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MICROWAVE ASSISTED AND LOW-TEMPERATURE FABRICATION OF
NANOWIRE ARRAYS ON SCALABLE 2D AND 3D SUBSTRATES

RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provisional Application No.
62/515,802, filed on June 6, 2017. The entire teachings of the above application are

incorporated herein by reference.

GOVERNMENT SUPPORT

[0002] This invention was made with government support under Grant No. CBET-
1344792 from the United States National Science Foundation; and Grant No. DE-EE0006854
from the United States Department of Energy. The government has certain rights in the

invention.

BACKGROUND

[0003] Combustion exhaust, particularly from diesel combustion, contributes to emission
of a variety of gases, including carbon monoxide (CO), nitric oxide (NO), and hydrocarbons.
Such gases are emitted from a variety of diesel engines, such as automobiles, marine engines,
and generators. Catalysts are employed to catalyze oxidation of these gases, but traditional
solvothermal processes can require heating to temperatures from about 150°C to about 200°C
for about 5-10 hours.

[0004] Additional background information is provided U.S. Patent Publication No.
2014/0256534 and U.S. Patent 9,561,494,

SUMMARY

[0005] The disclosure contained herein is in the general field of nanostructured materials
comprising metal oxides, for example, nanostructured arrays comprising titanium dioxide.
[0006] Disclosed herein is a method of making a hydrogen titanate (H2Ti20s.H20)
nanowire array. The method can include contacting a substrate with a solvent comprising a
titanium (IIT) precursor, an acid, and an oxidant while microwave heating the solvent, thereby
forming a hydrogen titanate (H2Ti205. H20) nanowire array. The substrate can be a cordierite

honeycomb monolith. The solvent can be a polar solvent. The solvent can be a protic
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solvent. The solvent can be water. The titanium (IIT) precursor can be TiCls. The titanium
(IIT) precursor can be Ti2(SO4)3. The titanium (III) precursor can be a titanium (III) alkoxide.
The acid can be hydrochloric acid (HCI). The acid can be from about 25 wt.% to about 40
wt.% HCI. The acid can be sulfuric acid (H2SO4). The oxidant can be hydrogen peroxide.
The hydrogen peroxide can be from about 20 wt.% to about 40 wt.% in water.

[0007] The solvent can be heated by microwave heating to a temperature from about
75°C to about 95°C. The solvent can be heated by microwave heating for a duration from
about 10 minutes to about 180 minutes.

[0008] The method can further include annealing the hydrogen titanate nanowire array to
form a TiO2 nanowire array. Annealing can be performed at a temperature from about 300°C
to about 800°C.

[0009] The solvent can be a second solvent, and the method further include contacting the
substrate with a first solvent that includes a titianium (IV) precursor and a first acid prior to
contacting the substrate with the second solvent. The method can further include sonicating
while contacting the substrate with the first solvent.

[0010] The titanium (IV) precursor can include one or more of titanium (I'V)
isopropoxide, titanium (IV) n-butoxide, and titanium (IV) chloride. The titanium (I'V)
precursor can include titanium (IV) isopropoxide.

[0011] The first solvent can be a polar solvent. The first solvent can be a protic solvent.
The first solvent can be an alcohol. The first solvent can be ethanol. The first acid can be
HNOs. The method can further include drying the substrate after contacting the substrate with
the first solvent, and subsequently contacting the substrate with the first solvent prior to
contacting the substrate with the second solvent. The method can further include annealing
the substrate after contacting the substrate with the first solvent and prior to contacting the
substrate with the second solvent.

[0012] Described herein is a method of loading a platinum group metal onto a titanium
dioxide (TiO2) nanowire array. The method can include contacting the TiO2 nanowire array
with a third solvent comprising a platinum group metal precursor, wherein the platinum
group metal precursor comprises one or more of platinum, palladium, and rhodium; drying
the TiO2 nanowire array; calcining the TiO2 nanowire array; and annealing the TiO2 nanowire
array in the presence of hydrogen. The platinum group metal precursor can include platinum,
such as platinum (IT). The platinum group metal precursor include tetraammineplatinum (IT)

nitrate. The method can further include sonicating while contacting the TiO2 nanowire array

2.
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with the third solvent. The method can further include contacting the TiO2 nanowire array
with a third solvent, drying the TiO2 nanowire array, and calcining the TiO2 nanowire array a
plurality of times prior to annealing the TiO2 nanowire array.

[0013] Described herein is a titanium dioxide (TiO2) nanowire array made by any of the
methods described herein.

[0014] Described herein is a method of oxidizing a combustion exhaust. The method can
include contacting a source of combustion exhaust with a titanium dioxide (TiO2) nanowire
made by any of the methods described herein. The combustion exhaust can include one or
more of carbon monoxide (CO), nitric oxide (NO), and hydrocarbons, such as ethylene,
propylene, propane, and methane. The source of combustion exhaust can be diesel
combustion exhaust. The diesel combustion exhaust can be emitted from a land-based vehicle
(e.g., a car or a truck), a water-based vessel (e.g., a boat or a ship), a diesel-fueled power
plant, a diesel generator, or a diesel-fueled power plant.

[0015] In this work, we report a facile microwave-assisted hydrothermal method for the
synthesis and manufacturing of H2T1205.H20 and TiO: based nanostructure arrays (nano-
arrays) rooted honeycomb monoliths for high performance automotive catalytic converters. A
two-step sustained-release reaction strategy was designed to achieve the heterogeneous
nucleation and growth of H2Ti20s. H20 nano-arrays on cordierite honeycomb channel
surfaces, which can be converted to TiO2 nano-arrays through post annealing at a temperature
range of 300-800°C. Using TiCls as the titanium source, H20: as the oxidizer to promote the
oxidation of Ti**, and hydrochloride acid to control the hydrolysis rate in solution, a growth
rate of 42 nm/min was achieved, rivaling the highest growth rate (17.5 nm/min) reported in
literature. This approach provides a new pathway for the low-temperature scalable synthesis
and manufacturing of TiO2 nano-array integrated catalytic reactors with good production
rates and enhanced material utilization efficiency. With 50 g/ft’ Pt loading, the TiO2 nano-
array integrated monoliths have been demonstrated with excellent low light-off temperatures
for CO and HCs as low as below 150 °C under simulated exhaust conditions. After sonication
in water for 4 hours and hydrothermal aging at 700 °C for 100 hours, few changes of the
light-off temperatures were observed on the sonicated samples, and a small increase of ~50
°C was found on the hydrothermal aged samples in comparison with the fresh samples. This
new type of robust and efficient nano-array integrated automotive catalytic converters could

be a promising candidate for low temperature automotive emission control devices.



WO 2018/226543 PCT/US2018/035756

[0016] Disclosed herein are methods for microwave-assisted, low-temperature
fabrication of HaTi205. H20 and TiO:2 nanostructured films on scalable 2D and 3D
substrates.

[0017] A facile, scalable, low cost hydrothermal method for microwave-assisted and
low-temperature fabrication of H2Ti205.H20 and TiO2 nano-arrays on scalable 2D and 3D
substrates is disclosed herein. The resulting improved materials have a wide range of
applications.

[0018] The TiO2 nano-arrays disclosed herein can be used as support for the
catalytic active materials on 3D monolithic catalysts, which are the essential parts of
catalytic reactors for automotive emission control systems, such as, diesel oxidation
catalysts (DOC), diesel particulate filters (DPF) and NOx storage/reduction (NSR).
TiO2 nano-array supported 3D monolithic catalyst materials can also be used for indoor
air purification and water filtration.

[0019] The H2Ti205.H20 and TiO2 nano-arrays supported active materials disclosed
herein can be integrated onto various 2D and 3D substrates, such as silicon, glass, ceramic
and polymer substrates, and thereby used as gas sensor devices for monitoring the toxic air
pollutants such as SO2, CO, NO2, and volatile organic compounds originating from various
sources in the environment. The H2T1205. H2O and TiO2 nano-arrays integrated on 2D and
3D substrates disclosed herein can be directly used as catalytic devices in a variety of
applications and products in the environmental and energy fields, including self-cleaning
surfaces, air and water purification systems, sterilization, hydrogen evolution, and
photoelectrochemical conversion.

[0020] In other examples of application of titanium dioxide nano-arrays made as
disclosed herein, photoanodes in high-efficiency dye-sensitized solar cells (DSCs) are
composed of TiOz anatase nanoparticles because of their large surface area for the loading
of dye molecules. There are numerous grain boundaries in these TiO2 nanoparticles, leading
to faster charge recombination at the TiOx/electrolyte interface. To increase the electron
mobility, 1D TiO2 nano-arrays are directly grown on transparent, conductive fluorine-doped
tin oxide (FTO) glass to provide direct pathways for electron transport and to suppress
charge recombination.

[0021] H:Ti205.H20 and TiO2 nano-arrays made as disclosed herein can also be used as

a photoanode for photoelectrochemical (PEC) water splitting. Currently, the solar-to-
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hydrogen (STH) efficiency of TiO2 nanoparticles is substantially limited by its large band
gap energy and usually fast electron—hole recombination due to a high density of trap states.
1D TiO2 nano-array photoanodes made as disclosed herein, however, with large surface area
and short diffusion distance for photogenerated minority carriers are able to facilitate the
charge separation and, thus, reduce the loss due to electron—hole recombination.

[0022] For synthesis of H2Ti20s H20 and TiO:z nano arrays, the current state of the art
method is to use solvothermal method under high temperature and high pressure with long
reaction times, which is very energy and time consuming, low in production rate, and
difficult to achieve industrial-scale fabrication.

[0023] For fabrication of monolithic catalysts, the current state of the art method is to
create a supporting layer for the catalytically active material on channel walls of 3D
cordierite honeycomb substrates through use of a wash-coating procedure. y-Al2Os3 is the
most widely used as washcoat material, and Pt, Pd and Rh are the major catalytic active
materials for auto emission control. There are a number of known problems with wash-
coating methods including: (1) the less-than-ideal wash-coating process usually does not
ensure uniform catalyst deposition with precisely and optimally controlled microstructures,
therefore compromising materials utilization efficiency; and (i1) the compromised materials
utilization efficiency then results in a heavy loading ratio of catalytic active materials, which
thereby requires a greater amount of noble metal and makes catalytic converters expensive,
for example, for automotive emission control.

[0024] Compared with the known solvothermal method for the synthesis of TiO2 nano-
arrays, the method disclosed herein for microwave-assisted synthesis is achieved at low
temperature and low pressure with high production rate. For example, TiO2 nano-arrays with
comparable length can be obtained through a microwave-assisted hydrothermal method as
disclosed herein at 80° C for 1 hour, instead of about 150~200° C for about 5~10 hours by a
conventional solvothermal procedure.

