxides containing exchangeable 
metal ions in the ?ne pores of an amorphous metal oxide 
having uniformly distributed nanopores is formed on a solid 
surface. The thickness of the thin ?lm material varies With 
the type of metal alkoxide compounds employed and the 
manufacturing conditions, but in general, conducting one 
cycle of the series of steps of chemical adsorption, rinsing, 
and hydrolysis yields a good thin ?lm having a thickness of 
from 0.5 to 5 nm, and often yields a thin ?lm having a 
thickness of from 0.5 to 2.0 nm. 

[0071] Although not falling under any theory, the forma 
tion of nanopores Within the amorphous metal oxide by the 
step of Method A is attributed to the folloWing principles. 

[0072] That is, in Method A of the present invention, the 
thin ?lm material of the composite metal oxide is formed by 
hydrolysis of the adsorbed ?lm of metal alkoxide compound 
of molecular thickness. When a mixed solution of the “metal 
alkoxide compound providing metal oxide insoluble in 
Water folloWing hydrolysis” and “metal alkoxide compound 
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providing metal ions soluble in acidic aqueous solutions 
following hydrolysis” is employed as the solution of metal 
alkoxide compounds, these metal alkoxide compounds are 
uniformly adsorbed onto the solid surface. Even assuming 
that tWo types of metal alkoxide compounds adsorbed 
nonuniformly onto the solid surface and formed domains, 
the surface adsorbed metal alkoxide compounds have a ?lm 
thickness on the molecular level. When the adsorption ?lm 
of these metal alkoxide compounds is hydrolyZed, a thin ?lm 
of composite metal oxides is obtained. At that time, the 
individual alkoxide compounds are chemically adsorbed to 
the solid surface and cannot change position. Accordingly, 
the domains of the metal oxides have a thickness of molecu 
lar level. Accordingly, When the ratio of “metal alkoxide 
compound providing metal oxide insoluble in Water folloW 
ing hydrolysis” against “metal alkoxide compound provid 
ing metal ions soluble in acidic aqueous solutions folloWing 
hydrolysis” is high, the metal ions produced by the latter 
metal alkoxide compounds are enclosed in a matrix of metal 
oxide compounds originating from the “metal alkoxide 
compound providing metal oxide insoluble in Water folloW 
ing hydrolysis.” 
[0073] Similarly, in the case of thin ?lm materials of 
composite metal oxides manufactured by stacking metal 
oxide thin ?lms of the respective solutions of “a metal 
alkoxide compound providing metal oxide insoluble in 
Water folloWing hydrolysis” and “a metal alkoxide com 
pound providing metal ions soluble in acidic aqueous solu 
tions folloWing hydrolysis”, the layer of “metal alkoxide 
compound providing metal ions soluble in acidic aqueous 
solutions folloWing hydrolysis” is formed in tWo dimen 
sions, preventing the formation of micro phase-separated 
structures. 

[0074] The composite metal oxide thin ?lm formed by 
Method A in the present invention has a structure in Which 
nanosiZe regions of the metal oxides containing the “metal 
alkoxide compound providing metal ions soluble in acidic 
aqueous solutions folloWing hydrolysis” are formed in a 
matrix of “Water-insoluble metal oxides”. When such a 
composite metal oxide thin ?lm is immersed in an acidic 
aqueous solution, the metal ions that are soluble in acidic 
aqueous solutions are removed, protons compensating for 
the lost cationic charges are incorporated, and a thin ?lm 
material of metal oxides is obtained. When it is desirable to 
remove the metal ions under moderate conditions, it is 
possible to leave some level of metal ions that are soluble in 
acidic aqueous solutions in the metal oxide thin ?lm. 

[0075] The metal ions may be removed by immersion for 
several hours in an aqueous solution of from pH 2 to 6, and 
in many cases, immersion for several hours in an aqueous 
solution of from pH 3 to 4 affords adequate removal. 

[0076] After removing the metal ions that are soluble in 
the acidic aqueous solution, different metal ions can be 
introduced into the composite metal oxide manufactured by 
Method A to produce a neW composite metal oxide. 
Although not a limitation, the method of immersing a solid 
having composite metal oxides on its surface manufactured 
by Method A in an aqueous solution of metal salts is 
preferably employed. 

