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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]

Inorganic oxides, such as titanium oxide, silmag alumina, have been widely used
as, for example, materials of paints, ink, and iogamaterials, ultraviolet ray protective
agents, and pearl pigments. As a method for piagusuch an inorganic oxide, Patent
Document 1 discloses a method in which, to an idiggid containing a small amount of
water, a solution obtained by dissolving a metkbside into an organic solvent that phase-
separates from the ionic liquid is added and stjrvéhereby the metal alkoxide is hydrolyzed
and polycondensed to produce hollow particles ofnanganic oxide. Patent Document 2
discloses a method in which a precursor liquid ioletéh by stabilizing a titanium alkoxide
with a stabilizing agent is mixed with a mixed gan of a water-containing reactive solvent
and an ionic liquid, and the resultant mixture msated while being stirred, whereby a
dispersion containing titanium oxide particles aied by hydrolyzing a titanium alkoxide is

prepared, and using the dispersion, a titaniumeokidhe form of a thin film is produced.
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[0003]
PATENT DOCUMENT

PATENT DOCUMENT 1: Japanese Unexamined Patenti€atlin No. 2004-
35303

PATENT DOCUMENT 2: Japanese Unexamined Patenti€atlin No. 2014-

84246

SUMMARY OF THE INVENTION
[0004]

The present invention provides a method for prodpan 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 caining an inorganic oxide precursor and the
second liquid containing a substance reacting wighinorganic oxide precursor of the first
liquid to form an inorganic oxide derived from tin®rganic oxide precursor, wherein the step
is performed by continuous operation, and at leastof the first liquid and the second liquid

includes an ionic liquid.

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

mode of allowing least one of the first liquid athé second liquid to flow and supplying and
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allowing the flowing one to have contact with thber, the one is supplied with the other.

[FIG. 3] FIG. 3 is a diagram illustrating a thispecific 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. 4] FIG. 4 is a diagram illustrating a fdurspecific manner in which, in a
mode of allowing at least one of the first liquindathe second liquid to flow and supplying
and allowing the flowing one to have contact witie tother, the one is supplied with the
other.

[FIG. 5] FIG. 5 is a diagram illustrating a fiftspecific 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. 6] FIG. 6 is a diagram illustrating a sgecmanner in which, in a mode of
supplying and allowing one of the first liquid atiee second liquid to be transported to have
contact with the other, the one is supplied with dther.

[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 takdang a line VIIB-VIIB in FIG.
TA.

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

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

structure.
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[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 €&igaration 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 viewdaalalong 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
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 viewdakalong 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
K17-103
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the embodiment includes an inorganic-oxide-fornrastep at which an inorganic oxide in
the form of a thin film is formed by a step of lging a first liquid and second liquid into
contact with each other, the first liquid contamian inorganic oxide precursor and the
second liquid containing a substance (hereinafegerred to as an inorganic-oxide-forming
substance) reacting with the inorganic oxide premuof the first liquid to form an inorganic
oxide gel derived from the inorganic oxide precursdr he inorganic-oxide-formation step is
performed by continuous operation to obtain a glaontaining the inorganic oxide gel in the
form of the thin film as a reaction product. Atsthime, at least one of the first liquid and
the second liquid includes an ionic liquid. Thente"ionic liquid" used in the present
application refers to a salt in the form of a lidj@t a temperature of 18D or lower under
atmospheric pressures. The term "continuous dpetatised in the present application
refers to an operation in which, at the inorganie-formation step performed by the step of
bringing the first liquid and the second liquiddrdontact with each other, the first liquid and
the second liquid are continuously or intermitteriitought into continual contact with each
other while the inorganic oxide in the form of thén film as a reaction product is continually
collected. Therefore, the "continuous operatioggdiin the present application is different
from a batch operation.
[0008]

Note that, according to the method, disclosedate® Document 1, for producing
an inorganic oxide, hollow particles of the inorgaaxide are obtained. According to the
method, disclosed in Patent Document 2, for pradyeai titanium oxide in the form of a thin
film, a dispersion containing titanium oxide paeg is prepared first, and, using the
dispersion, a titanium oxide in the form of a tfiim is indirectly produced. Both of the
methods disclosed in Patent Documents 1 and 2 etleoahs for producing an inorganic oxide

by batch operation.
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[0009]

In contrast, the method for producing an inorganiitle in the form of a thin film
according to the embodiment allows an inorganicdexin the form of a thin film to be
directly and continuously produced by bringing ratfiiquid and a second liquid into contact
with each other by continuous operation, the fligtiid containing an inorganic oxide
precursor and a second liquid containing an indmgaxride-forming substance that reacts
with the inorganic oxide precursor to form an ireorig oxide gel derived from the inorganic
oxide precursor, in which at least one of the faistl second liquids includes an ionic liquid.
This is presumably because, when the first andrgktquids, at least one of which includes
an ionic liquid, are brought into contact with eather, in contact interfaces between the first
and second liquids that are successively formethéyontinuous operation, a reaction rate at
which the inorganic oxide precursor reacts with iherganic-oxide-forming substance to
form an inorganic oxide gel is suitable for two-@insional growth of the gel. Furthermore,
the method for producing an inorganic oxide in fbem of a thin film according to the
embodiment enables the production of an inorgamideoin the form of a thin film with
excellent uniformity in the thicknesses of thimfd.

[0010]

The first liquid contains an inorganic oxide presar. The first liquid may be a
solution in which the inorganic oxide precursordissolved in a solvent, or may be a
dispersion in which the inorganic oxide precursodispersed in a dispersion medium. The
first liquid suitably contains, for example, hydaobons, such as toluene, hexane, heptane,
and benzene, and chloroform. The first liquid &bl contains one or two or more of the
above-mentioned substances. From the viewpoidirettly and continuously producing an
inorganic oxide in the form of a thin film, thedirliquid more suitably contains one or two or

more of toluene, hexane, and heptane.
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[0011]

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 directly and continsiguyproducing the inorganic oxide in the
form of the thin film, the inorganic oxide precurse more suitably an alkoxide, still more
suitably a metal alkoxide, still further more sbitaa 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.

[0012]

Examples of the titanium alkoxide include tetrgétbrthotitanate, tetraisopropyl
orthotitanate, and tetra-n-butyl orthotitanate ¢hafter, referred to as "Ti(OB).
Examples of the zirconium alkoxide include tetrgétlorthozirconate, tetraisopropyl
orthozirconate, and tetra-n-butyl orthozirconater¢imafter, referred to as "Zr(OBL)

[0013]

From the viewpoint of directly and continuouslyg@ucing the inorganic oxide in
the form of the thin film, the inorganic oxide puesor content cof the first liquid is suitably
1% by mass or more, more suitably 5% by mass oenstill more suitably 8% by mass or
more, and from the same viewpoint, suitably 80%nimss or less, more suitably 70% by

mass or less, still more suitably 60% by mass 8, Istill further more suitably 50% by mass
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or less, still further more suitably 40% by massless. The inorganic oxide precursor
content ¢ of the first liquid is suitably 1% by mass or maned 80% by mass or less, more
suitably 5% by mass or more and 70% by mass or &#ismore suitably 8% by mass or
more and 60% by mass or less, still further moitabkly 8% by mass or more and 50% by
mass or less, still further more suitably 8% by sn@smore and 40% by mass or less.
[0014]

The second liquid contains an inorganic-oxide-fiognsubstance. The second
liquid may be a solution in which the inorganic-aeiforming substance is dissolved, or may
be a dispersion in which the inorganic-oxide-forghngubstance is dispersed.

[0015]

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-oxideafing substance include water. Only one
inorganic-oxide-forming substance may be used,war 6r more inorganic-oxide-forming
substances may be used.

[0016]

From the viewpoint of directly and continuouslygucing the inorganic oxide in
the form of the thin film, the inorganic-oxide-fommg substance content of the second
liquid is suitably 0.1% by mass or more, more $te0.5% by mass or more, still more
suitably 0.8% by mass or more, still further mouitably 1% by mass or more, still further
more suitably 5% by mass or more. Furthermoremftioe viewpoint of forming a thin film
with high selectivity while directly and continudusproducing the inorganic oxide in the
form of the thin film, the inorganic-oxide-formimgubstance content ¢s suitably 70% by
mass or less, more suitably 30% by mass or lasnste suitably 20% by mass or less, still

further more suitably 15% by mass or less, stittifar more suitably 12% by mass or less.
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The inorganic-oxide-forming substance contenpttthe second liquid is suitably 0.1% by
mass or more and 70% by mass or less, more sui@ab% by mass or more and 30% by
mass or less, still more suitably 0.8% by mass arenand 20% by mass or less, still further
more suitably 1% by mass or more and 15% by makessy still further more suitably 5% by
mass or more and 12% by mass or less.
[0017]

As for the relation between the first and secoimgids, the inorganic oxide
precursor content;®f the first liquid may be equal to the inorganikide-forming substance
content ¢ of the second liquid, may be higher than the iaorg-oxide-forming substance
content ¢ of the second liquid, or may be lower than thegaaic-oxide-forming substance
content g of the second liquid.

[0018]

At least one of the first and second liquids ines an ionic liquid. Hence, it may
be configured such that both of the first liquichtzoning the inorganic oxide precursor and
the second liquid containing the inorganic-oxidesimg substance include an ionic liquid.
Alternatively, it may be configured such that timstfliquid does not include any ionic liquid
and the second liquid includes an ionic liquid. tefhatively, it may be configured such that
the first liquid includes an ionic liquid and thecend liquid does not contain any ionic liquid.
[0019]

Examples of cations of the ionic liquid include raomium cations and
phosphonium cations.

[0020]

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.

[0021]
K17-103



10

15

20

10

[Formula 1-1]

N@\N M

(where R is an alkyl group having 12 or less carbon atams, 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,
inclusive, carbon atoms, or a hydrogen atom.)

[0022]

The 1-alkyl-3-alkylimidazolium cations of the al@mentioned Formula (1) are
suitably 1-alkyl-3-methylimidazolium cations, mosaitably 1-methyl-3-methylimidazolium
cations, 1l-ethyl-3-methylimidazolium cations (hesdter, referred to as "Emim"), 1-propyl-
3-methylimidazolium cations, and 1-butyl-3-methyiliimzolium cations (hereinafter, referred
to as "Bmim").

[0023]

Examples of the ammonium cations include N-alksifiym cations of the
following Formula (2).

