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POROUS CATALYTIC SUBSTRATES

TECHNICAL FIELD
[0001] Embodiments herein generally relate to porous catalytic substrates

and/or microreactors, as well as methods of making such materials and/or devices.

BACKGROUND
[0002] Substrates can be used for a variety of purposes, including starting
layers in various fabrication processes.  Frequently, these substrates can have
microfabricated structures built upon or with them. For example, in microreactors, a flow
path can be built within and/or upon a substrate, allowing for microscale manipulation of
a sample by these microstructures. Traditionally, the final microstructures, such as a flow
path, are formed using a combination of photolithography, etching, and/or other

techniques.

SUMMARY

[0003] Some embodiments provided herein relate to use of silica-polyvinyl
alcohol composites that can include a catalytic substances and/or or shaped into a
microreactor configuration.

[0004] In some embodiments, a microreactor is provided. The microreactor
can include a flow path, a sintered silica material which defines the flow path, at least one
pore in the sintered silica material, wherein the at least one pore has an average diameter
of about 1 nm to about 100 nm, and at least one catalyst within the at least one pore.

[0005] In some embodiments, a method of manufacturing a porous catalytic
glass is provided. The method can include providing a silicon dioxide-polyvinyl alcohol
composite, forming a flow path in the composite, applying a catalyst to the flow path, and
heating the silicon dioxide-polyvinyl alcohol composite to yield a porous catalytic glass.

[0006] In some embodiments, a method of manufacturing a microreactor is
provided. The method can include providing a porous silica composite including an
organic/inorganic interface, and molding a microstructure of a microreactor into the

composite.
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[0007] In some embodiments, a silica-polyvinyl alcohol composite is
provided. The composite can include at least one silica particle combined with polyvinyl
alcohol (“PVA”) so as to form a silica-polyvinyl alcohol composite, wherein the
composite includes a plurality of pores, and wherein the pores have an average diameter
of about 1 nm to about 300 nm. The composite further includes a catalyst, wherein the
catalyst is on an outer surface of the silica-polyvinyl alcohol composite.

[0008] In some embodiments, a microreactor is provided. The microreactor
can include a chamber, a sintered silica material which defines the chamber, at least one
pore in the sintered silica material, wherein the at least one pore has an average diameter
of about 1 nm to about 100 nm, and at least one catalyst within the at least one pore.

[0009] The foregoing is illustrative only and is not intended to be in any way
limiting. In addition to the illustrative aspects, embodiments, and features described
above, further aspects, embodiments, and features will become apparent by reference to

the drawings and the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 is a drawing depicting a microreactor in accordance with some
embodiments.

[0011] FIG. 2 is a flow chart of various embodiments of methods of
manufacturing a porous catalytic glass. In some embodiments, the catalytic material can
be applied at any of one or more parts of the process.

[0012] FIG. 3 is a flow chart of some embodiments of methods of
manufacturing a microreactor. The catalytic material can be applied at any point in the

process.

DETAILED DESCRIPTION
[0013] In the following detailed description, reference is made to the
accompanying drawings, which form a part hereof. In the drawings, similar symbols
typically identify similar components, unless context dictates otherwise. The illustrative
embodiments described in the detailed description, drawings, and claims are not meant to
be limiting. Other embodiments may be utilized, and other changes may be made,
without departing from the spirit or scope of the subject matter presented herein. It will

be readily understood that the aspects of the present disclosure, as generally described
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herein, and illustrated in the Figures, can be arranged, substituted, combined, separated,
and designed in a wide variety of different configurations, all of which are explicitly
contemplated herein.

[0014] In some embodiments, the methods and apparatuses disclosed herein
generally relate to porous catalytic substrates and/or structures. As described in more
detail below, a silica-polyvinyl alcohol composites can be used as a precursor for
preparing a substrate or microstructure, which can be sintered into a cohesive structure for
a variety of purposes (such as a microreactor). In some embodiments, the initial porous
nature of the composite allows for the distribution and trapping of various molecules in
the composite, such as a catalyst, which can then be present in the final substrate and/or
microstructure.

[0015] FIG. 1 is a schematic drawing of a silica-polyvinyl alcohol composite
in accordance with some of the embodiments provided herein. The composite 1 can
include a plurality of pores 2. The pores 2 can have an average diameter of about 1 nm to
about 300 nm. As will be appreciated by one of skill in the art, the composite 1, before
sintering, is a collection of particles, the space between which form the voids 2, which can
be filled with the polyvinyl alcohol (until the polyvinyl alcohol is removed) and/or
additional materials (such as a catalyst or other material that one may wish to have
distributed over a surface of a microdevice. Once the composite 1 is sintered, it can form
a single structure which can still include the voids 2, without a meaningful amount of
polyvinyl alcohol. Some of the embodiments provided herein use the above noted silica-
polyvinyl alcohol composite as a material for microreactors and/or other devices that
involve catalytic surfaces and/or sections. Such surfaces and/or section include a catalytic
material. While described in greater detail below, this can be achieved by combining a
desired catalyst with the composite or a derivative thereof and/or molding the composite
into a desired shape. Sintering the composite thus formed allows one to provide a silica
structure from the composite, which can have the catalytic molecules associated with the
silica.

[0016] FIG. 1 also depicts a flow path 4 of a microreactor in accordance with
some embodiments. The microreactor can include a flow path 4 in either a silica-
polyvinyl alcohol composite (e.g. before drying and/or sintering) or the fused silica
product (after sintering). Such a microreactor structure can also include at least one pore

2 that has an average diameter of about 1 nm to about 100 nm. Furthermore, the
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microreactor can include at least one catalyst 3 within the at least one pore 2. While the
catalyst 3 is depicted as being within internal pores in FIG. 1, in some embodiments, the
catalyst 3 can be on a surface of the flow path, and thus, be associated with surface and/or
pores 2 that are open to the surface of the material. In some embodiments, the
microreactor includes a flow path 4, a sintered silica material which defines the flow path,
at least one pore 2 in the sintered silica material.

