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DESCRIPTION

METHOD FOR PRODUCING INORGANIC OXIDE IN FORM OF TNIFILM

TECHNICAL FIELD
[0001]
The present invention relates to a method for pecody an inorganic oxide in the

form of a thin film.

BACKGROUND ART
[0002]

Thin films of inorganic oxides, such as titaniumid®, silica, and alumina, have
been widely used as, for example, materials oftpaink, and coating materials, ultraviolet
ray protective agents, and pearl pigments. As austhor producing such thin films, for
example, a sol-gel process, CVD, sputtering, asdrlablation are generally known. Most
of these methods are a method of forming a thm fin a substrate. For example, Patent
Document 1 discloses a method in which a thin férfaminated by sputtering on a substrate
to which a release agent is applied, and the tmi§ peeled off from the substrate by using
a solvent allowing the release agent to be disdotherein. In contrast, as a method for
producing a thin film without using a substrateteldé Document 2 discloses a method in
which a chemically-modified metal alkoxide is hylywed and polymerized, and the resultant
is dissolved in a solvent to prepare a solutiorg #re solution is added dropwise from a
nozzle onto the surface of water flowing in a tankl developed, whereby a gel in the form of

a thin film is formed, and subsequently the gelabected, dried, and baked.
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CITATION LIST
[0003]
PATENT DOCUMENT
PATENT DOCUMENT 1: Japanese Unexamined Patenti€atlin No. 2008-
202076

PATENT DOCUMENT 2: Japanese Patent No. 4464171

SUMMARY OF THE INVENTION
[0004]

The present invention provides a method for prodpuan inorganic oxide in the
form of a thin film, the method comprising a stdgponging a first liquid and a second liquid
into contact with each other, the first liquid h&yian inorganic oxide precursor dissolved
therein, the second liquid phase-separating from fitst liquid and having a substance
dissolved therein, the substance reacting withrtbeganic oxide precursor of the first liquid
to form an inorganic oxide derived from the inorngaoxide precursor, wherein the segment
size of the first liquid at the time of contactWween the first and second liquids is 508 or

smaller.

BRIEF DESCRIPTION OF THE DRAWINGS
[0005]

[FIG. 1] FIG. 1 is a diagram illustrating a firspecific manner in which, in a
mode of allowing at least one of the first liquiddathe second liquid to flow and supplying
and allowing the flowing one to have contact witie tother, the one is supplied with the
other.

[FIG. 2] FIG. 2 is a diagram illustrating a sedaspecific manner in which, in a
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mode of allowing least one of the first liquid athé second liquid to flow and supplying and
allowing the flowing one to have contact with thber, the one is supplied with the other.

[FIG. 3A] FIG. 3Ais a diagram illustrating a ttispecific manner in which, in a
mode of allowing at least one of the first liquiddathe second liquid to flow and supplying
and allowing the flowing one to have contact witie tother, the one is supplied with the
other.

[FIG. 3B] FIG. 3B is an enlarged cross-sectionalv of surface layers of one and
the other of the first and second liquids in thedmof contact illustrated in FIG. 3A.

[FIG. 4A] FIG. 4Ais a diagram illustrating a fidlr specific manner in which, in a
mode of allowing at least one of the first liquiddathe second liquid to flow and supplying
and allowing the flowing one to have contact witie tother, the one is supplied with the
other.

[FIG. 4B] FIG. 4B is an enlarged cross-sectiornaiv of one and the other of the
first and second liquids in the mode of contacisilfated in FIG. 4A.

[FIG. 5A] FIG. 5A is a diagram illustrating aftfif specific manner in which, in a
mode of allowing at least one of the first liquiddathe second liquid to flow and supplying
and allowing the flowing one to have contact witie tother, the one is supplied with the
other.

[FIG. 5B] FIG. 5B is an enlarged cross-sectionalv of one and the other of the
first and second liquids in the mode of contacisiitated in FIG. 5A.

[FIG. 6A] FIG. 6A is a diagram illustrating a spigc manner in which, in a mode
of supplying and allowing one of the first liquithdathe second liquid to be transported to
have contact with the other, the one is suppligat e other.

[FIG. 6B] FIG. 6B is an enlarged cross-sectiornaiv of one and the other of the

first and second liquids in the mode of contacisilfated in FIG. 6A.
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[FIG. 7A] FIG. 7Ais a plan view of a part of albsurface of a conveyor belt in a
modification.

[FIG. 7B] FIG. 7B is a cross-sectional view taksdang a line VIIB-VIIB in FIG.
TA.

[FIG. 8A] FIG. 8A is a diagram illustrating a spigc manner in which, in a mode
of supplying and allowing one, staying still, oktfirst liquid and the second liquid to have
contact with the other while allowing the othemtove, the one is supplied with the other.

[FIG. 8B] FIG. 8B is an enlarged cross-sectionalv of surface layers of one and
the other of the first and second liquids in thedmof contact illustrated in FIG. 8A.

[FIG. 9A] FIG. 9A is a cross-sectional view iltusting a first liquid-laminated
structure.

[FIG. 9B] FIG. 9B is a cross-sectional view illtaging a second liquid-laminated
structure.

[FIG. 9C] FIG. 9C is a cross-sectional view ithaging a third liquid-laminated
structure.

[FIG. 10] FIG. 10 is a diagram illustrating a figoration of a system for
producing an inorganic oxide gel in the form ohenftfilm.

[FIG. 11A] FIG. 11Ais a perspective view of abstrate-laminated micromixer.

[FIG. 11B] FIG. 11B is an exploded perspectivewiof the substrate-laminated
micromixer.

[FIG. 11C] FIG. 11C is a cross-sectional viewetalalong a line XIC-XIC in FIG.
11A.

[FIG. 11D] FIG. 11D is a cross-sectional view @akalong a line XID-XID in
FIG. 11A.

[FIG. 11E] FIG. 11E is an enlarged longitudinedss-sectional view of a portion
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including a first slit and a second slit.

[FIG. 12A] FIG. 12A is a longitudinal cross-sextal view of a principal portion
of a double pipe microreactor.

[FIG. 12B] FIG. 12B is a cross-sectional viewedakalong a line XIIB-XIIB in

FIG. 12A.

DESCRIPTION OF EMBODIMENTS
[0006]

Hereinafter, an embodiment will be described itaile
[0007]

A method for producing an inorganic oxide in tloenfi of a thin film according to
the embodiment includes an inorganic-oxide-fornrastep at which an inorganic oxide gel
in the form of a thin film is formed by a step afriging a first liquid and a second liquid into
contact with each other, the first liquid havingiaorganic oxide precursor dissolved therein,
the second liquid phase-separating from the ficgtid and having a substance dissolved
therein, the substance (hereinafter, referred taarmsinorganic-oxide-forming substance)
reacting with the inorganic oxide precursor of tinst liquid to form an inorganic oxide gel
derived from the inorganic oxide precursor. At therganic-oxide-formation step, a slurry
containing the inorganic oxide gel in the form bftthin film as a reaction product is
obtained. The segment size @ the first liquid at the time of contact betwebe first and
second liquids is 500m or smaller.

[0008]

A problem with the method for producing a thinnfilthat Patent Document 1

discloses is that, since the thin film needs t@pé&eled from a substrate, production efficiency

is considerably low. A problem with the method foroducing a thin film that Patent
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Document 2 discloses is that, although a subsigatet required, since a solution prepared by
dissolving a substance obtained by polymerizingesairalkoxide is added dropwise onto the
surface of water in a tank and developed, prodnctiticiency is considerably low.
[0009]

In contrast, in the method for producing the ir@onig oxide in the form of the thin
film according to the embodiment, at the time aftaat between the first and second liquids,
a gel of the inorganic oxide derived from the iraorig oxide precursor is formed at a contact
interface between the first and second liquids, atrtthis time, the segment size® the first
liquid is 500um or smaller, and accordingly, the inorganic oxige in the form of the thin
film as a reaction product is continuously and Istdbrmed with high selectivity, and thus,
the inorganic oxide in the form of the thin filmrcde produced with high production
efficiency. This is presumably because, in a nscopic-field in which the segment size S
of the first liquid serving as a source of the gaic oxide is 50Qum or smaller, at the
contact interface between the first and seconddgja reaction rate at which the inorganic
oxide precursor reacts with the inorganic-oxide¥filg substance to form a gel of the
inorganic oxide is suitable for two-dimensional\gtb of the gel. Furthermore, the method
for producing the inorganic oxide in the form oétthin film according to the embodiment
enables the production of an inorganic oxide in them of a thin film with excellent
uniformity in the thicknesses of thin films.

[0010]

The term "segment size at the time of contact éetwthe first and second liquids"
used in the present application refers to the minmniinear diameter, passing through the
center of gravity of a cross-section of the firquid or the second liquid, of the cross-section
perpendicular to the flow direction of the firstscond liquid, in a state in which a gel in the

form of a thin film is allowed to be formed by tlw®ntact between the first and second
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liquids. In other words, although an infinite nuentof straight lines passes through the
center of gravity of a cross-section of the filquld or the second liquid, the term "segment
size" used in the present application refers taniiremum linear diameter among the infinite
number of the linear diameters. The term "phapatsge” used in the present application
refers to a state in which, when the first and sddmuids are brought into contact with each
other, liquid-liquid phase separation is visualhserved, and also the term includes a case in
which the first and second liquids are compatibith \wach other to some extent.

[0011]

The first liquid is a solution having the inorgamixide precursor dissolved therein,
and phase-separates from the second liquid.
[0012]

Examples of the inorganic oxide precursor incliderganic substances each
having a hydrolyzable functional group from which gorganic oxide, such as titanium
oxide, zirconium oxide, yttrium oxide, silica, olumina, is derived by sol-gel transition
accompanied by a hydrolysis reaction and a polyeosdtion reaction. Examples of the
inorganic oxide precursor include alkoxides, haidsalts and coordination compounds
(complexes) each having a hydrolyzable functiomalug, such as a carboxyl group [Br
diketone, and amines of the above-mentioned inacgarides. As the inorganic oxide
precursor, one or two or more of the above-mentidnerganic oxide precursors are suitably
used. From the viewpoint of producing the inorgamiide in the form of the thin film with
high production efficiency, the inorganic oxide quesor is more suitably an alkoxide, still
more suitably a metal alkoxide, still further mergtably a titanium alkoxide and a zirconium
alkoxide each having high reactivity, still furtherore suitably a titanium alkoxide and a
zirconium alkoxide each having an alkyl group hgvito 4, inclusive, carbon atoms.

[0013]
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Examples of the titanium alkoxide include tetrgétbrthotitanate, tetraisopropyl
orthotitanate, and tetra-n-butyl orthotitanate ¢neafter, referred to as "Ti(OB4l).
Examples of the zirconium alkoxide include tetrgétlorthozirconate, tetraisopropyl
orthozirconate, and tetra-n-butyl orthozirconateréimafter, referred to as "Zr(OBL)

[0014]

From the viewpoint of producing the inorganic axith the form of the thin film
with high production efficiency, the inorganic ogighrecursor content of the first liquid is
suitably 1% by mass or more, more suitably 5% bgsma more, still more suitably 8% by
mass or more, and from the viewpoint of forming tha film with high selectivity and
thereby producing the inorganic oxide in the forintlee thin film with high production
efficiency, suitably 80% by mass or less, moreadyt 70% by mass or less, still more
suitably 60% by mass or less, still further moréadly 50% by mass or less, still further
more suitably 40% by mass or less. The inorgarideoprecursor content ©f the first
liquid is suitably 1% by mass or more and 80% bygsnar less, more suitably 5% by mass or
more and 70% by mass or less, still more suitabtyl mass or more and 60% by mass or
less, still further more suitably 8% by mass or enand 50% by mass or less, still further
more suitably 8% by mass or more and 40% by makssr
[0015]

Examples of a solvent of the first liquid incluselvents capable of dissolving the
inorganic oxide precursor, for example, hydrocarlsmivents such as toluene, hexane,
heptane, and benzene, and chloroform. As the sbbfethe first liquid, one or two or more
of the above-mentioned solvents are suitably usédom the viewpoint of producing the
inorganic oxide in the form of the thin film withgh production efficiency, the solvent of the
first liquid is more suitably toluene, hexane, eptane.

[0016]
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The first liquid may contain other additives withidosing the effect of producing
the inorganic oxide in the form of the thin filmtvihigh production efficiency. From the
viewpoint of hydrolysis rate control, the firstigi may contain, for example, an acid, a base,
or a chelating agent. Examples of the acid includeganic acids, such as nitric acid,
sulfuric acid, and hydrochloric acid; and orgargaa, such as acetic acid, oxalic acid, formic
acid, glycolic acid, gluconic acid, lactic acidstéaic acid, citric acid, malic acid, and succinic
acid. Examples of the base include an ammoniaisnluand triethanolamine. Examples
of the chelating agent include acetylacetone, nietbgtoacetate, ethyl acetoacetate, n-propyl
acetoacetate, and isopropyl acetoacetate. Theli§itsd may contain an inorganic-oxide-
forming substance, such as water, without losimgetffiect of producing the inorganic oxide
in the form of the thin film with high productiorifieiency.

[0017]

The second liquid is a solution having inorgamde-forming substance dissolved
therein, and phase-separates from the first liquid.
[0018]

In the case where the inorganic oxide precursanignorganic substance having a
hydrolyzable functional group from which an inorgaoxide, such as a metal alkoxide, is
derived, typical examples of the inorganic-oxidesiong substance include water. Only one
inorganic-oxide-forming substance may be used,war 6r more inorganic-oxide-forming
substances may be used.

[0019]

From the viewpoint of producing the inorganic axith the form of the thin film
with high production efficiency, the inorganic-ogidorming substance content of the
second liquid is suitably 0.1% by mass or more,amsuitably 0.5% by mass or more, still

more suitably 0.8% by mass or more, still furthesrensuitably 1% by mass or more, still
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further more suitably 5% by mass or more, and, ftheviewpoint of forming a thin film
with high selectivity and thereby producing thergmic oxide in the form of the thin film
with high production efficiency, suitably 70% by ssaor less, more suitably 30% by mass or
less, still more suitably 20% by mass or less| fstither more suitably 15% by mass or less,
still further more suitably 12% by mass or lesshisTinorganic-oxide-forming substance
content ¢ of the second liquid is suitably 0.1% by mass @renand 70% by mass or less,
more suitably 0.5% by mass or more and 30% by roassss, still more suitably 0.8% by
mass or more and 20% by mass or less, still funth@re suitably 1% by mass or more and
15% by mass or less, still further more suitably B#tmass or more and 12% by mass or less.
[0020]

The inorganic oxide precursor contentaf the first liquid may be equal to the
inorganic-oxide-forming substance conteptof the second liquid, may be higher than the
inorganic-oxide-forming substance contenbt the second liquid, or may be lower than the
inorganic-oxide-forming substance contenbtthe second liquid.