[0024]

[Formula 2-1]

@ (2)
|

R

(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 introdugetween carbon atomic bonds of an

K17-103



10

15

20

25

11
alkyl group so as to form an ether linkage, andttital of the number of the carbon atoms
and the number of the oxygen atoms is 12 or less.)
[0025]

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

[0026]

Examples of the ammonium cations include catidrtieofollowing Formula (3).
[0027]

[INRxHa.x]" 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, andttital of the number of the carbon atoms
and the number of the oxygen atoms is 12 or lessXais an integer of O to 4 inclusive.)
[0028]

The ammonium cations of the above-mentioned Fan(8) are suitably N,N,N-
triethyl-N-propylammonium cations, tetramethylamnuon cations, tetraethylammonium
cations, and ethyldimethylpropylammonium cations.

[0029]

Examples of the phosphonium cations include catafrthe following Formula (4).
[0030]

[PRcHax]" 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 introduoetween carbon atomic bonds of an

alkyl group so as to form an ether linkage, andtdtel of the number of the carbon atoms
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and the number of the oxygen atoms is 12 or lessXais an integer of O to 4 inclusive).
[0031]

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

[0032]

Examples of anions of the ionic liquid include (biluoromethylsulfonyl)amide
anions ([(CESO,).N]) (hereinafter, also referred to as "NTf2"), ethsdiifate anions
([CoHsOSQy] ) (hereinafter, also referred to as "ES"), bis(fasulfonyl)amide anions
([(FSO,).N] ), dicyanamide anions ([(CBN]") (hereinafter, also referred to as "DCA"),
tetrafluoroborate anions (BF, hexafluorophosphate anions ¢PF halide anions (C| Br,

I7), and trifluoromethanesulfonate anions ((S6;] ).
[0033]

As the ionic liquid, one or two or more of combioas of these cations and anions
are suitably used.
[0034]

From the viewpoint of directly and continuouslygucing the inorganic oxide in
the form of the thin film, suitably, the first ligliis a solution in which any ionic liquid is not
contained and the inorganic oxide precursor isofligsl in an organic solvent, and the second
liquid is a solution in which the inorganic-oxideriing substance is dissolved in the ionic
liquid. In this case, examples of the organic eptvin the first liquid include hydrocarbon
solvents, such as toluene, hexane, and heptanehéordform. As the organic solvent, one
or two or more of the above-mentioned solventssaitably used. From the viewpoint of
directly and continuously producing the inorganitde in the form of the thin film, among

those solvents, toluene, hexane, and heptane asesuibably used as the organic solvent.
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[0035]

At least one of the first and second liquids mawtain other additives unless
otherwise losing the effect of directly and conaosly producing the inorganic oxide in the
form of the thin film. From the viewpoint of hydysis rate control, at least one of the first
and second liquids may contain, for example, ad, abase, or a chelating agent. Examples
of the acid include inorganic acids, such as n#igad, sulfuric acid, and hydrochloric acid;
and organic acids, such as acetic acid, oxalic, derchic acid, glycolic acid, gluconic acid,
lactic acid, tartaric acid, citric acid, malic aci@nd succinic acid. Examples of the base
include an ammonia solution, and triethanolamingéxamples of the chelating agent include
acetylacetone, methyl acetoacetate, ethyl acetatacai-propyl acetoacetate, and isopropyl
acetoacetate. The first liqguid may contain an gaaic-oxide-forming substance, such as
water, unless otherwise losing the effect of diyeahd continuously producing the inorganic
oxide in the form of the thin film.

[0036]

From the viewpoint of directly and continuouslyg@ucing the inorganic oxide in
the form of the thin film, the first and seconddids suitably phase-separate from each other.
The term "phase-separate" used in the presentcafiph refers to a state in which, when the
first and second liquids are brought into contaégthweach other, liquid-liquid phase
separation is visually observed, and also the tecndes a case in which the first and second
liquids are compatible with each other to some rxteWhen the first liquid and the second
liquid thus phase-separate from each other, twaedsional growth of gelation owing to a
reaction of the inorganic oxide precursor with therganic-oxide-forming substance can be
effectively caused in a contact interface betwéerfirst and second liquids.

[0037]

When the first and second liquids phase-separata tach other, the interfacial
K17-103
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tension of the first liquid to the second liquidesatemperature at the time of contact between
the first and second liquids is, from the viewpahdirectly and continuously producing the
inorganic oxide in the form of the thin film, suig 0.1 mMN/m or more, more suitably 0.5
mN/m or more, still more suitably 1 mN/m or moraddrom the same viewpoint, suitably 30
mN/m or less, more suitably 15 mN/m or less, stithre suitably 10 mN/m or less. The
interfacial tension is suitably 0.1 mN/m or moreda@30 mN/m or less, more suitably 0.5
mN/m or more and 15 mN/m or less, still more sujtabmN/m or more and 10 mN/m or
less. The interfacial tension is measured usigjlaelmy type interfacial tensiometer.
[0038]

In the mode of contact between the first and sedigpuids, one or both of the first
and second liquids are moved. The mode of cortattveen the first and second liquids
includes a mode of supplying moving one with theeoto bring them into contact with each
other, and a mode of supplying one staying stithwie other to bring them into contact with
each other while moving the other. The mode ofpupg moving one with the other to
bring them into contact with each other includemade of supplying one flowing by an
external force with the other to bring them intontawt with each other and a mode of
supplying one transported without an external faacéng thereon with the other to bring
them into contact with each other. Furthermore,rttode of supplying flowing one with the
other to bring them into contact with each othetudes a mode of allowing both of the first
and second liquids to flow, that is, a mode ofwiig the first and second liquids to flow
separately and then join together, and a modelodviedg only one of the first and second
liquids to flow.

[0039]
Examples of the mode of allowing both of the fasid second liquids to flow and

supplying flowing one with the other to bring theuiids into contact with each other include
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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 tee 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@wil 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 eachestrand 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 diregjidifferent 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 directiorpeerdicular to the flow direction of the
one to have contact with the other.
[0040]

From the viewpoint of forming a thin film with Higselectivity and thereby
obtaining an inorganic oxide in the form of a tfiilm with high production efficiency, the
mode of allowing both of the first and second laguto flow and supplying flowing one with
the other to bring the liquids into contact witlcleather is suitably a mode of bringing one of

the first and second liquids into contact with gtieer from behind at an angle with respect to
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the flow direction of the one, and then allowing tiguids to flow in the flow direction of the
other; or a mode of allowing both of the first asetond liquids to flow in the same direction,
and bringing the first and second liquids into emhtwith each other while maintaining the
flow direction. In the former mode, from the viespt of forming a thin film with high
selectivity and thereby obtaining an inorganic exid the form of the thin film with high
production efficiency, the mode is suitably similara mode of allowing the first and second
liquids to flow in parallel and come into contadtiweach other. Hence, an an@levhich
the flow direction of one liquid forms with the flodirection of the other liquid is suitably
90° or less, more suitably 8@r less, still more suitably 4®r less.
[0041]

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 thee 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 whie 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 diréon of the one; and a mode of supplying one
of the first and second liquids with the other frandirection perpendicular to the flow
direction of the one to bring the liquids into caxctt 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
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.
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[0042]

In the mode of allowing at least one of the fiasid second liquids to flow and
supplying the flowing one with the other to brifgetliquids into contact with each other,
examples of a first specific manner of supplying tne with the other include a manner of,
as illustrated in FIG. 1, allowing both the firstdasecond liquids, namely, A and B to flow
through a passage 11 within a reactor 10 and gether. In this manner, the duration of
contact between the first and second liquids cacobé¢rolled by the flow rates of the first and
second liquids. Furthermore, one or both of the find second liquids may be composed of
a plurality of liquids. Note that an inorganic d&ito be produced can be collected at a point
downstream from the confluence portion of the fstl second liquids.

[0043]

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, namely A, of
the first and second liquids to flow between arempipe 21 and an outer pipe 22 of a double
pipe reactor 20, and allowing the other, namelyoB|ow through the inner pipe 21, and thus
causing the liquids to join together so as to cakerother B with the one A. In this case, it
is suitable that the second liquid is allowed mmnlbetween the inner pipe 21 and the outer
pipe 22, while the first liquid is allowed to flothrough the inner pipe 21. In this manner,
the duration of contact between the first and sédiguids can be controlled by the flow rates
of the first and second liquids. Furthermore, onéoth of the first and second liquids may
be composed of a plurality of liquids. Note thatiaorganic oxide to be produced can be
collected at a point downstream from the conflugmmeion of the first and second liquids.
[0044]

Examples of a third specific manner of supplyimg o@f the first and second liquids

with the other include a manner of, as illustratedrlG. 3, allowing one A of the first and
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second liquids to flow in a liquid tank 30, and plying the other B to a surface of the one A.
In this case, the second liquid is suitably allowtedflow in the liquid tank 30. In this
manner, the duration of contact between the finst second liquids can be controlled by the
flow rate of the one A. Furthermore, one or boththe first and second liquids may be
composed of a plurality of liquids. Examples ofirgt for supplying the other B include a
unit configured to allow the other B to flow out tife opening of a slit of a nozzle, a unit
configured to drop droplets of the other B from ezzle or a showerhead, and a unit
configured to cause the other B exposed to theingef a coating die to be entrained in the
flow of the one A. Furthermore, the unit for suppg the other B may be configured to be
movably provided so that a position for supplyihg bther B to the one A can be changed.
Note that an inorganic oxide to be produced candiected at a downstream portion of the
liquid tank 30.
[0045]

Examples of a fourth specific manner for supplymge of the first and second
liquids with the other include a manner of, assiitated in FIG. 4, supplying one A of the first
and second liquids to a slope 40 to allow the on#oAlow under its own weight, and
supplying the other B onto a surface of the oneoAotm a liquid laminated structure. In
this case, the second liquid is suitably allowefldw on the slope 40. The slope 40 suitably
has a small contact angle with the one A and hgh iettability. In this manner, the
duration of contact between the first and secoquidis can be controlled by the flow rate of
the one A and an angle of inclination of the sl&pe Furthermore, one or both of the first
and second liquids may be composed of a pluralityiquids. Examples of a unit for
supplying the one A include a unit configured tioalthe one A to flow out of the opening of
a slit of a nozzle. Furthermore, the unit for dyjpp the one A may be configured to be

movably provided so that a position for supplyifge tone A onto the slope 40 can be
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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 azzle, a unit configured to drop droplets of
the other B from a nozzle or a showerhead, andtacanfigured to cause the other B exposed
to the opening of a coating die to be entrainethenflow of the 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 cleaing The units for supplying the one A
and the other B respectively may be composed ofngles component. Note that an
inorganic oxide to be produced can be collecteddgdwnstream portion of the slope 40.
[0046]

Examples of a fifth specific manner of supplyimemf the first and second liquids
with the other include a manner of, as illustratedIG. 5, supplying one A of the first and
second liquids onto a wall of a funnel 50 to alling one A to flow under its own weight, and
supplying the other B onto a surface of the one Aotm a liquid laminated structure. In
this case, the second liquid is suitably alloweddw on 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 may cdoeposed of a plurality of liquids.
Examples of a unit for supplying the one A incluaenit 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 thpbsition for supplying the one A to the
funnel 50 can be changed. Examples of a unit émplying the other B include a unit
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
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the other B respectively may be composed of a siocginponent. Note that an inorganic
oxide to be produced can be collected at a dowastygortion of the funnel 50.
[0047]

Examples of the mode of supplying transported anne 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 flist and second liquids to have contact
with the other from the front at an angle with mspto the transport direction of the one, and
then transporting the liquids in the transport clian 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 trartgg the liquids in the transport direction of
the one.