[0017] While not explicitly illustrated in FIG. 1, in some embodiments, the
catalyst 3 can be associated with the pores on a surface of the composite, thereby allowing
for adhesion of a deposited catalytic material on a surface of the composite (and thus the
final sintered glass structure), within the flow path 4. For example, in some
embodiments, the catalytic molecules can be stamped onto and/or into the flow path 4. In
some embodiments, the catalyst can be fixed and/or adsorbed onto surfaces in the pores 2.
In some embodiments, the catalyst can include, but is not limited to, at least one of Rh, Pt,
Ag, Ir, Au, Cu, and Zn. In some embodiments, the catalyst can include any transition
metals. In some embodiments, any type of catalyst can be employed, including organic
catalysts. In embodiments in which the catalyst is added before the sintering process, the
catalyst can be one that adequately survives the sintering process (for example, does not
overly decompose due to the temperature of the sintering process). In some
embodiments, a metal compound and/or a metallocyclic compound can be used in the
material. In some embodiments, the catalyst is provided in a manner and amount that
provides for a continuous layer of the catalyst over part and/or substantially all of the
surface of the flow path. Thus, while in some embodiments, sections of the flow path 4
can include the catalyst 3, in other embodiments, most and/or a significant portion of the
surface of the flow path can have the catalyst on it.

[0018] In some embodiments, the microreactor need not include a flow path.
In some embodiments, the microreactor includes a chamber, a sintered silica material
which defines the chamber, at least one pore in the sintered silica material, wherein the at
least one pore has an average diameter of about 1 nm to about 100 nm, and at least one
catalyst within the at least one pore. In some embodiments, the chamber can have at least
one opening to allow material to enter and/or leave the chamber. In some embodiments,
the chamber can be open, sealed, and/or sealable. In some embodiments, the chamber can
include more than one opening, such as being linked to one or more flow paths. In some

embodiments, the catalyst is present on one or more surfaces of the chamber, such as a
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bottom and/or one or more walls of the chamber. In some embodiments, the catalyst need
not be contained within a chamber, and can instead be part of a surface of the composite
and/or sintered material. In some embodiments, one can check ongoing reactions by
applying samples to a surface that includes the catalyst, for example by an auto-sampler.

[0019] Prior to sintering, the composite can be a flexible nanocomposite. The
composite can have sufficient flexibility and/or malleability and/or ductility to allow for
the formation of projections and recesses when a stamp or other molding device is applied
against the composite. In some embodiments, the composite is solid enough to maintain a
shape or structure when the mold is removed. In some embodiments, a mold can be used
on the composite to maintain a shape or structure applied to the composite material, until
at least some of the polyvinyl alcohol is removed.

[0020] In some embodiments, the flow path (or other microstructure) is deep
enough that a sufficient surface area of the flow path is present in the final, sintered
material, so that material in the pore is effectively exposed as a surface in the flow path or
other structure. Thus, in some embodiments, the flow path is deeper than an average size
of the pores. In some embodiments, one or more electrodes can be added to the
microreactor by adding the electrodes to the pre-sintered composite. In some
embodiments, the electrode can be added by stamping a conductive material into the
composite material.

[0021] In some embodiments, more than one flow path is supplied in the
microreactor (e.g., 2, 3, 4,5, 6,7, 8,9, 10, 20, 40, 50, 60, 70, 80, 90, 100, 200, 300, 500,
1000, 10,000, 100,000, 1,000,000, or more flow paths (including any range above any one
of the preceding values and any range between any two of the preceding values). In some
embodiments, the one or more flow paths can join together or split into additional flow
paths at one or more junctions. In some embodiments, the flow paths can be at least 1 nm
wide (e.g., 1, 2, 5, 10, 20, 50, 100, 200, 300, 400, 500, 1,000, 2,000, 3,000, 4,000, 5,000,
6,000, 7,000, 8,000, 9,000, 10,000, 20,000, 30,000, 40,000, 50,000, 60,000, 70,000,
80,000, 90,000, 100,000, 200,000, 300,000, 400,000, 500,000, 600,000, 700,000,
800,000, 900,000, or 1,000,000 nm wide, including any range above any one of the
previous values and any range between any two of the previous values), and/or at least 1
nm deep, (e.g., 1, 2, 5, 10, 20, 50, 100, 200, 300, 400, 500, 1,000, 2,000, 3,000, 4,000,
5,000, 6,000, 7,000, 8,000, 9,000, 10,000, 20,000, 30,000, 40,000, 50,000, 60,000,
70,000, 80,000, 90,000, 100,000, 200,000, 300,000, 400,000, 500,000, 600,000, 700,000,
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800,000, 900,000, or 1,000,000 nm deep, including any range above any one of the
previous values and any range between any two of the previous values). In some
embodiments, the one of more flow paths can be at least 1 nm in length, (e.g., 1, 2, 5, 10,
20, 50, 100, 200, 300, 400, 500, 1,000, 2,000, 3,000, 4,000, 5,000, 6,000, 7,000, 8,000,
9,000, 10,000, 20,000, 30,000, 40,000, 50,000, 60,000, 70,000, 80,000, 90,000, 100,000,
200,000, 300,000, 400,000, 500,000, 600,000, 700,000, 800,000, 900,000, 1,000,000,
2,000,000, 3,000,000, 4,000,000, 5,000,000, 6,000,000, 7,000,000, 8,000,000, 9,000,000,
10,000,000, 20,000,000, 30,000,000, 40,000,000, 50,000,000, 60,000,000, 70,000,000,
80,000,000, 90,000,000, 100,000,000, 200,000,000, 300,000,000, 400,000,000,
500,000,000, 600,000,000, 700,000,000, 800,000,000, 900,000,000, or 1,000,000,000 nm
long, including any range above any one of the previous values and any range between
any two of the previous values).

