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Description

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority to U.S. Provisional Patent Application Nos. 62/927,518 filed October
29, 2019, 62/957,962 filed January 7, 2020, and 63/069,471, filed August 24, 2020, each of which is hereby incorporated
by reference to the extent not inconsistent herewith.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support under Grant no.: CHE 1151846 awarded by the National
Science Foundation. The government has certain rights in the invention.

BACKGROUND OF INVENTION

[0003] The demand for energy continues to increase due to the rapid rise of the world’s population and industrial
development. This is coinciding with the use of non-renewable traditional fossil fuels and related production of greenhouse
gases with potential environmental impacts. Therefore, it is important to find alternative energy sources to fulfill the
energy demand of society that may also address environmental concerns around the production of greenhouse gases.
[0004] Dry reforming of methane (DRM) is one of the potential reactions that utilize two greenhouse gases (CO2 and
CH4) to produce industrially important syngas (CO and H2), which is utilized to produce liquid fuels, ammonia/urea
production, synthetic natural gas, and gaseous fuels. DRM processes produces the syngas of H2:CO with molar ratio
closer to 1, which increases the selectivity for production of liquid hydrocarbons using the Fischer-Tropsch process.
[0005] Conventional DRM catalytic processes are typically carried out in the presence of a heterogeneous catalyst
and often times require high reaction temperatures. Catalysts for DRM include noble metals (e.g., Pt, Rh and Ru) that
exhibit high reactivity but are expensive to practically implement on a commercial scale. A class of Ni-based catalysts
has also been developed for DRM that exhibit reasonable activity, stability and are less expensive than the corresponding
noble metal catalysts (Bardford et al., Appl catal. A 142, 1996, 73-96).
[0006] Existing DRM catalysts, such as Ni-based catalysts, are currently limited in some instances by requirements
for high reaction temperatures to achieve commercially practicable methane conversion and product yields. Such high
temperature requirements significant impacts the overall efficiency achievable using conventional DRM processes. In
addition, conventional DRM processes are susceptibility to catalyst degradation and deactivation, for example, due to
coke deposition.
[0007] As will be evident from the foregoing, new catalyst materials and processes are needed for DMR to realize the
benefits of large scale adoption of this technology. Specifically, improved catalyst materials for DRM are needed that
are capable of good activity at low temperatures, high thermal stability, and that are economical to commercialize.

SUMMARY OF THE INVENTION

[0008] Provided herein are catalyst materials and processes for processing hydrocarbons. For example, doped ceria-
supported metal catalysts are provided exhibiting good activity and stability for commercially relevant DRM process
conditions including low temperature and long term operation.
[0009] In an aspect, catalysts and catalytic processes are provided for the production of a syngas product. For example,
methods and catalyst materials are provided for dry reforming of methane, and optionally other hydrocarbons, for the
production of a syngas product. Methods of the invention also include catalysts and methods for efficient processing of
hydrocarbon-containing feed stocks, including exhausts and other byproducts, derived from important industrial proc-
esses.
[0010] In an aspect, methods for processing a hydrocarbon feed stock are provided, the method comprising the step
of: contacting a feed stock with a doped ceria-supported metal catalyst comprising a doped ceria-supported metal,
thereby generating a product comprising H2 and CO; wherein the doped ceria-supported metal catalyst is of the formula
(FX1):

 M/Ce1-xBxO2-δ (FX1);

wherein M is one or more metals selected from Ni, Co, Pd, Pt or a mixture thereof; B is one or more dopants selected
from Ti, Zr, Mn, and La; x is a number selected from the range of 0.05 to 0.5 and wherein δ represents oxygen deficiency;
and wherein the feedstock comprises methane with one or more additional hydrocarbon components and CO2, wherein
optionally the weight percent of said one or more metals (M) in the catalyst is selected from the range of 0.1-20 wt%,
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optionally for some embodiments 1.5-7 wt% and optionally for some embodiments 2.0-3 wt%, and/or optionally the ratio
of Ce to B is selected from the range of 0.1 to 10, optionally for some embodiments selected from the range of 1 to 3.
In an embodiment of this aspect, the process is for production of a syngas product, for example, via a DRM process. In
an embodiment, the feed stock is obtained or derived from an industrial process that generates both carbon dioxide and
methane. In an embodiment, the feed stock is obtained or derived from an industrial process that generates carbon
dioxide, and optionally is in close proximity to a source of methane.
[0011] In an aspect, methods for processing a hydrocarbon feed stock are provided, the method comprising the steps
of: contacting a feed stock with a doped ceria-supported metal catalyst comprising a doped ceria-supported metal,
thereby generating a product comprising H2 and CO; wherein the doped ceria-supported metal catalyst is of the formula
(FX1):

 M/Ce1-xBxO2-δ (FX1);

wherein M is one or more metals selected from Ni, Co, Pd, Pt or a mixture thereof; B is one or more dopants selected
from Ti, Zr, Mn, and La; x is a number selected from the range of 0.05 to 0.5 and wherein δ represents oxygen deficiency;
and wherein the feedstock comprises methane and CO2; wherein the feedstock is a byproduct from cement processing,
steel processing; coal refining, petrochemical refining, crude oil production, natural gas production, coal mining or minerals
mining, such as a product or exhaust (including a processed process or exhaust) from any of these processes. In an
embodiment of this aspect, the process is for production of a syngas product, for example, via a DRM process, wherein
optionally the weight percent of said one or more metals (M) in the catalyst is selected from the range of 0.1-20 wt%,
optionally for some embodiments 1.5-7 wt% and optionally for some embodiments 2.0-3 wt%, and/or optionally the ratio
of Ce to B is selected from the range of 0.1 to 10, optionally for some embodiments selected from the range of 1 to 3.
[0012] In an aspect, metal supported on doped ceria catalysts are provided, comprising metal particles dispersed over
mixed dopant-ceria supports. In an embodiment, for example, a catalyst comprises a doped ceria-supported metal of
the formula (FX1): M/Ce1-xBxO2-δ (FX1); wherein M is one or more metals selected from Ni, Co, Pd, Pt or a mixture
thereof; B is at least two dopants selected from Ti, Zr, Mn and La; x is a number selected from the range of 0.05 to 0.5
and wherein δ represents oxygen deficiency; wherein optionally the weight percent of said one or more metals (M) in
the catalyst is selected from the range of 0.1-20 wt%, optionally for some embodiments 1.5-7 wt% and optionally for
some embodiments 2.0-3.0 wt%, and/or optionally the ratio of Ce to B is selected from the range of 0.1 to 10, optionally
for some embodiments selected from the range of 1 to 3. In an embodiment of this aspect, the catalyst is for processing
a hydrocarbon feed stock, for example, via a DRM process.
[0013] The present catalysts and process are compatible with a variety of hydrocarbon feed stocks. The ability to
process mixed feed stocks provides flexibility with respect to a wide range of the industrial applications that the present
catalysts and process may be effectively integrated. In some embodiments, the hydrocarbon feed stock comprises
methane and CO2, optionally in combination with other feed stock components such as other hydrocarbons and/or none
hydrocarbon components. In an embodiment, for example, the hydrocarbon feedstock comprises methane, CO2, with
one or more of ethane, propane, or other hydrocarbons (e.g., aliphatic hydrocarbons, aromatics, etc.). In an embodiment,
the hydrocarbon feedstock is natural gas or derived from natural gas.
[0014] The present catalysts and process are well suited for processes involving a feed stocks derived from exhaust
or emission sources, for example, originating from a range of industrial processes. In an embodiment, the hydrocarbon
feedstock is derived from a processing involving production, processing, treatment or combustion of a hydrocarbon fuel.
such as a petrochemical fuel, natural gas or coal, or of a mining product such as coal or minerals. In an embodiment,
the hydrocarbon feedstock comprises a product, such as an exhaust or byproduct, from one or more processes selected
from the group of: a coal pyrolysis process; a petrochemical oxidization process; a sintering process; a furnace process;
a kiln process; a steam reforming process; an ammonia production process; a fuel production or treatment process, a
mining process and virtually any process that produces carbon dioxide. In some embodiments, the hydrocarbon feed
stock is derived from an exhaust or other byproduct that has been treated prior to contact with the DRM catalyst, for
example, to remove at least a portion of sulfur and/or nitrogen containing species, such as SOx and NOx gases, and or
particulate, such as soot. In some embodiments, the hydrocarbon feed stock is CO2 and methane (and/or other hydro-
carbons) originating from the same industrial source or industrial process. In some embodiments, the hydrocarbon feed
stock is CO2 and methane (and/or other hydrocarbons) originate from different industrial sources or industrial processes
located proximate to each other, such as close enough to allow for technically and/or commercially feasible (or attractive)
dry reforming of methane using the present methods.
[0015] Catalyst if the invention include heterogeneous catalysts, for example including multicomponent catalysts having
an active metal particulate component supported by an active support component. Catalysts may comprise metal sup-
ported on doped ceria. In some embodiments, doped ceria is the support, which contains dopants like Ti and others,
and metals like Ni can be dispersed over the support of doped ceria. In embodiments, for example, the metal may be
in an active form of Ni, Co or Pd and, optionally mixtures of these metals. In an embodiment, the metals anchor and/or
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are disposed over catalytic supports such as ceria or doped ceria. The present processes and catalysts include a class
of metal supported on doped ceria catalysts characterized by a range of chemical components and relative amounts of
each chemical component. In an embodiment, for example, the doped ceria-supported metal catalyst comprises the
one or more metals (M) dispersed over a doped catalyst support characterized by the formula Ce1-xBxO2-δ, wherein M
is one or more metals selected from Ni, Co, Pd, Pt or a mixture thereof; B is one or more dopants selected from Ti, Zr,
Mn, and La; x is a number selected from the range of 0.05 to 0.5 and wherein δ represents oxygen deficiency. In an
embodiment, the doped catalyst support maintains the structure of pure ceria and produces mixed metal oxides.
[0016] In an embodiment, the one or more metals (M) of the catalyst are provided as particles or clusters, for example,
particles having an average size dimension (e.g. diameter, effective diameter, etc.) up to 1 micron, optionally up to 500
nm, optionally up to 100 nm and optionally up to 30 nm. In an embodiment, the weight percent of the one or more metals
(M) in the catalyst is selected from the range of 0.1-20 wt%, optionally for some embodiments 0.5-10 wt%, optionally
for some embodiments 1-5 wt%, optionally for some embodiments 2.0 - 3.0 wt%, and optionally for some embodiments
1.5- 2.5 wt%.
[0017] Catalysts and catalytic processes may include metal supported on doped ceria materials including an active
component comprising Ni metal particulate. In an embodiment, the one or more metals (M) in formula (FX1) is Ni; and
wherein Ni has a weight percent in the catalyst selected from the range of 1.5-7 wt%, optionally for some embodiments
2.0 - 3.0 wt%, optionally for some embodiments 1.5 - 2.5 wt%. In an embodiment, for example, the one or more metals
(M) in formula (FX1) is Ni; and Ni has a weight percent in the catalyst of 2.4 6 0.5 %.
[0018] Catalysts and catalytic processes may include metal supported on doped ceria materials including an active
component comprising a doped ceria support. In an embodiment, the ratio of Ce to B in formula (FX1) selected from the
range of 0.1 to 10, optionally 0.2 to 5 and optionally 1 to 5 and optionally 1 to 3. In an embodiment, the one or more
dopants (B) in formula (FX1) is Ti, wherein the ratio of Ce to Ti is selected form the range of 1.5 to 3.0, optionally 2.0 to
2.7. In an embodiment, for example, the one or more dopants (B) in formula (FX1) is Ti, wherein the ratio of Ce to Ti is
2.3 6 0.3.
[0019] Catalysts and catalytic processes may include metal supported on doped ceria materials including an active
component comprising a doped ceria support having at least two different dopants. In an embodiment, for example, the
catalyst is of formula (FX1) wherein the one or more dopants is at least two different dopant materials, such as Ti and
at least one other dopant selected from Zr, Mn, and La. In an embodiment, for example, the catalyst is of formula (FX1)
wherein the one or more metals (M) is Ni; wherein the weight percent of Ni in the catalyst is selected from the range of
1.5-2.5 wt%, optionally 2 6 0.3 %; and wherein the ratio of Ce to Ti is selected form the range of 2.0 to 2.7.
[0020] The present catalysts may also be characterized by physical properties. In an embodiment, for example, the
doped ceria-supported metal catalyst is characterized by a BET surface area selected from the range of 10 m2 g-1 to
100 m2 g-1.
[0021] The present catalysts may be prepared using a variety of techniques. In an embodiment, the doped ceria-
supported metal catalyst is produced by one or more processes selected from sol-gel technique, calcination, wet im-
pregnation, or any combination of these. In an embodiment, the doped ceria-supported metal catalyst is produced by
sol-gel technique. In an embodiment, the doped ceria-supported metal catalyst is calcined. In an embodiment, the one
or more metals (M) is provided via wet impregnation to generate the doped ceria-supported metal.
[0022] Catalytic processes of the invention are versatile with respect to process conditions providing effective hydro-
carbon processing, including MRP processing, including providing high conversion and product yields at lower reaction
temperatures and for long operating periods. In an embodiment, the step of contacting said mixed feed stock with a
doped ceria-supported metal catalyst is carried out at a temperature equal to or greater than 600 °C, optionally equal
to or greater than 650 °C, optionally equal to or greater than 700 °C, and optionally equal to or greater than 750 °C. In
an embodiment, the step of contacting said mixed feed stock with a doped ceria-supported metal catalyst is carried out
at a temperature selected over the range of 600 °C to 800 °C. In an embodiment, the step of contacting the mixed feed
stock with a doped ceria-supported metal catalyst is capable of generating the product, such as a syngas product, at a
temperature less than or equal 350 ° C.
[0023] In an embodiment, the method is characterized by a methane conversion efficiency equal to or greater than
70% at a temperature of 650 ° C or greater. In an embodiment, the method is characterized by a ratio of H2 produced
to CO produced equal to or greater than 90% at a temperature of 650 ° C or greater.
[0024] In an embodiment, the doped ceria-supported metal catalyst is stable over a reaction time of at least 50 hours.
In an embodiment, there is any of the methods above, wherein the doped ceria-supported metal catalyst does not
undergo appreciable degradation over a reaction time of at least 50 hours. In an embodiment, the step of contacting the
mixed feed stock with a doped ceria-supported metal catalyst is carried out a pressure selected from the range of 0.1
Bar to 2 Bar and a temperature selected from the range of 25 °C to 800 °C.
[0025] Without wishing to be bound by any particular theory, there may be discussion herein of beliefs or understandings
of underlying principles relating to the devices and methods disclosed herein. It is recognized that regardless of the
ultimate correctness of any mechanistic explanation or hypothesis, an embodiment of the invention can nonetheless be
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operative and useful.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026]

