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(57) Abréegée/Abstract:

A method for reducing carbon dioxide to one or more products Is disclosed. The method may include steps (A) to (C). Step (A)
may bubble the carbon dioxide into a solution of an electrolyte and a catalyst in a divided electrochemical cell. The divided
electrochemical cell may include an anode In a first cell compartment and a cathode in a second cell compartment. The cathode
generally reduces the carbon dioxide Into the products. Step {B} may vary at least one of (1) which of the products Is produced and
(1) a faradaic yield of the products by adjusting one or more of (a) a cathode material and (b) a surface morphology of the cathode.
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(57) Abrege(suite)/Abstract(continued):
Step (C) may separate the products from the solution.
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bon dioxide into a solution of an electrolyte and a catalyst in a divided electrochemi-

cal cell. The divided electrochemical cell may mclude an anode in a first cell com-
| partment and a cathode 1n a second cell compartment. The cathode generally reduces
the carbon dioxide mto the products. Step {B} may vary at least one of (1) which of
the products 1s produced and (i1) a faradaic yield of the products by adjusting one or
more of (a) a cathode material and (b) a surface morphology of the cathode. Step (C)
may separate the products from the solution.
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REDUCING CARBON DIOXIDE TO PRODUCTS

Field of the Invention

The present i1nvention relates to chemical reduction

generally and, more particularly, to a method and/or apparatus for

1mplementing reducing carbon dioxide to products.

Backaground of the Invention

Thé combusticn cof fossil fuels

1n activities such as the

electricity generation, transportation, and manufacturing produces

billions of tons of carbon dioxide annua

1970s indicates increasing concentrations

llv. Research since the

of carbon dioxide in the

atmosphere may be responsible for altering the Earth’'s c¢limate,

changing the pH of the ocean and other potentially damaging

effects. Countries around the world, including the United States,

are geeking ways to mitigate emissions of carbon dioxide.

A mechanism for mitigating emissions is to convert carbon

dioxide into econcmically valuable mate

_—

rials such as fuels and

industrial chemicals. It the carbon dioxide 1s converted using

energy Ifrom renewable sources, both miti

p—

gation of carbon dioxide

emlssions and conversion of renewable energy into a chemical form

that can be stored for later use will be possible. Electrochemical
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and photochemical pathwavs are means for the carbon dioxide

CONVvVersion.

Previous work 1n the field has many limitations,

including the stability of systems used 1n the process, the

F

efficiency of systems, the selectivity of the systems or procegses

rha
—

for a desgsired chemical, the cost o: materials used 1in

systems/processes, the abi1iity Lo control the processes

effectively, and the rate at which carbon dioxide 1s converted. No

commerclally available solutions for converting carbon dioxide to

economically wvaluable fuels or industrial chemicals currently

exist. Laboratories around the world have attempted for many vears

to use electrochemigtry and/or photochemistry to convert carbon

dioxide to economically wvaluable products. Hundreadas of

publications exist on the subjiect, starting with work in the 19th

century. Much of the work done prior to 1999 1s summarized in

"Greenhouse Gas Carbon Dioxide Mitigation Science and Technologyv”,

P

by Halmann and Steinberg. A more recent overview o0f work on

electrochemical means of reducing carbon dioxide 18

“Electrochemical Carbon Dioxide Reduction — Fundamental and Applied

g
-

Topics (Review)”, by Maria Jitaru in Journal of the University of

Chemical Technology and Metallurgyf 2007, pages 333-344.

Laboratory electrochemical methods usually involve a

small {1.e., <1 liter) glass cell containing electrodes and an

agqueous solution with supporting electrolyte 1n which carbon

dioxide is bubbled, though a solvent other than water can be used.

Reduction of the carbon dioxide takes place directly on the cathode

or via a mediator in the solution thak i1g either a transition metal

or a transition metal complex. Photoelectrochemical methods also

1ncorporate agueous solutions with supporting electrolyte in which

carbon dioxide 1s bubbled. The main difference i1s that some or all
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of the energy for reducing the carbon dioxide comes from sunlight.

The reduction of the carbon dioxide takes place on a photovoltalc

material or on a catalyst photogsensitized by a dve. All systems

developed to date have failed to make commerclal systems for the

reasons outlined above. The systems developed in laboratories

could not be gscaled to commercial or industrial size because of

various performance limitations.

Existing electrochemical and photochemical processes/

systems have one or more of the following problems that prevent

commercialization on a large scale. Several processes utilize

metals such as ruthenium or gold that are rare and expensive. In

other processes, organic solvents were used that made scaling the

process dlifficult because of the costs and availability of the

solvents, such as dimethvl sulfoxide, acetonitrile and propylene

carbonate. Copper, silver and gold have bheen found to reduce

carbon dioxide to wvarious products. However, the electrodes are

cguickly “polsoned” by undesirable reactions on the electrode and

often cease to work in less than an hour. Similarly, gallium-based

semiconductors reduce carbon dioxide, but rapidly dissolve in

water. Many cathodes make a mix of organic products. For

instance, copper produces a mix of gases and liguids including

carbon monoxide, methane, formic acid, ethvliene and ethanol. A mix

-

of products makes extraction and purification of the products

costly and can result in undesirable waste products that must be

disposed. Much of the work done to date on carbon dioxide

am

reduction 1is 1nefficient because of high electrical potentials

utilized, low faradaic vyields of desired products and/or high
pressure operation. The energy consumed for reducing carbon
dioxide thus becomes prohibitive. Many conventional carbon dioxide

F

reduction techniques have very low rates of reaction. For example,
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—

some commercial systems have current densities 1n excess of 100

milliamperes per centimeter squared (mA/cm®), while rates achieved

in the laboratory are orders of magnitude less.

Summary of the Invention

The present 1invention concerns a method for reducing
carbon dioxide toc one or more products. The method may include
steps (A) to (C). Step {A) may bubble the carbon dioxide into a

solution of an electrolvte and a catalyst 1n a divided

electrochemical cell. The divided electrochemical cell may include

an anode in a first cell compartment and a cathode 1n a second cell

compartment. The cathode generally reduces the carbon dioxide into

the products. Step (B} may vary at least one of (1) which of the

g—

products 1s produced and (i1i) a faradaic vyvield of the products by

adjusting one or more of (a) a cathode material and (b) a surtace

morphology of the cathode. Step (C) may separate the products from

the solution.

The objects, features and advantages of the present

invention 1nclude providing a method and/or apparatus tor

implementing reducing carbon dioxide to products that may (1)

catalvtically reduce carbon dioxide using steel cathodes or other

low cost cathode materials, (ii) produce high faradaic vields
(e.g., >20%), (1ii) produce organic products with steel and nickel
alloy cathodes at ambient temperature and pressure, (1v) provide

stabile long-term reduction of carbon dioxide using copper-based

-
p—

alloy elecirodes and/or (v) provide for commercialization of

electrochemical carbon dioxide reduction.
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Brief Degcription of the Drawings

Thegse and other obijects, features and advantages of the

present invention will be apparent from the following detailed

description and the appended claims and drawings in which:

FIG. 1 is a block diagram of & system 1in accordance with

a preferred embodiment of the present invention;

FIGS. 2A-2C are tables i1llustrating relative product

vields for different cathode material, catalyst, electrclyte and pH

level comblinations;

FIG. 3 is a formula of an aromatic heterocyclic amine

catalyst;

FIGS. 4-6 are formulae of substituted or unsubstituted

aromatic b-member hetercocyclic amines or b-member heterocyclic

amines:

FIG. 7 1s a flow diagram of an example method used 1in

electrochemical exampleg; and

I

FIG. 8 is a flow diagram of an examplie method used in

rhotochemlcal examples.