[0021]

Examples of a solvent of the second liquid incladhat are called ionic liquids, and
organic solvents, such as acetonitrile and dimeshifoxide. As the solvent of the second
liquid, one or two or more of the above-mentionelvents are suitably used, and ionic
liquids are more suitably used. The term "ionjuid" used in the present application refers
to a salt in the form of a liquid at a temperatofe100 °C or lower under atmospheric
pressures.

[0022]

Examples of cations of the ionic liquid include raonium cations and

phosphonium cations.

[0023]
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Examples of the ammonium cations include 1-alkgld/limidazolium cations of
the following Formula (1). Note that'Rnd R are suitably not identical to each other.
[0024]

[Formula 1-1]

[®) 0

(where R is an alkyl group having 12 or less carbon atamns, functional group in
which one or two or more oxygen atoms are introduoetween carbon atomic bonds of an
alkyl group so as to form an ether linkage anddt& of the number of the carbon atoms and
the number of the oxygen atoms is 12 or less; ahdsRan alkyl group having 1 to 4,

10 inclusive, carbon atoms, or a hydrogen atom.)
[0025]

The 1-alkyl-3-alkylimidazolium cations of the almentioned Formula (1) are
suitably 1-alkyl-3-methylimidazolium cations, masaitably 1-methyl-3-methylimidazolium
cations, 1l-ethyl-3-methylimidazolium cations (hesdter, referred to as "Emim"), 1-propyl-

15 3-methylimidazolium cations, and 1-butyl-3-methyiliflmzolium cations (hereinafter, referred
to as "Bmim").
[0026]

Examples of the ammonium cations include N-alkgiiyum cations of the

following Formula (2).
20 [0027]

[Formula 2-1]
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(where R is an alkyl group having 12 or less carbtoms, or a functional group in
which one or two or more oxygen atoms are introduoetween carbon atomic bonds of an
alkyl group so as to form an ether linkage, andttitel of the number of the carbon atoms
and the number of the oxygen atoms is 12 or less.)

[0028]

The N-alkylpyridium cations of the above-mentiorieormula (2) are suitably 1-
methylpyridium cations, 1-ethylpyridium cations, pfiepylpyridium cations, and 1-
butylpyridium cations.

[0029]

Examples of the ammonium cations include catidrtefollowing Formula (3).
[0030]

[INRxHax]" 3)

(where R is an alkyl group having 12 or less caratoms, or a functional group in
which one or two or more oxygen atoms are introduoetween carbon atomic bonds of an
alkyl group so as to form an ether linkage, andttitel of the number of the carbon atoms
and the number of the oxygen atoms is 12 or legbXais an integer of 0 to 4 inclusive.)
[0031]

The ammonium cations of the above-mentioned Fan@) are suitably N,N,N-
triethyl-N-propylammonium cations, tetramethylamrnuon cations, tetraethylammonium
cations, and ethyldimethylpropylammonium cations.

[0032]
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Examples of the phosphonium cations include catadrthe following Formula (4).
[0033]

[PRqHax]" 4)

(where R is an alkyl group having 12 or less carbtoms, or a functional group in
which one or two or more oxygen atoms are introdusetween carbon atomic bonds of an
alkyl group so as to form an ether linkage, andttitel of the number of the carbon atoms
and the number of the oxygen atoms is 12 or lexbXais an integer of 0 to 4 inclusive).
[0034]

The phosphonium cations of the above-mentionedmEiar (4) are suitably
tetramethylphosphonium cations, tetraethylphospimani cations, and
tributylmethylphosphonium cations.

[0035]

Examples of anions of the ionic liquid include (biluoromethylsulfonyl)amide
anions ([(CESQO,)2N]") (hereinafter, also referred to as "NTf2"), etisdifate anions
([C2Hs0SGy) ) (hereinafter, also referred to as "ES"), bis(fhsulfonyl)amide anions
([(FSO,).N] ), dicyanamide anions ([(CBN]), tetrafluoroborate anions (B,
hexafluorophosphate anions Pk halide anions (CJ Br', I"), and trifluoromethanesulfonate
anions ([CESG;] ).

[0036]

As the ionic liquid serving as the solvent of seeond liquid, one or two or more of
combinations of these cations and anions are $yiitesed.
[0037]

The second liquid may contain other additives wouth losing the effect of
producing the inorganic oxide in the form of thenthlm with high production efficiency.

[0038]
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In the mode of contact between the first and sediguids, the first liquid having a
segment size;Sf 500um or smaller is brought into contact with the setbquid. At this
time, a fixed amount of the first liquid is broughtcontact with the second liquid, and thus
the inorganic-oxide-formation step may be perfornbgdbatch operation. However, from
the viewpoint of achieving high production efficasn it is suitable that only one or both of
the first and second liquids are moved, and thegemic-oxide-formation step is performed
by continuous operation. The term "continuous apen" used in the present application
refers to an operation in which, at the inorganicde-formation step performed by a step of
bringing the first liquid and the second liquiddardontact with each other, the first liquid and
the second liquid are continuously or intermittgritfought into continual contact with each
other while the inorganic oxide in the form of thén film as a reaction product is continually
collected.

[0039]

The mode of contact between the first and secimpudds in which the inorganic-
oxide-formation step is performed by continuousrapen includes a mode of supplying
moving one with the other to bring them into contadth each other, and a mode of
supplying staying-still one with the other to britfgem into contact with each other while
moving the other. The mode of supplying moving evith the other to bring them into
contact with each other includes a mode of supglyine flowing by an external force with
the other to bring them into contact with each ptred a mode of supplying one transported
without an external force with the other to bringem into contact with each other.
Furthermore, the mode of supplying flowing one wiitle other to bring them into contact
with each other includes a mode of allowing bothhef first and second liquids to flow, that
is, a mode of allowing the first and second liquiddlow separately and then join together,

and a mode of allowing only one of the first andos®l liquids to flow.
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[0040]

Examples of the mode of allowing both of the faisid second liquids to flow and
supplying flowing one with the other to bring theuiids into contact with each other include
a mode of causing one of the first and seconddgjto be joined by the other from behind at
an angle with respect to the flow direction of thee to bring the liquids into contact with
each other, and then, allowing the liquids to flomthe flow direction of the one; a mode of
allowing both of the first and second liquids t@vil in the same direction, and while
maintaining the flow direction, causing the firstdasecond liquids to join together to bring
the liquids into contact with each other; a modeanising one of the first and second liquids
to be joined by the other from the front at an anglth respect to the flow direction of the
one to bring the liquids into contact with eachestland then, allowing the liquids to flow in
the flow direction of the one; a mode of causing af the first and second liquids to be
joined by the other from a direction perpendicutathe flow direction of the one to bring the
liquids into contact with each other, and thenpwihg the liquids to flow in the flow
direction of the one; and a mode of causing thet find second liquids to face and join
together to bring the liquids into contact with leather, and then allowing the liquids to flow
in a direction (for example, an orthogonal direg}idifferent from the flow direction of the
first and second liquids. Alternatively, there nimyadopted a mode of allowing both of the
first and second liquids to flow and bringing thestf and second liquids into contact with
each other so as to cover one of the first andrgktiquids with the other, thus allowing the
whole circumference of the one along a directiorppadicular to the flow direction of the
one to have contact with the other.

[0041]
From the viewpoint of forming a thin film with Higselectivity and thereby

obtaining an inorganic oxide in the form of a tfiim with high production efficiency, the
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mode of allowing both of the first and second laguto flow and supplying flowing one with
the other to bring the liquids into contact witfcleather is suitably a mode of allowing one
of the first and second liquids to have contachwite other from behind at an angle with
respect to the flow direction of the one, and tldowing the liquids to flow in the flow
direction of the other; or a mode of allowing boftthe first and second liquids to flow in the
same direction, and bringing the first and secaqadids into contact with each other while
maintaining the flow direction. In the former modeom the viewpoint of forming a thin
film with high selectivity and thereby obtaining srrganic oxide in the form of the thin film
with high production efficiency, the mode is sultabimilar to a mode of allowing the first
and second liquids to flow in parallel and comeoinbntact with each other. Hence, an
angled which the flow direction of one liquid forms withe flow direction of the other liquid
is suitably 90 or less, more suitably 8@r less, still more suitably 4%r less.
[0042]

Examples of the mode of allowing only one of thietfand second liquids to flow
and supplying the flowing one with the other tanlgrthe liquids into contact with each other
include a mode of supplying one of the first andosel liquids with the other from behind at
an angle with respect to the flow direction of tiree to bring the liquids into contact with
each other, and then allowing the liquids to flowthe flow direction of the one; a mode of
supplying one of the first and second liquids while other from the front at an angle with
respect to the flow direction of the one to brihg tiquids into contact with each other, and
then allowing the liquids to flow in the flow dirgon of the one; and a mode of supplying one
of the first and second liquids with the other fr@ndirection perpendicular to the flow
direction of the one to bring the liquids into cacit with each other, and subsequently
allowing the liquids to flow in the flow directioof the one. Alternatively, there may be

adopted a mode of allowing only one of the firstl @econd liquids to flow and bringing the
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first and second liquids into contact with eacheotio as to cover the flowing one with the
other, thus allowing the whole circumference of tdme in a direction perpendicular to the
flow direction of the one to have contact with diker.
[0043]

In the mode of allowing at least one of the fiasid second liquids to flow and
supplying the flowing one with the other to brirfietliquids into contact with each other,
examples of a first specific manner of supplying time with the other include a manner of,
as illustrated in FIG. 1, allowing one A of thestiand second liquids and the other B to flow
out from the openings of slits of a passage 1H@aireactor 10 and join together. Here, the
segment size Sof one A and the segment sizg & the other B in a state in which a gel in
the form of a thin film can be formed by the conthetween the first and second liquids are
respectively equivalent to the widths of the opgaimto the confluence portion in directions
perpendicular to the respective flow directionstl®e passage 11. In this manner, the
duration of contact between the first and secamquidis can be controlled by the flow rates of
the first and second liquids. Furthermore, onbaih of the first and second liquids may be
composed of a plurality of liquids. Note that arorganic oxide to be produced can be
collected at a point downstream from the conflugmaion of the first and second liquids.
[0044]

Examples of a second specific manner of supplying of the first and second
liquids with the other include a manner of, assiliated in FIG. 2, allowing one A of the first
and second liquids to flow between an inner pipea@d an outer pipe 22 of a double pipe
reactor 20 while allowing the other B to flow thgbuthe inner pipe 21, and causing the
liquids to join together so as to cover the othewith the one A. Here, the segment size S
of the one A in a state in which a gel in the farfra thin film can be formed by the contact

between the first and second liquids is equivalenthe diameter of opening into the
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confluence portion in a direction perpendiculathe flow direction of the one A, that is, half
of the difference between the inner diameter ofdiier pipe 22 and the outer diameter of the
inner pipe 21. The segment size @ the other B is equivalent to the diameter ofripg
into the confluence portion in a direction perpenthr to the flow direction of the other B,
that is, the inner diameter of the inner pipe Anfrwhich the other B flows out. In this
case, it is suitable that the second liquid isvedid to flow between the inner pipe 21 and the
outer pipe 22, while the first liquid is allowed tiow through the inner pipe 21. In this
manner, the duration of contact between the finst second liquids can be controlled by the
flow rates of the first and second liquids. Furthere, one or both of the first and second
liquids may be composed of a plurality of liguiddNote that an inorganic oxide to be
produced can be collected at a point downstream free confluence portion of the first and
second liquids.
[0045]

Examples of a third specific manner of supplyimg of the first and second liquids
with the other include a manner of, as illustrateé&IGS. 3A and 3B, allowing one A of the
first and second liquids to flow in a liquid tanR,3and supplying the other B to a surface of
the one A. Here, the segment sizedbthe one A and the segment sizeoSthe other B in
a state in which a gel in the form of a thin filmncbe formed by the contact between the first
and second liquids are respectively equivalentatged thicknesses at the cross-sections
perpendicular to the flow directions of the liquiols a state in which a liquid laminated
structure is formed by supplying the other B orite surface of the flowing one A. In this
case, the second liquid is suitably allowed to fiowhe liquid tank 30. In this manner, the
duration of contact between the first and secomuaidis can be controlled by the flow rate of
the one A. Furthermore, one or both of the firsd gecond liquids may be composed of a

plurality of liquids. Examples of a unit for suppig the other B include a unit configured
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to allow the other B to flow out of the openingaoslit of a nozzle, a unit configured to drop
droplets of the other B from a nozzle or a showadheind a unit configured to cause the
other B exposed to the opening of a coating dibdcentrained in the flow of the one A.
Furthermore, the unit for supplying the other B rbayconfigured to be movably provided so
that a position for supplying the other B to the @ncan be changed. Note that an inorganic
oxide to be produced can be collected at a dowarstgortion of the liquid tank 30.
[0046]

Examples of a fourth specific manner for supplymme of the first and second
liquids with the other include a manner of, assilfated in FIGS. 4A and 4B, supplying one A
of the first and second liquids to a slope 40 tovalthe one A to flow under its own weight,
and supplying the other B onto a surface of the Arte form a liquid laminated structure.
Here, the segment size $f the one A and the segment sizedb the other B in a state in
which a gel in the form of a thin film can be forthby the contact between the first and
second liquids are respectively equivalent to layeicknesses at the cross-sections
perpendicular to the flow directions of the liquidts a state in which a liquid laminated
structure is formed by supplying the other B otite surface of the flowing one A. In this
case, the second liquid is suitably allowed to flawthe slope 40. The slope 40 suitably has
a small contact angle with the one A and has highakility. In this manner, the duration
of contact between the first and second liquidstmgontrolled by the flow rate of the one A
and an angle of inclination of the slope 50. Femtiore, one or both of the first and second
liquids may be composed of a plurality of liquid€Examples of a unit for supplying the one
A include a unit configured to allow the one A tow out of the opening of a slit of a nozzle.
Furthermore, the unit for supplying the one A maydonfigured to be movably provided so
that a position for supplying the one A onto thepsl 40 can be changed. Examples of a unit

for supplying the other B include a unit configuredallow the other B to flow out of the
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opening of a slit of a nozzle, a unit configureditop droplets of the other B from a nozzle or
a showerhead, and a unit configured to cause tiex & exposed to the opening of a coating
die to be entrained in the flow of the one A. Rartnore, the unit for supplying the other B
may be configured to be movably provided so thaosition for supplying the other B to the
one A can be changed. The units for supplyingotie A and the other B respectively may
be composed of a single component. Note that argamic oxide to be produced can be
collected at a downstream portion of the slope 40.
[0047]

Examples of a fifth specific manner of supplyimemf the first and second liquids
with the other include a manner of, as illustrate&lGS. 5A and 5B, supplying one A of the
first and second liquids onto a wall of a funneltéCallow the one A to flow under its own
weight, and supplying the other B onto a surfacehef one A to form a liquid laminated
structure. Here, the segment sizeobthe one A and the segment sizeoBthe other B in a
state in which a gel in the form of a thin film clbe formed by the contact between the first
and second liquids are respectively equivalentatgerd thicknesses at the cross-sections
perpendicular to the flow directions of the liquiols a state in which a liquid laminated
structure is formed by supplying the other B otite surface of the flowing one A. In this
case, the second liquid is suitably allowed to flow the wall of the funnel 50. In this
manner, the duration of contact between the finst second liquids can be controlled by the
flow rate of the one A and an angle of inclinatafrthe wall of the funnel 50. Furthermore,
one or both of the first and second liquids maycoenposed of a plurality of liquids.
Examples of a unit for supplying the one A incluenit configured to allow the one A to
flow out of the opening of a slit of a nozzle. tharmore, the unit for supplying the one A
may be configured to be movably provided so thposition for supplying the one A to the

funnel 50 can be changed. Examples of a unit émplying the other B include a unit
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configured to allow the other B to flow out of thpening of a nozzle, and a unit configured
to drop droplets of the other B from a nozzle shawerhead. Furthermore, the unit for
supplying the other B may be configured to be méovamovided so that a position for
supplying the other B to the one A can be changddhe units for supplying the one A and
the other B respectively may be composed of a siocginponent. Note that an inorganic
oxide to be produced can be collected at a dowarstigortion of the funnel 50.
[0048]

Examples of the mode of supplying transported ainine first and second liquids
with the other to bring the liquids into contactttweach other include: a mode of allowing
one of the first and second liquids to have contatit the other from behind at an angle with
respect to the transport direction of the one, thed transporting the liquids in the transport
direction of the one; a mode of allowing one of finst and second liquids to have contact
with the other from the front at an angle with spto the transport direction of the one, and
then transporting the liquids in the transport clien of the one; and a mode of allowing one
of the first and second liquids to have contachulite other from a direction perpendicular to
the transport direction of the one, and then trarigm the liquids in the transport direction of
the one.