[0048]

Examples of a specific manner in which, in a motlsupplying transported one of
the first and second liquids with the other to frihe liquids into contact with each other, the
one is supplied with the other include a mannemsfjllustrated in FIG. 6, by using a belt-
conveyor system 60, supplying and transporting Araé the first and second liquids onto a
conveyor belt 62 that moves while being wound adoarpair of rollers 61, and supplying a
surface of the one with the other B to form a liglaminated structure. In this case, the
second liquid is suitably supplied onto the convepelt 62 to be transported. In this
manner, the duration of contact between the finst gecond liquids can be controlled by the
transport speed of the conveyor belt 62. Furtheemone 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.
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Furthermore, the unit for supplying the one A maydonfigured to be movably provided so
that a position for supplying the one A to the aayor belt 62 can be changed. Examples of
a unit for supplying the other B include a unit tgared to allow the other B to flow out of
the opening of a slit of a nozzle, a unit configite drop droplets of the other B from a
nozzle or a showerhead, and a unit configured igeghe other B exposed to the opening of
a coating die to be entrained in the transportezl An Furthermore, the unit for supplying
the other B may be configured to be movably pradide that a position for supplying the
other B to the one A can be changed. The unitsdé@plying the one A and the other B
respectively may be composed of a single componddate that an inorganic oxide to be
produced can be collected at a downstream porfitimecconveyor belt 62.
[0049]

As illustrated in FIGS. 7A and 7B, the belt-convegystem 60 may be configured
such that a plurality of recesses 63 aligned althrgg lengthwise 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 @a®econd liquids is formed. Using the
belt-conveyor system 60 having this configuratitwe, first and second liquids react with each
other in each of the recesses 63, and accordiagliporganic oxide in the form of a thin film
with high uniformity can be achieved. Note thdtansport unit is not particularly limited to
the belt-conveyor system 60, and is only requicekave a continuous transport surface along
a transport direction.

[0050]

Examples of a specific manner in which, in a mofisupplying staying-still one of
the first and second liquids with the other to grihe liquids into contact with each other and
moving the other, the one is supplied with the othelude a manner of, as illustrated in FIG.

8, storing one A of the first and second liquidsiitiquid tank 80, and supplying the other B
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onto a surface of the one to cause the liquidte by an extrusion-and-displacement action.
In this case, the second liquid is suitably starethe liquid tank 80. In this manner, the
duration of contact between the first and secoqdidis can be controlled by the speed of
supply of the other B. Furthermore, one or boththef first and second liquids may be
composed of a plurality of liquids. Examples ofirgt 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 cleaing Note that an inorganic oxide to be
produced can be collected together with an overfiquid from the liquid tank 80.
[0051]

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 cagderofing a liquid laminated structure by using
a coating die or other devices, a gas phase iemremd accordingly a free interface is
present.

[0052]

When the first and second liquids are brought auotact with each other to form a
liquid laminated structure, as illustrated in FBA\, a structure in which a plurality of the first
liquids L1 and a plurality of the second liquids &2 laminated alternately may be formed.
Alternatively, as illustrated in FIG. 9B, a liquigiminated structure may be formed in which a

layer of a third liquid L3 not having compatibilityith either one of the first liquid L1 or the
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second liquid L2 and not involved in a reactionvien the first liquid L1 and the second
liquid L2 is provided between laminated bodies eammposed 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 suéstially prevented, and thus, the production
efficiency of the inorganic oxide in the form oktthin 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.ithvthis structure, an inorganic oxide in
the form of a thin film in which different types oforganic oxides are bonded together can be
achieved.
[0053]

At the inorganic-oxide-formation step in the methor 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 muoeat rate ratio = aim;) of the molar
movement rate pof the inorganic-oxide-forming substance of theos&l liquid to the molar
movement rate mof the inorganic oxide precursor of the first lidjat the time of contact
between the first and second liquids is, from tiewpoint of directly and continuously
producing the inorganic oxide in the form of thetfilm, 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 therefahe, molar movement rate ratio 4im;)
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may be a value of the order of a thousand or tensnds. Note that the molar movement
rate m of the first liquid can be controlled by the inargc oxide precursor content of 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 thiganic oxide precursor in the first liquid.
The molar movement rate,mf the second liquid can be controlled by the gramic-oxide-
forming substance content af the second liquid and the flow rate € 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 secoqgditl, and the molecular
weight of the inorganic-oxide-forming substancéhia second liquid.
[0054]

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
directly and continuously producing the inorgankide in the form of the thin film, suitably
0.0001 m/s or more, more suitably 0.01 m/s or mstitk more suitably 0.03 m/s or more, and
from the same viewpoint, suitably 100 m/s or leassre suitably 60 m/s or less, still more
suitably 10 m/s or less. The linear flow veloaityof the first liquid is suitably 0.0001 m/s
or more and 100 m/s or less, more suitably 0.01an/isiore and 60 m/s or less, still more
suitably 0.03 m/s or more and 10 m/s or less.

[0055]

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 directly and continuously producingetmorganic oxide in the form of the thin
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film, suitably 0.001 m/s or more, more suitablyr@/s or more, still more suitably 0.03 m/s
or more, and from the same viewpoint, suitably &8 or less, more suitably 60 m/s or less,
still more suitably 10 m/s or less. The lineamfleelocity kb of the second liquid is suitably
0.001 m/s or more and 100 m/s or less, more syitalil m/s or more and 60 m/s or less,
still more suitably 0.03 m/s or more and 10 m/teses.
[0056]

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, the flow rate
of the second liquid respectively, and by the shafpe device. Furthermore, in each of the
modes of contact between the first and seconddgjiliustrated in FIGS. 1 and 2, the linear
flow velocity w of the first liquid and the linear velocity, wf 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-sedteing perpendicular to the flow direction
after the confluence. In each of the modes ofamnbetween the first and second liquids
illustrated in FIGS. 3 to 8, the linear flow velgcu, of the first liquid and the linear flow
velocity w of the second liquid can be calculated by dividing respective flow rates;@nd
Q. by the passage area of a cross-section perpeadicuthe flow direction of the liquids
when the liquid laminated structure is formed.

[0057]

In the case where both of the first and seconddgjare 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 liguage suitably in the above-mentioned
range. Furthermore, the linear flow velocityaf the first liquid may be equal to the linear
flow velocity w of the second liquid, or may be higher or loweartlthe linear flow velocity

u, of the second liquid. The ratio;(w) of the linear flow velocity yof the first liquid to
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the linear flow velocity p of the second liquid at the time of contact betwé®e first and
second liquids is, from the viewpoint of directlgdacontinuously producing the inorganic
oxide in the form of the thin film, suitably 0.0% more, more suitably 0.3 or more, still more
suitably 0.5 or more, and from the same viewpanttably 100 or less, more suitably 60 or
less, still more suitably 10 or less. The lindawfvelocity ratio (4/uy) is suitably 0.01 or
more and 100 or less, more suitably 0.3 or moreG&hdr less, still more suitably 0.5 or more
and 10 or less.
[0058]

Furthermore, in the case where the first liquidaiowed to flow, from the
viewpoint of directly and continuously producingetinorganic oxide in the form of the thin
film, the first liquid suitably flows under a lan@nflow condition until the time when the first
and second liquids come into contact with eachrogpeecifically until just before the contact.
The Reynolds number Ref the first liquid until the time when the firahd second liquids
come into contact with each other is, from the yeimt of directly and continuously
producing the inorganic oxide in the form of thathlm, suitably 0.1 or more, more suitably
1 or more, still more suitably 5 or more, and frtme same viewpoint, suitably 3000 or less,
more suitably 500 or less, still more suitably Idess. The Reynolds number,Rxé the
first liquid is suitably 0.1 or more and 3000 osdemore suitably 1 or more and 500 or less,
still more suitably 5 or more and 100 or less. e\thiat the Reynolds number R# the first
liquid can be controlled by the flow ratg Qf the first liquid.

[0059]

In the case where the second liquid is allowedldw, from the viewpoint of
directly and continuously producing the inorganiide in the form of the thin film, the
second liquid suitably flows under a laminar floandition until the time when the first and

second liquids come into contact with each othpecsically until just before the contact.
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The Reynolds number Ref the second liquid until the time when the fasid second liquids
come into contact with each other is, from the yeimt of directly and continuously
producing the inorganic oxide in the form of thentlilm, suitably 0.01 or more, more
suitably 0.05 or more, still more suitably 0.1 oorey and from the same viewpoint, suitably
500 or less, more suitably 100 or less, still msugably 50 or less. The Reynolds number
Re of the second liquid is suitably 0.01 or more &00 or less, more suitably 0.05 or more
and 100 or less, still more suitably 0.1 or morel &0 or less. Note that the Reynolds
number Re of the second liquid can be controlled by the flate Q of the second liquid.
[0060]

In the case where both of the first and secondid&) are allowed to flow, the
Reynolds number Reof the first liquid and the Reynolds number,Ré the second liquid
until the time when the first and second liquidsneanto contact with each other are suitably
in the above-mentioned ranges. Furthermore, thenétds number Reof the first liquid
may be equal to the Reynolds numbep Biethe second liquid, or may be larger or smaller
than the Reynolds number Ref the second liquid. The ratio (RRee) of the Reynolds
number Re of the first liquid to the Reynolds number Ré the second liquid until the time
when the first and second liquids come into contdtit each other is, from the viewpoint of
directly and continuously producing the inorgankide in the form of the thin film, suitably
0.01 or more, more suitably 0.1 or more, still mergtably 1 or more, still further more
suitably 5 or more, still further more suitably &0 more, still further more suitably 15 or
more, and from the same viewpoint, suitably 100dess, more suitably 500 or less, still
more suitably 200 or less, still further more solgal00 or less, still further more suitably 50
or less, still further more suitably 30 or lessll $urther more suitably 25 or less. The
Reynolds number ratio (R®e,) is suitably 0.01 or more and 1000 or less, maitakly 0.1

or more and 500 or less, still more suitably 1 arenand 200 or less, still further more
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suitably 5 or more and 100 or less, still furthesrensuitably 10 or more and 50 or less, still
further more suitably 15 or more and 30 or lesH,fatther more suitably 15 or more and 25
or less.
[0061]