[0025] Compared with conventional wash-coated monolithic catalysts, advantages of
the TiO; nano-array based monolithic catalysts prepared as disclosed herein include:

[0026] A) The growth of TiO; nano arrays on monolithic substrates is an in-situ,
binder free and environmentally benign process, instead of the conventional multi-step,
complex wash coating process. It is an object of the methods disclosed herein to simplify the

fabrication procedure and save costs.
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[0027] B) The TiO; nano-arrays have good adherence to deposition substrates since
crystal growth starts with the nucleation on the substrate, which can enhance the
mechanical stability of the nano-arrays and extend the life expectancy of the materials, for
example as catalysts.

[0028] C) The TiO; nano-arrays have well defined structure with good uniformity on
the monolithic substrates, rather than the random microstructure of the wash-coated
particulates. This provides the possibility to control and build precise and optimum
structure-property correlations for catalysts and other nano-array materials.

[0029] D) The well-defined structure of the TiO; nano-arrays based monolithic
catalysts can increase the diffusion path of gas molecules during reaction, thereby
promoting interaction between the gas molecules and the catalysts. Also, material
utilization efficiency for noble metal catalysts is enhanced.

[0030] The novel microwave-assisted hydrothermal method disclosed herein provides
important advantages for synthesis of TiO2 nanostructured films over the conventional
solvothermal methods in terms of low production temperature and pressure, high
production rate and environmentally benign starting materials. The low temperature and
pressure process simplifies the specifications for reactors to be used in production. The
high production rate makes it possible to scale up the process for industrial level
manufacturing.

[0031] The novel microwave-assisted hydrothermal method disclosed herein also
provides important advantages for production of monolithic catalysts. The resulting
uniform TiO2 nano-arrays on monolithic cordierite substrates provide an advantageous
platform as carrier for noble metal catalysts over the conventional wash-coating
particulates. The well-defined structure of the resulting TiO2 nano-array based
monolithic catalysts ensure uniform catalyst deposition with precisely and optimally
controlled microstructures, therefore increasing the materials utilization efficiency. It has
been proved that, compared with the reported washcoated powder catalysts with
comparable performance, the materials utilization efficiency of embodiments of the
disclosed nano-array monolithic catalysts is ~10—40 times higher with extremely small
loadings of precious metal and metal oxide nano-arrays used.

[0032] An embodiment of the microwave-assisted hydrothermal method disclosed herein
can provide increased material utilization efficiency, especially for the use of noble metals

and thereby provide commercial value.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0033] The foregoing will be apparent from the following more particular description of
example embodiments, as illustrated in the accompanying drawings in which like reference
characters refer to the same parts throughout the different views. The drawings are not
necessarily to scale, emphasis instead being placed upon illustrating embodiments.

[0034] FIG. 1A is a photograph and schematic illustration of TiO2 nano-arrays rooted
cordierite monoliths. FIG. 1B is an elemental distribution of Ti and Mg by EDX mapping,
indicating the TiO2 nano-array layers and cordierite substrate, respectively. FIGs. 1C and 1D
are SEM images of TiO2 nano-arrays rooted cordierite monoliths from (FIG. 1C) top-view
and (FIG. 1D) cross-sectional view with low magnification images inserted.

[0035] FIG. 2A is an XRD pattern of fresh nanowire powders along with diffraction
peaks of hydrogen titanium oxide hydrate (H2Ti20s-H2O). FIG. 2B is a high resolution TEM
(HRTEM) image of fresh nanowires. FIG. 2C is a selected area electron diffraction (SAED)
patterns of fresh nanowires. FIG. 2D is a bright field (BF) TEM image of fresh nanowires.
FIG. 2E is a Raman spectra of nano-arrays annealed at different temperatures. FIG. 2F is a
thermogravimetric differential thermal /mass spectroscopy (TGA-DTA) / H2O Mass spectra
of the fresh nanowire powders.

[0036] FIG. 3 is a schematic illustration showing the two-step sustained release growth
process of the nano-arrays with SEM images of TiO2 NW arrays taken at different reaction
stages. The synthesis was carried out at 90 °C on seeded cordierite substrates using a recipe of
3 mL TiCl3 (20%), 15 mL H202 (30%), 3.5 mL HCI (37%) and 185 mL DIW in microwave
oven. Scale bars in the inserts are 1um.

[0037] FIGs. 4A-C are SEM images of TiO2 nano-arrays grown on seeded cordierite
substrates with different reaction time and heating methods: FIG. 4A: hot-plate heating, 60
min; FIG. 4B: microwave-assisted heating, 30 min; FIG. 4C: microwave-assisted heating, 60
min. FIG. 4D is a chart showing a summary of the average length of nano-arrays using
different heating methods. The reactions were carried out at 80 °C using the recipe of 3 mL
TiCl3 (20%), 9 mL H202 (30%), 3.5 mL hydrochloride acid (37%) in 191 mL DI water. Scale
bars in the inserts are 1 pm.

[0038] FIG. 5A is a graph showing the evolution of the average length of TiO2 nano-
arrays along the reaction time at different temperatures. FIG. 5B is a Raman spectra of the

nano-arrays samples synthesized at 95 °C for 60 and 30 min.
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[0039] FIG. 6A-F are light-off curves for catalytic simulated gas oxidation of Pt/TiOz
nano-array based monolithic catalysts and comparison with commercial DOC samples: FIGs.
6A-B: fresh samples; FIGs. 6C-D: hydrothermal aged samples at 700 °C for 100 hr.; FIGs.
6E-F: sonicated samples in water for 240 min. The light-off curves show the conversion rate
of different gas components along the temperature; the T10, T50 and T90 in the histograms
indicate the temperatures at which the conversion of each components reached 10%, 50% and
90%, respectively; the columns marked with Pt/TiO2 means our samples, while those marked
with DOC represent the commercial DOC sample from Ford F250.

[0040] FIGs. 7A-F are HAADF, HRTEM, EDX mapping and Pt particle size distribution
of the Pt integrated TiO2 nanowires: FIG. 7A: HAADF image of the fresh catalyst with
HRTEM images and particle size distribution inserted; FIGs. 7B-C: HAADF and EDX
mapping of the fresh catalyst indicating the detailed morphology and elemental distribution;
FIGs. 7D: HAADF image of the 700 °C/100 hr. hydrothermal aged catalyst with HRTEM
images and particle size distribution inserted; FIGs. 7E-F: HAADF and EDX mapping of the
hydrothermal aged catalyst indicating the detailed morphology and elemental distribution.
[0041] FIG. 8 is a graph showing evolution of sample weight in percentage of the Pt on
Ti02 nano-array based monolithic catalysts and the commercial DOC samples before and
after hydrothermal aging at 700 °C/100 hr. along the sonication time.

[0042] FIG. 9 is a schematic illustrating a catalytic testing system for the LTC-D
simulated exhaust oxidation reactions.

[0043] FIG. 10 is XRD patterns of TiO2 nano-array rooted cordierite monoliths annealed
at different temperatures.

[0044] FIGs. 11A-D are top-view SEM images and bright field TEM images of TiOz
nano arrays annealed at different temperatures: FIG. 11A: Fresh nanoarrays; FIG. 11B:
annealed at 500°C for 2h; FIG. 11C: annealed at 800°C for 2h; FIG. 11D: annealed at 1000°C
for 2h.

[0045] FIG. 12A is an XPS analysis, deconvoluted Ti 2p XPS spectra of fresh nanowire
arrays. FIG. 12B is an XPS analysis, deconvoluted O 1s XPS spectra of fresh nanowire
arrays. Literature information for the satellite peaks can be found in Ref. 81.

[0046] FIG. 13A is Raman spectra of nano-arrays with different treatments: nano-arrays
(a) synthesized without H20z, (b) synthesized with H202, (c¢) annealed at 1000 °C for 2 hours,
and (d) annealed at 800 °C for 2 hours. FIGs. 13B is an SEM image of the nano-arrays
synthesized without H202. FIG. 13C is an SEM image of the nano-arrays synthesized with
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H:20:. The synthesis of the samples in FIGs. 13B and 13C was carried out at 90 °C on seeded
cordierite substrates using 3 mL TiCl3 (20%) and 3.5 mL HCI (37%) without and with 15 mL
H202 (30%), respectively, balanced by DIW (total solution 200mL) in microwave oven.
[0047] FIG. 14A-H are SEM images of TiO2 nano-arrays grown on seeded cordierite
substrates with different concentrations of TiCls: FIGs. 14A and 14B: 0.20 wt.%; FIGs. 14C
and 14D: 0.35 wt.%; FIGs. 14E and 14F: 0.50 wt.%; FIGs. 14G and 14H: 0.70 wt.%. FIGs.
14A, 14C, 14E, and 14G are top-view images with low-magnification images inserted. FIGs.
14B, 14D, 14F, and 14H are cross-sectional view images. The reactions were carried out at
80 °C for 60 min, and the volume of H202 (30%) was fixed to be 15 mL for all reactions. The
volume of DIW and HCI (37%) were adjusted according to the amount of TiCl3 (20%) used
to keep the concentration of HCI constant at 0.2335mol/L.

[0048] FIG. 15A-H are SEM images of TiO2 nano-arrays grown on seeded cordierite
substrates with different volume of H202 (30%): FIGs. 15A and 15B: 0 mL; FIGs. 15C and
15D: 9 mL; FIGs. 15E and 15F: 15 mL; FIGs. 15G and 15H: 20 mL. FIGs. 15A, 15C, 15E,
and 15G are top-view images with low-magnification images inserted. FIGs. 15B, 15D, 15F,
and 15H are cross-sectional view images. The reactions were carried out at 80°C for 60 min,
and the volume of TiCls (20%) and HCI (37%) were fixed to be 3 and 3.5 mL, respectively.
The volume of DIW was adjusted according to the amount of H2O2 (30%) used to keep the
total volume of solution constant at 206.5 mL.

[0049] FIGs. 16A-H are SEM images of TiO2 nano-arrays grown on seeded cordierite
substrates with different volume of HCI (37%): FIGs. 16A and 16B: 0 mL; FIGs. 16C and
16D: 1.5 mL; FIGs. 16E and 16F: 3.5 mL; FIG. 16G: 7.5 mL; FIG. 16H: 10.5 mL. FIGs.
16A, 16C, 16E, 16G, and 16H are are top-view images with low-magnification images
inserted. FIGs. 16B, 16D, and 16F are cross-sectional view images. The reactions were
carried out at 80°C for 60 min, and the volume of TiCl3 (20%) and H202 (30%) were fixed to
be 3 and 15 mL, respectively. The volume of DIW was adjusted according to the amount of
HCI (37%)used to keep the total volume of solution constant at 206.5 mL.