FIGs. 1A-1H. Scanning tunneling microscopy images of pure CeO2 (FIG. 1A), Ni nanoparticles deposited on CeO2
(FIG. 1B), Ti-doped CeO1.8(FIG. 1C) as well as Ni dispersed on Ti-doped CeO1.8. All catalytic surfaces were annealed
to 800 K. Low energy electron diffraction pattern shows the ceria support is ordered exhibiting the (111) plane.
Higher resolution image (3x3 nm2) shown as an inset in FIG. 1A resolves the individual Ce atoms on the CeO2(111)
surface. FIGs. 1E and 1F. Temperature programmed desorption studies show reaction products collected from
Ni/CeO1.8 and Ni/Ti-CeO1.8 surfaces upon dose of 2 Langmuir ethanol at 300 K with heating to 800 K. C1s XPS
peaks collected upon ethanol adsorption over indicated surfaces at 300 K and heating to higher temperatures (FIGs.
1G and 1H).

FIGs. 2A. CH4 and CO2 conversions and CO and H2 yields for 2 wt.% Ni/Ce0.7Ti0.3O2-δ for dry reforming of methane
reaction based on the gas chromatography analysis. FIG 2B. Partial pressure values of CH4, CO2, CO and H2
monitored by a mass spectrometer during the DRM reaction with a temperature range between 100 and 800 ° C
over 2 wt.% Ni/Ce0.7Ti0.3O2-δ. FIG. 2C. The DRM stability test for 2 wt.% Ni/Ce0.7Ti0.3O2-δ at indicated temperatures.
FIG. 2D. Comparison results for the DRM stability test for Ni, Pd and Co.

FIG. 3A. XRD patterns collected from as-prepared samples of CeO2 (I), Ce0.9Ti0.1O2-δ (II), Ce0.8Ti0.1O2-δ (III),
Ce0.7Ti0.3O2-δ (IV), Ce0.6Ti0.4O2-δ (V), and Ce0.5Ti0.5O2-δ (VI); (FIG. 3B) XRD patterns of nominal 3.0 wt.% Ni dis-
persed over various supports as indicated in (a); (FIG. 3C) spent samples of nominal 3.0 wt.% Ni dispersed on CeO2
(I), Ce0.7Ti0.3O2-δ (II), and Ce0.5Ti0.5O2-δ (III); SEM images of as-prepared samples of CeO2 (FIG. 3D), Ce0.7Ti0.3O2-δ
(FIG. 3E), 2.4 wt.% Ni/Ce0.7Ti0.3O2-δ (FIG. 3F), as well as spent samples of 2.4 wt.% Ni/Ce0.7Ti0.3O2-δ after the
DRM reaction on stream for 0.5 h (FIG. 3G) and 50 h (FIG. 3H).

FIGs. 4A-4F. Temperature-dependent DRM data of CH4 conversion (FIG. 4A), CO2 conversion (FIG. 4B), H2 yield
(FIG. 4C), and CO yield (FIG. 4D) for nominal 3.0 wt.% Ni dispersed over CeO2, 2.4 wt.% Ni/Ce0.7Ti0.3O2-δ and
nominal 3.0 wt.% Ni/Ce0.5Ti0.5O2-δ; DRM data for Ce0.7Ti0.3O2-δ and thermodynamic equilibrium data for DRM
assuming no carbon formation occurs [1] are shown for comparisons in FIGs. 4A-4D; (FIG. 4E) H2/CO ratios of
indicated catalysts in FIGs. 4A-4D and thermodynamic equilibrium data; (FIG. 4F) calculated amounts of CH4, CO2,
H2, and CO for 2.4 wt.% Ni/Ce0.7Ti0.3O2-δ. The wt.% value indicated for 2.4 wt.% Ni/ Ce0.7Ti0.3O2-δ was confirmed
by Inductively Coupled Plasma (ICP).

FIGs. 5A-5D. XRD patterns of (FIG. 5A) as-prepared samples and (FIG. 5B) spent samples of Ni/Ce0.7Ti0.3O2-δ
with the Ni loading of 0.0 wt.% (I), 0.5 wt.% (II), 1.2 wt.% (III), 2.4 wt.% (IV), 4.0 wt.% (V), and 10.8 wt.% (VI); (FIG.
5C) the conversions of CO2 and CH4 and (FIG. 5D) the yields of CO and H2 of indicated catalysts at 650 and 750
°C in DRM.

FIG. 6A. CO2 and CH4 conversions and (FIG. 6B) CO and H2 yields from the DRM stability test at 650 °C for 25
hours for 2.4 wt.% Ni/Ce0.7Ti0.3O2-δ and 3.1 wt.% Ni/CeO2.

FIGs. 7A-D. Temperature-dependent DRM data of CH4 conversion (FIG. 7A), CO2 conversion (FIG. 7B), H2 yield
(FIG. 7C), and CO yield (FIG. 7D) for nominal 5.0 wt.% Ni dispersed over Ce0.5Ti0.5O2-δ. The samples were reduced
in 20 mL min-1 H2 for one hour prior to the DRM reactivity test. One sample was reduced in H2 at 400 °C and the
other sample was reduced in H2 at 550 °C. The DRM activity data were compared with respect two different reduction
temperatures.

STATEMENTS REGARDING CHEMICAL COMPOUNDS AND NOMENCLATURE

[0027] In general, the terms and phrases used herein have their art-recognized meaning, which can be found by
reference to standard texts, journal references and contexts known to those skilled in the art. The following definitions
are provided to clarify their specific use in the context of the invention.
[0028] The expressions "doped ceria-supported metal catalyst" and "metal supported on doped ceria catalysts" are
used interchangeably and refer to a material comprising a metal provided on and/or within a doped ceria support. In
embodiments, the metal is dispersed over the doped ceria support, for example, provided as particles or clusters on
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internal and/or external surfaces of the doped ceria support. Metals useful for the present on doped ceria-supported
metal catalysts include Ni, Co, Pd, Pt or any mixtures thereof. The doped ceria support includes one or more metal
dopants incorporated into the lattice of ceria, optionally including two or more different metals. Dopants useful for the
present doped ceria-supported metal catalysts include Ti, Zr, Mn, La and any mixtures thereof. In an embodiment, doped
catalyst support maintains the structure of pure ceria and produces mixed metal oxides. Doped ceria-supported metal
catalysts may exhibit catalytic activity for processing of a hydrocarbon feed stock, for example, in a DRM process.
[0029] The expression "hydrocarbon feed stock" refers to feed stocks for a process, such as a catalytic process, that
include at least one hydrocarbon component. Hydrocarbon feed stocks for some embodiments comprise a hydrocarbon
component and CO2. Hydrocarbon feed stocks for some embodiments comprise methane and CO2. Hydrocarbon feed
stocks for some embodiments comprise methane, CO2, with one or more other hydrocarbons. Hydrocarbon feed stock
may be characterized in terms of the ratio of methane to CO2 and or ratio of other hydrocarbons to CO2. When discussing
feedstock, applicants note that the source of hydrocarbon can be separate from the source of CO2 feed, for example,
to allow ratio to be varied and/or controlled. Components of feedstock, such as CO2 and methane, can be separately
introduced into catalytic reactor or added as a mixture. Optionally, CO2 level can be adjusted in a hydrocarbon feed
stock, etc. This will depend on feedstock and catalyst. Hydrocarbon feed stocks for some embodiments comprise ethane,
propane, or butane. Hydrocarbon feed stocks for some embodiments include natural gas or a derivative thereof. Also
feedstock can be from one or more industrial synthesis, production, manufacturing and/or treatment processes including
cement processing, steel processing, coal refining, petrochemical refining, crude oil production, natural gas production,
coal mining and/or minerals mining. Hydrocarbon feed stocks for some embodiments comprise comprises a product of
an industrial process or a combination of products from one or more industrial processes. Hydrocarbon feed stocks for
some embodiments comprise an exhaust or byproduct gas, for example, from a coal pyrolysis process; a petrochemical
oxidization process; a sintering process; a furnace process; a kiln process; a steam reforming process; an ammonia
production process; and any process that produces carbon dioxide. In an embodiment, the hydrocarbon feed stock is
obtained or derived from an industrial process that generates both CO2 and methane. In an embodiment, the hydrocarbon
feed stock is obtained or derived from an industrial process that generates or emits carbon dioxide, and optionally is in
proximity to a source of methane, such as within 100 miles, optionally 50 miles and optionally 20 miles, of each other.
In an embodiment, the hydrocarbon feedstock includes CO2 derived from an industrial process involving production,
refining, treatment or combustion of a fuel, such as coal, natural gas or oil. Hydrocarbon feed stocks may be treated
prior to contact with the present catalysts to remove, add or enrich certain feed stock components. In an embodiment,
for example, a hydrocarbon feed stock is treated for removal of sulfur components (SOx), nitrogen components (NOx),
water and/or particulate (e.g., carbonaceous particulate such as soot). Often processes of the invention are continuous
with feedstock continuously added and product removed, but the present processes also include a batch process.
[0030] The symbol "δ" represents oxygen deficiency. In some examples, the numeric value of δ ranges from greater
than 0 to less than 0.5.
[0031] The word "nominal" in nominal wt.% refers to the theoretical/anticipated value of the amount of Ni based on a
calculation, for example, using parameters from and/or during the materials synthesis. In some embodiments, the wt.%
values are examined analytically, such as by ICP analysis, wherein such wt.% values are reported without the word
"nominal". The ICP analysis of Ni may be carried out by dissolving the materials in aqua regia at 60 °C followed by the
analysis of the Ni amount in the solution and by other techniques generally known in the art.
[0032] In an embodiment, a composition or compound of the invention, such as a composite, metal, alloy, metal oxide,
precursor or catalyst, is isolated or substantially purified. In an embodiment, an isolated or purified compound is at least
partially isolated or substantially purified as would be understood in the art. In an embodiment, a substantially purified
composition, compound or formulation of the invention has a chemical purity of 95%, optionally for some applications
99%, optionally for some applications 99.9%, optionally for some applications 99.99%, and optionally for some applica-
tions 99.999% pure.

DETAILED DESCRIPTION OF THE INVENTION

[0033] In the following description, numerous specific details of the devices, device components and methods of the
present invention are set forth in order to provide a thorough explanation of the precise nature of the invention. It will be
apparent, however, to those of skill in the art that the invention can be practiced without these specific details.
[0034] The demand for energy is continuing to increase due to the rapid rise of the world’s population and industrial
development. This is coinciding with the use of non-renewable traditional fossil fuels. Therefore it is ideal to find alternative
energy sources to fulfill the energy demand of our modern society. Dry reforming of methane (DRM) is one of the potential
reactions that utilize two greenhouse gases (CO2 and CH4) to produce industrially important syngas (CO and H2). Syngas
is further utilized to produce fertilizer and/or synthetic petroleum as fuels or chemicals. Generally this reaction is carried
out at high reaction temperatures in the presence of a heterogeneous catalyst. However, our current global goal for the
DRM reaction is to develop thermally stable and active catalysts at reduced reaction temperatures, which can show
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good resistance to deactivation. Ni (and other metals) dispersed over a range of Ti-doped ceria catalysts were examined
in our study and found to be effective and stable for the dry reforming of methane, ethane, and propane.

