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What Should We Make with CO2
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Context & Scale

In a world struggling to limit

global temperature increases to

below 2�C, we see a host of

emerging technologies aiming to

recycle CO2. They range from

those nearing commercialization,

such as electrocatalytic reduction,

to technologies being explored in

the lab environment, such as

photocatalytic, CO2

polymerization, and biohybrids,

to those only now being

imagined, such as molecular

machine technologies. With a

multitude of available pathways

for CO2 recycling, we ask

ourselves a question—what

should we make with CO2 that is

both economically viable and

helpful for the environment and

how should we make it?
In this forward-looking Perspective, we discuss the current state of technology

and the economics of electrocatalytic transformation of CO2 into various chem-

ical fuels. Our analysis finds that short-chain simple building-block molecules

currently present the most economically compelling targets. Making an opti-

mistic prediction of technology advancement in the future, we propose the

gradual rise of photocatalytic, CO2 polymerization, biohybrid, and molecular

machine technologies to augment and enhance already practical electrocata-

lytic CO2 conversion methods.

Electrochemical Utilization of CO2 to Address the Energy Needs of the Future

As the standard of living continues to increase around the globe, especially in

emerging economies, access to inexpensive and reliable energy sources will be

essential to maintain the pace of technological and societal progress. Historically,

the cheapest forms of electricity production have relied on the combustion of fossil

fuels, resulting in the emission of carbon dioxide. However, the cost of renewable

electricity has decreased so much that it is now competitive with electricity produc-

tion from coal. Also, less carbon-intensive sources such as methane have taken off

due to the emergence of fracking.

While low-cost electricity from renewable sources is desirable, the issues of intermit-

tency and grid balancing remain.1–3 Energy storage is essential to enable even

deeper penetration of renewables; to this end, it is important to take renewable

electrons directly to fuels. Electrolyzing water to hydrogen is one possible solution

that can integrate deeply in the energy and chemical production economy.4 The

production of liquid fuels that can integrate with the existing transportation system,

as well as more complex chemical feedstocks for chemical production would be

tremendously beneficial.

The electrochemical conversion of CO2 to fuels and feedstocks—the CO2 reduction

reaction (CO2RR)—is an elegant solution to closing the carbon cycle when it is pow-

ered by renewable energy.5 In this process, CO2 is converted to hydrocarbons using

water and renewable electricity. From a capital equipment perspective, the systems

hold analogy with commercialized hydrogen electrolyzers. As in the case of the net-

carbon-neutral H2/H2O couple, the hydrocarbon/CO2 couple is also net carbon

neutral when powered by renewables.

Electrochemical transformation of renewable energy into high-energy-density liquid

fuels using captured CO2 offers the prospect of long-term, large-scale, seasonal en-

ergy storage; and it allows for integration of renewable electricity into the transpor-

tation system and in chemical production. A carbon-based strategy has advantages

in implementation and logistics; it takes advantage of an expansive already-built
Joule 2, 1–8, May 16, 2018 ª 2017 Elsevier Inc. 1



1Department of Electrical and Computer
Engineering, University of Toronto, Toronto,
ON M5S 3G4, Canada

2Leslie Dan Faculty of Pharmacy, Faculty of
Medicine, Biochemistry, University of Toronto,
Toronto, ON M5S 3M2, Canada

3Department of Materials Science & Engineering,
University of Toronto, Toronto, ON M5S 3G4,
Canada

4National Bioenergy Center, National Renewable
Energy Laboratory, Golden CO, USA

5Transportation & Hydrogen Systems Center,
National Renewable Energy Laboratory,
Golden CO, USA

6Chemistry and Nanoscience Center, National
Renewable Energy Laboratory, Golden CO, USA

7These authors contributed equally

*Correspondence: ted.sargent@utoronto.ca

https://doi.org/10.1016/j.joule.2017.09.003

Please cite this article in press as: Bushuyev et al., What Should We Make with CO2 and How Can We Make It?, Joule (2017), https://doi.org/
10.1016/j.joule.2017.09.003
infrastructure created for gaseous and liquid fossil fuels.6 CO2 can be captured from

emission point sources using carbon capture technologies. The long-term seasonal

storage of renewables holds the potential to increase the adoption of renewable en-

ergy sources.