[0022] In some embodiments, the flow path 4 can be transparent or semi-
transparent, either in the composite form and/or once the composite is sintered. In some
embodiments, this is achieved when the silica material 1 is sintered, thereby allowing the
material to exhibit transparency or semi-transparency so that the flow path 4 can exhibit
transparency or semi-transparency. In some embodiments, the flow path 4 can provide
the transparency for light detection of liquid/liquid reactions in a microreactor.

[0023] In some embodiments, the at least one catalyst in the microreactor
and/or catalytic glass can include at least one transition metal. In some embodiments, the
transition metal can include, but is not limited to, at least one of Rh, Pt, Ag, Ir, Au, Cu, or
Zn. In some embodiments, at least some of the pores in the composite (before sintering)
or glass (after sintering) can include at least some amount of a desired catalyst. In some
embodiments, 1, 2, 3, 4, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 95, 98, 99, or 100% of the
pores include at least some amount of the catalyst, including any range below any one of
the preceding values and any range between any two of the preceding values. In some
embodiments, 1, 2, 3, 4, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 95, 98, 99, or 100% of the
pores on the surface of the material (either the composite or the sintered material) include
at least some amount of the catalyst, including any range below any one of the preceding
values and any range between any two of the preceding values. In some embodiments, at
least one of the preceding percents of pores can contain some amount of the catalyst, e.g.,
at least some portion of the inner surface of the pore being coated (e.g. 0.1, 1, 2, 3, 4, 5, 6,
7, 8,9, 10, 20, 30, 40, 50, 60, 70, 80, 90, 95, 98, 99, or 100% of the surface of the pore
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being coated, including any range below any one of the preceding values and any range
between any two of the preceding values), to at least some percent of the volume of the
pore being the catalyst (e.g., 0.001, 0.01, 0.1, 1, 2,3, 4,5, 6,7, 8,9, 10, 20, 30, 40, 50, 60,
70, 80, 90, 95, 98, 99, or 100% of the volume of the pore being occupied by the catalyst,
including any range below any one of the preceding values and any range between any
two of the preceding values).

[0024] In some embodiments, a silica-polyvinyl alcohol composite is provided
and it includes at least one silica particle combined with polyvinyl alcohol (“PVA”) so as
to form a silica-polyvinyl alcohol composite. The composite can include a plurality of
pores, which can optionally have an average diameter of about 1 nm to about 300 nm.
The composite can include a catalyst. The catalyst can be on an outer surface of the
silica-polyvinyl alcohol composite (or an outer surface of a product derived from the
composite, such as a sintered composite). In some embodiments, the composite includes
any of the herein described flow paths, and any of the catalysts can be a layer within
and/or on top of the flow path or other microreactor structure. In some embodiments, the
average diameter of the silica particles is below 100 nm. In some embodiments, the
composite includes at least twice as much silica as polyvinyl alcohol, by weight, although
any of the ranges provided herein are also applicable. In some embodiments, the weight
ratio of silica to polyvinyl alcohol is about 80:20, although any of the ranges provided
herein are also applicable. In some embodiments, a diameter of the at least one silica
particle is about 1 nm to about 50 nm, although any of the ranges provided herein are also
applicable. In some embodiments, the plurality of pores have the average diameter of
about 2 nm to about 100 nm, although any of the ranges provided herein are also
applicable. In some embodiments, the PVA-Silica composite can be formed using the
method described in U.S. Pat. Publication 2012/0107589.

[0025] In some embodiments, the composite includes at least one silica
particle combined with polyvinyl alcohol (“PVA”) and a catalytic molecule to form a
catalytic silica-polyvinyl alcohol composite. The composite can include a plurality of
pores. In some embodiments, the composite can include at least as much silica as
polyvinyl alcohol, by weight, e.g., 1:1, 2:1, 3:1, 4:1, 5:1, 6:1, 7:1, 8:1, 9:1, 10:1, or 100:1
including any range above any one of the preceding values and any range between any

two of the preceding values.
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[0026] In some embodiments, the composite 1 can include a plurality of pores
2 of relatively small sizes (e.g., on the nanoscale level). In some embodiments, the
plurality of pores 2 can have an average diameter of about 2 nm to about 100 nm. In
some embodiments, the plurality of pores 2 can have an average diameter of about 3 nm
to about 30 nm. In some embodiments, the pores can have an average diameter of about 1
nm to about 500 nm, e.g., 1, 2, 3, 4, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 200, 300,
400, or 500 nm, including any range below any one of the preceding values and any range
between any two of the preceding values. In some embodiments, the silica particle or
particles can have an average diameter that is below 100 nm. In some embodiments, the
average diameter of the at least one silica particle can be about 5 nm to about 50 nm. In
some embodiments, the average diameter of the at least one silica particle can be about 3
nm to about 10 nm. In some embodiments, the average diameter of the at least one silica
particle can be about 1 nm to about 50 nm. In some embodiments, the average diameter
of the at least one silica particle can be about 7 nm. In some embodiments, the average
diameter of the silica particles can be below 200 nm, e.g., 200, 190, 180, 150, 100, 90, 80,
70, 60, 50, 40, 30, 20, 10 or 1 nm, including any range below any one of the preceding
values and any range between any two of the preceding values.

[0027] In some embodiments, the composite 1 can include a silica structure.
The silica structure can include silica and at least one pore 2 with an average diameter of
about 1 nm to about 100 nm.

