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PROCESS FOR MAKING PHOTOCATALYTIC MATERIALS

TECHNICAL FIELD

This description relates to a process for making metal oxide solutions for

photocatalytic matenals.

| BACKGROUND
Photocatalytic coatings including a photocatalytically active oxide of a transition
metal (MO) or (MO) such as titanium oxide (TiO;) or zirconium oxide (ZrO;) can be used

for producing self-cleaning coatings on a surface such as a glass windows.

SUMMARY
- In one general aspect, an amorphous metal peroxide solution is made by mixing
hydrogen peroxide and a prepared amorphous metal hydroxide mixture to form a hydrogen
peroxide and émorphous metal hydroxide mixture, and simultaneously hg',ating and applying
pressure above atmospheric pressure to the hydrogen peroxide and amorphous metal
hydroxide mixture for a period of time to form the amorphous metal peroxide soiution.

Implementations can include one or more of the following features. For example, the
method caﬁ include preparing the amorphous metal hydroxide mixture. The amorphous
metal hydroxide mixture can be prepared by mixing aqueous ammonia to a salt solution of
the metal to form an amorphous metal hydroxide, and washing and separating the amorphous
metal hydroxide. '

The method can include adding a wetting agent to the hydrogen peroxide and
amorphous metal hydroxide mixture prior to the simultaneous heating and application of
pressure to form a hydrogen peroxide/amorphous metal hydroxide/wetting agent mixture.

Simultaneously heating and applying pressure above atmospheric pressure can
include heating the hydrogen peroxide and amorphous metal hydroxide mixture to a
temperature between about 90° C and about 250° C.

The method can include agitating the hydrogen peroxide and amorphous metal
hydroxide mixture simultaneously with heatin g and applying pressure to the hydrogen

peroxide and amorphous metal hydroxide mixture.
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The amorphous metal peroxide solution can be amorphous titanium peroxide
solution, and the prepared amorphous metal hydroxide mixture can be a prepared amorphous
titantum hydroxide mixture. Simultaneously heating and applying pressure above
atmospheric pressure to the hydrogen peroxide and amorphous metal hydroxide mixture for a
period of time can include simultaneously heating to a temperature between about 90° C and
about 250° C and applying pressure for about 1 % - 2 hours to form the amorphous titanium
peroxide solution.

The method can include monitoring a temperature of the hydrogen peroxide and
amorphous metal hydroxide mixture while simultaneously heating and applying pressure
above atmospheric pressure to the hydrogen peroxide and amorphous metal hydroxide
mixture for a period of time. The method can include monitoring a pH level of the hydrogen
peroxide and amorphous metal hydroxide mixture while sitmultaneously heating and applying
pressure above atmospheric pressure to the hydrogen peroxide and amorphous metal
hydroxide mixture for a period of time.

In another general aspect, a method of making amorphous metal peroxide solution
includes mixing hydrogen peroxide, a prepared amorphous metal hydroxide mixture, and a
wetting agent to form a hydrogen peroxide/amorphous metal hydroxide/wetting agent
mixture, and treating the hydrogen peroxide/amorphous metal hydroxide/wetting agent
muxture to form the amorphous metal peroxide solution.

Implementations can include one or more of the following features. For example,
treating the hydrogen peroxide/amorphous metal hydroxide/wetting agent mixture can
include simultaneously heating and applying pressure above atmospheric pressure to the
hydrogen peroxide/amorphous metal hydroxide/wetting agent mixture for a period of time to
form the amorphous metal peroxide solution.

The method can include agitating the hydrogen peroxide/amorphous metal
hydroxide/wetting agent mixture simultaneously with heating and applying pressure. The
method can include preparing the amorphous metal hydroxide mixture.

The amorphous metal hydroxide mixture can be prepared by mixing aqueous
ammonia to a salt solution of the metal to form an amorphous metal hydroxide, and washing
and separating the amorphous metal hydroxide.