[0049]

In the mode of supplying transported one of thst fand second liquids with the
other to bring the liquids into contact with eactmes, examples of a specific manner of
supplying the one with the other include a manrigaillustrated in FIGS. 6A and 6B, by a
belt-conveyor system 60, supplying one A of thetfand second liquids onto a conveyor belt
62 that moves while being wound around a pair bér® 61, and thus transporting the one A,
and supplying a surface of the one A with the ofBdp form a liquid laminated structure.

Here, the segment size 8f the one A and the segment sizedd the other B in a state in
K17-104



10

15

20

25

22

which a gel in the form of a thin film can be forthby the contact between the first and
second liquids are respectively equivalent to layeicknesses at the cross-sections
perpendicular to the flow directions of the liquidts a state in which a liquid laminated
structure is formed by supplying the other B orite surface of the transported one A. In
this case, the second liquid is suitably suppliedoothe conveyor belt 62 and thereby
transported. In this manner, the duration of conb@tween the first and second liquids can
be controlled by the transport speed of the convbgti 62. Furthermore, one or both of the
first and second liquids may be composed of a [ityraf liquids. Examples of a unit for
supplying the one A include a unit configured towlthe one A to flow out of the opening of
a slit of a nozzle. Furthermore, the unit for dypy the one A may be configured to be
movably provided so that a position for supplyihg bne A onto the conveyor belt 62 can be
changed. Examples of a unit for supplying the oBienclude a unit configured to allow the
other B to flow out of the opening of a slit of azle, a unit configured to drop droplets of
the other B from a nozzle or a showerhead, andtaconfigured to cause the other B exposed
to the opening of a coating die to be entrainethentransported one A. Furthermore, the
unit for supplying the other B may be configuredo movably provided so that a position
for supplying the other B to the one A can be cleang The unit for supplying the one A and
the unit for supplying the other B may be each cosep of a single component. Note that
an inorganic oxide to be produced can be colleatesl downstream portion of the conveyor
belt 62.
[0050]

As illustrated in FIGS. 7A and 7B, the belt-coneegystem 60 may be configured
such that a plurality of recesses 63 aligned althrgglengthwise direction and the width
direction is formed in a surface of the conveyolt B2, and, in each of the recesses 63, a

liquid laminated structure composed of the firstd @®econd liquids is formed. Using the
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belt-conveyor system 60 having this configuratitwe, first and second liquids react with each
other in each of the recesses 63, and accordiaglinorganic oxide in the form of a thin film
with high uniformity can be achieved. Note thatamsport unit is not particularly limited to
the belt-conveyor system 60, and is only requicedave a continuous transport surface along
a transport direction.
[0051]

In the mode of supplying staying-still one of tlrst and second liquids with the
other to bring the liquids into contact with eadhey and moving the other, examples of a
specific manner of supplying the one with the otimeiude a manner of, as illustrated in
FIGS. 8A and 8B, storing one A of the first and et liquids in a liquid tank 80, and
supplying the other B onto the surface of the analiow the liquids to flow by an extrusion-
and-displacement action. Here, the segment sjz#f he one A and the segment sizecd
the other B in a state in which a gel in the forirmaahin film can be formed by the contact
between the first and second liquids are respdgtiegquivalent to layer thicknesses at the
cross-sections perpendicular to the flow directdrine other B in a state in which a liquid
laminated structure is formed by supplying the oBi@nto the surface of the staying-still one
A. In this case, the second liquid is suitablyrestioin the liquid tank 80. In this manner,
the duration of contact between the first and seédmjuids can be controlled by the speed of
supply of the other B. Furthermore, one or bothttaf first and second liquids may be
composed of a plurality of liquids. Examples ofirdt for supplying the other B include a
unit configured to allow the other B to flow outthie opening of a slit of a nozzle, and a unit
configured to drop droplets of the other B fromazzie or a showerhead. Furthermore, the
unit for supplying the other B may be configuredo® movably provided so that a position
for supplying the other B to the one A can be clealng Note that an inorganic oxide to be

produced can be collected together with an overfiquid from the liquid tank 80.
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[0052]

The contact of the first and second liquids mayeseblished using a single mode
among the above-mentioned modes or using a condmnaf a plurality of the modes.
Furthermore, the contact of the first and secamaidis may be established in a state in which,
as is the case of using a reactor or other devicgas phase is not present and accordingly a
free interface is not present. Alternatively, tomtact of the first and second liquids may be
established in a state in which, as is the cagdernfing a liquid laminated structure by using
a coating die or other devices, a gas phase iemremd accordingly a free interface is
present.

[0053]

When the first and second liquids are brought auotact with each other to form a
liquid laminated structure, as illustrated in FEA\, a structure in which a plurality of the first
liquid L1 and a plurality of the second liquids B2e laminated alternately may be formed.
Alternatively, as illustrated in FIG. 9B, a liqui@iminated structure may be formed in which a
layer of a third liquid L3 not having compatibilityith any one of the first liquid L1 and the
second liquid L2 and not involved in a reactionwen the first liquid L1 and the second
liquid L2 is provided between laminated bodies eemimposed of the first liquid L1 and the
second liquid L2. With this structure, the lamathbodies each composed of the first liquid
L1 and the second liquid L2 are independent froohexsher, and accordingly, the unity of an
inorganic oxide in the form of a thin film is suastially prevented, and thus, the production
efficiency of the inorganic oxide in the form oktkhin film can be increased. Alternatively,
as illustrated in FIG. 9C, a liquid laminated sture may be formed in which, on each side of
the second liquid L2, a corresponding one of th& fiquids L1 and L1' containing different
types of inorganic oxide precursors is provided.iththis structure, an inorganic oxide in

the form of a thin film in which different types wforganic oxides are bonded together can be
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achieved.
[0054]

The segment size; $f the first liquid at the time of contact betwettre first and
second liquids is 500m or smaller, but, from the viewpoint of producihg inorganic oxide
in the form of the thin film with high productiorifieiency, the segment size % suitably 5
um or larger, more suitably L4@m or larger, still more suitably Litm or larger, still further
more suitably 3Qum or larger, still further more suitably %0n or larger, still further more
suitably 100um or larger, and from the viewpoint of forming antfilm with high selectivity
and thereby producing the inorganic oxide in thenf@f the thin film with high production
efficiency, suitably 45Qum or smaller, more suitably 350n or smaller, still more suitably
300 um or smaller, still further more suitably 25@n or smaller, still further more suitably
200um or smaller. The segment sizedb the first liquid is suitably wm or larger and 450
um or smaller, more suitably 1@n or larger and 35Qm or smaller, still more suitably 15
um or larger and 30@m or smaller, still further more suitably gén or larger and 250m or
smaller, still further more suitably 50m or larger and 20Qm or smaller, still further more
suitably 100um or larger and 20@m or smaller.

[0055]

The segment size, 8f the second liquid at the time of contact betwtw® first and
second liquids is, from the viewpoint of producihg inorganic oxide in the form of the thin
film with high production efficiency, suitably pm or larger, more suitably 2@m or larger,
still more suitably 5Qum or larger, still further more suitably 80n or larger, still further
more suitably 10Qum or larger, and from the viewpoint of forming anttilm with high
selectivity and thereby producing the inorganicdexin the form of the thin film with high
production efficiency, suitably 20 mm or smallemna suitably 10 mm or smaller, still more

suitably 5 mm or smaller, still further more suliali mm or smaller, still further more
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suitably 500um or smaller. The segment size & the second liquid is suitably |5m or
larger and 20 mm or smaller, more suitablyu®® or larger and 10 mm or smaller, still more
suitably 50um or larger and 5 mm or smaller, still further metgtably 80um or larger and 1
mm or smaller, still further more suitably 106 or larger and 500m or smaller.
[0056]

From the viewpoint of producing the inorganic axith the form of the thin film
with high production efficiency, the segment sizeoEthe first liquid at the time of contact
between the first and second liquids is suitablyagédo the segment size 8f the second
liquid, or smaller than the segment sizedd the second liquid. The ratio {S;) of the
segment size ;0f the second liquid to the segment sizeofSthe first liquid at the time of
contact between the first and second liquids ismfrithe viewpoint of ensuring a stable
operation and a stable flow state and thereby miaduhe inorganic oxide in the form of the
thin film with high production efficiency, suitably.1 or more, more suitably 0.5 or more, still
more suitably 1.0 or more, and from the viewpoihpmducing the inorganic oxide in the
form of the thin film with high production efficiey, suitably 500 or less, more suitably 100
or less, still more suitably 20 or less. This segtrsize ratio (8S,) is suitably 0.1 or more
and 500 or less, more suitably 0.5 or more andat08ss, still more suitably 1.0 or more and
20 or less.

[0057]

At the inorganic-oxide-formation step in the methfor producing the inorganic
oxide in the form of the thin film according to teenbodiment, in the case of moving both of
the first and second liquids, the ratio (molar muoeet rate ratio = gm;) of the molar
movement rate pof the inorganic-oxide-forming substance of theosel liquid to the molar
movement rate mof the inorganic oxide precursor of the first lidiat the time of contact

between the first and second liquids is, from th@wpoint of directly and continuously
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producing the inorganic oxide in the form of thentfilm, suitably 2 or more, more suitably
10 or more, still more suitably 50 or more, andrirthe viewpoint of economic efficiency,
suitably 300 or less, more suitably 200 or les, mbre suitably 150 or less. This molar
movement rate ratio (#m;) is suitably 2 or more and 300 or less, more biytad0 or more
and 200 or less, still more suitably 50 or more 460 or less. However, in the case of
using the second liquid repeatedly by circulationother ways, the problem of economic
efficiency can be naturally avoided, and therefdhe, molar movement rate ratio {im;)
may be a value of the order of a thousand or tenshinds. Note that the molar movement
rate m of the first liquid can be controlled by the inargc oxide precursor content af the
first liquid and the flow rate Qor the transport rate ;Qof the first liquid. The molar
movement rate mof the first liquid is calculated using the floate Q or the transport rate
Q' of the first liquid, the inorganic oxide precursmntent ¢ of the first liquid, the density of
the first liquid, and the molecular weight of tmiganic oxide precursor in the first liquid.
The molar movement rate,mf the second liquid can be controlled by the gamic-oxide-
forming substance content af the second liquid and the flow ratg € the transport rate Q
of the second liquid. The molar movement rateofnthe second liquid is calculated using
the flow rate Q or the transport rate Qof the second liquid, the inorganic-oxide-forming
substance content of the second liquid, the density of the secoqditl, and the molecular
weight of the inorganic-oxide-forming substancehiea second liquid.
[0058]

In the case where the first liquid is allowedltw, the linear flow velocity yof the
first liquid at the time of contact between thetiand second liquids is, from the viewpoint of
producing the inorganic oxide in the form of théntfilm with high production efficiency,
suitably 0.0001 m/s or more, more suitably 0.005 ar/more, still more suitably 0.01 m/s or

more, still further more suitably 0.03 m/s or mosé|l further more suitably 0.05 m/s or
K17-104



10

15

20

25

28
more, still further more suitably 0.1 m/s or moa@d from the viewpoint of forming a thin
film with high selectivity and thereby producingetinorganic oxide in the form of the thin
film with high production efficiency, suitably 100/s or less, more suitably 20 m/s or less,
still more suitably 10 m/s or less, still furtheora suitably 5 m/s or less, still further more
suitably 3 m/s or less, still further more suitallyn/s or less. The linear flow velocity of
the first liquid is suitably 0.0001 m/s or more df@D m/s or less, more suitably 0.005 m/s or
more and 20 m/s or less, still more suitably 0.04 ar more and 10 m/s or less, still further
more suitably 0.03 m/s or more and 5 m/s or ldfkfigther more suitably 0.05 m/s or more
and 3 m/s or less, still further more suitably s or more and 1 m/s or less.
[0059]

In the case where the second liquid is allowettotw, the linear flow velocity g of
the second liquid at the time of contact between first and second liquids is, from the
viewpoint of producing the inorganic oxide in therh of the thin film with high production
efficiency, suitably 0.001 m/s or more, more duliga0.005 m/s or more, still more suitably
0.01 m/s or more, still further more suitably 0rd& or more, still further more suitably 0.05
m/s or more, still further more suitably 0.1 m/shoore, and from the viewpoint of forming a
thin film with high selectivity and thereby prodagi the inorganic oxide in the form of the
thin film with high production efficiency, suitabl¥00 m/s or less, more suitably 20 m/s or
less, still more suitably 10 m/s or less, stillth@r more suitably 5 m/s or less, still further
more suitably 3 m/s or less, still further moretahlly 1 m/s or less. The linear flow velocity
up of the second liquid is suitably 0.001 m/s or manel 100 m/s or less, more suitably 0.005
m/s or more and 20 m/s or less, still more suit&€bB1 m/s or more and 10 m/s or less, still
further more suitably 0.03 m/s or more and 5 m/tess, still further more suitably 0.05 m/s
or more and 3 m/s or less, still further more dyt®.1 m/s or more and 1 m/s or less.

[0060]
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Note that the linear flow velocity; wf the first liquid and the linear flow velocity u
of the second liquid can be controlled by the fiate Q of the first liquid and the flow rate
Q: of the second liquid respectively, and by the shapa device. Furthermore, in each of
the modes of contact between the first and secigoids illustrated in FIGS. 1 and 2, the
linear flow velocity y of the first liquid and the linear velocity of the second liquid can be
calculated by dividing the respective flow rates &pd Q by the passage area of a cross-
section at a confluence portion, the cross-sedtieing perpendicular to the flow direction
after the confluence. In each of the modes, iflust in FIGS. 3A and 3B to 8A and 8B, of
contact between the first and second liquids, itreal flow velocity u of the first liquid and
the linear flow velocity @ of the second liquid can be calculated by dividihg respective
flow rates Q and Q by the passage area of a cross-section perpeadtouihe flow direction
of the liquids in a state in which the liquid laratad structure is formed.