Technical Description:

[0035] Ce1-xTixO2-δ supported Ni, Co, and Pd catalysts were synthesized with Ti concentrations (including x = 0.1,
0.2, 0.3, 0.4 and 0.5) with controlled metal loadings between 1 and 10 wt% by a sol-gel technique and characterized
with x-ray diffractions, scanning electron microscopy-energy dispersive spectroscopy, BET surface area, inductively
coupled plasma (ICP), and hydrogen chemisorption. X-ray diffraction shows the formation of Ce1-xTixO2-δ solid materials
for selected Ce:Ti composition ratios. Ceria exhibits unique redox properties and oxygen storage capacities, which can
better anchor Ni as small clusters and inhibit coke formation. Introduction of metal dopant, Ti, into ceria could promote
its redox properties as well as enhance its thermal stability at high temperatures.
[0036] Nanoparticles of Ni (or Co and Pd) are properly dispersed over the Ce1-xTixO2-δ support surface. The catalytic
DRM performance was investigated in a continuous gas flow reactor using gas chromatography and mass spectrometry
instruments and compared with respect to reaction temperatures, Ce:Ti ratios in the oxide supports, and Ni loadings.
XPS and XRD data show the formation of Ce1-xTixO2-δ solid mixed oxide supports. Reactivity was examined with respect
to key factors such as: Ce:Ti ratio, reaction temperature, metal (Ni, Co, or Pd), metal loading, reactant composition, and
alkane (methane, ethane, propane). This work demonstrates the DRM activity depends on the Ce:Ti composition in the
support and the metal loading of the Ni. The 260.3 wt% Ni supported on Ce1-xTixO2-δ catalyst shows the remarkable
CH4 conversion and hydrogen yield at temperatures as low as 600°C. Additionally the catalysts exhibit little activity loss
over a 50 hour reaction period compared to other supports. The support also minimizes activity loss for other metals
(Co and Pd) and for other feed stocks (ethane and propane).
[0037] The 2 wt.% Ni/Ce0.7Ti0.3O2-δ catalyst was identified to deliver the good catalytic activity and stability among all
the ceria supports and Ni loadings examined. At 650°C, the 2 wt.% Ni over Ce0.7Ti0.3O2-δ catalyst shows good conversions
of 73% and 79% for CH4 and CO2, respectively. The product yields were 42% and 52% for H2 and CO. Additionally,
compared to other metals including Pd and Co, the Ni catalyst delivers a higher reactivity and a long-term stability (up
to 50 h) during the DRM reaction on stream. The enhanced reactivity and stability of this catalyst can be attributed to
the unique interaction between the Ni metal and Ce0.7Ti0.3O2-δ support, the high BET surface area (26 m2 g-1) and metal
active sites.
[0038] This example demonstrates the DRM activity depends on the Ce:Ti composition in the support and the metal
loading of the Ni. The 2wt% Ni supported on Ce1-xTixO2-δ catalyst shows the remarkable CH4 conversion and hydrogen
yield at temperatures as low as 600°C. Additionally the catalyst exhibits little activity loss over a 50 hour reaction period
compared to other supports. The support also minimizes activity loss for other metals (Co and Pd) and for other feedstocks
(ethane and propane). Overall this study of the catalyst with three metals (Ni, Co, and Pd) and multiple feedstocks
(methane, ethane, and propane) over a series of Ce1-xTixO2-δ supports indicates an active and stable catalyst for dry
reforming and have significant applicability for a range of industrial applications. Prior to the DRM activity test, all catalysts
were reduced in H2 with a flow rate of 20 mL min-1 for one hour.
[0039] Dry reforming of methane was carried out in a fixed-bed continuous flow reactor which is made up of a quartz
glass with an internal diameter of 0.25 inch and a length of 24 inches. The catalyst amount of 200 mg was used. Flow
rates of 12.5 mL min-1 of methane and 12.5 mL min-1 of carbon dioxide were used for the dry reforming of methane
reaction, yielding a total flow rate of 25 mL min-1 for the mixture. GHSV of 5098 h-1 is determined based on the catalyst
bed volume of 0.294 cm3. Catalytic tests were performed at temperatures ranging from 25 to 800°C with a 30-minute
reaction duration. Flow rates of 8.3 mL min-1 of ethane and 16.7 mL min-1 of carbon dioxide were used for the dry
reforming of ethane reaction, yielding a total flow rate of 25 mL min-1 for the mixture. The catalyst amount of 300 mg
was used. Flow rates of 5 mL min-1 of propane and 20 mL min-1 of carbon dioxide were used for the dry reforming of
propane reaction, yielding a total flow rate of 25 mL min-1 for the mixture. The catalyst amount of 200-300 mg was used.
[0040] Advantages: (1) The present catalysts and processes activate the DRM reaction between 300 and 350 °C, for
example, working at lower reaction temperature (600°C). (2) The present catalysts and processes provide an outstanding
CH4 conversion of 73% at 650 °C and close to 100% CH4 conversion at 800 °C with primarily CO and H2 products. (3)
The present catalysts are stable for a 50 hour reaction run. (4) The catalysts are also effective at dry reforming of ethane
and propane. (5) The Ce1-xTixO2-δ support is capable of minimizing catalyst deactivation for Ni, Co, and Pd. Reactant
conversions and product yields for dry reforming have been enhanced.
[0041] The invention can be further understood by the following non-limiting examples.

Example 1: Multi-functional Ceria-supported Ni Catalysts for Dry Reforming of Methane

[0042] This Example relates to ceria promoted Ni catalysts for application in dry reforming of methane (DRM) to
produce syngas (CO/H2) for industrial applications, to produce hydrogen as energy fuels, and contribute to a reduction
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in CO2 emissions. Ni is active towards CH4 activation in DRM. However, it can deactivate easily due to thermal agglom-
eration and coke formation. Unique redox properties and oxygen storage capacities of ceria can promote the stability
of Ni. Furthermore, doping ceria with other metal elements (e.g. Ti, Zr, Mn and La) not only can enhance its thermal
stability at high temperatures, but also cause structural and electronic modifications resulting in enhanced redox prop-
erties. This example provides a fundamental mechanistic understanding of the effect of the dopants (e.g. Ti, Zr, Mn, La)
in ceria on the DRM chemistry of Ni. Metal-doped ceria supports are described having controlled structures and com-
positions for Ni catalysts, along with characterization of their morphology, size, electronic and chemical properties.
Advanced techniques may be used to probe various aspects of the catalytic surfaces to establish the interplay between
the Ni and ceria support and its effect toward the performance of Ni in the DRM reaction.
[0043] Interest in DRM catalysts and processes is driven by the potential conversion of methane with CO2 to produce
fuels and value-added chemicals for the global energy challenge. This work contributes to the long-term goal facing the
DRM catalysis that requires the development of economical, efficient and stable multi-functional catalysts. Detailed
structure-reactivity mechanistic understanding of ceria promoted Ni catalysts also provides significant insights in the use
of Ni-based materials in many other industrial applications. The work establishes new catalyst systems and to obtain
data necessary for assessing the scalability and economics of using these catalysts in a hydrogen production facility.
[0044] Statement of the problem: The present example focuses on an emerging reaction for the conversion of natural
gas to chemical fuels through the dry reforming of methane (DRM). DRM utilizes two abundantly available green-house
gases to produce industrially important syngas (CH4 + CO2 → 2CO + 2H2; ΔH298 K = +247 kJ/mol).1 There is a growing
interest in reacting these two molecules as an efficient way to produce syngas (CO and H2). While DRM is endothermic,
its main competition for producing syngas, steam reforming of methane is also +205 kJ/mol exothermic.1 Since there
are extensive proven reserves of natural gas in the United States, methane is likely to remain abundantly available. A
study has also indicated that DRM has a 20% lower operating cost compared to other reforming processes.2 Syngas
can be further used to produce synthetic petroleum as fuels or chemicals. DRM also serves as an important prototype
reaction for sustainable chemical recycling and conversion by utilizing a major atmospheric pollutant CO2.3-6

[0045] DRM involves activation of C-H and C-O bonds followed by subsequent reaction to produce CO and H2. Metals
dispersed on oxides have been used as DRM catalysts.1,7-16 The overall activity depends on the type of the active metal,
the nature of the support, and the interaction between the metal and support. It is commonly accepted that the reaction
mechanism is bifunctional. Methane and CO2 activate on the metal and support, respectively. The interface between
the metal and the metal oxide provides sites to complete the reaction. Supported noble metals including Pt, Rh, and Ru
are highly active toward the DRM reaction at high temperatures and more resistant to carbon formation than other
transition metals.8,10,14 However, they are expensive for practical applications. Ni has also been studied as cheaper and
more abundant alternatives.9,11,13,16,17 CH4 can be activated on Ni and undergo thermal decomposition to form H2 and
carbon/CHx/formyl intermediates. Deposited C species can block surface sites on Ni for further reaction. Furthermore,
Ni is subjective to sintering which also causes rapid deactivation during reforming reactions.18,19 Therefore, a current
global challenge for the DRM reaction is to develop thermally stable and active catalysts which can show good resistance
to deactivation.
[0046] Objectives and approach: This example demonstrates metal-doped ceria as catalytic supports for Ni to address
the CO2 activation as well as the coke issues related with Ni catalysts. One method to suppress coking is to use the
oxide support as an oxygen reservoir. Ceria supports provide a solution to improve the stability and catalytic performance
of metal catalysts.20-41 Studies have indicated that the catalytic reactivity of ceria-supported metal nanoparticles can be
influenced by the redox properties of ceria as well as the synergistic effect between the two.23,24 Dispersing metals as
nanoparticles on ceria can provide a way to diminish the coke formation. The unique performance of ceria-based catalytic
systems have also been related with the ability of ceria to readily transfer its oxidation states between Ce4+ and Ce3+,
which facilitates the oxygen release and storage during catalytic reactions.25,29,30 Due to unique redox properties and
oxygen storage capacity, ceria can act as the active phase to remove C deposit on the metal by oxidation of surface
carbon as CO and thus prevent the metal deactivation. The existence of a strong metal-support interaction between
metal and ceria may modify the structure and electronic properties of active metals to improve the performance of metal-
ceria systems.27,41

[0047] Metal-doped ceria in some instances provides a better catalytic support for metal catalysts for practical appli-
cations compared to pure ceria. One main issue regarding the use of pure ceria as real-world catalytic supports is its
poor thermal stability at high temperatures.42,43 It can undergo sintering which causes the loss of its crucial oxygen
storage capacity. Not only can doping of ceria with metal elements enhance its thermal stability, but also improve its
redox properties and oxygen storage capacity.44-57 The addition of different metal dopants into ceria ideally replaces
the Ce cation lattice sites and forms a solid solution of a mixed oxide (Ce1-xMxO2-δ; M: metal dopant; 0<x<0.5). Due to
the size difference between the Ce and the dopant, the doped ceria has non-equivalent metal-oxygen bond distances,
and thus a change in its unit cell size, which can weaken the Ce-O and dopant-O bonds resulting in the reduction in the
formation energy of oxygen vacancies and promotion of the redox characteristics of ceria.47,48,58 In addition to structural
changes, the dopant also introduces electronic modifications of ceria, facilitates the formation of O vacancies on the
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surface, and increases its redox properties.50,59 The enhanced redox properties of doped ceria, due to the structural
and electronic modifications by metal dopants, could lead to superior catalytic activity or selectivity of supported metal
nanocatalysts.60-70