The amorphous metal peroxide solution can be amorphous titanium peroxide

solution, and the prepared amorphous metal hydroxide mixture can be a prepared amorphous
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titanium hydroxide mixture. Simultaneously heating and applying pressure above
atmospheric pressure to the hydrogen peroxide/amorphous metal hydroxide/wetting agent
mixture for a period of time to form the amorphous metal peroxide solution can include
simultaneously heating to a temperature between about 90° C and about 250° C and applying
pressure for about 1 2 - 2 hours to form the amorphous titanium peroxide solution.

In another general aspect, a method of making anatase metal oxide solution includes
preparing amorphous metal peroxide solution, and sitmultaneously heating and applying
pressure above atmospheric pressure to the prepared amorphous metal peroxide solution for a
period of time to form the anatase metal oxide solution.

Implementations can include one or more of the following features. For example,
preparing the amorphous metal peroxide solution can be prepared by mixing hydrogen
peroxide and a prepared amorphous metal hydroxide mixture to form a hydrogen peroxide
and amorphous metal hydroxide mixture, and sitmultaneously heating and applying pressure
above atmospheric pressure to the hydrogen peroxide and amorphous metal hydroxide
mixture for a period of time to form the amorphous metal peroxide solution.

The method can include preparing the amorphous metal hydroxide solution.

Preparing the amorphous metal peroxide solution can include preparing an
amorphous metal hydroxide mixture, mixing hydrogen peroxide and the prepared amorphous
metal hydroxide to form a hydrogen peroxide and amorphous metal hydroxide mixture, and
treating the hydrogen peroxide and amorphous metal hydroxide mixture to form the
amorphous metal peroxide solution. Treating the hydrogen peroxide and amorphous metal
hydroxide mixture can include simultaneously heating and applying pressure above
atmospheric pressure to the hydrogen peroxide and amorphous metal hydroxide mixture for a
period of time to form the amorphous metal peroxide solution. The method can also include
adding a wetting agent to the hydrogen peroxide and amorphous metal hydroxide mixture
prior to treating. Treating the hydrogen peroxide and amorphous metal hydroxide mixture
can include simultaneously heating and applying pressure above atmospheric pressure to the
hydrogen peroxide and amorphous metal hydroxide mixture for a period of time to form the
amorphous metal peroxide solution.

The amorphous metal peroxide solution can be an amorphous titanium peroxide

solution, and the anatase metal oxide solution can be anatase titanium oxide solution.
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Simultaneously heating and applying pressure above atmospheric pressure to the
prepared amorphous titanium peroxide solution for a period of time to form the anatase
titanmium oxide solution can include heating the prepared amorphous titanium peroxide
solution to a temperature between about 90° C and about 250° C under the applied pressure
until the anatase titanium oxide solution 1s formed.

In another general aspect, a method of applying an anatase metal oxide solution to a
substrate includes making an amorphous metal peroxide solution, forming an anatase metal
oxide solution from the amorphous metal peroxide solution, and applying the anatase metal
oxide solution to the substrate. The amorphous metal peroxide solution 1s made by
simultaneously heating and applying pressure above atmbspheric pressure to a hydrogen

peroxide and amorphous metal hydroxide mixture for a period of time to form the amorphous

metal peroxide solution.

Implementations can include one or more of the following features. For example, the
anatase metal oxide solution can be applied to the substrate by applying the anatase metal
oxide solution as a coating to a surface of the substrate. The anatase metal oxide solution can
be applied to the substrate by integrating the anatase metal oxide solution within the
substrate. Integrating the anatase metal oxide solution within the substrate can include
dispersing the anatase metal oxide solution within the substrate such that the anatase metal
oxide solution 1s distributed throughout the substrate.

The time 1t takes to produce the amorphous metal peroxide solution 1s reduced
because the mixture of the hydrogen peroxide and the metal hydroxide 1s heated
simultaneously with being pressurized. The reaction does not need to be kept cool and
therefore does not need to be slowly and carefully warmed up to ensure that the pH rises
slowly and stably enough from the cool temperature.

Similarly, the time it takes to produce the anatase metal oxide solution 1s reduced
because the amorphous metal peroxide solution 1s heated simultaneously with being
pressurized. Time can be reduced to about 3 hours.