Detailed Description of the Preferred Embodiments

p—
p—

In accordance with some embodliments of the pregent

invention, an electro-catalvtic system i1is provided that generally

allows carbon dioxide to be converted at modest overpotentials to

highly reduced speclies 1n an agueous solution. Some embodiments

generally relate to gsimple, efficient and economical conversicn of

carpbon dioxide to reduced organic products, such as methanol,

formic acid and formaldehvyde. Inorganic products such as polymers

may also be formed. Carbon-carbon bonds and/or carbon-hydrogen

bonds mav be formed in the agueous solution under mlild conditions
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utilizing a minimum of energy. In some embodiments, the energy
used by the system may be generated from an alternative energy

source or directly using visible light, depending on how the system

1s 1mplemented.

The reduction of carbon dioxide may be sultably catalvzed

by aromatic heterocyclic amines (e.g., pyridine, imidazole and

substituted derivatives). Simple organic compounds have been found

e —

to be effective and stable homogenous electrocatalysts and

photoelectrocatalysts for the aqueous multiple electron, multiple

proton reduction of carbon dioxide to organic products, such as

formic acid, formaldehyde and methanol. For production of

methanol, the reduction of carbon dioxide may proceed along a b6

electron (e-) transfer pathway. High faradaic vieids for the

reduced products have generally been found in both electrochemical

-

and photoelectrochemical systems at low reaction overpotentials.

Metal-derived multi-electron transfer was previously
thought to achieve highly reduced products such as methanol.

Currently, simple aromatic hetercocyclic amine molecules may be

gu—
sy

capable of producing many dif

ferent chemical species on route to

methanol through multiple electron transfers, instead of

metal -based multi—-electron transfers.

F.

Some embodiments of the present invention thus relate to

environmentally Dbeneficial methods for reducing carbon dioxide.
The methods generally 1nclude electrochemically and/oxr

photoelectrochemically reducling the carbon dioxide in an agueous,

electrolyte-supported divided electrochemical cell that includes an

anode (e.g., an 1nert conductive counter electrode} 1n a cell

compartment and a conductive or p-type semiconductor working

cathode electrode in another cell compartmeni. A cataelvyst may be

included to produce a reduced product. Carbon dioxide may be
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continuously bubbled through the cathode electrolyte solution to

csaturate the solution.

For electrochemical reductions, the electrode may be a

suitable conductive electrode, such as Al, Au, Ag, C, Cd, Cc¢, Cr,

Cu, Cu allovs (e.g., brass and bronze), Ga, Hg, In, Mo, Nb, Ni, Ni
alloys, Ni-Fe alloys, Sn, Sn alloys, Ti, V, W, Zn, stainless steel

(SS), austenitic steel, ferritic steel, duplex steel, martensitic

steel, Nichrome, elgiloy (e.g., Co-Ni-Cr), degenerately doped p-Si,

degenerately doped p-8Si:As and degenerately doped p-S5S1:B. Other

conductive electrodes may be implemented to meet the criteria of a

particular application. For photoelectrochemical reductions, the

electrode may be a p-type semliconductor, such as p~GaAs, p-GaP,

o-InN, p-InP, p-CdTe, p-GalInP, and p-Si. Other semiconductor

electrodes may be implemented to meet the c¢riteria of a particular

application.

_

The catalyst for conversion - of carbon dioxide

electrochemically or photoelectrochemically may be a substituted or
unsubstituted aromatic heterocyclic amine. Sultable amines are

generally heterocycles which may include, but are not limited to,

heterocyeclic compounds that are S-member or 6-member rings with at

least one ring nitrogen. For example, pyridines, imidazoles and

related species with at least one five-member ring, bipyridines

(e.g., two connected pyridines} and substituted derivatives were

generally found suitable asg catalysts for the electrochemical

reduction and/or the photoelectrochemical reduction. Amines that

have sulfur or oxygen in the rings may also be suitapble for the

reductiong. Amines with sulfur or oxygen may include thiazoles or

oxazoles. Other aromatic amines (e.g., guinclines, adenine,

azolieg, indolesg, benzimidazole and 1,10~-phenanthroline) may also bhe

effective electrocatalysts.
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vhotochemically oY

Carbon dioxide may be

electrochemically reduced to formic acid with formaldehyde and

methanol being formed in smaller amountg. Catalytic hydrogenation

of carbon dioxide using heterogeneous catalysts generally provides

with water ag well as formic acid and

methanol together

i

The reduction of carbon dioxide to methanol with

formalidehvde.

complex metal hydrides, such as lithium aluminum hydrides, may be

'

- methanol.

costly and therefore prcoblematic for bulk production o:

Current reduction processes are generally highly energy-consuming

and thus are not efficient ways for a high vield, economical

conversion of carbon dioxide to various products.

=
p—

On the other hand, the use o0of processes for converting

carbon dioxide to reduced organic and/or 1norgani¢ products 1n

accordance with some embodiments of the inventicn generally has the

potential to lead to a significant reduction of carbon dioxide, a

major greenhouse gas, 1in the atmosphere and thus to the mitigation

Moreover, socme embodiments may advantagecusly

of global warming.

produce methanol and related products without adding extra
reactants, such as a hydrogen source. The resultant product
mixture may use little in the way of further treatment. For

example, a resultant 1 molar (M) methanol solution may be used

directly in a fuel cell. For other uses, simple removal of the

electrolvie salt and water may be readily accomplished.

' and

Before any embodiments of the i1nvention are explained in

detail, 1t 1s to be understood that the embodiments may not bDbe

limited in application per the detailils of the structure or the

function as set forth i1n the following descriptions or i1llustrated

1)

in the figures of the drawing. Different embodiments may be

Also,

capable of being practiced or carried out in various ways.

1t is to be understood that the phnraseology and terminclogy used
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herein is for the purpose of description and should not be regarded

as limiting. The use of terms such asg “including,” “comprising, ”

or “having” and wvariations thereof herein are generally meant to

encompass the item listed thereafter and equivalents thereorl as

5 well as additional items. Further, unless otherwise noted,

technical terms may be used according to conventional usage.

P

In the following description of methods, process steps

1 1)

may Dbe carried out over a range o temperatures (e.dg.,

F
e

approximately 10°C (Celsius) to 50°C) and a range of pressures

10 (e.g., approximately 1 to 10 atmospheres) unless otherwise

specified. Numerical ranges recited herein generally include all

values from the lower value to the upper value (e.g., all possible

comblinations of numerical values between the lowest wvalue and the

highest wvalue enumerated are considered expressly stated). For

g

15 example, if a concentration range or beneficial effect range 1s

stated as 1% to 50%, it is intended that wvalues such as 2% to 40%,

10% to 30%, or 1% to 3%, etc., are expressly enumerated. The above

may be simple examples of what is specifically intended.

F.

