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Abstract:

The present disclosure provides catalysts, comprising: copper; zinc; one or more first elements
selected from iron, nickel, or cobalt; aluminum; oxygen; optionally, one or more second elements
selected from a Group V, VI, VII, VIII, IX, X, and XI metal (e.g., manganese, silver, niobium,
zirconium, molybdenum, ruthenium, or palladium); and optionally, one or more Group IA metals,
and wherein the first element is present in an amount of about 1 to about 40 wt.% (e.g., about 1 to
about 10 wt.%, about 25 to about 40 wt.%, about 30 to about 40 wt.%, or about 35 to about 40 wt.%)
of the total amount of the copper, zinc, first element, the optional second element, and the optional
Group IA metal, and methods of using said catalyst in the production of ethanol and higher alcohols
from carbon dioxide.
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MODIFIED COPPER-ZINC CATALYSTS AND METHODS FORALCOHOL
PRODUCTION FROM CARBON DIOXIDE

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of priority to US Provisional Patent Application
No. 63/044,175, filed June 25, 2020; and US Provisional Patent Application No.
63/114,783, filed November 17, 2020. The entire contents of each of these applications is

incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates to the field of heterogeneous catalysts, specifically for

catalysts that convert hydrogen gas and carbon dioxide into other materials.

BACKGROUND OF THE INVENTION

As carbon dioxide concentrations in the atmosphere increase, it is becoming
advantageous from social welfare, human health, and energy security perspectives to
develop technologies that remove carbon dioxide from the air. Carbon dioxide conversion
technologies have the added benefit of producing commodity chemicals on-site, anywhere
on the globe, with no cost or hazard risk of transportation when coupled with air capture of
CO:. The need for removing COz from the air is coupled with an increasing global
utilization of renewable electricity generation methods, such as solar photovoltaics and
wind turbines. Techniques like these use intermittent energy sources, such as the sun, which
sets in the evening and rises in the morning, and wind, which blows intermittently. Thus,
the supply of electricity from these sources to electrical grids surges at some points, and is
low at others. This presents an opportunity for technologies that can intermittently utilize
electricity to produce desired products on-site.

Of the available technologies to produce chemicals from carbon dioxide,
hydrogenation of carbon dioxide or carbon monoxide using renewably-derived hydrogen
gas from a water electrolyzer is capable of being powered completely by renewable (solar,
wind, hydroelectric, etc.) electricity. A method such as this converts a carbon-based
feedstock (carbon dioxide or carbon monoxide) and water into hydrocarbon chemicals

using an external energy source; this is similar to the fundamental photosynthetic processes
-1-
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enabling life on our planet. For example, plants use photosynthesis to convert carbon
dioxide, water, and solar energy intc chemical energy by creating sugars and other complex
hydrocarbons. This effectively stores the energy from the sun in the chemical bonds of a
carbon-based compound. This process has been supporting the Earth’s ecosystem and

5  balancing carbon dioxide concentration in our atmosphere for billiens of years.

In the last century, human beings have harnessed byproducts of photosynthesis,
such as fossil fuels, to provide the energy required for modern life. This has released
millions of tons of carbon dioxide into the Earth’s atmosphere that had been previously
sequestered into the fossil fuels by photosynthesis over the course of millions of years.

10  Scientific evidence points to this rapid increase in carbon dioxide concentration in the
atmosphere from anthropogenic sources to be potentially catastrophic to global climate. The
development of carbon-negative processes that mimic natural ones to sequester carbon
dioxide are, therefore, critical to the future of the planet, and it is an object of the present
application to disclose one such invention.

15 One of the major hurdles toward carbon dioxide sequestration is the effective
utilization and catalytic transformation of carbon dioxide or carbon monoxide into useful
chemicals. Plants achieve this via dehydrogenase enzymes, which utilize transition metals
to catalyze the hydrogenation of carbon dioxide into carbon monoxide, formic acid, or a
number of other building blocks for sugars. Man-made systems have attempted to copy this

20  route, and chemical methods for carbon dioxide transformation have been known for
decades. Many of these, however, have energy requirements unrealistic for any large-scale
deployment.

In recent years, electrochemical methods such as water electrolysis have shown
promise to reduce these energy requirements to practical levels. Advances in

25  electrochemical methods enable three such options for carbon dioxide sequestration in
chemicals powered by electricity that can be sourced in a low-carbon manner: (1)
electrolytic carbon dioxide reduction for one-step production of chemicals directly from
carbon dioxide, (2) combined electrolysis of water to form hydrogen and oxygen gas, with
subsequent hydrogenation of carbon dioxide using hydrogen gas from the electrolyzer in a

30  high pressure, high temperature reactor in a two-step process, and (3) electrolytic carbon

dioxide reduction to an intermediate that can be combined with electrochemically-derived

-
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hydrogen in a high pressure, high temperature reactor. The former process requires
significant development and an improved understanding of fundamental electrocatalytic
processes for carbon dioxide reduction to reach commercial viability. Specific to the
production of alcohols like ethanol, integrated chemical processes require traditionally
fossil-fuel based components (such as methane), with few exceptions for production of
alcohols (ethanol, methanol, propanols, butanols) for any feasible further use.

In any of these processes, a crucial component is the catalyst that converts the CO2
and hydrogen gas or hydrogen equivalents. Catalysts for CO2 conversion, specifically, face
a major challenge in that CO2 requires a substantial amount of energy to transform into
other compounds. This makes stability and activity a key challenge for industrial catalysts
for COz conversion. Prior to the present disclosure, because of the lack of stable catalysts
for this process, no commercial chemical process was known that converts carbon dioxide
into alcohols without a separate step in a chemical process that converts CO2 to CO or CHs4

(as in the Sabatier process).

SUMMARY OF THE INVENTION

In certain aspects, the present disclosure provides catalysts, comprising: copper;
zinc; one or more first elements selected from iron, nickel, or cobalt; aluminum; oxygen;
optionally, one or more second elements selected from a Group V, VI, VII, VIII, IX, X, and
XI metal (e.g., manganese, silver, niobium, zirconium, molybdenum, ruthenium, or
palladium); and optionally, one or more Group IA metals, and wherein the first element is
present in an amount of about 1 to about 40 wt.% (e.g., about 1 to about 10 wt.%, about 25
to about 40 wt.%, about 30 to about 40 wt.%, or about 35 to about 40 wt.%) of the total
amount of the copper, zinc, the first element, the optional second element, and the optional
Group TA metal.

In certain aspects, the present disclosure provides CZA catalysts, comprising:
copper; zingc; optionally, ocne or more first elements selected from cobalt, iron, or nickel,;
aluminum,;
oxygen; optionally, one or more second elements selected from a Group V, VI, VI, V111,

1X, X, and XI metal (e.g., manganese, silver, niobium, zirconium, molybdenum, ruthenium,
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or palladium); and optionally, one or more Group LA metals; wherein the molar ratio of
copper to zinc is from about 2 to about 4.

In certain aspects, the present disclosure provides catalytic compositions,
comprising the catalysts disclosed herein and an additional support.

In certain aspects, the present disclosure provides methods of preparing the catalysts
or catalytic compositions disclosed herein, such as methods comprising preparing the
catalyst by coprecipitation, wet impregnation, or ball milling.

In certain aspects, the present disclosure provides methods of reducing COzto a
liquid product mixture, comprising contacting the catalysts or other catalytic compositicns
disclosed herein with a feed mixture comprising CO:2 and a reductant gas at a reduction

temperature and a reduction pressure, thereby providing the liquid product mixture.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a plot demonstrating total mass of ethanol produced from COz as a
function of time in the presence of an exemplary Col'e-CZA (Cu(ZnO)ColFeK/Al203)

catalyst compared to a CZA catalyst under identical conditions.