[0061]

In the case where both of the first and seconddijare allowed to flow, the linear
flow velocity w of the first liquid and the linear flow velocity, of the second liquid at the
time of contact between the first and second ligjuithy be equal to the linear flow velocity
u, of the second liquid, or may be higher or lowearththe linear flow velocity uof the
second liquid. The ratio {lu,) of the linear flow velocity uof the first liquid to the linear
flow velocity w of the second liquid at the time of contact betwdlee first and second
liquids is, from the viewpoint of producing the mganic oxide in the form of the thin film
with high production efficiency, suitably 0.01 oo, more suitably 0.1 or more, still more
suitably 0.5 or more, and from the viewpoint ofrfiang a thin film with high selectivity and
thereby producing the inorganic oxide in the forfntlee thin film with high production
efficiency, suitably 100 or less, more suitablyddess, still more suitably 10 or less. This

linear flow velocity ratio (yup) is suitably 0.01 or more and 100 or less, morgabkly 0.1 or
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more and 60 or less, still more suitably 0.5 orermnd 10 or less.
[0062]

In the case where the first liquid is allowed ltwf, from the viewpoint of forming a
thin film with high selectivity and thereby produagi the inorganic oxide in the form of the
thin film with high production efficiency, the firdiquid suitably flows under a laminar flow
condition until the time when the first and secdindids come into contact with each other,
specifically until just before the contact. TheyRelds number Reof the first liquid until
the time when the first and second liquids come irdntact with each other is, from the
viewpoint of producing the inorganic oxide in trarh of the thin film with high production
efficiency, suitably 0.1 or more, more suitably r5noore, still more suitably 10 or more, and
from the viewpoint of forming a thin film with higkelectivity and thereby producing the
inorganic oxide in the form of the thin film withgh production efficiency, suitably 1500 or
less, more suitably 500 or less, still more suyta880 or less. The Reynolds number BE
the first liquid is suitably 0.1 or more and 1500l@ss, more suitably 5 or more and 500 or
less, still more suitably 10 or more and 300 os.lesNote that the Reynolds number, Ré
the first liquid can be controlled by the flow rafg of the first liquid and the shape of a
device.

[0063]

In the case where the second liquid is allowedldw, from the viewpoint of
forming a thin film with high selectivity and thdre producing the inorganic oxide in the
form of the thin film with high production efficiey, the second liquid suitably flows under a
laminar flow condition until the time when the fiend second liquids come into contact with
each other, specifically until just before the @mtit The Reynolds number Ref the
second liquid until the time when the first and @&t liquids come into contact with each

other is, from the viewpoint of producing the inanic oxide in the form of the thin film with
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high production efficiency, suitably 0.01 or morapre suitably 0.5 or more, still more
suitably 1 or more, and from the viewpoint of fongia thin film with high selectivity and
thereby producing the inorganic oxide in the forfntlee thin film with high production
efficiency, suitably 500 or less, more suitably 2010less, still more suitably 100 or less.
The Reynolds number Ref the second liquid is suitably 0.01 or more &0@ or less, more
suitably 0.5 or more and 200 or less, still morgagly 1 or more and 100 or less. Note that
the Reynolds number Ref the second liquid can be controlled by the flate Q of the
second liquid and the shape of a device.
[0064]

In the case where both of the first and secondid&) are allowed to flow, the
Reynolds number Reof the first liquid until the time when the firahd second liquids come
into contact with each other may be equal to thgnRlels number Reof the second liquid, or
may be larger or smaller than the Reynolds numbteradR the second liquid. The ratio
(Re/Rey) of the Reynolds number Ref the first liquid to the Reynolds number R¥ the
second liquid until the time when the first and @&t liquids come into contact with each
other is, from the viewpoint of producing the inanic oxide in the form of the thin film with
high production efficiency, suitably 0.01 or momapre suitably 0.1 or more, still more
suitably 1 or more, still further more suitably Broore, still further more suitably 10 or more,
still further more suitably 15 or more, and frone triewpoint of forming a thin film with high
selectivity and thereby producing the inorganicdexin the form of the thin film with high
production efficiency, suitably 1000 or less, msuitably 500 or less, still more suitably 200
or less, still further more suitably 100 or legd| further more suitably 50 or less, still furthe
more suitably 30 or less, still further more suyaP5 or less. The Reynolds number ratio
(Rei/Re) is suitably 0.01 or more and 1000 or less, maitakly 0.1 or more and 500 or less,

still more suitably 1 or more and 200 or less] fitther more suitably 5 or more and 100 or
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less, still further more suitably 10 or more anddOess, still further more suitably 15 or
more and 30 or less, still further more suitablyoiBnore and 25 or less.
[0065]

The duration of contact between the first and sddmuids is, from the viewpoint
of forming a thin film with high selectivity and ¢heby producing the inorganic oxide in the
form of the thin film with high production efficiey, suitably 0.5 sec or longer, more suitably
1.5 sec or longer, still more suitably 2.0 secamger, and from the viewpoint of producing
the inorganic oxide in the form of the thin filmtivihigh production efficiency, suitably 600
sec or shorter, more suitably 180 sec or shortdlr,nsore suitably 100 sec or shorter, still
further more suitably 50 sec or shorter, still et more suitably 10 sec or shorter. This
duration of contact is suitably 0.5 sec or longsd 800 sec or shorter, more suitably 1.5 sec
or longer and 180 sec or shorter, still more siyt@0 sec or longer and 100 sec or shorter,
still further more suitably 2.0 sec or longer ardsec or shorter, still further more suitably
2.0 sec or longer and 10 sec or shorter.

[0066]

The reaction temperature at the time of contattidsen the first and second liquids
is only required to be a temperature at which st &nd second liquids maintain themselves
in a liquid state. From the viewpoint of ensurangtable flow state, the reaction temperature
is suitably higher by 3C or more than a higher one of the melting poirtheffirst liquid and
the melting point of the second liquid, specifigauitably 10°C or higher, more suitably 20
°C or higher. Furthermore, from the viewpoint ofering a stable flow state, the reaction
temperature is suitably lower by’@ or more than a lower one of the boiling pointhd first
liquid and the boiling point of the second liqugpecifically suitably 60C or lower, more

suitably 40°C or lower. This reaction temperature is suitdbgher by 3°C or more than a
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higher one of the melting point of the first liquashd the melting point of the second liquid
and lower by 3C or more than a lower one of the boiling pointtleé first liquid and the
boiling point of the second liquid, specificallyisibly 10 °C or higher and 60C or lower,
more suitably 20C or higher and 40C or lower.
[0067]

As for the relation between the first and secaqdids, an interfacial tension of the
first liquid to the second liquid at a temperatatethe time of contact between the first and
second liquids is, from the viewpoint of directlpdacontinuously producing the inorganic
oxide in the form of the thin film, suitably 0.1 niN or more, more suitably 0.5 mN/m or
more, still more suitably 1 mN/m or more, and frtma same viewpoint, suitably 30 mN/m or
less, more suitably 15 mN/m or less, still moregadly 10 mN/m or less. This interfacial
tension is suitably 0.1 mN/m or more and 30 mN/nhess, more suitably 0.5 mN/m or more
and 15 mN/m or less, still more suitably 1 mN/mmore and 10 mN/m or less. This
interfacial tension is measured using a Wilhelnpetynterfacial tensiometer.

[0068]

There will be described a system for producingnanganic oxide gel in the form of
a thin film, the system being capable of being uakethe inorganic-oxide-formation in the
method for producing the inorganic oxide in thenfoof the thin film according to the
embodiment.

[0069]

FIG. 10 is a diagram illustrating a system S fmduoicing the inorganic oxide gel in

the form of the thin film.
[0070]
The system S for producing the inorganic oxide igethe form of the thin film

includes a microreactor 100. The microreactor t@udes a first liquid inlet 101 and a
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second liquid inlet 102 on the upstream side thHeraad a liquid outlet 103 on the
downstream side thereof.
[0071]

The first liquid inlet 101 of the microreactor 180connected to a first liquid supply
pipe 221 extending from a first storage tank 2X1sforing the first liquid L1. Likewise, the
second liquid inlet 102 is connected to a secoqdidi supply pipe 222 extending from a
second storage tank 212 for storing the seconddligl. In the first liquid supply pipe 221
and the second liquid supply pipe 222, cocks 231 282 for switching between circulation
and interception of the liquids, pumps 241 and f%#2sending the liquids, and flowmeters
251 and 252 for detecting the flow rates of theiitig are respectively provided in series in
this order from the upstream side at some midpoinkirthermore, pressure gauges 261 and
262 for detecting the pressures of the liquidsiaséalled downstream from the flowmeters
251 and 252, respectively. The pumps 241 and Zé2edectrically connected to the
flowmeters 251 and 252, respectively, so as tooperthe feedback control of the flow rates
of the liquids. A slurry collecting pipe 270 extenfrom the liquid outlet 103 of the
microreactor 100 and is connected to a slurry coiig tank 280.

[0072]

As an example of the micromixer 100, FIGS. 11AltE illustrate a substrate-
laminated micromixer 100.

[0073]

This substrate-laminated micromixer 100 is conigusuch that an upper substrate
111, a lower substrate 112, an intermediate substri3, an upper spacer 114, and a lower
spacer 115 are integrally laminated.

[0074]

The upper substrate 111 is formed in the shagerettangular plate, and one end
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of the long side is configured as an upstream @onwvhile the other end is configured as a
downstream portion. In the upstream portion ofupper substrate 111, the first liquid inlet
101 is formed so as to penetrate the upper subsirht in the thickness direction at an
intermediate portion in the width direction. Ore tlower face side of the upstream portion
of the upper substrate 111, a first liquid storageess 11la extending along the width
direction is provided so as to communicate withfire liquid inlet 101. At each of edges
on both long sides of the upper substrate 111 aneldge on the upstream short side of the
upper substrate 111, a plurality of positioningdsol1l1a penetrating the upper substrate 111
in the thickness direction is provided so as tejeced out.
[0075]

As is the case of the upper substrate 111, therlewbstrate 112 is formed in the
shape of a rectangular plate, and one end of tigedwle is configured as an upstream portion
while the other end is configured as a downstreamign. The upstream portion of the
lower substrate 112 is chipped a manner on therujppe side, and a slope portion 116 is
provided so that the substrate thickness is gradilexger toward the downstream side, in
which the slope portion 116 is continuous to thgeedn the upstream short side of the lower
substrate 112, and the edge is formed so as to &arealler substrate-thickness. In the
upstream portion of the lower substrate 112, tromrsa liquid inlet 102 is formed so as to
penetrate the lower substrate 112 in the thickdésstion at an intermediate portion in the
width direction. On the upper face side of thetrgasn portion of the lower substrate 112, a
second liquid storage recess 112a including agfatie edge and a part of the slope portion
116 and extending along the width direction is ed so as to communicate with the
second liquid inlet 102. At each of edges on Botty sides of the lower substrate 112 and
an edge on the upstream short side of the lowestiaib 112, a plurality of positioning holes

112b corresponding to the respective positioningdd11b of the upper substrate 111 is
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provided so as to be spaced out.
[0076]

The intermediate substrate 113 is formed in thapshof a wedge so as to
correspond to the chipped portion of the lower salbs 112. At each of edges on both sides
and the upstream side of the intermediate substdRea plurality of positioning holes 113a
corresponding to the respective positioning holédblof the upper substrate 111 and
penetrating the intermediate substrate 113 in liekniess direction is provided so as to be
spaced out.

[0077]

The upper spacer 114 is formed in a thin and malrand shape corresponding to
the edges on both long sides and the upstream sidertof the lower surface of the upper
substrate 111. The lower spacer 115 is formed thim and narrow bent band shape
corresponding to the edges on both long sidestandpstream short side of the upper surface
of the lower substrate 112. In the upper spacédrdlid the lower spacer 115, a plurality of
positioning holes 114a and 115a correspondinggaedhlpective positioning holes 111b of the
upper substrate 111 and penetrating the respespaeers in the thickness direction is
provided so as to be spaced out.

[0078]

In the substrate-laminated micromixer 100, thedpgpacer 115 is laminated on the
lower substrate 112, and the intermediate substffeas laminated on an upstream portion of
the lower spacer 115. On the intermediate sulesfrd8 on the upstream side and a portion
of the lower spacer 115 downstream from the inteliate substrate 113, the upper spacer 114
is laminated. On the upper spacer 114, the upgestiate 111 is laminated. Each of the
positioning holes 111b of the upper substrate Klaligned with a corresponding one of

positioning holes 114a of the upper spacer 114yr@sponding one of positioning holes 113a
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of the intermediate substrate 113, a corresponalirggof positioning holes 115a of the lower
spacer 115, and a corresponding one of positidmihgs 112b of the lower substrate 112. A
pin, not illustrated, is inserted for fitting ingach set of the positioning holes, whereby the
components are integrated.
[0079]

The substrate-laminated micromixer 100 is configusuch that, a first liquid
passage 117a equivalent to the thickness of therugpacer 114 is provided between the
lower face of the upper substrate 111 and the ufgper of the intermediate substrate 113 so
as to communicate with the first liquid storageessc111a. A second liquid passage 117b
equivalent to the thickness of the lower spaceri$ifovided between the upper face of the
slope portion 116 of the lower substrate 112 amdldwer face of the intermediate substrate
113 so as to communicate with the second liquidag® recess 112a. In a portion
downstream from the intermediate substrate 118jwadl contact portion 118 equivalent to
the total of the thickness of the upper spacerdtidithe thickness of the lower spacer 115 is
provided. The opening of a slit at a downstreaunh that is continuous to the liquid contact
portion 118 is configured as the liquid outlet 103At the downstream end of the
intermediate substrate 113, a first slit 119a aickwithe first liquid passage 117a is opened
into the liquid contact portion 118 and a secoritd14l19b at which the second liquid passage
117b is opened into the liquid contact portion atd provided in parallel.

[0080]

In the substrate-laminated microreactor 100, it liquid L1 flowing through the
first liquid passage 117a is allowed to flow outlué first slit 119a, and, at the liquid contact
portion 118, is brought into contact with the setdiquid L2 flowing through the second
liquid passage 117b and flowing out of the secdind $9b. At this time, the second liquid

L2 comes into contact with the first liquid L1 frobehind at an angle with respect to the flow
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direction of the first liquid L1, and then, the digs flow in the flow direction of the first
liquid L1. The duration of contact during whictethirst liquid L1 and the second liquid L2
stayed in the liquid contact portion 118 is equevalto the duration of reaction between the
liquids.
[0081]

In the substrate-laminated microreactor 100, thdthwd; of opening into the
confluence portion in a direction perpendiculathe flow direction of the first liquid L1 at
the first slit 119a from which the first liquid Lflows out determines the segment sizeo
the first liquid L1, and hence is 500n or smaller. The widttd, of opening into the
confluence portion in a direction perpendiculathte flow direction of the second liquid L2 at
the second slit 119b from which the second liquidflows out determines the segment size
S, of the second liquid L2, and hence is suitablyrd or smaller. The angle of inclination
of the slope portion 116 of the lower substrate @i#Rrmines an anglke which the flow
direction of the first liquid L1 forms with the flo direction of the second liquid L2, and is
suitably 0 or more and 6Qor less.