A use of electrochemical or photoelectrochemical

20 reduction of Carpon dioxide, tallored with certain

. electrocatalysts, may produce methanol and related products in a

e
p—

high vield of about 60% to about 100%, based on the amount of

carbon dioxide, suitably about 75% to 0%, and more suitably about

835% to 95%. At an electric potential of about -0.50 to -2 wvolts

25 (V) with respect to a saturated calomel electrode (SCE), methanol

g—

may be produced with good faradaic e:

P.
p—

ficiency at the cathode.

"l

An example of an overall reaction for the reduction of

3

carbon dioxide may be represented as follows:

C02 + 2 Hzo - CHBOH =+ 3/2 02
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For a 6§ e- reduction, the reactions at the cathode and anode may be

represented ag follows:
CO, + 6 H + 6 e- - CH3;0H + H,0 (cathode)

3 H,0 - 3/2 0, + 6 H" + 6 e- (anode)

The reduction of the carbon dioxide may be suitably

achieved efficiently 1rm a divided electrochemical or

photoelectrochemical c¢ell in which (i) a compartment contalns an

annode that 1s an 1inert counter electrode and (ii) another

compartment contains a working cathode electrode and a catalyst.

The compartments may be separated by a porous glass frit or other

ion conducting bridge. Both compartments generally contailn an

agqueous solution of an electrolyte. Carbon dioxide gas may be

continuously bubbled through the cathodic electrolyte soliution to

gsaturate the solution.

In the working electrode compartment, carbon dioxide may

be continuously bubbled through the solution. In some embodiments,

Ll

the working electrode is a conductor, an external bias may be

13

y—
p—

impressed across the cell such that the potential of the working

pr—
p—

electrode is held constant. In other embodiments, if the working

electrode is a p-tvype semiconductor, the electrode may be suitably

i1luminated with light. An energy of the light may be matching or

greater than a bandgap of the semiconductor during the

electrolysis. Furthermore, either no external source of electrical
energy may be used or a modest bias (e.g., about 500 millivolts)

may be applied. The working electrode potential is generally held

The electrical energy for the

LL]

constant relative to the SCE.

o' -y

electrochemical reduction of carbon dioxide may come from a normal

cnergy  source, including nuclear and alternatlives (e.g.,

hvdroelectric, wind, solar power, geothermal, etc.), from a solar

cell or other nonfossil fuel source of electricity, provided that

10
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rhe electrical source supply at least 1.6 volts across the cell.

Other voltage wvalues may be adjusted depending on the internal

resistance of the cell emploved.

Advantageously, the carbon dioxide may be obtained from

any sources (e.g., an exhaust stream from fossil-fuel burning power

or industrial plants, from geothermal or natural gas wells or the

atmosphere 1tself). Most suitably, the carbon dioxide may be

obtained from concentrated point sources of generation prior to

being released 1into the atmosphere. For example, high

concentration carbon dioxide sources may freguently accompany

natural gas in amounts of 5% to 50%, exist in flue gases of fossil

fuel {(e.g., coal, natural gas, o0il, etc.) burning power plants and

nearly pure carbon dioxide may be exhausted from cement factories

and from fermenters used for industrial fermentation of ethanol.

P
p—

Certain geothermal steams may also contain significant amounts oL

carbon dioxide. The carbon dioxide emissions from wvaried

indusgstries, including geothermal wells, may be captured on-site.

Separation of the carbon dioxide from such exhausts 1s known.

Thusg, the capture and use of existing atmospheric carbon dioxide 1n

accordance with some embodiments of the present invention generally

—
s

allow the carbon dioxide to be a renewable and uniimited scurce ©Or

carbon.

For electrochemical conversions, the carbon diocxide may

be readily reduced 1in an agueous medium with a conductive

'l
p—

electrode. Faradaic efficiencies have been found high, some

reaching apout 100%. For photoelectrochemical conversicns, the

carbon dioxide may be readily reduced with a p-LType semicconductor

electrode, such as p-GaP, p-GaAs, p-InP, p-InN, p-WSe,, p-CdTe,

p-GalInP, and p-Si.

11
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The electrochemical /photoelectrochemical reduction of the

carbon dioxide generally utilizes one or more catalysts 1n the

aqueous sgsolution. Aromatic heterocyclic amines may include, Dbut

are not limited to, unsubstituted and substituted pyridines and

imidazoles. Substituted pyridines and imidazoles may i1nclude, but

are not limited to mono and disubstituted pyridines and imidazoles.

For example, suitable catalysts may include straight chain or

branched chain lower alkyl (e.g., Cl1-Cl0) mono and disubstituted

compounds such as 2Z2-methylpyridine, 4-tertbutyl pyridine, Z2,6-
dimethylpyridine (2,6-1lutidine) ; bipyridines, such as

4,4’ -bipvyridine; amino-substituted pyridines, such as 4 —

dimethvlamino pyridine; and hydroxyl-substituted pyvridines (e.g.,

4-hvdroxv-pyridine) and substituted or unsubstituted guinoline or

isoquinolines. The catalysts may also suitably include substituted

or unsubstituted dinitrogen heterocyclic amines, such as pyrazine,

pyridazine and pvrimidine. Other catalysts generally include

azoles, 1midazoles, 1ndoles, oxazoles, thiazoleg, substituted

specles and complex multi-ring amines such as adenine, pterin,

pteridine, benzimidazole, phenonthroline and the like.

Referring to FIG. 1, a block diagram of a system 1C0 1is

shown 1n accordance with a preferred embodiment of the present

invention. The svystem {or apparatus} 100 generally comprises a

cell (or container) 102, a ligquzd source 104, a power source 106,

a gas source 108, an extracter 110 and an extractor 112. A proeduct

may be presénted from the extractor 110. An output gas may be

pregsented from the extractor 112. Another output gas may be

pregented from the cell 102Z.

The cell 102 may be i1mplemented as a divided cell. The

divided cell may be a divided electrochemical cell and/or a divided

photochemical cell. The cell 102 1is generally operational to
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reduce carbon dioxide (CO,) and protons into one or more organic
products and/or inorganic products. The reduction generally takes

place by bubbling carbon dioxide into an agueous solution of an

electroliyte in the cell 102. A cathode in the cell 102 may reduce

the carbon dioxide intoc one or more compounds.

The cell 102 generally comprises two or more compartments

(or chambers) 114a-114b, a separator (or membrane) 116, an anode

118 and a cathode 120. The anode 118 may be disposed in a given
compartment (e.g., 1ll4da}. The cathode 120 may be disposed in

annother compartment (e.g., 11l4b) on an opposite side of the

geparator 116 as the anode 118. An aqueous solution 122 may fi1il

poth compartments l1ll4a-114b. A catalyst 124 may be added to the
compartment 114b containing the cathode 120.

The ligquid source 104 may implement a water source. The
liguid source 104 may be operational to provide pure water to the

cell 102.

The power source 106 may 1mplement a wvariable voltage
source. The source 106 may be operatiocnal to generate an

electrical potential between the anode 118 and the cathode 120.

The electrical potential may be a DC voltage.

The gas source 108 may implement a carbon dioxide source.

The source 108 is generally operational to provide carbon dioxide

to the cell 102. In some embodiments, the carbon dioxide is

bubbled directlyv intoc the compartment 114b containing the cathode
120.

The extractor 110 may implement an organic product and/or

inorganic product extractor. The extractor 110 1s generally

operational to extract (separate) products (e.g., formic acid,

acetone, givoxal, isopropanol, formaldehyde, methanol, polymers and

the like) from the electroliyte 122. The extracted products may be
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presented through a port 126 of the system 100 for subsequent

storage and/or consumption by other devices and/or processes.