[0050] FIGs. 17A-D are SEM images of TiO2 nano-arrays grown on cordierite substrates
with different seeding conditions and reaction stages: FIG. 17A: Unseeded sample, 80°C for
30 min; FIG. 17B: Unseeded sample, 80°C for 60 min; FIG. 17C: Seeded sample, 80°C for 10
min; FIG. 17D: Seeded sample, 80°C for 60 min. Low-magnification top-view images are

inserted into FIGs. 17B and 17D. The reactions were carried out at 80°C using the optimized
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recipe of 3 mL TiCls (20%), 15 mL H202 (30%), 3.5 mL hydrochloride acid (37%) in 185
mL DI water.

[0051] FIG. 18A-P are SEM images of the top view and cross-sectional view (inset) of
TiO2 nano-array series synthesized at different temperatures: FIGs. 18 A-D: 75 °C; F1Gs. 18E-
H: 80°C; FIGs. 18I-L: 90 °C; FIGs. 18M-P: 95 °C. The scale bars in the inserts correspond to
Tum.

[0052] FIG. 19 s a graph showing changes of the sample weight of TiO2 nano-array
based monoliths along the reaction time under different temperatures.

[0053] FIG. 20A is a photograph of the experimental set-up used in the present work.
FIG. 20B is photographs of the commercial monolithic honeycomb with dimensions of 4.66”
in diameter and 2.5” in length. FIG. 20C is large-area SEM images of the TiO2 nanowire
arrays grown inside the commercial monolithic honeycomb, confirming that a uniform
coverage of nanowires (~0.7 um in length) was achieved throughout the 2.5-inch long
honeycomb channels. The reactions were carried out at 80°C using the optimized recipe.
Volume of solution = 8 L, reaction time: 30 min x 4 =2 h.

[0054] FIG. 21 is XRD patterns of the Pt@TiO2 nano-array integrated monoliths before
and after hydrothermal aging, and the cordierite monolith with and without TiO2 nanoarrays.
[0055] FIG. 22A is an SEM image of a TiO2 nanowire array (NA). FIG. 22B is a
HAADF STEM image of a TiO2 nanowire array. The array of dark spots indicates the unique
mesoporosity of the TiO2 nanowire. FIG. 22C is a table summarizing BET surface area of
Ti0O2 and Pt/TiOz surface area; HT aged Pt/TiO2 sample were prepared by aging Pt/TiO2 at
650°C in a flow of 10% H2O in air for 100 hours. FIG. 22D is a chart of light-off
temperature of Pt/T102 nanoarrays in CDC simulated exhaust. A commercial DOC catalyst
based on Pt-Pd/Al2O3-ZrO2 washcoat was used as a benchmark.

[0056] FIGs. 23A-F are SEM images of the TiO2 nano-arrays integrated onto various
substrate surfaces: FIG. 23A: Cordierite monolith; FIG. 23B: SiC monolith; FIG. 23C: FTO
coated glass; FIG. 23D: Ti metal foil; FIG. 23E: ITO coated PET film; and FIG. 23F: carbon
fibers.

[0057] FIGs. 24A-H are photographs of water contact angles on various pristine substrate
surfaces and the corresponding nanoarrays rooted surfaces: FIG. 24A: pristine glass; FIG.
24B: nanoarray@glass; FIG. 24C: pristine FTO surface; FIG. 24D: nanoarray@FTO; FIG.
24E: pristine PET film; FIG. 24F: nanoarray@PET film; FIG. 24G: pristine ITO surface;
FIG. 24H: nanoarray@ITO surface.

-10 -
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[0058] FIG. 25A is BET N2 adsorption-desorption isotherms of bare cordierite monolith,
nano-array rooted monolith and nanowire powders. FIG. 25B is pore size distribution of bare

cordierite monolith, nano-array rooted monolith and nanowire powders.

DETAILED DESCRIPTION

[0059] A description of example embodiments follows.

[0060] As used herein, the term platinum group metal (PGM) refers to platinum,
palladium, rhodium, osmium, iridium, and ruthenium.

[0061] One of skill in the art will appreciate that different PGMs can have different
catalytic activity and can be useful for different applications.

[0062] The increasingly stringent regulations on stationary and automobile emissions and
the rapid consumption of platinum-group metal (PGM) resources call for the development of
highly efficient and low-cost catalysts for energy and pollutant conversion processes.!?
Three-dimensional (3D) monolithic catalyst devices, by integrating catalysts, filters and
reactors, represent an ideal solution to meet these demands.**> For example, the commercial
automotive catalytic converters, by incorporating the honeycomb cordierite
(2MgO-55102-2A1203) monoliths with PGM-based catalysts supported by highly porous
metal oxide particulates, have been primarily used in automobile emission control systems.5”
However, the merit features of monolith configurations are not fully developed due to the
less-than-ideal wash-coating methods for integrating the metal oxides supported catalysts
onto the monoliths. The randomly stacked wash-coating particle layers lack effective control
over the structure and uniformity of the catalysts, resulting in compromised catalytic
performance, low materials utilization efficiency and poor mechanical stability.®”

[0063] In order to meet these challenges, a novel one-dimensional (1D) nanostructure
array (nano-array) based monolithic catalyst configuration has been developed by our group
in the past few years.®!® By using low-cost and robust hydrothermal process, hierarchically
arranged metal oxide nano-arrays, including ZnO, TiOz, CeO2, Co304, MnOz and perovskite
in forms of nanorods (NRs), nanowires (NWs), nanotubes (NTs) or composite core-shell
structures, have been in sifu grown onto the channel surfaces of commercial honeycomb
monoliths. These nano-arrays either function as ready-made catalysts to catalyze reactions or
act as supports for loading catalytically active materials.” 1°*” The nano-array based

monolithic catalysts have been proved to be advantageous over the conventional wash-
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coating catalysts in terms of enhanced materials utilization efficiency, higher thermal stability
and mechanical robustness as well as tunable structures and catalytic performance.®”

[0064] Among these metal oxide nano-arrays, TiOz is a promising candidate for
inexpensive mass production of nano-array based monolithic catalysts due to its abundant,
low-cost, environmentally benign and chemically stable characteristics.?®! The feasibility of
using TiO2 nano-arrays in automotive catalytic devices have been demonstrated in our
previous work.” 132526 Conventional synthetic methods for TiO2 nano-arrays include

) 32-33
2

chemical vapor deposition (CVD pulsed DC magnetron sputtering,** anodic aluminium

35-37

oxide (AAO) templating technique,”™" metal—organic chemical vapor deposition
(MOCVD),**%? electrospinning,*’ and solution based methods.*'*> Among them, solution
based methods, including hydrothermal and solvothermal syntheses, are considered to be
promising for industrial level production due to their advantages in low temperature
operation, substrate compatibility and flexibility, low equipment capital investment, and
continuous manufacturing viability 2 ***7 However, the reported solution based methods for
Ti0O2 nano-array synthesis are mainly based on the hydrolysis of titanium (IV) alkoxides in
acid environment with a relatively high temperature (150~200 °C), high pressure, and
extended reaction time (3~48 hr.) using Teflon-lined stainless steel autoclaves.*!"** Moreover,
due to the vigorous hydrolysis of Ti*" with water, a large portion of precursors precipitate
homogeneously during the reaction, resulting in a low material utilization efficiency.
Therefore, a facile method with high production rate and enhanced material utilization
efficiency is essential to achieve the inexpensive mass production of TiO2 nano-array
integrated monolithic catalysts.

[0065] Microwave-assisted synthesis is an increasingly important method for the
preparation of technologically critical nanomaterials.**->* By applying alternating
electromagnetic field onto the polar molecules, microwave irradiation can achieve rapid and
uniform volumetric heating throughout the solution, which results in a better energy saving
and narrower size distribution of the nanomaterials than the conventional heating methods.>
Microwave irradiation was also used in the synthesis of TiO2 nanomaterials,’*** but only
limited to nanoparticles, and no success on the low temperature synthesis of TiO2 nano-arrays
has been reported so far. Meanwhile, TiCl3 was reported to be a better titanium source than
titanium (IV) alkoxides for scalable synthesis of TiO2 nanomaterials due to its higher stability
in water and lower cost.?”> %7 However, the weak hydrolysis of TiCls and slow transition

from Ti** to Ti*" in aqueous environment result in a usually low reaction rate to form TiOz,
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and thus, proper strategies are necessary to control the hydrolysis rates and accelerate the
oxidation of Ti*" in order to achieve a reasonable reaction rate.

[0066] Herein, a facile microwave-assisted hydrothermal method was developed for the
synthesis of TiO2 nano-arrays on commercial honeycomb monoliths. Compared with the
conventional one-step hydrolysis method, a novel one-pot and two-step sustained-release
reacting strategy was designed, in which, TiCls was used as titanium source, H2O: as an
oxidizer to promote the oxidation of Ti*", and hydrochloride acid to control the hydrolysis
rate in solution. An optimized set of synthetic conditions have been obtained by adjusting the
concentrations of reactants and other synthetic parameters. This approach provides a new
pathway to the low temperature and scalable synthesis of TiO2 nano-arrays with good
production rate and enhanced material utilization efficiency. When loaded with 50 g/ft’ Pt,
the Pt/Ti02 nano-array based monolith catalysts showed excellent low-temperature catalytic
performance and hydrothermal stability as well as superior mechanical robustness compared
with commercial diesel oxidation catalysts (DOC) samples. This new type of TiO2 nano-array
integrated automotive catalytic converter was demonstrated to be a promising candidate for
low temperature automotive emission control.

[0067] In some embodiments, the method includes seeding a substrate with TiO2
polymeric sol (0.025 mol/L) by dip-coating method. In some embodiments, the method
includes submerging the seeded substrate into a mixture of deionized water, 37%
hydrochloric acid, Titanium (III) chloride 20% w/w solution in 2N Hydrochloric acid, and
Hydrogen peroxide 30% aqueous solution. In some embodiments, the method includes
heating the submerged seeded substrate in a microwave and heating to 80° C for 1 hour. In
some embodiments, the method includes calcining the resulting titanium oxide nano-array at
about 500 to about 950° C for 2 hours with a ramp rate of 5° C /min.

[0068] In some embodiments, the method includes seeding a substrate with TiO2
polymeric sol (about 0.01 to about 0.1 mol/L) by dip-coating method. In some embodiments,
the method includes submerging the seeded substrate into a mixture of deionized water, about
25% to about 40% hydrochloric acid, Titanium (IIT) chloride, about 5 to about 40% w/w
solution, in about 0.5 to about 3.5 N Hydrochloric acid, and Hydrogen peroxide about 10% to
about 45% aqueous solution. In some embodiments, the method includes heating the
submerged seeded substrate in a microwave, heating to about 70 to about 90° C for about 45

min to about 90 min. In some embodiments, the method includes calcining the resulting
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titanium oxide nano-array at about 500 to about 950° C for 2 hours with a ramp rate of about
3-5° C /min.

[0069] In some embodiments, the method includes loading a platinum group metals onto
the TiO2 nanowire array by dip-coating and subsequently calcining in air at about 500° C for
3 hours to about 4 hours to about 5 hours with a ramp rate of about 1.5 to about 2 to about
2.5°C /min.