[0028] There are a variety of ways in which a catalytic molecule can be
applied to a composite material and/or porous silica structure. In some embodiments, the
method of manufacturing a porous catalytic glass can include providing a silicon dioxide-
polyvinyl alcohol composite, forming a flow path in the composite, applying a catalyst to
the flow path, and heating the silicon dioxide-polyvinyl alcohol composite to yield a
porous catalytic glass. In some embodiments, providing a silicon dioxide-polyvinyl
alcohol composite includes providing a silicon dioxide suspension including particles of
silicon dioxide, adding polyvinyl alcohol to the silicon dioxide suspension to create a
mixture, and drying the mixture to provide the silicon dioxide-polyvinyl alcohol
composite. In some embodiments, drying the mixture involves drying at a temperature of
about 25°C to about 35°C. In some embodiments, forming a flow path includes stamping
a flow path into the composite. In some embodiments, applying the catalyst includes

stamping the flow path into the composite. The surface of the stamp can be coated with a

_8-



WO 2014/028016 PCT/US2012/051078

catalyst such that when the stamp is contacted to the composite, at least some of the
catalyst is transferred to the composite. Thus, in some embodiments, the stamping can
both apply the catalyst and provide a structural aspect to the composite material, allowing
for a faster process of making such a microreactor by removing what had previously been
separate steps. In other embodiments, the catalyst can be applied before the composite is
formed and/or after the structure is applied.

[0029] FIG. 2 is a flow diagram of an illustrative embodiment of a method of
manufacturing a porous catalytic material. In some embodiments, the process 40 can
include providing a silicon dioxide suspension that can include particles of silicon dioxide
(block 41). In some embodiments, the process 40 further involves adding polyvinyl
alcohol to the silicon dioxide suspension to create a mixture (block 42). In some
embodiments, the process 40 further involves drying the mixture to obtain a silicon-
dioxide polyvinyl alcohol composite (block 43). In some embodiments, the process 40
additionally includes heating the silicon dioxide-polyvinyl alcohol composite to yield a
porous glass (block 44). As is shown in FIG. 2, one can provide the catalytic material
(block 45) at any one or more of a number of different stages. In some embodiments, the
catalytic material can be provided initially or to the silicon dioxide suspension and/or
polyvinyl alcohol suspension. Such an application can result in a distribution of the
catalytic material throughout the composite and/or material. In some embodiments, one
can apply the catalytic material (block 45) to the mixture before it is dry or fully dried, or
once it has dried (block 43), allowing for some degree of diffusion of the catalytic
material into the mixture (depending upon the moisture present in the composite and/or
mixture). In some embodiments, one can apply the catalytic material to the composition
(block 43) via a mold and/or stamping process (for example, underneath the stamp). In
some embodiments, the catalytic material can be applied to the heated porous glass
product, for example, either as a stamp or as a surface treatment to the porous surface.

[0030] In some embodiments, the method of manufacturing the porous glass
can further include shaping the silicon dioxide-polyvinyl alcohol composite (generally
during and/or after block 43) into a desired shape, prior the heating process that yields the
porous glass (the sintering process). In this pre-sintered state, the silicon dioxide-
polyvinyl alcohol composite can be sufficient flexibility to be moldable into the desired

shape.
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[0031] In some embodiments, prior to sintering, one allows the silicon
dioxide- polyvinyl alcohol composite to dry to at least some extent.

[0032] One skilled in the art will appreciate that, for this and other processes
and methods disclosed herein, the functions performed in the processes and methods may
be implemented in differing order. Furthermore, the outlined steps and operations are
only provided as examples, and some of the steps and operations may be optional,
combined into fewer steps and operations, or expanded into additional steps and
operations without detracting from the essence of the disclosed embodiments.

[0033] In some embodiments, the method of manufacturing the silica-
polyvinyl alcohol composite can further include adjusting the pH of the mixture during
the process so that it stays between 2 and 4. In some embodiments, combining the
polyvinyl alcohol aqueous solution with the silicon dioxide particles can include stirring
the mixture at about room temperature. In some embodiments, the mixture can be stirred
with a magnetic stirrer for 2, 3, 5, 8, 10, 12, 15, 20, or 24 hours (including any range
beneath any one of the preceding values and any range defined between any two of the
preceding values). In some embodiments, the mixture can be stirred at 200, 300, 500,
800, 1000, 1200, or 1500 rpm, including any range beneath any one of the preceding
values and any range defined between any two of the preceding values. For example, in
some embodiments, the mixture can be stirred with a magnetic stirrer for 12 hours at 800
rpm. In some embodiments, drying the mixture can include subjecting the mixture to
10°C, 15°C, 25°C, 30°C, 35°C, 45°C, 55°C, 65°C, 75°C, or room temperature in air
(including any range beneath any one of the preceding values and any range defined
between any two of the preceding values). For example, drying the mixture can include
drying the mixture at 30°C in air. In some embodiments, the composite can be dried
adequately so that the composite can be manipulated as desired (such as a pattern stamped
into it and an adequate shape retained until the shape of the structure can be fixed by
sintering). In some embodiments, the composite can be dried for 0.1, 0.5, 1, 2, 3, 4, 5, 6,
7, 8,9, 10, 12, or 24 hours, including any range below any of the preceding values and
any range defined between any two of the preceding values.