CO2 is a notoriously inert molecule, and catalysts are needed to activate and convert

it into higher value products.7 Major advances in recent years have focused on nano-

structured metal and metal-oxide-derived catalysts for the conversion of CO2 to

fuels and feedstocks.8–11 The most relevant metrics for CO2RR catalysts are the Fara-

daic efficiency (FE) (the product selectivity of the reaction), the overpotential (the en-

ergy beyond the thermodynamically determined reduction potential needed to

drive the reaction); and the current density (the rate of reaction).

Different compounds, including hydrocarbons, can be produced via CO2RR depend-

ing on the catalyst being utilized. C1 products such as carbon monoxide, methane,

and formic acid, C2 products such as ethylene, ethanol, and acetate, and even C3

products such as n-propanol have been directly electrochemically produced from

CO2.
12 The limits for CO2RR products have not yet been fully exhausted, with poten-

tial for even higher hydrocarbons and more complex chemicals to be synthesized.

This raises the question: Which products should we produce from CO2? In particular,

which promise to disrupt the current fossil carbon economy, and which have the

greatest chance of widespread implementation? Ultimately, if a chemical could be

produced by CO2RR from renewable electrons at a lower cost than conventional

chemical synthesis, powerful economic forces will drive innovation in capturing

and converting CO2.

What Should We Make Using CO2?

Reductive coupling of CO2 to higher-carbon products comes at a substantial energy

cost; hence the high energy density of hydrocarbon fuels. While reduction to CO or

formic acid only requires twoproton-coupled electron transfers, the reductionof CO2

to ethylene or ethanol consumes 12 electrons.13 Moreover, the coupling step poses

additional constraints on the reaction, as the reaction intermediates must be present

at the surface in close proximity to one another, thus requiring morphological and

electronic characteristics from the catalyst.14 Further, higher kinetic overpotentials

are generally needed to produce more complex carbon products. Conventional

wisdom supports the production of longer-chain carbon fuels because of the

increasing energy density of such compounds with increased chain length; indeed,

the present-day chemical fuel infrastructure requires production of long-chain (C4–

C12) carbon products. All this suggests that there is a trade-off between energy effi-

ciency, electron intensity, and product selectivity that makes only certain products

economically viable. Therefore, the highest priority should be placed on electrosyn-

thesis of the highest gross margin products based on the efficiency of electrical en-

ergy transformation. When we examine non-branched alcohols from the point of

view of energy density, we note that, while the volumetric and gravimetric energy

density increase with chain length, the energy density normalized to the number of

electrons transferred decreases (Figure 1A). This trend necessitates that longer-chain

compounds must be produced with much higher energy efficiency compared with

shorter-chain molecules to achieve similar overall energy storage capacity, which fa-

vors the production of simple and small building-block molecules from CO2.

Thus, from a fuel (energy storage) perspective, only when any length of a hydrocar-

bon/alcohol in the reduction reaction step can be produced with same efficiency
2 Joule 2, 1–8, May 16, 2018

mailto:ted.sargent@utoronto.ca
https://doi.org/10.1016/j.joule.2017.09.003


Figure 1. Rationalizing the Choice of Carbon Dioxide Conversion Products

(A) Comparison of energy density and normalized energy density of unbranched alcohols.

(B) Schematic representation of two possible pathways of CO2RR development: synthesis of

chemically active building-block molecules versus direct electrosynthesis of long-chain

compounds.
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(akin to insertion polymerization reactions where a monomer adds to a growing

macromolecule through an active metal site) should efforts be focused on high-en-

ergy-density C4+ fuels. Importantly, state-of-the-art catalysts allow production of

C1 products with over 95% FE,8 and C2 with around 60% FE,15 while C3 production

is limited to less than 10% FE.16 The current approach to electrocatalytic coupling

involves a cascade of second-order proton/electron coupling reactions occurring

at the surface competing with hydrogen evolution, which reduces FE.7 The costs

for separation of products from a catalyst with poor selectivity, despite high activity,

make this prohibitively uncompetitive.17 Unless a method is developed to produce

higher-carbon products selectively and with extraordinarily high FEs, it would be

more economical to focus on producing useful building blocks (methanol, CO,

ethylene, aldehydes) that can be upgraded in further chemical or electrochemical

processes,18 such as the Fischer-Tropsch or methanol to olefin process.19 (Figure 1B)

These technologies can be applied to upgrade the building-block renewable chem-

icals to long-chain hydrocarbons for direct replacements of gasoline, diesel, or jet

fuels.