[0048] A catalyst composed of Ni particles dispersed on model Ti-doped CeOx(111) surfaces (1.5<x<2) is highly active
and stable for ethanol adsorption to produce H2.22, 71-73 Well-ordered CeOx(111) thin films of 2 nm thick grown on
Ru(0001) substrate show flat terraces separated by monoatomic steps (FIG. 1A). Doping ceria with Ti can form Ti-O-
Ce hetero-structures shown as chain structures on the CeOx surface (FIG. 1C). Ni forms three-dimensional particles
after heating to 800 K shown as bright protrusions in FIG. 1B. Titania chains on ceria provide the nucleation sites for Ni
and greatly inhibit its agglomeration upon heating with significantly smaller Ni particles (FIG. 1D). Modified structural
and electronic properties of ceria by Ti can further lead to enhanced reforming activity of deposited Ni nanoparticles.
Ethanol can undergo dehydration and dehydrogenation processes to form C2H4, CH3CHO and small amounts of H2O
and H2 over ceria support itself as shown in the temperature programmed desorption (TPD) results. Ni is reactive toward
ethanol and reaction of ethanol on Ni particles on ceria gives out CO and H2 between 300 and 450 K. Ethanol reaction
at the Ni-ceria interface produces CO and H2 at 580 K (FIG. 1E). Unique redox properties of ceria can assist the removal
of C deposits as CO gas from Ni as indicated with a desorption peak at 700 K. Partial substitution of Ce with Ti in the
CeO2(111) support provide unique sites for the promotion of Ni reactivity for the ethanol reaction (FIG. 1F). Ni is subject
to coke formation during reforming processes. It is very promising, however, that removal of carbon deposits from Ni
using a Ti-ceria is supported in the X-ray photoelectron spectroscopy (XPS) study of ethanol adsorption (FIGs. 1G and
1H). As a comparison, without Ti dopant in ceria, atomic-like C species persists on Ni even after heating to 700 K.
[0049] Knowledge from model catalysts of Ni/Ti-doped CeOx(111) studied under ultrahigh vacuum condition (pressure
less than 1x10-10 Torr) may provide insights into real-world catalysts under reactor conditions (1 mtorr-100 Torr). We
prepared practical Ni particles dispersed on Ce1-xTixO2-δ (x: 0.1, 0.2, 0.3, and 0.5) using sol-gel methods for the DRM
reaction. The amount of Ti was be varied to better tune the structure and redox properties of ceria. Loadings of nickel
from 0.5-10 wt%) on ceria supports were also be varied for the comparison of the DRM activity. It is successfully
demonstrated that 2 wt.% Ni supported over Ce0.7Ti0.3O2-δ is an active and stable DRM catalyst using laboratory-based
reactors and GC/MS instruments. The catalyst delivers an outstanding CH4 conversion of 73% at 650 °C and close to
100% CH4 conversion at 800 °C with primarily CO and H2 products (FIGs. 2A and 2B). The issue of coke formation and
the deactivation and long-term stability behavior may be studied over 2 wt.% Ni/Ce0.7Ti0.3O2-δ. The results support an
understanding that the present catalysts maintain their activity during the time on stream for 50 hours at three temperatures
of interest (FIG. 2C). The Ce0.7Ti0.3O2-δ support can greatly promote the stability of the Ni catalyst compared to other
oxide supports (e.g. CeO2, FIG. 2C). Other metal catalysts including Pd and Co are also promising. For example, 2 wt.%
Ni/Ce0.7Ti0.3O2-δ shows the best catalytic reactivity (FIG. 2D). The Ce0.7Ti0.3O2-δ support also minimizes the activity loss
for all three metals (Ni, Pd, and Co).
[0050] In this example, metal dopants for the catalyst are selected, in addition to Ti, including Zr, Mn, and La,49,54,56,74,75

which provide a measure to tune redox properties and oxygen storage capacity of ceria supports and elucidate the
promotional effect of the chemistry for Ni in the DRM reaction. This approach allows for a better understanding elemental
steps of the reaction including 1) methane activation, 2) CO2 activation, 3) reaction to form syngas, as well as the issue
of coking formation.
[0051] The structure at the catalytic interface is central to the chemical processes. The prepared Ni/Ce-M-O catalysts
may be characterized using appropriate physical-chemical techniques. Nitrogen physisorption may be used to measure
surface area, CO physisorption followed by TPD to identify variations among surface sites and temperature programmed
reduction (TPR) in hydrogen to evaluate the reducibility of both the metal clusters and the support. XPS may be used
to examine the surface elements present and their chemical states. Scanning electron microscopy with energy dispersion
spectroscopy and X-ray diffraction may be used to measure the metal cluster size and crystal structure. To understanding
of the stability of the materials under high temperatures, reducing and reaction conditions, all the prepared catalysts are
annealed in vacuum and H2 environment to various temperatures. The subsequent changes in their structural and
electronic properties may be investigated.
[0052] To understand the chemistry over Ni/Ce-M-O catalysts, the DRM reaction may be first studied on pure ceria
and Ti-doped ceria supports. Various spectroscopic methods may be used to elucidate the proposed reaction mechanism.
The reaction products and their yields may be monitored with a mass spectrometer. Each of the catalysts may be tested
kinetically in a flow reactor to measure specific reaction rates (per metal atom, per exposed metal atom, per surface
area, and/or per mass). Reaction temperatures may also be varied to determine relevant kinetic parameters of activation
energy and ignition temperature for each catalyst. Infrared spectroscopy may be used to probe the surface intermediates
formed during the reaction since CO, CH3 and carbonate have signature IR bands. XPS may be used to check the
carbon deposits if formed on Ni upon methane adsorption by monitoring the C1s region. One possibility is that metal-
doped ceria may act as the active phase to remove C deposit from Ni by oxidation of surface carbon with lattice O in
ceria as CO. Ceria may be regenerated by taking O from CO2 activation. Redox properties of ceria may be probed by
monitoring Ce 3d, O 1s and C 1s XPS regions during the reaction. Using the above integrated techniques will provide
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a better understanding of the DRM reaction mechanism over Ni/Ce-M-O materials in unprecedented detail and allow
the catalyst with specific composition/structure for the optimum performance to be identified.
[0053] Catalyst Synthesis: The synthesis of catalysts may involve two steps: mixed-oxide support synthesis and nickel
deposition synthesis. The mixed-oxides may be produced by sol-gel (or similar techniques). These support materials
are then calcined to remove the chemical precursors used to produce the support material. Next, the nickel is deposited
using a wet impregnation (or other similar technique). The samples are then calcined and reduced to produce the Ni
metal particles on the support.
[0054] Catalyst Characterization: Catalyst characterization may occur in two phases. Characterization of the fresh,
as-made catalysts. This may include such techniques as TEM, XPS, and powder XRD. This will provide information on
the initial state of the catalytic materials. Characterization may also occur on the used catalysts, again including such
techniques as above. This will provide information on the "after" state of the catalysts including information on crystal
structure change, particle sintering, and carbon formation.
[0055] Reactivity Studies: Reactivity studies are useful to investigate activity and selectivity of the catalyst under short
term conditions. This will allow correlation of initial catalyst properties with activity. In addition, long-term (e.g. 50 to 500
hours) stability testing (possibly also including S contaminants) is beneficial.
[0056] Results and Impacts Ce-Ti-Ox catalysts exhibit dramatically improved stability (minimize deactivation) of Ni
supported catalysts for dry reforming of methane. This work clearly demonstrates the ability of the Ti substitution into
the ceria lattice to improve stability. Three additional ceria dopants are also options to affect catalyst reactivity/selectivity:
Zr, Mn, and La. These three dopants offer the ability to modify the structural and electronic properties of the ceria in
different ways that Ti can. The variation in size (Ti = 1.32 Å, Zr = 1.45, Mn = 1.17, and La = 1.69) and electronegativity
(Ti = 1.54, Zr = 1.33, Mn = 1.55, and La = 1.10) offer the ability to modify both the structural and electronic properties
of the ceria in a systematic manner.
[0057] Additionally, fine tuning the amount of dopant added and the amount of Ni required as well as temperature and
partial pressure effects may be used to enhance the overall reactivity and selectivity. The present approach may also
be applicable for re-activating or regenerating the catalysts. Additional forms of ceria mixed-oxides may provide improved
stability for dry reforming of methane catalysts.
[0058] Earth abundant metals (Ni) are useful for catalysts for dry reforming of methane and CO2 to synthesis gas.
These catalysts are susceptible to deactivation due to solid carbon buildup on the catalysts surface which leads to
blocking of active sites. Examining catalyst reactivity and stability as a function of the support material (ceria with other
metals incorporated to form mixed-metal oxides) provides a powerful tool for understanding DRM processes and iden-
tifying candidate catalyst materials. To correlate reactivity with catalyst material, advanced characterization techniques
such as TEM, STEM, and SEM to examine catalyst structure (of both the Ni and mixed-metal oxide) both before and
after the reaction are useful to provide information on particle size, shape, and morphology. Post-reaction examination
also provides information on the quantity and state of any deposited carbon. In particular, to monitor catalyst deactivation
the X-ray photoelectron spectroscopy instrument with reaction chamber is a valuable technique.
[0059] To properly investigate these dry reforming catalysts, short-term and long-term studies are useful. Short-term
studies provide information on catalyst reactivity and selectivity, while long-term studies provide information on catalyst
deactivation/stability. Finally, many methane streams have small amounts of sulfur contamination in them. It is desirable
to develop sulfur tolerant catalysts instead of inserting processes that would remove the sulfur. Thus, reactivity testing
with feed stock having sulfur contaminants may be useful for both short-term activity/selectivity studies and long-term
deactivation/stability testing.
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Example 2: Activity of Ce1-xTixO2-δ supported nickel catalysts for dry reforming of methane

Abstract

[0061] Active Ce1-xTixO2-δ (x=0.1-0.5) supported nickel were synthesized by sol-gel and impregnation methods. X-
ray diffraction data show the formation of Ce1-xTixO2-δ mixed oxides for lower Ti compositions. NiO is formed over
Ce1-xTixO2-δ and its particle size increases with the nickel loading from 0.5 to 10 wt.%. The dry reforming of methane
activity over Ni depends on the composition of the support, the Ni loading, and the reaction temperature. Optimum activity
was observed over 2.4 wt.% Ni supported on Ce0.7Ti0.3O2-δ. It delivers CH4 and CO2 conversions of 54% and 61 % with
H2 and CO yields of 51 % and 56% at 650 °C. 92% and 94% of CH4 and CO2 conversions with the H2/CO ratio close
to unity can be obtained at 800 °C. The enhanced reactivity and stability of the catalyst is attributed to the effect of Ti
doping in ceria as well as the strong interaction between Ni and Ce0.7Ti0.3O2-δ.

1. Introduction

[0062] Dry reforming of methane (DRM, CH4 + CO2 → 2H2 + 2CO, ΔH298K = +247kJ ∗ mol-1) has attracted attention
over recent decades because of (a) simultaneous utilization of two major greenhouse gases (CH4 and CO2) and (b) the
ability to produce syngas (mixture of H2 and CO) over heterogeneous catalysts. [1-3] Hydrogen is the product from DRM
and can be used as an energy source. [4] The syngas can be converted further into synthetic petroleum as fuels. [5]
Compared to other reforming processes including steam reforming of methane and partial oxidation of methane, DRM
is environmentally friendly. [6-8] The proportional consumption of carbon dioxide and methane could reduce the carbon
impact that leads to a "greener" consumption of methane. The reaction also favors the formation of a H2/CO ratio close
to unity that is desirable for Fischer-Tropsch process. [9] While DRM is endothermic in nature and requires high reaction
temperatures, there are studies that indicated the use of DRM for industrial processes that contain both methane and
CO2 could lower the overall operation cost by 20% compared to other reforming reactions. [1, 10] However, the DRM
reaction is accompanied with two major side reactions: Boudouard reaction (2CO → C + CO2, ΔH298K = -171kJ ∗ mol-1)
and methane activation (CH4 → 2H2 + C, ΔH298K = +75kJ ∗ mol-1), both of which can cause the deposition of coke over
the catalyst and thus the catalyst deactivation. [1, 3]
[0063] Oxide supported metal catalysts have been widely studied for DRM. [11, 12] The overall activity depends on
the type of the active metal, the nature of the support including the basicity/acidity and oxygen storage capacity, and
the interaction between the metal and support. [1, 13-15] It is commonly viewed that oxide supports, which can disperse
the active metal and allow a better interaction with CO2, are desirable for DRM. [16, 17] Since the metal acts as active
sites where CH4 is adsorbed and dissociated, it is important that the metal has high activity for C-H bond cleavage. [1]
Noble metals, including Rh, Ru, Pt have been proven to perform well for DRM and show great thermal stability and coke
resistance. [18-21] However, the high cost and limited availability of these metals restrict their use for commercial
catalysts. The use of a Ni-based catalyst is more desirable in DRM because it is highly active for methane dissociation
and more economical and easily available. [17, 22] However, Ni may be prone to deactivation due to carbon deposits.
[23] Nickel nanoparticles also sinter at high reaction temperatures, which may result in the loss of catalyst activity during
the reaction. [2] To help disperse Ni as small nanoparticles and promote the DRM catalytic activity and stability towards
carbon deposition, various oxides including Al2O3 [24], TiO2 [25], SiO2 [26], MgO [27], ZrO2 [28], La2O3 [29], CeO2 [22,
30], and Ce1-xZrxO2 [31] have been examined as the supports for Ni.
[0064] Ceria has been considered as a promising support for DRM due to its unique redox properties, high oxygen
storage capacity, and strong metal-support interactions (SMSI). [32-34] Over ceria-supported Ni, ceria contributes to
the adsorption and activation of CO2. Methane activation occurs over Ni, which can be promoted by the ceria support.
As shown in the study by Rodriguez’s group, Ni-CeO2 catalysts show DRM activity at a low temperature (427 °C).
Density-functional results of their experiment show that the effective barrier for methane activation is lowered from 0.88
eV on Ni (111) to 0.15 eV when Ni is supported over CeO2-x(111). [22] In the DRM reaction, the presence of the ceria
support can also suppress carbon deposition over Ni to a degree, which increases the catalytic performance and stability
of Ni. [35] This is due to unique redox properties of CeO2 as demonstrated in the facile transition between Ce4+ and
Ce3+ and formation of oxygen vacancies in the lattice; therefore, it can act as an oxygen buffer in a redox reaction. [36,
37] Reduced ceria with oxygen vacancies can promote the oxidation of surface carbon derived from methane, which
has been shown to be a crucial ability to resist coke deposits. [21] Moreover, SMSI can assist in anchoring and stabilizing
Ni and thus the extent of the of Ni particle sintering at high temperatures can be reduced. [38, 39] Good oxygen storage
capacity of ceria and strong SMSI can also promote promising dry reforming activity and stability of Ni when using other
hydrocarbons. [40-42]