[0034] FIG. 3 is a flow diagram of an illustrative embodiment of a method of
manufacturing a microreactor. In some embodiments, the process 50 can include
providing a porous silica composite that can include an organic/inorganic interface (block

51). In some embodiments, the process 50 can further include molding a microstructure
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of a microreactor into the composite (block 52). In some embodiments, the porous silica
composite is dried at least partially, just prior to molding, e.g., 1, 2, 5, 10, 15, 20, 30, 40,
50, 60, 70, 80 90, 95, or 99% of the moisture can be removed (including any range above
any one of the preceding values and any range between any two of the preceding values).
In some embodiments, this moisture removal is performed after stamping and/or molding,
and/or during stamping and/or molding. In some embodiments, the microreactor can be
the microreactor described earlier herein with reference to FIG. 1 and/or any microreactor
with a flow path therein.

[0035] In some embodiments, the method of manufacturing a microreactor
includes providing a porous silica composite including an organic/inorganic interface, and
molding a microstructure of a microreactor into the composite. In some embodiments, the
composite includes polyvinyl alcohol. In some embodiments, the molding includes
stamping the microstructure of the microreactor into the nanocomposite. In some
embodiments, one further adds the catalyst to the composite. In some embodiments, one
further forms a flow path in the composite. In some embodiments, one can further apply
the catalyst in the composite, such that forming the flow path is performed concurrently
with applying the catalyst (for example, by stamping the shape of the flow path into the
composite with a stamp that is coated with a catalyst. In some embodiments, molding the
microstructure involves applying a pressure of about 1 MPa to about 10 MPa, which can
be done for about one minute. One can then heat the material to produce a transparent
glass.

[0036] In some embodiments, the composite can include polyvinyl alcohol
before the material is sintered. The polyvinyl alcohol with silica can provide flexibility to
the composite so that the composite can be molded to have a microstructure. The
microstructure can include various projections and recesses stamped onto the composite.
One of skill in the art will appreciate that any number of configurations for the
microstructure can be employed. An example of a microstructure of a microreactor is
illustrated in FIG. 1. In some embodiments the stamped and/or molded microstructure
can be a structure other than and/or in addition to a flow path, e.g., a chamber, a well,
various walls, ramps, curves, pits, dots, pillars, junctions, etc. In some embodiments, the
stamped and/or molded microstructure can be three-dimensional versions of the above,

and/or multi stage products, spirals, etc. In some embodiments, the flow path can be
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configured in the composite material to support multiple reactions in series and/or
parallel.

[0037] In some embodiments, the method of manufacturing the microreactor
can further include adding a catalyst to the composite and/or the sintered product. The
catalyst can be at least of one Rh, Pt, Ag, Ir, Au, Cu, Zn, and/or other transition metals. In
some embodiments, the catalyst can be chemically and thermally stable at a sintering
temperature of 1000°C or above. In some embodiments, the catalyst is not chemically
and/or thermally stable at a sintering temperature of 1000°C or above. In some
embodiments, the catalyst can include a metallocyclic material. This can be in
combination with one or more of the materials noted above. In some embodiments, the
catalyst can include tungsten and/or molybdenum (for example, it can include a
combination of the two).

[0038] In some embodiments, the method of manufacturing the microreactor
(or other structure or substrate) can further include fixing the catalyst in the composite. In
some embodiments, fixing the catalyst can include adsorbing the catalyst into one or more
pores in the composite. In some embodiments, fixing the catalyst in the composite and
forming the flow path is performed concurrently. In some embodiments, fixing the
catalyst and forming the flow path concurrently can be achieved at a relatively low
temperature, such as 10°C, 15°C, 25°C, 30°C, 35°C, 45°C, or room temperature,
including any range above any of any of the preceding values, any range below any of the
preceding values and any range between any two of the preceding values. It is possible to
fix the catalyst in the composite and form the flow path concurrently by a room-
temperature imprinting technology, such as stamping as described earlier herein. In some
embodiments, fixing the catalyst in the composite occurs first and forming the flow path
occurs later. In some embodiments, fixing the catalyst in the composite occurs after the
flow path is formed. In some embodiments, the catalyst can be added while the material
is still in its composite form (e.g., in the presence of at least some amount of polyvinyl
alcohol). In some embodiments, the ratio of catalyst to SiO,, by weight, can be 1:10,
1:100, 1:1000, 1:10000, 1:50,000, 1:100,000, or 1:1,000,000, including any range beneath
any one of the preceding values and any range between any two of these values.

[0039] In some embodiments, molding the microstructure can include
applying a pressure of about 0.1 MPa to about 100 MPa, e.g., 0.1, 1, 10, 20, 30, 40, 50,
60, 70, 80, 90, or 100 Mpa, including any range defined between any two of these values
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and any range above any one of these values. In some embodiments, the pressure can be
applied for a sufficient amount of time to create the desired structure and/or shape, e.g.,
about 1 second, 10 seconds, 30 seconds, 45 seconds, 1 minute, 2 minutes, 3 minutes, 5
minutes 10 minutes or more, including any range defined between any two of these values
and any range above any one of these values.

