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PHOTOACTIVE CATALYST BASED ON NON-PRECIOUS METALS DEPOSITED
ON TITANIUM DIOXIDE

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority of U.S. Provisional Patent
Application No. 62/144,723, filed April 8, 2015, which is hereby incorporated by reference in

its entirety.

BACKGROUND OF THE INVENTION

A. Field of the Invention

[0002] The invention generally concerns photocatalysts that include non-precious metals
dispersed on a titanium dioxide support. In particular, the invention concerns nickel(0)
dispersed on a titanium dioxide support in the form of particles having an average particle

size of less than or equal to 1 nm.

B. Description of Related Art

[0003] Hydrogen production from water offers enormous potential benefits for the energy
sector, the environment, and the chemical industry. While methods currently exist for
producing hydrogen and oxygen from water, many of these methods can be costly,
inefficient, or unstable. For instance, photoelectrochemical (PEC) water splitting requires an

external bias or voltage and a costly electrode (e.g., Pt-based).

[0004] With respect to photocatalytic electrolysis of water from light sources, while many
advances have been achieved in this area, most materials are either unstable under realistic
water splitting conditions or require considerable amounts of other components (e.g., large
amounts of sacrificial hole or electron scavengers) to work, thereby offsetting any gained
benefits. By way of example, a semiconductor photocatalyst is a material that can be excited
upon receiving energy equal to or higher than its electronic band gap. Upon photo-excitation,
electrons are transferred from the valence band (VB) to the conduction band (CB), resulting
in the formation of an excited electron (in the CB) and a hole (in the VB). In the case of
water splitting, electrons in the CB reduce hydrogen ions to H, and holes in the VB oxidize
oxygen ions to O,. One of the main limitations of most photocatalysts is the fast electron-
hole recombination, a process that occurs at the nanosecond scale, while the oxidation-

reduction reactions are much slower (microsecond time scale). Over 90% of photo-excited
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electron-hole pairs disappear before reaction by radiative and non-radiative decay
mechanisms. To increase the electron life time metal deposition on the semiconductor
surfaces are routinely used while organic compounds such as alcohols and glycols are added
to the aqueous media to increase the hold lifetime. Current photocatalysts such as those that
utilize photoactive materials having deposited noble metals are very expensive to

manufacture and, thus, make commercialization of such photocatalysts ineffective.

[0005] There have been many attempts to make non-noble metal photocatalysts as
effective as noble metal photocatalysts. For example, Yoshinaga ef al., in J. Colloid and
Interface Science, 2007, Vol. 39 attempts to make a photocatalyst by depositing metallic
nickel using chemical vapor reductive deposition on a titania thin film. Russian Patent No.
2275238 describes a three step process to make a photocatalyst containing at least 30%
crystalline anatase phase and 0.5 to 2 wt.% of nickel having a mean pore diameter of 2 to 16
nm and a surface area of at least 70 m*/g. The support is made through a sol-gel process,
which is then impregnated with nickel salt solution. The impregnated catalyst is then reduced
using sodium borohydride. Kimijima et al. in Chem Lett., 2010, Vol. 39, also uses a sol-gel
method to prepare titanium dioxide nanoparticles and then loads the nanoparticles with 0.5
wt.% nickel using liquid-phase reductive deposition methods. This cubic shaped catalyst
produced hydrogen at a rate of 600 uL h™'. Korzhak ef al. in Theoretical and Experimental
Chemistry, 2005, Vol. 41 describes a sol-gel precipitation method to prepare mesoporous
titanium dioxides which was irradiated in the presence of NiClO4 to generate hydrogen.
Singh et al. in AIP Conference Proceedings, Sep. 2012, Vol 1482, Issue 1, describes
preparation of a series of a 2, 5 and 10 wt.% Ni on TiO2 catalysts using wet impregnation
methods. Tran ef al. in Phys. Chem. Chem. Phys. 2012, Vol 14, describes depositing nickel
ions in the form of nickel nitrate onto a single anatase phase titanium dioxide substrate and
then reducing the nickel ions to metallic nickel using sodium borohydride. The resulting
Ni/TiO, catalysts had elongated nickel nanoclusters having a width of 1-2 nm and a length of

about 20 nm. deposited on the surface of the titanium dioxide substrate.

[0006] The catalysts prepared by the above described methods all suffer in that they
produce hydrogen at a rate significantly lower than noble metal doped titanium dioxide
photocatalysts, require elevated amounts of transition metals to be effective, involve labor
intensive preparation methods, and/or result in transition metals being agglomerated on the

surface of the titanium dioxide.
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SUMMARY OF THE INVENTION

[0007] A discovery has been made that provides a solution to the aforementioned
problems associated with conventional photocatalysts. The discovery is premised on a
semiconductor photocatalyst that can efficiently harvest solar energy and generate H, from
water or biofuels by using cost-efficient nonprecious metals. This can provide a cost-
effective alternative to conventional photocatalysts that contain noble metals (e.g., M/TiO,
(M = Pd, Pt or Au)). The low cost, highly reactive photocatalysts of the present invention
include nickel(0) or Ni’ metal at 0 < 4 wt. % metal loading on a TiO, support (e.g., biphasic
anatase/rutile support such as P25). The Ni’ is highly dispersed over the support in the form
of particles having an average particle size or diameter of < 1 nm or less than 1 nm. The
particles, in preferred aspects, are substantially spherical or semi-spherical in shape. The
photocatalyst can be used in water-splitting reactions that contain a sacrificial agent. It was
surprisingly found that the photocatalyst of the present invention was capable of producing
hydrogen (H;) from water at a faster rate than a noble metal titanium dioxide microparticle
photocatalyst when the sacrificial agent to water volume ratio was less than 20:80 under the
same UV conditions (See, for example, Example 3). Without wishing to be bound by theory,
it is believed that the high activity at low ethanol concentrations can be attributed to the very
high dispersion of nickel(0) particles on the surface of the titanium dioxide substrate.
Further, it is believed that the particle size of less than or equal to 1 nm allows for this high
dispersion and further allows for the use of low amounts of Ni’ metal loading (e.g., 0 < 4 wt.
%), thereby providing a cost-efficient and effective alternative to the currently available

conventional catalysts.

[0008] In one aspect of the present invention, there is disclosed a photocatalyst that
includes Ni(0) dispersed on titanium dioxide (TiO,) support. The Ni(0) is dispersed on the
surface of the titanium dioxide support in the form of particles having an average particle size
of less than or equal to 1 nm, preferably less than 1 nm. The photocatalyst can have a Ni(0)
content of greater than 0 to 4 wt.%, or 0.1 to 4 wt.%, preferably 0.2 to 2 wt. %, or more
preferably 0.4 to 0.8 wt.%, or most preferably 0.4 to 0.6 wt.% as determined by X-ray
fluorescence (XRF). The Ni(0) to Ti atom percentage can range from greater than 0 to 0.07
or from 0.03 to 0.04. A Brunauer-Emmett-Teller (BET) surface area of the photocatalyst
may be 43 to 46 m’g™". The Ni(0) particles can be obtained, i situ, from H, reduction of a
Ni(IT) complex, preferably nickel oxide (NiO). The TiO; support may include anatase and

rutile phases. The ratio of anatase to rutile can range from 1.5:1 to 10:1, preferably 3:1 to
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8:1, and most preferably from 5:1 to 7:1. In another aspect, the titanium dioxide support can
be single phase anatase. The photocatalyst can be in particulate or powdered form. The
photocatalyst can be self-supported or can be supported by a substrate such as glass, polymer
beads, or a metal oxide. In one particular aspect, the photocatalyst does not include any one
of gold, ruthenium, rhenium, rhodium, palladium, silver, copper, osmium, iridium, and

platinum.

[0009] The photocatalysts of the present invention are capable of splitting water in
combination with a light source. No external bias or voltage is needed to efficiently split
water. The hydrogen production rate from water can be modified as desired by subjecting the
system to different amounts of light or light flux. In some embodiments, the water
undergoing the water-splitting reaction can include the photocatalyst of the present invention,
a sacrificial agent, or both. The sacrificial agent can be methanol, ethanol, propanol, iso-
propanol, n-butanol, iso-butanol, ethylene glycol, propylene glycol, glycerol, oxalic acid,
trimethyl amine, triethanolamine, or any combination thereof. In one aspect, the sacrificial
agent is ethanol. The composition can include a sacrificial agent to water volume ratio of less
than 20:80, preferably from 1:99 to 15:85, or more preferably from 1:99 to 10:90. With a
light source, the photocatalysts of the present invention can be used in water splitting systems
that include a sacrificial agent to provide a hydrogen production rate from water 2 to 12
mmol/gcaa hour, preferably 5 to 12 mmol/gca hour, and most preferably from 10 to 12

mmol/gcaa hour using a light source having a flux from about 0.1 to 10 mW/cm? at 360 nm.