DETAILED DESCRIPTION OF THE INVENTION

Some catalysts for reduction of COz have been demonstrated in academic literature,
but none have transitioned to industrial use due to either high cost or poor stability. Ni-
based catalysts are primarily used to hydrogenate CO:z to CHa. Co, Fe, Ru, Ir and Rh
compounds can also be used as catalysts for these processes, as well as for higher order
hydrocarbon formation. Several combinations of these elements in bimetallic and
trimetallic catalysts have also been attempted. For the formation of alcohols, catalysts
comprised of Rh, Pd, Cu, Zn, Co, or Ni, supported on alumina or carbon have also been
studied. However, no catalysts based on low-cost metals listed above (such as Cu, Zn, Fe,
Co, or Ni) suitable for large-scale commercial deployment (i.e., not Pt-group metals such as
Ru, Ir, and Rh) have yet been demonstrated as commercial catalysts for the hydrogenation
of CO» to alcohols. This i1s primarily because these compounds have not shown the stability
that is required for scaling up the materials, since these catalysts decay into less active

materials while on-stream in a reactor.
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Catalysts made of copper with zinc oxide on an alumina scaffold, known as copper-
zinc-alumina or “CZA” catalysts, are typically used for the production of methanol from
carbon monoxide, a commodity chemical that is produced on the scale of millions of tons
per year. CZA catalysts are also useful for the hydrogenation of COz2 to methanol due to
their high selectivity, but suffer from several other drawbacks such as product purity and
limited catalyst lifetime. This high selectivity for methanol, however, hinders production of
higher alcohols for situation where higher alcohols (such as ethanol) may be desired.

The present disclosure provides catalysts made of copper and zinc¢ oxide on alumina
(CZA) optionally doped with a metal selected from iron, nickel, or cobalt for CO2
conversion to methanol, ethanol, and higher alcohols, as well as methods of using such
catalysts for production of alcohols from COaz. As further described herein, the catalysts of
the present disclosure include first element (Co, Fe, Ni) as a metal promoting carbon-
carbon bond formation. Previously, CZA catalysts had not been demonstrated as competent
catalysts for COz hydrogenation to multi-carbon alcohols, such as ethanol. Among other
benefits, the modified CZA catalysts of the present disclosure catalyze the production of
ethanol from carbonaceous feedstocks, CO2, CO, or CHau at a higher rate than legacy CZA
catalysts. These catalysts can also be used to inhibit the formation of gaseous byproducts
during operation, e.g., CHa, to further enable effective recycle of unreacted gases during
product gas recycle in a multi-pass gas to liquids reactor for methanol production.

Catalysts

In certain aspects, the present disclosure provides catalysts, comprising: copper;
zinc; one or more first elements selected from iron, nickel, or cobalt; aluminum; oxygen;
optionally, one or more second elements selected from a Group V, VI, VII, VIII, IX, X, and
XI metal (e.g., manganese, silver, niobium, zirconium, molybdenum, ruthenium, or
palladium); and cptionally, one or more Group IA metals, and wherein the first element is
present in an amount of about 1 to about 40 wt.% (e.g., about 1 to about 10 wt.%, about 25
to about 40 wt.%, about 30 to about 40 wt.%, or about 35 to about 40 wt.%) of the total
amount of the copper, zinc, cobalt, the optional second element, and the optional Group IA
metal.

In some embodiments, the first element is present in an amount of about 0.5 wt.%,

about 1 wt.%, about 2 wt.%, about 3 wt.%, about 4 wt.%, about 5 wt.%, about 6 wt.%,
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about 7 wt.%, about 8 wt.%, about 9 wt.%, about 10 wt.%, about 11 wt.%, about 12 wt.%,
about 13 wt.%, about 14 wt.%, about 15 wt.%, about 16 wt.%, about 17 wt.%, about 18
wt.%, about 19 wt. %, about 20 wt.%, about 21 wt.%, about 22 wt %, about 23 wt.%, about
24 wt %, about 25 wt %, about 26 wt %, about 27 wt.%, about 28 wt.%, about 29 wt %,
about 30 wt.%, about 31 wt.%, about 32 wt.%, about 33 wt.%, about 34 wt.%, about 35
wt.%, about 36 wt.%, about 37 wt.%, about 38 wt.%, about 39 wt.%, or about 40 wt.% of
the total amount of the copper, zinc, the first element, the optional second element, and the
optional Group IA metal. In some embodiments, the first element is present in an amount of
1-10 wt.%, 10-20 wt.%, or 20-30 wt.%, 20-25 wt.%, 22-24 wt.%, 25-40 wt.% 30-40 wt.%,
or 35-40 wt.% of the total amount of the total amount of the copper, zinc, the first element,
the optional second element, and the optional Group IA metal.

In some embodiments, the catalyst comprises a cobalt-embedded interconnected
matrix of reduced copper metal nanoparticles and alumina-modified zinc oxide. In some
embodiments, the cobalt is present as cobalt oxide. In some embodiments, the copper is
present as copper oxide. In some embodiments, the molar ratio of cobalt to copper to zinc
(Co:Cu:Zn) is about 0.5-3 in cobalt, 1-4 in copper, and 0.5-1.5 in zinc. In some
embodiments, the Co:Cu:Zn ratio is in the range of 1-2 in cobalt, 1-3 in copper, and 0.5-1 in
zinc. In some embodiments, the Co:Cu:Zn ratio is approximately 1:2.5:1. In some
embaodiments, the zinc is preferably 0.3 — 1 the molar content of the copper. In some
embodiments, the cobalt is preferably 0 4 — 1 the molar content of the copper.

In some embodiments, the catalyst comprises a iron-embedded interconnected
matrix of reduced copper metal nanoparticles and alumina-modified zinc oxide. In some
embodiments, the iron is present as iron oxide. In some embodiments, the copper is present
as copper oxide. In some embodiments, the molar ratio of iron to copper to zinc (Fe:Cu:Zn)
is about 0.05-3 in iron, 1-4 in copper, and 0.5-1.5 in zinc. In some embodiments, the
Fe:Cu:Zn ratio is in the range of 1-2 in iron, 1-3 in copper, and 0.5-1 in zin¢. In some
embodiments, the Fe:Cu:Zn ratio is approximately 1:2.5:1. In some embodiments, the zinc
is preferably 0.3 — 1 the molar content of the copper. In some embodiments, the iron is
preferably 0.4 — 1 the molar content of the copper.

In some embodiments, the catalyst comprises a nickel-embedded interconnected

matrix of reduced copper metal nanoparticles and alumina-modified zinc oxide. In some
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embodiments, the nickel is present as nickel oxide. In some embodiments, the copper is
present as copper oxide. In some embodiments, the molar ratio of nickel to copper to zinc
(Ni:Cu:Zn) is about 0.5-3 in nickel, 1-4 in copper, and 0.5-1.5 in zinc. In some
embodiments, the Ni:Cu:Zn ratio is in the range of 1-2 in nickel, 1-3 in copper, and 0.5-1 in
zinc. In some embodiments, the Ni:Cu:Zn ratio is approximately 1:2.5:1. In some
embodiments, the zinc is preferably 0.3 — 1 the molar content of the copper. In some
embodiments, the nickel is preferably 0.4 — 1 the molar content of the copper.

In some embodiments, the catalyst comprises one or more elements selected from a
transition, or Group VI, VII, VIII, IX, X, or XI metal. In some embodiments, the catalyst
comprises one or more second elements selected from a Group VI metal. In some
embodiments, the catalyst comprises one or more second elements selected from a Group
VII metal. In some embodiments, the catalyst comprises one or more second elements
selected from a Group VIII metal. In some embodiments, the catalyst comprises one or
more second elements selected from a Group IX metal. In some embodiments, the catalyst
comprises one or more second elements selected from a Group X metal. In some
embodiments, the catalyst comprises one or more second elements selected from a Group
XI metal.

In some embodiments, the one or more second elements comprise manganese,
silver, niobium, zirconium, molybdenum, ruthenium, or palladium.

In some embodiments, the one or more second elements comprise iron. In some
embodiments, the one or more second elements comprise nickel. In some embodiments, the
one or more second elements comprise silver. In some embodiments, the one or more
second elements comprise palladium. In some embodiments, the one or more second
elements comprise niobium. In some embodiments, the one or more second elements
comprise manganese. In some embodiments, the one or more second elements comprise
zirconium. In some embodiments, the one or more second elements comprise
molybdenum.

In some embodiments, the catalyst comprises the one or more second elements at a
molar ratio of about 0.15 to about 2 relative to copper. In some embodiments, the catalyst
comprises the one or more second elements at a molar ratio of about 0.15 to about 1.5

relative to copper. In some embodiments, the catalyst comprises the one or more second
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elements at a molar ratio of about 0.15 to about 1 relative to copper. In some embodiments,
the catalyst comprises the one or more second elements at a molar ratio of about 0.15 to
about 0.75 relative to copper. In some embodiments, the catalyst comprises the one or
more second elements at a molar ratio of about 0.15 to about 0.5 relative to copper. In
some embodiments, the catalyst comprises the one or more second elements at a molar ratio
of about 0.15 to about 0.25 relative to copper.