[0040] In some embodiments, the method of manufacturing the microreactor
can further include heating the composite to produce a transparent glass. For example,
heating the composite can include heating the composite from room temperature to an
adequate temperature, e.g., 500, 600, 700, 800, or 900°C or more. In some embodiments,
one transitions from the temperature at which the molding occurred (e.g., around room
temperature) to the heating and/or drying temperature at a desired rate so as to avoid
issues of drying and/or rapid vapor formation. In some embodiments, the rate of increase
can be from 1 to 10 °C/minute, e.g., 1, 2, 3, 4, 5, 6, 7, 8, 9 or 10 °C/minute. In some
embodiments, there can be two phases of heating. In some embodiments, the first occurs
at a temperature range from 300 to 900 °C for 30 minutes to 24 hours (e.g., room
temperature, 40, 50, 60, 70, 100, 200, 300, 400, 500, 600, 700, 800, 900 °C over 0.5, 1, 2,
3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, or 24 hours,
including any range between any two of the temperatures and any two of the hours and
any range above any one of the temperatures and one of the listed hours. In some
embodiments, a sintering process can be performed to yield a silica substrate. In some
embodiments this phase of heating occurs at a temperature range from room temperature
to 1700 °C for 30 minutes to 24 hours (e.g., 30, 40, 50, 60, 70, 100, 200, 300, 400, 500,
600, 700, 800, 900, 1000, 1100, 1200, 1300, 1400, 1500, 1600, or 1700 °C over 0.5, 1, 2,
3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, or 24 hours
including any range between any two of the temperatures and any two of the hours and
any range above any one of the temperatures and one of the listed hours. In some
embodiments, the sintering takes place in air. In some embodiments, the sintering takes
place in a different atmospheric environment. In some embodiments, the sintering takes
place under an inert environment, and can be, for example under a noble gas. In some
embodiments, the nanocomposite material can exhibit transparency when sintered at or
above 1000 °C. Thus, in some embodiments, the substrate and/or microstructure can be
transparent. In some embodiments, the transparency can be from the vacuum ultraviolet

range to the infrared range. In some embodiments, this is a desirable aspect for a
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microreactor, allowing for light detection and/or reactions to occur in the microreactor. In
some embodiments, a sintering temperature of less than 1000 °C can be used, which, in
some embodiments, can provide different optical properties for the provided substrate.

[0041] In some embodiments, once the material is stamped with the desired
structure it can then be subjected to heat treatment at 600°C for about three hours, then a
heating process raising the temperature from 600°C to 1100°C, and then the material can
be subjected to a heat treatment of 1100 °C for about three hours. The transparent glass
produced as a result of this heat treatment can have the microreactor microstructure on its
surface.

[0042] In some embodiments, the methods provided herein allow one to use a
silica composite and form a flow path and fix a catalyst concurrently, for example, in a
single step, for example, by stamping. In some embodiments, the process of forming a
microreactor provided herein allows one to avoid photolithography, etching via a plasma,
and/or the combination of the two. In some embodiments, the processes provided herein
allow one to form a microreactor or other structure without high temperature thermal
imprinting. Thus, in some embodiments, one can perform the imprinting at less than
1700 °C, for example, 1600, 1500, 1400, 1300, 1200, 1100, 1000, 900, 800, 700, 600,
500, 400, 300, 200, 100 °C, room temperature or less, including any range below any one

of the preceding values and any range between any two of the preceding values.

EXAMPLES
EXAMPLE 1

METHOD OF MAKING A POROUS SILICA STRUCTURE HAVING A CATALYTIC
MATERIAL

[0043] The porous silica substrate can be prepared as generally outlined in U.S.
Pat. Pub. 2012/0107589. A polyvinyl alcohol solution is added to a SiO; suspension of
fumed silica having an average primary particle diameter of 7 nm to give a SiOj:
polyvinyl alcohol weight ratio of 80:20. The pH is adjusted 3.5 and the solution is stirred
with a magnetic stirrer for 12 hours at 800 rpm in air at room temperature, yielding a
Si0;- polyvinyl alcohol aqueous solution. This is then put into a desired mold and will be
dried at 30 degrees Centigrade in air to yield a SiO,- polyvinyl alcohol nanocomposite.

The nanocomposite has pores on the order of several nanometers to several tens of
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nanometers. A transition metal catalyst including Zinc is added to the nanocomposite
material prior to the application of a sintering level of heat, so as to allow the catalytic

material to be present in the pores of the final glass structure.

EXAMPLE 2
METHOD OF MAKING A POROUS SILICA MICROREACTOR

[0044] A polyvinyl alcohol solution is added to a SiO, suspension of fumed
silica having an average primary particle diameter of 10 nm to give a SiO;:polyvinyl
alcohol weight ratio of 80:20. The pH is adjusted 3 and the solution is stirred with a
magnetic stirrer for 10 hours at 800 rpm in air at room temperature, yielding a SiO»-
polyvinyl alcohol aqueous solution.

[0045] The nanocomposite material is dried at 30 degrees Centigrade to form a
composite material that is moldable.

[0046] A mold configured for providing a flow path for a microreactor is then
used to create a flow path in the composite material by applying a pressure of 5 Mpa for
one minute at room temperature. Prior to the application of the mold, a solution
containing Zn particles is applied to a surface of the mold, thereby allowing for both the
creation of the flow path, as well as the transfer of the catalytic material to a surface of the
flow path in the composite, at the same time by the stamping process.

[0047] The stamped material can then be heated to 600 degrees Centigrade
(moving up from room temperature at a rate of 5 degrees Centigrade per minute), for three
hours. The material is then heated at 1100 degrees Centigrade for three hours, thereby
providing a transparent glass having the microreactor structure stamped on it, with a

catalyst in the pores of the surface of the microstructure.

[0048] The present disclosure is not to be limited in terms of the particular
embodiments described in this application, which are intended as illustrations of various
aspects. Many modifications and variations can be made without departing from its spirit
and scope, as will be apparent to those skilled in the art. Functionally equivalent methods
and apparatuses within the scope of the disclosure, in addition to those enumerated herein,
will be apparent to those skilled in the art from the foregoing descriptions. Such
modifications and variations are intended to fall within the scope of the appended claims.

The present disclosure is to be limited only by the terms of the appended claims, along
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with the full scope of equivalents to which such claims are entitled. It is to be understood
that this disclosure is not limited to particular methods, compounds, composites or
systems, which can, of course, vary. It is also to be understood that the terminology used
herein is for the purpose of describing particular embodiments only, and is not intended to
be limiting.

[0049] With respect to the use of substantially any plural and/or singular terms
herein, those having skill in the art can translate from the plural to the singular and/or
from the singular to the plural as is appropriate to the context and/or application. The
various singular/plural permutations may be expressly set forth herein for sake of clarity.