[0077] The type of metal ion incorporated here is not 
speci?cally limited provided that it be present in Water as 
cation. Examples of metal salt compounds With metal ions 
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dissolving in Water as cation include chromium nitrate 
(Cr(NO3)3), manganese nitrate (Mn(NO3)2), ferric nitrate 
(Fe(NO3)3), cobalt nitrate (Co(NO3)2), and other salts of 
primary transition metals; palladium nitrate (Pd(NO3)2), 
silver nitrate (AgNO3), cadmium nitrate (Cd(NO3)2), and 
other salts of secondary transition metals; lanthanum nitrate 
(La(NO3)3), gadolinium nitrate (Gd(NO3)3), and other salts 
of lanthanite metals, barium nitrate (Ba(NO3)2), calcium 
nitrate (Ca(NO3)2) and other salts of alkaline earth metals; 
and potassium nitrate (KNO3), lithium nitrate (LiNO3), and 
other salts of alkali metals. Counter anions of compounds 
providing metal cations in Water are not speci?cally limited. 
One example thereof is sodium hydroxide (NaOH). 

[0078] The duration of immersion of the solid having 
composite metal oxides on its surface manufactured by 
Method A in the aqueous solution of a metal salt is suitably 
determined Within a range of from one minute to 24 hours, 
and the immersion temperature is desirably from 0 to 100° 
C. The metal salt is desirably employed in a concentration of 
from 1 to 100 mM, preferably a concentration of about 10 
mM. 

[0079] The quantity of metal ions incorporated depends on 
the quantity of “metal ion soluble in acidic aqueous solu 
tions” in the composite metal oxide manufactured by 
Method A, as Well as on the duration of the step of 
incorporating the metal ions and the concentration of the 
metal salt. FolloWing adequate immersion, the quantity of 
metal ion incorporated becomes equivalent to the quantity of 
“metal ions soluble in acidic aqueous solution” initially 
present. HoWever, in the case of metal ions readily under 
going olation, such as iron ions, since the charge of the metal 
ions diminishes per unit quantity due to olation, a quantity 
of metal ions greater than the quantity of “metal ions soluble 
in acidic aqueous solutions” present in the composite metal 
oxides manufactured by Method A is incorporated. 

[0080] The embodiments described further beloW can be 
consulted for the details of methods of removing these 
“exchangeable metal ions” and methods of incorporating 
other metal ions. 

[0081] [Method B] 
[0082] In Method B, a thin ?lm material of composite 
metal oxides is formed by forming an amorphous metal 
oxide thin ?lm of nanometer thickness on a solid surface, 
immersing the thin ?lm in a solution containing metal ions, 
and rinsing aWay excess adsorbed metal ions. In this case, 
the surface sol-gel process is the optimum means of forming 
the amorphous metal oxide thin ?lm of nanometer thickness. 
In Method B, When manufacturing an amorphous metal 
oxide thin ?lm of nanothickness by the surface sol-gel 
process, it is desirable to employ a “metal alkoxide com 
pound providing metal oxide insoluble in Water folloWing 
hydrolysis” as described in the implementation mode of 
Method A. 

[0083] When employing the above-described metal alkox 
ide compound as the means of manufacturing an amorphous 
metal oxide thin ?lm of nanometer thickness in Method B, 
the metal alkoxide compound is chemically adsorbed by 
bringing a solution of the metal alkoxide compound into 
contact With a solid surface Which possesses groups reactive 
With metal alkoxide groups. Here, the solvent used for the 
metal alkoxide compound, contact duration, contact tem 
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perature, and concentration of the metal alkoxide compound 
may be selected Within ranges such as those described for 
the implementation mode of Method A. After conducting the 
contact step, a rinsing step and hydrolysis step such as those 
conducted in the implementation mode of Method A are 
performed. Following hydrolysis, as needed, the surface is 
dried With a drying gas such as nitrogen gas. In Method B, 
repeating the above-described series of steps permits con 
trolling the thickness of the amorphous metal oxide thin ?lm 
at the nanometer level. Further, When a “metal alkoxide 
compound providing metal oxide insoluble in Water folloW 
ing hydrolysis” is combined for use, it is possible to stack 
tWo or more layers of different amorphous metal oxides of 
nanothickness that are insoluble in Water. 