The duration of contact between the first and sddmuids is, from the viewpoint
of directly and continuously producing the inorgamixide in the form of the thin film,
suitably 0.5 sec or longer, more suitably 1.0 sedoager, still more suitably 2.0 sec or
longer, and from the same viewpoint, suitably 666 sr shorter, more suitably 180 sec or
shorter, still more suitably 100 sec or shortel, fsirther more suitably 50 sec or shorter, still
further more suitably 10 sec or shorter. This tlaraof contact is suitably 0.5 sec or longer
and 600 sec or shorter, more suitably 1.0 sec mgeloand 180 sec or shorter, still more
suitably 2.0 sec or longer and 100 sec or shastér further more suitably 2.0 sec or longer
and 50 sec or shorter, still further more suitébly sec or longer and 10 sec or shorter.
[0062]

The reaction temperature at the time of contatvéen the first and second liquids
is, from the viewpoints of the rate of reactiorelgli and viscosity, suitably @C or higher,
more suitably 5°C or higher, still more suitably 1%C or higher. Furthermore, from the
viewpoint of reaction control, the reaction tempera is suitably 100C or lower, more
suitably 60°C or lower, still more suitably 33C or lower. This reaction temperature is
suitably 0°C or higher and 10€C or lower, more suitably 8C or higher and 60C or lower,
still more suitably 10C or higher and 35C or lower.

[0063]
The method for producing the inorganic oxide ia thrm of the thin film according

to the embodiment includes: after obtaining a glaontaining an inorganic oxide gel in the
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form of a thin film in the inorganic-oxide-formaticstep, separating the inorganic oxide gel in
the form of the thin film from the slurry by filti@n or other ways; and drying and baking the
resultant gel to finally obtain a solid inorganide in the form of a thin film.
[0064]

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 50m or
smaller. This average longitudinal diameter istadaly 2 um or larger and 30@um 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 meeduyy the microscopic observation of then
obtained inorganic oxide in the form of the thimfi
[0065]

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 1.5um or smaller, more suitably gdm or smaller, still more suitably 0,8m or
smaller, still more suitably 0.pom or smaller, still more suitably Oin or smaller, still more
suitably 0.3um or smaller. This average thickness is suitab®l dm or larger and 1.5m
or smaller, more suitably 0.Q6n or larger and iim or smaller, still more suitably Ogin 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 cuttingtitained inorganic oxide in the form of the

film and measured by microscopic observation.
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[0066]

The ratio of the average longitudinal diametethef inorganic oxide in the form of
the thin film to the average thickness thereofuisably 5 or more, more suitably 30 or more,
still more suitably 50 or more, and suitably 2000ess, more 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 oreramnd 500 or less.

[0067]

As for the above-mentioned embodiment, the follmyconfigurations are further
disclosed.
[0068]

<1> A method for producing an inorganic oxide Ire tform of a thin film, the
method comprising a step of bringing a first ligaid a second liquid into contact with each
other, the first liquid containing an inorganic @&iprecursor and the second liquid containing
a substance reacting with the inorganic oxide p=arwf the first liquid to form an inorganic
oxide derived from the inorganic oxide precursomevein the step is performed by
continuous operation, and at least one of thedinst second liquids includes an ionic liquid.
[0069]

<2> The method, according to <1>, for producing itiorganic oxide in the form of
the thin film, wherein the first liquid is a solati in which the inorganic oxide precursor is
dissolved in a solvent.
[0070]

<3> The method, according to <1> or <2>, for p@dg the inorganic oxide in the
form of the thin film wherein the first liquid saibly contains one or two or more of toluene,
hexane, heptane, benzene, and chloroform, morabspitontains one or two or more of

toluene, hexane, and heptane.
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[0071]

<4> The method, according to any one of <1> to,<48p producing the inorganic
oxide in the form of the thin film, wherein the nganic oxide precursor includes an inorganic
substance having a hydrolyzable functional grogpnfivhich the inorganic oxide is derived
by sol-gel transition accompanied by a hydrolysection and a polycondensation reaction.
[0072]

<5> The method, according to any one of <1> to,<dr producing the inorganic
oxide in the form of the thin film, wherein the nganic oxide precursor includes one or two
or more of an alkoxide, a halide, a salt having@rdlyzable functional group, a coordination
compound having a hydrolyzable functional groum amines of the inorganic oxide.
[0073]

<6> The method, according to any one of <1> to,<6r producing the inorganic
oxide in the form of the thin film, wherein the nganic oxide precursor is suitably 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.
[0074]

<7> The method, according to <6>, for producirng itiorganic oxide in the form of
the thin film, wherein the titanium alkoxide incksl tetraethyl orthotitanate, tetraisopropyl
orthotitanate, or tetra-n-butyl orthotitanate.
[0075]

<8> The method, according to <6>, for producingitiorganic oxide in the form of
the thin film, wherein the zirconium alkoxide indkes tetraethyl orthozirconate,
tetraisopropyl orthozirconate, or tetra-n-butyhorirconate.

[0076]
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<9> The method, according to any one of <1> to,<48p producing the inorganic
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.
[0077]

<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 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.
[0078]

<11> The method, according to any one of <1> t@>1for producing the
inorganic oxide in the form of the thin film, whamethe inorganic-oxide-forming substance
content of the second liquid is suitably 0.1% bysmar more, more suitably 0.5% by mass or
more, still more suitably 0.8% by mass or more, andably 70% by mass or less, more
suitably 30% by mass or less, still more suitalfl902oy mass or less.
[0079]

<12> The method, according to any one of <1> td>1for producing the
inorganic oxide in the form of the thin film, whéarethe 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.
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[0080]

<13> The method, according to any one of <1> t@>1for producing the
inorganic oxide in the form of the thin film, whearecations of the ionic liquid include
ammonium cations.
[0081]

<14> The method, according to <13>, 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).
[0082]

[Formula 1-2]

[®) 8

(where R is an alkyl group having 12 or less carbon atams, 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; ahds Ran alkyl group having 1 to 4,
inclusive, carbon atoms, or a hydrogen atom.)

[0083]

<15> The method, according to <13> or <14>, 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-methylimiddinon cations, or 1-butyl-3-
methylimidazolium cations.

[0084]
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<16> The method, according to any one of <13> 1&> for producing the
inorganic oxide in the form of the thin film, wharethe ammonium cations include N-
alkylpyridium cations of the following Formula (2).
[0085]

5 [Formula 2-2]

© .

N
:

(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

10 and the number of the oxygen atoms is 12 or less).
[0086]

<17> The method, according to any one of <13> 16> for producing the
inorganic oxide in the form of the thin film, whérethe ammonium cations include 1-
methylpyridium cations, 1-ethylpyridium cations, pepylpyridium cations, or 1-

15  butylpyridium cations.
[0087]

<18> The method, according to any one of <13> 1@> for producing the
inorganic oxide in the form of the thin film, wh@rghe ammonium cations include cations of
the following Formula (3).

20 [0088]
[INRxHa.x]" 3)

(where R is an alkyl group having 12 or less caratoms, or a functional group in

K17-103



10

15

20

25

35
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; arglax integer of O to 4 inclusive.)
[0089]

<19> The method, according to any one of <13> 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.

[0090]

<20> The method, according to any one of <1> t®>1for producing the
inorganic oxide in the form of the thin film, wharethe cations of the ionic liquid include
phosphonium cations.

[0091]

<21> The method, according to <20>, for produdtmginorganic oxide in the form
of the thin film, wherein the phosphonium cationslide cations of the following Formula
4).

[0092]

[PRxHax]" (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; arglax integer of O to 4 inclusive.)

[0093]
<22> The method, according to <20> or <21>, fadorcing the inorganic oxide in

the form of the thin film, wherein the phosphonigations include tetramethylphosphonium
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cations, tetraethylphosphonium cations, or tribagthylphosphonium cations.
[0094]

<23> The method, according to any one of <1> t@>2for producing the
inorganic oxide in the form of the thin film, whareanions of the ionic liquid include
bis(trifluoromethylsulfonyl)amide  anions  ([(G§0,).N]), 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©;] ).
[0095]

<24> The method, according to any one of <1> t@>2for producing the
inorganic oxide in the form of the thin film, whérehe second liquid is a solution in which
the inorganic-oxide-forming substance is dissolvethe ionic liquid.
[0096]

<25> The method, according to <24>, for produdtmginorganic oxide in the form
of the thin film, wherein the first liquid is a sion in which any ionic liquid is not contained
and the inorganic oxide precursor is dissolvedhimi@anic solvent.
[0097]

<26> The method, according to any one of <1> t&>2for producing the
inorganic oxide in the form of the thin film, wharethe first liquid and the second liquid
phase-separate from each other.
[0098]

<27> The method, according to <26>, for produdtmginorganic oxide in the form
of the thin film, wherein the interfacial tensioh the first liquid to the second liquid at a
temperature at the time of contact between thedind second liquids is suitably 0.1 mN/m or

more, more suitably 0.5 mN/m or more, still mor@adaly 1 mN/m or more, and suitably 30
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mN/m or less, more suitably 15 mN/m or less, stitire suitably 10 mN/m or less.
[0099]

<28> The method, according to <26> or <27>, fadorcing the inorganic oxide in
the form of the thin film, wherein the interfactahsion of the first liquid to the second liquid
at a temperature at the time of contact betweerfitsieand second liquids is suitably 0.1
mN/m or more and 30 mN/m or less, more suitablyrNYm or more and 15 mN/m or less,
still more suitably 1 mN/m or more and 10 mN/mesd.
[0100]

<29> The method, according to any one of <1> t@>2for 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 mowing of the first and second liquids with
the other to bring the liquids into contact witltlkeather.
[0101]

<30> The method, according to <29>, for produdtmginorganic 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 @sle
[0102]