[0082]

As another example of the micromixer 100, FIGSA d2d 12B illustrate a double
pipe microreactor 100.

[0083]

This double pipe microreactor 100 includes an iinpipe 121 having a smaller
diameter, and an outer pipe 122 having a largenelier and coaxially provided so as to cover
the inner piper 121. An end of the inner pipe i2fositioned in an intermediate portion of
the outer pipe 122. A first liquid passage 121prvided inside the inner pipe 121, and a
second liquid passage 122a is provided betweeintier pipe 121 and the outer pipe 122,

and furthermore, a liquid contact portion 123 isviled at a downstream end of the inner
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pipe 121. A firstinlet 101 and a second inlet 182t are provided on the upstream side of
the microreactor 100 communicate with the firsuitjpassage 121a and the second liquid
passage 122a, respectively. A liquid outlet 108visled on the downstream side of the
microreactor 100 is configured with an opening otardus to the liquid contact portion 123.
[0084]

In this double pipe microreactor 100, the firspid L1 flowing through the first
liquid passage 121a inside the inner pipe 121lvad to flow out of an end of the inner
pipe 121, and at the liquid contact portion 128, filst liquid L1 is brought into contact with
the second liquid L2 flowing through the secondilipassage 122a between the inner pipe
121 and the outer pipe 122. At this time, botlhef first liquid L1 and the second liquid L2
flow in the same direction, and come into contaithwach other while maintaining the flow
direction. Furthermore, the first liquid L1 comato contact with the second liquid L2 so as
to be covered with the second liquid L2. The doraof contact during which the first
liquid L1 and the second liquid L2 stay in the ldjeontact portion 123 is equivalent to the
duration of reaction between the liquids.

[0085]

In the double pipe microreactor 100, the innemnditergi, of the inner pipe 121
from which the first liquid L1 flows out, that ithe diameter of opening into the confluence
portion in a direction perpendicular to the flowedition of the first liquid L1 determines the
segment size ;Sof the first liquid L1, and hence is 5Q®n or smaller. The width of the
second liquid passage 122a through which the sebigad L2 flows, that is, half of the
difference between the inner diamedgy of the outer pipe 122 and the outer diametgyof
the inner pipe 121, in other words, the cleararfcepening into the confluence portion in a
direction perpendicular to the flow direction oeteecond liquid L2 determines the segment

size $ of the second liquid L2, and is suitably 5 mm oraler. Note that the outer cross-
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section and inner cross-section of the inner pk &nd the inner cross-section of the outer
pipe 122 are suitably circular, but may be nondacand, in this case, the outer diameigk
and the inner diametes, of the inner pipe 121 and the inner diamebgrof the outer pipe
122 each means a hydraulic equivalent diameterqfcfoss-sectional area)/(perimeter)).
[0086]

The method for producing the inorganic oxide ia tbhrm of the thin film according
to the embodiment includes: after obtaining a glaontaining an inorganic oxide gel in the
form of a thin film in the inorganic-oxide-formatiastep, separating the inorganic oxide gel in
the form of the thin film from the slurry by filtian or other ways; and drying and baking the
resultant gel to finally obtain a solid inorganiide in the form of a thin film.

[0087]

The average longitudinal diameter (the maximunmeiger) of the inorganic oxide
in the form of the thin film obtained by the protioa method according to the embodiment
is suitably 2um or larger, more suitably m or larger, still more suitably 10m or larger,
and suitably 30@um or smaller, more suitably 1Q®n or smaller, still more suitably 50n or
smaller. This average longitudinal diameter istadaly 2 um or larger and 30@m or
smaller, more suitably im or larger and 10@m or smaller, still more suitably 10m or
larger and 5Qum or smaller. The average longitudinal diametefeiermined as the average
of longitudinal diameters of 500 data points meaduyy the microscopic observation of then
obtained inorganic oxide in the form of the thiimfi
[0088]

The average thickness of the inorganic oxide enftim of the thin film is suitably
0.01um or larger, more suitably 0.gbn or larger, still more suitably Odm or larger, and
suitably 1.5pum or smaller, more suitably gm or smaller, still more suitably 08m or

smaller, still more suitably 0.om or smaller, still more suitably Oim or smaller, still more
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suitably 0.3um or smaller. This average thickness is suitabl @m or larger and 1.5m
or smaller, more suitably 0.Q6n or larger and iim or smaller, still more suitably Opin or
larger and 0.&m or smaller, still more suitably Oyim or larger and 0.5m or smaller, still
more suitably 0.1um or larger and 0.dm or smaller, still more suitably Oulm or larger and
0.3 um or smaller. The average thickness is determasedhe average thickness of the
cross-sections of 20 pieces obtained by cuttingptii@ined inorganic oxide in the form of the
film and measured by microscopic observation.
[0089]

The ratio of the average longitudinal diametethef inorganic oxide in the form of
the film to the average thickness thereof is siyt&bor more, more suitably 30 or more, still
more suitably 50 or more, and suitably 2000 or,lessre suitably 800 or less, still more
suitably 500 or less. This ratio is suitably 5Sneore and 2000 or less, more suitably 30 or

more and 800 or less, still more suitably 50 oreramd 500 or less.

[0090]

As for the above-mentioned embodiment, the folfmyvconfigurations are further
disclosed.
[0091]

<1> A method for producing an inorganic oxide e tform of a thin film, the
method comprising a step of bringing a first ligaitd a second liquid into contact with each
other, the first liquid having an inorganic oxidegursor dissolved therein, the second liquid
phase-separating from the first liquid and havirgubstance dissolved therein, the substance
reacting with the inorganic oxide precursor of firet liquid to form an inorganic oxide
derived from the inorganic oxide precursor, whetém segment size of the first liquid at the
time of contact between the first and second lisjisd500um or smaller.

[0092]
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<2> The method, according to <1>, for producingitiorganic oxide in the form of
the thin film, wherein the inorganic oxide precurg@ludes an inorganic substance having a
hydrolyzable functional group from which the inongaoxide is derived by sol-gel transition
accompanied by a hydrolysis reaction and a polyeogation reaction.
[0093]

<3> The method, according to <1> or <2>, for pdg the inorganic oxide in the
form of the thin film, wherein the inorganic oxigescursor includes one or two or more of an
alkoxide, a halide, a salt having a hydrolyzablecfional group, a coordination compound
having a hydrolyzable functional group, and amioiethe inorganic oxide.
[0094]

<4> The method, according to any one of <1> to,<8p producing the inorganic
oxide in the form of the thin film, wherein the nganic oxide precursor suitably includes an
alkoxide, more suitably a metal alkoxide, still mosuitably a titanium alkoxide and a
zirconium alkoxide, still further more suitably isahium alkoxide and a zirconium alkoxide
each having an alkyl group having 2 to 4, inclusoagbon atoms.
[0095]

<5> The method, according to <4>, for producing itiorganic oxide in the form of
the thin film, wherein the titanium alkoxide incksl tetraethyl orthotitanate, tetraisopropyl
orthotitanate, or tetra-n-butyl orthotitanate.
[0096]

<6> The method, according to <4>, for producing itiorganic oxide in the form of
the thin film, wherein the zirconium alkoxide indkes tetraethyl orthozirconate,
tetraisopropyl orthozirconate, or tetra-n-butyhorirconate.
[0097]

<7> The method, according to any one of <1> to,<6r producing the inorganic
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oxide in the form of the thin film, wherein the nganic oxide precursor content of the first
liquid is suitably 1% by mass or more, more suitéi$fo by mass or more, still more suitably
8% by mass or more, and suitably 80% by mass sr faere suitably 70% by mass or less,
still more suitably 60% by mass or less, still figit more suitably 50% by mass or less, still
further more suitably 40% by mass or less.
[0098]

<8> The method, according to any one of <1> to,<@r producing the inorganic
oxide in the form of the thin film, wherein the nganic oxide precursor content is suitably
1% by mass or more and 80% by mass or less, mieblsu5% by mass or more and 70%
by mass or less, still more suitably 8% by massiore and 60% by mass or less, still further
more suitably 8% by mass or more and 50% by makessy still further more suitably 8% by
mass or more and 40% by mass or less.
[0099]

<9> The method, according to any one of <1> to,<8p producing the inorganic
oxide in the form of the thin film, wherein a sahteof the first liquid includes one or two or
more of toluene, hexane, heptane, benzene, ancbirim.
[0100]

<10> The method, according to any one of <1> to,46r producing the inorganic
oxide in the form of the thin film, wherein the nganic-oxide-forming substance content of
the second liquid is suitably 0.1% by mass or morare suitably 0.5% by mass or more, still
more suitably 0.8% by mass or more, still furthesrensuitably 1% by mass or more, still
further more suitably 5% by mass or more, and Blyitd0% by mass or less, more suitably
30% by mass or less, still more suitably 20% bysmasless, still further more suitably 15%
by mass or less, still further more suitably 12%nimss or less.

[0101]
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<11> The method, according to any one of <1> t@>1for producing the
inorganic oxide in the form of the thin film, wherethe inorganic-oxide-forming substance
content of the second liquid is suitably 0.1% bysmar more and 70% by mass or less, more
suitably 0.5% by mass or more and 30% by massssr &ill more suitably 0.8% by mass or
more and 20% by mass or less, still further moitabkly 1% by mass or more and 15% by
mass or less, still further more suitably 5% by snasmore and 12% by mass or less.
[0102]

<12> The method, according to any one of <1> td>1for producing the
inorganic oxide in the form of the thin film, wharea solvent of the second liquid includes
one or two or more of an ionic liquid, acetonitriggnd dimethyl sulfoxide.
[0103]

<13> The method, according to <12>, for produdtmginorganic oxide in the form
of the thin film, wherein the solvent of the secdiadid includes an ionic liquid.
[0104]

<14> The method, according to <13>, for produdtmginorganic oxide in the form
of the thin film, wherein cations of the ionic ligunclude ammonium cations.
[0105]

<15> The method, according to <14>, for produdhngjinorganic oxide in the form
of the thin film, wherein the ammonium cations ud# 1-alkyl-3-alkylimidazolium cations of
the following Formula (1).
[0106]

[Formula 1-2]

[®) 8
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(where R is an alkyl group having 12 or less carbon atams, functional group in
which one or two or more oxygen atoms are introdugetween carbon atomic bonds of an
alkyl group so as to form an ether linkage anddt& of the number of the carbon atoms and
the number of the oxygen atoms is 12 or less; ahds Ran alkyl group having 1 to 4,
inclusive, carbon atoms, or a hydrogen atom.)
[0107]

<16> The method, according to <14> or <15>, fardoicing the inorganic oxide in
the form of the thin film, wherein the ammonium icas include suitably 1-alkyl-3-
methylimidazolium cations, more suitably 1-methy@thylimidazolium cations, 1-ethyl-3-
methylimidazolium cations, 1-propyl-3-methylimiddimon cations, or 1-butyl-3-
methylimidazolium cations.
[0108]

<17> The method, according to any one of <14> 16> for producing the
inorganic oxide in the form of the thin film, wharethe ammonium cations include N-
alkylpyridium cations of the following Formula (2).
[0109]

[Formula 2-2]

;
(where R is an alkyl group having 12 or less caratoms, or a functional group in
which one or two or more oxygen atoms are introduoetween carbon atomic bonds of an
alkyl group so as to form an ether linkage, andttitel of the number of the carbon atoms

and the number of the oxygen atoms is 12 or less).
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[0110]

<18> The method, according to any one of <14> 1@> for producing the
inorganic oxide in the form of the thin film, wharethe ammonium cations include 1-
methylpyridium cations, 1-ethylpyridium cations, pepylpyridium cations, or 1-
butylpyridium cations.

[0111]

<19> The method, according to any one of <14> 18> for producing the
inorganic oxide in the form of the thin film, wh@rghe ammonium cations include cations of
the following Formula (3).

[0112]

[NRxHax]" 3)

(where R is an alkyl group having 12 or less carbtoms, or a functional group in
which one or two or more oxygen atoms are introdusetween carbon atomic bonds of an
alkyl group so as to form an ether linkage anddt@ of the number of the carbon atoms and
the number of the oxygen atoms is 12 or less; arglax integer of O to 4 inclusive.)

[0113]

<20> The method, according to any one of <14> 18> for producing the
inorganic oxide in the form of the thin film, whérehe ammonium cations include N,N,N-
triethyl-N-propylammonium cations, tetramethylamnuon cations, tetraethylammonium
cations, or ethyldimethylpropylammonium cations.

[0114]

<21> The method, according to any one of <14> 209> for producing the
inorganic oxide in the form of the thin film, wharethe cations of the ionic liquid include
phosphonium cations.

[0115]
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<22> The method, according to <21>, for produdtmginorganic oxide in the form
of the thin film, wherein the phosphonium cationsliude cations of the following Formula
(4).

[0116]

[PR«Hax]" (4)

(where R is an alkyl group having 12 or less caratoms, or a functional group in
which one or two or more oxygen atoms are introduoetween carbon atomic bonds of an
alkyl group so as to form an ether linkage anddt& of the number of the carbon atoms and
the number of the oxygen atoms is 12 or less; aislaX integer of 0 to 4 inclusive.)

[0117]

<23> The method, according to <21> or <22>, fadorcing the inorganic oxide in
the form of the thin film, wherein the phosphonigations include tetramethylphosphonium
cations, tetraethylphosphonium cations, or tribagthylphosphonium cations.

[0118]

<24> The method, according to any one of <21> &3> for producing the
inorganic oxide in the form of the thin film, whareanions of the ionic liquid include
bis(trifluoromethylsulfonyl)amide  anions  ([(F0)2N]"), ethyl sulfate anions
([CoHsOSQy] ), bis(fluorosulfonyl)amide anions ([(FS@N] ), dicyanamide anions
([(CN)2N]Y), tetrafluoroborate anions (BT, hexafluorophosphate anions §(PEF halide
anions (CI, Br’, I), or trifluoromethanesulfonate anions (ES©;] ).

[0119]

<25> The method, according to any one of <1> ta@>2for producing the
inorganic oxide in the form of the thin film, wharethe step is performed by continuous
operation.