[0084] Next, the solid having an amorphous metal oxide 
thin ?lm of nanometer thickness is immersed in a solution 
containing metal ions and neW metal ions are introduced to 
obtain a thin ?lm material of composite metal oxide in 
Method B of the present invention. The type of metal ion 
introduced in Method B is desirably the type of metal ion 
described in the implementation mode of Method A. 

[0085] The duration of the period of immersion in solution 
comprising metal ions of the solid having an amorphous 
metal oxide thin ?lm of nanometer thickness in Method B 
may be selected from Within a range of from one minute to 
12 hours and immersion is desirably conducted at a tem 
perature of from 0 to 80° C. The metal ions are desirably 
employed at a concentration of from 1 to 100 mM, prefer 
ably at a concentration of about 10 mM. 

[0086] In Method B, repeating the steps of forming the 
above-described amorphous metal oxide thin ?lm of nanom 
eter thickness and introducing metal ions makes it possible 
to control the thickness of the composite metal oxide at the 
nanometer level. 

[0087] Although not falling under any theory, the incor 
poration of metal ions Within the amorphous metal oxide 
thin ?lm of nanometer thickness by the above-described 
steps is attributed to the folloWing principles. 

[0088] In the surface sol-gel process, a thin ?lm of 
molecular thickness is formed by chemical adsorption of a 
metal alkoxide compound and hydrolysis. An extremely 
?exible metal-oxygen bond netWork is formed on the sur 
face and in the immediate area of such thin ?lms, With 
numerous hydroxyl groups present. The protons of these 
hydroxyl groups can be exchanged With metal ions. Accord 
ingly, in the case of an extremely thin nano?lm, the amor 
phous metal oxide thin ?lm becomes an ion-exchangeable 
thin ?lm. As is indicated in the embodiments, the steps of 
forming an amorphous metal oxide thin ?lm of nanothick 
ness and of introducing metal ions can be repeated to groW 
a thin ?lm in Which metal ions are incorporated into an 
amorphous metal oxide thin ?lm of nano thickness, yielding 
an overall uniform composite metal oxide thin ?lm. 

[0089] The metal ions introduced through ion exchange of 
the protons of the hydroxyl groups in the amorphous metal 
oxide thin ?lm can be removed by immersion in an acidic 
aqueous solution. When the thin ?lm is immersed in a 
solution containing different metal ions, the other metal ions 
can be introduced. The embodiments described further 
beloW may be consulted for details regarding the method of 
removing metal ions and the method of introducing different 
metal ions. 
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[0090] [Method c] 
[0091] In Method C, a solid surface having positive 
charges or groups reactive With silicate oligomer is brought 
into contact With an aqueous solution of silicate oligomer to 
chemically adsorb the oligomer, after Which the excess 
oligomer is removed by rinsing to manufacture a thin ?lm 
material of composite metal oxide. As set forth above, the 
surface of a metal oxide having hydroxyl groups manufac 
tured by the surface sol-gel process is preferably employed 
as the solid surface having groups reactive With the silicate 
oligomer. 

[0092] An aqueous solution of sodium silicate (Na2SiO3) 
is preferably employed as the aqueous solution of silicate 
oligomer. Sodium silicate has an anionic oligomer structure 
in Which orthosilicate is partially condensed, and has sodium 
ions as counter ions. Further, in addition to sodium silicate, 
other metal ions such as potassium silicate and lithium 
silicate can be employed in the aqueous solution of silicate 
oligomer. 

[0093] Further, in Method C of the present invention, in 
addition to the above-described aqueous solution of silicate 
oligomer, small quantities of acid may be added to the 
aqueous solution of silicate oligomer, and a solution in 
Which silicate oligomer condensed may also be employed. 