[0010] In another aspect of the present invention, there is disclosed a system for
producing hydrogen gas and/or oxygen gas from water. The system can include a container
(e.g., transparent or translucent containers or opaque containers such as those that can
magnify light (e.g., opaque container having a pinhole(s)) and a composition that includes
photocatalyst of the present invention, water, and optionally a sacrificial agent. The container
in particular embodiments is transparent or translucent. The system can also include a light
source for irradiating the composition. The light source can be natural sunlight or can be
from a non-natural or artificial source such as a UV lamp or an UV-visible lamp. While the
system may use an external bias or voltage, such an external bias or voltage is not needed due

to the efficiency of the photocatalysts of the present invention.

[0011] Also disclosed is a method of making the photocatalysts. The method can include
the steps of (a) obtaining a titanium dioxide support material having a Ni(Il) complex

dispersed on the support material and (b) heating the titanium dioxide support material and
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reducing the Ni(II) to Ni(0) with a gas containing H, to form the photocatalyst. The Ni(II)
complex in step (b) can be NiO. The gas containing hydrogen can include inert gas (e.g.,
nitrogen or argon). The titanium dioxide support material can be heated at a temperature of
350 °C to 700 °C for at least one hour or at a temperature of 450 °C to 550 °C for 1 to 3 hours
or for 2 hours. Obtaining the titanium dioxide support material can include forming the
Ni(IT) complex on the support material. A nickel (II) salt and glycerol can be combined with
water to form an aqueous solution of a Ni(Il)-glycerol complex. Titanium dioxide support
material can be added to the solution. A basic media can be added to the solution to
precipitate the Ni(II)-glycerol complex on the titanium dioxide support material and form a
mixture. The precipitation can be performed by adding (e.g., dropwise) an aqueous solution
of base with stirring until a pH of about 12 is obtained. After a pH of 12 is reached, the
mixture can be further agitated for a desired amount of time (for example, 1 hour). All or
substantially all the liquids can be removed from the mixture and the solids can be collected
and washed. The resulting solids can include Ni(OH),/TiO;. The washed solids can be dried
and calcined to form NiQO. Calcining can include heating the dried solids to a temperature of

300 °C for two hours in the presence of oxygen (e.g. air).

[0012] In the context of the present invention, there are 40 embodiments described. The
first embodiment describes a photocatalyst that includes Ni(0) dispersed on a titanium
dioxide support, said photocatalyst having a Ni(0) content of greater than 0 to 4 wt. %, as
determined by X-ray fluorescence (XRF), wherein the Ni(0) is dispersed on the titanium
dioxide support in the form of particles having an average particle size of less than or equal to
1 nm. Embodiment 2 is the photocatalyst of embodiment 1, wherein the photocatalyst has a
Brunauer-Emmett-Teller (BET) surface area of 43 to 46 m’g’. Embodiment 3 is the
photocatalyst of any one of embodiments 1 or 2, wherein the photocatalyst has a Ni(0) to Ti
atom % of greater than O to 0.07, as determined by X-ray photoelectron spectroscopy (XPS).
Embodiment 4 is the photocatalyst of any one of embodiments 1 to 3, wherein the Ni(0)
content is 0.1 to 4 wt. %, preferably 0.2 to 2 wt. %, or more preferably 0.4 to 0.8 wt.%, or
most preferably 0.4 to 0.6 wt. %. Embodiment 5 is the photocatalyst of embodiment 4,
wherein the Ni(0):Ti atom % is 0.03 to 0.04. Embodiment 6 is the photocatalyst of any one
of embodiments 1 to 5, wherein the Ni(0) is obtained, in situ, from H, reduction of a Ni(II)
complex. Embodiment 7 is the photocatalyst of embodiment 6, wherein the Ni(II) complex is
NiO. Embodiment 8 is the photocatalyst of any one of embodiments 1 to 7, wherein the

titanium dioxide includes anatase, rutile, brookite, or any combination thereof. Embodiment
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9 is the photocatalyst of embodiment 8, wherein the titanium dioxide support includes anatase
and rutile. Embodiment 10 is the photocatalyst of embodiment 9, wherein the ratio of anatase
to rutile ranges from 1.5:1 to 10:1, preferably 3:1 to 8:1, and most preferably from 5:1 to 7:1.
Embodiment 11 is the photocatalyst of embodiment 8, wherein the titanium dioxide support
includes single phase anatase. Embodiment 12 is the photocatalyst of any one of
embodiments 1 to 11, wherein the photocatalyst is in particulate or powdered form.
Embodiment 13 is the photocatalyst of any one of embodiments 1 to 12, wherein the
photocatalyst does not include any one of gold, ruthenium, rhenium, rhodium, palladium,
silver, copper, osmium, iridium, and platinum. Embodiment 14 is the photocatalyst of any
one of embodiments 1 to 13, wherein the photocatalyst is self-supported. Embodiment 15 is
the photocatalyst of any one of embodiments 1 to 13, wherein the photocatalyst is supported
by a substrate such as glass, polymer beads, or a metal oxide. Embodiment 16 is the
photocatalyst of any one of embodiments 1 to 15, wherein the photocatalyst is capable of
catalyzing the photocatalytic electrolysis of water. Embodiment 17 is the photocatalyst of
any one of embodiments 1 to 16, wherein the photocatalyst is included in a composition that
includes water. Embodiment 18 is the photocatalyst of embodiment 17, wherein the
composition further includes a sacrificial agent. Embodiment 19 is the photocatalyst of
embodiment 18, wherein the sacrificial agent is methanol, ethanol, propanol, iso-propanol, n-
butanol, iso-butanol, ethylene glycol, propylene glycol, glycerol, oxalic acid, trimethyl
amine, triethanolamine, or any combination thereof. Embodiment 20, is the photocatalyst of
embodiment 19, wherein the sacrificial agent is ethanol. Embodiment 21 is the photocatalyst
of any one of embodiments 18 to 20, wherein the composition includes a sacrificial agent to
water volume ratio of less than 20:80, preferably from 1:99 to 15:85, or more preferably from
1:99 to 10:90. Embodiment 22 is the photocatalyst of embodiment 21, wherein the H,
production rate from water is 2 to 12 mmol/gca hour, preferably 5 to 12 mmol/gcaa hour,
and most preferably from 10 to 12 mmol/gcaa hour using a light source having a flux from

about 0.1 to 10 mW/cm? at 360 nm.

[0013] Embodiment 23 is a system for producing hydrogen gas and oxygen gas from
water, the system includes (a) a transparent container including a composition that includes
the photocatalyst of any one of embodiments 1 to 22, water, and a sacrificial agent; and (b) a
light source for irradiating the composition. Embodiment 24 is the system of embodiment 23,
wherein the light source is sunlight. Embodiment 25 is the system of embodiment 24,

wherein the light source is an ultra-violet or an ultra-violet/visible lamp.
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[0014] Embodiment 26 is a method for producing hydrogen gas and oxygen gas from
water, the method includes obtaining a system of any one of embodiments 23 to 25 and
subjecting the composition to the light source for a sufficient period of time to produce

hydrogen gas and oxygen gas from the water.

[0015] Embodiment 27 is a method of making any one of the photocatalysts of
embodiments 1 to 22, the method includes (a) obtaining a titanium dioxide support material
having a Ni(Il) complex dispersed on the support material, and (b) heating the titanium
dioxide support material and reducing the Ni(IT) to Ni(0) with a gas that includes H, to form
the photocatalyst. Embodiment 28 is the method of embodiment 27, wherein the Ni(Il) in
step b is NiO. Embodiment 29 is the method of any one of embodiments 27 to 28, wherein
the gas further includes N,. Embodiment 30 is the method of any one of embodiments 27 to
29, wherein the titanium dioxide support material is heated at a temperature of 350 °C to 700
°C for at least one hour. Embodiments 31 is the method of embodiment 30, wherein the
titanium dioxide support material is heated at a temperature of 450 °C to 550 °C for 1 to 3
hours or for 2 hours. Embodiment 32 is the method of any one of embodiments 27 to 31,
wherein obtaining the titanium dioxide support material includes forming the Ni(II) complex
on the support material. Embodiment 33 is the method of embodiment 32, wherein forming
the Ni(II) complex on the support material includes (i) combining a nickel (II) salt and
glycerol with water to form an aqueous solution of a Ni(Il)-glycerol complex; (ii)adding
titanium dioxide support material to the solution; (iii) precipitating the Ni(II)-glycerol
complex on the titanium dioxide support material with a basic media to form a mixture; (iv)
agitating the mixture; (v) removing all or substantially all the liquids from the mixture and
collecting the solids; (vi) washing the solids with water; and (vii) drying and calcining the
solids. Embodiment 34 is the method of embodiment 33, wherein the step of precipitating
the Ni(II)-glycerol complex on the TiO, support material by the addition of basic media
includess dropwise addition of an aqueous solution of NaOH with stirring. Embodiment 35
is the method of embodiment 34, wherein said addition and stirring is performed until the
mixture attains a pH of about 12. Embodiment 36 is the method of any one of embodiments
33 to 35, wherein said step of agitating the resulting mixture includes stirring for an
additional period of one hour. Embodiment 37 is the method of any one of embodiments 33
to 36, wherein said step of removing all or substantially all the liquids from the mixture and
collecting the solids includes vacuum filtration. Embodiment 38 is the method of

embodiment 37, wherein the solids include Ni(OH),/TiO,. Embodiment 39 is the method of
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any one of embodiments 33 to 38, wherein said calcining includes heating at a temperature of
300 °C for two hours. Embodiment 40 is the method of claim 39, wherein calcining forms
NiO.