[0120]
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<26> The method, according to <25>, for produdtmginorganic oxide in the form
of the thin film, wherein the mode of contact betwehe first and second liquids includes a
mode of supplying moving one of the first and secdiquids with the other to bring the
liquids into contact with each other.
[0121]

<27> The method, according to <26>, for produdhngjinorganic oxide in the form
of the thin film, wherein the ratio of the molar wemnent rate of the inorganic-oxide-forming
substance of the second liquid to the molar moveémage of the inorganic oxide precursor of
the first liquid at the time of contact between tingt and second liquids is suitably 2 or more,
more suitably 10 or more, still more suitably 50more, and suitably 300 or less, more
suitably 200 or less, still more suitably 150 asle
[0122]

<28> The method, according to <26> or <27>, fadorcing the inorganic oxide in
the form of the thin film, wherein the ratio of thelar movement rate of the inorganic-oxide-
forming substance of the second liquid to the mal@vement rate of the inorganic oxide
precursor of the first liquid at the time of corttdetween the first and second liquids is
suitably 2 or more and 300 or less, more suitalflyol more and 200 or less, still more
suitably 50 or more and 150 or less.
[0123]

<29> The method, according to any one of <26> &8> for producing the
inorganic oxide in the form of the thin film, wharé¢he mode of contact between the first and
second liquids includes a mode of supplying floworge of the first and second liquids with
the other to bring the liquids into contact witltlkeather.
[0124]

<30> The method, according to <29>, for produdtmginorganic oxide in the form
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of the thin film, wherein, when the first liquid &lowed to flow, the linear flow velocity of
the first liquid at the time of contact between thist and second liquids is suitably 0.0001
m/s or more, more suitably 0.005 m/s or more, stiire suitably 0.01 m/s or more, still
further more suitably 0.03 m/s or more, still fathmore suitably 0.05 m/s or more, still
further more suitably 0.1 m/s or more, and suitalfd) m/s or less, more suitably 20 m/s or
less, still more suitably 10 m/s or less, stillth@r more suitably 5 m/s or less, still more
suitably 3 m/s or less, still more suitably 1 nvdess.
[0125]

<31> The method, according to <29> or <30>, fardoicing the inorganic oxide in
the form of the thin film, wherein, when the filgquid is allowed to flow, the linear flow
velocity of the first liquid at the time of contabetween the first and second liquids is
suitably 0.0001 m/s or more and 100 m/s or lessersoitably 0.005 m/s or more and 20 m/s
or less, still more suitably 0.01 m/s or more afdris or less, still further more suitably 0.03
m/s or more and 5 m/s or less, still further marigably 0.05 m/s or more and 3 m/s or less,
still further more suitably 0.1 m/s or more and /s or less.
[0126]

<32> The method, according to any one of <29> &> for producing the
inorganic oxide in the form of the thin film, whare when the second liquid is allowed to
flow, the linear flow velocity of the second liquad the time of contact between the first and
second liquids is suitably 0.001 m/s or more, m&ugably 0.005 m/s or more, still more
suitably 0.01 m/s or more, still further more shiya0.03 m/s or more, still further more
suitably 0.05 m/s or more, still more suitably @is or more, and suitably 100 m/s or less,
more suitably 20 m/s or less, still more suitablyrit/s or less, still further more suitably 5
m/s or less, still further more suitably 3 m/sesd, still further more suitably 1 m/s or less.

[0127]
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<33> The method, according to any one of <29> 82> for producing the
inorganic oxide in the form of the thin film, wharewhen the second liquid is allowed to
flow, the linear flow velocity of the second liquad the time of contact between the first and
second liquids is suitably 0.001 m/s or more and @s or less, more suitably 0.005 m/s or
more and 20 m/s or less, still more suitably 0.0& ar more and 10 m/s or less, still further
more suitably 0.03 m/s or more and 5 m/s or ldfkfigther more suitably 0.05 m/s or more
and 3 m/s or less, still further more suitably /s or more and 1 m/s or less.
[0128]

<34> The method, according to any one of <29> &3> for producing the
inorganic oxide in the form of the thin film, wh@rewhen the first liquid is allowed to flow,
the first liquid flows under a laminar flow conditi until the time when the first and second
liquids come into contact with each other.
[0129]

<35> The method, according to any one of <29> 84> for producing the
inorganic oxide in the form of the thin film, wh@rewhen the first liquid is allowed to flow,
the Reynolds number of the first liquid until thené when the first and second liquids come
into contact with each other is suitably 0.1 or ejamore suitably 5 or more, still more
suitably 10 or more, and suitably 1500 or less,arguitably 500 or less, still more suitably
300 or less.
[0130]

<36> The method, according to any one of <29> 85> for producing the
inorganic oxide in the form of the thin film, wh@rewhen the first liquid is allowed to flow,
the Reynolds number of the first liquid until thea¢ when the first and second liquids come
into contact with each other is suitably 0.1 or enand 1500 or less, more suitably 5 or more

and 500 or less, still more suitably 10 or more 30d or less.
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[0131]

<37> The method, according to any one of <29> 86> for producing the
inorganic oxide in the form of the thin film, wharewhen the second liquid is allowed to
flow, the second liquid flows under a laminar floandition until the time when the first and
second liquids come into contact with each other.
[0132]

<38> The method, according to any one of <29> 8> for producing the
inorganic oxide in the form of the thin film, whare when the second liquid is allowed to
flow, the Reynolds number of the second liquid lutite time when the first and second
liquids come into contact with each other is sujyt@b01 or more, more suitably 0.5 or more,
still more suitably 1 or more, and suitably 500l&ss, more suitably 200 or less, still more
suitably 100 or less.
[0133]

<39> The method, according to any one of <29> 88> for producing the
inorganic oxide in the form of the thin film, wha@rewhen the second liquid is allowed to
flow, the Reynolds number of the second liquid lutite time when the first and second
liquids come into contact with each other is suitab01 or more and 500 or less, more
suitably 0.5 or more and 200 or less, still morgasly 1 or more and 100 or less.
[0134]

<40> The method, according to any one of <29> 89> for producing the
inorganic oxide in the form of the thin film, wharé¢he mode of contact between the first and
second liquids includes a mode of causing bothefiirst and second liquids to flow and join
together.
[0135]

<41> The method, according to <40>, for produdtmginorganic oxide in the form
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of the thin film, wherein the mode of contact betwehe first and second liquids includes a
mode of allowing one of the first and second liguid have contact with the other from
behind at an angle with respect to the flow diggcof the one, and subsequently allowing the
liquids to flow in the flow direction of the one.
[0136]

<42> The method, according to <41>, for produdhngjinorganic oxide in the form
of the thin film, wherein an angk which the flow direction of the one forms with thew
direction of the other is suitably 90r less, more suitably 8@r less, still more suitably 45
or less.
[0137]

<43> The method, according to any one of <40> 4@> for producing the
inorganic oxide in the form of the thin film, whareghe manner of supplying one of the first
and second liquids with the other is a manner lofnaihg both of the first and second liquids
to flow out of slits and join together.
[0138]

<44> The method, according to any one of <40> 43> for producing the
inorganic oxide in the form of the thin film, whé@réhe mode of contact between the first and
second liquids includes a mode of allowing bothhef first and second liquids to flow in the
same direction, and, while maintaining the flowediion, bringing the first and second
liquids into contact with each other.
[0139]

<45> The method, according to <44>, for produdtmginorganic oxide in the form
of the thin film, wherein the manner of supplyingeoof the first and second liquids with the
other is a manner of allowing the one to flow betwen inner pipe and an outer pipe of a

double pipe while allowing the other to flow thrduthe inner pipe, and causing the liquids to
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join together so as to cover the other with the one
[0140]

<46> The method, according to any one of <40> 4&> for producing the
inorganic oxide in the form of the thin film, wharehe ratio of the linear flow velocity of the
first liquid to the linear flow velocity of the sewd liquid at the time of contact between the
first and second liquids is suitably 0.01 or manere suitably 0.1 or more, still more suitably
0.5 or more, and suitably 100 or less, more sujtéBlor less, still more suitably 10 or less.
[0141]

<47> The method, according to any one of <40> 46> for producing the
inorganic oxide in the form of the thin film, wharahe ratio of the linear flow velocity of the
first liquid to the linear flow velocity of the sewed liquid at the time of contact between the
first and second liquids is suitably 0.01 or monel 400 or less, more suitably 0.1 or more
and 60 or less, still more suitably 0.5 or more a0ar less.
[0142]

<48> The method, according to any one of <40> 4@> for producing the
inorganic oxide in the form of the thin film, wharghe ratio of the Reynolds number of the
first liquid to the Reynolds number of the secoiglitl until the time when the first and
second liquids come into contact with each othesuisably 0.01 or more, more suitably 0.1
or more, still more suitably 1 or more, still fusthmore suitably 5 or more, still further more
suitably 10 or more, still further more suitably @6 more, and suitably 1000 or less, more
suitably 500 or less, still more suitably 200 aslestill further more suitably 100 or less, still
further more suitably 50 or less, still further mosuitably 30 or less, still further more
suitably 25 or less.
[0143]

<49> The method, according to any one of <40> 48> for producing the
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inorganic oxide in the form of the thin film, whéarehe ratio of the Reynolds number of the
first liquid to the Reynolds number of the secoiiid until the time when the first and
second liquids come into contact with each othesuisably 0.01 or more and 1000 or less,
more suitably 0.1 or more and 500 or less, stilferguitably 1 or more and 200 or less, still
further more suitably 5 or more and 100 or lesH,fatther more suitably 10 or more and 50
or less, still further more suitably 15 or more &tdor less, still further more suitably 15 or
more and 25 or less.
[0144]

<50> The method, according to any one of <29> 4®> for producing the
inorganic oxide in the form of the thin film, whé@réhe mode of contact between the first and
second liquids includes a mode of allowing only oh#he first and second liquids to flow.
[0145]

<51> The method, according to any one of <26> 5> for producing the
inorganic oxide in the form of the thin film, whé@reéhe mode of contact between the first and
second liquids includes a mode of supplying trartsgoone of the first and second liquids
with the other to bring the liquids into contactiweach other.
[0146]

<52> The method, according to any one of <25> &> for producing the
inorganic oxide in the form of the thin film, whé@réhe mode of contact between the first and
second liquids includes a mode of supplying staitily one of the first and second liquids
with the other to bring the liquids into contactlweach other while moving the other.
[0147]

<53> The method, according to any one of <1> t@>5for producing the
inorganic oxide in the form of the thin film, whé@rehe segment size of the first liquid at the

time of contact between the first and second ligjugdsuitably 5um or larger, more suitably
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10 um or larger, still more suitably 1pm or larger, still further more suitably 30n or
larger, still further more suitably 50m or larger, still further more suitably 1Qén or larger,
and suitably 45@m or smaller, more suitably 350n or smaller, still more suitably 3Q0n
or smaller, still further more suitably 250 or smaller, still further more suitably 20én or
smaller.
[0148]

<54> The method, according to any one of <1> t@>5for producing the
inorganic oxide in the form of the thin film, wharghe segment size of the first liquid at the
time of contact between the first and second ligusdsuitably Sum or larger and 450m or
smaller, more suitably 10m or larger and 35Qm or smaller, still more suitably 1&m or
larger and 30Qum or smaller, still further more suitably 30n or larger and 25@m or
smaller, still further more suitably 50m or larger and 20@m or smaller, still further more
suitably 10Qum or larger and 20@m or smaller.
[0149]

<55> The method, according to any one of <1> ta@>5for producing the
inorganic oxide in the form of the thin film, wharghe segment size of the second liquid at
the time of contact between the first and secoqdids is suitably 5um or larger, more
suitably 20um or larger, still more suitably 50m or larger, still further more suitably $n
or larger, still further more suitably 1Q0n or larger, and suitably 20 mm or smaller, more
suitably 10 mm or smaller, still more suitably 5 nemsmaller, still further more suitably 1
mm or smaller, still further more suitably 506 or smaller.
[0150]

<56> The method, according to any one of <1> t&>5for producing the
inorganic oxide in the form of the thin film, whé@rehe segment size of the second liquid at

the time of contact between the first and secamqaids is suitably um or larger and 20 mm
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or smaller, more suitably 20m or larger and 10 mm or smaller, still more suité® pm or
larger and 5 mm or smaller, still further more abiy 80pum or larger and 1 mm or smaller,
still further more suitably 100m or larger and 500m or smaller.
[0151]

<57> The method, according to any one of <1> t&>5for producing the
inorganic oxide in the form of the thin film, wharghe segment size of the first liquid at the
time of contact between the first and second ligjisdequal to the segment size of the second
liquid, or smaller than the segment size of thesddiquid.
[0152]

<58> The method, according to any one of <1> t@>5for producing the
inorganic oxide in the form of the thin film, wharethe ratio of the segment size of the
second liquid to the segment size of the firstiticat the time of contact between the first and
second liquids is suitably 0.1 or more, more siytéb5 or more, still more suitably 1.0 or
more, and suitably 500 or less, more suitably I0@ss, still more suitably 20 or less.
[0153]

<59> The method, according to any one of <1> t@>5for producing the
inorganic oxide in the form of the thin film, whéarethe ratio of the segment size of the
second liquid to the segment size of the firstiticat the time of contact between the first and
second liquids is suitably 0.1 or more and 500ess] more suitably 0.5 or more and 100 or
less, still more suitably 1.0 or more and 20 osles
[0154]

<60> The method, according to any one of <1> t®>5for producing the
inorganic oxide in the form of the thin film, wharehe contact of the first and second liquids
is established in a state in which a gas phasetipresent and accordingly a free interface is

not present.
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[0155]

<61> The method, according to any one of <1> t@>6for producing the
inorganic oxide in the form of the thin film, wharehe contact of the first and second liquids
is realized in a state in which a gas phase iseptesand a free interface is present,
accordingly.
[0156]

<62> The method, according to any one of <1> td>6for producing the
inorganic oxide in the form of the thin film, whérehe duration of contact between the first
and second liquids is suitably 0.5 sec or longestersuitably 1.5 sec or longer, still more
suitably 2.0 sec or longer, and suitably 600 sesharter, more suitably 180 sec or shorter,
still more suitably 100 sec or shorter, still fuathmore suitably 50 sec or shorter, still further
more suitably 10 sec or shorter.
[0157]

<63> The method, according to any one of <1> t@>6for producing the
inorganic oxide in the form of the thin film, wharehe duration of contact between the first
and second liquids is suitably 0.5 sec or longer @00 sec or shorter, more suitably 1.5 sec
or longer and 180 sec or shorter, still more siyt&l0 sec or longer and 100 sec or shorter,
still further more suitably 2.0 sec or longer ardsec or shorter, still further more suitably
2.0 sec or longer and 10 sec or shorter.
[0158]

<64> The method, according to any one of <1> t@>6for producing the
inorganic oxide in the form of the thin film, wharehe reaction temperature at the time of
contact between the first and second liquids isably 10°C or higher, more suitably 2@
or higher, and suitably 6T or lower, more suitably 4TC or lower.