To understand the economic viability of certain target molecules, we performed a

simplified techno-economic analysis that considers the costs of CO2, electricity,

separation, capital and maintenance, and operation, and the known product
Joule 2, 1–8, May 16, 2018 3



Figure 2. Techno-economic Analysis of CO2 Electroreduction

(A) Comparison of the cost of various chemicals between the current market price and the levelized cost from CO2 reduction assuming an electrolyzer

cost of $500/kW, energy conversion efficiency of 60%, Faradaic efficiency of 90%, electricity cost of 2 ¢/kWh, and CO2 cost of 30$/ton.

(B) Comparison of CO2-derived molecules based on technical parameters of Faradaic efficiency and current density.

(C) Contour plot of economics of CO production based on electricity and CO2 cost.
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selectivity; and that outputs the levelized cost of the chemical produced. Results of

this analysis for several target molecules are given in Figure 2. The argument for en-

ergy storage can be justified by analyzing the currently achievable combination of

crucial performance parameters, FE, and current density (Figure 2B), which suggests

a focus on small-molecule C1 and C2 products. Energy conversion efficiency aside,

the adoption of any CO2RR to fuel process will ultimately be determined by market

forces; and currently these also favor the production of short-chain molecules.

Recent analyses point to CO and formic acid as economically viable and atom-eco-

nomic targets.20 By benchmarking cost parameters to the commercial hydrogen

electrolyzers (cost of $500/kW and energy conversion efficiency of 60%), fixing the

electricity cost at 2¢/kWh (expected to be achievable using renewable sources),

assuming a CO2 cost of 30$/ton and performing levelized cost calculations, we

add ethylene glycol and propanol as economically attractive targets. The cost

of CO2, which is sensitive to parameters such as capture expenses, transportation,

and, in some countries, taxation, serves as another crucial input parameter for

economical CO2RR. The interplay between the costs of electricity and input CO2

on reduction of CO2 to CO can be assessed in Figure 2C. It can be concluded

from this preliminary analysis that, even at the current level of CO2RR technology,

CO2 reduction could potentially bemade economical with access to low-cost renew-

able electricity. Advances in CO2 reduction to higher value products such as

ethylene glycol and propanol holds even greater economic promise.
Need for Greater Understanding of the Basic Science of CO2RR

Despite significant advances in the production of C1 products, CO2RR is far from be-

ing mastered and fully understood. To date, products such as CO and formate can

be produced with an impressive 95+% FE;8,21 methane production is less well
4 Joule 2, 1–8, May 16, 2018
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understood. Density functional theory can be used to model the reaction and deter-

mine the most likely reaction pathway from calculating the interactions between the

reaction intermediates and the surface.22–24 The most effective catalysts rely on

expensive metals, while cheaper catalysts tend to have problems with long-term sta-

bility.8 The task of producing C2 products is even more complex. Despite some

encouraging results, such as 50%–60% C2 products reported in several papers,14,15

C2+ production is still nascent; crucial intermediates and reaction pathway branches

of the process differ between materials, and are not universally known.25,26

Coupling to multi-carbon products requires arrival and adsorption of several CO2

molecules to the surface, stepwise transformation, and spatial positioning. On a

macro- or mesostructured catalytic surface, such coupling will necessarily obey sta-

tistical constraints.27 Highly selective or quantitative reactions would benefit from

perfectly sized compartments (akin to metal-organic framework cavities) and a

defined cooperative manner; that is, no reaction will occur until all adsorbed reagent

molecules arrive in the reactor. Another possible solution may involve mimicking

biological enzymatic processes or metal-catalyzed insertion polymerization pro-

cesses. Without cooperativity and defined reactor sites, it is unlikely that we will

ever reach 99.9% efficiency of transformation, as higher or lower carbon products

will be present when the reaction is indiscriminate. A heterogeneous metal surface

is unlikely to yield the solution to C2+ product synthesis, since to mimic such a

nano-reactor will require preparation of large-area defined multi-metal surfaces

with atomic precision. Stochastic mixtures will lack the proper geometric and chem-

ical control, and thus alloys,28 solgels,29 or any other mixture methods may not yield

efficient C3 production. In the next section, we present research into promising tech-

nologies that may provide the precise geometric and chemical control to yield C3

products.