[0094] The method of saturation adsorption of silicate 
oligomer on the solid surface by the contacting of the 
aqueous solution is not speci?cally limited. The concentra 
tion of the silicate oligomer in the above-described solution 
is desirably about from 1 to 100 mM based on silicon. The 
contact period may generally be selected from about one 
minute to one hour, and the contact temperature from 0 to 
50° C. 

[0095] The above-described contact step causes a satura 
tion adsorption of silicate oligomer against the positive 
charges or hydroxyl groups of the solid surface, With silicate 
oligomer being simultaneously present through physical 
adsorption. Obtaining a uniform and homogeneous thin ?lm 
sometimes requires the removal of the excess adsorbed 
silicate oligomer. The method of rinsing With ion-exchange 
Water is a preferred method of removing excess silicate 
oligomer. Further, the temperature employed in the above 
described contact step is desirably employed as the rinsing 
temperature. As required, folloWing rinsing, the surface may 
be dried With a drying gas such as nitrogen gas. Thus, a thin 
?lm material of composite metal oxide can be obtained by 
Method C of the present invention. 

[0096] By the above-described steps, a thin ?lm material 
of composite metal oxides containing exchangeable metal 
ions in the uniformly dispersed nanopores of amorphous 
silicate is formed on a solid surface. The thickness of the thin 
?lm material varies With the concentration of the silicate 
oligomer employed, and quantity of acid added, but a good 
thin ?lm With a ?lm thickness of from 0.5 to 2 nm can 
generally be obtained. 

[0097] Although not falling under any theory, the forma 
tion of nanopores in the amorphous silicate by the steps of 
Method C is attributed to the folloWing principles. 

[0098] The thin ?lm material of composite metal oxides 
obtained by Method C of the present invention is formed 
from an adsorled ?lm of silicate oligomer With molecular 
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thickness. Originally, silicate oligomer having anionic 
charges possesses metal ions (such as sodium ions) as 
counter anions. FolloWing the step of rinsing With ion 
exchange Water, the silicate oligomer is partially protonated 
and condensed, thereby forming a tWo-dimensional silicate 
netWork structure on the solid surface With metal ions being 
uniformly dispersed Within the netWork. The reason the 
metal ions and silicate do not form a microscopic phase 
separation structure is that the state in Which the metal ions 
are uniformly and molecularly distributed is electrostatically 
stable. As is indicated in the embodiments, a large quantity 
of exchangeable metal ions is present in the thin ?lm of 
silicate having a netWork structure. These metal ions can be 
removed by immersion in an acidic aqueous solution such as 
described above in the implementation mode of Method A. 

[0099] When a solid having on its surface a thin ?lm of 
composite metal oxide manufactured according to Method C 
is immersed in an aqueous solution of different metal ions, 
it is possible to incorporate the different metal ions into the 
thin ?lm. The types of metal ions that can be incorporated 
here are identical to those in Method A. The immersion 
period here may be selected Within a range of from 1 to 10 
minutes and the immersion temperature is desirably from 0 
to 50° C. An aqueous solution With a concentration of metal 
ions from 1 to 100 mM is desirably employed to introduce 
the metal ions. 

[0100] As indicated in the embodiments, When metal ions 
of bivalent or large positive charge such as lanthanum ions 
(La3+) are incorporated into the thin ?lm material of com 
posite metal oxide manufactured by Method C, the charge in 
the surface layer of the thin ?lm reverses and the composite 
metal oxide obtained becomes positively charged. The step 
of manufacturing a thin ?lm material of composite metal 
oxide by Method C on such a positively charged surface can 
be repeatedly conducted. That is, positive charges are gen 
erated on the surface of the thin ?lm of composite metal 
oxides due to adsoption of divalent or more positively 
charged metal ions enough to adsorb silicate oligomers 
having anionic charges. By repeating the step of manufac 
turing a thin ?lm by Method C, it is possible to adjust at the 
nanometer level the ?lm thickness of the thin ?lm material 
of composite metal oxides. 