In some embodiments, the catalyst comprises copper at a molar ratio of about 0.5 to
about 5 relative to zinc. In some embodiments, the catalyst comprises copper at a molar
ratio of about 1 to about 3 relative to zinc. In some embodiments, the catalyst comprises
copper at a molar ratio of about 2 to about 2.5 relative to zinc. In some embodiments, the
catalyst comprises copper at a molar ratio of about 2.33 relative to zinc. In some
embodiments, the catalyst comprises copper at a molar ratio of about 0.75 to about 1.5
relative to zinc¢. In some embodiments, the catalyst comprises copper at a molar ratio of
about 1.5 relative to zinc. In some embodiments, the catalyst comprises copper at a molar
ratio of about 1.0 relative to zinc. In some embodiments, the catalyst comprises copper at a
molar ratio of about 0.75 relative to zinc. In some embodiments, the catalyst comprises
copper at a molar ratio of about 0.5 relative to zinc.

In some embodiments, the catalyst comprises zinc at a molar ratio of about 0. 3 to
about 3 relative to copper. In some embodiments, the catalyst comprises zinc at a molar
ratio of about 0.5 to about 2 relative to copper. In some embodiments, the catalyst
comprises zinc at a molar ratio of about 0.5 to about 1.5 relative to copper. In some
embodiments, the catalyst comprises zinc at a molar ratio of about 1.5 relative to copper. In
some embodiments, the catalyst comprises zinc at a molar ratio of about 1.0 relative to
copper. In some embodiments, the catalyst comprises zinc¢ at a molar ratio of about 0.75
relative to copper. In some embodiments, the catalyst comprises zinc at a molar ratio of
about 0.5 relative to copper.

In some embodiments, the one or more second elements comprise niobium. In some
embodiments, the one or more second elements consist of niobium. In some embodiments,
the niobium 1s present at a molar ratio of about 0.05 to about 1 relative to copper. In some
embodiments, the niobium is present at a molar ratio of about 0.2 relative to copper. In

some embodiments, the niobium is present at a molar ratio of about 0.3 relative to copper.

8-
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In some embodiments, the niobium is present at a molar ratio of about 0.1 relative to
copper.

In some embodiments, the catalyst comprises the one or more Group TA metals. In
some embaodiments, the catalyst comprises the one or more Group TA metals at a molar
ratio from about 0.01 to about 1.0 relative to copper. In some embodiments, the catalyst
comprises the one or more Group IA metals at a molar ratio from about 0.05 to about 0.50
relative to copper. In some embodiments, the catalyst comprises the one or more Group A
metals at a molar ratio from about 0.20 to about 0.50 relative to copper. In some
embodiments, the catalyst comprises the one or more Group IA metals at a molar ratio from
about 0.30 to about 0.50 relative to copper. In some embodiments, the catalyst comprises
the one or more Group IA metals at a molar ratio from about 0.40 to about 0.50 relative to
copper. In some embodiments, the catalyst comprises the one or more Group IA metals at a
molar ratio at about 0.15 relative to copper.

In some embodiments, the catalyst comprises one or more Group IA metals. In
some embodiments, the one or more Group IA metals comprise potassium, sodium or
cesium. In some embodiments, the one or more Group 1A metals consist of potassium,
sodium or cesium. In some embodiments, the one or more Group IA metals comprise
potassium. In some embodiments, the one or more Group TA metals comprise sodium. In
some embodiments, the one or more Group IA metals comprise cesium. In some
embodiments, the one or more Group IA metals consist of potassium. In some
embodiments, the one or more Group IA metals consist of sodium. In some embodiments,
the one or more Group IA metals consist of cesium.

In some embodiments, the catalyst comprises potassium at a molar ratio of about
0.05, about 0.1, about 0.15, about 0.2, about 0.25, about 0.3, about 0.35, about 0.4, about
0.45, or about 0.5 relative to copper. In some embodiments, the catalyst comprises
potassium at a molar ratio of about 0.15 relative to copper.

In some embodiments, the catalyst comprises aluminum at a molar ratio of about 0.1
to about 10 relative to copper. In some embodiments, the catalyst comprises aluminum at a
molar ratio of about 0.1 to about 5 relative to copper. In some embodiments, the catalyst

comprises aluminum at a molar ratio of about 0.4 to about 2.1 relative to copper. In some
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embodiments, the catalyst comprises aluminum at a molar ratio of about 0.5 to about 1
relative to copper.
In some embodiments, the catalyst comprises zinc oxide.
In some embodiments, the catalyst comprises copper oxide.
5 In some embodiments, the catalyst comprises cobalt oxide.
In some embodiments, the catalyst comprises iron oxide.
In some embodiments, the catalyst comprises nickel oxide.
In some embodiments, the catalyst comprises alumina.
In certain embodiments, the one or more Group LA metals comprise or consist of
10 sodium or cesium. In the catalysts of the present disclosure, substituting sodium or cesium
for potassium does not substantially affect the catalytic activity, and both sodium and
cesium have been found to provide the same stability potassium provides. This is a contrast
with known syngas catalysts, where the choice of potassium, sodium or cesium greatly
affects activity.
15 In some embodiments, the catalyst comprises or consists of aluminum oxide (Al203)
wherein the aluminum is present in a molar ratio of about 0.02 to about 3 relative to copper.
In some embodiments, the aluminum is present in a molar ratio of about 0.1 to about 0.8
relative to copper. In some embodiments, the aluminum is present in a molar ratio of about
0.7 relative to copper. In some embodiments, the alumina can be added as a support to
20  increase the surface area of the copper and zinc, or produced in-situ as a component of the
catalyst, e.g. from aluminum nitrate co-precipitation with first element, copper, and zinc
precursors.
In some embodiments, the catalyst comprises copper, zinc oxide, cobalt, and
alumina. In some such embodiments, the molar ratios of the components are as described
25  above. In some embodiments, the catalyst comprises: cobalt; copper at a molar ratio of
about 2.5 relative to the cobalt; zinc at a molar ratio of about 1 relative to the cobalt, and
alumina, with the aluminum at a molar ratio of about 0.7 relative to cobalt. In some
embodiments, the catalyst comprises: copper at a molar ratio of about 2.5 relative to the
cobalt; zinc oxide at a molar ratio of about 1 relative to the cobalt; and alumina at a molar

30 ratio of about 0.35 relative to the cobalt.

-10-
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In some embodiments, the catalyst comprises copper, zinc oxide, nickel, and
alumina. In some such embodiments, the molar ratios of the components are as described
above. In some embodiments, the catalyst comprises: nickel; copper at a molar ratio of
about 2.5 relative to the nickel; zinc at a molar ratio of about 1 relative to the cobalt, and

5  alumina, with the aluminum at a molar ratio of about 0.7 relative to nickel. In some
embodiments, the catalyst comprises: copper at a molar ratio of about 2.5 relative to the
nickel; zinc oxide at a molar ratio of about 1 relative to the nickel; and alumina at a molar
ratio of about 0.35 relative to the nickel.

In some embodiments, the catalyst comprises copper, zinc oxide, iron, and alumina.

10  In some such embodiments, the molar ratios of the components are as described above. In
some embodiments, the catalyst comprises: iron; copper at a molar ratio of about 2.5
relative to the iron; zinc¢ at a molar ratio of about 1 relative to the iron, and alumina, with
the aluminum at a molar ratio of about 0.7 relative to iron. In some embodiments, the
catalyst comprises: copper at a molar ratio of about 2.5 relative to the iron; zinc oxide at a

15  molar ratio of about 1 relative to the iron; and alumina at a moelar ratio of about 0.35
relative to the iron.

In some embodiments, the catalyst comprises copper, zinc oxide, cobalt, alumina,
and a Group IA metal. In some embodiments, the molar ratios of the components are as
described above. In some embodiments, the catalyst comprises: cobalt; copper at a molar

20  ratio of about 2.5 relative to the cobalt; zinc at a molar ratio of about 1 relative to the cobalt;
alumina, with the aluminum at a molar ratio of about 0.7 relative to the cobalt; and the
Group IA at a molar ratio of about 0.1 relative to the cobalt. In some embodiments, the
catalyst comprises: copper at a molar ratio of about 2.5 relative to the cobalt; zinc oxide at a
molar ratio of about 1 relative to the cobalt; alumina at a molar ratio of about 0.35 relative

25  to the cobalt; and the Group IA metal at a molar ratio of about 0.1 relative to the cobalt.