Vision for the Future of Fuels and Chemicals fromCO2 for the ComingDecades

Despite the ongoing challenges of CO2RR to higher-carbon products, recent ad-

vances in the field offer untapped potential for the realization of CO2 transformation.

We envisage at least six potentially disruptive CO2 catalytic conversion technologies

that are currently topics of intense research (Figure 3). Some of these technologies

are close to commercialization, others are at the benchtop scale, and some have

yet to be scientifically proven. We envision a time line for realization on a large scale

between 5 and 70+ years. Ours is an optimistic prediction of technology advance-

ment in the future assuming that carbon dioxide conversion remains a topic of wide-

spread interdisciplinary interest and global activity. The specific technologies we

have identified are by no means an exhaustive list of the potential viable solutions.

The technologies based on electrochemical conversion of CO2 are closest to

commercialization with startup and established companies such as Opus-12, Mitsui

Chemicals, Carbon Recycling International, Dioxide Materials, and Carbon Electro-

catalytic Recycling Toronto currently leading the pack to monetize the technology.30

As the price of renewable energy continues to decrease, reaching 2 ¢/kWh in some

jurisdictions,31 the electrochemical conversion of CO2 becomes more attractive as

the electricity cost is the largest expense.

Direct solar to fuel conversion using semiconductor catalysts in gas-phase CO2 reac-

tors are another attractive technology that has seen great advances. These inte-

grated photochemical (PC) systems mimic natural photosynthesis and hold an

advantage of mobility afforded by being independent of an electricity source,

relying purely on solar radiation to produce fuels.
Joule 2, 1–8, May 16, 2018 5



Figure 3. Proposed Timeline of CO2 Utilization Methods

Note the specific time ranges are based on extrapolation of time line development of other disruptive technologies such as the advent of 3D printing,

solar energy adoption, and electric vehicle development.
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Biohybrid systems couple inorganic water-splitting catalysts with enzymes or genet-

ically modified bacteria that convert CO2. These systems have potential to utilize

natural enzymatic pathways to convert CO2 into a wide range of products. This bio-

electrochemical approach has only started to be explored,32 but holds great prom-

ise if key issues such as long-term stability can be solved.

Thermocatalysis in nanoporous materials for the conversion of hydrocarbons has

been known for some time and has been industrially implemented. However, nano-

porous materials have primarily been explored for capture of CO2 gas as solid

sorbents or as supports for thermal catalysis; they have seldom been explored as cat-

alysts for electrochemical conversion of CO2. Tunable porous materials such as

metal-organic frameworks have recently been shown to drive electrochemical con-

version of CO2 when functionalized with catalytically active sites, albeit to primarily

C1 compounds.33,34

Two promising technologies that have not yet been realized for CO2 conversion

include polymerization chemistry such as chain insertion catalysts using activated

CO2 and molecular machines for dynamic CO2 catalysis. The ability to use CO2 as

a monomeric unit directly would be transformative in the production of consumer

goods, and allow for the sequestration of gaseous CO2 into solid products. Molec-

ular machines are made up of rotating ring units around rigid struts in porous

materials such as metal-organic frameworks; the ability to mechanically control the

movement of molecules at the atomic level has the potential to unlock artificial

molecular factories not dissimilar to enzymes.

The future of energy and carbon utilization hinges on the fundamental discovery of

materials and catalysts that efficiently and selectively convert CO2. Here, we

have presented a preliminary techno-economic analysis that shows the promise of
6 Joule 2, 1–8, May 16, 2018
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CO2 utilization in the production of chemicals if barriers can be overcome. We have

reviewed the currently achievable current densities and FEs of various chemicals.

Finally, we have proposed several rapidly progressing catalytic processes that

have the potential to provide a disruptive solution to carbon dioxide conversion.

With the large number of hydrocarbon molecules that can be made from the CO2

building blocks, the question remains: which products should we pursue and which

products should we forego? Our analysis has identified a series of possible target

molecules that could be made economically using CO2RR powered by renewable

electricity. For energy storage needs, hydrogen, methane, and ethane are all excel-

lent fuels. In addition, ethylene and ethanol are versatile CO2-derived chemical

feedstocks. We pose the question whether there exists a niche for C3+ products

considering the difficulties that are likely to be faced? Is there a catalytic method

yet to be realized that will efficiently, selectively, and consistently convert CO2

into complex molecules? We are unsure, but we are excited to find out.