Because the wetting agent 1s introduced to the amorphous metal hydroxide and
hydrogen peroxide mixture prior to heating and pressurizing of the mixture, the amorphous
metal peroxide solution 1s more homogenous and therefore provides a better film or coating
former. Additionally, the amorphous metal peroxide solution produced in this manner (that

1s, with the early mtroduction of the wetting agent) does not need to be intermittently shaken
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“or agitated after formation to maintain its homogeneity. Moreover, the amorphous metal

.peroxide solution can be applied as a thinner coating at 12 to 18 micron droplets at ranges

from 100 nm and higher film thickness regardless of the spray apparatus and the spray
application parameters. Moreover, a special apparatus is not needed to apply the amorphous
metal peroﬁcide solution to obtain a coating having a thickness of at least 100 nm.

Additionally, because the time needed to complete the reactions inj.rolved in forming
the solutions is reduced, the cost for producing the amorphous metal peroxide solution and

the anatase metal oxide solution is also reduced.

DETAILED DESCRIPTION |

When a metal oxide such as anatase titanium oxide TiO, is illuhﬁnated by ultraviolet
light having a wavelength below about 330 nm, electrons in the valence band are excited to
the conduction band leaving behind positively-charged holes that are reactive with absorbed
water vapor hydroxide 10ns, resulting in the formation of positive]y-charged hydroxyl
radicals. The hydroxyl radicals are strong oxidizing radicals that can react with and strip
electrons from the organic pollutants to produce simpler, non-offensive products such as CO;
and H,0O. Because of these properties, anatase titanium oﬁde 15 used 1n photocatalytic
coatings that are applhed to surfaces to react with and decompose the ofganic pollutants
deposited upon the surface from the environment under the effects of exposure to sunlight,

and 1n particular, to ultraviolet radiation. The non-offensive products produced on the
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surface from the reaction with the anatase titanium oxide can re-enter the atmosphere or wash

away under the effects of heat, wind, or rain.

In one aspect of the present invention a procedure (the first procedure) 1s

performed for producing an anatase metal oxide solution.

The first procedure comprises the following steps:
a) make amorphous metal peroxide solution;

b) make anatase metal oxide solution; and

c) apply anatase metal oxide solution to surtace.

In one implementation, the anatase metal oxide solution is a titanium oxide
TiO, mixture. Other types of metal oxide solution that can be produced using the pro'cedure
100 include, for example, 7Zr0,, ZnO, SrTi0;, CdS, CdO, CaP, InP, In,03, CaAs, BaTi0s3,
K,NbOs, Fe,03, Ta;,0s, WO3, Sa0,, Biy0s, NiO, Cuy0, SiC, Si0,, MoS;, MoSs, InPb, RuO,,
CeO,, and the like. The anatase metal oxide solution can be a sol or a powder. The produced
anatase metal oxide solution can be used as a photocatalytic material that can be applied as a
coating to many different kinds of substrate surfaces and/or can be integrated within many
different kinds of substrates. Integration within a substrate includes dispersion of the
photocatalytic material within the substrate such that the photocatalytic material 1s distributed
more or less evenly throughout the substrate. For example, if the substrate is cement, the
photocatalytic material can be mixed into the dry cement before liquid is added to the cement.
As another example, the photocatalytic material can be mixed into the molten material that

will form glass prior to cooling so that the photocatalytic material is dispersed within the

glass.

Examples of substrates include metals, glass, polymeric materials, textiles,
building materials such as concrete and vinyl, ceramics, pigments and fillers, fiber materials,
electronics, carbon, graphite, plastics, resin materials, inorganic materials, organic materials,

wood, paper, waste, skin, hair, and in particular, substrates and surfaces such as surgical steel,
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stainless steel, medical devices, Delrin® acetal resin, Kevlar® brand fiber, polycarbonate,

fiberglass, cement, and anodized aluminum.