The extractor 112 may implement an oxygen extractor. The

extractor 112 is generally operational to extract oxygen (e.g., 0j3)

byproducts created by the reduction of the carbon dioxide and/or

the oxidation of water. The extracted oxygen may be presented

-

through a port 128 of the system 100 for subsequent storage and/or

consumption by other devices and/or processes. Chlorine and/or

oxidatively evolved chemicals may also be byproducts 1in some

configurations. The organic pollutants may be rendered harmless by

oxidization. Any other excess gases (e.g., hydrogen) created by

the reduction of the carbon dioxide may be vented from the cell 102

via a port 130.

i

'n the process described, water may be oxidized {or

aplit) to protons and oxygen at the anode 118 while the carbon

dioxide is reduced to organic products at the cathode 120. The

electrolyte 122 in the cell 102 may use water as a solvent with any

salts that are water soluble and with a pvyvridine oY

pyridine-derived catalyst 124. The catalysts 124 may i1nclude, but

-

p—

are not limited to, nitrogen, sulfur and oxygen containing

heterocycles. Examples of the heterocyclic compounds may be

pyridine, imidazole, pyrrole, thiazole, furan, thiophene and the

substituted heterocycles such as amino-thiazole and benzimidazole.

Cathode materials generally inciude any conductor. Any anode

material may be used. The overall process 18 generally driven by

the power source 106. Combinations of catnhodes 120; electrolytes

g

carbon dioxide to the cell 102,

122, catalysts 124, introduction o:

pH levels and electric potential from the power source 106 may be

—

used to contrel the reaction products of the cell 102. Organic

products and inorganic products resulting from the reaction may

14
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include, but are not limited teo, acetaldehyde, acetone, carbon,

carbon monoxide, carbonates, ethanol,

formic acid, glvoxal, glyoxylic acid,

ethyvlene, formaldehyde,

graphite, 1isopropancl,

methane, methanol, oxalate, oxalic acid and/or carbon dioxide

contalning polymers.

In some nonagueous embodiments,

the solvent may include

methanol, acetonitrile, and/or other nonagueous solvents. The

electrolytes 122 generally include tetraalkyl ammonium salts and a

heterocyclic catalyst. A primary product may be oxalate 1n a

completely nonaqueous system. In a system contalning a nonagueous

catholvte and an aqueocus anolyte, the products generally include

all of the products seen in aqueous systems with higher vyields.

Experiments were conducted 1n one, two and three-

1]

compartment electrochemical cells 102 with an SCE as the reference

electrode. The experiments were generally conducted at ambient

temperature and pressure. Current densities were observed Lo

increase with increased temperature, but the experiments were

generally operated at ambient temperature for best efficiency,

Carbon dioxide was bubbled into the cells during the experiments.

A potentiostat or DC power supply 106 provided the electrical

energy to driwve the process. Cell potentials ranged from 2 volts

to 4 wvolts, depending on the cathode material. Half cell
-0.7 wolts te -2 volts

potentials at the cathode ranged from

relative to the S8CE, depending on the cathode material used.

Products from  the experiments wer

chromatography and a spectrometer.

= c

nalyzed  using gas

The process 1s generally con

crolled to get a desired

product by using combinations o¢f specific cathode materials,

-

catalysts, electrolytes, surface morphology of the electrodes,

IT)

introduction o:

15

reactants relative to the cathode, ad-justing pH
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gr—

levels and/or adjusting electrical potentials. Faradaic yields for

the products generally range from less than 1% to more than 950%
with the remainder being hvdrogen, though methane, carbon monoxide

and/or ethvlene may also be produced as gaseous byproducts.

Referring to FIGS. 2A-2C, tables illustrating relative

product vields for different cathode material, catalyst,

electrolyvte, pH level and cathode potential combinations are shown,

The combinations listed in the tables generally are not the only

combinations providing a given product. The combinations

1llustrated may demonstrate high vyields of the products at the

lowest potential. The cathodes tested generally include all

conductive elements on the periodic table, steels, nickel alloys,

copper alloys such as brass and bronze and elgiloy. Most of the

conductors may be used with heterocyclic catalysts 124 to reduce

the carbon dioxide. The products created may vary based on which

cathode material 1s used. For instance, a W cathode 120 with

pyridine catalyst 124 may give acetone as a product whereas a Sn

cathode 120 with pvridine may primarily give formic acid and

methanol as products. A product vield may also be changed by the

manner in which the carbon dioxide was bubbled into the cell 102.

For i1instance, with a stainless steel 2205 cathode 120 in a XCI1

electrolvte 122, if the carbon dioxide bubbles directly hit the

cathode 120, the product mix may switch to methanol and

isopropanol, rather than formic acid and acetone when the carbon

dioxide bubbles miss the cathode 120.

Cell design and cathode treatment (e.qg., surface

P

morphology or surface texture) may affect both product vyvields and

| —

current density at the cathode. For instance, a divided cell 102

wlith a stainless steel 2205 cathode 120 in a KCi electrolyte 122

generally has higher vields with a heavily scratched (rough)
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cathode 120 than an unscratched {(smooth) cathode 120. Matte tin

generally performs different than bright tin. Maintaining carbon

dioxide bubbling only on the cathode side of the divided cell 102

(e.g., in compartment 114b) may also increase yields.

Raiging or lowering the cathode potential may also alter

the reduced products. For instance, ethanol i1s generally evolved

at lower potentials between -0.8 volts and -1 volt using the duplex

steel /pyridine/XCl, while methanol i1s favecred beyond -1 volt.

Faradaic vields for the products may be 1mproved DLy

controlling the electrical potential of the reaction. By

maintaining a constant potential at the catheode 120, hydrogen

P

evolution is generally reduced and faradaic yields of the products

increased. Addition of hydrogen inhibitors, such as acetonitrile,

certain heterocycles, alcohols, and other chemicals may also

increase yvields of the products.

With some embodiments, stability may be improved with

cathode materials known to polson rapidly when reducing carbon

dioxide. Copper and copper-alloy electrodes commonly poisgson in

less than an hour of electrochemically reducing carbon dioxide.

However, when used with a heterocycelic amine catalyst, copper-based

alloyvs were operated for many hours without any observea

P

degradation 1n effectiveness. The effects were particuiarly

enhanced by using sulfur contalning heterocycles. For 1nstance, a

system with a copper cathode and 2-~amino thiazole catalyst showed

F.

very high stability for the reduction of carbon dioxide to carbon

monoxide and formic acid.

Heterocycles other than pyridine may catalytically reduce

carbon dioxide 1in the electrochemical process using many

aforementioned cathode materials, including tin, steels, nickel

alloys and copper alloys. Nitrogen-containing heterocyclic amines
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shown to be effective include azoles, indoles, 4,4'-bipyridines,

picolines {(methyl pyridines), lutidines (dimethyl pyridines),

hvdroxy pyridines, imidazole, benzimidazole, methyl lmidazole,

pyrazine, pyrimidine, pyridazine, pyridazineimidazole, nicectinic

acid, gquinoline, adenine and 1,10-phenanthroline. Sulfur
contalning heterocycles include thiazole, amincthiazoles,
thiophene. Oxyvgen containing heterocycles 1include furan and

oxazole. As with pyvridine, the combination of catalyst, cathode

material and electrolvite may be used to control product mix.