EP 3 815 781 A1

16

5

10

15

20

25

30

35

40

45

50

55

[0065] Despite continuing efforts and research interest in DRM catalysts, there is still a strong need to develop stable,
efficient, and economical catalysts that can effectively work at desirable reaction temperatures with high conversion of
reactants, high yield of products, and coke resistance to avoid catalyst deactivation. [1, 2, 23] Ni supported on CeO2
has been shown to be an effective catalyst for DRM. [22, 43] Metal-doped ceria could provide a potentially better catalytic
support for practical applications compared to pure ceria. [44, 45] One main issue regarding the use of pure ceria as
real-world catalytic supports is its poor thermal stability at high temperatures. [46] It can undergo sintering which causes
the loss of its crucial oxygen storage capacity and redox properties. To overcome the issue, doping ceria with additional
metal elements can enhance its thermal stability. [47] The interaction of metal dopant with ceria can also lower the
activation energy needed for the release of oxygen, which results in the improvement of its redox properties and oxygen
storage capacity and consequently the enhancement of its catalytic activity. [48-51] Ti was found to be a good dopant
to ceria. [44, 52-54] Ti-doped ceria has a lower formation energy of oxygen vacancies compared to pure ceria. [55, 56]
The Ce/Ti ratio can be an important parameter in tuning the properties of ceria. Petallidou and coworkers [57] prepared
and tested Pt/Ce1-xTixO2 catalysts for the water-gas shift reaction, and they observed enhanced reducibility and improved
activity over ceria support with a Ce/Ti ratio of 4/1 compared to Ni/CeO2. [45, 58] Our group has been interested in the
study of model CeO2(111) thin films with Ti dopants and our results show that doping ceria with Ti can significantly
reduce the sintering of metal particles including Ni with heating in vacuum. [55, 59, 60] In this present work, we report
the preparation of Ni/Ce1-xTixO2-δ powder samples with controlled Ce/Ti composition ratios by sol-gel methods. Here,
δ indicates the loss oxygen from stoichiometric CeO2 and x represents the Ti doping composition in ceria. The role of
Ti-doped ceria supports was studied in detail in our study with respect to the reactivity, stability, and coke resistance of
Ni in the DRM reaction.

2. Materials and methods

2.1 Synthesis of Ce1-xTixO2-δ supported Ni catalysts

[0066] Ce1-xTixO2-δ with controlled Ti compositions (0.0 ≤ x ≤ 0.5) was prepared by mixing proper amounts of cerium
(III) nitrate hexahydrate and titanium (IV) isopropoxide (Sigma Aldrich) with citric acid (Fisher Scientific, USA). [57] For
an example, 5.670 g of citric acid, 6.312 g of cerium (III) nitrate hexahydrate, and 62.3 mL of titanium (IV) isopropoxide
stock solution (28.302 g/L) were used for the preparation of Ce0.7Ti0.3O2-δ The mixture was heated at 60 °C under stirring
until the formation of a gel. The gel material was dried at 120 °C for 17 h and subsequently calcined at 800 °C for 2 h
to remove the precursor materials. The obtained product displayed a light-yellow color. Ce1-xTixO2-δ supported nickel
catalysts were prepared by the impregnation method. Initially, 1.0 M nickel stock solution was prepared by dissolving a
known quantity of nickel (II) nitrate hexahydrate (Sigma Aldrich) with deionized water. Then, 1.000 g of Ce1-xTixO2-δ was
added into the appropriate Ni stock solution under stirring. Ni samples with nominal loadings between 0.5 and 10.0 wt.%
were prepared by varying the quantity of nickel stock solution. The mixture was stirred for 2 h at 70 °C followed by drying
at 120 °C for 12 h. The dried powder was calcined at 800 °C for 2 h in the furnace to remove the organic impurity from
the catalyst. The calcined catalyst was stored into an airtight container.

2.2 Characterization of Ni/Ce1-xTixO2-δ catalysts

[0067] The catalysts as synthesized as well as after DRM reactivity tests were characterized using physical and
chemical techniques. X-ray diffraction (XRD) of powder samples were recorded on a Rigaku smartlab diffractometer
with Cu Kα radiation (40 kV, 40 mA, 1.5419 Å) and a scanning rate of 20 °/min. The diffraction patterns were collected
at ambient conditions between 2θ values of 20° and 90° with a step size of 0.02°. The crystal phases of catalysts were
identified using the JCPDS database. The lattice spacing of ceria supports and Ni particle size derived from the peak
positions were determined based on Bragg’s diffraction law and Scherrer equation. Scanning electron microscopy-
energy combined with energy-dispersive spectroscopy (SEM-EDS) were used for the analysis of surface morphology
and chemical composition of the samples using a FEI Quanta 250 apparatus. The samples were prepared by crushing
into small powders and dispersing onto a thin layer of a carbon tape. The actual Ni loading was examined by inductively
coupled plasma optical emission spectrometry (ICP-OES, Perkin Elmer Elan 6000) with sample preparation of dissolving
catalysts in aqua regia solutions. The Brunauer-Emmet-Teller (BET) surface area of the samples was performed by N2
physisorption acquired at liquid N2 temperature (-196 °C) using a Micromeritics ASAP 2020 apparatus. Before the
analysis, all powder samples were degassed at 120 °C for 200 min under vacuum conditions. The metal dispersion and
metallic surface area of fresh catalysts were examined by H2 chemisorption using the same Micromeritics ASAP 2020
instrument. The analysis was performed using 0.100 g of catalyst. The samples were preheated in the helium flow at
110 °C for 30 min and reduced in hydrogen flow at 400 °C for 60 min. An evacuation was applied at 400 °C and 35 °C
for 120 min. Then the analysis was performed at 35 °C.
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2.3 Catalytic testing

[0068] Dry reforming of methane was carried out in a fixed-bed continuous flow reactor that is made up of a quartz
glass with an internal diameter of 0.25 inches and a length of 24 inches. The catalytic bed of the reactor was placed at
the center in the ceramic fiber heater (VC402A12A, WATLOW, USA) equipped with a ramp controller (CN7800, Omega).
Mass flow controllers (FMA-700 Series, Omega) were used to control gas flow rates for all reactivity tests. Typically,
0.100 g of the powder catalyst was packed into the middle of the glass tube reactor and retained by quartz wool at both
ends. The actual temperature of catalyst bed was measured by a K-type thermocouple that is close the catalyst bed.
Helium gas was purged through the reactor at 50 ml/min for 15 min to maintain an inert atmosphere in the reactor prior
to heating to the desired reaction temperature. Catalysts were reduced at 400 °C or 550 °C with a 20 ml/min flow rate
of hydrogen for 1 hour, followed by cooling down to room temperature. A total flow of 25 ml/min with a 1:1 ratio of CH4
(99.97% purity, UHP grade, Rocky Mountain Air Solutions) and CO2 (99.998% purity, UHP grade, PRAXAIR) was
introduced for the DRM reaction. GHSV of 15 L g-1h-1 is determined based on the catalyst mass of 0.100 g. A flow of
30 ml/min He (99.995%, UHP grade, PRAXAIR) was also added as the carrier gas (GHSV=33 L g-1h-1) for DRM and
the catalytic performance was measured to be the same as to the reactant gas mixture without He. Catalytic tests were
performed at temperatures ranging from 300 to 800 °C. The outlet gas composition of reactants and products after
condensation of H2O was analyzed after 10-30 min of reaction at selected temperatures using an online gas chroma-
tograph (Trace ultra, Thermo scientific) equipped with thermal conductivity detector (TCD) and a HP-PLOT/Q+PT column
(60 m 3 0.535 mm 3 40 mm). A flow of 2 ml/min of nitrogen (99.999% UHP grade, PRAXAIR) was used as a carrier
gas throughout the GC analysis. The conversion of the reactants and yield of products were calculated using the following
equations. [61, 62] The spent catalysts were collected by running inert He gas after the DRM reaction, followed by cooling
down to room temperature and stored in an airtight container.