[0070] In some embodiments, the substrate is a 2D substrate or a 3D substrate. In some
embodiments, the substrate is cordierite. In some embodiments, the substrate is a cordierite
honeycomb monolith. In some embodiments, the substrate is a 2D ceramic (e.g., glass, Si,
etc.). In some embodiments, the substrate a fiber surface.

[0071] In some embodiments, the Ti (IIT) precursor is an Ti (III) alkoxide precursor. A
wide variety of alkoxide precursors are suitable, such as C1 through C10 alkoxides. In some
instances, a Ti (III) alkoxide can be a mixed Ti (III) alkoxide, in that the molecule has
different alkoxides groups (e.g., having differing numbers of carbons, positional isomers,
stereoisomers). Some examples of alkoxides include butoxide, methoxide (Ti(CH30)3), and
ethoxide (Ti(OCH(CHz3)2)3).

[0072] In some embodiments, the Ti (IV) precursor is an Ti (IV) alkoxide precursor. A
wide variety of alkoxide precursors are suitable, such as C1 through C10 alkoxides. In some
instances, a Ti (IV) alkoxide can be a mixed Ti (IV) alkoxide, in that the molecule has
different alkoxides groups (e.g., having differing numbers of carbons, positional isomers,
stereoisomers). Some examples of alkoxides include butoxide, methoxide (Ti(CH30)4), and

ethoxide (Ti(OCH(CHs)2)4).

EXAMPLE #1
Example Materials
Substrate example
[0073] 3D cordierite substrates seeded with TiO, polymeric sol (0.025 mol/L) by dip-
coating method — range of seeding: about 0.01 to about 0.1 mol/L
[0074] 4.66” (diameter) x 2.5” (length)

Example of reaction materials
[0075] Deionized (DI) water

[0076] Hydrochloric acid (37%) — range: about 25 to about 40% HCl

-14 -



WO 2018/226543 PCT/US2018/035756

[0077] Titanium (IIT) chloride 20% w/w solution in 2N Hydrochloric acid; Range of
Titanium (III) chloride: about 5 to about 40% w/w; Range of HCL: about O.5 to about 3.5 N
HCI

[0078] Hydrogen peroxide 30% aqueous solution; Range of Hydrogen peroxide: about

10% to about 45% aqueous solution

Example Method
Suitable microwave oven
[0079] Model: BP-125 Laboratory Microwave from Microwave Research & Applications,
Inc.; Rated current/voltage/power: 15 A/120 V/1800 kW

Example of synthesis conditions
[0080] Microwave heating, 80 °C for 60 min; Range — about 50 to about 90° C for about

30 min to about 120 min

Example of calcination conditions

[0081] 500/900/1000 °C for 2 hours

[0082] Range — about 500° C for about 2 to about 4 hours; about 800° C for about 1 to
about 3 hours; about 850 to about 950° C for about 0.5 to about 2.5 hours

[0083] Ramp = about 3 to about 5 °C /min

Examples of reaction volume, reaction time, and energy consumption
[0084] Volume of solution: 2L/cycle x 4 cycle=8 L
[0085] Reaction time: 30 min/cycle x 4 cycle=2h
[0086] Energy consumption: 3.6 kW-h

Catalyst formation
[0087] In another embodiment a mesoporous TiO2 nano-array was integrated onto
cordierite honeycomb monolith via a solvothermal synthetic method followed by loading

with platinum. The resulting catalyst has excellent activity as a diesel oxidation catalyst.
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EXEMPLIFICATION

[0088] A typical synthesis process of TiO2 nano-arrays onto the commercial cordierite
honeycombs can be divided into two steps, i.e., (1) the substrate surface seeding TiOz and (i)
hydrothermal TiO2 NW arrays growth. The seeding process was conducted by a dip-coating
method assisted with sonication, which helps to create a uniform pre-seeding layer on the
substrate channel surfaces to promote the heterogeneous growth of TiO2 nano-arrays. For the
growth process, a two-step sustained-release strategy was designed by using TiCl3 as Ti
source, H202 as an oxidizer to accelerate the oxidation from Ti*" to Ti**, and hydrochloride
acid as pH controller to adjust the hydrolysis rate in solution. Cordierite honeycomb
substrates in different sizes were used for different demonstrations.

[0089] The crystal structure, morphology, composition, specific surface area and thermal
stability information of the catalysts as well as the bare TiO2 nano-arrays were obtained
through X-ray Diffraction (XRD), Raman spectroscopy, scanning electron microscope
(SEM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
Brunauer-Emmett-Teller (BET) surface area analysis and a combined thermogravimetry—
differential thermal (TGA-DTA) - mass spectroscopy analysis.

[0090] The Pt/Ti0O2 nano-array based monolithic catalyst devices were prepared by dip-
coating method with a controlled PGM loading of 50 g-Pt/ft’ (1.766 g-Pt/L). The catalytic
performance of the catalysts was tested under the simulated exhaust protocol by the low
temperature combustion-diesel (LTC-D) condition.®® The tests were conducted from room
temperature to 600 °C with a ramping rate of 2 °C/min and a space velocity of 60000 h'. The
catalytic performance, together with mechanical robustness and hydrothermal stability, were
compared with the bench mark commercial DOC. Detailed description of the experimental

procedures can be found below.

1.1. Chemicals and materials

[0091] All chemicals used for the synthesis of TiO2 NW arrays in this work were used as
received without further purification, including titanium (I'V) isopropoxide (TTIP, 98+%,
ACROS Organics™), nitric acid (HNOs3, 70%, SIGMA-ALDRICH), ethanol (C2HeO,
Reagent Alcohol 200 Proof, PHARMCO-A APER™), titanium (III) chloride (TiCls, 20%
w/w solution in 2N Hydrochloric acid, ACROS Organics™), hydrogen peroxide solution
(H202, 30% w/w in H20, contains inhibitor, SIGMA-ALDRICH), and hydrochloric acid
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(HCI, 37%, SIGMA-ALDRICH) and Tetraammineplatinum(II) nitrate (Hi2N6OsPt, M.W. =
387.21, 99.99% metals basis, Alfa Aesar™).

[0092] The cordierite monolithic substrates (600 cpsi) were provided by Corning Inc.
(Corning, NY). The cordierite monoliths had 1 mm x 1 mm square channels and a channel
wall thickness of 100 um, and the substrates were cut into different dimensions for different
demonstrations. The commercial diesel oxidation catalyst (DOC) was obtained from an as

received 2010 Ford F-250 DOC.

1.2. Synthesis of TiO2 NW arrays on cordierite monoliths

[0093] In order to achieve uniformly distributed TiO2 NW arrays throughout the
multichannel cordierite monolith, we introduced two major steps in the nanostructure growth
process: (1) substrate surface seeding TiO2 and (i1) hydrothermal TiO2 NW arrays growth.
[0094] In the seeding process, a TiO2 polymeric sol of 0.025 mol/L. was prepared by
dissolving 7.1 g TTIP (0.025 mol) and 1.8 mL 0.01M diluted HNO3 solution into 1000 mL
ethanol during magnetic stirring. Monolithic cordierite substrates of 4.66-in. diameter and
2.5-1n. length were first rinsed with acetone, ethanol and deionized water in an ultrasonic bath
and then dried overnight at 110 °C. The as-cleaned cordierite substrates were first dipped into
the TiO2 polymeric sol while being sonicated for 1 min and then the liquid was removed from
the channels by air gun. The dip-coated substrates were first dried in a domestic microwave
oven for 2 minutes and then further dried in a muffle furnace at 200 °C for 10 minutes. The
sonicated dip-coating process was repeated 5 times to ensure that sufficient seeding
nanoparticles stuck to the substrate channel surfaces. Afterwards, the dip-coated substrates
were then annealed at 500 °C for 2 hours to enhance the crystallinity of the TiO2 seeds, and
finally, the seeded substrates were cut into desired dimensions for further synthesis.

[0095] In the subsequent hydrothermal process, a microwave-assisted hydrothermal
synthesis method was used to integrate uniform TiO2 NW arrays onto the seeded cordierite
monolithic substrate in the present work. In a typical synthesis, 0-10.5 mL concentrated
hydrochloride acid (37 wt.%) was firstly mixed with 180-200 mL deionized water (DIW) in a
200 mL beaker; then 1.732-6.061 mL TiCl3 (20 wt.% in 2N HCl acid) was added in to the
mixture as titanium precursors during stirring; after stirring for another 1 min, 0-20 mL H202
(30 wt.% in H20) was added as oxidizer to promote the transition from Ti** to Ti*" ions.
Hydrochloride acid in the recipe is added to control the hydrolysis rate of the precursors by

ensuring an acidic solution pH. After stirring for another 1 min, seeded cordierite substrates
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were soaked into the mixture with the channels perpendicular to the bottom of the beaker to
facilitate the mass transfer of the solutions during the synthesis. The synthesis was carried out
in a BP-125 Laboratory Microwave from Microwave Research & Applications, Inc. equipped
with a 1/16" PFA coated temperature probe (Type K) from OMEGA. The reactions were
conducted at 75-95 °C for 10-180min, and the desired temperatures can be reached within 2
minutes with microwave radiation, and controlled within + 2 °C during the reactions. After
synthesis, the samples were removed from the reactant solutions and soaked into DIW
immediately to stop the reactions; then the cooled samples were rinsed extensively with DI
water and dried overnight at 100 °C in oven. Some samples were further annealed at different
temperatures to investigate the thermal stability of the as-grown TiO2 NW arrays. In some
control experiments, hot plate was used as heating source to study the effect of heating
methods on the growth of TiO2 NW arrays. Effects of initial reactant solutions, including the
concentration of TiCls, H2O2, and acidity, and the effects of experimental conditions,
including temperature, pre-seeding, reaction time and multi-batches, were also studied in the

present work.

1.3. Preparation of TiO: nano-array based monolithic catalyst devices

[0096] The Pt/TiO2 nano-array based cordierite monolithic catalysts with a loading ratio
of 50 g-Pt/ft? (1.766g-Pt/L) were prepared by dip-coating method. Platinum aqueous solution
with a nominal composition of 1 mg-Pt/mL was prepared by dissolving 0.0397¢g
Tetraammineplatinum (II) nitrate (M.W. = 387.21, 99.99% metals basis) into 20 mL DI water
and sonicated for 30 min. The solution was sonicated for another 30 min before use each
time. TiO2 NW arrays (average length of ~1um) rooted cordierite substrates were used for Pt
catalyst deposition to achieve the Pt/TiO2 nano-array based cordierite monolithic catalyst.
First, 3.532 mL of the prepared Pt*" aqueous solution was transferred into a sample vial (20
mL), and one piece of sample with dimension of 2 cm x 1 cm x 1 cm was soaked in solution
under sonication. Then the liquid was removed from the channels by air gun before the
sample was transferred to a domestic microwave oven and dried under the microwave
irradiation. After the sample became completely dry, it was calcined at 200 °C for 5 minutes
before next dip-coating process. This deposition procedure was repeated for several cycles
until all the solution in the vial was used up. Afterwards, the dip-coated catalyst samples were

annealed at 500 °C for 2 h with ramping rate of 2 "C/min. The final heat treatment was
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carried out in Ha/Ar (4 vol.% Hz) mixed gas atmosphere at 500 °C for 2 h with a flow rate of

50 sccm.