Initially, an amorphous metal peroxide solution is prepared (first procedure,
step a). The amorphous metal peroxide solution is a metal peroxide solution that 1s
amorphous (that is, non-crystalline). The amorphous metal peroxide solution is typically not
photocatalytic, but 1s ﬁsed as a precursor to produce the photocatalytic anatase metal oxide
solution, as will described later. The amorphous metal peroxide solution can be stored at
room temperatures over a long time for use later, and the solution will not form the
photocatalytic anatase metal oxide solution unless treated, as further discussed below. The
amorphous metal peroxide solution can be applied to a surface, and then later treated to form
the photocatalytic anatase metal oxide solution. The anatase metal oxide solution is prepared
using the amorphous metal peroxide solution (first procedure, step b). Next, the anatase metal
oxide solution can be applied (by, for example, coating, spraying, or drying) to any suitable
surface as a photocatalytically-active metal oxide (first procedure, step ¢). Each ot these steps

is described in greater detail below with reference to a second, third and fourth procedure.

In a second aspect of the invention, in one implementation, a procedure (the
second procedure) is performed for preparing the amorphous metal peroxide solution (first

procedure, step a).
The second procedure comprises the following steps:
a) prepare amorphous metal hydroxide mixture;
b) mix H,O, and prepared amorphous metal hydroxide mixture;
¢) optionally add wetting agent to mixture;

d) heat mixture under pressure for a period of time to form amorphous metal

peroxide solution; and

e) allow amorphous metal peroxide solution to cool to room temperature.
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Initially in the second procedure an amorphous metal hydroxide mixture 1s

. prepared (second procedure, step a).

In a third aspect of the invention, a procedure (the third procedure) can be

performed to prepare the amorphous metal hydroxide mixture.
The third procedure comprises the following steps:

a) mix aqueous ammonia with salt solution to form amorphous metal

hydroxide mixture; and
b) wash and separate amorphous metal hydroxide mixture.

[nitially, an alkali hydroxide (such as aqueous ammonia or sodium hydroxide)
is added to an aqueous solution of a salt including the metal to form a metal hydroxide (third
procedure, step a). Agitation can be applied during the mixing of the two components. For
example, if the metal 1s titanium, then the salt solution can be titanium tetrachloride TiCly
(which can be purchased, for example, from Alfa Aesar) and the aqueous ammonia can be a
solution of ammonium hydroxide NH4OH (which can be purchased, for example, tfrom
Alfa Aesar). In this example, HCI (36-38%) is mixed into distilled or deionized water H,O at
a ratio of 1:10; TiCls (98%) 1s mixed into the distilled or deionized H,O/HCI solution at a
ratio of 1:25 to form a TiCly dilution; NH4,OH (28-30%) is mixed into distilled or deionized
H-O at a ratio of 1:10 to form a NH4OH dilution; and the TiCl4 dilution 1s mixed 1nto the
NH,4OH dilution by volume of 7:1 for pH neutralization to form the titanium hydroxide
Ti(OH)s. Neutralization is finished once the pH of the mixture 1s adjusted to 7.2-7.5. The pH
of the mixture is adjusted by adjusting the relative amounts of components of the mixture and
the pH can be checked, for example, with a pH meter. At this point, the amorphous metal

hydroxide mixture can be allowed to stand for a while and any supernatant liquid can be

discarded.

Next, the amorphous metal hydroxide mixture is washed (for example, by
decantation or filtration) and separated from the chlorine ions in the mixture (third procedure,

step b). The metal hydroxide mixture can be washed and separated by adding distilled water

a
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to the mixture, applying sufficient agitation to the mixture, allowing the mixture to stand, and
discarding any supernatant liquid. Washing is repeated until little or no chlorine 10ns are
detected in the supernatant liquid (for example, by using silver nitrate to measure levels of
chlorine ions in the supernatant liquid or by using a chlorine ion probe). In some
implementations, washing can be repeated until the amount of chlorine 10ns 1n the supernatant

liquid 1s less

7b
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than about 5 parts per million (ppm). In some cases, the mixture also can be subjected to

centrifugal dehydration.
Additionally, water can be re-added to the mixture at this step or at later steps in

suitable amounts to adjust the density of the mixture (the density being related to the amount
5 of solid disperséd within the water). The density of the mixture can be adjusted depending
on the surface or substrate to which the solution will be applied. For example, for porous or
absorbent surfaces or substrates such as concrete, the density of the mixture can be relatively
higher and for non-porous or non-absorbent surfaces or substrates such as glass, the density
of the mixture can be relatively lower. The density of the mixture can impact the response