[0016] The following includes definitions of various terms and phrases used throughout

this specification.

[0017] “Water splitting” or any variation of this phrase describes the chemical reaction in

which water is separated into oxygen and hydrogen.

[0018] “Average particle size of less than or equal to 1 nm” refers to particles of semi-

spherical Ni metal with a total number of 500 atoms or less in contact with the TiO, support.

[0019] “Nanoparticle” refers to particles having a mean particle size of less than 100
nanometers.

[0020] “Microparticle” refers to particles having a mean particle size of 100 nm or more.
[0021] “Inhibiting,” “preventing,” or “reducing” or any variation of these terms, when

used in the claims or the specification includes any measurable decrease or complete
inhibition to achieve a desired result. By way of example, reducing the likelihood for an
excited electron in the conductive band to recombine with a hole in the valence band
encompasses situations where a decrease in the number of electron/hole recombination events
occurs or an increase in the time it takes for an electron/hole recombination event to occur
such that the increase in time allows for the electron to reduce hydrogen ions rather than to
recombine with its corresponding hole. In either instance, the photocatalysts of the present
invention can be compared with photocatalysts of other transition metal TiO, photocatalyst or

noble metal catalysts.

[0022] “Effective” or any variation of this term, when used in the claims or specification,

means adequate to accomplish a desired, expected, or intended result.

[0023] The terms “about” or “approximately” are defined as being close to as understood
by one of ordinary skill in the art, and in one non-limiting embodiment the terms are defined
to be within 10%, preferably within 5%, more preferably within 1%, and most preferably
within 0.5%.

[0024] The use of the word “a” or “an” when used in conjunction with the term

“comprising” in the claims or the specification may mean “one,” but it is also consistent with

2%

the meaning of “one or more,” “at least one,” and “one or more than one.”
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[0025] The words “comprising” (and any form of comprising, such as “comprise” and
“comprises”), “having” (and any form of having, such as “have” and “has”), “including” (and
any form of including, such as “includes” and “include”) or “containing” (and any form of
containing, such as “contains” and “contain”) are inclusive or open-ended and do not exclude
additional, unrecited elements or method steps.

2%

[0026] The photocatalysts of the present invention can “comprise,” “consist essentially
of,” or “consist of” particular components, compositions, ingredients, etc. disclosed
throughout the specification. With respect to the transitional phase “consisting essentially
of,” in one non-limiting aspect, a basic and novel characteristic of the photoactive catalysts
and materials of the present invention are their ability to efficiently use excited electrons in

water-splitting applications to produce hydrogen.

[0027] The terms “wt.%” or “vol.%” refers to a weight or volume percentage of a
component based on the total weight or volume of material that includes the component. In a

non-limiting example, 10 grams of metal in 100 grams of the catalyst is 10 wt.% of metal.

[0028] Other objects, features and advantages of the present invention will become
apparent from the following figures, detailed description, and examples. It should be
understood, however, that the figures, detailed description, and examples, while indicating
specific embodiments of the invention, are given by way of illustration only and are not
meant to be limiting. Additionally, it is contemplated that changes and modifications within
the spirit and scope of the invention will become apparent to those skilled in the art from this

detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] FIG. 1 is a schematic illustration of important electron transfer processes using

the photocatalyst of the present invention..

[0030] FIG. 2 is a schematic of an embodiment of a water-splitting system using the

photocatalysts of the invention.

[0031] FIG. 2A is an expanded view of photocatalyst in the water-splitting system of
FIG. 2.

[0032] FIG. 3A is an image of NiO/O; photocatalyst precursors.

[0033] FIG. 3B is an image and Ni/Ti0, photocatalysts obtained by H, reduction of the
NiO/Ti0O;, samples in FIG. 3A.
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[0034] FIG. 4A are UV-Visible absorbance spectra for the photocatalyst precursors of

the present invention.
[0035] FIG. 4B are Tauc plots for the photocatalysts precursors of the present invention.

[0036] FIG. SA are UV-Visible absorbance spectra for the photocatalyst of the present

invention.
[0037] FIG. 5B are Tauc plots for the photocatalysts of the present invention.

[0038] FIG. 6 are TGA curves for photocatalysts of the present invention in air collected

at a heating rate of 10 °C min™".

[0039] FIG. 7 is a TEM images for a photocatalyst of the present invention having 4
wt.% nickel; and (d) 2 wt.% Au/TiO;.

[0040] FIG. 8 is a TEM images for a comparative 2 wt.% Au/Ti0, photocatalyst.

[0041] FIG. 9 are powder X-ray Diffraction (XRD) patterns for photocatalyst precursors

of the present invention, support material, metallic nickel powder, and nickel oxide.

[0042] FIG. 10 are powder XRD patterns for photocatalyst of the present invention,

support material, metallic nickel powder, and nickel oxide.

[0043] FIG. 11 are Ni 2p XPS spectra for photocatalyst precursors of the present

invention, photocatalysts of the present invention, metallic nickel powder, and NiTiOs,

[0044] FIG. 12 are Ni 2p XPS spectra for the support material, photocatalyst precursors

of the present invention, and photocatalysts of the present invention.

[0045] FIG. 13 are Ni L-edge NEXAFS spectra for photocatalyst precursors of the
present invention, photocatalyst of the present invention, metallic nickel powder, and nickel

oxide.

[0046] FIG. 14 are photoluminescence spectra of the support material, and the
photocatalyst precursors of the present invention. The insets show plots of normalized

photoluminescence intensity versus NiO.

[0047] FIG. 15 are photoluminescence spectra for the support material and
photocatalysts of the present invention. The insets show plots of normalized

photoluminescence intensity versus Ni loading.
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[0048] FIG. 16 are plots of H, production versus time for photocatalysts of the present
invention and a comparative Au/P25 TiO, photocatalyst in an ethanol:water mixture (80:20

by volume) under UV irradiation.

[0049] FIG. 17 are plots of H, production versus time for a photocatalyst precursor of the
present invention and a photocatalyst of the present invention in an ethanol:water mixture

(80:20 by volume) under UV irradiation.

[0050] FIG. 18 are plots of rates of H, production versus Ni loading in 10 vol.% and 80

vol.% aqueous ethanol solutions for photocatalysts of the present invention.

[0051] FIG. 19 are plots of H, production rates versus inverse normalized
photoluminescence intensities from photocatalyst 0.5 wt.% Ni/Ti0, from FIG. 13 at volume

ratios of ethanol to water of 10:90 and 80:20.

[0052] FIG. 20 are plots of rates of H, production versus ethanol concentration for two
photocatalysts of the present invention and a comparative 2 wt.% Au/P25 TiO, photocatalyst

under UV irradiation.

DETAILED DESCRIPTION OF THE INVENTION

[0053] While hydrogen-based energy from water has been proposed as a solution to the
current problems associated with carbon-based energy (e.g., hmited amounts and fossil fuel
emissions), the currently available technologies are expensive, inefficient, and/or unstable.
The present application provides a low cost and effective solution to these issues. The
solution is predicated on the use of a transition metal titanium dioxide photocatalyst.
Specifically, the photocatalyst includes Ni’ metal particles having an average particle size of
less than or equal to 1 nm or less than 1 nm dispersed on the surface of a titanium dioxide
support. It has been unexpectedly found that photocatalyst of the invention produces higher
amounts of hydrogen in photocatalytic water-splitting reactions than noble metal titanium
dioxide photocatalysts at low ethanol to water ratios (e.g., less than 10:90 or 5:95 See, for
example, Example 3). FIG. 1 is schematic of photocatalytic hydrogen production in the
system of the present invention using an ethanol water mixture. Upon UV excitation,
electrons are promoted from the valence band of TiO, into the conduction band, generating
the electron-hole pairs. Holes in the valence band (VB) migrate to the TiO, surface and
oxidize ethanol, acetaldehyde and water to generate H  while electrons in the conduction

band (CB) of TiO, reduce any surface Ni (IT) to Ni° (Ni™ to N, -0.23 V) or migrate onto pre-



10

15

20

25

30

WO 2016/162801 PCT/IB2016/051946
12

existing Ni° particles which act as cathodic sites for H, evolution as shown in the reaction (I)

below:
2H +2¢ — H, (D).