3. Results and discussion

3.1 The effect of reaction temperatures and Ce/Ti ratios

[0069] Ce/Ti ratios were varied in the synthesis of Ce1-xTixO2-δ supports for Ni and the XRD patterns of ceria supports
with different Ti concentrations are reported in FIG. 3A. Pure CeO2 exhibits sharp XRD peaks. Different peaks of CeO2
were observed at 28.5°, 33.1°, 47.5°, 56.3°, 59.1°, 69.4°, 76.7°, 79.1°, and 88.4° which can be attributed to (111), (200),
(220), (311), (222), (400), (331), (420), and (422) planes of the face-centered cubic cell of the fluorite structure of ceria
(JCPDS 43-1002). The XRD patterns of Ce1-xTixO2-δ (x = 0.1, 0.2, and 0.3) show the same diffraction peaks as those
from CeO2. However, the CeO2 peaks broaden with increasing Ti doping in ceria. New XRD peaks at 25.3°, 30.9° and
54.3° corresponding TiO2 (JCPDS 21-1272 and JCPDS 29-1360) were observed for Ce0.6Ti0.4O2-δ and Ce0.5Ti0.5O2-δ
which suggests the formation of segregated titania crystallites in these samples. Lattice constants calculated based on
the XRD data demonstrate a decrease of the ceria lattice value from 5.42 to 5.39 Å with an increase of Ti composition,
x, from 0.0 to 0.5. This is consistent with incorporation of Ti4+ into ceria and formation of a Ce1-xTixO2-δ mixed oxide.
The atomic radius of Ti4+ (0.75 Å) is smaller than that of Ce4+ (0.97 Å) and substitution of Ce with Ti would result in a
smaller crystal size of the material. [63] The decreasing trend of lattice constants is also in agreement with the previously
reported study over Ce1-xTixO2-δ. [57] Our XRD data show that uniform mixed oxides of Ce1-xTixO2-δ can be prepared
with lower Ce/Ti ratios using the sol-gel method, which is supported by the SEM-EDS results (FIGs. 3D-3H). SEM images
of CeO2 and Ce0.7Ti0.3O2-δ catalysts are presented in FIGs. 3D and 3E. Pure CeO2 shows the dense morphology formed
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by large agglomeration of particles indicated in FIG. 3D. Pores were observed on the surface of the material. The
Ce0.7Ti0.3O2-δ support displays a similar structure compared to that of CeO2 shown in FIG. 3E. The composition analysis
by energy dispersive spectroscopy (not shown) shows Ce and O constituents in the CeO2 sample. The mixed oxide
(e.g. Ce0.7Ti0.3O2-δ) shows three constituents, Ce, Ti, and O with the corresponding weight percent value of 56.8%,
8.6%, and 34.6% that are consistent to the Ce0.7Ti0.3O2-δ sample. Furthermore, energy dispersive spectroscopy for
elemental mapping data (not shown) suggest that all three elements are uniformly distributed across the sample.
[0070] FIG. 3B shows the XRD patterns of Ni supported over ceria with varied Ce/Ti ratios and a nominal Ni weight
loading of 3 wt.%. No XRD peak of Ni species was observed in all the spectra at this Ni loading level. SEM images of
the Ni/Ce0.7Ti0.3O2-δ catalysts are presented as an example in FIG. 3F. The EDS spectrum of the sample displays the
presence of all expected constitutes including Ce (59.6 wt.%), Ti (8.7 wt.%), Ni (2.4 wt.%), and O (29.3 wt.%). The weight
loading of Ni was determined further to be 2.4 wt.% by ICP-OES analysis. The BET surface area values of as-synthesized
supports are in the range between 10-40 m2/g. The highest surface area of the supports was obtained at a Ce/Ti ratio
of 7/3. After adding 2.4 wt.% of Ni, a drop in the BET surface area value was observed among all the ceria supports.
[0071] FIGs. 4A-4F show the temperature-dependent DRM activity over Ni with a 3 wt.% loading dispersed on CeO2,
Ce0.7Ti0.3O2-δ, and Ce0.5Ti0.5O2-δ. The choice of the supports was based on our studies of the methane activation/de-
composition activity at 500 °C (data not shown). In methane decomposition, carbon and hydrogen are formed upon C-
H bond breaking. The catalytic decomposition of methane is considered as a metal catalyzed reaction and a high
hydrogen yield can be achieved at elevated temperatures. Our data show the methane conversion with corresponding
hydrogen yield over Ni decreases with the increase of Ti doping composition from 0 to 0.5 in Ce1-xTixO2-δ except for Ni
over the Ce0.7Ti0.3O2-δ support. Ni/Ce0.7Ti0.3O2-δ exhibits the highest reaction activity toward methane decomposition
among Ni supported over all synthesized ceria supports shown in FIG. 3A. Therefore, Ce0.7Ti0.3O2-δ along with reference
samples of pure CeO2 and Ce0.5Ti0.5O2-δ were chosen as the catalytic supports for Ni for the DRM reaction to elucidate
the effect of Ce/Ti ratios (FIGs. 4A-4F).
[0072] 0.100 g of catalyst was used in the DRM reaction and the temperature was increased from 300 to 800 °C. The
gaseous products (H2 and CO) and unreacted reactants (CH4 and CO2) were analyzed by GC after a 10-30 min reaction
time for each temperature increment of 25 or 50 °C (FIGs. 4A-4F). The reactant conversions for CH4 and CO2 continuously
increase with the increase of the temperature, which is attributed to the endothermic nature of the DRM reaction. The
conversion of relatively equal amount of CH4 and CO2 was observed. Over the Ni/Ce0.7Ti0.3O2-δ catalyst with a 2.4 wt.%
Ni loading as confirmed by ICP measurements, 54% and 61% of CH4 and CO2 conversions were observed at 650 °C.
H2 and CO yields are 51% and 56%. 92% and 94% of CH4 and CO2 conversions were observed when further increasing
the temperature to 800 °C as indicated in FIGs. 4A and 4B. The yield of products (H2 and CO) increase with the increase
in the conversion of the reactants at higher reaction temperatures. H2 yield increases by 41 percentage points upon
raising the temperature from 650 to 800 °C as shown in FIG. 4C. The results are close to the reported thermodynamic
equilibrium data, suggesting that the catalyst has a high DRM activity. [1] Shinde and Madras have reported equal
conversions of both reactants (CH4 and CO2) for the DRM reaction over the Ni/TiO2 catalyst between 400 and 700 °C,
due to negligible reverse water gas shift reaction (RWGS: H2 + CO2 → H2O + CO, ΔH298K = +41 kJ ∗ mol-1). [3, 25] Our
experimental data shows the CH4 conversion is slightly lower than that of CO2 and CO formation is higher than H2 during
the temperature range. The result indicates the RWGS reaction is present in our study.
[0073] FIGs. 4A and 4B compare the conversion of CH4 and CO2 for 3 wt.% Ni dispersed on CeO2, Ce0.7Ti0.3O2-δ,
and Ce0.5Ti0.5O2-δ with selected Ce/Ti ratios. As a contrast experiment, the DRM reaction was first performed over pure
Ce0.7Ti0.3O2-δ with no Ni loading. Little methane conversion was observed below 700 °C. This is consistent with the
absence of active Ni metal sites for methane activation. A small amount of methane conversion (5%) was detected at
800 °C, which is likely the result of the thermal decomposition of methane (CH4 → 2H2 + C, ΔH298K = +75kJ ∗ mol-1).
10% of CO2 conversion was observed at 800 °C over the support. All Ni samples (Ni/CeO2, Ni/Ce0.7Ti0.3O2-δ
Ni/Ce0.5Ti0.5O2-δ) exhibit DRM activity, which increases with the reaction temperature. However, these catalysts activate
the DRM reaction at different temperatures. The Ni/CeO2 catalyst shows the DRM activity around 350 °C. The DRM
activity was not observed to a measurable degree until 450 °C over Ni/Ce0.7Ti0.3O2-δ and a much higher temperature
of 650 °C over Ni/Ce0.5Ti0.5O2-δ. The Ni/CeO2 catalyst delivers the highest conversion and product yield up to the
temperature of 600 °C. At 600 °C, Ni/CeO2 and Ni/Ce0.7Ti0.3O2-δ exhibit a similar behavior with the CH4 and CO2
conversions of 34% and 39% and the H2 and CO yields of 30% and 36%. With further increase of the temperature from
600 to 800 °C, the Ni/Ce0.7Ti0.3O2-δ shows a better activity. Little DRM activity was shown over Ni/Ce0.5Ti0.5O2-δ until
650 °C. However, the activity increases sharply at 700 °C and reaches that of Ni/CeO2. At 800 °C, it shows a slightly
better performance compared to Ni/CeO2. The H2/CO ratios were calculated and are shown in FIG. 4E. The H2/CO ratio
of Ni/CeO2 increases to 0.88 when the reaction temperature ramps to 550 °C. However, it drops continuously and
reaches 0.72 with further increase of the temperature to 650 °C followed by an increase again to 0.93 at 800 °C. The
H2/CO ratio measured over Ni/Ce0.5Ti0.5O2-δ is 0.19 at 650 °C, which is the result of the low DRM activity. It increases
rapidly to 0.79 at 700 °C and 0.97 at 800 °C. The Ni/Ce0.7Ti0.3O2-δ sample shows a consistent increasing trend of the
H2/CO ratio over the entire temperature range. The H2/CO ratio is 0.92 at 700 °C and close to unity at 800 °C. It has
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been shown that major side reactions in DRM including RWGS, Boudouard reaction, and methane decomposition were
favorable to occur in the temperature range between 550 and 700 °C, which can influence the conversions of CH4 and
CO2, H2 and CO yields, as well as corresponding H2/CO ratio. [64] Our data suggest that Ni over the ceria support with
the Ce/Ti ratio of 7/3 shows a promising DRM activity with a reduced extent of side reactions.
[0074] The DRM reaction over Ni/CeO2 has been investigated and in general, Ni/CeO2 catalyst shows less than 40%
conversion of methane at 650 °C. [65, 66] Higher methane conversion of ∼ 60% can be obtained over Ni supported over
ceria with a specific morphology, like nanorods. [67] In our study, Ni supported on CeO2 displays the methane conversion
of 40%. However, Ni supported on Ce0.7Ti0.3O2-δ has a higher conversion of 54%. With further increase of Ti composition
to 0.5 in Ce0.5Ti0.5O2-δ, the supported Ni only shows a 2% methane conversion under the same condition. At a higher
temperature of 750 °C, the methane conversion for Ni supported on CeO2, Ce0.7Ti0.3O2-δ, and Ce0.5Ti0.5O2-δ increase
to 71%, 83%, and 72%. The Ni/Ce0.7Ti0.3O2-δ catalysts in our study shows a promising activity under DRM conditions
compared to reported results of other active metal catalysts or Ni supported over different oxides. [1, 13, 17, 66, 68, 69]
[0075] FIG. 3C shows the XRD pattern of 3 wt.% Ni loading on different ceria supports after the DRM test. There is a
significant difference in the XRD patterns associated with the ceria supports. Little change in the Ni/CeO2XRD pattern
was observed after DRM. However, for Ni on Ce0.5Ti0.5O2-δ, intense diffraction peaks at 21.3°, 30.0°, 40.2°, 43.2°, 46.8°,
55.3° and 58.3° corresponding to (210), (112), (022), (420), (104), (304) and (232) of a new phase of Ce2Ti2O7(JCPDS
47-0667) is formed and the peaks related with CeO2 are significantly reduced in intensity. [70] The data suggest there
is a phase change between Ce0.5Ti0.5O2-δ containing segregated TiO2 and Ce2Ti2O7 during the DRM reaction, which
is accompanied with a reduction of Ce4+→Ce3+. For Ni on Ce0.7Ti0.3O2-δ, the formation of new phase Ce2Ti2O7 is also
suggested. However, the predominant XRD peaks are associated with CeO2. The XRD data of Ni over CeO2 and
Ce0.7Ti0.3O2-δ suggest these samples largely maintain the ceria structure during the DRM process. In contrast, Ni over
Ce0.5Ti0.5O2-δ produces the Ce2Ti2O7 phase as a result of a reduction of Ce4+→Ce3+ during the reaction. In all three
spent samples, additional XRD peaks located at 44.4° and 51.9° that are associated with metallic Ni (JCPDS 04-0850)
were observed, which increase in the intensity with the amount of Ti doping in ceria. [71] The data is consistent with the
suggestion that metallic Ni is the active species for DRM. There are no observable XRD peaks associated with deposited
Ni among all the fresh catalysts. The presence of Ni XRD patterns in the spent samples could be due to the result of
particle aggregation to form bigger sizes with heating during the DRM reaction and the nature of the ceria support can
play an important role in that regard.

3.2 The effect of Ni weight loadings

[0076] Ni loadings were varied during the catalyst synthesis to tune the optimum DRM performance. XRD patterns
(FIG. 5A) were collected from as-prepared 0.5-10.8 wt.% Ni over the Ce0.7Ti0.3O2-δ support. The indicated weight loading
values of Ni were determined by ICP measurements. The Ce0.7Ti0.3O2-δ support was selected due to the promotion in
the DRM activity over supported Ni as discussed above. From 0.5 to 4.0 wt.% Ni loadings, the XRD patterns are similar
to that of pure support, indicating Ni particles are well dispersed on the support. With further increase of Ni loadings to
10.8 wt.% on the support, new peaks at 37.1° and 43.1° are clearly shown in FIG. 5A. These peaks match well to the
(111) and (200) planes of NiO (JCPDS 47-1049), suggesting the formation of NiO on Ce0.7Ti0.3O2-δ. [71] The amount
of Ni added does not affect the lattice constant of ceria significantly, indicating that Ni anchors on the support surface
other than permeating into the lattice. Based on the XRD data, the average crystallite size of NiO increases with respect
to the Ni loading and the particle size was determined to be 24 nm for the 10.8 wt.% Ni supported over Ce0.7Ti0.3O2-δ.
[0077] The DRM reaction is favored at high temperatures and it is not spontaneous at temperatures lower than 643
°C. Coke formation is especially prominent in DRM between 550 and 700 °C due to the Boudouard reaction and methane
decomposition. Therefore, it has been suggested that a desirable temperature range for the DRM process is 643-1027
°C with the pressure close to atmospheric. [2] FIGs. 5C and 5D compare the results of various Ni loadings between 0.5
and 10.8 wt.% on Ce0.7Ti0.3O2-δ for the dry reforming of methane at two represented reaction temperatures of 650 and
750 °C. The increase in the nickel loading from 0.5 to 2.4 wt.% results in a rapid increase in the CH4 and CO2 conversions.
As shown, CH4 conversion increases from 17% to 54 % and CO2 conversion increased from 27% to 61% at 650 °C.
Correspondingly, the product yields of H2 and CO were increased from 11% and 22% to 51% and 56%, respectively.
Further increase of the Ni loading does not increase the DRM activity. Similar activity trends with respect to the Ni
loadings were also observed at 750 °C. The results clearly show that 2.4 wt.% Ni supported on Ce0.7Ti0.3O2-δ exhibits
the best DRM activity despite the sample having a relatively low measured surface area of 26 m2/g and Ni metal surface
area of 4.8 m2/g of nickel. Previous studies have demonstrated that the SMSI plays an important role in the reactivity
of ceria-supported Ni. [72-74] Ni particles being in strong interactions with ceria supports are not easily subjected to
form agglomerates and smaller Ni particles can effectively inhibit the coke formation. The better activity over 2.4 wt.%
Ni supported on Ce0.7Ti0.3O2-δ is likely due to the strong Ni-ceria interaction and formation of smaller Ni particles at this
weight loading. X-ray photoelectron spectroscopy and transmission electron microscopy studies will be used to further
investigate the interaction of Ni with respect to the nature of the support in our future study. XRD studies of spent samples
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suggest that metallic Ni is formed as evident with the peaks at 44.4° and 51.9° (FIG. 5B).