F.

Some process empbodiments of the present 1invention for

making/converting hydrocarbons generally consume a small amount of

water (e.g., approximately 1 to 3 moles of water) per mole of

carbon. Therefore, the processes may be a few thousand times more

water efficient than existing production techniligues.

Referring to FIG. 3, &a formula of an aromatic

neterocyvclic amine catalyst i1is shown. The ring structure may be an

aromatic 5-member heterocyclic ring or 6-member heterocyclic ring

wlith at least one ring nitrogen and 1s optionally substituted at
one or more ring positions other than nitrogen with R. L may be C

b 18 N or R2 18 R if L 18 C.

_.i}

or N. Rl mav be H. RZ may be H 1

R 1s an optional substitutent on anv ring carbon and may be

independently selected from H, a straight chain or branched chain

lower alkyl, hydroxyl, aminoe, pyridyl, or two R’s taken together
with the ring carbong bonded thereto are a fused six-member arvyl

ring and n = 0 to 4.

Referring to FIGS. 4-6, formulae of substituted or

unsubstituted aromatic 5-member heterocvelic amines or 6-member

heterocyclic amines are shown. Referring to FIG. 4, R3 mavy be H.

R4, R5, R7 and R8 are generally independently H, straight chain or

branched chain lower alkyl, hydroxyl, amino, or taken together are

18



10

15

20

25

CA 02805840 2013-01-16
WO 2012/015905 PCT/US2011/0435515

a fused sgix-member aryl ring. R6 may be H, straight chailn or

branched chain lower alkyl, hydroxyl, amino or pyridyl.
Referring to FIG. 5, one of L1, L2 and L3 may be N, while

the other L’'s may be C. R9 may be H. If L1 is N, R10 may be H.
If LLZ 1s N, R11 may be H. f .3 is N, R12 may be H. If L1, LZ or

.3 is €, then RI1C, R11, R12, RI13 and Rl4 may be independently

selected from straight chain or Dbranched chain lower alkyl,

gl

hyvdroxyl, amino, or pyridyl.

Referring to FIG. 6, R15 and R16 may be H. R17, R13 and

R19 are generally independently selected from straight chalin or

branched chain lower alkyl, hydroxyl, amino, or pyridyl.

Suitably, the concentration of arcomatic heterocyclic

amine catalvysts is about 1 millimolar (mM) to 1 M. The electrolyte

may be suiltably a sait, such as KCIl, NaNO;, Na,50,, NaCl, NaF,

NaCl0,, KCl0,, K,8i0,, or CaCl, at a concentration of about 0.5 M.

Other electrolytes may include, but are not limited to, all group

1 cations (e.g., H, Li, Na, K, Rb and Cs) except Francium {Fr), Ca,

ammonium cations, alkylammonium cations and alkyl amines.

Additiconal electrolvtes may include, but are not limited to, all

group 17 anions (e.g., F, Cl, Br, I and At), borates, carbonates,

nitrates, nitrites, perchlorates, phosphates, polyphosphates,

silicates and sulfates. Na generally performs as well as K with

regard to best practices, so NaCl may be exchanged with KCl. NaF

may perform about as well as NaCl, so NaF may be exchanged for NalCl

or KCl in many cases. Larger anions tend to change the chemistry

and favor different products. For 1nstance, sulfate may favor

poiymer or methanol productlion whiie Cl may favor products such as

acetone. The pH o0f the solution i1s generally maintained at about

pH 3 to 8, suitably about 4.7 to 5.6.

19



10

15

20

25

30

CA 02805840 2013-01-16
WO 2012/015905 PCT/US2011/0435515

At conductive electrodes, formic acid and formaldehvyde

were found to be intermediate products along the pathway to the 6§

a- reduced product of methanol, with an aromatic amine radical

(e.g., the pyridinium radical, playing a role in the reduction of

both i1ntermediate products). The i1intermediate products have

]

generally been found to also be the final products of the reduction

of carbon dioxide at conductive electrodes or p-type semiconductor

electrodes, depending on the particular catalyst used. Other C-C

g
p——

couple products may also be possible. For example, reduction of

carbon dioxide may sultably vield formaldehyde, formic acid,

glyvoxal, methanol, isopropancol, or ethanol, depending on the

particular aromatic heterocyclic amine used as the catalyst. The

products of the reduction of carbon dioxide are generally

substitution-sensitive. As such, the products may be selectively

produced. For example, use of 4,4’ -bipyridine as the catalyst may

produce methanol and/or Z-propanol. Lutidines and amino-

substituted pyridines may produce 2-propancl. Hydroxy-pyvridine may

produce formic acid.

—

The effective

i

~]lectrochemical /photocelectrochemical

reduction of carbon dioxide disclosed hereln may provide new

methods of producing methancol and other related products in an

go—
p—

improved, efficient, and environmentally beneficial way, while

mitligating carbon dioxide-caused c¢limate c¢change (e.g., global

pr

warming). Moreover, the methanol product of reduction of carbon

dioxide may be advantageously used as (1) a convenient energy

storage medium, which allows convenient and safe storage and

handling, (2) a readily transported and dispensed fuel, i1ncluding

for methanol fuel c¢cells and (3) a feedstock for synthetic

hvdrocarbons and correspondlng products currently obtalned from o1l

and gas resources, 1nciuding polymers, biopolyvmers and even
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proteins, that may be used for animal feed or human consumption.

Tmportantly, the wuse of methanol as an energy storage and

p—

transportation material generally eliminates many difficulties o:

using hydrogen for such purposes. The safety and versatility of

methanol generally makes the disclosed reduction of carbon dioxide

further desirable.

Some embodiments of the present invention may be further

explained by the following examples, which should not be construed

-

by way of limiting the scope of the invention.

Example 1: General Electrochemical Methods.

Chemicals and materials. All chemicals used were > 98%

purity and used as received from the wvendor (e.g., Aldrichj),

without further purification. Either deionized or high purity

water (Nanopure, Barnstead) was used to prepare the agueous

electrolyvte solutions.

Electrochemical system. The electrochemical system was

composed of a standard two-compartment electrolysis cell 102 to
separate the anode 118 and cathode 120 reactions. The compartments

were separated by a porous glass frit or other ion conducting

P
p—

bridge 116. The electrolytes 122 were used at concentrations of

0.1 M to 1 M, with 0.5 M being a typical concentration. y:

concentration of between about 1 mM to 1 M of the catalysts 124

were used. The particular electrolyte 122 and particular catalyst

124 of each given test were generally selected based upon what

product or products were belng created.

Referring to FIG. 7, a flow diagram of an example method

140 used in the electrochemical examplies 18 shown. The method (or

process) 140 generally comprigses a step (orxr block) 142, a step (or
block) 144, a step (or block) 146, a step (or block) 148 and a step
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(or block) 150. The method 140 may be implemented using the system

100.
In the step 142, the electrodes 118 and 120 may be

activated where appropriate. Bubbling of the carbon dioxide into

the cell 102 mav be performed in the step 144. Electrolysis of the

carbon dioxide into organlic and/or 1norganic products may occur

during step 146. In the step 148, the precducts may be separated

from the electrolvte. Analysis of the reduction products may be

performed in the step 150.