In some embodiments, the catalyst comprises copper, zinc oxide, nickel, alumina,
and a Group IA metal. In some embodiments, the molar ratios of the components are as
described above. In some embodiments, the catalyst comprises: nickel; copper at a molar
ratio of about 2.5 relative to the nickel; zinc at a molar ratio of about 1 relative to the nickel;

30  alumina, with the aluminum at a molar ratio of about 0.7 relative to the nickel; and the

Group LA at a molar ratio of about 0.1 relative to the nickel. In some embodiments, the
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CA 03173644 2022-9-27



10

15

20

25

30

CA 03173644 2022-9-27

WO 2021/262922 PCT/US2021/038802

catalyst comprises: copper at a molar ratio of about 2.5 relative to the nickel; zinc oxide at a
molar ratio of about 1 relative to the nickel; alumina at a molar ratio of about 0.35 relative
to the nickel; and the Group TA metal at a molar ratio of about 0.1 relative to the nickel.

In some embodiments, the catalyst comprises copper, zinc oxide, iron, alumina, and
a Group IA metal. In some embodiments, the molar ratios of the components are as
described above. In some embodiments, the catalyst comprises: iron;, copper at a molar ratio
of about 2.5 relative to the iron; zinc at a molar ratio of about 1 relative to the iron; alumina,
with the aluminum at a molar ratio of about 0.7 relative to the iron; and the Group IA at a
molar ratio of about 0.1 relative to the iron. In some embodiments, the catalyst comprises:
copper at a molar ratio of about 2.5 relative to the iron; zinc oxide at a molar ratio of about
1 relative to the iron; alumina at a molar ratio of about 0.35 relative to the iron; and the
Group IA metal at a molar ratio of about 0.1 relative to the iron.

In some embodiments, the catalyst comprises Cu, Zn, Al, O, and an alkali metal. In
some embodiments, the catalyst comprises Cu, Zn, Ni, Al, O, and an alkali metal. In some
embodiments, the catalyst comprises Cu, Zn, Fe, Al, O, and an alkali metal. In some
embodiments, the catalyst comprises Cu, Zn, Co, Fe, Al, O, and an alkali metal. In some
embodiments, the catalyst comprises Cu, Zn, Co, Al, O, and an alkali metal. In some
embodiments, the catalyst comprises Cu, Zn, Co, Nb, Al, and O, and an alkali metal. In
some embodiments, the catalyst comprises Cu, Zn, Co, Ni, Al, and O, and an alkali metal.
In some embodiments, the catalyst comprises Cu, Zn, Co, Mo, Al, and O, and an alkali
metal.

In some embodiments, the catalyst comprises Cu, Zn, Al, and O. In some
embodiments, the catalyst comprises Cu, Zn, Fe, Al, and O. In some embodiments, the
catalyst comprises Cu, Zn, Ni, Al, and O. In some embodiments, the catalyst comprises Cu,
Zn, Co, Al, and O. In some embodiments, the catalyst comprises Cu, Zn, Co, Fe, Al, and O.
In some embodiments, the catalyst comprises Cu, Zn, Co, Nb, Al, and O. In some
embodiments, the catalyst comprises Cu, Zn, Co, Ni, Al, and O. In some embodiments, the
catalyst comprises Cu, Zn, Co, Mo, Al, and O.

In certain embodiments, the elemental composition of the catalyst material 1s
Cu(ZnO)CoA/Al203, Cu(ZnO)CoFeA/Al203, Cu(ZnO)CoNbA/AIL20s3,
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Cu(ZnO)CoNiA/AlzO3, Cu(ZnO)CoMoA/Al203 wherein A is an alkali metal and further
wherein the relative amounts of the elemental components are as described above.

In certain embodiments, the elemental composition of the catalyst material is
Cu(Zn0)Co/Al203, Cu(ZnO)CaoFe/Al203, Cu(ZnO)CoNb/Al203, Cu(ZnO)CaNi/Al203,
Cu(ZnO)CoMo/Al203, wherein the relative amounts of the elemental components are as
described above.

In some embodiments, the catalyst is selected from one of the following exemplary
catalysts: CuO(ZnO), Cu(ZnO)Co, Cu(ZnO)CoK, Cu(ZnO)CoFe, Cu(ZnO)CoFeK,
Cu(ZnO)CoNi, Cu(ZnO)CoNiK, Cu(ZnQO)CoNb, Cu(ZnO)CoNbK, Cu(ZnO)CoMo,
Cu(ZnO)CoMoK on Al20s3, wherein the relative amounts of the elemental components are
as described above. In certain such embodiments, the catalyst is approximately
CuO2)(ZnO)), Cue.5H(ZnO)1Com, Cue.5(ZnO)nyComKo.n, Cuamy(ZnO)ayCoemFew),
Cu(ZnO))ComFemK .15, CuelZnO)nCowNiw, Cue(ZnO)ayComNinKw.15),
Cuey(ZnO)ayCoayNbay, Cu@(ZnO)1yCoyNbmK .15, Cu@(ZnO)aCoayMoqy,
Cup(ZnO)ayCoayMomKo.15).

Catalytic Compositions

In certain aspects, the present disclosure provides catalytic compositions,
comprising one or more of the catalysts disclosed herein and an additional support. The
additional support may be any suitable material that can serve as a catalyst support.

In some embodiments, the additional support comprises one or more materials
selected from an oxide, nitride, fluoride, or silicate of an element selected from aluminum,
silicon, titanium, zirconium, cerium, magnesium, yttrium, lanthanum, zinc, and tin. In
some preferred embodiments, the additional support comprises y-alumina. In some
embodiments, the additional support is an aluminum oxide that is formed in-situ as part of
the catalyst. In some embodiments, the additional support is selected from, but not limited
10, Al203, ZrO2, SnO2, Si02, ZnO, and TiOz. In some embodiments, the additional support
is selected from Al203, ZrO2, SnO2, Si02, ZnO, and TiOx.

In some embodiments, the additional support comprises one or more carbon-based
materials. In some embodiments, the carbon-based material is selected from activated

carbon, carbon nanotubes, graphene and graphene oxide.
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In some embodiments, the additional support is a mesoporous material. In some
embodiments, the additional support has a mesopore volume from about 0.01 to about 3.0
cc/g.

In some embodiments, the additional support has surface area from about 10 m%/g to
about 1000 m*/g. In some preferred embodiments, the catalytic composition comprising the
additional support and a catalyst disclosed herein has a surface area from about 10 m?/g to
about 1000 m¥/g.

In some embodiments, the catalytic composition is in a form of particles having an
average size from about 10 nm to about 5 um. In some embodiments, the catalytic
composition is in a form of particles having an average size from about 20 nm to about 5
um. In some embodiments, the catalytic composition is in a form of particles having an
average size from about 50 nm to about 1 um. In some embodiments, the catalytic
composition is in a form of particles having an average size from about 100 nm to about
500 nm. In some embodiments, the catalytic composition is in a form of particles having an
average size from about 50 nm to about 300 nm.

In some embodiments, the catalytic composition comprises from about 5 wt.% to
about 80 wt.% of the catalyst. In some embodiments, the catalytic composition comprises
from about 5 wt.% to about 70 wt.% of the catalyst. In some embodiments, the catalytic
composition comprises from about 20 wt.% to about 70 wt.% of the catalyst. In some
embodiments, the catalytic composition comprises from about 30 wt % to about 70 wt % of
the catalyst.

In some embodiments, the support is a high surface area scaffold. In some
embodiments, the support comprises mesoporous silica. In some embodiments, the support
comprises carbon allotropes.

In some embodiments, the catalyst is a nanoparticle catalyst. In some embodiments,
the particle sizes of the catalyst on the surface of the scaffold are 100-500 nm. In some
embodiments, the particles not subjected to agglomeration are 100-500 nm in particle size.

Methods of Preparation

The catalysts and catalytic compositions of the present disclosure may be prepared

by any suitable method. In certain aspects, the present disclosure provides methods for
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preparing the catalysts or the catalytic compositions disclosed herein, comprising preparing
the catalyst by coprecipitation, wet impregnation, or ball milling.

In some embodiments, the method comprises the following steps:

(a) providing a first solution comprising a source of cabalt, copper, zinc, aluminum, a base,
and water;

(b) heating the first solution at a first temperature for a first period of time, thereby
producing the first reaction mixture;

(c) heating the first reaction mixture at a second temperature for a second period of time to
remove the water, thereby producing a solid precursor; and

(d) heating the solid precursor to a third temperature for a third period of time, thereby
isolating the catalyst.