[0050] It will be understood by those within the art that, in general, terms used
herein, and especially in the appended claims (e.g., bodies of the appended claims) are
generally intended as “open” terms (e.g., the term “including” should be interpreted as
“including but not limited to,” the term “having” should be interpreted as “having at
least,” the term “includes” should be interpreted as “includes but is not limited to,” etc.).
It will be further understood by those within the art that if a specific number of an
introduced claim recitation is intended, such an intent will be explicitly recited in the
claim, and in the absence of such recitation no such intent is present. For example, as an
aid to understanding, the following appended claims may contain usage of the
introductory phrases "at least one" and "one or more" to introduce claim recitations.
However, the use of such phrases should not be construed to imply that the introduction
of a claim recitation by the indefinite articles "a" or "an" limits any particular claim
containing such introduced claim recitation to embodiments containing only one such
recitation, even when the same claim includes the introductory phrases "one or more" or
"at least one" and indefinite articles such as "a" or "an" (e.g., “a” and/or “an” should be
interpreted to mean “at least one” or “one or more”); the same holds true for the use of
definite articles used to introduce claim recitations. In addition, even if a specific number
of an introduced claim recitation is explicitly recited, those skilled in the art will
recognize that such recitation should be interpreted to mean at least the recited number
(e.g., the bare recitation of "two recitations,” without other modifiers, means at least two
recitations, or two or more recitations). Furthermore, in those instances where a
convention analogous to “at least one of A, B, and C, etc.” is used, in general such a
construction is intended in the sense one having skill in the art would understand the

convention (e.g., ““ a system having at least one of A, B, and C” would include but not be
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limited to systems that have A alone, B alone, C alone, A and B together, A and C
together, B and C together, and/or A, B, and C together, etc.). In those instances where a

2

convention analogous to “at least one of A, B, or C, etc.” is used, in general such a
construction is intended in the sense one having skill in the art would understand the
convention (e.g., “ a system having at least one of A, B, or C” would include but not be
limited to systems that have A alone, B alone, C alone, A and B together, A and C
together, B and C together, and/or A, B, and C together, etc.). It will be further
understood by those within the art that virtually any disjunctive word and/or phrase
presenting two or more alternative terms, whether in the description, claims, or drawings,
should be understood to contemplate the possibilities of including one of the terms, either
of the terms, or both terms. For example, the phrase “A or B” will be understood to
include the possibilities of “A” or “B” or “A and B.”

[0051] From the foregoing, it will be appreciated that various embodiments of
the present disclosure have been described herein for purposes of illustration, and that
various modifications may be made without departing from the scope and spirit of the
present disclosure. Accordingly, the various embodiments disclosed herein are not
intended to be limiting, with the true scope and spirit being indicated by the following

claims.
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WHAT IS CLAIMED 18:
1. A microreactor comprising:
a flow path;

a sintered silica material which defines the flow path;
at least one pore in the sintered silica material, wherein the at least one
pore has an average diameter of about 1 nm to about 100 nm; and

at least one catalyst within the at least one pore.

2. The microreactor of Claim 1, wherein the flow path is transparent or semi-
transparent.
3. The microreactor of Claim 2, wherein the flow path is optically transparent

under vacuumed ultraviolet to infrared range.

4. The microreactor of Claim 1, wherein the at least one catalyst comprises at

least one transition metal.

5. The microreactor of Claim 4, wherein the at least one transition metal

comprises at least one of Rh, Pt, Ag, Ir, Au, Cu, or Zn.

6. A method of manufacturing a porous catalytic glass, the method
comprising:
providing a silicon dioxide-polyvinyl alcohol composite;
forming a flow path in the composite;
applying a catalyst to the flow path; and
heating the silicon dioxide-polyvinyl alcohol composite to yield a porous

catalytic glass.

7. The method of Claim 6, wherein providing a silicon dioxide-polyvinyl
alcohol composite comprises:
providing a silicon dioxide suspension comprising particles of silicon

dioxide;
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adding polyvinyl alcohol to the silicon dioxide suspension to create a
mixture; and
drying the mixture to provide the silicon dioxide-polyvinyl alcohol

composite.

8. The method of Claim 7, wherein drying the mixture comprises drying at a

temperature of about 25°C to about 35°C.

9. The method of Claim 6, wherein forming a flow path comprises stamping

a flow path into the composite.

10. The method of Claim 6, wherein applying the catalyst comprises stamping
the flow path into the composite, wherein a surface of the stamp is coated with a catalyst
such that when the stamp is contacted to the composite, at least some of the catalyst is

transferred to the composite.

11. The method of Claim 6, wherein the weight ratio of the silicon dioxide

suspension to the polyvinyl alcohol aqueous solution is about 80:20.

12. A method of manufacturing a microreactor, the method comprising:
providing a porous silica composite comprising an organic/inorganic
interface; and

molding a microstructure of a microreactor into the composite.

13. The method of Claim 12, wherein the porous silica composite comprises
polyvinyl alcohol.
14. The method of Claim 13, wherein molding comprises stamping the

microstructure of the microreactor into the nanocomposite.

15. The method of Claim 14, further comprising adding a catalyst to the

porous silica composite.

16. The method of Claim 15, further comprising forming a flow path in the

porous silica composite.
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17. The method of Claim 16, further comprising applying a catalyst in the
porous silica composite, wherein forming the flow path is performed concurrently with

applying the catalyst.

18. The method of Claim 17, wherein molding a microstructure comprises

applying a pressure of about 1 MPa to about 10 MPa.

19. The method of Claim 18, wherein the pressure is applied for about 1

minute.