[0054] Without wishing to be bound by theory, it is believed that his increase can be
attributed to ethanol oxidation to acetaldehyde at the TiO, surface as in the reaction (II)

below:
C,HsOH + 2h" — CH3CHO + 2H" (I)

and the subsequent oxidation of acetaldehyde to acetic acid as shown in the reaction (III)

below:
CH;CHO + 2h” + H,0 — CH;COOH + 2H™ (1II)

These processes are mediated by photoexcited holes migrating to the TiO, surface, and are
energetically favourable processes compared to the splitting of water to oxygen and H™ as

shown in the reaction (IV) below and thus occur at a faster rate.
H,0 + 2H" — 140, +2H" (IV)

[0055] Thus the maximum H, production rate of the photocatalysts at high ethanol
concentrations, before dropping sharply in the absence of ethanol can be attributed to the
oxidation of acetaldehyde to acetic acid. It was also surprisingly found that an inverse
relationship was observed between the photoluminescence behaviour and the photo-catalytic
activity when the water-splitting was performed in the presence of a sacrificial agent (See,
FIG. 19). This inverse relationship is believed to be due to the competing processes (electron
— hole recombination “radiative recombination” and charge transfer “hydrogen ions

reduction”) occurring during the water-splitting process.

[0056] These and other non-limiting aspects of the present invention are discussed in

further detail in the following sections.
A, Photoactive Catalysts

[0057] The photocatalyst is composed of nickel(0) particles having an average particle
size of less than or equal to 1 nm, preferably less than 1 nm, dispersed on a titanium dioxide
support. The photocatalyst can have a Brunauer-Emmett-Teller (BET) surface area of 43, 44,
45 or 46 m’g™ and/or a Ni(0) to Ti atom% of greater than 0 to 0.07, 0.01, 0.02, 0.03 or 0.04

or any value there between The photocatalyst can have a Ni(0) content from greater than O to
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4 wt% or 0.1 to 4 wt. %, 0.2 to 2 wt. %, 0.3 to 1 wt.%, 0.4 to 0.8 wt.%, 0.4 to 0.6 wt. % or
0.1,0.2,0.3,04,0.5,0.6,0.7.0.8,0.9, 1 wt.%, or any value there between. In one particular
aspect, the photocatalyst does not include any one of gold, ruthenium, rhenium, rhodium,
palladium, silver, copper, osmium, iridium, and platinum. The photocatalyst can, in some
instances, consist essentially of nickel and titanium dioxide. The Ni(0) can be obtained, in
situ, from hydrogen reduction of a photocatalyst precursor NiO/TiO,. In some embodiments,
the photocatalyst includes a mixture of Ni(0) and NiO. NiO is not considered detrimental to
the photocatalyst as NiO can also catalyze the water-splitting, albeit at a slower rate (the
Ni(I) must first oxidize to Ni(0)). The photocatalyst precursor can be treated in the presence
of a reducing agent (e.g., hydrogen gas) to reduce the Ni(Il) to metallic nickel (Ni(0)).
Without wishing to be bound by theory it is believed that in situ reduction of the Ni(Il)

provides sub-micron particles of Ni(0) on the surface of the titanium dioxide support.
1. Titanium Dioxide Support

[0058] The titanium dioxide support can be particles, particles ground into a powder, or
both. The titanium dioxide particles can have two main polymorphs, anatase and rutile. In
some embodiments, the titanium dioxide particles can include brookite. In a preferred aspect,
the particles include anatase and rutile phases. The TiO, support can have a ratio of anatase
and rutile phase ranges from 1.5:1 to 10:1, from 6:1 to 5:1, or from 5:1 to 4:1. The
percentage of anatase to rutile the titanium dioxide polymorph can be determined using
powder X-ray diffraction (XRD) techniques. For example, a Philips X’pert-MPD X-ray
powder diffractometer may be used to analyze powder samples of titanium dioxide
polymorphs. Using the areas of these peaks the amounts of rutile phase in the titanium

dioxide polymorph can be determined using the following equation:

0 ilo — __r
% rutile (§x0.884)+1 x 100 (1)

where A is the area of anatase peak; R is the area of rutile peak as determined

by XRD; and 0.884 is a scattering coefficient.

[0059] In some embodiments, the anatase to rutile phases in the titanium dioxide particles
can be formed by heat treating single phase anatase to transform some of the anatase phase
into a rutile phase. For example, titanium dioxide anatase particles can be heated to a
temperature of 780 °C to obtain mixed phase titanium dioxide particles. In other
embodiments, titanium dioxide rutile phase particles can be mixed with titanium dioxide

anatase particles to obtain the desired ratio. The mean particle size of the mixed phase or



10

15

20

25

30

WO 2016/162801 PCT/IB2016/051946
14

single phase TiO, nanoparticles is less than 100 nm. The TiO, nanoparticles have a mean
particle size of less than 95 nm, from about 10 nm to about 80 nm, from about 15 nm to about
50 nm, from about 20 nm to about 50 nm, or from about 15 nm to about 20 nm, or 10 nm, 20
nm, 30 nm, 40 nm, 50 nm, 60 nm, 70 nm, 80 nm, 90 nm, 91 nm, 92 nm, 93 nm, 94, or any
value or range there between. A BET surface area of the TiO, nanoparticles can range from
40 to 60 m*/g or any value or range there between. Titanium dioxide nanoparticles are
commercially available as Aeroxide® P25 from Evonik Industries (Germany) or as titanium

(IV) oxide powder from Sigma-Aldrich® (USA).
2. Active Metals

[0060] Ni(0) metal is obtained through heating and, in situ, reduction of a Ni(Il) species
using hydrogen under inert conditions. The Ni(I) species can be a nickel (IT) oxide obtained

from thermal decomposition of a nickel hydroxide on the titanium dioxide surface.
3. Preparation of Photoactive Material

[0061] The photocatalyst can be prepared using known metal-complex precipitations
method. A non-limiting example of metal-complex precipitation method is described by
Yoong et al. in Energy, 34 (2009) 1652-1661. In a non-limiting example, nickel nitrate
hexahydrate can be a dissolved in ultra-pure water and a complexing agent can be added to
generate a Ni(I)-complexing agent complex. Non-limiting examples of complexing agents
include organic short chain alcohols such as glycerol. A molar ratio of Ni(Il) to complexing
agent can be 1:2. The titanium dioxide support can be added to the aqueous solution of
nickel-glycerine complex with continuous stirring to form a suspension. Addition of base
(e.g., sodium hydroxide) dropwise into the mixture under constant stirring precipitates the
nickel-hydroxide Ni(OH), on the titanium dioxide support. Base can be added with stirring
until a pH of 11 to 13, or 11, 11.5, 12, 12.5, 13, or any range or value there between is
reached. In one aspect, a pH of 12 is reached. The precipitate (Ni(OH),/T10,) can be stirred
further at an elevated rate of agitation for a desired amount of time (e.g., 0.5h, 1 h, 1.5 h, or 2
h). The precipitate can be separated from the basic solution using known filtration techniques
and washed one or more times with water, preferably ultra-pure water, to remove any residual
base. The washed precipitate is green in color and includes Ni(OH),/TiO,. The washed
precipitate can be dried under atmospheric conditions (e.g., in air) at a temperature of about
60 °C to 100 °C, 65 °C to 90 °C, or 70 °C to 75 °C. The Ni(OH),/Ti0O, precipitate can be
converted to NiO/TiO, by calcining the precipitate at 300 °C, 400 °C or 500 °C for a desired
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period of time (e.g., 0.5 h, 1 h, or 1.5 h) in the presence of an oxygen source (e.g., air). The
NiO/TiO; photocatalyst precursor can be heated under a flow of hydrogen containing gas
until the NiO/Ti0, is fully or substantially converted to Ni/TiO; (e.g. for 1 h, 2 h or 3 h).
Heating temperatures can range from 300 °C, 400 °C or 500 °C. The hydrogen containing
gas can be hydrogen gas or a mixture of hydrogen gas and inert gases (e.g., H, and N,). The
flow of the hydrogen containing gas can be S0 mL/min, 100 mL/min 150 mL/min and can be
adjusted such that a suitable amount of hydrogen contacts the NiO/TiO, photocatalyst