[0101] The nanomaterial of the present invention can be 
manufactured as a thin ?lm on a solid substrate by Methods 
A through C above. HoWever, the nanomaterial of the 
present invention does not necessarily assume the form of a 
thin ?lm, and may assume a variety of forms, such as 
granular, linear, and lattice-like forms. For example, When 
the portion having groups reactive With metal alkoxide 
compounds is present as a dot form in a limited region of a 
solid surface, a dot-shaped nanomaterial can be manufac 
tured by the present invention. The surfaces of nanoparticles 
can be employed to manufacture granular nanomaterials. 
That is, in the present invention, the facts that uniformly 
dispersed nanopores are present in amorphous metal oxides, 
that it is possible to access metal ions in the pores, and that 
the siZe of the material is Within the nanometer range are 
important; the shape thereof is not limited. 

[0102] When at least some of the metal atoms of the 
nanomaterial manufactured by Methods A through C are 
reduced, a nanomaterial of composite metal oxides com 
prising a metal component or mixed valance metal oxide 
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component is obtained. Here, the reduction is achieved by to 
knoWn methods Without limitation. For example, When a 
nanomaterial containing exchangeable silver ions is mixed 
With aqueous hydraZine, a nanomaterial containing silver 
nanoparticles is obtainable. The surface of nanomaterials 
can be reduced by the hydrogen plasma or light irradiation 
method. 

[0103] [Method D] 
[0104] In general, the nanomaterial of the present inven 
tion permits the manufacturing of nanoparticles in solution. 
The method of forming nanogranular composite metal 
oxides in the present invention is not speci?cally limited. 
One example of a preferred method is a method employing 
multiple metal alkoxide solutions (referred to as “Method 
D” hereinafter). 
[0105] In Method D, it is desirable to combine the metal 
alkoxide compound providing metal ions soluble in acidic 
aqueous solutions With the metal alkoxide compound pro 
viding metal oxide insoluble in Water folloWing hydrolysis 
as described in Method A. 

[0106] One preferred form of Method D is to dissolve the 
above-described alkoxides in an organic solvent and add a 
small quantity of Water to conduct partial hydrolysis. The 
organic solvent is not speci?cally limited; methanol, etha 
nol, propanol, benZene and the like may be employed singly 
or in combination. The concentration of the “metal alkoxide 
compound providing metal ions soluble in acidic aqueous 
solutions folloWing hydrolysis” in the above-described solu 
tion is desirably about from 1 to 100 mM. Further, the 
concentration of the “metal alkoxide compound providing 
metal oxide insoluble in Water folloWing hydrolysis” is 
desirably about from 5 to 500 mM. Although the composi 
tional ratio of the tWo is not comprehensively limited, the 
“metal alkoxide compound providing metal oxide insoluble 
in Water folloWing hydrolysis” is desirably employed in an 
excess quantity of from 5 to 20 times the quantity of “metal 
alkoxide compound providing metal ions soluble in acidic 
aqueous solutions folloWing hydrolysis”. Further, the quan 
tity of Water added to hydrolyZe these metal alkoxide 
compounds is desirably a quantity that partially hydrolyZes 
the metal alkoxides. 

[0107] The “partial hydrolysis” referred to here refers to 
the conducting of hydrolysis With a quantity of Water smaller 
than the quantity that is stoichiometrically required to hydro 
lyZe the metal alkoxide compounds into metal oxides. For 
example, titanium butoxide (Ti(OnBu)4) is reacted With a 
double molar quantity of Water to produce titanium oxide 
and ethanol. When titanium butoxide (Ti(OnBu)4) is reacted 
With a quantity of Water less than a double molar quantity, 
the titanium butoxide (Ti(OnBu)4) does not completely 
hydrolyZe, but only partially hydrolyZes. Although an over 
all limitation cannot be given, the quantity of Water added in 
Method D is desirably slightly in excess of the quantity 
required for stoichiometric hydrolysis of the metal alkox 
ides. 

[0108] The reaction temperature and duration of the 
above-described solution varies With the activity of the 
metal alkoxide compounds employed and cannot be limited 
comprehensively for all conditions. HoWever, the tempera 
ture can generally be determined Within a range of from one 
minute to several hours and the temperature Within a range 
of from 0 to 100° C. 






