<31> The method, according to <29> or <30>, 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 cortdetween the first and second liquids is

suitably 2 or more and 300 or less, more suitalilyol more and 200 or less, still more
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suitably 50 or more and 150 or less.
[0103]

<32> The method, according to any one of <29> 81> 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 floworge of the first and second liquids with
the other to bring the liquids into contact witltleather.
[0104]

<33> The method, according to <32>, for produdhngjinorganic oxide in the form
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 flist and second liquids is suitably 0.0001
m/s or more, more suitably 0.01 m/s or more, stitire suitably 0.03 m/s or more, and
suitably 100 m/s or less, more suitably 60 m/ses| still more suitably 10 m/s or less.
[0105]

<34> The method, according to <32> or <33>, fadorcing the inorganic oxide in
the form of the thin film, wherein, when the filgjuid 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 lesgersaitably 0.01 m/s or more and 60 m/s
or less, still more suitably 0.03 m/s or more a@dris or less.
[0106]

<35> The method, according to any one of <32> 84> for producing the
inorganic oxide in the form of the thin film, wha@rewhen 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, mswégably 0.01 m/s or more, still more
suitably 0.03 m/s or more, and suitably 100 m/dess, more suitably 60 m/s or less, still

more suitably 10 m/s or less.
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[0107]

<36> The method, according to any one of <32> 8> 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 an@d s or less, more suitably 0.01 m/s or
more and 60 m/s or less, still more suitably 0.@8 on more and 10 m/s or less.
[0108]

<37> The method, according to any one of <32> 86> 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.
[0109]

<38> The method, according to any one of <32> 87> 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 ejamore suitably 1 or more, still more
suitably 5 or more, and suitably 3000 or less, nsoiigably 500 or less, still more suitably 100
or less.
[0110]

<39> The method, according to any one of <32> 88> 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 3000 or less, more suitably 1 or more
and 500 or less, still more suitably 5 or more 40d or less.

[0111]
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<40> The method, according to any one of <32> 89> for producing the
inorganic oxide in the form of the thin film, wha@rewhen 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.
[0112]

<41> The method, according to any one of <32> 4®> 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 suytab 01l or more, more suitably 0.05 or
more, still more suitably 0.1 or more, and suitabP or less, more suitably 100 or less, still
more suitably 50 or less.
[0113]

<42> The method, according to any one of <32> 4d> for producing the
inorganic oxide in the form of the thin film, wharewhen 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 0.05 or more and 100 or less, still marigably 0.1 or more and 50 or less.
[0114]

<43> The method, according to any one of <32> 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 causing bothefiirst and second liquids to flow and join
together.
[0115]

<44> The method, according to <43>, for produdtmginorganic oxide in the form

of the thin film, wherein the linear flow velocityf the first liquid at the time of contact
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between the first and second liquids is equal éditiear flow velocity of the second liquid, or
higher than the linear flow velocity of the secdigaid.
[0116]

<45> The method, according to <43> or <44>, fadorcing the inorganic oxide in
the form of the thin film, wherein the ratio of theear flow velocity of the first liquid to the
linear flow velocity of the second liquid at theng of contact between the first and second
liquids is suitably 0.01 or more, more suitably @r3more, still more suitably 0.5 or more,
and suitably 100 or less, more suitably 60 or Istémore suitably 10 or less.
[0117]

<46> The method, according to any one of <43> 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 monel 400 or less, more suitably 0.3 or more
and 60 or less, still more suitably 0.5 or more a0ar less.
[0118]

<47> The method, according to any one of <43> 46> for producing the
inorganic oxide in the form of the thin film, wha@rewhen both of the first and second liquids
are allowed to flow, the ratio of the Reynolds nemiof the first liquid to the Reynolds
number of the second liquid until the time whenfilg and second liquids come into contact
with each other is suitably 0.01 or more, morealit 0.1 or more, still more suitably 1 or
more, still further more suitably 5 or more, stilither more suitably 10 or more, still further
more suitably 15 or more, and suitably 1000 or,lessre suitably 500 or less, still more
suitably 200 or less, still further more suitab0lor less, still further more suitably 50 or
less, still further more suitably 30 or less, stilither more suitably 25 or less.

[0119]
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<48> The method, according to any one of <43> 4@> for producing the
inorganic oxide in the form of the thin film, wh@rewhen both of the first and second liquids
are allowed to flow, the ratio of the Reynolds nemlof the first liquid to the Reynolds
number of the second liquid until the time whenfilg and second liquids come into contact
with each other is suitably 0.01 or more and 100@ss, more suitably 0.1 or more and 500
or less, still more suitably 1 or more and 200ems| still further more suitably 5 or more and
100 or less, still further more suitably 10 or marel 50 or less, still further more suitably 15
or more and 30 or less, still further more suitakyor more and 25 or less.
[0120]

<49> The method, according to any one of <32> 48> 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 allowing only oh#he first and second liquids to flow.
[0121]

<50> The method, according to any one of <29> 48> 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 trartsploone of the first and second liquids
with the other to bring the liquids into contactiweach other.
[0122]

<51> The method, according to any one of <1> t®>5for 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 stawiiltjone of the first and second liquids
with the other to bring the liquids into contactlweach other while moving the other.
[0123]

<52> The method, according to any one of <1> td>5for producing the

inorganic oxide in the form of the thin film, wharehe contact of the first and second liquids
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is established in a state in which a gas phasetipresent and accordingly a free interface is
not present.
[0124]

<53> The method, according to any one of <1> td>5for 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.
[0125]

<54> The method, according to any one of <1> t@>5for 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 longasrensuitably 1.0 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 flathmore suitably 50 sec or shorter, still further
more suitably 10 sec or shorter.
[0126]

<55> The method, according to any one of <1> ta@l>5for 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 longer @00 sec or shorter, more suitably 1.0 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.
[0127]

<56> The method, according to any one of <1> t®&>5for 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 0°C or higher, more suitably & or
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higher, still more suitably 18C or higher, and suitably 10@€ or lower, more suitably 60C
or lower, still more suitably 35C or lower.
[0128]

<57> The method, according to any one of <1> t&>5for producing the
inorganic oxide in the form of the thin film, whérehe reaction temperature at the time of
contact between the first and second liquids itably 0°C or higher and 100C or lower,
more suitably 5C or higher and 66C or lower, still more suitably 10C or higher and 335C
or lower.
[0129]

<58> The method, according to any one of <1> t@>5for producing the
inorganic oxide in the form of the thin film, wha@rehe 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.
[0130]

<59> The method, according to any one of <1> t@>5for producing the
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 jgm or larger and 10Qm or
smaller, still more suitably 10m or larger and 50m or smaller.
[0131]

<60> The method, according to any one of <1> t®>5for 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
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or smaller, still more suitably 0.8m or smaller, still more suitably 04sm or smaller, still
more suitably 0.4um or smaller, still more suitably Oi3n or smaller.
[0132]

<61> The method, according to any one of <1> t@>=6for producing the
inorganic oxide in the form of the thin film, wharethe 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 1um or smaller, still more suitably Oym 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.
[0133]

<62> The method, according to any one of <1> td>6for 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, stibre suitably 50 or more, and suitably
2000 or less, more suitably 800 or less, still ngrigably 500 or less.
[0134]

<63> The method, according to any one of <1> t@>6for producing the
inorganic oxide in the form of the thin film, whawethe ratio of the average longitudinal
diameter of the inorganic oxide in the form of tlilen 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

[0135]
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[First Example]

(System for Producing Inorganic Oxide Gel in FafThin Film)

FIG. 10 is a diagram illustrating a system S fardoicing an inorganic oxide gel in
the form of a thin film, the system being used irsttExample.

[0136]

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
second liquid inlet 102 on the upstream side, aliguéd outlet 103 on the downstream side.
[0137]

The first liquid inlet 101 of the microreactor 180connected to a first liquid supply
pipe 221 extending from a first storage tank 2Irlstoring a 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 a second lig@id 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 #&#2sending the liquids, and flowmeters
251 and 252 for detecting the flow rates of theiitlg 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 Zé2etectrically 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 coilg tank 280.

[0138]
FIGS. 11A to 11E are diagrams illustrating a st#tetlaminated micromixer 100.

[0139]
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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.

[0140]

The upper substrate 111 is formed in the shagerettangular plate, and one end
of the long side is configured as an upstream @onivhile 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 substrbt 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 1lla extending along the width
direction is provided so as to communicate withfitst liquid inlet 101. At each of edges
on both long sides and the upstream short sidehefupper substrate 111, a plurality of
positioning holes 11la penetrating the upper satestill in the thickness direction is
provided so as to be spaced out.

[0141]

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 away on the uppee fside, and a slope portion 116
continuous to the edge on the upstream short gitlkedower substrate 112, the edge being
formed so as to have a smaller substrate-thickmegspvided so that the substrate thickness
is gradually larger toward the downstream side. tHa upstream portion of the lower
substrate 112, the second liquid inlet 102 is fatree as to penetrate the lower substrate 112
in the thickness direction at an intermediate partn the width direction. On the upper face

side of the upstream portion of the lower substidi2, a second liquid storage recess 112a
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including a part of the edge and a part of theesloprtion 116 and extending along the width
direction is provided so as to communicate with sleeond liquid inlet 102. At each of
edges on both long sides and the upstream shertirsithe upper face of the lower substrate
112, a plurality of positioning holes 112b corresging to the respective positioning holes
111b of the upper substrate 111 is provided so as spaced out.
[0142]

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

[0143]

The upper spacer 114 is formed in a thin and mabvand shape corresponding to
the edges on both long sides and the upstream shatin the lower face of the upper
substrate 111. The lower spacer 115 is formed ithim and narrow bent band shape
corresponding to the edges on both long sidestandpstream short side in the upper face of
the lower substrate 112. In the upper spacer htitlae lower spacer 115, a plurality of
positioning holes 114a and 115a correspondingdadhlpective positioning holes 111b of the
upper substrate 111 and penetrating the respespaeers in the thickness direction is
respectively provided so as to be spaced out.