In some embodiments, the method comprises the following steps:

(a) providing a second solution comprising a source of cobalt, copper, zinc, iron, and water;

(b) providing a third solution comprising a base;

(c) heating the third solution at a third temperature for a third period of time;

(d) adding alumina to the third solution, thereby producing a second reaction mixture;

(e) adding the second solution to the second reaction mixture at a fourth temperature for a
fourth pericd of time, thereby producing a third reaction mixture;

() heating the third reaction mixture at a fifth temperature for a fifth period of time, thereby
producing a solid precursor;

(g) isolating the solid precursor;

(h) contacting the solid precursor with a solution comprising a Group IA metal, thereby
producing a catalyst precursor; and

(i) heating the catalyst precursor to a sixth temperature for a sixth period of time, thereby
isolating the catalyst.

In some embodiments, the method comprises the following steps: providing a first
solution comprising a source of cobalt, a source of copper, a source of zin¢, and a source of
aluminum. Combining the first solution with a basic precipitant, such as a carbonate, to
increase the pH of the metal salt containing solution thereby precipitating solid particles.

The solid particles are dried and calcined to form a solid catalyst.



10

15

20

25

30

CA 03173644 2022-9-27

WO 2021/262922 PCT/US2021/038802

In some embodiments, the method comprising the following steps: providing a first
solution comprising a cobalt source and introducing it to a pre-made copper-zinc alumina
material via incipient wetness or wet impregnation, followed by drying and calcining to
form a solid catalyst.

In some embodiments, the method comprising the following steps: mixing a cobalt
source and a support in a mill jar to provide a first mixture; ball milling the first mixture for
between 2 hours to 2 weeks to thereby provide a first precipitate; filtering the first
precipitate and heating to a first temperature to provide a ball milled cobalt source;
mixing the ball milled cobalt source with a source of copper and zinc and a source of the
alumina to provide a second mixture; and isolating a solid material from the second
mixture.

In some embodiments, the method further comprises combining the solid material
with a source of the one or more Group 1A metals. In some embodiments, the method
further comprises pressing the solid material into pellets. In some embodiments, the method
further comprises pressing the solid material into pellets prior to introduction into a flow
reactor.

Methods of Hydrogenation

In certain aspects, the present disclosure provides methods of reducing
carbonaceous feedstock, namely COz to a liquid product mixture, comprising contacting the
catalysts of catalytic compositions disclosed herein with a feed mixture comprising COz
and a reductant gas at a reduction temperature and a reduction pressure, thereby providing
the liquid product mixture.

In some embodiments, the reductant gas is H2. In some embodiments, the reductant
gas is a hydrocarbon, such as CHa, ethane, propane, or butane. In preferred embodiments,
the hydrocarbon is CH4. In certain such embodiments, the CHa4 is a component of a gas
mixture that also comprises other hydrocarbons, such as ethane, propane, or butane. For
example, the gas mixture used to supply CH4 may be (or may be derived from) flare gas,
waste gas, natural gas, or the like.

In some embodiments, the feed mixture further comprises CO. In some

embodiments, the feed mixture comprises less than 25% of CO, less than 20% of CO, less
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than 15% of CO, less than 10% of CO, less than 5% of CO, or less than 1% of CO. In some
embodiments, the feed mixture is substantially free of CO.

In some embodiments, the reduction temperature is from about 100 to about 450 °C.
In some embodiments, the reduction temperature is from about 275 to about 350 °C_ In
some embodiments, the reduction temperature is about 275 °C. In some embodiments, the
reduction temperature is about 310 °C.

In some embodiments, the reduction pressure is from about 50 to about 3000 psi. In
some embodiments, the reduction pressure is from about 900 to about 1100 psi. In some
embodiments, the reduction pressure is about 1000 psi.

In some embodiments, the partial pressure of COz in the feed mixture is from about
20 to about 1000 psi. In some embodiments, the partial pressure of COz in the feed mixture
is from about 200 to about 800 psi, from about 200 to about 600 psi, from about 200 to
about 400 psi, or from about 300 to about 400 psi. For example, the partial pressure of CO2
in the feed mixture is about 200 psi, about 250 psi, about 300 psi, about 350 psi, about 400
psi, about 450 psi, about 500 psi, about 550 psi, about 600 psi, about 650 psi, about 700 psi,
about 750 psi, about 800 psi, about 850 psi, about 900 psi, about 950 psi, or about 1000 psi.
In some embodiments, the partial pressure of CQO»> in the feed mixture is about 330 psi.

In some embodiments, the ratio of reductant gas:COzin the feed mixture is about
10:1 to about 1:10. In some embodiments, the ratio of reductant gas:COzin the feed mixture
is about 5:1 to about 0.5:1 In some embodiments, the ratio of reductant gas:COz in the feed
mixture is about 4:1 to about 1:1. In some embodiments, the ratio of reductant gas:COzin
the feed mixture is about 3:1.

In some embodiments, the liquid product mixture comprises methanol. In some
embodiments, the liquid product mixture comprises methanol, ethanol, and n-propanol. In
some embodiments, the liquid product mixture comprises methanol, ethanol, acetic acid,
and n-propanol. In some embodiments, the amount of ethanol is at least 10 wt.% of the total
In some embodiments, the amount of ethanol is at least 7 wt.% of the total amount of liquid
product mixture. In some embodiments, the amount of ethanol is at least 5 wt.% of the total
amount of liquid product mixture. In some embodiments, the amount of ethanol is at least 2
wt.% of the total amount of liquid product mixture. In some embodiments, the molar ratio

of ethanol to the total amount of methanol and n-propanol in the liquid product mixture is
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from about 1:5 to about 1:10. In some embodiments, the amount of formic acid in the liquid
product mixture is less than 10 ppm. In some embodiments, the amount of isopropanol in
the liquid product mixture is less than 10 ppm.

It is an object of the present invention to use low GHSVs (gas hourly space
velocity) to provide high gas product recyclability and avoid certain byproducts such as
formaldehyde. In some embodiments, the method does not produce formaldehyde. In some
embodiments, the method produces less than about 0.05 wt% formaldehyde. In some
embodiments, the method produces less than about 50 ppm formaldehyde. In some
embodiments, the method produces less than 5 ppm formaldehyde.

In some embodiments, the GHSV of reactant gases and recycle gases introduced to
the reactor is 10. In some embodiments, the GHSV of reactant gases and recycle gases
introduced to the reactor is 100. In some embodiments, the GHSV of reactant gases and
recycle gases introduced to the reactor is 500. In some embodiments, the GHSV of reactant
gases and recycle gases introduced to the reactor is 1,000, In some embodiments, the
GHSY of reactant gases and recycle gases introduced to the reactor is 2,000. In some
embodiments, the GHSV of reactant gases and recycle gases introduced to the reactor is
5,000. In some embodiments, the GHSV of reactant gases and recycle gases introduced to
the reactor is 10,000. In some embodiments, the GHSV of reactant gases and recycle gases
introduced to the reactor is 20,000.

In some embodiments, the GHSV of reactant gases and recycle gases introduced to
the reactor is from about 10 to about 20,000. In some embodiments, the GHSV of reactant
gases and recycle gases introduced to the reactor is from about 10 to about 10,000. In some
embodiments, the GHSV of reactant gases and recycle gases introduced to the reactor is
from about 10 to about 5,000. In some embodiments, the GHSV of reactant gases and
recycle gases introduced to the reactor is from about 10 to about 2,000. In some
embodiments, the GHSV of reactant gases and recycle gases introduced to the reactor is
from about 10 to about 1,000. In some embodiments, the GHSV of reactant gases and
recycle gases introduced to the reactor is from about 10 to about 500. In some
embodiments, the GHSV of reactant gases and recycle gases introduced to the reactor is

from about 10 to about 100.
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In some embodiments, the GHSV of reactant gases and recycle gases introduced to
the reactor is less than about 10. In some embodiments, the GHSV of reactant gases and
recycle gases introduced to the reactor is less than about 100. In some embodiments, the
GHSYV of reactant gases and recycle gases introduced to the reactor is less than about 500
In some embodiments, the GHSV of reactant gases and recycle gases introduced to the
reactor is less than about 1,000. In some embodiments, the GHSV of reactant gases and
recycle gases introduced to the reactor is less than about 2,000. In some embodiments, the
GHSYV of reactant gases and recycle gases introduced to the reactor is less than about 5,000.
In some embodiments, the GHSV of reactant gases and recycle gases introduced to the
reactor is less than about 10,000. In some embodiments, the GHSV of reactant gases and
recycle gases introduced to the reactor is less than about 20,000,

In some embodiments, the GHSV of reactant gases and recycle gases introduced to
the reactor is 100. In some embodiments, the GHSV of reactant gases and recycle gases
introduced to the reactor is 500. In some embodiments, the GHSV of reactant gases and
recycle gases introduced to the reactor is 1,000. In some embodiments, the GHSV of
reactant gases and recycle gases introduced to the reactor is 2,000. In some embodiments,
the GHSV of reactant gases and recycle gases introduced to the reactor is 5,000. In some
embodiments, the GHSYV of reactant gases and recycle gases introduced to the reactor is
10,000. In some embodiments, the GHSV of reactant gases and recycle gases introduced to
the reactor is 20,000.