precursor.
B. Water-Splitting System

[0062] FIG. 2 is a schematic of an embodiment of water-splitting system 100. Water-
splitting system 200 includes container 202, photocatalyst 204, light source 206, and water
208. Container 202 can be translucent or even opaque such as those that can magnify light
(e.g., opaque container having a pinhole(s)). Photocatalyst 204 includes nickel(0) particles of
less than or equal to 1 nm, preferably less than 1 nm, on a titanium dioxide support (Ni/TiO;)
and 1s shown as single nanoparticles dispersed in the media. Light source 206 is sunlight, a
UV lamp, or an Infrared (IR) lamp. An example of a UV light is a 100 Watt ultraviolet lamp
with a flux of about 2 mW/cm” at a distance of 10 cm. The UV lamp can be used with a 360
nm and above filter. Such UV lamps are commercial available from, for example, Sylvania.
Photocatalyst 204 can be used to split water to produce H, and O; as shown in FIG. 2A,
which is an exploded view of the region near a photocatalyst 204 in water-splitting system
204. Light source 206 contacts photocatalyst 204, thereby exciting electrons (e-) from their
valence band to their conductive band, thereby leaving corresponding holes (h+). Referring
back to FIG. 1, the holes in the valence band (VB) migrate to the TiO; surface and oxidize
ethanol, acetaldehyde and water, to generate H™ while electrons in the conduction band (CB)
of TiO, reduce any surface Ni (II) to Ni’ (Ni"* to N” is -0.23 V) or migrate onto pre-existing
Ni° clusters which act as cathodic sites for H, evolution (2H™ + 2¢” — H,). Due to
electroconductive material (e.g., Ni(0)) deposited on the surface of titanium dioxide support,
the excited electrons are more likely to be used to split water before recombining with holes
than would otherwise be the case. Notably, system 200 does not require the use of an
external bias or voltage source. Further, the efficiency of system 200 allows for one to avoid
or use minimal amounts of a sacrificial agent. In some embodiments, the photocatalyst is
supported on (e.g., adhered or coupled to) a substrate such as glass, polymer beads, or a metal

oxide.
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[0063] In addition to being capable of catalyzing water splitting without an external bias
or voltage, the photocatalysts of the present invention may be included in an anode of an
electrochemical cell capable of forming oxygen and hydrogen by electrolysis of water. In a
non-limiting example, light energy may be provided to a photocell and from the light energy
a voltage between the anode and the cathode is produced and water molecules are split to
form hydrogen and oxygen. The method can be practiced such that the hydrogen production
rate from water can be modified as desired by subjecting the system to various amounts of

light or light flux.
EXAMPLES

[0064] The present invention will be described in greater detail by way of specific
examples. The following examples are offered for illustrative purposes only, and are not
intended to limit the invention in any manner. Those of skill in the art will readily recognize
a variety of noncritical parameters which can be changed or modified to yield essentially the
same results.
Example 1
(Photocatalyst Preparation)

[0065] Materials.  Nickel(I) nitrate hexahydrate (=97%), glycerol (=99%), urea
(299.5%), sodium hydroxide (=98%), Evonik P25 TiO,, absolute ethanol (=99.5%) and NiO
(>99.9%) were all obtained from Sigma-Aldrich and used without further purification. All
solutions were prepared using milli-Q water (182 MQ:cm resistivity). A reference
photocatalyst, 2 wt.% Au/TiO,, was prepared using the deposition-precipitation with urea
method described by Zanella et al. in J. Phys. Chem. B, 106 (2002) 7634-7642. A further
reference sample, NiTiOs, was prepared according to Salvador et al. in Appl. Phys. Lett., 40
(1982) 188-190.

[0066] Synthesis of Ni(0)TiO, nanoparticle samples. A series of NiO/TiO; samples
with nominal NiO loadings of 0-5 wt.% listed in Table 1 were prepared. Nickel (II) nitrate
hexahydrate and glycerol (1:2 molar ratio) were added to ultrapure water of type 1 (200 mL,
Milli-Q®, Millipore Corporation, USA) to form an aqueous nickel(I)-glycerol complex. The
exact masses of nickel (II) nitrate hexahydrate and glycerol used depended on the target
nominal NiO loading. The target nominal Ni loading is shown in Table 1. The P25 TiO, (10
g) was added to the solution containing the nickel(Il)-glycerol complex with continuous
stirring. The nickel-glycerol complex was then precipitated on the TiO, support by the drop
wise addition of 0.5 M NaOH under constant stirring until a pH of 12 was reached. The
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resulting suspension was stirred for a further 1 h, then the resulting light green powders
(Ni(OH),/Ti0O,) were collected by vacuum filtration. After washing repeatedly with ultrapure
water, the Ni(OH),/TiO, powders were dried overnight at 70 °C in air. NiO/TiO,
photocatalysts were obtained by calcination of the Ni(OH),/TiO, powders at 300 °C for 2 h.

[0067] The Ni/Ti0; photocatalysts (0-4 wt.% nominal loadings, Table 1, Samples 12-19)
were obtained by heating the 0-5 wt.% NiO/Ti0; photocatalysts (Samples 2-9, respectively)
under a Hy/N; flow (10 vol.% H,, 100 mL min'l) at 500 °C for 2 h. This treatment reduced
adsorbed Ni(II) species to metallic form as evidence by a change of the powders from green
(characteristic of NiO) to grey (characteristic of finely dispersed Ni’). FIGS. 3A and 3B are
images of TiO, support (Sample 1) and photocatalyst precursor material (NiO/TiO, Samples
2-9) before and the photocatalyst of the present invention (Ni/TiO,, Samples 12-19). FIG.
3A is an image of bottles containing the photocatalyst precursor materials for Samples 2 and
4-9 and titanium dioxide (Sample 1). All the photocatalyst precursor materials (Samples 2
and 4-9) were light green, which is characteristic for NiO. FIG. 3B is an image of bottles
containing the photocatalyst material (Samples 12 and 14-19), and H, treated TiO; (Sample
10). As shown in FIG. 3B all the photocatalyst (Samples 12 and 14-19) were light grey to
very dark grey depending on the metal loading. Physico-chemical characterisation studies
and photocatalytic tests were subsequently conducted on both the NiO/TiO; and Ni/TiO,
photocatalysts are described below in Example 2. Table 2 lists physical, chemical and optical
data for Samples photocatalysts. Relevant data for a number of reference materials is also

provided.
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Table 1
Sample No. | Description
1 P-25 TiO,
2 0.16 wt.% NiO/Ti0O,
3 0.31 wt.% NiO/TiO,
4 0.47 wt.% NiO/Ti0O,
5 0.63 wt.% NiO/Ti0O,
6 0.9 wt.% NiO/TiO,
7 1.25 wt.% NiO/Ti0O,
8 2.5 wt.% Ni1O/T10;
9 5.0 wt.% NiO/TiO,
10 NiO
11 P-25 TiO; after H, treatment
12 0.13 wt.% Ni/Ti0O,
13 0.25 wt.% NiTiO,
14 0.38 wt.% Ni/TiO,
15 0.5 wt.% Ni/Ti0,
16 0.75 wt.% Ni/Ti0O,
17 1.0 wt.% Ni/T10,
18 2 wt.% Ni/Ti10,
19 4 wt.% Ni/T10,
20 Metallic Ni
21 NiTiO;
Example 2

(Photocatalyst Precursor and Photocatalyst Characterization)
A. UV-Visible Absorbance

[0068] UV-visible absorbance spectra were recorded over the range 250-900 nm on a
Shimadzu UV-2101 PC spectrophotometer equipped with an ISR-240A integrating sphere

attachment. Barium sulfate was used as a reflectance standard.

[0069] Photocatalyst Precursor FIG. 4A are UV-Visible spectra of the support material
(P-25 TiO,, Sample 1, data line S1) photocatalyst precursor material (Samples 2, 3 and 5-9,
data lines S2, S3 and S5 through S9) and nickel oxide (Sample 10, data line S10). FIG. 4B

are corresponding Tauc plots of the support material (Sample 1, data line S1) and the
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photocatalyst precursor (Samples 2, 3, and 5, 6, 8, and 9, data lines S2, S3, S5, S6, S8, and
S9). Referring to FIG. 4A, the intense absorption below 400 nm was attributed to the TiO,
support (E; = 3.15 eV). The samples also showed additional absorption features at visible
and near IR wavelengths which intensified on increasing the nominal NiO loading, which
were assigned to NiO on the TiO, support based on reference spectra. NiO shows many
absorption peaks in the visible region due to d-d transitions involving octahedral coordinated

Ni*" ions and which are responsible for the characteristic light-green color of NiO.