3.3 Stability tests

[0078] The stability test of the 2.4 wt.% Ni/Ce0.7Ti0.3O2-δ sample for DRM was carried out at 650 °C as a function of
time on stream and the result was compared to that of 3.1 wt.% Ni/CeO2 (FIGs. 6A-6B). Both samples were prepared
with a nominal Ni loading of 3 wt.%. At the start of the reaction, the CH4 and CO2 conversion over Ni/CeO2 is 54% and
61% and the H2 and CO yield is 48% and 56%, respectively. The sample lost DRM activity quickly within the first 5 hours
and dropped a total of 17 and 14 percentage points in CH4 and CO2 conversion and 19 and 15 percentage points in H2
yield during the course of the 25-hour reaction. Compared to CeO2-supported Ni, Ni/Ce0.7Ti0.3O2-δ shows much better
stability. Doping Ti into ceria and the Ce:Ti ratio in Ce1-xTixO2-δ can affect the DRM activity and stability of supported
Ni. Out data indicate that an optimum result was obtained for Ni over Ce1-xTixO2-δ with a Ti/Ce ratio of 3/7. Similar
behavior was also observed for the DRM study of Ni supported over ceria doped with other metal elements. [75-77] The
thermogravimetric analysis (TGA) of spent Ni/Ce0.7Ti0.3O2-δ sample (data not shown) indicates there is 27% weight loss
due to the formation of carbon during the DRM reaction. Most of the weight loss occurs at temperature less than 650
°C, suggesting formation of amorphous carbon and surface carbide. [78, 79] These carbon species are active during
the DRM reaction as they can serve as a reaction intermediate and assist in the formation of CO. [80] This explains the
sustained DRM reactivity and good stability of Ni supported over Ce0.7Ti0.3O2-δ in our study. The SEM images of the
Ni/Ce0.7Ti0.3O2-δ catalyst after 30 min and 50 h dry reforming of methane reaction are presented in FIGs. 3G and 3H.
The morphology of these catalysts shows differences compared to the fresh Ni/Ce0.7Ti0.3O2-δ catalyst. Loose-type
structures were observed over the catalyst surface after the reaction, which is consistent with the formation of carbon
deposit as suggested by TGA data.
[0079] This high activity and stability of the Ni/Ce0.7Ti0.3O2-δ catalyst can be understood by examining the reaction
mechanism. The CH4 dissociates on the active Ni sites to form reactive carbon atoms with hydrogen atoms recombining
and desorbing from the surface as H2. [73] Ceria, as a highly basic support, is active toward CO2. CO2 activation can
occur on the oxide support and/or at the Ni-oxide interfaces to form CO+O. CO then desorbs from the catalyst surface.
During the reaction, oxygen from CO2 decomposition can further recombine with surface C from Ni sites and desorb as
CO. Additionally, oxygen could be released from the ceria lattice and react with C from Ni as a result of the redox
properties and oxygen storage capacity of ceria. Removal of C from Ni can help reduce the accumulation of C deposits
and thus the deactivation of Ni. Our data show that addition of Ti4+ ions in ceria can promote the DRM activity and
stability of Ni. This is consistent with the suggestion of the enhancement of the redox properties and oxygen storage
capacities of ceria by Ti doping, which can result in a stronger metal-support interaction. [81-83] Further X-ray photo-
electron spectroscopy and temperature-programmed reduction/oxidation experiments are underway to elucidate the
nature of the oxygen storage capacity and redox properties of ceria with respect to Ti/Ce ratios.

4. Conclusions

[0080] Ce1-xTixO2-δ mixed oxides were synthesized with high Ce/Ti ratios. The activity of Ni depends on the Ce/Ti
ratios in Ce1-xTixO2-δ, Ni loadings, and temperatures and 2.4 weight% Ni over Ce0.7Ti0.3O2-δ shows promising reactivity
and stability. In some embodiments, Ni is the active metal species in dry reforming of methane. We observed a new
phase of Ce2Ti2O7 forms in dry reforming of methane over Ni/Ce0.5Ti0.5O2-δ.
[0081] Ce1-xTixO2-δ supports were synthesized using the sol-gel method and the formation of Ce1-xTixO2-δ mixed
oxides can be obtained with high Ce/Ti ratios. Nickel with 0.5-10 wt.% loadings over Ce1-xTixO2-δ were prepared by the
impregnation method. Small nanoparticles of Ni were dispersed on the surface of the support, which increases the size
with respect to the weight loading. Our data have demonstrated that the DRM performance of supported Ni is dependent
on the Ti concentrations in the ceria support, Ni loadings, and reaction temperatures. The 2.4 wt.% Ni supported on
Ce0.7Ti0.3O2-δ exhibits the best catalytic result. It shows initial DRM reactivity around 350 °C and delivers CH4 and CO2
conversions of 54% and 61% at 650 °C, which increase to 92% and 94% with the H2/CO ratio close to unity when further
increasing the temperature to 800 °C. Only 11 percentage points of CH4 conversion activity was lost within a 25 h reaction
compared to 17 percentage points activity loss from Ni/CeO2 despite the formation of C on the catalyst surface. Our
data further suggest that metallic Ni is the active species and reduction of ceria occurs during DRM. For Ni supported
on Ce1-xTixO2-δ mixed oxides with lower Ce/Ti ratios, like Ce0.5Ti0.5O2-δ, a new phase of Ce2Ti2O7 is formed during
DRM. Doping of Ti in ceria can modify physical and electronic properties of ceria that can tune the activity and stability
of supported Ni in the DRM reaction.
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Example 3: Temperature-dependent DRM data of CH4 conversion

[0083] FIGs. 7A-D provide plots showing temperature dependence for DRM reactivity experiments using the present
methods including CH4 conversion (FIG. 7A), CO2 conversion (FIG. 7B), H2 yield (FIG. 7C), and CO yield (FIG. 7D) for
nominal 5.0 wt.% Ni dispersed over Ce0.5Ti0.5O2-δ. The samples were reduced in 20 mL min-1 H2 for one hour prior to
the DRM reactivity test. One sample was reduced in H2 at 400 °C (triangle markers) and the other sample was reduced
in H2 at 550 °C (circle markers). The DRM activity data were compared with respect two different reduction temperatures.
[0084] In some embodiments, metallic Ni is the active species for methane activation in DRM. For example, NiO is
formed over the ceria support during synthesis, which can be reduced to metallic Ni with H2. As shown in Figs. 4A-4F,
3.0 wt.% Ni/CeO2 and 2.4 wt.% Ni/Ce0.7Ti0.3O2-δ catalysts show good DRM activity with reduction at 400 °C for one
hour in H2 with a flow rate of 20 mL min-1. As shown in FIGs. 7A-D, Ni dispersed over Ce0.5Ti0.5O2-δ exhibits catalyst
activation at higher reduction temperature (e.g. 550 °C). These results demonstrate that Ti doping in ceria may influence
the interaction between ceria and supported Ni which plays an important role in the DRM activity.

STATEMENTS REGARDING INCORPORATION BY REFERENCE AND VARIATIONS

[0085] All references throughout this application, for example patent documents including issued or granted patents
or equivalents; patent application publications; and non-patent literature documents or other source material; are hereby
incorporated by reference herein in their entireties, as though individually incorporated by reference, to the extent each
reference is at least partially not inconsistent with the disclosure in this application (for example, a reference that is
partially inconsistent is incorporated by reference except for the partially inconsistent portion of the reference).
[0086] The terms and expressions which have been employed herein are used as terms of description and not of
limitation, and there is no intention in the use of such terms and expressions of excluding any equivalents of the features
shown and described or portions thereof, but it is recognized that various modifications are possible within the scope of
the invention claimed. Thus, it should be understood that although the present invention has been specifically disclosed
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by preferred embodiments, exemplary embodiments and optional features, modification and variation of the concepts
herein disclosed may be resorted to by those skilled in the art, and that such modifications and variations are considered
to be within the scope of this invention as defined by the appended claims. The specific embodiments provided herein
are examples of useful embodiments of the present invention and it will be apparent to one skilled in the art that the
present invention may be carried out using a large number of variations of the devices, device components, methods
steps set forth in the present description. As will be obvious to one of skill in the art, methods and devices useful for the
present methods can include a large number of optional composition and processing elements and steps.
[0087] As used herein and in the appended claims, the singular forms "a", "an", and "the" include plural reference
unless the context clearly dictates otherwise. Thus, for example, reference to "a cell" includes a plurality of such cells
and equivalents thereof known to those skilled in the art. As well, the terms "a" (or "an"), "one or more" and "at least
one" can be used interchangeably herein. It is also to be noted that the terms "comprising", "including", and "having"
can be used interchangeably. The expression "of any of claims XX-YY" (wherein XX and YY refer to claim numbers) is
intended to provide a multiple dependent claim in the alternative form, and in some embodiments is interchangeable
with the expression "as in any one of claims XX-YY."
[0088] When a Markush group or other grouping is used herein, all individual members of the group and all combinations
and subcombinations possible of the group are intended to be individually included in the disclosure. Every formulation
or combination of components described or exemplified can be used to practice the invention, unless otherwise stated.
Specific names of compounds are intended to be exemplary, as it is known that one of ordinary skill in the art can name
the same compounds differently.
[0089] One of ordinary skill in the art will appreciate that methods, device elements, starting materials, and synthetic
methods other than those specifically exemplified can be employed in the practice of the invention without resort to
undue experimentation. All art-known functional equivalents, of any such methods, device elements, starting materials,
and synthetic methods are intended to be included in this invention. Whenever a range is given in the specification, for
example, a temperature range, a time range, or a composition range, all intermediate ranges and subranges, as well
as all individual values included in the ranges given are intended to be included in the disclosure.
[0090] The invention illustratively described herein suitably may be practiced in the absence of any element or elements,
limitation or limitations which is not specifically disclosed herein.
[0091] Without wishing to be bound by any particular theory, there can be discussion herein of beliefs or understandings
of underlying principles relating to the invention. It is recognized that regardless of the ultimate correctness of any
mechanistic explanation or hypothesis, an embodiment of the invention can nonetheless be operative and useful.
[0092] Every material, system, formulation, combination of components, or method described or exemplified herein
can be used to practice the invention, unless otherwise stated.
[0093] Whenever a range is given in the specification, for example, a temperature range, a time range, a composition
or a concentration range, all intermediate ranges and subranges, as well as all individual values included in the ranges
given are intended to be included in the disclosure. It will be understood that any subranges or individual values in a
range or subrange that are included in the description herein can be excluded from the claims herein.
[0094] All patents and publications mentioned in the specification are indicative of the levels of skill of those skilled in
the art to which the invention pertains. References cited herein are incorporated by reference herein in their entirety to
indicate the state of the art as of their publication or filing date and it is intended that this information can be employed
herein, if needed, to exclude specific embodiments that are in the prior art. For example, when composition of matter
are claimed, it should be understood that compounds known and available in the art prior to Applicant’s invention,
including compounds for which an enabling disclosure is provided in the references cited herein, are not intended to be
included in the composition of matter claims herein.
[0095] As used herein, "comprising" is synonymous with "including," "containing," or "characterized by," and is inclusive
or open-ended and does not exclude additional, unrecited elements or method steps. As used herein, "consisting of"
excludes any element, step, or ingredient not specified in the claim element. As used herein, "consisting essentially of"
does not exclude materials or steps that do not materially affect the basic and novel characteristics of the claim. In each
instance herein any of the terms "comprising", "consisting essentially of" and "consisting of" may be replaced with either
of the other two terms. The invention illustratively described herein suitably may be practiced in the absence of any
element or elements, limitation or limitations which is not specifically disclosed herein.
[0096] One of ordinary skill in the art will appreciate that starting materials, biological materials, reagents, synthetic
methods, purification methods, analytical methods, assay methods, and biological methods other than those specifically
exemplified can be employed in the practice of the invention without resort to undue experimentation. All art-known
functional equivalents, of any such materials and methods are intended to be included in this invention. The terms and
expressions which have been employed are used as terms of description and not of limitation, and there is no intention
that in the use of such terms and expressions of excluding any equivalents of the features shown and described or
portions thereof, but it is recognized that various modifications are possible within the scope of the invention claimed.
Thus, it should be understood that although the present invention has been specifically disclosed by preferred embod-
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iments and optional features, modification and variation of the concepts herein disclosed may be resorted to by those
skilled in the art, and that such modifications and variations are considered to be within the scope of this invention as
defined by the appended claims.
[0097] The present invention is further characterized by the following embodiments:

1. A method for processing a hydrocarbon feed stock, the method comprising the steps of:
contacting said hydrocarbon feed stock with a doped ceria-supported metal catalyst comprising a doped ceria-
supported metal, thereby generating a syngas product comprising H2 and CO;
wherein said doped ceria-supported metal catalyst is of the formula (FX1):

 M/Ce1-xBxO2-δ (FX1);

wherein M is one or more metals selected from Ni, Co, Pd, Pt or a mixture thereof; B is one or more dopants selected
from Ti, Zr, Mn, and La; x is a number selected from the range of 0.05 to 0.5 and wherein δ represents oxygen
deficiency; and
wherein said feedstock comprises methane with one or more additional hydrocarbon components and CO2.

2. A method for processing a hydrocarbon feed stock, the method comprising the steps of:
contacting said hydrocarbon feed stock with a doped ceria-supported metal catalyst comprising a doped ceria-
supported metal, thereby generating a syngas product comprising H2 and CO;
wherein said doped ceria-supported metal catalyst is of the formula (FX1):

 M/Ce1-xBxO2-δ (FX1);

wherein M is one or more metals selected from Ni, Co, Pd, Pt or a mixture thereof; B is one or more dopants selected
from Ti, Zr, Mn, and La; x is a number selected from the range of 0.05 to 0.5 and wherein δ represents oxygen
deficiency; and
wherein said feedstock comprises methane and CO2; wherein said hydrocarbon feedstock is a product from cement
processing, steel processing; coal refining, or petrochemical refining, crude oil production, natural gas production,
coal mining or minerals mining.