In some embodiments, the method comprises contacting the catalyst with the feed
mixture for at least 168 hours. In some embodiments, the method comprises contacting the
catalyst with the feed mixture for at least 96 hours. In some embodiments, the method
comprises contacting the catalyst with the feed mixture for at least 24 hours.

In some embodiments, the numbers used to describe and claim certain embodiments
of the disclosure are modified in some instances by the term “about.” In some
embodiments, the numerical parameters should be construed in light of the number of
reported significant digits and by applying ordinary rounding techniques. Notwithstanding
that the numerical ranges and parameters setting forth the broad scope of some
embodiments of the invention are approximations, the numerical values set forth in the

specific examples are reported as precisely as practicable. The numerical values presented

-19-



10

15

20

25

30

CA 03173644 2022-9-27

WO 2021/262922 PCT/US2021/038802

in some embodiments of the invention may contain certain errors necessarily resulting from
the standard deviation found in their respective testing measurements.
In certain embodiments, the term “about” means within 10%, 9%, 8%, 7%, 6%, 5%,

4%, 3%, 2, 1%, 0.5%, or 0 05% of a given value or range.

EXAMPLES

The invention now being generally described, it will be more readily understood by
reference to the following examples which are included merely for purposes of illustration
of certain aspects and embodiments of the present invention, and are not intended to limit

the invention.

Example 1: Synthesis of Co-CZ A, Ni-CZA, and Fe-CZA catalvsts by coprecipitation.
Co-C7ZA4 or Ni-CZA:

Cobalt nitrate or nickel nitrate (2 molar equivalent), zinc nitrate (1 molar
equivalent), copper nitrate (3 molar equivalents), aluminum nitrate (1.4 molar equivalents),
and sodium carbonate (9.7 molar equivalents) are combined in distilled water. The resulting
mixture is stirred rapidly and heated at 70-90 °C for 2 hours, then dried at 120 °C overnight
to remove water. The resulting solid material is dried under air at 110 °C for 12 hours, and
the resulting solid material is crushed, heated to 350 °C in air at a heating rate of 2 °C /min,
and calcined at 350 °C for 6 h. After calcining, the resulting power was then further ground

with a mortar and pestle.

Fe-CZA:

Ferric nitrate (1 molar equivalent), zinc nitrate (1 molar equivalent), copper nitrate
(3 molar equivalents), aluminum nitrate (1.4 molar equivalents), and sodium carbonate (9.1
molar equivalents) are combined in distilled water. The resulting mixture is stirred rapidly
and heated at 70-90 °C for 2 hours, then dried at 120 °C overnight to remove water. The
resulting solid material is dried under air at 110 °C for 12 hours, and the resulting solid
material is crushed, heated to 350 °C in air at a heating rate of 2 °C /min, and calcined at
350 °C for 6 h. After calcining, the resulting power was then further ground with a mortar

and pestle.
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Example 2: Synthesis of Co-CZA, Fe-CZA., or Ni-CZA catalysts by wet impregnation

Wet impregnation (a.k.a. incipient wetness) synthesis: 40 grams of a copper-zinc

oxide on alumina catalyst is contacted with a solution of Co(INO3)2-6H20 (25 g in 50 mL of
water), Fe(NO3)3-9H20 (25 g in 50 mL of water), or Ni(NO3)2-6H20 (25 g in 50 mL of
water), wherein the metal-containing liquid is adsorbed into the alumina by capillary action
and allowed to dry for a set period of time, typically 24 h, or in an oven at 120 °C for 12 h.
The impregnated, dried sample is then ground to a powder with a mortar and pestle, heated

t0 350 °C at a heating rate of 2 °C /min, and calcined in air at 350 °C for 6 h.

Example 3: Synthesis of Co-CZA catalysts by mechanical activation

Mechanical activation synthesis: 50 g of copper-zinc oxide on alumina is mixed
with 10 g of cobalt oxide and loaded in a 0.4 L. mill jar filled 2/3 of the volume with 6.5
mm size of cylindrical grinding media, the grinding media possessing a total mass of 825 g.
The mill jar is placed in a roller equipped with a ¥4 horsepower motor and the ball milling
process is conducted with 200 rpm of rolling speed for different durations, between 2 hours

and two weeks.

Example 4: Synthesis of CuZnO )y ComnFenKo.15 on ALO3
Cu(NOs)3+3H20 (60 mmol, 14.5 g), Zn(NO3)2-6H20 (60 mmol, 17.8 g),

Co(NOs)2-6H20 (60 mmol, 17.5 g) Fe(NO3)3-9H20 (60 mmol, 24.2 g) were dissolved in

100 mL DI water to form a metal salt solution. NazCO3 (180 mmol, 19.1 g) was dissolved
in 150 mL DI water and heated to 60 °C. y-Al203 (231 mmol, 23.6 g) was added to the clear
Na2CO3 aqueous solution. The metal salt solution was added to Na2CO3/Al203 mixture
dropwise over 30 min. Additional Na>COs (45 mmol, 4.8 g) was added to solution mixture
at 60 °C. The mixture was heated at 70 °C for 1.5 hours while stirring and cooled down to
room temperature. The solid precipitate was filtered and washed with DI water, then dried
under air overnight and impregnated with K:COs3 (4.5 mmol, 0.62 gin 15 mL DI water).
The resulting wet powder was agitated for 1 hour in a mechanical shaker, and the catalyst
was dried under air at 110 °C for 12 hours. The resulting powder was crushed with a mortar
and pestle heated to 350 °C in air at a heating rate of 2 °C /min, and calcined under air at

350 °C for 6 hours, followed by additional grinding with a mortar and pestle.
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Example 5: CO; reduction in the presence of Cu,ZnOu)ConFeny K15 on ALOs
COz reduction in the presence of Cu)ZnOnCowmFenKo.15) on Al2O3 was

performed over a course of 5 days under the following conditions:

2:1 H2:COz ratio;

GHSV was 1000 h!;

COz2 conversion per pass about 18%;

Temperature 310 °C;

Pressure 1000 psi.
Composition of the liquid product fraction at different time points during the course of the
reaction is shown in Table 1.
Table 1. Composition of the liquid product fraction in CO: reduction in the presence of
CuZnOmComFenK o 15 on Al>Os.

Time, h | Amount | Ethanol | Methanol | Acetic | Formic | Acetone n-
acid acid Propanol
24 g 0.055 0.220 | 0.002 0.000 0.000 0.011
48 g 0.043 0.219 | 0.002 0.000 0.000 0.009
72 g 0.050 0.242 | 0.001 0.000 0.000 0.010
96 g 0.058 0.284 | 0.001 0.000 0.000 0.013
120 g 0.037 0.226 | 0.000 0.000 0.000 0.008