1.4. Characterization of the materials

[0097] The X-ray diffraction (XRD) patterns on the prepared nano-array structures was
acquired using a BRUKER D2 X-ray diffractometer (Cu Ka radiation, 4 = 1.540598 A) with
an operating beam voltage of 30.0 kV, and a beam current of 10 mA. The morphology and
structure of nano-array catalysts were characterized using a field-emission SEM (FEI
TeneoLoVac) at an accelerating voltage of 20.0kV, and a high resolution TEM (FEI Talos
F200X S/TEM, 200 kV). The XPS measurements were performed by Quantum 2000
Scanning ESCA Microprobe, using monochromatic Al Ka X-ray source. The shift of binding
energy due to relative surface charging was corrected using C 1s level at 284.8 eV as an
internal standard. TGA-MS was conducted using a Netzsch TG 209 F1 Libra
thermogravimetric analyzer coupled to a QMS 403C quadrupole mass spectrometer. The
samples were heated from 27 to 900 °C under 50 ml/min in argon. Raman spectra were taken
with a Renishaw 2000 Raman microscope with an Ar”ion laser (514 nm) as the excitation
source The surface areas were calculated by the Brunauer—Emmett-Teller (BET) method, and
the pore size distributions were obtained by the Barrett—Joyner—Halenda (BJH) method from
the nitrogen adsorption—desorption isotherms measured at 77 K using a Micromeritics ASAP

2020 Automatic Chemisorption Analyzer.

1.5. Hydrothermal stability and mechanical robustness

[0098] The hydrothermal stability and mechanical robustness were characterized on both
the nano-array based catalysts and the commercial DOC samples.

[0099] To evaluate the hydrothermal stability of the catalysts, the samples were
hydrothermally aged in the following atmosphere at 700 °C for 100 hr.
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Table 4. Hydrothermal aging parameters

Component Concentration (vol. %)
02 10

HxO 5

CO2 5

N2 Balanced

To evaluate the mechanical robustness of the catalysts, each sample was sonicated in water
for 4 hr., during which, the samples were taken out, dried and weighted at 30, 60, 120, 180
and 240 min. The changes in sample weight were used to characterize the mechanical

stability of the catalysts, as shown in FIG. 8.

1.6. Catalytic performance evaluation

[00100] The catalytic performance of the Pt/TiO2 nano-array based monolithic catalysts
were studied and compared with commercial DOC samples under the Low Temperature
Diesel Combustion (LTC-D) simulated exhausted conditions.®® The compositions of the

simulated gasses are listed in Table 5.

Table S. LTC-D simulated exhaust gas parameters

Component Concentration (vol. %)
02 12
HxO 6
CO2 6

H: 0.04
CcO 0.2
NO 0.01
Ethylene (C2Ha) 0.0833
Propylene (C3He) 0.0333
Propane (CsHs) 0.0111
Na Balanced

[00101] The tests were conducted on an Agilent 7890 Gas chromatography (GC) system
coupled with an Agilent 5977 Mass Spectroscopy Detector (MSD). The oxidation studies

-20 -



WO 2018/226543 PCT/US2018/035756

were carried out in a temperature range of 60-600 °C with a heating rate of 2 °C/min. The
dimensions of the tested sample are 0.5 cm*0.5 cmx1 c¢m, and the flow rate of the simulated
gas fed is 250ccm, making the space velocity to be 60000 h'. The schematic of the
experimental setups are shown in FIG. 9. The catalytic performance of the catalysts were
evaluated by calculating the conversions of different species in the simulated exhaust using

the following equation.

c.. —C
Conversion = ———outel x 100% (Eq.01)
inlet

where C; ., and C,

outlet are the concentration of component 7 at the inlet and outlet.

Results and Discussion
Structural and compositional analysis
[00102] FIGs. 1A-D show a photograph and schematic illustrations, elemental distribution
and general morphologies of the grown TiO2 nano-arrays rooted inside the channels of
commercial honeycomb monolith. The Energy-dispersive X-ray (EDX) mapping in FIG. 1B
indicates that the nano-arrays are uniformly grown onto the channel surfaces, which confirms
the configurations shown in the 3D schematics in FIG. 1A. FIGs 1C and 1D reveal the more
detailed morphologies of the as-synthesized nano-arrays from the top view and cross-
sectional view, respectively. The macropores between adjacent nanowires shown in the top-
view image not only facilitate the loading and dispersion of the catalytic materials during
preparation, but also better expose the active sites and promote the gas-solid interaction by a
shorter diffusion length than the traditional wash-coated particulate formed monolith
catalysts.” The cross-sectional view in FIG. 1D demonstrates the good adherence between the
grown nano-arrays and the cordierite substrate, which enhances the mechanical robustness of
the final catalytic devices. Furthermore, the low magnification top-view and cross-sectional
view images inserted in FIGs. 1C and 1D reveal good uniformity of the nano-array
distribution on the channels.
[00103] FIGs. 2A-F display the crystal structural, compositional and thermal stability
information of the prepared nano-arrays based on the results from XRD, Raman spectra,
TEM and TGA-DTA/Mass spectra. The XRD pattern of the as-synthesized nanowires is

shown in FIG. 2A, and the major peaks can be indexed according to the standard diffraction
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peaks of hydrogen titanium oxide hydrate (H2Ti20s-H20, JCPDS 47-0124). The broad
diffraction peaks and relatively high intensity of the background indicate the poor
crystallinity of the as-synthesized nanowires. FIGs. 2B-D display the high resolution TEM
(HRTEM), selected area electron diffraction (SAED) pattern, and bright field (BF) images of
the as-prepared nanowires. The BF image of the nanowires in FIG. 2D confirms the
morphology shown in FIGs. 1C and 1D, and the HRTEM image in FIG. 2B displays the
lattice image of the {411} planes in H2Ti20s-H2O crystals. The SAED pattern shown in FIG.
2C can be indexed according to H2Ti20s-H20 (JCPDS 47-0124), and the relatively diffusive
diffraction rings confirm the low crystallinity of the as-synthesized nanowires.

[00104] The thermal stability and structural evolution of the as-synthesized nanowires
were investigated by Raman spectra and XRD on the samples after different heat treatments.
As revealed in FIG. 2E, typical Raman peaks for anatase and rutile phases were detected
from the TiO2 nano-array rooted monoliths annealed at 500, 800, 900 and 1000 °C.*>-" The
characteristic Raman peaks at 285.22, 526.81, 682.36 and 915.98 cm™ are from the fresh
nanowire sample containing the H2Ti20s-H20 phase. The evolution of the Raman spectra
with increasing temperature indicates that the as-synthesized nanowires maintain the
H:Ti20s-H:0 structure below 100°C, and change to anatase structure after being annealed at
500°C. The Raman spectra of the 800 °C treated sample is similar to that of the 500 °C treated
one, but with sharper peaks for anatase due to the enhanced crystallinity after higher
temperature treatment. When the temperature increases to 900 °C, rutile TiOz starts to appear,
and the sample turns to a mixture of anatase and rutile TiOz; the sample totally transforms
into rutile TiO; after being annealed at 1000 °C. The crystal structural evolution of the TiOz
nano-arrays can also be revealed by the XRD patterns of the samples annealed at different
temperatures, as shown in FIG. 10. The changes in microstructure morphologies of the TiO2
nano-arrays with the annealing temperature are presented in the SEM and bright field TEM
images in FIG. 11A-D. The results show that the nano-array structure retains below 500 °C,
turns rounded at 800 °C, and finally lose the array-structure at 1000 °C.

[00105] The compositional and structural evolution of the as-synthesized nanowires were
further analyzed by XPS and TGA-DTA/Mass spectroscopy methods. FIGs. 12A and 12B
show the results of XPS analysis from the as-synthesized nano-arrays. The deconvoluted Ti
2p spectra confirms the valence state of titanium to be Ti*" (Ti 2p3.2 at 459.25eV and 2p1»2 at
465eV). The deconvoluted O 1s spectra indicates the existence of three types of oxygen
species, including crystal lattice oxygen (Ti-O-Ti at 529.4 eV), hydroxyl groups (OH— at
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531.7 eV) and adsorbed molecular H2O (at 535.2 eV).”"® The oxygen specie in the hydroxyl
groups comes from the H2T1205-H20 phase identified in FIG. 2A, and the crystal lattice
oxygen 1s supposed to be from an amorphous titanium dioxide because no diffraction patterns
can be detected in the XRD or SAED images in FIGs. 2A and 2C. The presence of three
types of oxygen species was also supported by the TGA-DTA/mass spectra shown in FIG.
2F. The endothermic peak at 129.5°C with mass loss of 5.56% and H2O signal in the mass
spectra is due to the desorption of physically adsorbed water; the endothermic peaks at 264
and 383.8°C with mass loss of 9.85% and H2O signal peak are due to the desorption of
crystalliferous water and the start of removal of OH— groups (dehydroxylation); the final
mass loss of 1.26% and the H2O signal peaks in the temperature range of 350-500°C are due
to the complete decomposition of OH— groups (dehydroxylation).”*”> Meanwhile, the phase
transitions observed in the Raman spectra and XRD patterns in FIG. 2E and FIG. 10 can be
supported by the DTA data. The exothermal peaks at 315.2 and 434.5°C correspond to the
structural transition from H>T1205-H2O to anatase, and the exothermal peaks in the
temperature range of 600-900°C correspond to the further crystallization of anatase and
structural transition from anatase to rutile. Therefore, the experimental results above indicate
that the fresh nanowires are a mixture of amorphous TiO2 and hydrogen titanium oxide
hydrate, which transforms to anatase and then rutile when heated from room temperature to

1000°C.

Mechanism of the growth process

[00106] Hydrothermal synthesis is a competition between homogeneous and
heterogeneous nucleation in solution.”®”” The heterogeneous growth of nano-arrays on
substrates requires a suitable reaction rate because a too vigorous reaction favors the
homogeneous nucleation, making most precursors precipitate in powder form; while a too
slow reaction will cancel both the homogeneous and heterogeneous nucleation. Therefore,
there is a critical range between the two extremes which can favor the heterogeneous growth
of nano-arrays while prohibiting the homogeneous nucleation.