20. The method of Claim 19, further comprising heating the porous silica

composite to produce a transparent glass.

21. A silica-polyvinyl alcohol composite comprising:

at least one silica particle combined with polyvinyl alcohol (“PVA”) so as
to form a silica-polyvinyl alcohol composite, wherein the composite comprises a
plurality of pores, wherein the pores have an average diameter of about 1 nm to
about 300 nm; and

a catalyst, wherein the catalyst is on an outer surface of the silica-polyvinyl

alcohol composite.
22. The silica-polyvinyl alcohol composite of Claim 21, wherein the

composite comprises a flow path, and wherein the catalyst is a layer within the flow path.

23. The silica-polyvinyl alcohol of Claim 21, wherein the average diameter of

the silica particles is below 100 nm.

24. The silica-polyvinyl alcohol composite of Claim 21, wherein the

composite comprises at least twice as much silica as polyvinyl alcohol, by weight.

25. The silica-polyvinyl alcohol composite of Claim 21, wherein a weight ratio

of silica to polyvinyl alcohol is about 80:20.
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26. The silica-polyvinyl alcohol composite of Claim 21, wherein a diameter of

the at least one silica particle is about 1 nm to about 50 nm.

27. The silica-polyvinyl alcohol composite of Claim 21, wherein the silica-

polyvinyl alcohol composite comprises an organic/inorganic interface.

28. The silica-polyvinyl alcohol composite of Claim 21, wherein the plurality

of pores have the average diameter of about 2 nm to about 100 nm.

29. The silica-polyvinyl alcohol composite of Claim 21, wherein the catalyst is

at least one of Rh, Pt, Ag, Ir, Au, Cu, or Zn.

30. A microreactor comprising:

a chamber

a sintered silica material which defines the chamber;

at least one pore in the sintered silica material, wherein the at least one
pore has an average diameter of about 1 nm to about 100 nm; and

at least one catalyst within the at least one pore.
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This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |: claims 1-5 and 30, drawn to a microreactor comprising:

a flow path;

a sintered silica material which defines the flow path;

at least one pore in the sintered silica material, wherein the at least one pore has an average diameter of about 1 nm to about 100 nm;
and

at least one catalyst within the at least one pore.

Group Il: claims 6-11, drawn to a method of manufacturing a porous catalytic glass, the method comprising:
providing a silicon dioxide-polyvinyl alcohol composite;

forming a flow path in the composite;

applying a catalyst to the flow path; and

heating the silicon dioxide-polyvinyl alcohol compoasite to yield a porous catalytic glass.

Group 1lI: claims 12-20, drawn to a method of manufacturing a microreactor, the method comprising:
providing a porous silica composite comprising an organic/inorganic interface; and
molding a microstructure of a microreactor into the composite.

Group IV: claims 21-29, drawn to a silica-polyvinyl alcohol composite comprising:

at least one silica particle combined with polyviny! alcohol ("PVA") so as to form a silica-polyvinyl alcohol composite, wherein the
composite comprises a plurality of pores, wherein the pores have an average diameter of about 1 nm to about 300 nm; and

a catalyst, wherein the catalyst is on an outer surface of the silica-polyvinyl alcohol composite.
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13.2 they lack the same or corresponding technical features for the following reasons:

Groups |, lll, and IV do not include a silicon dioxide-polyvinyl alcoho! composite.
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Groups |, 11, and Il do not include at least one silica particle combined with polyvinyl alcohol.

Groups I, Ill, and 1V do not include a sintered silica material.

Groups lil and IV do not include a silica material which defines the flow path.

The special technical feature of a porous silica composite, which is common to Groups |, I, (Il and IV, is taught by US 2005/0047985 A1
to Mori, et al. (hereinafter ‘Mori'); therefore the common feature is not an improvement over the prior art.

Mori discloses, as in Group |, a microreactor (para [0018]), [0120}, and [0123]: see the porous silica having pore sizes of 20 nm or less
and particle sizes of 0.1 micrometer or greater, which are used as catalyst carriers in conventional applications including a bioreactor,
bioseparator, membrane reactors, etc.) comprising:

a flow path (para [0173]: see the reactor vessel.);

a sintered silica material (para [0114] and [0117]: see the hydrothermal heat treatment up to 300 degrees Centigrade... or a
hydrothermal calcine treatment up to 900 degrees Centigrade to eliminate the carbon content.) which defines the flow path (para [0172]
and [0173]: see the packing density of the silica particles in a reactor vessel.),

at least one pore in the sintered silica material, wherein the at least one pore has an average diameter of about 1 nm to about 100 nm
(para [0018]: see the silica having a pore size of 20 nm or less.); and

at least one catalyst within the at least one pore (para [0120): see the porous silica having pore sizes of 20 nm or less and particle sizes
of 0.1 micrometer or greater, which are used as catalyst carriers in conventional applications including a bioreactor, bioseparator,
membrane reactors, etc.).

Mori further discloses, as in Groups Il and IV, a silicon dioxide-polyvinyl alcohol composite and at least one silica particle combined with
polyvinyl alcohol (para [0025], [0134], and [0143]: see the spherical particles of silica colloid... formed from SiO2... comprising a
poly(vinyl alcohol} binder.), which may be a glass (para [0005]).

Mori further discloses, as in Group lll, a porous silica composite which may be molded (para [0173] and [0315]: see the packing density
of the silica particles in a reactor vessel. See also the injection molding.) comprising an organic/inorganic interface (para [0142]: see the
crushed silica formed in a dispersion medium in a wet method such as with an organic solvent such as alcohol.).

None of these technical features are common to the other groups, nor do they correspond to a special technical feature in the other
groups. Groups |-V therefore lack unity under PCT Rule 13 because they do not share a same or corresponding special technical
feature.
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