Example 6: Catalvtic reduction of CO> to alcohols using CH4 as a reductant

For catalyst screening experiments, a CZA catalyst is loaded into a 600 mL
continuously stirred tank reactor. The catalyst is optionally activated with Hz prior to the
start of the run. To activate the catalyst, the reactor is flushed with Hz gas prior to being
filled to 300 psi of Hz for catalyst activation. Catalyst activation occurs at a pressure of at
least 100 psi, where the reactor is heated at 300 °C [or 1.0 hour, then cooled down to 25 °C,
with a heating ramp rate of 6 °C/min and cooling ramp rate of around -6 °C/min. The
reactor is vented, then flushed with 250 psi of COz. The reactor is filled with COz to 250 psi
and 500 psi of CHa leading to a total pressure at 750 psi. The reactor is then heated to 250
°C for 15 hours prior to cooling and product collection. For product collection, the reactor
is vented and disassembled to recover liquid at the bottom of the reactor. The liquid is

washed and filtered to remove excess catalyst. The liquid is analyzed by gas
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chromatography (GC) to determine methanol, ethanol, n-propanol, and higher alcohol
content to assess whether the catalyst is capable of producing alcohols using COz and CHa.
For alcohol production using the catalysts disclosed in this specification, a tubular
fixed bed flow reactor is typically used, but other reactor types may also be used. For the
example of a tubular fixed bed flow reactor, the optimal reactor temperature is between 200
°C and 300 °C, but may vary between 100 °C and 450 °C. A half-inch diameter, three foot
long vertical tubular reactor is loaded with 5 mL of a mixture of catalyst powder and,
optionally, inert alumina to even out temperature differences within the reactor during
exothermal operation. The feed ratio of gases is 2:1 CH4:CO», but can vary from 10:1
CH4:COz2 to 1:10 CH4:COg, optionally with the presence of other carbonaceous gases such
as CO. The gas hourly space velocity (GHSV) in the present example is 1000 h'!, but can
vary from 100 h™' to 75,000 h'l. In some cases, gases that are unreacted in their first pass
through the reactor may be recycled from the reactor back into the inlet. The pressure of the
reactor is 1000 psi, however the pressure may vary from 500 psi to 5000 psi. There are
sometimes no requirements for catalyst conditioning in these reaction systems, however,
some catalysts may require heating to temperatures as high as 400 °C under at least 100 psi
of Ha, CO, or CHa gas for up to 24 hours. Once CHa and CO2 gases begin flowing and the
reaction starts, it takes approximately 12 hours for the system to stabilize into a steady state

where alcohol production levels off and is no longer increasing or decreasing.

Example 7: Catalvtic reduction of CO» to mixed alcohols using a Co-CZA catalyst

For alcohol production, the reactor pressure is increased to 1000 psi and temperature
decreased to 235 °C. Approximately 0.3 kg/h Hz2 and 3.5 kg/h CO2 are flowed into the
reactor system and reacted over the catalyst, followed by product gas cooling and
condensation of the room temperature liquids in a separator vessel, with gaseous
byproducts and unreacted CO2 and H2 recycled back into the reactor inlet. Approximately 1
gallon per hour of product liquid was produced with an alcohol content of approximately
40% methanol and 2% ethanol in water. The relative concentration of ethanol and methanol
in water was variable based on the flow rate and feed ratio of inlet CO2 and H2. Minimal
higher alcohol production (n-propanol and higher) was observed, with no detectable
presence of branched higher alcohols (isopropanol) by gas chromatography coupled with

mass spectroscopy (GC-MS).
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Example 8: Catalytic reduction of CO; to methanol at low mass flow rates

CZA catalyst with a ratio of Cu:Zn of approximately 2.33 is loaded into a fixed bed
flow reactor. The catalyst is reduced under 100 psi of flowing Hz at 300 °C and 5,000
GHSYV. The reactor is pressurized to 1,000 psi and a mixture of COz and Hz gas with a
molar ratio of 1:3 is introduced at a GHSV of 1,000. Unreacted product gases are recycled
through the reactor, while product liquids are condensed and extracted. The resulting
product liquid is produced at a rate of approximately 0.1 kg/Lcath and is comprised of
approximately 64% methanol in water. Detectable byproducts include minimal quantities of
ethanol, acetic acid, and n-propanol. Production at a low areal productivity due to low mass
flow rates increased the per-pass conversion of CO2 and H2 to methanol, reduced the

concentration of byproducts, and improved product purity.

INCORPORATION BY REFERENCE

All publications and patents mentioned herein are hereby incorporated by reference
in their entirety as if each individual publication or patent was specifically and individually
indicated to be incorporated by reference. In case of conflict, the present application,

including any definitions herein, will control.

EQUIVALENTS

While specific embodiments of the subject invention have been discussed, the above
specification is illustrative and not restrictive. Many variations of the invention will become
apparent to those skilled in the art upon review of this specification and the claims below.
The full scope of the invention should be determined by reference to the claims, along with

their full scope of equivalents, and the specification, along with such variations.
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We claim:

1. A modified CZA catalyst, comprising:

copper;

zing;

one or more first elements selected from cobalt, iron, or nickel,

aluminum,

oxygen,

optionally, one or more second elements selected from a Group V, VI, VII, VIII, IX, X, and
XI metal (e.g., manganese, silver, niobium, zirconium, molybdenum, ruthenium, or
palladium); and

optionally, one or more Group A metals, and wherein

the first element is present in an amount of about 1 to about 40 wt.% (e.g., about 1 to about

10 wt.%, about 25 to about 40 wt.%, about 30 to about 40 wt.%, or about 35 to about 40

wt.%) of the total amount of the copper, zinc, the first element, the optional second element,

and the optional Group 1A metal.

2. The catalyst of claim 1, wherein the one or more first elements is cobalt.

3. The catalyst of claim 1, wherein the one or more first elements is nickel.

4. The catalyst of claim 1, wherein the one or more first elements is iron.

5. The catalyst of any one of claims 1-4, wherein the catalyst comprises the one or more

second elements.

6. The catalyst of any one of claims 1-5, wherein the one or more second elements

compri S€ manganese.

7. The catalyst of any one of claims 1-6, wherein the one or more second elements

comprise zirconium.

8. The catalyst of any one of claims 1-7, wherein the one or more second elements
comprise niobium.
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9. The catalyst of any one of claims 1-8, wherein the one or more second elements

comprise molybdenum.

10. The catalyst of any one of claims 1-9, wherein the catalyst comprises copper at a

molar ratio of about 1 to about 3 relative to zinc.

11. The catalyst of any one of claims 1-10, wherein the catalyst comprises copper at a

molar ratio of about 2 to about 2.5 relative to zinc.

12. The catalyst of any one of claims 1-11, wherein the catalyst comprises zinc at a molar

ratio of about 0.5 to about 1.5 relative to copper.

13. The catalyst of any one of claims 1-12, wherein the catalyst comprises iron at a molar

ratio of about 0.5 to about 1.5 relative to copper.

14. The catalyst of any one of claims 1-13, wherein the catalyst comprises aluminum at a

molar ratio of about 0.4 to about 2.1 relative to the copper.

15. The catalyst of any one of claims 1-14, wherein the catalyst comprises aluminum at a

molar ratio of about 0.5 to about 1 relative to copper.

16. The catalyst of any one of claims 1-15, wherein the catalyst comprises one or more

Group IA metals.

17. The catalyst of claim 16, wherein the one or more Group IA metals comprise
potassium.

18. The catalyst of claim 16, wherein the one or more Group IA metals comprise sodium.
19. The catalyst of claim 16, wherein the one or more Group LA metals comprise cesium.
20. The catalyst of any one of claims 16-19, wherein the catalyst comprises the one or

more Group IA metals at a molar ratio from about 0.05 to about 0.5 relative to copper.
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21. The catalyst of claim 20, wherein the catalyst comprises the one or more Group IA

metals at a molar ratio of about 0.15 relative to copper.

22, The catalyst of any one of claims 1-21, wherein the catalyst comprises zinc oxide.

23. The catalyst of any one of claims 1-22, wherein the catalyst comprises copper oxide.
24, The catalyst of any one of claims 1, 2, or 5-23, wherein the catalyst comprises cobalt
oxide.

25. The catalyst of any one of claims 1 or 4-23, wherein the catalyst comprises iron oxide.
26. The catalyst of any one of claims 1, 3, or 5-23, wherein the catalyst comprises nickel
oxide.

27. The catalyst of any one of claims 1-26, wherein the catalyst comprises alumina.

28. The catalyst of claim 1, wherein the catalyst comprises cobalt, copper, zinc oxide, and
alumina.

29, The catalyst of claim 1, wherein the catalyst comprises nickel, copper, zinc oxide, and
alumina.

30. The catalyst of claim 1, wherein the catalyst comprises iron, copper, zinc oxide, and
alumina.

31. The catalyst of claim 28, wherein the catalyst comprises:

copper at a molar ratio of about 2.5 relative to the cobalt;
zinc oxide at a molar ratio of about 1 relative to the cobalt; and

alumina at a molar ratio of about 0.35 relative to the cobalt.

32. The catalyst of claim 29, wherein the catalyst comprises:
copper at a molar ratio of about 2.5 relative to the nickel;
zinc oxide at a molar ratio of about 1 relative to the nickel; and

alumina at a molar ratio of about 0.35 relative to the nickel.
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33. The catalyst of claim 30, wherein the catalyst comprises:
copper at a molar ratio of about 2.5 relative to the iron;
zinc oxide at a molar ratio of about 1 relative to the iron; and

alumina at a molar ratio of about 0.35 relative to the iron.