[0159]
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<65> The method, according to any one of <1> ta@>6for producing the
inorganic oxide in the form of the thin film, wharehe reaction temperature at the time of
contact between the first and second liquids isably 10°C or higher and 60C or lower,
more suitably 20C or higher and 40C or lower.
[0160]

<66> The method, according to any one of <1> t®&>6for producing the
inorganic oxide in the form of the thin film, whaérean interfacial tension of the first liquid to
the second liquid at a temperature at the timeoonfact between the first and second liquids is
suitably 0.1 mN/m or more, more suitably 0.5 mN/nmrwore, still more suitably 1 mN/m or
more, and suitably 30 mN/m or less, more suitaldymiN/m or less, still more suitably 10
mN/m or less.
[0161]

<67> The method, according to any one of <1> t&>=6for producing the
inorganic oxide in the form of the thin film, wharean interfacial tension of the first liquid to
the second liquid at a temperature at the timeoofact between the first and second liquids is
suitably 0.1 mN/m or more and 30 mN/m or less, nguigably 0.5 mN/m or more and 15
mN/m or less, still more suitably 1 mN/m or moreld® mN/m or less.
[0162]

<68> The method, according to any one of <1> t@>6for producing the
inorganic oxide in the form of the thin film, wharehe average longitudinal diameter of the
inorganic oxide in the form of the thin film is &ably 2 um or larger, more suitably m or
larger, still more suitably 10m or larger, and suitably 3Q0n or smaller, more suitably 100
um or smaller, still more suitably 50n or smaller.
[0163]

<69> The method, according to any one of <1> t@>6for producing the
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inorganic oxide in the form of the thin film, wharethe average longitudinal diameter is
suitably 2um or larger and 30Q@m or smaller, more suitably @m or larger and 10Qm or
smaller, still more suitably 10m or larger and 50m or smaller.
[0164]

<70> The method, according to any one of <1> t®>6for producing the
inorganic oxide in the form of the thin film, wharehe average thickness of the inorganic
oxide in the form of the thin film is suitably 0.Qdm or larger, more suitably 0.Q&m or
larger, still more suitably 0.4m or larger, and suitably 1;Bn or smaller, more suitablyim
or smaller, still more suitably 0.8m or smaller, still more suitably 04am or smaller, still
more suitably 0.4um or smaller, still more suitably Oi3n or smaller.
[0165]

<71> The method, according to any one of <1> t@>7for producing the
inorganic oxide in the form of the thin film, wharehe average thickness of the inorganic
oxide in the form of the thin film is suitably 0.Qdn or larger and 1.5m or smaller, more
suitably 0.05um or larger and um or smaller, still more suitably Ogdm or larger and 0.8
um or smaller, still further more suitably Quin or larger and 0.5m or smaller, still further
more suitably 0.Jum or larger and 0.4m or smaller, still further more suitably Ouin or
larger and 0.3im or smaller.
[0166]

<72> The method, according to any one of <1> td>7for producing the
inorganic oxide in the form of the thin film, wharethe ratio of the average longitudinal
diameter of the inorganic oxide in the form of filen to the average thickness thereof is
suitably 5 or more, more suitably 30 or more, stilbre suitably 50 or more, and suitably
2000 or less, more suitably 800 or less, still nsrigably 500 or less.

[0167]
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<73> The method, according to any one of <1> t@>7for producing the
inorganic oxide in the form of the thin film, wharethe ratio of the average longitudinal
diameter of the inorganic oxide in the form of filen to the average thickness thereof is
suitably 5 or more and 2000 or less, more suit@@lyor more and 800 or less, still more

suitably 50 or more and 500 or less.

Examples
[0168]

[First Example]

Metal oxides of the following Examples 1-1 to &idd Comparative Example 1-1
to 1-2 were produced. In each of Examples 1-1-toahd Comparative Example 1-2, an
interfacial tension of the first liquid L1 to thecond liquid L2 at 28C was measured using a
Wilhelmy type interfacial tensiometer. Furthermotiee average longitudinal diameter of
the metal oxide in the form of the thin film obtathin each of Examples 1-1 to 1-7 was
determined as the average of longitudinal diametdrs500 data points measured by
microscopic observation. The average thicknessdeteyrmined as the average thickness of
the cross-sections of 20 pieces obtained by cuttiagnorganic oxide in the form of the film
and measured by microscopic observation. From résalts, the ratio of the average
longitudinal diameter to the average thickness determined. Tables 1 and 2 show the
results. Tables 3 and 4 show the metal oxidesirddain Examples and Comparative
Examples.

[0169]
(Example 1-1)
Using the system S for producing an inorganic exeél in the form of a thin film,

the system S including the substrate-laminated areecctor 100 disclosed in the above-
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mentioned embodiment, a titanium oxide in the fafma thin film was produced.
[0170]

As the first liquid L1, a hexane solution contami8.0% by mass of Ti(OBy)
serving as an inorganic oxide precursor was preparéurthermore, as the second liquid L2,
an ionic liquid solution containing 10% by massvedter serving as an inorganic-oxide-
forming substance and having Emim cations and ESharmwas prepared.

[0171]

The first liquid L1 and the second liquid L2 wdeal into the first storage tank 211
and the second storage tank 212, respectively, thade liquids were supplied to the
substrate-laminated microreactor 100 by continumperation to obtain a slurry containing a
titanium oxide gel in the form of a thin film. Ais time, the opening width& andé, of
the respective first and second slits 119a and iriflide the microreactor 100 were both 130
um, and accordingly, the segment sizeofthe first liquid L1 and the segment sizeds the
second liquid L2 at the time of contact betweenfits liquid L1 and the second liquid L2
were both 130um. The flow rate @ of the first liquid L1 was 39 mL/min, the linear
velocity u of the first liquid L1 at the time of contact bet@n the first liquid L1 and the
second liquid L2 was 0.05 m/s, and the ReynoldsbarnRRe of the first liquid L1 until the
time when the first liquid L1 and the second liqu2l came into contact with each other was
14. The flow rate @of the second liquid L2 was 39 mL/min, the lineafocity w of the
second liquid L2 at the time of contact betweenfitst liquid L1 and the second liquid L2
was 0.05 m/s, and the Reynolds number &dhe second liquid L2 until the time when the
first liquid L1 and the second liquid L2 came irtontact with each other was 0.14. The
temperature (reaction temperature) of the firatiig.1 and the second liquid L2 was 25.
The duration of contact (duration of reaction) begw the first liquid L1 and the second liquid

L2 at the liquid contact portion 118 was 3 second&n angled that the flow direction of the
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first liquid L1 formed with the flow direction ohe second liquid L2 was 10
[0172]

The obtained slurry was filtered using a metal mesd the titanium oxide gel in
the form of the thin film remaining on the metal shewas washed with ethanol, and
subsequently dried and baked to obtain a soliditita oxide in the form of a thin film.

[0173]

(Example 1-2)

Using the system S for producing an inorganic exgél in the form of a thin film,
the system S including the double pipe microreatf® disclosed in the above-mentioned
embodiment, a titanium oxide in the form of a tfilm was produced.

[0174]

As the first liquid L1, a toluene solution contaigg 30% by mass of Ti(OBy)
serving as an inorganic oxide precursor was preparéurthermore, as the second liquid L2,
an ionic liquid solution containing 1.0% by massvedter serving as an inorganic-oxide-
forming substance and having Bmim cations and Niffidns was prepared.

[0175]

The first liquid L1 and the second liquid L2 wdeal into the first storage tank 211
and the second storage tank 212, respectivelyttawk liquids were supplied to the double
pipe microreactor 100 by continuous operation ttaioba slurry containing a titanium oxide
gel in the form of a thin film. At this time, thaner diameter of the inner pipe 121 of the
microreactor 100 was 17@dn, and accordingly, the segment sizeoSthe first liquid L1 at
the time of contact between the first liquid L1 ahd second liquid L2 was 140n. The
flow rate Q of the first liquid L1 was 0.14 mL/min, the lineaelocity u of the first liquid L1
at the time of contact between the first liquid &id the second liquid L2 was 0.11 m/s, and

the Reynolds number Ref the first liquid L1 until the time when the dirliquid L1 and the
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second liquid L2 came into contact with each othas 27. The inner diameter of the outer
pipe 122 of the microreactor 100 was 2.4 mm andtlier diameter of the inner pipe 121 of
the microreactor 100 was 1.6 mm, and accordingly,segment size, $f the second liquid
L2 at the time of contact between the first liquitl and the second liquid L2 was 0.4 mm.
The flow rate Q of the second liquid L2 was 10.4 mL/min, the linealocity u of the
second liquid L2 at the time of contact betweenfitst liquid L1 and the second liquid L2
was 0.07 m/s, and the Reynolds number &dahe second liquid L2 until the time when the
first liquid L1 and the second liquid L2 came intontact with each other was 2. The
temperature (reaction temperature) of the firatiig.1 and the second liquid L2 was 25.
The duration of contact (duration of reaction) bew the first liquid L1 and the second liquid
L2 at the liquid contact portion 123 was 3 seconds.
[0176]

The obtained slurry was filtered using a metal mesd the titanium oxide gel in
the form of the thin film remaining on the metal shewas washed with ethanol, and
subsequently dried and baked to obtain a soliditita oxide in the form of a thin film.

[0177]

(Example 1-3)

A solid titanium oxide in the form of a thin filnvas obtained in the same manner
as in Example 1-2, except that, as the first liguild a hexane solution containing 20% by
mass of Ti(OBw) serving as an inorganic oxide precursor was used.

[0178]

(Example 1-4)

A solid titanium oxide in the form of a thin filnwvas obtained in the same manner
as in Example 1-2, except that the flow ratedthe first liquid L1 was 0.48 mL/min, the

linear velocity y of the first liquid L1 at the time of contact be@n the first liquid L1 and
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the second liquid L2 was 0.35 m/s, and the Reynoldsber Re of the first liquid L1 until
the time when the first liquid L1 and the secomplild L2 came into contact with each other
was 87, and furthermore, the flow rate @ the second liquid L2 was 34.7 mL/min, the linea
velocity w of the second liquid L2 at the time of contactwesn the first liquid L1 and the
second liquid L2 was 0.2 m/s, and the Reynolds rerr® of the second liquid L2 until the
time when the first liquid L1 and the second liqu2l came into contact with each other was
5.
[0179]

(Example 1-5)

A solid titanium oxide in the form of a thin filnvas obtained in the same manner
as in Example 1-3, except that, as the seconddlig@i an acetonitrile solution containing
1.8% by mass of water serving as an inorganic-efod@ing substance was used. The
Reynolds number Ref the second liquid L2 was 124.

[0180]

(Example 1-6)

A solid titanium oxide in the form of a thin filnvas obtained in the same manner
as in Example 1-3, except that the flow ratedthe first liquid L1 was 5.2 mL/min, the
linear velocity y of the first liquid L1 at the time of contact bet@n the first liquid L1 and
the second liquid L2 was 3.8 m/s, and the Reynoldsber Re of the first liquid L1 until the
time when the first liquid L1 and the second liqul came into contact with each other was
1439, and furthermore, as the second liquid L2joaic liquid solution containing 1.2% by
mass of water serving as an inorganic-oxide-fornsimgstance and having Emim cations and
ES anions was used.

[0181]

(Example 1-7)
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A solid zirconium oxide in the form of a thin filmwas obtained in the same manner
as in Example 1-2, except that, as the first liquld a hexane solution containing 30% by
mass of Zr(OBuy) serving as an inorganic oxide precursor was used,furthermore, as the
second liquid L2, an ionic liquid solution contaigi 0.9% by mass of water serving as an
inorganic-oxide-forming substance and having Bmatians and NTf2 anions was used.
[0182]

(Comparative Example 1-1)

A solid spherical titanium oxide was obtainedhie same manner as in Example 1-
3, except that, as the second liquid L2, a methaaloition containing 1.8% by mass of water
serving as an inorganic-oxide-forming substancelsidg compatible with hexane was used.
The Reynolds number Ref the first liquid L1 and the Reynolds number, Ré the second
liquid L2 until the time when the first liquid L1nd the second liquid L2 came into contact
with each other were 42 and 220, respectively. Régnolds number Ref the first liquid
L1 and the Reynolds number Ref the second liquid L2 at the time when the lipuivere
compatible with each other after the contact w&@ 2
[0183]

(Comparative Example 1-2)

As the first liquid L1, a toluene solution contaigp 30% by mass of Ti(OBu)
serving as an inorganic oxide precursor was preparéds the second liquid L2, an ionic
liquid solution containing 0.2% by mass of waterveegy as an inorganic-oxide-forming
substance and having Bmim cations and NTf2 anicasprepared.

[0184]

The second liquid L2 prepared in a vessel wasdeihding for 30 minutes, and

subsequently, the first liquid L1 was added frorowabonto the second liquid L2 in the vessel

without ruffling the surface of the second liquid,Land the mixture was left standing for 30
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minutes to cause an interface reaction, wherebyumyscontaining a spherical gel was
obtained. The temperature (reaction temperatdréjedfirst liquid L1 and the second liquid
L2 was 25°C. The segment size of the first liquid L1 at tinee of contact between the first
liquid L1 and the second liquid L2 was calculatgddividing a liquid volume of the first
liquid L1 by a cross-sectional area of the vessad, the result was 640n.
[0185]

The obtained slurry was filtered using a metalimesd the spherical gel remaining
on the metal mesh was washed with ethanol, andegubstly dried and baked to obtain a
solid spherical titanium oxide.