10 time of the photocatalytic reaction. As the density of the mixture goes up, the thickness of

the film bwld goesup. .
Referring again to the second procedure, next, hydrogen peroxide H;O, (30%) is added at a

ratio of 1:14 to the amorphous metal hydroxide mixture (second procedure, step b). A wetting agent or
combination of agents can be added to the mixture at this time (second procedure, step c). The wetting
15 agent can be used to alleviate the non-wettability or hydroph'obic nature of the metal peroxide
mixture that will be formed in the next step. In this way, a thinner film of the metal peroxide mixture

can be applied to a surface. Thinner films have reduced yellow appearance and reduced moiré
- patterns, and reduced cure times. In one implementation in which the amorphous metal
hydroxide mixture i$ a titanium hydroxide mixture, the wetting agent is a polyethylene oxide
20 silane. In other implementations, the wetting agent can be isopropyl alcohol (IPA). The
amount of wetting agent added to the mixture can be adjusted depending on the type of
substrate or surface to which the ultimate solution 'will be applied and dcp'ending on the metal
used 1n the solution. For example, as little as 0.005% (per volume of mixture) of wetting
agent can be added to the mixture for applications in which the substrate or surface is highly
25 water absorbent (for example, for concrete). As another example, as much as 0.03% (per
volume of mixture) of wetting agent be added to the mixture for applications in which the
substrate or surface that has a low surface tension or is highly water repellant (for example,
for glass or polished metals). |
Next, the mixture of the wetting agent, the hydrogen peroxide, and the metal
30 hydroxide is heated simultaneously with being pressunzed o a pressure that 1s above
atmospheric pressure in combination with a suitable level of agitation for a suitable penod of

time until the amorphous metal peroxide solution is formed (second procedure, step d). Attnospheric
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pressure is the pressure at any point in the atmosphere local to the mixture due solely to the

welght of the atmospheric gases above the mixture. The temperature at which the mixture 1s
heated can depend on several factors, including the type of metal used in the mixture and
constraints associated with manufacturing (for example, if the temperature needs to be
lowered due to manufacturing limitations, then the time can be increased by a suitable
amount). For example, a mixture of titanium hydroxide and hydrogen peroxide having a
volume of about 2 liters can be heated to between about 90°C to about 250°C for about 172
to 2 hours at 10 to 100 pounds per square inch (psi1). For larger volumes ot the mixturé, for

example, as used in manufacturing, the pressure can be suitably higher, for example, up to

2500 psi.

The level of agitation can be any level that provides enough agitation to
disassociate the ions of the mixture and form the amorphous metal peroxide mixture. For
example, the level of agitation can be between about 500 to about 10,000 rotations per minute
(rpm) depending on the volume of the mixture. In some implementations, the level of
agitation 1s between about 2500 to about 7000 rpm. During the heating and pressure
application step, the mixture is monitored for temperature and pH levels to ensure that the
mixture results in a completed solution in which the components (that 1s, the wetting agent,
the hydrogen peroxide, and the metal hydroxide) are uniformly distributed throughout the

mixture and to avoid forming a coagulated mixture.

After the amorphous metal peroxide solution is formed (second procedure,

step d), it is allowed to cool to room temperature (second procedure, step e). The time to cool

the solution can vary depending on the quantity of solution formed, the temperature at which

the mixture was heated, and the metal used in the metal hydroxide. In some implementations,

cooling can take between one to several hours.