34, The catalyst of claim 1, wherein the catalyst comprises cobalt, copper, zinc oxide,

alumina, and a Group 1A metal.

35. The catalyst of claim 1, wherein the catalyst comprises nickel, copper, zinc oxide,

alumina, and a Group IA metal.

36. The catalyst of claim 1, wherein the catalyst comprises iron, copper, zinc oxide,

alumina, and a Group 1A metal.

37. The catalyst of claim 34, wherein the catalyst comprises:
copper at a molar ratio of about 2.5 relative to the cobalt;

zinc oxide at a molar ratio of about 1 relative to the cobalt;
alumina at a molar ratio of about 0.35 relative to the cobalt; and

the Group IA metal at a molar ratio of about 0.1 relative to the cobalt.

38. The catalyst of claim 35, wherein the catalyst comprises:
copper at a molar ratio of about 2.5 relative to the nickel;

zinc oxide at a molar ratio of about 1 relative to the nickel;
alumina at a molar ratio of about 0.35 relative to the nickel; and

the Group IA metal at a molar ratio of about 0.1 relative to the nickel.

39. The catalyst of claim 36, wherein the catalyst comprises:
copper at a molar ratio of about 2.5 relative to the iron;

zinc oxide at a molar ratio of about 1 relative to the iron;
alumina at a molar ratio of about 0.35 relative to the iron; and

the Group LA metal at a molar ratio of about 0.1 relative to the iron.

40. A modified CZA catalyst, comprising:

copper;
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zing;

optionally, one or more first elements selected from cobalt, iron, or nickel;

aluminum;

oxygen;

optionally, one or more second elements selected from a Group V, VI, VII, VIII, IX, X, and
XI metal (e.g., manganese, silver, niobium, zirconium, molybdenum, ruthenium, or
palladium); and

optionally, one or more Group [A metals;

wherein the molar ratio of copper to zinc is from about 2 to about 4.

41. The catalyst of claim 40, wherein the molar ratio of copper to zinc is about 2.33.

42, A catalytic composition, comprising the catalyst of any one of claims 1-41, and an

additional support.

43. The catalytic composition of claim 42, wherein the additional support comprises one
or more materials selected from an oxide, nitride, fluoride, or silicate of an element selected
from aluminum, silicon, titanium, zirconium, cerium, magnesium, yttrium, lanthanum, zinc,

and tin.

44, The catalytic composition of claim 42 or 43, wherein the additional support comprises

v-alumina.

45. The catalytic composition of claim 42, wherein the additional support comprises one

or more carbon-based material.

46. The catalytic composition of claim 45, wherein the carbon-based material is selected

from activated carbon, carbon nanotubes, graphene, and graphene oxide.

47. The catalytic composition of any one of claims 42-46, wherein the additional support

is a mesoporous material.

48. The catalytic composition of claim 47, wherein the additional support has a mesopore

volume from about 0.01 to about 3.0 cc/g.
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49. The catalytic composition of any one of claims 42-48, wherein the additional support

has surface area from about 10 m?/g to about 1000 m?/g.

50. The catalytic composition of any one of claims 42-49, wherein catalytic composition

comprises from about 5 wt.% to about 80 wt.% of the catalyst.

51. The catalytic composition of any one ol claims 42-50, wherein the catalytic

composition is in a form of particles having an average size from about 20 nm to about 5 um.

52. The catalytic composition of any one of claims 42-51, wherein the catalytic

composition is in a form of particles having an average size from about 50 nm to about 1 um.

53. The catalytic composition of any one of claims 42-52, wherein the catalytic
composition is in a form of particles having an average size from about 100 nm to about 500

nm.

54. The catalytic composition of any one of claims 42-52, wherein the catalytic
composition is in a form of particles having an average size from about 50 nm to about 300

nm.

55. A method for preparing the catalyst of any one of claims 1-41, comprising preparing

the catalyst by coprecipitation, wet impregnation, or ball milling.

56. The method of claim 55, comprising the following steps:

(a) providing a first solution comprising a source of first element (e.g., Co/Fe/Ni), copper,
zinc, aluminum, a base, and water;

(b) heating the first solution at a first temperature for a first period of time, thereby producing
the first reaction mixture;

(c) heating the first reaction mixture at a second temperature for a second period of time to
remove the water, thereby producing a solid precursor; and

(d) heating the solid precursor to a third temperature for a third period of time, thereby

isolating the catalyst.
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57. The method of claim 56, further comprising a step of contacting the solid precursor

with a solution comprising a Group IA metal before step (d).

58. The method of claim 55, comprising the following steps:

(a) providing a second solution comprising a source of first element (e.g., Co/Fe/Ni), copper,
zing, iron, and water;

(b) providing a third solution comprising a base;

(¢) heating the third solution at a third temperature for a third period of time;

(d) adding alumina to the third solution, thereby producing a second reaction mixture;

(e) adding the second solution to the second reaction mixture at a fourth temperature for a
fourth period of time, thereby producing a third reaction mixture;

(f) heating the third reaction mixture at a fifth temperature for a fifth period of time, thereby
producing a solid precursor;

(g) isolating the solid precursor;

(h) contacting the solid precursor with a solution comprising a Group IA metal, thereby
producing a catalyst precursor; and

(i) heating the catalyst precursor to a sixth temperature for a sixth period of time, thereby

isolating the catalyst.

59. A method for reducing CO2, comprising contacting the catalyst of any one of claims
1-41 or the catalytic composition of any one of claims 42-54 with a feed mixture comprising
CO:z and a reductant gas at a reduction temperature and a reduction pressure, thereby

providing a liquid product mixture.

60. The method of claim 59, wherein the reductant gas is Ha.

61. The method of claim 59, where the reductant gas is a hydrocarbon, such as CHa,

ethane, propane, or butane.

62. The method of claim 59, wherein the reductant gas is, or is derived from, flare gas,

waste gas, or natural gas.

63. The method of claim 59, wherein the reductant gas is CHa.
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64. The method of any one of claims 59-63, wherein the feed mixture comprises less than
25% of CO, less than 20% of CO, less than 15% of CO, less than 10% of CO, less than 5% of
CO, or less than 1% of CO.

65. The method of any one of claims 59-64, wherein the feed mixture is substantially free

of CO.

66. The method of any one of claims 59-65, wherein the reduction temperature is 100 to

450 °C.

67. The method of any one of claims 59-66, wherein the reduction pressure is from about

50 to about 3000 psi.

68. The method of any one of claims 59-67, wherein the reduction pressure is from about

500 to about 3000 psi.

69. The method of any one of claims 59-68, wherein the reduction pressure is about

1000 psi.

70. The method of any one of claims 59-69, wherein the partial pressure of COz in the
feed mixture is from about 20 to about 1000 psi, from about 200 to about 1000 psi, from
about 500 to 1000 psi, or from about 750 to 1000 psi.

71. The method of any one of claims 59-70, wherein the ratio of COz:reductant gas in the

feed mixture is from about 1:10 to about 10:1.

72 The method of any one of claims 59-71, wherein the ratio of CO2:reductant gas in the

feed mixture is from about 1:3 to about 1:1.

73. The method of any one of claims 59-72, wherein the liquid product mixture comprises
ethanol.
74. The method of any one of claims 59-73, wherein the liquid product mixture comprises

methanol, ethanol, and n-propanol.
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75. The method of any one of claims 59-74, wherein the method is selective for ethanol.

76. The method of claim 75, wherein the amount of ethanol is at least 2 wt.% of the total

amount of liquid product mixture.

77. The method of claim 75, wherein the amount of ethanol is at least 3 wt.% of the total

amount of liquid product mixture.

78. The method of any one of claims 59-77, comprising contacting the catalyst with the

feed mixture for at least 24 hours.

79. The method of claim 78, comprising contacting the catalyst with the feed mixture for

at least 96 hours.

80. The method of claim 78, comprising contacting the catalyst with the feed mixture for

at least 168 hours.

81. The method of any one of claims 59-80, wherein the method has a GHSV of reactant

gases and recycle gases introduces into the reactor of from about 10 to about 20000.

82. The method of any one of claims 59-80, wherein the method has a GHSV of reactant

gases and recycle gases introduces into the reactor of less than about 500.

83. The method of any one of claims 59-82, wherein the method does not produce

formaldehyde.

84. The method of any one of claims 59-82, wherein the liquid product mixture comprises

less than about 50 ppm formaldehyde.
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