The working electrode was of a known area. All

potentials were measured with respect to a saturated calomel

reference electrode {(Accumet). Before and during all electrolysis,

carbon dioxide (Airgas) was continuously bubbied through the

electrolvte to saturate the solutiomn. The resulting pvH of the

solution was malintained at about pH 3 to pH 8 with a suitable range

depending on what product or products were pbeling made. For

=

example, under constant carbon dioxide bubbling, the pH levels of

=

10 mM solutions of 4-hvdroxy pvridine, pyridine and 4-tertbutyl

pvridine were 4.7, 5.28 and 5.55, respectively. For Nuclear

Magnetic Rescnance (NMR) experiments, isotopically enriched e

NaHCO, (99%) was obtained from Cambridge Isotope Laboratories, Inc.

Example 2: General Photoelectrochemical Methods.

Chemicals and materials. All chemicals used were

analvtical grade or higher. Eithexr deiconized or high purity water

(Nanopure, Barnstead) was used to prepare the agueous electrolyte

solutions.

Photoelectrochemical system. The photcocelectrochemical

system was composed of a Pyrex three-necked flask containing 0.5 M

KCl as supporting electroiyvte and a 1 mM to 1 M catalyst (e.g., 10

mM pyridine or pyridine derivative). The photocathode wag a single
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cryvstal p-type semiconductor etched for

minutes in a bath of concentrated HNO;:HCL,

il

Ann ohmic contact was made to the back of the

using an indium/zinc (2

PCT/US2011/0455135

approximately 1 to Z

2:1 v/v prior to use.

freshly etched crystal

wk. % Zn) solider. The contact was

conhected to an external lead with conducting silver epoxy (Epoxy

Technology E31l) covered 1n giass

epoxy cement (Loctite 0151

Hyscol) to expose

tubing and insulated using an

only the front face of

rhe semiconductor to solution. All potentials were referenced

against a saturated calomel electrode

electrode assembly was completed wi

electrode to minimize the

products. During all electrolysis, car!

continuously bubbled tharough

solution. The resulting pH

PH 3 to 8 {(e.g., pH 5.2).

Referring to FIG.

160 used in the photochemical exs

(Accumeti) . The three

-h a carpbon rod counter

reoxidation of reduced carbon dioxide

oon dioxide gas (Alrgag) was

the electrolvte to saturate the

of the solutiorn was malntained at about

3, a flow diagre

process) 160 generally comprises a step (or

block) 164, a step {(or block) 166, a step (or block) 168 and a step

m of an example method

mples is shown. The method (or

block) 162, a step (or

(or block) 17C. The method 160 may be implemented using the system

100 .
In the step 162,

Bubbling of the carbon dioxlde into

the photoelectrode may be activated.

the cell 102 may be performed

in the step 164. Electrolysis of the carbon dioxide into the

products may occur during step 166. In the

astep 168, the products

may be separated from the electrolyte. Analysis cf the reduction

products may be performed in the step 170.

Light sources.

Four different light sources were used

for the illumination of the p-type semiconductor electrode. For

initial electrolysis experiments, a Hg-Xe arc lamp (USHIO UXM Z200H)
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was used in a lamp housing (PTI Model A-1010) and powered by a PTI
LTS-200 power supply. Similarly, a Xe arc lamp (USHIO UXL 151H;

was used 1in the same housing in conjunctien with a PTI

monochromator to illuminate the electrode at wvarious gspecific

wavelengths.

A fiber opitlc spectrometer (Ocean Optics S2000) or a

silicon photodetector (Newport 818-SL silicon detector) was used to

measure the relative resulting power emitted through the

monochromator. The flatband potential was obtained by measurements

of the open circuit photovoltage during wvarious i1rradiation
intensities using the 200 watt (W) Hg-Xe lamp (3 W/cm® - 23 W/cm?®) .
The photovoltage was observed to saturate at intensities above

approximately © W/ cm? .

For guantum vield determinations, electrolysls was

performed under 1llumination by two different light-emitting diodes

(LEDs). A blue LED {Luxeon V Dentzal Blue, Future Electronics) with

a luminous output of 500 milliwatt (mW) +/- 50 mW at 465 nanometers

(nm) and a 20 nm full width at half maximum (FWHM) was driven at to

a maximum rated current of 700 mA using a Xitanium Driver (Advance

Transformer Company)} . A Fraen collimating lens (Future

Electronics) was used to direct the output light. The resultant

F

power density that reached the window of the photoelectrochemical

cell was determined to be 42 mW/cm®, measured using a Scientech 364

rhermopilile power meter and silicon photodetector. The measured

power density was assumed to be greater than the actual power

density observed at the semiconductor face due to luminous

pr—

intensity loss through the solution laver petween the wall of the

photcocelectrochemical cell and the electrode.
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Ju— e

twample 3: Analysis of Products of Electrolysis.

| ——

Electrochemical experiments were generally performed

Instruments potentiostat or a DC power supply with

using a CH

current logger to run bulk electrolysis experiments. The CH

Instruments potentiostat was generally used for cyclic voltammetry.

Electrolysis was run under potentiostatic conditions from

approximately 6 hours to 30 hours until a relatively similar amount

of charge was passed for each run.

Gas Chromatography. The electrolysis samples were

analvzed using a gas chromatograph (HP 5890 GC) equilipped with a FID

-

detector. Removal of the supporting electrolvte salt was first

achieved with an Amberlite IRN-150 i1on exchange resin {(cleaned

prior to use to ensure no organic artifacts by stirring in a 0.1%

v/v agqueous solution of Triton X-100, reduced (Aldrich), filtered

y—

and rinsed with a copious amount of water, and wvacuum dried below

the maximum temperature of the resin (approximately 60°C) before

the sample was directly injected into the GC which housed a DB-Wax

column (Agilent Technologies, 60 m, 1 micrometer (um) film

thickness). Approximately 1 gram of resin was used to remove the

salt from 1 milliliter {(mL) of the sample. The 1njector

Lemperature was held at 200°C, the oven temperature maintained at

120°C, and the detector temperature at 200°C.

e

Spectrophotometry. The presence o1

formaldehyde and

formic acid wasg also determined by the chromotropic acid assayv.

Briefiy, a solution of 0.3 g of 4,5-dihyvdroxyvnaphthalene-
2,7-disulfonic acid, disodium salt dihydrate (Aldrich) was

dissolved in 10 mL deionized water bhefore diluting to 100 mL with

concentrated sulfuric acid. TFor formaldehvyde, an aliguot of 1.5 mlL

was then added to 0.5 mlL: of the sample. The presence of

formaldehyde (absorbency at 577 nm) was detected against a standard
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curve using an EP 8453 UV-Vis spectrometer. For formic acid, a 0.5

ml, alicquot of sample was first reduced with an approximately 100 mg

y—

piece of Mg wire and 0.5 mL concentrated hydrochloric acid (added

slowly 1in aligquots over a 10 minute period) to convert to

formaldehyde before following the chromotropic acid assay as

described above.

Mass spectrometry. Mass spectral data was also collected

to identify all organic compounds. n a typical experiment, the

sample was directly leaked into an ultrahigh wvacuum chamber and

analvzed by an attached SRS Regidual Gas Analyzer {with the i1onizer

operating at 70 electron-volis and an emigsion current of 1 ma).

Samples were analvzed against standard methanol spectra obtained at

rthe same settings to ensure comparable fragmentation patterns.