3. The method of embodiment 1 or 2, wherein said method is for production of a syngas product.

4. The method of embodiment 1 or 2, wherein said method is for dry reforming of methane.

5. The method of embodiment 1 or 2, wherein said hydrocarbon feedstock comprises methane, CO2, with one or
more other hydrocarbons.

6. The method of embodiment 1 or 2, wherein said hydrocarbon feedstock is derived from natural gas.

7. The method of embodiment 1 or 2, wherein said hydrocarbon feedstock comprises ethane, propane, or butane.

8. The method of embodiment 1 or 2, wherein said hydrocarbon feedstock is obtained or derived from an industrial
process that generates both carbon dioxide and methane.

9. The method of embodiment 1 or 2, wherein said hydrocarbon feedstock is obtained or derived from an industrial
process that generates carbon dioxide in proximity to a source of methane.

10. The method of embodiment 1 or 2, wherein said hydrocarbon feedstock comprises a product from one or more
processes selected from the group of:

i. a coal pyrolysis process;

ii. a petrochemical oxidization process;

iii. a sintering process;

iv. a furnace process;
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v. a kiln process;

vi. a steam reforming process;

vii. an ammonia production process;

viii. a fuel production or treatment process;

ix. a mining process; and

x. any process that produces carbon dioxide.

11. The method of embodiment 10, wherein said hydrocarbon feedstock comprises an exhaust or other byproduct
from said one or more processes.

12. The method of any of the preceding embodiments, wherein said doped ceria-supported metal catalyst comprises
said one or more metals (M) dispersed on a doped catalyst support characterized by the formula Ce1-xBxO2-δ.

13. The method of any of the preceding embodiments, wherein said doped catalyst support maintains the structure
of pure ceria and produces mixed metal oxides.

14. The method of any of the preceding embodiments, wherein said one or more metals (M) are provided as particles
or clusters having an average size dimension up to 1 micron.

15. The method of any of the preceding embodiments, wherein the weight percent of said one or more metals (M)
in the catalyst is selected from the range of 0.1-20 wt%.

16. The method of any of the preceding embodiments, wherein said one or more metals (M) in formula (FX1) is Ni;
and wherein Ni has a weight percent in the catalyst selected from the range of 1.5-7 wt%.

17. The method of any of the preceding embodiments, wherein said one or more metals (M) in formula (FX1) is Ni;
and wherein Ni has a weight percent in the catalyst selected from the range of 2.0-3 wt%.

18. The method of any of the preceding embodiments, wherein said one or more metals (M) in formula (FX1) is Ni;
and wherein Ni has a weight percent in the catalyst 2.4 6 0.5 wt%.

19. The method of any of the preceding embodiments; wherein the ratio of Ce to B in formula (FX1) selected from
the range of 0.1 to 10.

20. The method of any of the preceding embodiments; wherein the ratio of Ce to B in formula (FX1) selected from
the range of 1 to 3.

21. The method of any of the preceding embodiments, wherein said one or more dopants (B) in formula (FX1) is
Ti, wherein the ratio of Ce to Ti is selected form the range of 2.0 to 2.7.

22. The method of any of the preceding embodiments, wherein said one or more dopants (B) in formula (FX1) is
Ti, wherein the ratio of Ce to Ti is 2.3 6 0.3.

23. The method of any of the preceding embodiments, wherein said one or more dopants (B) in formula (FX1) is at
least two different dopants.

24. The method of any of the preceding embodiments, wherein said one or more dopants (B) in formula (FX1) is Ti
and at least one other different dopant.

25. The method of any of the preceding embodiments, wherein said one or more metals (M) in formula (FX1) is Ni;
wherein the weight percent of Ni in the catalyst is selected from the range of 1.5-2.5 wt% and wherein the ratio of
Ce to Ti is selected from the range of 2.0 to 2.7.
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26. The method of any of the preceding embodiments, wherein said one or more metals (M) in formula (FX1) is Ni;
wherein the weight percent of Ni in the catalyst is selected from the range of 2.0-3.0 wt% and wherein the ratio of
Ce to Ti is selected from the range of 2.0 to 2.7.

27. The method of any of the preceding embodiments, wherein said doped ceria-supported metal catalyst is char-
acterized by a BET surface area selected from the range of 10 m2 g-1 to 100 m2 g-1.

28. The method of any of the preceding embodiments, wherein said doped ceria-supported metal catalyst is produced
by one or more processes selected from sol-gel technique, calcination, wet impregnation, or any combination of these.

29. The method of any of the preceding embodiments, wherein said step of contacting said mixed feed stock with
a doped ceria-supported metal catalyst is carried out at a temperature equal to or greater than 600 °C.

30. The method of any of the preceding embodiments, wherein said step of contacting said mixed feed stock with
a doped ceria-supported metal catalyst is carried out at a temperature selected over the range of 600 °C to 800 °C.

31. The method of any of the preceding embodiments, wherein said step of contacting said mixed feed stock with
a doped ceria-supported metal catalyst is capable of generating said Syngas product at a temperature less than or
equal 350 ° C.

32. The method of any of the preceding embodiments, wherein said method is characterized by a methane conversion
efficiency equal to or greater than 70% at a temperature of 650 ° C or greater.

33. The method of any of the preceding embodiments, wherein said method is characterized by a methane conversion
efficiency equal to or greater than 70% at a temperature of 650 ° C or greater.

34. The method of any of the preceding embodiments, wherein said method is characterized by a ratio of H2 produced
to CO produced equal to or greater than 90% at a temperature of 650 ° C or greater.

35. The method of any of the preceding embodiments, wherein said doped ceria-supported metal catalyst is stable
over a reaction time of at least 50 hours.

36. The method of any of the preceding embodiments, wherein said doped ceria-supported metal catalyst does not
undergo appreciable degradation over a reaction time of at least 50 hours.

37. The method of any of the preceding embodiments, wherein said step of contacting said mixed feed stock with
a doped ceria-supported metal catalyst is carried out a pressure selected from the range of 0.01 Bar to 2 Bar and
a temperature selected from the range of 25 °C to 800 °C.

38. A catalyst comprising a doped ceria-supported metal of the formula (FX1):

 M/Ce1-xBxO2-δ (FX1);

wherein M is one or more metals selected from Ni, Co, Pd, Pt or a mixture thereof; B is at least two dopants selected
from Ti, Zr, Mn and La; x is a number selected from the range of 0.05 to 0.5 and wherein δ represents oxygen
deficiency.

39. The catalyst of embodiment 38, wherein said doped ceria-supported metal comprises said one or more metals
(M) dispersed on a doped catalyst support characterized by the formula Ce1-xBxO2-δ.

40. The catalyst of embodiment 39, wherein said doped catalyst support maintains the structure of pure ceria and
forms mixed metal oxides.

41. The catalyst of any of embodiments 38 - 40, wherein said one or more metals (M) are provided as particles or
clusters having a size dimension up to 1 micron.

42. The catalyst of any of embodiments 38 - 41, wherein the weight percent of said one or more metals (M) in the
catalyst is selected from the range of 0.1-20 wt%.
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43. The catalyst of any of embodiments 38 - 42; wherein said one or more metals (M) in formula (FX1) is Ni
characterized by a weight percent of 1.5-7 wt%.

44. The catalyst of any of embodiments 38 - 43, wherein said one or more metals (M) in formula (FX1) is Ni; and
wherein Ni has a weight percent in the catalyst selected from the range of 2.0-3 wt%.

45. The catalyst of any of embodiments 38 - 44, wherein said one or more metals (M) in formula (FX1) is Ni; and
wherein Ni has a weight percent in the catalyst 2.4 6 0.5 wt%.

46. The catalyst of any of embodiments 38 - 45, wherein said doped ceria-supported metal is characterized by a
ratio of Ce to B in formula (FX1) selected from the range of 0.1 to 10.

47. The catalyst of any of embodiments 38 - 46, wherein the ratio of Ce to B in formula (FX1) selected from the
range of 1 to 3.

48. The catalyst of any of embodiments 38 - 47, wherein said at least two dopants (B) in formula (FX1) is Ti and at
least one other different dopant.

49. The catalyst of any of embodiments 38 - 48; wherein said one or more metals (M) in formula (FX1) is Ni
characterized by a weight percent of 1.5-2.5 wt%, and wherein said at least two dopants in formula (FX1) is Ti and
at least one other different dopant; wherein the ratio of Ce to B is selected form the range of 2.0 to 2.7.

50. The catalyst of any of embodiments 38 - 49; wherein said doped ceria-supported metal is characterized by a
BET surface area selected from the range of 10 m2 g-1 to 100 m2 g-1.

51. The catalyst of any of the preceding embodiments; wherein said doped ceria-supported metal is produced by
sol-gel technique.

52. The catalyst of any of the preceding embodiments; wherein said doped ceria-supported metal is calcined.

53. The catalyst of any of the preceding embodiments; wherein said doped ceria-supported metal wherein said one
or more metals (M) is provided via wet impregnation.

Claims

1. A method for processing a hydrocarbon feed stock, the method comprising the steps of:
contacting said hydrocarbon feed stock with a doped ceria-supported metal catalyst comprising a doped ceria-
supported metal, thereby generating a syngas product comprising H2 and CO;
wherein said doped ceria-supported metal catalyst is of the formula (FX1):

 M/Ce1-xBxO2-δ (FX1);

wherein M is one or more metals selected from Ni, Co, Pd, Pt or a mixture thereof; B is one or more dopants selected
from Ti, Zr, Mn, and La; x is a number selected from the range of 0.05 to 0.5 and wherein δ represents oxygen
deficiency; and
wherein said feedstock comprises methane with one or more additional hydrocarbon components and CO2 or
wherein said hydrocarbon feedstock is a product from cement processing, steel processing; coal refining, or petro-
chemical refining, crude oil production, natural gas production, coal mining or minerals mining.

2. The method of claim 1, wherein said method is for production of a syngas product and/or for dry reforming of methane.

3. The method of claim 1 or 2, wherein said hydrocarbon feedstock is obtained or derived from an industrial process
that generates both carbon dioxide and methane or an industrial process that generates carbon dioxide in proximity
to a source of methane.

4. The method of any of the preceding claims, wherein said hydrocarbon feedstock comprises a product from one or
more processes selected from the group of:
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i. a coal pyrolysis process;
ii. a petrochemical oxidization process;
iii. a sintering process;
iv. a furnace process;
v. a kiln process;
vi. a steam reforming process;
vii. an ammonia production process;
viii. a fuel production or treatment process;
ix. a mining process; and
x. any process that produces carbon dioxide.

5. The method of any of the preceding claims, wherein said doped ceria-supported metal catalyst comprises said one
or more metals (M) dispersed on a doped catalyst support characterized by the formula Ce1-xBxO2-δ; wherein said
doped catalyst support maintains the structure of pure ceria and produces mixed metal oxides.

6. The method of any of the preceding claims, wherein said one or more metals (M) are provided as particles or clusters
having an average size dimension up to 1 micron and wherein the weight percent of said one or more metals (M)
in the catalyst is selected from the range of 0.1-20 wt%.

7. (Original) The method of any of the preceding claims, wherein said one or more metals (M) in formula (FX1) is Ni;
and wherein Ni has a weight percent in the catalyst selected from the range of 1.5-7 wt%.

8. The method of any of any of the preceding claims, wherein said one or more metals (M) in formula (FX1) is Ni; and
wherein Ni has a weight percent in the catalyst 2.4 6 0.5 wt%.

9. The method of any of the preceding claims; wherein the ratio of Ce to B in formula (FX1) selected from the range
of 0.1 to 10.

10. The method of any of the preceding claims, wherein said one or more dopants (B) in formula (FX1) is Ti, wherein
the ratio of Ce to Ti is 2.3 6 0.3.

11. The method of any of the preceding claims, wherein said one or more dopants (B) in formula (FX1) is at least two
different dopants.

12. The method of any of the preceding claims, wherein said one or more metals (M) in formula (FX1) is Ni; wherein
the weight percent of Ni in the catalyst is selected from the range of 2.0-3.0 wt% and wherein the ratio of Ce to Ti
is selected from the range of 2.0 to 2.7.

13. The method of any of the preceding claims, wherein said method is characterized by a methane conversion
efficiency equal to or greater than 70% at a temperature of 650 ° C or greater.

14. The method of any of the preceding claims, wherein said method is characterized by a ratio of H2 produced to CO
produced equal to or greater than 90% at a temperature of 650 ° C or greater.

15. A catalyst comprising a doped ceria-supported metal of the formula (FX1):

 M/Ce1-xBxO2-δ (FX1);

wherein M is one or more metals selected from Ni, Co, Pd, Pt or a mixture thereof; B is at least two dopants selected
from Ti, Zr, Mn and La; x is a number selected from the range of 0.05 to 0.5 and wherein δ represents oxygen
deficiency.
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