The amorphous metal peroxide solution that 1s made (first procedure, step a)
has about a 95-97% light transmissiveness. Thus, it appears clear to the human eyé.
Moreover, the density of the solution (that 1s, the amount of solid dispersed 1n solution) can be
anywhere between 0.5 to about 2.0%, depending on the application in which the solution will

be used.
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Referring again to the first procedure, after the amorphous metal peroxide
solution is made (first procedure, step a), the anatase metal oxide solution is made from the
amorphous metal peroxide solution (first procedure, step b). To make the anatase metal oxide
solution, the amorphous metal peroxide solution is heated under a pressure that 1s above
atmospheric pressure for a period of time until anatase metal oxide solution 1s formed.
Agitation can be applied to the solution during the heating and pressure application. In
particular, as the metal peroxide solution is heated, the peroxide begins to break down and the
metal oxide units are allowed to combine into their natural crystalline states. The levels of the
temperature and pressure can be adjusted depending on the quantity of solution and the type
of metal in the solution. For example, 1-5 liters of amorphous titanium peroxide can be
heated to between about 90°C to about 250°C under 10-100 psi of pressure for about 3 hours
until anatase metal oxide solution is formed. As the amorphous titanium peroxide is heated
under pressure, it turns a clear transparent and becomes crystallized to form the anatase metal

oxide solution. Anatase particles of titanium oxide can be formed in the range of 1-7 nm.

For a density of about 1.2-1.5% anatase metal oxide, the anatase metal oxide

solution can have a light transmissiveness of about 87-93% and the solution appears clear to
the human eye, and the human eye would be unable to detect yellow within the solution. In
some implementation, the density of the anatase metal oxide solution (that 1s, the amount of
solid dispersed in solution) can be anywhere between 0.5 to about 2.0%, depending on the

application in which the solution will be used.

In a forth aspect of the invention, in another implementation, a procedure (the
fourth procedure) can be performed for making the amorphous metal peroxide solution (at

step of the first procedure).

The fourth procedure comprises the following steps:
a) prepare amorphous metal hydroxide mixture;
b) mix H,0O, and prepared amorphous metal hydroxide mixture;

¢) add a wetting agent to the mixture;

10
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d) treat mixture for a period of time to form an amorphous metal peroxide

solution; and

¢) allow the amorphous metal peroxide solution to stabilize at room

temperature.

Initially, an amorphous metal hydroxide is prepared (fourth procedure, step a) as
is described in step a of the second procedure and as detailed in the third procedure. Next,
hydrogen peroxide H,O, (30%) is added at a ratio of 1:14 to the amorphous metal hydroxide
mixture (fourth procedure, step b). A wetting agent or combination of agents 1s added to the
mixture at this time (fourth procedure, step ¢). The wetting agent can be used to alleviate the
non-wettability or hydrophobic nature of the metal peroxide mixture that will be formed in the
next step. In this way, a thinner film of the metal peroxide mixture can be applied to a surtface.
Thinner films have reduced yellow appearance and reduced moiré patterns, and reduced cure
times. In one implementation in which the amorphous metal hydroxide mixture 1s a titanium
hydroxide mixture, the wetting agent is a polyethylene oxide silane. In other implementations,
the wetting agent can be IPA. As discussed above, the amount of wetting agent added to the
mixture can be adjusted depending on the type of substrate or surface to which the ultimate
solution will be applied and depending on the metal used in the solution. For example, as little
as 0.005% (per volume of mixture) of wetting agent can be added to the mixture for applications
in which the substrate or surface is highly water absorbent (for example, for concrete). As

another example, as much as 0.03% (per volume of mixture) of wetting agent be added to the

mixture for applications in which the substrate or surface that has a low surface tension or 1s

highly water repellant (for example, for glass or polished metals).

Next, the. mixture of the wetting agent, the hydrogen peroxide, and the metal
hydroxide is treated for a period of time until amorphous metal peroxide solution 1s formed
(fourth procedure, step d). For example, one way to treat the mixture of the wetting agent, the
hydrogen peroxide, and the metal hydroxide is to heat the mixture simultaneously with being
pressurized to a pressure that is above atmospheric pressure in combination with a suitable
level of agitation for a suitable period of time until the amorphous metal peroxide solution 1s

formed, as described above with respect to step d of the second procedure. Another way to

11
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treat the mixture is to cool the mixture to 5°C for about 24 hours while applying agitation, as

described in U.S. Patent No. 6,429,169.