[0070] Photocatalyst. FIG. SA are UV-visible spectra of the support material (Sample 1,
data line S1) and the photocatalyst of the present invention (Samples 12, 13, and 15-19, data
lines S12, S13, and S15 through S19). FIG. 5B are corresponding Tauc plots of the support
material (Sample 1, data line S1) and the photocatalyst precursor (Samples 12, 13, and 15-19,
data lines S12, S13, and S15 through S19, respectively). The intense absorption below 400
nm was attributed to the TiO, support. Referring to FIG. 5A, the strong absorption across the
entire visible spectrum is seen for the Ni/TiO, photocatalysts, which is not as strong in the
photocatalyst precursor spectra (FIG. 4A). A strong absorption was deemed consistent with
metallic Ni formation, and was confirmed by TGA and X-ray technique analyses below. In
all of the spectra, the intensity of the Ni related absorption signals increased linearly with
nominal Ni loading. Band gap energies for the different Ni/TiO, photocatalysts are

summarised in Table 1.
B. Thermogravimetric (TGA)

[0071] Thermogravimetric (TGA) analyses were performed on a Shimadzu TGA-50
thermogravimetric analyser. Selected photocatalysts were heated in air from room

temperature to 800 to 1000 °C at a heating rate of 10 °C min™.

[0072] Photocatalyst. FIG. 6 are TGA curves for photocatalysts (Samples 17-19, data
lines 604, 606 and 608) and the support material (Sample 1, data line 602) with heating in air
from room temperature to 800 °C. All samples showed a 1-2 % mass loss below 200 °C due
to desorption of surface chemisorbed water. Above 400 °C, the support material (Sample 1)
and the photocatalysts (Samples 17-19) had mass gains of 0, 0.3, 0.6 and 1.1%, respectively,
which was attributed to the oxidation of the supported Ni’ to NiO. The experimental mass
gains were in near perfect accord with the theoretical mass gains expected for the conversion
of Ni/Ti0; to NiO/TiO, (0, 0.27, 0.53 and 1.04 %, respectively). TGA data for a 5 wt.%
NiO/TiO; photocatalyst (not shown) displayed negligible mass gain above 400 °C,
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confirming that the oxidation of NiO to Ni,Os did not occur over the temperature range of the

TGA experiments.
C. Transmission Electron Microscopy (TEM)

[0073] TEM images were collected using a TECNAI 12 transmission electron
microscope. Powder samples were dispersed in absolute ethanol and then 3 uL of the

resulting dispersion placed on carbon coated copper TEM grids for analysis.

[0074] FIG. 7 is a TEM image of the photocatalyst of the invention (Sample 19, 4 wt%
Ni/TiO,). The nickel(0) nanoparticles could not be identified with any certainty. Thus, it
was concluded that the Ni nanoparticles are < 1 nm in size and at the resolution limit of the
TEM instrument, and that any Ni present was highly dispersed over the TiO, support (likely
as sub nanometer sized particles or even subsurface Ni particles), which is believed, without
being bound by theory, that a very strong metal-support interaction between Ni°’ and TiO,
existed. In comparison, FIG. 8 is a TEM analysis of 2 wt.% Au/TiO, photocatalyst showing
Au nanoparticles of average size ~ 5 nm, which were easily discernible from the TiO,

support.
D. X-Ray Diffraction (XRD)

[0075] Powder XRD patterns were taken on a Siemens D5000 Diffractometer equipped
with a Cu anode X-ray tube and a curved graphite filter monochromator. XRD data was
collected from 26 = 10-90° (step 0.02°, scan rate 2° min™") using Cu Ka X-rays (A = 1.5418
A, 40 mA, 40 kV). Anatase and rutile crystallite sizes (L) were determined from the powder
XRD data using the Scherrer equation and line-widths of the anatase (101) reflection at 20 =
25.3° and rutile (110) reflection at 20 = 27.4°, respectively. The rutile:anatase ratio in the
samples was determined according to the method described by Ding ef al. in J. Mater. Sci.

Lett., 15 (1996) 1789-1791.

%Rutile = ———————x100
[1+0.8(14/ Ix)]

where I, is the peak intensity for the anatase (101) reflection, and

I 1s the peak intensity for the rutile (110) reflection.

[0076] Photocatalyst Precursor. FIG. 9 are XRD patterns for the TiO2 support material
(Sample 1, pattern 902), photocatalyst precursor material (NiO/Ti0,) (Samples 2, 3, 5, and 7-
9, patterns 904, 906, 908, 910, 912, 914, 916 respectively), metallic nickel powder (Sample
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21, pattern 918) and nickel oxide (Sample 10, pattern 920). No NiO related features were
seen in the XRD patterns of data patterns 904-916, indicating that the supported NiO phase

was likely either amorphous or incorporated into the TiO, lattice.

[0077] Photocatalyst. FIG. 10 are powder XRD patterns for the support material
(Sample 1, pattern 1002), the photocatalysts of the present invention (Samples 12-14 and 16-
19, patterns 1004, 1006, 1008, 1010, 1012, 1014 and 1016 respectively), metallic nickel
(Sample 21, pattern 1018) and nickel oxide (Sample 10, pattern 1020) over the 26 range 40-
60°. The XRD patterns for all the Ni/TiO;, photocatalysts were dominated by peaks due to
anatase and rutile in the P25 TiO, support. From the relative intensity of the anatase (101)
and rutile (110) reflections, the anatase:rutile weight ratio in the P25 TiO, support was
estimated to be 6:1. Average anatase and rutile particle sizes, estimated from the FWHM of
the anatase (101) and rutile (110) reflections using the Scherrer equation, were 25 nm and 50
nm, respectively. For the photocatalysts of the present invention (Samples 17-19) weak and
broad peaks due to metallic fc.c. Ni are seen at Ni loadings > 1 wt.%, which intensify

linearly with the nominal Ni loading.
E. X-ray Photoelectron Spectroscopy (XPS)

[0078] XPS data was collected using a Kratos Axis UltraDLD equipped with a
hemispherical electron energy analyser and an analysis chamber of base pressure ~1x10~
Torr. Spectra were excited using monochromatic Al Ka X-rays (1486.69 eV), with the X-ray
source operating at 150 W. Samples were gently pressed into thin pellets of ~0.1 mm
thickness for the analyses. A charge neutralisation system was used to alleviate sample
charge build up during analysis. Survey scans were collected at a pass energy of 80 eV over
the binding energy range 1200-0 eV, while core level scans were collected with a pass energy
of 20 eV. The spectra were calibrated against the C 1s signal at 285.0 eV from adventitious
hydrocarbons. Ni L-edge NEXAFS data was collected on the soft X-ray Beamline at the
Australian Synchrotron. NEXAFS data was taken in the partial electron yield (PEY) mode at
an analysis chamber pressure of ~1 x 10 Torr. The PEY data was normalized against a
current measured simultaneously on a gold mesh in the beam line to eliminate potential
spectral artifacts caused by fluctuations in the beam intensity while scanning. The
measurements were carried out in high resolution (HR) mode by increasing the photon
energies in steps of 0.05 or 0.1 eV. Elements identified in XPS survey spectra of the
photocatalysts (not shown) were Ni, Ti, O and C with the latter being due primarily to

adventitious hydrocarbons. Quantitative XPS analyses were performed using peak areas of
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the Ni 2p, Ti 2p, O 1s and C 1s signals, results for which are presented in Table 1. The Ni:Ti
ratio in the Ni/TiO; samples increased with the nominal Ni loading, though not linearly
(Table 1). The O:Ti ratio for all the NiO/T10;, and Ni/TiO, samples was ~2, as expected for
TiO,-based photocatalysts.