"

Mass spectral data confirmed the presence of methanol and proved

that the i1nitial solution before electrolysig contained no reduced

CO, species. Control experiments also showed that after over 2Z4

hourg under illumination the epoxy used to insulate the backside of

the electrode did not leach any organic material that would give

false results for the reduction of CO,. NMR spectra of electrolyte

volumes after 1llumination were obtailned using an automated Bruker

UltrashieldT™ 500 Plus spectrometer with an excitation gculpting

pulse technique for water suppression. Data processing was

achieved using MestReNova software. For methanol standards and

electrolvte samples, the representative signal for methanol was

ocbserved between 3.18 to 3.30 parts per million (ppm).

-

Nuclear Magnetic Resconance. NMR spectra of electrolyte

volumes after bulk electrolysis were also obtained using an

Dlus gpectrometer with an

ed

automated Bruker UltrashieldT™™ 5CO0

excltation sculpting pulse technigue for water suppression. Data

processing was achieved using MestReNova  software. The
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i

ter Dpulk

concentrations of formate and methanol present a:

electrolysis were determined using acetone as the 1internal

standard.

e
p—

Carbon dioxide may be efficiently converted to value-

added products, using eilther a minimum of electricity {(that may be
generated from an alternate energy source) or directly using

vigsible light. Some processes described above may generate high

enexrgy density fuels that are not fossil-based as well as being

chemical feedstock that are not fossil or biologically based.

Moreover, the catalysts ftor Lhe PDroCesses may be

substituents-sensitive and provide for selectivity of the value-

added products.

By way of example, a fixed cathode (e.g., stainless steel

2205} may be used 1n an electrochemical system where the

electrolyvte and/or catalyst are altered to change the product mix.

In a modular electrochemical system, the cathodes may be swapped

cout with different materials to change the product mix. In a

hyvbrid photoelectrochemical system, the anode may use different

photoveoltaic materials to change the product mix.

Some embodiments of the present invention generally

provide for new cathode materials, new electrolvite materials and

en-containing heterocyclic catalysts. Specific

o

new sulfur and oxyg

po—
h—

combinations of cathode materials, electrolytes, catalysts, pH

levels and/or electrical potentials may be used to get a desired

product. The organic products may include, but are not limited to,

acetaldehvyde, acetone, carbon, carbon monoxide, carbonates,

-

ethanol, ethylene, formaldehyde, formic acid, glvoxal, glvoxylic

acid, graphite, i1sopropanol, methane, methanol, oxalate, oxalic

acid. Tnorganlic products may 1nclude, but are not limited to,

p~

polvmers containing carbon dioxide. Speclific procesgsg conditions
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may be established that maximize the carbon dioxide conversion to

specific chemicals beyond methanol.

Cell parameters may be selected to minimize unproductive

side reactions like H, evolution from water electrolysis. Choice

of specific configurations of heterocyclic amine pyridine catalysts

with engineered functional groups may be utilized in the system 100

to achieve high faradaic rates. Process conditions described above

may facilitate long life (e.g., improved stability), electrode and

cell cycling and product recovery. The organic products created

may include methanol, formaldehyde, formic acid, glyoxal, acetone,

and isopropancl using the same pyridine catalyst with different
combinations of electrolvtes, cathode materials, bubbling
technigues and cell potentials. Heterocyclic amines related to

pyridine may be used to improve reaction rates, product yields,

cell voltages and/or other aspects of the reaction. Heterocyclic

catalysts that contain sulfur or oxygen may also be utilized in the

carbon dioxide reduction.

Some embodiments of the present invention may provide

cathode and electrolyvte combinations for reducing carbon dioxide to
products 1n commercial guantities. Catalytic reduction of carbon

dioxide may be achieved using steel or other low cost cathodes.

High faradaic vyields (e.g., >20%) of organic products with steel

and nickel alloy cathodes at ambient temperature and pressure may

also be achieved. Copper-based allovs used at the electrodes may

remaln stabile for long-term reduction of carbon dioxide, The

relative low cost and abundance of the combinations described above

generally opens the possibility of commercialization of
electrochemical carbon dioxide reductiomn.

Various process conditions disclosed above, including

cathode materials, cathode surface morphology, electrolyte choice,
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catalyst choice, cell voltage, pH level and manner 1in which the

carbon dioxide is bubbled, generally improve control of the

reaction so that different products or product mixes may be made,

Greater control over the reaction generally opens the possibility

for commercial systems that are modular and adaptable to make

different products. The new materials and process conditions

J—
f—

ficiency and relatively

combinations generally have high faradaic e:

low cell potentials, which allows an energy efficient cell to be

constructed.

While the invention has been particularly shown and

described with reference to the preferred embodiments thereof, 1t

will be understood by those skilled in the art that various changes

pu—
bl

in form and details mayv be made without departing from the scope of

the invention.
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1. A method for reducing carbon dioxide to one or more

products, comprising the steps of:

(A) bubbling said carbon dioxide into a solution of an

electrolyte and a catalyst 1n a divided electrochemical celil,

wherein {1} said divided electrochemical cell comprises an anode 1in

a first cell compartment and a cathode 1n a second cell compartment
and (11) said cathode reducing sald carbon dioxide into said

products;

(B) wvarving at least one of (i) which of said products

1s produced and {11} a faradaic vyvield of said preoducts by adjusting

onne or more of {a}) a cathode material and (k) a surface morphology

of gazid cathode:; and

(C} separating said products from said solutzion.

2. The method according to c¢laim 1, wherein said

cathode material is at least one of Al, Au, Ag, C, Cd, Co, Cr, Cu,

Cu ailoys, Ga, Hg, In, Mo, Nb, Ni, Ni alloys, Ni-Fe alloys, Sn, Sn

alloys, Ti, V, W, Zn, elgiloy, Nichrome, austenitic steel, duplex

steel, ferritlic steel, martensitic steel, stainlegs steel,

degenerately doped p-S1, degenerately doped p-Si:As and

degenerately doped p-Si:B.

3. The method according to c¢laim 1, wherein said

surface morphology of said cathode comprises a smooth surface.

4, The method according Lo c¢laim 1, wherein said

surface morphology of said cathode comprises a rough surface.
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5. The method according to c¢laim 1, wherein said

catalyst is one or more of adenine, amines containing sulfur,
amines containing oxygen, azoles, benzimidazole, bipyridines,

furan, imidazoles, imidazole related species with at least one

five-member ring, indoles, methylimidazole, oxazoles,
phenanthroline, pterin, pteridine, pyridines, pyridine related

species with at least one six-member ring, pyrrole, quinoline and

thiazoles.

5. The method according to c<¢laim 1, wherein said

products comprise one or more of acetaldehyde, acetone, carbon,

carbon monoxide, carbonates, ethanol, ethylene, formaldehyde,

formic acid, glvyvoxal, glyvoxylic acid, graphlite, l1sopropanol,

-—

methane, methanol, oxalate, oxalic acid and polymers containing

carbon dioxide.