After the amorphous metal peroxide solution is formed (fourth procedure,
step d), it is allowed to reach room temperature (fourth procedure, step €) by either cooling
down or heating up, depending on how the mixture was treated at step d, ot the fourth

procedure.

l1la



10

15

20

25

30

CA 02681913 2009-09-24
WO 2008/106300 PCT/US2008/053542

What 1s claimed 1s:

1. A method of making amorphous metal peroxide solution, the method comprising:

mixing hydrogen peroxide and an amorphous metal hydroxide mixture to form a
hydrogen peroxide and amorphous metal hydroxide mixture; and

simultaneously heating and applying pressure above atmospheric pressure to the
hydrogen peroxide and amorphous metal hydroxide mixture for a period of time to form the

amorphous metal peroxide solution.

2. The method of claim 1, further comprising preparing the amorphous metal

hydroxide mixture.

3. The method of claim 2, wheremn preparing the amorphous metal hydroxide mixture
COMPI1SES:

mixing aqueous ammonia to a salt solution of the metal to form an amorphous metal
hydroxide; and

washing and separating the amorphous metal hydroxide.

4. The method of claim 1, further comprising adding a wetting agent to the hydrogen
peroxide and amorphous metal hydroxide mixture prior to the simultaneous heating and
application of pressure to form a hydrogen peroxide/amorphous metal hydroxide/wetting

agent mixture.

5. The method of claim 1, wherein stmultaneously heating and applying pressure

above atmospheric pressure icludes heating the hydrogen peroxide and amorphous metal

hydroxide mixture to a temperature between about 90° C and about 250° C.

6. The method of claim 1, further comprising agitating the hydrogen peroxide and
amorphous metal hydroxide mixture stmultaneously with heating and applying pressure to

the hydrogen peroxide and amorphous metal hydroxide mixture.

7. The method of claim 1, wherein:

the amorphous metal peroxide solution 1s amorphous titanium peroxide solution;

12
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the amorphous metal hydroxide mixture is an amorphous titanium hydroxade mixture;
and

simultaneously heating and applying pressure above atmospheric pressure to the
hydrogen peroxide and amorphous metal hydroxide mixture for a period of time includes
simultaneously heating to a temperature between about 90° C and about 250° C and applying

pressure for about 1 % - 2 hours to form the amorphous titanium peroxide solution.

8. The method of claim 1, further comprising monitoring a temperature of the
hydrogen peroxide and amorphous metal hydroxide mixture while simultaneously heating
and applying pressure above atmospheric pressure to the hydrogen peroxide and amorphous

metal hydroxide mixture for a pertod of time.

9. The method of claim 1, further comprising monitoring a pH level of the hydrogen
peroxide and amorphous metal hydroxide mixture while simultaneously heating and applying
pressure above atmospheric pressure to the hydrogen peroxide and amorphous metal

hydroxide mixture for a period of time.

10. A method of making amorphous metal peroxide solution, the method comprising;

mixing hydrogen peroxide, an amorphous metal hydroxide mixture, and a wetting

agent to form a hydrogen peroxide/amorphous metal hydroxide/wetting agent mixture; and

simultaneously heating and applying pressure above atmospheric pressure {o the
hydrogen peroxide/amorphous metal hydroxide/wetting agent mixture to form the amorphous

metal peroxide solution.

11. The method of claim 10, further comprising agitating the hydrogen peroxide/amorphous

metal hydroxide/wetting agent mixture simultaneously with heating and applying pressure.

13
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12. The method of claim 10, further comprising preparing the amorphous metal

hydroxide mixture.

5 13 The method of claim 12, wherein preparing the amorphous metal hydroxide
mixture CoOmprises:
mixing aqueous ammonia to a salt solution of the metal to form an amorphous metal
hydroxide; and
washing and separating the amorphous metal hydroxide.
10 | |
14. The method of claim 10, wheremn:
the amorphous metal peroxide solution is amorphous titanium peroxide solution;
the amorphous metal hydroxide mixture is an amorphous titanium hydroxide muixture;
and
15 simultaneously heating and applying pressure above atmospheric pressure to the
hydrogen peroxide/amorphous metal hydroxide/wetting agent mixture for a period of time to
form the amorphous metal peroxide solution includes simultaneously heating to a
temperature between about 90° C and about 250° C and applymmg pressure for about 1 %2 -2
hours to foﬁn the amorphous titanium peroxide solution.