[0079] Photocatalyst Precursor. XPS was used to probe the near surface region
chemical composition and the valence state of nickel in the NiO/TiO, and Ni/TiO,
photocatalysts. FIG. 11 are Ni 2 p XPS spectra for the photocatalyst precursor, the
photocatalyst, and reference materials. Spectra 1102 is a Ni 2 p XPS spectra for the
photocatalyst precursor (Sample 9). Spectra 1106 is a Ni 2 p XPS spectra metallic nickel.
Spectra 1108 1s a Ni 2 p XPS spectra of nickel oxide. Spectra 1110 is a Ni 2 p XPS spectra
of nickel titanate (NiTiO;). The Ni 2p XPS spectrum for the photocatalyst precursor
(Sample 9, spectra 1102) showed peaks at 855.6 eV and 873.2 eV, in a 2:1 area peak area
ratio, which are assigned to the Ni 2pi, and Ni 2ps3/; signals, respectively, of a Ni(Il) species
on TiO,. Comparing spectra 1102 to spectra 1108, the samples are similar except that spectra
1102 lacked the multiplet fine structure seen for the NiO. Comparing spectra 1102 to spectra
1110, it was observed that spectra 1102, and thus Sample 9 is similar to nickel titanate.
However, NiTiO; was not expected to form under the conditions used to synthesize the
NiO/TiO; photocatalysts, thus spectra 1102 was interpreted as originating from an amorphous
NiO-like species on TiO,, in agreement with the UV-Vis data of FIG. 4A. FIG. 12 are XPS
Ti 2p spectra for the photocatalyst precursor, photocatalyst and reference materials. Spectra
1202 is a XPS Ti 2p spectra for the support material. Spectra 1214 and 1216 a XPS Ti 2 p
spectra for the photocatalyst precursor Samples 8 and 9, respectively. These spectra all show
characteristic peaks for Ti*" in TiO, with the expected decrease in intensity with increase in
Ni content. Ni (II) is paramagnetic, which gives rise to additional “shake-up” satellite

features ~ 6 eV above the main Ni 2p,; and 2ps; lines.

[0080] Photocatalyst. Spectra 1104 of FIG. 11 is a Ni 2p XPS spectra of photocatalyst
Sample 19. Spectra 1204-1212 of FIG. 12 are XPS TI 2p spectra for photocatalyst Samples
15-19, respectively. Referring to spectra 1104 of FIG. 11, it can be determined that following
H, reduction at 500 °C, metallic Ni was the dominant Ni species on the surface of the
photocatalysts as the Ni 2ps, and Ni 2p;, of 853.2 eV and 870.5 eV, respectively, were
almost identical to those measured for an Ar™ sputtered Ni foil shown in spectra 1106. The
weak peaks ~5.7 eV above the Ni 2p peaks were assigned to surface plasmon loss features.

A modified Auger parameter (o) to discriminate Ni from NiO. The modified Auger
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parameters determined for the Ni foil (Sample 22) and the photocatalyst Sample 19
(calculated using the Ni 2p;,, and L3MysMys Auger energies), were 1698.8 eV and 1698.9 eV,
respectively, and in good agreement with known values of 1698.8 eV for metallic Ni (c.f.
NiO, o' = 1697.7 eV). Spectra 1204-1210 are XPS Ti 2p spectra of photocatalysts Samples
15-19, respectively. These spectra all show characteristic peaks for Ti*" in TiO, with the

expected decrease in intensity with increase in Ni content.
F. Ni L-edge NEXAFS

[0081] Ni L-edge Near Edge X-ray Absorption Fine Structure (NEXAFS) was used to
analyse the photocatalyst precursors and the photocatalysts of the present invention. The
NEXAFS data was obtained by using the procedures discussed above in Section E (X-ray
Photoelectron Spectroscopy (XPS).

[0082] Photocatalyst Precursor. FIG. 13 are Ni L-edge spectra of the photocatalyst
precursor, photocatalyst, and reference material. Spectra 1302 is a Ni L-edge spectrum for
photocatalyst precursor Sample 9. Spectra 1308 is a Ni L-edge spectrum for nickel oxide.
Comparing spectra 1302 to spectra 1309, photocatalyst precursor Sample 9 was identical in
most respects to that collected for the NiO reference sample. Thus, NiO was the nickel-

containing precursor species on the TiO; support.

[0083] Photocatalyst. Spectra 1304 in FIG. 13 is the N L-edge NEXAFS spectrum of
photocatalyst Sample 19, and was qualitatively similar to spectra 1306 collected for the Ar"
sputtered Ni foil, which is dominated by peaks at 854.6 eV and 871.9 eV assigned to L3 (N1
2p3p — Ni 3d transitions) and L, (Ni 2py» — Ni 3d transitions) features, respectively.
Additional weak features on the high energy side of the L; and L, features suggest the
presence of a small Ni(Il) component, presumably NiO formed be brief exposure of the
sample to air following the H, reduction step. NEXAFS for the other Ni/TiO, samples (not
shown), showed a progressive increases in the integrated area of the Ni L-edge features with

nominal metal loading.
G. N, Physisorption Isotherms

[0084] Nitrogen physisorption (physical adsoption) isotherms were determined at liquid
nitrogen temperature (-195 °C) using a Micromeritics Tristar 3000 instrument. Specific
surface areas were calculated from the N, adsorption data according to the Brunauer-Emmett-
Teller (BET) method using P/P, values in the range 0.05-0.2. Cumulative pore volumes and

pore diameters were calculated from the adsorption isotherms by the Barrett-Joyner-Halenda
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(BJH) method. Samples were degassed at 100 °C under vacuum for 1 h prior to the N,
physisorption measurements. Table 1 summarizes N, physisorption data for the Ni/TiO,
photocatalysts. All samples had similar N, physisorption isotherms that could be classified as
Type II accordingly to the IUPAC convention for adsorption isotherms. The BET surface
area, BJH cumulative pore volumes and pore diameters of the photocatalysts of the invention

were all similar and appear to be independent the Ni loading.
H. Photoluminescence

[0085] Photoluminescence measurements were performed in air at room temperature
using a Perkin-Elmer LS-55 Luminescence Spectrometer. A 290 nm cut-off filter was used.
Spectra were excited at 310 nm and photoluminescence spectra were recorded over a range of

330-600 nm using a standard photomultiplier.

[0086] Photocatalyst Precursor. FIG. 14 are photoluminescence spectra of the support
material (P25 TiO,, data line 1402), and the photocatalyst precursor material Samples 3, 5,
and 7-9, (data lines 1404, 1406, 1408, 1410, and 1412, respectively) that were collected in
air. P25 TiO, gave a very intense and broad photoluminescence signal centred around 390
nm, which contained contributions from direct and indirect transitions in anatase and rutile
(mainly the former since by weight anatase is the dominant TiO, polymorph in P25 TiO,).
Additional sharper features at lower energies were assigned recombination events involving
surface traps. The high intensity of the photoluminescence signal observed for P25 TiO,
indicates rapid electron-hole pair recombination occurs following UV excitation. Following
deposition of NiO on P25 TiO,, the photoluminescence signal observed was weaker,
confirming that NiO effectively suppresses electron-hole pair recombination in TiO,, even at
low NiO loadings (see FIG. 14 inset). Presumably NiO is scavenging electrons promoted

into the conduction band of Ti0,, resulting in the reduction of NiO to Ni.

[0087] Photocatalyst. FIG. 15 are photoluminescence spectra of the support material
(data line 1502) and the photocatalyst Samples 13, 15, and 17-19 (data lines 1504, 1506,
1508, 1510, and 1512, respectively. As shown in the FIG. 15 insert, the photoluminescence
signal for the Ni/TiO, photocatalysts was even weaker than those for the photocatalyst
precursor, which supported the belief that metallic Ni is a more effective acceptor of

electrons from Ti0O, than NiO.
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Example 3
(Use of Photocatalysts in Water-Splitting Reactions)

[0088] Experimental Set-Up: Catalytic reactions were conducted in a borosilicate
(Pyrex®, Corning) glass reactor having a capacity of 100 mL. For each experiment, a
photocatalyst (6.5 mg) was added to the glass reactor and evacuated under a nitrogen flow for
30 minutes to remove oxygen. An ethanol/water mixture (20 mL water, 80 vol.% ethanol)
was added to the oxygen free reactor. The resulting photocatalyst dispersion was stirred
continuously for 1 hour in the dark (no UV excitation). The reaction mixture was irradiated
with sunlight, with a light flux at the front side of the reactor of between 0.3 and 1 mW/cm”.
The mixture containing photocatalyst, water and sacrificial agent was stirred constantly under
dark conditions to disperse the catalyst and sacrificial agent in the water. The reactor was
then exposed to a UV light, supplied from a Spectraline model SB-100P/F lamp (100 W, 365
nm) at a distance of 10 c¢cm from the reactor. The photon flux at the sample was
approximately 6.5 mW cm™ (the UV flux from the Sun is approximately 5 mW cm™).
Hydrogen evolution was monitored by taking gas head space samples (1 mL) at 20 min
intervals and injecting these into a Shimadzu GC 2014 equipped with a TCD detector and
Carboxen-1010 plot capillary column (LXLD. 30 mx0.53 mm, average thickness 30 um). H,

evolved was quantified against an external calibration curve of peak area versus moles of H,.