[0144]

In the substrate-laminated micromixer 100, thedogpacer 115 is laminated on the

lower substrate 112, and the intermediate substfgds laminated on an upstream portion of

the lower spacer 115. On the intermediate sulesfrd8 on the upstream side and a portion
K17-103



10

15

20

25

49
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 Klahligned with corresponding ones of
positioning holes 114a, 113a, 115a, and 112b ofujmger spacer 114, the intermediate
substrate 113, the lower spacer 115, and the lgwiestrate 112. A pin, not illustrated, is
inserted for fitting into each set of the positimypi holes, whereby the components are
integrated.
[0145]

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 ufaper of the intermediate substrate 113 so
as to communicate with the first liquid storageeec111a. A second liquid passage 117b
equivalent to the thickness of the lower spacerigiirovided between the upper face of the
slope portion 116 of the lower substrate 112 amrdldwer face of the intermediate substrate
113 so as to communicate with the second liquidag® recess 112a. In a portion
downstream from the intermediate substrate 11&juadl contact portion 118 equivalent to
the total of the thickness of the upper spacerdridithe thickness of the lower spacer 115 is
provided. A slit-shaped opening at a downstreachtkat 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 secoritd14/9b at which the second liquid passage
117b is opened into the liquid contact portion &8 provided in parallel.

[0146]
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
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portion 118, is brought into contact with the setdiquid L2 flowing through the second
liquid passage 117b and allowed to flow out ofgheond slit 119b. At this time, the second
liquid L2 comes into contact with the first liquid from behind at an angle with respect to
the flow direction of the first liquid L1, and thetle liquids flow in the flow direction of the
first liquid L1. The duration of contact during ieh the first liquid L1 and the second liquid
L2 stayed in the liquid contact portion 118 is emilént to the duration of reaction between
the liquids.
[0147]

In the substrate-laminated microreactor 100, thdthwd; of opening into the
confluence portion in a direction perpendiculatte flow direction of the first liquid L1 in
the first slit 119a from which the first liquid Lflows out was 13Qum. The widthd, of
opening into the confluence portion in a directerpendicular to the flow direction of the
second liquid L2 in the second slit 119b from whibk second liquid L2 flows out was 130
um. The angle of inclination of the slope portial6lof the lower substrate 112, that is, an
angle® which the flow direction of the first liquid L1 fms with the flow direction of the
second liquid L2, was 20
[0148]

(Production of Titanium Oxide in Form of Thin Fijm

Using the system S for producing an inorganic exgél in the form of a thin film,
the system S including the above-mentioned sulestaatinated microreactor 100, the first
liquid L1 and the second liquid L2 were broughbimbntact with each other by continuous
operation to produce a titanium oxide in the foriradhin film in the following Example 1.
Using a Wilhelmy type interfacial tensiometer, theerfacial tension of the first liquid L1 to
the second liquid L2 at 25C was measured. Furthermore, the average of themmum

diameters of 500 data points measured by microscnipservation of the obtained titanium
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oxide in the form of the thin film was determineslan average longitudinal diameter. The
average thickness of the cross-sections of 20 pieb&ained by cutting the obtained titanium
oxide in the form of the film and measured by msoapic observation was determined as an
average thickness. From these results, the ratibeoaverage longitudinal diameter to the
average thickness was determined. Table 1 shauegults.
[0149]

<Example 1>

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 masswediter serving as an inorganic-oxide-
forming substance and having Emim cations and E$hanvas prepared.

[0150]

The first liquid L1 and the second liquid L2 weel into the first storage tank 211
and the second storage tank 212, respectively, thadge liquids were supplied to the
substrate-laminated microreactor 100 to obtairuayskcontaining a titanium oxide gel in the
form of a thin film. At this time, the flow rate;@f the first liquid L1 was 39 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 0.05 m/s, and the Reynoidaber Re of the first liquid L1 until
the time when the first liquid L1 and the secomplid L2 came into contact with each other
was 14. The flow rate £of the second liquid L2 was 39 mL/min, the lineatocity u of
the second liquid L2 at the time of contact betw#enfirst 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 caméoi contact with each other was 0.14. The
temperature (reaction temperature) of the firatitig_1 and the second liquid L2 was 25.

The duration of contact (duration of reaction) begw the first liquid L1 and the second liquid
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L2 at a liquid contact portion was 3 seconds. Agla that the flow direction of the first
liquid L1 formed with the flow direction of the smud liquid L2 was 10
[0151]
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.

[0152]
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[Table 1]
First Example Exalm ple
Solven Hexant
Inorganic Oxide Precursor Ti(OBuU)4
First |Inorganic Oxide Precursor Contel; (% by mass 8.C
Liquid |Flow Rate (; (mL/min) 3¢
Linear Velocity y (m/s) 0.05
Reynolds Number F; 14
Solvent EmIimES
Inorganic-oxide-forming Substance Water
Second |Inorganic-oxide-forming Substance Conten{% by mass) 10
Liquid |Flow Rate Q (mL/min) 39
Linear Velocity y (m/s) 0.05
Reynolds Number Re 0.14
Interfacial Tension of First Liquid to Second LiguimN/m) 15.1
m,/m; (Molar Movement Rate Ratio) 45
ui/Uz 1.0
Re/Re 100
Substrate-laminated
Reactor Microreactor
FIGS. 11Ato 11E
Reaction Temperature {iC 25
Contact Duration (Reaction Duration) 3

Metal Oxide Form

Thin Film Form

Average Longitudinal Diametepf)

32

Average Thicknessu(n)

0.35

K17-103



54

|Average Longitudinal Diameter / Average Thickr 91
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[0153]

[Second Example]

(System for Producing Inorganic Oxide Gel in FafThin Film)

FIGS. 12A and 12B are diagrams illustrating a oreactor 100 of a system S for
producing an inorganic oxide gel in the form ohatfilm, the system S being used in Second
Example. Note that configurations, except the areactor 100, are the same as those of the
system S, used in First Example, for producingitioeganic oxide gel in the form of the thin
film.

[0154]

This double pipe microreactor 100 includes an iinpipe 121 having a smaller
diameter, and an outer pipe 122 having a largeneliar and coaxially provided to cover the
inner piper 121. An end of the inner pipe 121asiponed in an intermediate portion of the
outer pipe 122. A first liquid passage 121a isvjgted 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 ieyided at the downstream end of the inner
pipe 121. Afirstinlet 101 and a second inlet 102t are provided on the upstream side of
the microreactor 100 communicate with the firsuithpassage 121a and the second liquid
passage 122a, respectively. A liquid outlet 108vigied on the downstream side of the
microreactor 100 is configured with an opening oardus to the liquid contact portion 123.
[0155]

In this double pipe microreactor 100, the firgjuid L1 flowing through the first
liquid passage 121a in the inner pipe 121 is altbweeflow out of an end of the inner pipe
121, and at the liquid contact portion 123, thetfliquid L1 is brought into contact with the
second liquid L2 having flowed through the secoiggiitl passage 122a between the inner

pipe 121 and the outer pipe 122. At this timehbaot the first liquid L1 and the second
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liquid L2 flow in the same direction, and come ictantact with each other while maintaining
the flow direction. Furthermore, the first liquid comes into contact with the second liquid
L2 so as to be covered with the second liquid LZhe duration of contact during which the
first liquid L1 and the second liquid L2 stay irethquid contact portion 123 is equivalent to
the duration of reaction between the liquids.
[0156]

In the double pipe microreactor 100, the innemditer i, 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 was 170m.
Half of the difference between the outer diametgk of the inner pipe 121 and the inner
diameterd;, of the outer pipe 122 constituting the secondidiqpassage 122a through which
the second liquid L2 having flowed, that is, theachnce of opening into the confluence
portion in a direction perpendicular to the flowedition of the second liquid L2 was 40@.
[0157]

(Production of Metal Oxide in Form of Thin Film)

Using a system S for producing an inorganic oxjelein the form of a thin film, the
system S including the double pipe microreactor, EOfirst liquid L1 and a second liquid L2
were brought into contact with each other by cartirs operation to produce a metal oxide in
the form of a thin film in each of the following Bmples 2-1 to 2-8. In each of Examples 2-
1 to 2-8, the interfacial tension of the first liguL1l to the second liquid L2 at 2% was
measured using a Wilhelmy type interfacial tensieme Furthermore, the average
longitudinal diameter and the average thickneghi®finorganic oxide in the form of the thin
film obtained in each of Examples 2-1 to 2-2 an8l @& 2-7 were determined in the same
manner as in First Example, and furthermore the itthe average longitudinal diameter to

the average thickness was calculated. As forribgganic oxide in the form of the thin film
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obtained in Examples 2-2, only the average thickribereof was determined. Table 2
shows the results.
[0158]

<Example 2-1>

As the first liquid L1, a hexane solution contami20% by mass of Ti(OBuy)
serving as an inorganic oxide precursor was preparéurthermore, as the second liquid L2,
an ionic liquid solution containing 1.0% by masswveater serving as an inorganic-oxide-
forming substance and having Bmim cations and Nifidns was prepared.

[0159]

The first liquid L1 and the second liquid L2 wdeal into the first storage tank 211
and the second storage tank 212, respectivelyireage liquids were supplied to the double
pipe microreactor 100 to obtain a slurry containgntitanium oxide gel in the form of a thin
film. At this time, the flow rate Qof the first liquid L1 was 0.14 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 0.11 m/s, and the ReynoldsbminRe of the first liquid L1 until the
time when the first liquid L1 and the second liqu2l came into contact with each other was
42. The flow rate @of the second liquid L2 was 10.4 mL/min, the lingalocity 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 a liquid contact portion was 3 seconds.

[0160]

The obtained slurry was filtered using a metal mesd the titanium oxide gel in
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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.
[0161]

<Example 2-2>

A solid titanium oxide in the form of a thin filnwvas obtained in the same manner
as in Example 2-1, except that, as the first liguld a toluene solution containing 30% by
mass of Ti(OBw) serving as an inorganic oxide precursor was used.
[0162]

<Example 2-3>

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 seconddlig@i an ionic liquid solution containing
1.0% by mass of water serving as an inorganic-cfod@ing substance and having Emim
cations and DCA anions was used.
[0163]

<Example 2-4>

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 seconddli@i an ionic liquid solution containing
0.1% by mass of water serving as an inorganic-efod®ing substance and having Bmim
cations and NTf2 anions was used.
[0164]

<Example 2-5>

A solid titanium oxide in the form of a thin filnwvas obtained in the same manner
as in Example 2-2, except that the flow rated@the first liquid L1 was 0.48 mL/min, the
linear velocity u of the first liquid L1 at the time of contact be®@n the first liquid L1 and

the second liquid L2 was 0.35 m/s, and the Reynoldsber Re of the first liquid L1 until
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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 liqui2i came into contact with each other was
5.
[0165]

<Example 2-6>

A solid titanium oxide in the form of a thin filnvas obtained in the same manner
as in Example 2-1, except that the flow ratedthe first liquid L1 was 5.2 mL/min, the
linear velocity u of the first liquid L1 at the time of contact be®n the first liquid L1 and
the second liquid L2 was 3.8 m/s, and the Reynolgsber Re of the first liquid L1 until the
time when the first liquid L1 and the second liqui2i 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.
[0166]

<Example 2-7>

A solid zirconium oxide in the form of a thin fillwas obtained in the same manner
as in Example 2-1, except that, as the first liguild 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.
[0167]

<Example 2-8>
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A titanium oxide in the form of a partially thinlrh was obtained in the same
manner as in Example 2-2, except that, in the doyidpe microreactor 100, the inner
diameterg;, of the inner pipe 121 from which the first liquid flowed out was changed to
750 um.