20

15. A method of making a photocatalytic anatase metal oxide solution, the method
comprising:
- preparing amorphous metal peroxide solution; and
simultaneously heating and applying pressure above atmospheric pressure to the
25 prepared amorphous metal peroxide solution for a period of time to form the anatase metal

oxide solution.

16. The method of claim 15, wherein preparing the amorphous metal peroxide
solution comprises:
30 mixing hydrogen peroxide and a prepared amorphous metal hydroxide mixture to

form a hydrogen peroxide and amorphous metal hydroxide mixture; and

14
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simultaneously heating and applying pressure above atmospheric pressure to the

hydrogen peroxide and amorphous metal hydroxide mixture for a period of time to form the

amorphous metal peroxide solution.

17. The method of claim 16, further comprising preparing the amorphous metal

hydroxide solution.

18. The method of claim 15, wherein preparing the amorphous metal peroxide
solution compﬁscs:

preparing an amorphous metal hydroxide mixture;

mixing hydrogen peroxide and the prepared amorphous metal hydroxide to form a

hydrogen peroxide and amorphous metal hydroxide mixture; and
treating the hydrogen peroxide and amorphous metal hydroxide mixture to form the

amorphous metal peroxide solution.

19. The method of claim 18, wherein treating the hydrogen peroxide and amorphous

metal hydroxide mixture comprises simultaneously heating and applying pressure above

atmospheric pressure to the hydrogen peroxide and amorphous metal hydroxide mixture for a

period of time to form the amorphous metal peroxide solution.

20. The method of claim 18, further comprising adding a wetting agent to the

hydrogen peroxide and amorphous metal hydroxide mixture prior to treating.

21. The method of claim 20, wherein treating the hydrogen peroxide and amorphous

metal hydroxide mixture comprises simultaneously heating and applying pressure above

atmospheric pressure to the hydrogen peroxide and amorphous metal hydroxide mixture for a

period of time to form the amorphous metal peroxide solution.

22. The method of claim 15, wherein:

the amorphous metal peroxiae solution is an amorphous titanium peroxide solution,

and
the anatase metal oxide solution 1s anatase titamum oxide solution.

15
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23. The method of claim 22, wherein simultaneously heating and applying pressure
above atmospheric pressure to the prepared amorphous titanium peroxide solution for a
period of time to form the anatase titanium oxide solution comprises heating the prepared

5 amorphous titanium peroxide solution to a temperature between about 90° C and about 250°

C under the applied pressure until the anatase titanium oxide solution 1s formed.

24. A method of applying a photocatalytic anatase metal oxide solution to a
substrate, the method comprnsing: ‘

10 making an amorphous metal peroxide solution including simultaneously heating and
applying pressure above atmospheric pressure to a hydrogen peroxide and amorphous metal
hydroxide mixture for a period of time to form the amorphous metal peroxide solution,

forming a photocatalytic anatase metal oxide solution from the aﬁlorphous metal

peroxide solution, and

15 applying the photocatalytic anatase metal oxide solution to the substrate.

25. The method of claim 24, wherein applying the photocatalytic anatase metal oxide

solution to the substrate includes applying the photocatalytic anatase metal oxide solution as

a coating to a surface of the substrate.

20
26. The method of claim 24, wherein applying the photocatalytic anatase metal oxide
solution to the substrate includes integrating the photocatalytic anatase metal oxide solution
within the substrate.
25 27. The method of claim 26, wherein integrating the photocatalytic anatase metal

oxide solution within the substrate includes dispersing the photocatalytic anatase metal oxide

solution within the substrate such that the anatase metal oxide solution 1s distnnbuted

throughout the substrate.

16
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