[0186]
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[Table 1]
Example
1-1 1-2 1-3 1-4 1-5 1-6 1-7
Solvent Hexane Toluene Hexane Toluene Hexane Hexarldexane
Inorganic Oxidg _. ) ) . . .
Ti(OBu Ti(OBu Ti(OBuU Ti(OBu Ti(OBu Ti(OBu Zr(OBu
Precursor (OBu)s | Ti(OBu), (OBu), (OBu), (OBu); | Ti(OBu)s | Zr(OBu)
Inorganic Oxidg
First |Precursor Content;d% 8.0 30 20 30 20 20 30
Liquid |by mass)
Segment Size $um) 130 170 170 170 170 170 170
Flow Rate Q (mL/min) 39 0.14 0.14 0.48 0.14 5.2 0.14
Linear Velocity y (m/s) 0.05 0.11 0.11 0.35 0.11 3.8 0.11]
Reynolds Number Re 14 27 42 87 42 1439 42
Solvent EmIimES| BmimNTf2BmimNTf2 | BmimNTf2 | Acetonitrile | EmimES| BmimNTf2
Inorganic-oxide-forming
Water Water Water Water Water Wategr Wate
Substance
Inorganic-oxide-forming
Second Substance Contens ¢ 10 1.0 1.0 1.0 1.8 1.2 0.9
Liquid | (% by mass)
Segment Size um) 130 400 400 400 400 400 400
Flow Rate @ (mL/min) 39 10.4 10.4 34.7 10.4 10.4 10.4
Linear Velocity y(m/s) 0.05 0.07 0.07 0.2 0.07 0.07 0.07
Reynolds Number Re 0.14 2 2 5 124 2 2
Interfacial Tensiorof First Liquid
L 8.8 12 8.8 1.2 34 15.1 8.8
to Second Liquid (mN/m)
my/m; (Molar Movement Rat
: 45 76 147 76 147 4 76
Ratio)
SIS, 1.0 2.35 2.35 2.35 2.35 2.35 2.35
uy/up 1.0 1.6 1.6 1.8 1.6 54 1.6
Re/Re, 100 14 21 17 0.34 720 21
Double
Substrate ) .
) Double Double Double |Double Pipg Pipe Double
laminated Pipe Type| Pipe Type| Pipe Type Type Type | Pipe Type
Microreactor Type pe 1yp pe 1yp pe 1yp yp yp pe 1yp
FIGS. 11A FIGS. 12A| FIGS. 12A| FIGS. 12A| FIGS. 12A| FIGS. | FIGS. 12A
' to 12B to 12B to 12B to 12B 12Ato | to12B
to 11E
12B
Reaction Temperature {{C 25 25 25 25 25 25 25
Contact  Duration (Reactia
3 3 3 3 3 3 3

Duration) (s)

. Thin Film | Thin Film | Thin Film | Thin Film | Thin Film |Thin Film| Thin Film
Metal Oxide Form

Form Form Form Form Form Form Form
Average Longitudinal Diamet

32 41 10 39 31 30 38
(um)
Average Thicknesgun) 0.35 0.38 0.15 0.31 0.73 0.47 0.11
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Average Longitudinal Diameter

Average Thickness

91

108

67

126

42

64

345
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[0187]
[Table 2]
Comparative Example
1-1 1-2
Solvent Hexane Toluene
Inorganic Oxide Precursor Ti(OBu)| Ti(OBu),
Inorganic Oxide Precursor Content ¢
i 20 30
First |(% by mass)
Liquid |Segment Size;$um) 170 640
Flow Rate Q (mL/min) 0.14 -
Linear Velocity y (m/s) 0.11 -
Reynolds Number Re 42 -
Solvent Methanol | BmimNTf2
Inorganic-oxide-forming Substance Water| Water
Inorganic-oxide-forming Substance Conten(% 18 0.2
Second|by mass)
Liquid |Segment Size $um) 400 -
Flow Rate Q (mL/min) 104 -
Linear Velocity y (m/s) 0.07 -
Reynolds Number Re 220 -
Interfacial Tension of First Liquid to Second Lid| ) 12
(mN/m) '
m,/m; (Molar Movement Rate Ratio) 147 -
SIS 13.0 -
uq/Us 1.6 -
Re/Re 0.19 -
Double Pipe
. Type
Microreactor FIGS. 12A -
to 12B
Reaction TemperaturéQ) 25 25
Contact Duration (Reaction Duration) (s) 3 -
Metal Oxide Form Spherical | Spherical
Form Form
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[Table 3]
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Example 1-1

Example 1-2

Example 1-3

Example 1-4
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[Table 4]
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Comparative Example 1-1

Comparative Example

-2
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[0190]

In Examples 1-1 to 1-7, a titanium oxide gel ie form of a film and a zirconium
oxide gel in the form of a film were continuouslydastably formed with high selectivity, and
hence, compared with the arts disclosed in Patecuidents 1 and 2, the titanium oxide in
the form of the thin film and the zirconium oxidethe form of the thin film were produced
with higher production efficiency. In contrasttianium oxide in the form of a thin film
was not obtained in Comparative Examples 1-1 to 1-2
[0191]

[Second Example]

Using a liquid tank 30 illustrated in FIG. 3A, tfiest liquid L1 and the second
liquid L2 were brought into contact with each otligr continuous operation to produce a
titanium oxide in the form of a thin film in eaclh the following Examples 2-1 to 2-3. In
each of Examples 2-1 to 2-3, the interfacial temsibthe first liquid L1 to the second liquid
L2 at 25°C was measured using a Wilhelmy type interfaciabiiemeter. Furthermore, the
average thickness of the obtained titanium oxidghéenform of the thin film was determined
in the same manner as in First Example. Tableosvshhe results, and Table 6 shows the
obtained titanium oxides in the form of the thiimfi
[0192]

<Example 2-1>

As the first liquid L1, a hexane solution contami5.0% by mass of Ti(OBy)
serving as an inorganic oxide precursor was preparéurthermore, as the second liquid L2,
an ionic liquid solution containing 10% by massvedter serving as an inorganic-oxide-
forming substance and having Emim cations and E$hanvas prepared.

[0193]

The second liquid L2 was allowed to flow whileatitating in the liquid tank 30,
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and the first liquid L1 was supplied onto a surfamfethe second liquid L2 from a
microsyringe, and thus a slurry containing a tiiamioxide gel in the form of a thin film was
obtained. At this time, the segment sizeo6the first liquid L1 and the segment sizedd
the second liquid L2 at the time of contact betwtenfirst liquid L1 and the second liquid
L2 are 9.2um and 2800um, respectively, which are respectively equivalémtlayer
thicknesses at the cross-sections perpendicuthetfiow direction of the liquids in a state in
which a liquid laminated structure is formed by glypg the first liquid L1 onto the surface
of the flowing second liquid L2. The flow rate @f the second liquid L2 was 200 mL/min,
the linear velocity sof the second liquid L2 was 0.012 m/s, and therR&ls number Reof
the second liquid L2 was 5.1. The flow rate @ the first liquid L1 was 0.66 mL/min.
The temperature (reaction temperature) of the liggid L1 and the second liquid L2 was 25
°C. The duration of contact (duration of reactibejween the first liquid L1 and the second
liquid L2 was 13 seconds.
[0194]

The obtained slurry was filtered using a metal mesd the titanium oxide gel in
the form of the thin film remaining on the metal shewas washed with ethanol, and
subsequently dried and baked to obtain a soliditita oxide in the form of a thin film.

[0195]

<Example 2-2>

A solid titanium oxide in the form of a thin filnvas obtained in the same manner
as in Example 2-1, except that, as the first liquld a hexane solution containing 30% by
mass of Ti(OBu) serving as an inorganic oxide precursor was used.

[0196]
<Example 2-3>

A solid titanium oxide in the form of a thin filnvas obtained in the same manner
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as in Example 2-2, except that the flow rateo@the second liquid L2 was 300 mL/min, the
linear velocity u of the second liquid L2 was 0.016 m/s, and therREls number Reof the
second liquid L2 was 7.6, and furthermore, the sagrmize $of the first liquid L1 was 6.8
um and the segment size 8f the second liquid L2 was 31Q0n, and furthermore, the
duration of contact (duration of reaction) betwd#ea first liquid L1 and the second liquid L2
was 9 seconds.

[0197]
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[Table 5]
Second Example Example
2-1 2-2 2-3
Solvent Hexane Hexane Hexane
Inorganic Oxide Precursor Ti(OBu)| Ti(OBu), | Ti(OBu),
First [Inorganic Oxide Precursor Content ¢
Liquid |(% l?y mass) 5.0 30 30
Segment Size $um) 9.2 9.2 6.8
Flow Rate Q (mL/min) 0.66 0.66 0.66
Solvent EmimES EmimES| EmimESY
Inorganic-oxide-forming Substance Water| Water Watd
Inorganic-oxide-forming Substance Content (% 10 10 10
Second|by mass)
Liquid |Segment Size Sum) 2800 2800 3100
Flow Rate Q (mL/min) 200 200 300
Linear Velocity y (m/s) 0.012 0.012 0.016
Reynolds Number Re 5.1 5.1 7.6
Interfacial Tension of First Liquid to Second LiduimN/m) 19.3 19.3 19.3
my/m; (Molar Movement Rate Ratio) 20485 3035 4553
SIS 304 304 456
Liquid Tank|Liquid Tank Liquid Tank
Reactor FIG.3 | FIG.3 | FIG.3
Reaction TemperaturéQ) 25 25 25
Contact Duration (Reaction Duration) (s) 13 13 9
Metal Oxide Form Thin Film | Thin Film | Thin Film
Form Form Form
Average Thicknessun) 0.29 0.40 0.45
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[Table 6]
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Example 2-1

Example 2-2

Example 2-3
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[0199]

[Third Example]

Using the belt-conveyor system 60 as illustrate8lGS. 6A and 6B and FIGS. 7A
and 7B, the first liquid L1 and the second liqui2i were brought into contact with each other
by continuous operation to produce a titanium oxnd#he form of a thin film in the following
Example 3. Using a Wilhelmy type interfacial temaiter, an interfacial tension of the first
liquid L1 to the second liquid L2 at 25C was measured. Furthermore, the average
thickness of the obtained titanium oxide in thenfoof the thin film was determined in the
same manner as in First Example. Table 7 showsrdkelts, and Table 8 shows the
obtained titanium oxide.

[0200]

<Example 3>

As the first liquid L1, a hexane solution contami30% by mass of Ti(OBuy)
serving as an inorganic oxide precursor was preparéurthermore, as the second liquid L2,
an ionic liquid solution containing 10% by massvedter serving as an inorganic-oxide-
forming substance and having Emim cations and ESharmwas prepared.

[0201]

The second liquid L2 was supplied into recessem&Bconveyor belt 62 that was
moving while being wound around a pair of rolles &nd thereby transported, and the first
liquid L1 was supplied onto the surface of the secbquid L2 to form a liquid laminated
structure, whereby a slurry containing a titaniuride gel in the form of a thin film was
obtained. At this time, the segment sizeo6the first liquid L1 and the segment sizedd
the second liquid L2 at the time of contact betw#enfirst liquid L1 and the second liquid
L2 are 2um and 400Qum, respectively, which are respectively equivateriyer thicknesses

at the cross-sections perpendicular to the flowdtion of the liquids in a state in which the
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liquid laminated structure is formed by supplyitg ffirst liquid L1 onto the surface of the
transported second liquid L2. The transport rate @ the second liquid L2 was 120
mL/min. The transport rate;Qof the first liquid L1 was 0.06 mL/min. The teerpture
(reaction temperature) of the first liquid L1 aruktsecond liquid L2 was 28C. The
duration of contact (duration of reaction) betwd#eaa first liquid L1 and the second liquid L2
was 10 seconds.
[0202]

The obtained slurry was filtered using a metal mesd the titanium oxide gel in
the form of the thin film remaining on the metal shewas washed with ethanol, and
subsequently dried and baked to obtain a soliditita oxide in the form of a thin film.

[0203]
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[Table 7]
. Example
Third Example 3
Solvent Hexane
Inorganic Oxide Precursor Ti(OBw)
First [Inorganic Oxide Precursor Content ¢ 30
Liquid |(% by mass)
Segment Size $um) 2
Transport Rate Q(mL/min) 0.06
Solvent EmimES
Inorganic-oxide-forming Substance Water
Second|Inorganic-oxide-forming Substance Content ¢ 10
Liquid |(% by mass)
Segment Size,$um) 4000
Transport Rate ©(mL/min) 120
Interfacial Tension of First Liquid to Second LiduimN/m) 19.3
m,/m; (Molar Movement Rate Ratio) 20107
SIS 2000
Belt-conveyof
System
Reactor FIGS. 6, 7A
to 7B
Reaction TemperaturéQ) 25
Contact Duration (Reaction Duration) (s) 10
Metal Oxide Form Thin Film
Form
Average Thicknesgun) 0.47
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[0204]

[Table 8]

Example 3

INDUSTRIAL APPLICABILITY
5 [0205]
The present invention is useful in the technidaldf of methods for producing an

inorganic oxide in the form of a thin film.
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CLAIMS

1. A method for producing an inorganic oxide ifoem of a thin film, the
method comprising

a step of bringing a first liquid and a secondiiliginto contact with each other, the
first liquid having an inorganic oxide precursossblved therein, the second liquid phase-
separating from the first liquid and having a sahse dissolved therein, and the substance
reacting with the inorganic oxide precursor of firet liquid to form an inorganic oxide
derived from the inorganic oxide precursor,

wherein a segment size of the first liquid atmaetiof contact between the first and

second liquids is 500m or smaller.

2. The method of claim 1, wherein

the step is performed by continuous operation.

3. The method of claim 2, wherein
a mode of contact between the first and secondidsyincludes a mode of
supplying moving one of the first and second liguidth another to bring the first and second

liquids into contact with each other.

4, The method of claim 3, wherein
the mode of contact between the first and secaads includes a mode of
supplying transported one of the first and secaquids with another to bring the first and

second liquids into contact with each other.
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5. The method of claim 3 or 4, wherein
the mode of contact between the first and secaads includes a mode of
supplying flowing one of the first and second ligiiwith another to bring the first and

second liquids into contact with each other.

6. The method of claim 5, wherein
the mode of contact between the first and secamads includes a mode of

allowing both of the first and second liquids towil and join together.

7. The method of claim 6, wherein
a manner of supplying one of the first and sedandds with another is a manner

of allowing both of the first and second liquidsmw out of slits and join together.

8. The method of claim 6, wherein

the mode of contact between the first and secaads includes a mode of
allowing both of the first and second liquids towil in a same flow direction, and, while
maintaining the flow direction, bringing the firahd second liquids into contact with each

other.

9. The method of claim 8, wherein

the manner of supplying one of the first and sdcbquids with another is a
manner of allowing the one to flow between an inpipe and an outer pipe of a double pipe
while allowing the other to flow through the inn@pe, and causing the one and the other to

join together so as to cover the other with the one
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10. The method of any one of claims 6 to 9, wherei
when both of the first and second liquids arevedd to flow, a ratio of a linear
flow velocity of the first liquid to a linear flowelocity of the second liquid at a time of

contact between the first liquid and the secondidigs 0.01 or more and 100 or less.

11. The method of any one of claims 1 to 10, winere

the inorganic oxide precursor includes a metabxitie.

12. The method of any one of claims 1 to 11, wineshen the second liquid
10 is allowed to flow, a Reynolds number of the sectqdid until a time when the first and

second liquids come into contact with each oth€04 or more and 500 or less.

13. The method of any one of claims 1 to 12, winere
a segment size of the second liquid at the timeootact between the first liquid

15 and the second liquid is 5 mm or smaller.

14. The method of any one of claims 1 to 13, winere
a ratio of the segment size of the second liqouith¢ segment size of the first liquid

at the time of contact between the first and sedigitls is 0.1 or more and 500 or less.

20
15. The method of any one of claims 1 to 14, winere
a solvent of the first liquid includes one or taomore of toluene, hexane, heptane,
benzene, and chloroform.
25 16. The method of any one of claims 1 to 15, winere
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an interfacial tension of the first liquid to teecond liquid at a temperature at the
time of contact between the first liquid and theose liquid is 0.1 mN/m or more and 30

mN/m or less.

17. The method of any one of claims 1 to 16, winere
a duration of contact between the first and sedmpudds is 0.5 sec or longer and

600 sec or shorter.

18. The method of any one of claims 1 to 17, winere
a reaction temperature at the time of contact éetnthe first and second liquids is

10°C or higher and 60C or lower.

19. The method of any one of 1 to 18, wherein
an average thickness of the inorganic oxide infohen of the thin film is 0.0um

or larger and 1.f5m or smaller.

20. The method of any one of 1 to 19, wherein

a ratio of an average longitudinal diameter toatherage thickness of the inorganic

oxide in the form of the film is 5 or more and 20®0ess.
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