[00107] In this work, instead of using the one-step hydrolysis of Ti** in autoclaves, ***° we
used TiCl3 as the titanium source, H202 as the oxidizer, hydrochloride acid as the acidity
controller, and proposed a two-step sustained-release strategy for the synthesis of TiO2 nano-

arrays, as described in the schematics shown in FIG. 3. Initially, the titanium precursors exist

in the form of Ti**, which is stable in aqueous solution; and then Ti** ions are oxidized to Ti**
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with the presence of H2O2 and microwave irradiation; subsequently, with suitable acidity and
temperature, Ti*" can be gradually hydrolyzed to form hydrogen titanium oxide hydrate, and
finally transforms into TiOz. It should be noted that H2Oz plays an essential role in the growth
process of the nano-arrays. With the existence of H202, uniform nano-arrays of H2T120s-H2O
can be formed on the surface of the substrates. However, without the presence of H202, no
nano-array structures but only randomly distributed precipitates can be found on the surfaces
of the substrate. Furthermore, the Raman spectra of the sample synthesized without H202
indicates that the precipitate is a mixture of rutile and anatase, and no peaks of the
H:Ti20s-H20 phase can be detected. The Raman spectra and SEM images of the samples
prepared with and without H20: are displayed in FIG. 13A-C.

[00108] In this two-step reaction, H2O2 accelerates the reaction by oxidizing Ti** to Ti*",
and the concentration of hydrochloride acid and temperature can be used to control the
hydrolysis rate of the Ti*" precursors. Therefore, by adjusting both positive and negative
parameters, we can have greater flexibility to control the reaction rate and achieve
heterogeneous growth of TiO2 NW arrays at ambient temperature. This two-step sustained-
release strategy may also be applicable to the heterogeneous growth of other metal oxide

nano-arrays involving the oxidation and hydrolysis processes.

Effects of the synthetic conditions on the growth process

Table 1. Summary of the effects of initial reactant concentrations on the growth process

of TiO: nano-arrays on cordierite honeycomb substrates.

Volume of reactants (mL) °

C
Sample? TiCh 10, el 0o A.L. (um) Crack
RT-1 1.732 15 3.694 186.074 0.68 No
RT-2 3 15 3.5 185 0.98 No
RT-3 4329 15 3.296 183.874 1.18 Yes
RT-4 6.061 15 3.031 182.408 1.16 Yes
RO-1 3 0 3.5 200 No arrays --
RO-2 3 9 3.5 191 0.90 No
RO-3 3 15 3.5 185 0.98 No
RO-4 3 20 3.5 180 0.46 No
RH-1 3 15 0 185.5 0.21 Yes
RH-2 3 15 1.5 187 0.65 Yes
RH-3 3 15 3.5 185 0.98 No
RH-4 3 15 7.5 181 No arrays --
RH-5 3 15 10.5 178 No arrays --
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2 The starting materials are seeded cordierite substrates (1 cm x 2 cm X 3 cm), and the
reactions were carried out at 80 °C for 60 min under microwave irradiation.
b All chemicals listed were used as received without further purification.

¢ A.L. = average length of the nanowire arrays

[00109] The effect of initial reactant concentration on the growth of TiO2 nano-arrays is
summarized in Table 1. Three comparison groups, RT-X, RO-X and RH-X (T =TiCl3, O =
H20:, H=HCI, X = 1~5), were designed by setting the initial concentrations of TiCls, H2O2
and HCI as variables while keeping other parameters constant, respectively. The average
length of the nano-arrays and the presence of cracks in the nano-array layers are used to
qualify the growth. The top-view and cross-sectional view of the TiOz nano-arrays from the
three comparison groups are displayed in FIGs. 14A-H, 15A-H, and 16A-H, respectively.
Generally, the increasing concentration of all three components, TiCl3, H202 and HCI, can
promote the growth of the nano-arrays at low concentrations, but prohibit or totally cancel the
heterogeneous growth at higher concentrations. More specifically, the RT-X group indicated
that the nano-arrays ceased to grow longer with TiCls concentration higher than 0.50 wt.%,
and higher density nano-arrays formed with smaller interspace between adjacent arrays.
Cracks started to appear in such nano-array layers, which could be due to the internal stress
caused by the increased hydrolysis rate. H20:2 plays an essential role in the growth of the
nano-array, but higher concentration of H202 can also prohibit the growth of the nano-arrays,
as indicated by Sample RO-4. Possible reasons can be that too much H20: accelerated the
hydrolysis process, and promoted the homogenous rather than heterogeneous nucleation.
Hydrochloride acid is used to control the reaction rate by creating a suitable acid
environment. Low concentration of HCI resulted in more closely packed and shorter nano-
arrays with cracks, as indicated by the samples of RH-1 and RH-2, while too much HCI can
totally cancel the heterogeneous growth of nano-arrays. That is because the Ti*" ions
hydrolyze much faster in less acid solutions, and more Ti*" precursors nucleate
homogeneously rather than heterogeneously in the solution. This assumption is supported by
the fact that more homogeneously precipitated particles were found in the reacted solutions
for Sample RH-1 and RH-2. Therefore, the observations from the three comparison groups
elucidate how the initial concentrations of TiCls, H2O2 and HCI effect the growth of TiOz

NW arrays, which successfully supports the reaction mechanism proposed in the Mechanism
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of the Growth Process section. The optimized initial concentrations of the reactants are 3 mL
TiCl3 (20%), 15 mL H202 (30%), 3.5 mL hydrochloride acid (37%) in 185 mL DI water.
[00110] Besides the initial reactant concentration effect, we also studied the effects of the
external parameters, including the heating methods, pre-seeding layers, and reaction
temperatures. The SEM images in FIGs. 4A-C characterize the morphologies of TiO2 nano-
arrays synthesized using hot plate and microwave as heating sources. FIGs. 4A and 4C
indicate that the average length of the nano-arrays prepared by hot plate (0.43 um) is much
shorter than that prepared by microwave oven (0.90 um), and even shorter than the nano-
arrays prepared by microwave using half reaction time (0.66 um) in FIG. 4B. The higher
growth rate of the nano-arrays by microwave is due to the rapid and uniform volumetric
heating of microwave irradiation, as compared with the conventional conduction heating by
hot plate.>® When heated by microwave, the temperature increases uniformly in the solution
and reached the desired temperature quickly. While for the solution heated by hot plate, the
temperature increases gradually through conduction, which not only is of low efficiency, but
also results in a temperature gradient in the solution. The difference in the temperature of the
solutions further causes the different reaction rates within the reacting volume, because the
outer layer solution with higher temperatures reacts more vigorously than the inner layer
solution. As such, homogeneous nucleation would be favored in the outer solution, which is
evidenced by the more homogeneously precipitated particles formed in the solutions heated
by hot plate. Therefore, microwave irradiation is more efficient than the conventional thermal
conduction heating method for industrial level fabrication with higher production rate and
material utilization efficiency.

[00111] Pre-seeding is another crucial ‘parameter’ for controlling the hydrothermal
synthesis quality of nano-arrays. Generally, heterogeneous growth on existing seeds tends to
be energetically more favorable than nucleation in homogeneous solution because the
existing seeds bypass the activation energy barrier for nucleation.” In this work, the
promotion effect of pre-seeding on the growth of nano-arrays is also significant even for
growing the nanomaterials with poor crystallinity. The morphologies of samples with and
without pre-seeding layers are compared in FIGs. 17A-D. For the unseeded samples, bare
cordierite surfaces can still be found even after 60 min reaction. While for the sample with
pre-seeding layers, a uniform nano-array layer was quickly formed on the surface of
cordierite substrates in the first 10 minutes, and more ordered and uniform nano-array layers

were formed after 60 min.
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[00112] Temperature is an important parameter for any chemical reactions, and usually has
a dominant influence on the reaction rate. In this work, we studied the growth rates of the
TiO2 nano-arrays at the temperature of 75, 80, 90 and 95 °C. FIGs. 5A and 18A-P display the
evolutions of the average length and the morphology of the TiO2 nano-arrays with the
reaction time at different temperatures, respectively. The corresponding changes in sample
weight are also presented in FIG. 19. From FIG. 5A, we can see that the nano-arrays in all
four temperatures eventually tend to reach a maximum length, and the higher temperature
results in higher initial growth rates and shorter time for the nano-arrays to cease the growth.
For the samples synthesized at 75 and 80 °C, no nano-arrays were formed in the first 10 min,
indicating an incubation time for the formation of the first layers of nano-arrays at low
temperatures. Meanwhile, there is weight loss in the samples synthesized at 75 and 80°C in
the first 10 minutes. That is because the cordierite substrates were corroded by the acid
solution, and there was not enough TiO: precipitated onto the substrates at the beginning of
growth process. For the samples synthesized at 90 and 95 °C, no obvious incubation time was
detected, and the average lengths of the nano-arrays increased to 0.18 and 0.21um in the first
10 and 5 min, respectively. The growth rates of TiO2 nano-arrays in the present work were
summarized and compared with the data from the literature using conventional autoclave
based methods in Table 2, and the growth rate of 42 nm/min in our work is the highest among
these data.

[00113] It is worthwhile looking into the 90 and 95 °C growth processes, as they led to the
longest final length and the highest initial growth rate, respectively. As shown in FIG. 5B, the
90 and 95 °C growths reached the maximum length of ~0.75 pm and ~0.53 um after 50 and
30 min, respectively. The reason for the higher initial growth rate but shorter final length in
the 95 °C process might be that higher temperature promotes the process of heterogeneous
growth of TiO2 nano-arrays, decomposition of H202, and evaporation of HCI simultaneously.
At the beginning, sufficient amount H202 and HCI sustains the two-step sustained-release
growth process. As the reaction proceeds when H202 and HCI are consumed, homogeneous
precipitation of nanoparticles becomes favored over the heterogeneous growth of nano-
arrays. That is why clean and ordered nano-arrays formed at 95 °C with 30 min growth
duration (FIG. 18N), while homogeneously precipitated nanoparticles were observed in the
samples grown for 40 (FIG. 180) and 60 min (FIG. 18P). Moreover, the crystal structures of
the precipitates before and after the nano-arrays reaching the maximum length formed are

also different. FIG. 5B displays the Raman spectra of the samples synthesized at 95°C for 30

-27 -



WO 2018/226543 PCT/US2018/035756

and 60 min, which correspond to the SEM images of the samples in FIGs. 18N and 18P,
respectively. The Raman spectra and SEM images indicate that, before the nano-arrays reach
the maximum length at 30 min, the nano-arrays are mainly composed of H2Ti20Os-H2O; after
the nano-arrays reach the maximum length, homogeneous precipitated particles begin to
form, and the sample becomes a mixture of HaTi205-H20, anatase and rutile. The change in
phase composition of the precipitates agrees well with the reaction mechanism proposed in
the Mechanism of the Growth Process section. Obviously, with the presence of H2O2, ordered
H:Ti20s-H20 nano-arrays were formed through the two-step sustained release growth
process, and when H2Oz is consumed, anatase and rutile phases precipitate instead of
H:Ti20s-H20. Therefore, even though we did not obtain the longest final length from the 95
°C growth process, the initial growth rate of 42nm/min is still promising. As we keep
refreshing the solutions through continuous flow process using dedicated reactors, the
concentration of reactants may be maintained, and the growth of TiO2 nano-arrays can be

sustained.