[0168]
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[Table 2]
Example
Second Example
2-1 2-2 2-3 2-4 2-5 2-6 2-7 2-8
Solvent Hexane Toluene Hexane Toluene Tolugne Hexgn Hexane Toluene
Inorganic Oxide Precurso Ti(OBY) Ti(OBu)4 Ti(OBu)4 | Ti(OBu)4 | Ti(OBu)4 | Ti(OBu)4 | Zr(OBu)4 | Ti(OBu)4
Inorganic Oxide Precurspr
First |Content ¢ 20 30 20 30 30 20 30 30
Liquid | (% by mass)
Flow Rate Q (mL/min) 0.14 0.14 0.14 0.14 0.48 5.2 0.14 0.14
Linear Velocity y (m/s) 0.11 0.11 0.11 0.11 0.35 3.8 0.11 0.004
Reynolds Number Re 42 27 42 27 87 1439 42 7
Solvent BmimNTf2 BmimNTf2 EmimDCA| BmimNTfZ BmimNTf2 EmimES BmimNTf2| BmimNTf2
Inorganic-oxide-forming
Water Water Water Water Water Water Wate Watq]
Substance
Inorganic-oxide-forming
Second|
Substance Contenj ¢ 1.0 1.0 1.0 0.1 1.0 1.2 0.9 1.0
Liquid
(% by mass)
Flow Rate Q (mL/min) 10.4 10.4 10.4 10.4 34.7 10.4 10.4 10.4
Linear Velocity u (m/s) 0.07 0.07 0.07 0.07 0.2 0.07 0.07 0.07
Reynolds Number Re 2 2 8.77 2 5 2 2 2
Interfacial Tension of First Liquid to
o 8.8 1.2 22.1 1.2 1.2 15.1 8.8 12
Second Liquid (mN/m)
my/m; (Molar Movement Rate Ratiq) 147 76 20 7.6 76 4 76 30
u,/u, 1.6 1.6 1.6 16 1.8 54 16 0.085
Re/Re, 21 14 4.8 14 17 720 21 35
Double Pipe | Double Pipe | Double Pipe Double PipeDouble Pip§ Double Pipel Double Pipg Double Pip{
R Microreactor | Microreactor | Microreactorn MicroreactofMicroreacto| Microreactor Microreactor Microreactol
eactor
FIGS. 12Ato| FIGS. 12Ato| FIGS. 12A | FIGS. 12A | FIGS. 12A| FIGS. 12A | FIGS. 12A | FIGS. 12A
12B 12B to 12B to 12B to 12B to 12B to 12B to 12B
Reaction TemperaturéQ) 25 25 25 25 25 25 25 25
Contact Duration (Reactign
3 3 3 3 3 3 3 3
Duration) (s)
Partially
) Thin Film Thin Film Thin Film | Thin Film | Thin Film | Thin Film | Thin Film o
Metal Oxide Form Thin-Film
Form Form Form Form Form Form Form
Form
o ) not not not
Average Longitudinal Diametepifn) 10 41 39 30 38
measured | measured measured
not not
Average Thicknessui() 0.15 0.38 0.75 0.31 0.47 0.11
measured measured
Average Longitudinal Diameter |/
67 108 - - 126 64 345 -
Average Thickness
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[0169]

[Third Example]

Using a T-shaped pipe having an inner diamet&.4fmm, the first liquid L1 and
the second liquid L2 were brought into contact wetich other by continuous operation to
produce a titanium oxide in the form of a thin fiim the following Example 3. Using a
Wilhelmy type interfacial tensiometer, the inteifdctension of the first liquid L1 to the
second liquid L2 at 28C was measured. Furthermore, the average longaludiameter
and the average thickness of the obtained inorgaxiae in the form of the thin film were
determined in the same manner as in First Exarapié the ratio of the average longitudinal
diameter to the average thickness was calculatédble 3 shows the results.

[0170]

<Example 3>

As the first liquid L1, a toluene solution contaigm 30% by mass of Ti(OBu
serving as an inorganic oxide precursor was preparéurthermore, as the second liquid L2,
an ionic liquid solution containing 1% by mass o&ter serving as an inorganic-oxide-
forming substance and having Bmim cations and Nifidns was prepared.

[0171]

From one end of a straight pipe portion of then@ged pipe, the first liquid L1 was
allowed to flow into the pipe, and the second khuR was allowed to flow into a branch pipe
portion of the T-shaped pipe, whereby the liquinisgd together at a liquid contact portion
downstream from the intersection of the direct petion and the branch pipe portion, and
then, the joined fluid was collected at the othaat ef the straight pipe portion. At this time,
the flow rate Q of the first liquid L1 was 0.14 mL/min, the linegelocity u of the first
liquid L1 at the time of contact between the fiisuid L1 and the second liquid L2 was

0.0005 m/s, and the Reynolds numbej Bfethe first liquid L1 until the time when the Sir
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liquid L1 and the second liquid L2 came into cohtath each other was 1882. The flow
rate Q of the second liquid L2 was 10.4 mL/min, the lingelocity  of the second liquid
L2 at the time of contact between the first liguid and the second liquid L2 was 0.038 m/s,
and the Reynolds number Ref the second liquid L2 until the time when thesfiliquid L1
and the second liquid L2 came into contact withheather was 2.65. The temperature
(reaction temperature) of the first liquid L1 ame tsecond liquid L2 was 2%. An angle
that the flow direction of the first liquid L1 fored with the flow direction of the second
liquid L2 at the joining point was 90

[0172]
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[Table 3]

Third Example

Example

3
Solvent Toluene
Inorganic Oxide Precursor Ti(OBuU)4
First |Inorganic Oxide Precursor Contel; (% by mass 30
Liquid |Flow Rate Q (mL/min) 0.14
Linear Velocity y (m/s) 0.0005
Reynolds Number F; 188:
Solvent BmimNTf2
Inorganic-oxide-forming Substance Water
Second |Inorganic-oxide-forming Substance Conten{% by mass) 1
Liquid |Flow Rate Q (mL/min) 10.4
Linear Velocity 4 (m/s) 0.038
Reynolds Number Re 2.65
Interfacial Tension of First Liquid to Second LiguimN/m) 15.1
my/m; (Molar Movement Rate Ratio) 76
u,/u, 0.014
Re/Re 710
Reactor T-shaped pipe
Microreactor
Reaction TemperaturéQ) 25
Contact Duration (Reaction Duration) (s) 3
Metal Oxide Forr Thin Film Fornr
Average Longitudinal Diameteguf) 28
Average Thicknesgin) 0.17
Average Longitudinal Diameter / Average Thickness 165
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[0173]

[Fourth Example]

Using a liquid tank 30 illustrated in FIG. 3, thest liquid L1 and the second
liquid L2 were brought into contact with each othgrcontinuous operation to produce
a titanium oxide in the form of a thin film in eaohthe following Examples 4-1 to 4-3.
In each of Examples 4-1 to 4-3, the interfacialsten of the first liquid L1 to the
second liquid L2 at 28C was measured using a Wilhelmy type interfaciati@meter.
Furthermore, the average thickness of the obtditedum oxide in the form of the thin
film was determined in the same manner as in FpsaAmple. Table 4 shows the
results, and Table 5 shows the titanium oxideshéform of the thin film obtained in
the examples.

[0174]

<Example 4-1>

As the first liquid L1, a hexane solution contami5.0% by mass of Ti(OBuy)
serving as an inorganic oxide precursor was preparéurthermore, as the second
liquid L2, an ionic liquid solution containing 10%y mass of water serving as an
inorganic-oxide-forming substance and having Emiations and ES anions was
prepared.

[0175]

The second liquid L2 was allowed to flow whilectitating in the liquid tank
30, and the first liquid L1 was supplied onto afasce of the second liquid L2 from a
microsyringe, whereby a slurry containing a titamiaxide gel in the form of a thin film

was obtained. At this time, the flow ratge &f the second liquid L2 was 200 mL/min,

K17-103



10

15

20

66

the linear velocity wof the second liquid L2 was 0.012 m/s, and thenR&ls number

Re of the second liquid L2 was 5.1. The flow rated®the first liquid L1 was 0.66

mL/min. The temperature (reaction temperaturetheffirst liquid 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.

[0176]

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

[0177]

<Example 4-2>

A solid titanium oxide in the form of a thin filwas obtained in the same
manner as in Example 4-1, except that, as the ligsid L1, a hexane solution
containing 30% by mass of Ti(OBwgerving as an inorganic oxide precursor was used.
[0178]

<Example 4-3>

A solid titanium oxide in the form of a thin filwas obtained in the same
manner as in Example 4-2, except that the flow @atef the second liquid L2 was 300
mL/min, the linear velocity uof the second liquid L2 was 0.016 m/s, and thenRks
number Re of the second liquid L2 was 7.6, and furthermdine, duration of contact
(duration of reaction) between the first liquid lahd the second liquid L2 was 9
seconds.

[0179]
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[Table 4]
Example
Fourth Example a1 4.2 43
Solven Hexant Hexant Hexant
First |Inorganic Oxide Precursor Ti(OBuU)4 Ti(OBuU)4 Ti(OBuU)4
Liquid |Inorganic Oxide Precursor Content(& by mass) 5.0 30 30
Flow Rate (; (mL/min) 0.6¢€ 0.6¢€ 0.6¢€
Solvent EmIimES EmIimES EmIimES
Inorganic-oxide-forming Substance Water Water Water
Second |Inorganic-oxide-forming Substance Conten{% by mass) 10 10 10
Liquid |Flow Rate Q (mL/min) 200 200 300
Linear Velocity g (m/s) 0.012 0.012 0.016
Reynolds Number Re 5.1 5.1 7.6
Interfacial Tension of First Liquid to Second LiguimN/m) 19.3 19.3 19.3
m,/m; (Molar Movement Rate Ratio) 20485 3035 4553
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 Form[Thin Film Form[Thin Film Form
Average Thicknessun) 0.29 0.40 0.45
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[0180]

[Table 5]

Example 4-1 Example 4-2 Example 4-3
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[0181]

[Fifth Example]

Using the belt-conveyor system 60 as illustratedriG. 6 and FIGS. 7A and 7B,
the first liquid L1 and the second liquid L2 wersoight into contact with each other by
continuous operation to produce a titanium oxidéhi form of a thin film in the following
Example 5. Using a Wilhelmy type interfacial temseter, the 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 6 showsrdkelts, and Table 7 shows the
obtained titanium oxide.