[0089] Water-Splitting Reactions. Table 3 lists the rate of hydrogen (H;) production for
the photocatalysts of the present invention (Samples 12-19), a photocatalyst precursor
(Sample 5), support material (Sample 1), and a photocatalyst containing gold. FIG. 16 are
plots of H, production versus time for the support material (Sample 1, P25 TiO,, data line
1602), the photocatalyst of the present invention (Samples 12-17, data lines 1604, 1606,
1608, 1610, 1612, and 1614, respectively) and the gold containing photocatalyst (data line
1616). P25 TiO, showed low activity for H, production (H, production rate 1.2 mmol h™ g™),
due to rapid electron-hole pair recombination following UV excitation in the absence of
added co-catalyst. Notably, the catalysts of the present invention are more active than the Au

catalysts at both ends for the x axis, in particular at very small % of ethanol in water.

[0090] Sample 15 (0.5 wt.% Ni/Ti0,) photocatalyst exhibited the highest activity (H;
production rates = 32.4 mmolg™h™ and 20.7 mmolg™h™, respectively, at an 80:20 vol.%
EtOH:H,0 ratio) of the nickel photocatalyst. The photocatalysts of the present invention
showed stable H, production activities, as evidenced by the linearity of the plots in FIG. 16.
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Extended experiments over a 24 h period for selected catalysts showed the same linearity (not

shown).

[0091] FIG. 17 are plots of hydrogen production versus time for the catalyst precursor
Sample 5 (data line 1702) and a photocatalyst Sample 15 (data line 1704) in an 80:20 vol %
ethanol to water solution under UV irradiation. The catalyst precursor Sample 5 is the
precursor to sample 15 prior to being reduced. The catalyst precursor Sample 5 had a 90 min
induction period before any meaningful rate of H, production is achieved. Without wishing
to be bound by theory, it is believed that the induction period corresponds to the
photocatalytic reduction of NiO to Ni’, with the Ni’ providing the active sites for H,
evolution. Since the slope of the line following the induction period for Sample 5 was lower
than that observed for Sample 15 which was pre-reduced in H, at 500 °C, it can be concluded
that only a fraction of the surface NiO has been reduced to Ni’ (theoretically if all the NiO
had been reduced, the Ni° loading would be 0.5 wt.%).

[0092] Hydrogen Production As A Function Of Weight Percent Nickel. FIG. 18 are
plots of hydrogen production versus nickel concentration in the photocatalyst in weight
percent at ethanol to water volume percent ratios of 80:20(data line 1802) and 90:10 (data
line 1804). From FIG. 18, it was determined that a nickel loading of 0.5 wt.% was produced
the highest amount of hydrogen at the EtOH:H,O volume percent ratios of 10:90 and 80:20.
The same general trend was seen when the H, production rates were normalised against
photocatalyst surface area (Table 2, mmol gy ' h'"). It was observed that at Ni loadings above
0.5 wt.%, the rates of H, production decreased sharply. Without wishing to be bound by
theory, it is believed that the decrease in the activity of the Ni/TiO, photocatalysts above the
Ni loading of 0.5 wt.% was due to excessive blockage of TiO; sites (where ethanol and water
photo-oxidation occur) by the highly dispersed metallic Ni nanoparticles. The fact that the
Ni/TiO; photocatalysts show very good activities for H, production at low metal loadings

makes the photocatalyst of the present invention suitable for large scale solar H, generation.

[0093] Hydrogen Production As A Function Of Ethanol Concentration. FIG. 19 are
plots of H, production rates versus inverse normalized photoluminescence intensities from
photocatalyst Sample 15 (0.5 wt.% Ni/TiO;) at volume ratios of ethanol to water of 80:20
(data line 1902) and 10:90 (data line 1904). At both ethanol to water ratios, a reasonably
linear relationship is found, providing strong evidence that metallic Ni promotes H,
generation through supressing electron-hole pair recombination in TiO,. FIG. 20 are plots of

hydrogen production rate under UV conditions in mmol g h™ versus concentration of
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ethanol in volume percent for two photocatalysts Samples 14 and 15. From FIG. 20, it was
determined that the activity of the Sample 15 photocatalyst (0.5 wt.% Ni/Ti0O,, data line 2002)
increased with ethanol concentration up to 95 vol.% ethanol, before dropping sharply at 100
vol.% ethanol. The activity of the Sample 15 photocatalysts was better than the performance
of the Sample 14 photocatalyst (0.38 wt.% Ni/TiO;, data line 2004), and comparable to the 2
wt.% Au/TiO, reference photocatalyst, at low ethanol-concentrations (data line 2006). It
should be noted that 2 wt.% is the optimum Au loading in the Au/TiO, system. At low
ethanol concentrations (< 15 vol.%) and high ethanol concentrations (> 90 vol%), the activity
of the Sample 15 photocatalyst (data line 2002) was superior to that of the Au/TiO,
photocatalyst (data line 2006). This was a uprising and unexpected result. It is believed that
the activities (~ 10 mmol g™ h™) for the Sample 15 photocatalyst (0.5 wt.% Ni/TiO,) at low
ethanol concentrations (e.g. <5 vol. % EtOH) are amongst the highest for a TiO,-based
photocatalyst system that doesn’t contain Pd, Pt or Au.
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CLAIMS
A photocatalyst comprising Ni(0) dispersed on a titanium dioxide support, said
photocatalyst having a Ni(0) content of greater than O to 4 wt. %, as determined by X-
ray fluorescence (XRF), wherein the Ni(0) is dispersed on the titanium dioxide
support in the form of particles having an average particle size of less than or equal to

1 nm.

The photocatalyst of claim 1, wherein the photocatalyst has a Brunauer-Emmett-
Teller (BET) surface area of 43 to 46 m°g™, a Ni(0) to Ti atom % of greater than 0 to
0.07, as determined by X-ray photoelectron spectroscopy (XPS), or both.

The photocatalyst of claim 1, wherein the Ni(0) content is 0.1 to 4 wt. %, preferably
0.2 to 2 wt. %, or more preferably 0.4 to 0.8 wt.%, or most preferably 0.4 to 0.6 wt.
%.

The photocatalyst of claim 3, wherein the Ni(0):Ti atom % is 0.03 to 0.04.

The photocatalyst of claim 1, wherein the Ni(0) is obtained, in situ, from H, reduction

of NiO.

The photocatalyst of claim 1, wherein the titanium dioxide comprises anatase, rutile,

brookite, or any combination thereof, preferably single phase anatase.

The photocatalyst of claim 1, wherein the photocatalyst does not include any one of
gold, ruthenium, rhenium, rhodium, palladium, silver, copper, osmium, iridium, and

platinum.

The photocatalyst of claim 1, wherein the photocatalyst is comprised in a composition

that includes water.
A system for producing hydrogen gas and oxygen gas from water, the system
comprising:

(a) a transparent container comprising a composition that includes the

photocatalyst of any one of claims 1 to 15, water, and a sacrificial agent; and

(b) a light source for irradiating the composition.
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The system of claim 16, wherein the light source is sunlight, an ultra-violet lamp, or

an ultra-violet/visible lamp.

A method for producing hydrogen gas and oxygen gas from water, the method
comprising obtaining a system of any one of claims 9 to 10 and subjecting the
composition to the light source for a sufficient period of time to produce hydrogen gas

and oxygen gas from the water.
A method of making any one of the photocatalysts of claims 1 to 7, the method
comprising:

a. obtaining a titanium dioxide support material having a Ni(Il) complex

dispersed on the support material; and

b. heating the titanium dioxide support material and reducing the Ni(II) to Ni(0)
with a gas comprising H, to form the photocatalyst.

The method of claim 12, wherein the Ni(Il) in step b is NiO.

The method of claim 12, wherein the gas further comprises Nj.

The method of claim 12, wherein the titanium dioxide support material is heated at a
temperature of 350 °C to 700 °C for at least one hour or the titanium dioxide support

material is heated at a temperature of 450 °C to 550 °C for 1 to 3 hours or for 2 hours.

The method of claim 12, wherein obtaining the titanium dioxide support material

comprises forming the Ni(II) complex on the support material.
The method of claim 16, wherein forming the Ni(Il) complex on the support material
comprises:

1) combining a nickel (II) salt and glycerol with water to form an aqueous

solution of a Ni(II)-glycerol complex;
(11) adding titanium dioxide support material to the solution;

(ii1)  precipitating the Ni(II)-glycerol complex on the titanium dioxide support

material with a basic media to form a mixture;

(iv)  agitating the mixture;
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(v) removing all or substantially all the liquids from the mixture and collecting the

solids;
(vi)  washing the solids with water; and
(vil)  drying and calcining the solids.
The method of claim 17, wherein the step of precipitating the Ni(II)-glycerol complex
on the TiO, support material by the addition of basic media comprises dropwise

addition of an aqueous solution of NaOH with stirring until the mixture attains a pH

of about 12.
The method of claim 18, wherein the solids comprise Ni(OH),/TiO,.

The method of claim 17, wherein said calcining comprises heating at a temperature of

300 °C for two hours in air to form NiO.
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