Table 2. Summary of synthetic methods and growth rate of TiO2 nano-arrays.

Ref. Recipe ? Conditions Substrates ° AL. GR.
(um) ¢ | (nm/min) ¢
This TiCls + H2O2 + HCI + DIW | 90 °C/10 min | Cordierite 0.18 18
work 95 °C/5S min | monolith 0.21 42
13 Ti(IV) butoxide + TiCls + | 150 °C/10h | Cordierite 2 333
HCI + Toluene monolith
25 TiCl; + NaCl + DIW 180 °C/4 h Cordierite 0.25 0.83
monolith
42 Ti(IV) butoxide + HCI + 150°C/20h | FTO glass 2 1.67
DIW
4 Ti(IV) butoxide + TiCls + | 180 °C/2 h FTO glass 2.1 17.5
HCI + Toluene 180 °C/4 h 32 13.33
180 °C/8 h 3.8 6.33
180 °C/22 h 4 3.00
78 TBOT + HCI + Toluene 180 °C/3 h FTO glass 2 11.17
180 °C/20 h 6 5
7 TTIP + ACAC + Na,EDTA | 200 °C/7 h FTO glass 0.7 1.67
+ DIW 200 °C/11 h 1.1 1.67
200 °C/20 h 14 1.17
67 TiCl; + DIW 150 °C/12h | FTO glass 9.6 13.33

2 TBOT = Ti(OC4Ho)4 tetrabutyl titanate; TTIP = Titanium (IV) isopropoxide; ACAC =
Acetylacetone; DIW = Deionized water;

> FTO = fluorine doped Tin oxide

-28 -




WO 2018/226543 PCT/US2018/035756

¢ A.L. = average length of the nano-arrays

d: G.R. = growth rate of the nano-arrays

Scalable fabrication on commercial monolithic honeycomb substrates

[00114] The feasibility of hydrothermal synthesis of 1D nano-arrays onto the channeled
monoliths has been demonstrated on small-sized samples in our previous reports.®!
However, challenges remain when scaling up the samples to industrially relevant sized
substrates due to the difficulty of efficient mass transfer of precursors onto the space confined
channel-surfaces. Especially when the reaction temperature is low, the reactant solution is
relatively stagnant during the synthesis, resulting in less uniformly distributed nano-arrays
across the channels.® 1% 22

[00115] In the present study, using the robust experimental set-up shown in FIGs. 20A-B,
uniform TiO2 nano-arrays with an average length of ~0.7 um were successfully integrated
onto a full-size commercial honeycomb, as shown in the top views and cross-sectional views
in FIG. 20C. The good uniformity of the nano-arrays can be attributed to the large amount of
oxygen bubbles produced during the reaction. Microwave radiation heats the solution by
alternating electromagnetic fields, in which H2O:z preferably decomposes on the substrate
surfaces to release oxygen. Therefore, large amount of tiny Oz bubbles keep coming out
through the channels during the reaction, which greatly enhances the mass transfer through
the channels, and thus fresh precursors will be continuously transferred to the surfaces and
participate in the reactions. Considering the easy process as well as the low temperature and

pressure requirements, this robust one-pot hydrothermal synthesis method can be very

promising if integrated with industrially relevant equipment for mass production.

Application as catalytic converters

[00116] The catalytic performance for LTC-D simulated exhaust oxidation over the Pt
supported TiO2 nano-array based monolithic catalysts and the wash-coated commercial DOC
samples are summarized in FIGs. 6A-F and Table 3. With a PGM loading of 50 g/ft’, the
fresh Pt supported TiO2 nano-array based catalyst exhibits light-off temperatures as low as
~150 °C for the oxidation of CO and HCs species (FIGs. 6A and 6B), which is comparable to
the performance of the commercial DOC samples with a 120~200 g/ft’ PGM loading
amount.®® After being hydrothermally aged at 700 °C for 100 hr., the Pt supported TiO2 nano-

array based catalyst shows a slight increase of ~50 °C in the light-off temperatures of
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hydrocarbon species (FIGs. 6C and 6D), which reveals the excellent hydrothermal stability of
the nano-array based samples. The High Angle Annular Dark Field (HAADF) and EDX
mapping images displayed in FIGs. 7A-C exhibit the uniformly dispersed Pt NPs on the TiOz
NW surfaces with a size distribution of 0.5~2.5 nm. The HRTEM images inserted in FIG. 7A
confirm the presence of metallic Pt (JCPDS 04-0802) and anatase TiO2 (JCPDS 21-1272) in
the fresh catalysts. The XRD patterns displayed in FIG. 21 indicate a phase transition from
anatase (JCPDS 21-1272) to rutile (JCPDS 21-1276) in the support materials during the
extended hydrothermal aging process at 700 °C. Although the presence of XRD peaks for
metallic Pt indicates the existence of larger Pt particles in hydrothermally aged samples, the
well-maintained catalytic activity and the highly dispersed Pt NPs demonstrate the excellent

hydrothermal stability with enhanced sintering resistance for TiO2 nano-arrays.

Table 3. Summary of light-off temperatures of different components®".

Nano-array based catalysts

Component Fresh catalysts HT aged catalysts® Sonicated catalysts
T10 T50 T90 T10 T50 T90 T10 T50 T90
CO 95 135 159 110 176 228 80 123 176
THC 153 171 230 210 231 245 163 172 280
C2Hy 160 170 182 220 231 240 163 172 179
CsHs 140 169 180 200 227 240 163 172 179
CsHs 192 312 410 230 320 418 175 352 430

Commercial DOC samples

Component Fresh catalysts HT aged catalysts® Sonicated catalysts
T10 T50 T90 T10 T50 T90 T10 T50 T90
CO 100 131 155 107 149 160 202 216 280
THC 141 155 253 151 190 275 220 295 465
C2Hy 145 155 162 169 200 222 245 300 490
CsHs 131 151 161 147 161 181 215 268 340
CsHs 230 290 325 280 320 346 372 430 466

2 Light-off temperatures in Celsius (°C)
b T10 = temperature of 10% conversion; T50 = temperature of 50% conversion; T90 =
temperature of 90% conversion;

¢ HT = hydrothermally aged at 700 °C for 100 hr.
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[00117] The catalytic performance of the sonicated samples are compared in FIGs. 6E and
6F, in which, no significant changes in the light-off temperatures can be observed over the
nano-array based catalysts, while the commercial DOC samples showed degraded catalytic
activity due to the loss of materials. The evolution of sample weights of the nano-array based
monoliths and the commercial DOC samples are displayed in FIG. 8. As can be seen, there
was an 8% and 11% weight loss for the fresh and hydrothermally aged commercial DOC
samples, respectively. However, for the nano-array based catalysts, negligible weight loss can
be observed during sonication. The excellent mechanical stability of the Pt supported TiO2
nano-array based monolithic catalysts results from the good adherence between the grown
nano-arrays and the cordierite substrate. Automotive catalytic converters work in the
environment with continuous vibrations, so the mechanical stability is of great importance for
the life cycles of the devices. The in-situ grown nano-arrays have a stronger interface with the
substrates than the wash-coated layers integrated by binders, therefore, exhibit enhanced

mechanical stability and extended service life compared with the wash-coated counterparts.

Conclusions
[00118] Uniform TiO:2 nano-arrays were successfully integrated onto the commercial
monolithic substrates through a facile microwave-assisted hydrothermal method. Instead of
using the conventional one-step hydrolysis hydrothermal method, a two-step sustained-
release reaction strategy was designed to achieve the heterogeneous nucleation and growth of
H:Ti205.H20 nano-arrays at low temperature (< 100 °C) and pressure with controllable
reaction rate, which were readily converted into TiO2 nano-arrays through post thermal
annealing. By adjusting the initial concentrations of TiCls, H202 and hydrochloride acid as
well as other synthetic parameters, a growth rate of 42 nm/min was achieved. When loaded
with 50 g-Pt/ft’, the TiO2 nano-array rooted monolithic catalysts showed excellent low light-
off temperatures for CO and HCs species (< 150 °C) under LTC-D simulated exhaust
conditions. Compared with commercial wash-coated DOC samples, prominent hydrothermal
stability and improved mechanical robustness were demonstrated on the samples after
hydrothermal aging at 700 °C for 100 hours and sonicated in water for 4 hours and,

respectively. This approach provides a new pathway for low-temperature scalable synthesis
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and manufacturing of TiO2 nano-array integrated catalytic reactors with good production

rates and enhanced material utilization efficiency.
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EXAMPLE #2

Materials and Methods
[00119] The mesoporous TiO2 nano-array was integrated onto cordierite honeycomb
monolith via a solvothermal synthesis using titanium (I'V) butoxide as Ti precursor and
butanone as nonpolar solvent. Pt was loaded on to the TiO2 nano-array/cordierite using Na-
promoted wet incipient impregnation. The Pt/TiO2 nanoarrays were calcined at S00°C for 4
hours with a ramping rate of 2°C min. The DOC activity of the Pt/TiO2 nanoarray/cordierite
honeycomb monolith was evaluated using the protocol developed by the ACEC tech team for
conventional diesel combustion at a space velocity of 60,000 h™t. The composition of the
simulated exhaust is 500 ppm CO, 389 ppm C2H4, 156 ppm C3Hs, 52 ppm CsHs, 200 ppm
NO, 100 ppm Hz, 6% CO2, 6% H20, 12% O3, and balance N2. The BET surface area of the

catalysts was measured on Micromeritics ASAP P2020 Automatic Chemisorption Analyzer.

Results and Discussion
[00120] TiO:2 nanowires with diameters of ~ 50-150 nm were uniformly grown on the
monolith wall with a thickness of ~ 3-4 um (FIG. 22A). Each nanowire is composed of
several smaller nanowires, forming a unique mesoporous structure. The high annual annual
angular dark field (HAADF) scanning transmission electron microscopy (STEM) image of
the nanowire reveal an array of voids with diameters ranging from 3-30 nm on the nanowire
(FIG. 22B). This unique mesoporous structure might explain the exceptionally high surface
area of the TiO2 nanoarray/cordierite substrate. The BET surface area of the fresh
TiO2/cordierite sample can reach 92.3 m? g'!. However, after the Pt impregnation process, the

surface area reduced significantly, to 7.7 m? g'!. The Pt/TiO2 nanoarray has high thermal
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stability. Significant morphological changes in the Pt/TiO2 sample were not observed after
the hydrothermal aging process at 650°C for 100 hours, although the BET surface area was
decreased slightly to 6.1 m* g'. The light-off temperatures for the Pt/TiO2 nanoarray sample
with a Pt loading of 0.71 g L™ for CO and hydrocarbons in CDC simulated exhaust
conditions, indicating an exceptional DOC activity. The temperature Too for both CO and
HCs approaches the 170°C in the CDC simulated exhaust test, significantly lower than that of
a commercial DOC catalyst while using much fewer catalyst materials. The enhanced
reactivity of the Pt/TiO2 nanoarray might be explained by the unique mesoporous nano-array

structure that enhancing gas-solid interaction, metal-support electronic interaction.