[0182]

<Example 5>

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 E$harmwas prepared.

[0183]

The second liquid L2 was supplied into recessem@Bconveyor belt 62 moving
while being wound around a pair of rollers 61, arahsported, and the first liquid L1 was
supplied onto the surface of the second liquid b2fdrm a liquid laminated structure,
whereby a slurry containing a titanium oxide gethe form of a thin film was obtained. At
this time, the transport rate,’@f the second liquid L2 was 120 mL/min. The gport rate
Q' of the first liquid L1 was 0.06 mL/min. The teerpture (reaction temperature) of the
first liquid L1 and the second liquid L2 was 26. The duration of contact (duration of

reaction) between the first liquid L1 and the sethquid L2 was 10 seconds.
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[0184]
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.

5 [0185]
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[Table 6]

Fifth Example Exa5m ple
Solvent Hexane
First  |Inorganic Oxide Precursor Ti(OBU)4
Liquid |Inorganic Oxide Precursor Content(® by mass) 30
Transport Rate QQ(mL/min) 0.06
Solvent EmimES
Second |Inorganic-oxide-forming Substance Water
Liquid |Inorganic-oxide-forming Substance Conten{% by mass) 10
Transport Rate ,' (mL/min) 12C
Interfacial Tension of First Liquid to Second LigymN/m’ 19.5
m,/m; (Molar Movement Rate Ratio) 20107

Belt-conveyor System

Reactor FIGS. 6, 7A to 7B
Reaction TemperaturéQ) 25
Contact Duration (Reaction Duration) (s) 10

Metal Oxide Forr Thin Film Forn
Average Thicknessun) 0.47
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[Table 7]

Example 5

72
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[0187]

[Comparative Examples]

The first liquid L1 and the second liquid L2 wdysought into contact with each
other by batch operation to produce titanium oxiokethe following Comparative Examples 1
and 2. In each of Comparative Examples 1 ande2intierfacial tension of the first liquid L1
to the second liquid L2 at 2% was measured using a Wilhelmy type interfaciasi@meter.
Furthermore, methanol was used as the second ligiidand the first liquid L1 and the
second liquid L2 were brought into contact to eatiter by the same continuous operation as
in Second Example to produce a titanium oxide ef fibllowing Comparative Example 3.
Tables 8 and 9 show the details.

[0188]

<Comparative Example 1>

As the first liquid L1, a toluene solution contaig 30% by mass of Ti(OBy)
serving as an inorganic oxide precursor was preparéurthermore, as the second liquid L2,
an ionic liquid solution containing 0.2% by massvedter serving as an inorganic-oxide-
forming substance and having Bmim cations and Nifidns was prepared.

[0189]

The second liquid L2 prepared in a vessel wasskaftding, and subsequently, the
first liquid L1 was added from above onto the secbquid L2 in the vessel, and the mixture
was left standing for 10 minutes to cause an iaterfreaction, whereby a slurry containing a
spherical titanium oxide gel was obtained. Theperature (reaction temperature) of the
first liquid L1 and the second liquid L2 was Z5.

[0190]
The obtained slurry was filtered using a metal mesd the spherical titanium

oxide gel remaining on the metal mesh was wash#éd ethanol, and subsequently dried and
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baked to obtain a solid spherical titanium oxide.
[0191]

<Comparative Example 2>

A slurry containing a spherical titanium oxide gebs obtained by the same
operation as in Comparative Example 1, except #ftdr the addition of the first liquid L1 to
the second liquid L2, the mixture was stirred forminutes.

[0192]

The obtained slurry was filtered using a metal lmesd the spherical titanium
oxide gel remaining on the metal mesh was wash#éd ethanol, and subsequently dried and
baked to obtain a solid spherical titanium oxidén Comparative Example 2, although the
reaction was accelerated by stirring, a titaniundexn the form of a thin film was not
obtained.

[0193]
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[Table 8]

Comparative Example

Comparative Examp

1 2
Solven Toluene Toluen
First |Inorganic Oxide Precursor Ti(OBu) Ti(OBU)4
Liquid |Inorganic Oxide Precursor Content(® by 30 30
mass)
Solvent BmimNTf2 BmimNTf2
Second |Inorganic-oxide-forming Substance Water Water
Liquid |Inorganic-oxideforming Substance Conte
0.2 0.2
C2 (% by mass)
Interfacial Tension ofFirst Liquid to Second Liqui
1.2 1.2
(mN/m)
Inorganic-oxideforming Substance / Inorganic Ox
Precursor 5 25
(molar ratio)
Reaction TemperaturéQ) 25 25
Reaction Duration ( 60C 60C

Metal Oxide Form

Spherical For

nSpherical Form
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[0194]

<Comparative Example 3>

As the first liquid L1, a hexane solution contami20% by mass of Ti(OBu)
serving as an inorganic oxide precursor was preparéurthermore, as the second liquid L2,
a methanol solution containing 1.8% by mass of wseeving as an inorganic-oxide-forming
substance was prepared.

[0195]

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 to obtain a slurry containingpherical titanium oxide gel. At this
time, the flow rate Qof the first liquid L1 was 0.14 mL/min, the lineaglocity u of the first
liquid L1 at the time of contact between the flrguid L1 and the second liquid L2 was 0.11
m/s, and the Reynolds number;Ré the first liquid L1 until the time when thedirliquid L1
and the second liquid L2 came into contact withhegiber was 42. The flow rate, Qf the
second liquid L2 was 10.4 mL/min, the linear vetpai, of the second liquid L2 at the time
of contact between the first liquid L1 and the setdiquid L2 was 0.07 m/s, and the
Reynolds number Ref the second liquid L2 until the time when thisfiiliquid L1 and the
second liquid L2 came into contact with each otivas 220. The temperature (reaction
temperature) of the first liquid L1 and the secdigdid L2 was 25°C. The duration of
contact (duration of reaction) between the firgtill L1 and the second liquid L2 at a liquid
contact portion was 3 seconds.

[0196]

The obtained slurry was filtered using a metal mesd the spherical titanium

oxide gel remaining on the metal mesh was washéud ethanol, and subsequently dried and

baked to obtain a solid spherical titanium oxide.
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[0197]
[Table 9]
Comparative Example Comparatéve Example
Solven Hexant
Inorganic Oxide Precursor Ti(OBuU)4
First |Inorganic Oxide Precursor Content(8o by mass) 20
Liquid |Flow Rate (; (mL/min) 0.14
Linear Velocity y (m/s) 0.11
Reynolds Number Re 42
Solvent Methanol
Inorganic-oxide-forming Substance Water
Second |Inorganic-oxide-forming Substance Conten{% by mass) 1.8
Liquid |Flow Rate Q (mL/min) 10.4
Linear Velocity 1, (m/s 0.07
Reynolds Number Re 220
Interfacial Tension of First Liquid to Second LiduimN/m) -
m,/m; (Molar Movement Rate Ratio) 147
u,/u, 1.6
Rea/Re 0.1¢
Reactor Double Pipe Microreactor
FIGS. 11Ato 11E
Reaction Temperatur°C) 25
Contact Duration (Reaction Duration) (s) 3

Metal Oxide Form

Spherical Form
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INDUSTRIAL APPLICABILITY
[0198]
The present invention is useful in the technioaldf 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 containing an inorganic oxide precursand the second liquid containing a
substance reacting with the inorganic oxide prewmuo$ the first liquid to form an inorganic
oxide derived from the inorganic oxide precursdngvein

the step is performed by continuous operation, anlegast one of the first liquid

and the second liquid includes an ionic liquid.

2. The method of claim 1, wherein
the inorganic oxide in the form of the thin filna$an average thickness of 0,0t

or larger and 1.;5m or smaller.

3. The method of claim 1 or 2, wherein
the inorganic oxide in the form of the thin filmciudes a titanium oxide in a form

of a thin film.

4, The method of any one of claims 1 to 3, wherein

the first liquid and the second liquid phase-safgafrom each other.

5. The method of any one of claims 1 to 4, wherein
the ionic liquid includes an ionic liquid having-alkyl-3-methylimidazolium

cations.
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6. The method of any one of claims 1 to 5, wherein

the inorganic oxide precursor includes a metabxtie.

7. The method of any one of claims 1 to 6, wherein
the second liquid is a solution in which the sabse to form the inorganic oxide is

dissolved in the ionic liquid.

8. The method of any one of claims 1 to 7, wherein
the first liquid is a solution in which the inorga oxide precursor is dissolved in an

organic solvent.

9. The method of any one of claims 1 to 8, wherein
the first liquid contains one or two or more olugne, hexane, heptane, benzene,

and chloroform.

10. The method of any one of claims 1 to 9, wherei
an interfacial tension of the first liquid to tkecond liquid at a temperature at a
time of contact between the first liquid and theas® liquid is 0.1 mN/m or more and 30

mN/m or less.

11. The method of any one of claims 1 to 10, winere
when both of the first liquid and the second Itjare allowed to flow, a ratio of a
linear flow velocity of the first liquid to a linedlow velocity of the second liquid at a time of

contact between the first liquid and the secondidigs 0.01 or more and 100 or less.
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12. The method of any one of claims 1 to 11, winere

when both of the first liquid and the second Itjare allowed to flow, a ratio of a
Reynolds number of the first liquid to a Reynoldsniber of the second liquid until a time
when the first liquid and the second liquid com® icontact with each other is 4 or more and

1000 or less.

13. The method of any one of claims 1 to 12, winere
a duration of contact between the first liquid @ahd second liquid is 0.5 sec or

longer and 600 sec or shorter.

14. The method of any one of claims 1 to 13, winere

a reaction temperature at a time of contact betvike first liquid and the second

liquid is 0°C or higher and 10€C or lower.

15. The method of any one of claims 1 to 14, winere
the inorganic oxide in the form of the thin filr$ian average longitudinal diameter

of 2 um or larger and 300m or smaller.

16. The method of any one of claims 1 to 15, winere

the inorganic oxide in the form of the thin filmas a ratio of an average

longitudinal diameter to an average thicknessas more and 2000 or less.
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