7. A method for reducing carbon dioxide to one or more

products, comprising the steps of:

(A) Dbubbling said carbon dioxide into a solution of an

electrolvte and a catalyst in a divided electrochemical cell,

wherein (i) said divided electrochemical cell comprises an anode 1n

a first cell compartment and a cathode 1n a second cell compartment

and (ii) said cathode reducing said carbon dioxide into said

products;

(B) wvarvyving at least one of (1) which of said products

—

is produced and (ii}) a faradaic yield of said products by adjusting

o

one or more of (a) said electrolvie and (b) a manner in which said

carbon dioxide 1g bubbled; and

(C) separating said products from said solution.
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8 . The method according to c¢laim 7, wherein sald

electrolyvte is at least one of Na&,S80,, KCl1, NaNO,, NaCi, NaF,

NaCl0,, KC1l0,, K,S510,, CaCl,, a H cation, a L1 cation, & Na cation,

a K cation, a Rb cation, a Cs cation, a Ca cation, an ammonium

BY anion,

| W——

cation, an alkylammonium cation, a F anion, a Cl anion, a
an I &anion, an At anion, an alkyl amine, borates, carbonates,
nitrites, nitrates, phosphates, polyphosprhates, perchlorates,

silicateg, sulfates, and a tetraalkyl ammonium salt.

9. The method according to c¢laim 7, wherelin said

1

hubbling comprises the sub-step of:

bubbling said carbon dioxide to hit said cathode.

10. The method according to c¢laim 7, wherein salid

—

bubbling comprises the sub-step of:

bubbling said carbon dioxide to miss said cathode.

11. The method according to claim 7, wherein said

faradaic yvield 1s at least 20 percent.

12. The method according to c¢laim 7, wherein said

cathode comprises a copper-based alloy that remains stable during

at least an hour of said reducing.

13. The method according to c¢laim 7, whereiln said

adjusting includes one or more of (1) a cathcde material and (i1)

a surface morphology of said cathode.
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14. A method for reducing carbon dioxide to one or more

o
—

products, comprlsing the steps of:

(A} bubbling said carbon dioxide into a solution of an
electrolvte and a catalyst 1n a divided electrochemical cell,
5 wherelin (1) saild divided electrochemical cell comprises an anode in

a first cell compartment and a cathode 1n a second cell compartment

-

and ({(11) saild cathode reducing said carbon dioxide into s=said

products;
(B} wvarying at least one of (i} which of said products
10 1s produced and (ii) a faradailic vield of said products by adjusting
cne or more of (a) a ph level of said solution and (k) an

electrical potential; and

(C} separating saild products from said sclution.

15. The method according to claim 14, wherein said pH

level ranges from approximately 3 to approximately 8.

16. The method according to c¢laim 14, wherein sgaid

electrical potential ranges from approximately -0.7 volts to -2

volts.

further comprising

17. The method according to claim 14,

the step of:

adding to said solution one or more of (i) a hydrogen

inhibitor, (i11i) a heterocyclic compound and (iii) an alcohol.

18. The method according to claim 14, further comprising

the step of:

performing said reducing at ambient temperature and

amblent pressure.
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19. The method according to c¢laim 14, wherein said

cathode comprises steel.

20. The method according to claim 14, wherein said

adjusting includes one or more of (i) a cathode material and (11)

a surface morphology of said cathode.
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2110

CATHODE |
POTENTIAL |

TTEVETEM ~ CATALYST | ELECTROLYTE
1 CONCENTRATION § CONCENTHATION

10 TO 100mi 0.25 TO 1M

_ PRODUCT |

CARBON

SnPYRIDINEKC!
- QUINOLINE ALSC
STEELAMIDAZOLEKCIWITH |
| N | {aGh
| FORMIC ACIHD SnIMIDAZOLEAKCI OR
' ' STAINLESS STEEL/
i IMIRAZOUE/Geld |
SUBSTITUTED IMIDAZOLES,
THIAZOLES, AND ADENINE |
_ALSO EFFECTIVE
ELGILOY/PYRIDINE/Na:SOs

MONOXIDE

10 TO 100mM 1 0.5M KCJ W/ 0.1M '
- CalCla -

T0.25 70 1M

10TO 100mM |

| FORMALDEHYDE | 10mM TO 100mM |

09510 1M

ARG MGPYRIDINE Naz80 1 10mM 10 100mg 0.25 TO 1M

025 TO M

1 02510 1M |

10mMTO 100mM | 0.25TO 1M

FERRITIC STEEL | 10mM 7O 100mM
IMIDAZOLE/CaCh | |
EERRITIC STEEL

MIDAZOLEC

- Co/RYRIDINEKC!

OXALIG ACID

TGLYOXYLIC AGID  10mM T0 100mM

TOmM TO 100mM |

TACETALDERYOE | N ALLOYS

PYRIDINES Nap SO,
DUPLEX STEELS

ETHANOL THOMM TO 300mM | D250 1M

IMIDAZOLEKC!
DUPLEX STEELS

ACETONE T 1omM TO 00mM | 0.25 10 1M

_PYRIDINE/KO)
DUPLEX STEEW
 PYRIDINEKCH ,
STAINLESS STEEL
METHYLIMIDAZOLEARG .
STAINLESS STEELS
22 BIPYRIDINE/KCI
FSUASPYRIDINGENg SO

SOPROPANGL “PEETOIM

T 10mMTO 100mM |

T POLYMERS T0mMTO 100mM | 0.25 10 1M
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CATHODE-ELECTROLYTE COMBINATIONS
(WITH 10mM PYRIDINE CATALYST)

CAODEMATEF%IAL RN ELECTROLYTE . BELYIELD ORGANICS
' | 81%METHANOL, 19% FORMIC ACID
__ .  100%METHANOL
G_QB_»%LT{C ' c | 36%METHANOL, 74% FORMIC ACID |
- | ko | 50% METHANOL, 50%FORMICACID |
| CHROMIUM co | ci ﬁ  100%ACETONE '
 VANADIUM (V) ko © 100%METHANOL

NIOBIUM (Nb) | kol | 100%FORMICACID
CTUNGSTEN(W) | | 100%AGETONE

SILVER (Ag) _ 12,50, | 54%METHANOL, 46% ACETONE
| STAINLESS STEEL 304 NSO, | 100%METHANOL
STAINLESSSTEEL316 |  Na80, |  100%METHANOL
| STAINLESSSTEEL31S | KOl 100% FORMIC ACID
STAINLESS STEEL 430 KOl | X%GLYOXAL, Y% FORMIC ACID
 STAINLESS STEEL2205 2,80, 100% METHANOL
 STAINLESSSTEEL2205 |  KGI  |UPTO99%ACETONE, 1% FORMIC ACID
NICHROME (80% Ni,20%Cr) | B 106% ACETONE
| NiFe(d5%Ni,55%Fe) | 100% METHANOL
NICKEL 625 (INCONEL] ~ 100% METHANOL .
NICKEL 825 (INCONEL) 99%ACETONE, 1% FORMIC ACID
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CATHODE-ELECTROLYTE COMBINATIONS
(WITH 10mM PYRIDINE CATALYST)

ELECTROLYTE | REL YIELD ORGANICS
ko | 55%METHANOL, 45% FORMIC ACID |
' X% GLYOXAL, Y% METHANOL |
 100%FORMICACID
' 89% METHANOL, 11% FORMIC ACID
| 05%ACETONE, 5% FORMIC '
| 81%METHANOL, 19% FORMIC ACID
B 100%METHANOL
. 100%ACETONE
100% ACETONE
100% ACETONE

| CATHODE MATER
 NICKELS0O
 NICKELHX
NIGKELHX |
ELGILOY (Co, Ni, Cr)

Ei’_GELY a;Ni.} _
| BRASS464(39% Zn)
- BRONZE 510

AL

(5% Sn)

KCl
L T
BRASS 260 ’
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