Significance
[00121] The Pt supported TiO2 nanoarray catalyst has excellent low-temperature activity

for CO and hydrocarbon combustion.

EXAMPLE #3
[00122] With the optimized recipe and experimental conditions, TiO2 nano-arrays were
also successfully integrated onto various solid surfaces of different materials, including 3D
SiC monoliths, 2D FTO glass, ITO coated PET film and Ti metal foil as well as 1D carbon
fibers (FIGs 23A-F).
[00123] The versatility of this facile hydrothermal method was demonstrated in two
aspects. On the one hand, growing nano-arrays onto 3D monolithic substrates is more
challenging than onto the 2D planar substrates due to the difficulty in mass transfer of the
precursors through the space confined channels. In this work, the mass transfer was enhanced
by the large amount of Oz bubbles created during the reaction, indicating the feasibility of
applying this method on different substrates with complex geometric structures.
[00124] On the other hand, this method has been applied on a wide range of substrate
materials from hard ceramic surfaces to flexible polymer films, metal foils and carbon fibers.
Practically, this versatile synthetic method shall to be suitable for the fast integration of TiO2
nano-arrays on solid materials that can withstand the oxidizing and acidic conditions.
Therefore, this facile microwave-assisted hydrothermal method shows potential applications
on various substrate surfaces for different applications.
[00125] Integrating uniform nanostructure array coatings on solid substrate can

significantly change the surface properties of the substrates. This facile hydrothermal method

-37-



WO 2018/226543 PCT/US2018/035756

can provide an easy way to alternate the surface properties of different solid substrates with
low temperature and high production rate.

[00126] One of the important surface properties of solid substrate materials is the
wettability. The wettability of various pristine substrate surfaces and the corresponding
nanoarrays rooted surfaces. As shown in FIGs. 24A-H, compared with the water contact
angles of the pristine surfaces, the nanoarray rooted surfaces show much smaller contact
angles. That is because of the hydrophilic nature of the nanoarrays. Such features are highly
favorable for the applications in aqueous or humid environment.

[00127] Another important surface property is the specific surface area. FIGs. 25A and
25B show the BET N2 adsorption-desorption isotherms (FIG. 25A) and pore size distribution
of bare cordierite monolith, nano-array rooted monolith and nanowire powders (FIG. 25B).
As can be seen, the as-synthesized nano-wire powders exhibit very high specific surface area
of 194m?/g (red line in FIG. 25A). When integrated on cordierite monolith, the specific
surface are of the monolith increases from 0.4m?%g (black line in FIG. 25A) to 27.8m?/g
(black line in FIG. 25A). FIG. 25B shows similar pore size distribution between the nanowire
powders and the nano-array rooted monolith, indicating that the high surface area mainly
comes from the nano-array coating layers. The high surface area is important for the catalyst
supporting materials such as cordierite to promote the catalytic reactions in gaseous

environment.

INCORPORATION BY REFERENCE; EQUIVALENTS

[00128] The teachings of all patents, published applications and references cited herein are
incorporated by reference in their entirety.

[00129] While the invention has been described with reference to example embodiments, it
will be understood by those skilled in the art that various changes may be made and
equivalents may be substituted for the elements thereof without departing from the scope of
the invention. In addition, many modifications may be made to adapt the teaching of the
invention to particular use, application, manufacturing conditions, use conditions,
composition, medium, size, and/or materials without departing from the essential scope and
spirit of the invention. Therefore, it is intended that the invention not be limited to the
particular embodiments and best mode contemplated for carrying out this invention as

described herein.
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[00130] While various aspects and embodiments have been disclosed herein, other aspects
and embodiments will be apparent to those skilled in the art. The various aspects and
embodiments disclosed herein are for purposes of illustration and are not intended to be
limiting of the true scope of the invention disclosed herein. It is also to be understood that
the terminology used herein is for the purpose of describing particular embodiments only, and
is not intended to be limiting. Since many modifications, variations, and changes in detail can
be made to the described examples, it is intended that all matters in the preceding description
and shown in the accompanying figures be interpreted as illustrative and not in a limiting
sense.

[00131] Chemical compounds are described using standard nomenclature. For example,
any position not substituted by any indicated group is understood to have its valency filled by
a bond as indicated, or a by hydrogen atom.

[00132] All ranges disclosed herein are inclusive of the endpoints, and the endpoints are
independently combinable with each other. Each range disclosed herein constitutes a
disclosure of any point or sub-range lying within the disclosed range.

[00133] The use of the terms “a” and “an” and “the” and words of a similar nature in the
context of describing the improvements disclosed herein (especially in the context of the
following claims) are to be construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by context. Further, it should further be
noted that the terms “first,” “second,” and the like herein do not denote any order, quantity, or
relative importance, but rather are used to distinguish one element from another. The
modifier “about” used in connection with a quantity is inclusive of the stated value and has
the meaning dictated by the context (e.g., it includes, at a minimum the degree of error
associated with measurement of the particular quantity).

[00134] All methods described herein can be performed in any suitable order unless
otherwise indicated herein or otherwise clearly contradicted by context. The use of any and
all examples, or exemplary language (e.g., “such as”), is intended merely to better illustrate
the invention and does not pose a limitation on the scope of the invention or any

embodiments unless otherwise claimed.
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CLAIMS

What is claimed is:

1. A method of making a hydrogen titanate (H2T120s.H20) nanowire array, the method
comprising:
contacting a substrate with a solvent comprising a titanium (III) precursor, an
acid, and an oxidant while microwave heating the solvent, thereby forming a

hydrogen titanate (H2Ti20s.H20) nanowire array.

2. The method of Claim 1, wherein the substrate comprises a cordierite honeycomb
monolith.

3. The method of Claim 1, wherein the solvent is a polar solvent.

4. The method of Claim 1, wherein the solvent is a protic solvent.

5. The method of Claim 1, wherein the solvent is water.

6. The method of Claim 1, wherein the titanium (III) precursor is TiCls.

7. The method of Claim 1, wherein the titanium (III) precursor is Ti2(SO4)s.

8. The method of Claim 1, wherein the titanium (III) precursor is a titanium (III)
alkoxide.

9. The method of Claim 1, wherein the acid is hydrochloric acid (HCI).

10. The method of Claim 9, wherein the acid is from about 25 wt.% to about 40 wt.%
HCI.

11. The method of Claim 1, wherein the acid is sulfuric acid (H2SO4).
12. The method of Claim 1, wherein the oxidant is hydrogen peroxide.

13. The method of Claim 12, wherein the hydrogen peroxide is from about 20 wt.% to
about 40 wt.% in water.

14. The method of Claim 1, wherein the solvent is heated by microwave heating to a

temperature from about 75°C to about 95°C.
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15. The method of Claim 1, wherein the solvent is heated by microwave heating for a

duration from about 10 minutes to about 180 minutes.

16. The method of Claim 1, further comprising annealing the hydrogen titanate nanowire

array to form a TiO2 nanowire array.

17. The method of Claim 16, wherein annealing is performed at a temperature from about
300°C to about 800°C.
18. The method of Claim 1, wherein the solvent is a second solvent, the method further

comprising contacting the substrate with a first solvent comprising a titianium (IV)

precursor and a first acid prior to contacting the substrate with the second solvent.

19. The method of Claim 18, further comprising sonicating while contacting the substrate

with the first solvent.

20. The method of Claim 18, wherein the titanium (IV) precursor comprises one or more

of titanium (IV) isopropoxide, titanium (IV) n-butoxide, and titanium (IV) chloride.

21. The method of Claim 20, wherein the titanium (IV) precursor comprises titanium (IV)
isopropoxide.

22. The method of Claim 18, wherein the first solvent is a polar solvent.

23. The method of Claim 18, wherein the first solvent is a protic solvent.

24. The method of Claim 18, wherein the first solvent is an alcohol.

25. The method of Claim 18, wherein the first solvent is ethanol.
26. The method of Claim 18, wherein the first acid is HNOs.

27. The method of Claim 18, further comprising drying the substrate after contacting the
substrate with the first solvent, and subsequently contacting the substrate with the first

solvent prior to contacting the substrate with the second solvent.
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The method of Claim 18, further comprising annealing the substrate after contacting
the substrate with the first solvent and prior to contacting the substrate with the

second solvent.

The method of any of Claims 1-28, further comprising loading a platinum group metal
onto the titanium dioxide (Ti02) nanowire array, the method further comprising:

contacting the TiO2 nanowire array with a third solvent comprising a platinum
group metal precursor, wherein the platinum group metal precursor comprises one or
more of platinum, palladium, and rhodium,;

drying the TiO2 nanowire array;

calcining the TiO2 nanowire array; and

annealing the TiO2 nanowire array in the presence of hydrogen.

The method of Claim 29, wherein the platinum group metal precursor comprises

platinum.
The method of Claim 30, where the platinum is platinum (II).

The method of Claim 29, wherein the platinum group metal precursor comprises

tetraammineplatinum (II) nitrate.

The method of Claim 29, further comprising sonicating while contacting the TiO2

nanowire array with the third solvent.

The method of Claim 29, further comprising contacting the TiO2 nanowire array with
a third solvent, drying the TiO2 nanowire array, and calcining the TiO2 nanowire array

a plurality of times prior to annealing the TiO2 nanowire array.

A titanium dioxide (TiO2) nanowire array made by the method of any of Claims 1

through 34.

A method of oxidizing a combustion exhaust, the method comprising contacting a
source of combustion exhaust with a titanium dioxide (TiO2) nanowire made

according to any of Claims 1 to 34.

The method of Claim 36, wherein the combustion exhaust comprises one or more of

carbon monoxide (CO), nitric oxide (NO), and hydrocarbons.
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38. The method of Claim 37, wherein the hydrocarbons comprise one or more of

ethylene, propylene, propane, and methane.

39. The method of Claim 36, wherein the source of combustion exhaust is diesel

combustion exhaust.

40. The method of Claim 39, wherein the diesel combustion exhaust is emitted from a
land-based vehicle, a water-based vessel, a diesel-fueled power plant, a diesel

generator, or a diesel-fueled power plant.

41. The method of Claim 40, wherein the diesel-exhaust is emitted from a land-based

vehicle, and wherein the land-based vehicle is a car or a truck.

42. The method of Claim 40, wherein the diesel-exhaust is emitted from a water-based

vessel, and wherein the water-based vessel is a boat or a ship.
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