ACKNOWLEDGMENTS

This work was financially supported by the Ontario Research Fund: Research Excel-

lence Program (ORF-RE - RE08-034), the Natural Sciences and Engineering Research

Council (NSER) of Canada (RGPIN-2017-06477), the CIFAR Bio-Inspired Solar En-

ergy program (FL000560). The authors gratefully acknowledge financial support

from NSERC in the form of a Post-Doctoral Fellowship (O.S.B.) and the Alexander

Graham Bell Canadian Graduate Scholarship - Doctoral (P.D.L.). Funding to NREL

was provided by the U.S. Department of Energy, Office of Energy Efficiency and

Renewable Energy, Fuel Cell Technologies Office (G.S.), Bioenergy Technologies

Office (L.T.), and the Office of Basic Energy Sciences, Division of Chemical Sciences,

Geosciences, and Biosciences (J.v.d.L.) under contract No. DE-AC36-08GO28308

with Alliance for Sustainable Energy, LLC, theManager andOperator of the National

Renewable Energy Laboratory.

AUTHOR CONTRIBUTIONS

O.S.B. and P.D.L. wrote the manuscript and curated the content. C.T.D. provided

economic modeling and edited the manuscript. L.T., G.S., and J.v.d.L. edited the

manuscript. S.O.K. and E.H.S. oversaw the manuscript development.
REFERENCES
1. Denholm, P., Clark, K., and O’Connell, M.
(2016). On the Path to SunShot: Emerging
Issues and Challenges in Integrating High
Levels of Solar into the Electrical Generation
and Transmission System (National Renewable
Energy Laboratory), TP-6A20-65.

2. Bloom, A., Townsend, A., Palchak, D.,
Novacheck, J., King, J., Barrows, C., Ibanez, E.,
O’Connell, M., Jordan, G., Roberts, B., et al.
(2016). Eastern Renewable Generation
Integration Study (National Renewable Energy
Laboratory), TP-6A20-64.

3. Bloom, A., Townsend, A., Palchak, D.,
Novacheck, J., King, J., Barrows, C., Ibanez, E.,
O’Connell, M., Jordan, G., Roberts, B., et al.
(2010). Western Wind and Solar Integration
Study (National Renewable Energy
Laboratory), SR-550-474.

4. Pivovar, B. (2016). H2 at Scale: Deeply
Decarbonizing Our Energy System (National
Renewable Energy Laboratory), PR-5900-
66246.
5. Montoya, J.H., Seitz, L.C., Chakthranont, P.,
Vojvodic, A., Jaramillo, T.F., and Norskov, J.K.
(2017). Materials for solar fuels and chemicals.
Nat. Mater. 16, 70–81.

6. Chu, S., Cui, Y., and Liu, N. (2017). The path
towards sustainable energy. Nat. Mater. 16,
16–22.

7. Kortlever, R., Shen, J., Schouten, K.J.P., Calle-
Vallejo, F., and Koper, M.T.M. (2015). Catalysts
and reaction pathways for the electrochemical
reduction of carbon dioxide. J. Phys. Chem.
Lett. 6, 4073–4082.

8. Liu, M., Pang, Y., Zhang, B., De Luna, P.,
Voznyy, O., Xu, J., Zheng, X., Dinh, C.T., Fan, F.,
Cao, C., et al. (2016). Enhanced electrocatalytic
CO2 reduction via field-induced reagent
concentration. Nature 537, 382–386.

9. Li, C.W., and Kanan, M.W. (2012). CO2

reduction at low overpotential on Cu
electrodes resulting from the reduction of thick
Cu2O films. J. Am. Chem. Soc. 134, 7231–7234.
10. Klinkova, A., De Luna, P., Dinh, C.T., Voznyy,
O., Larin, E.M., Kumacheva, E., and Sargent,
E.H. (2016). Rational design of efficient
palladium catalysts for electroreduction of
carbon dioxide to formate. ACS Catal. 6,
8115–8120.

11. De Luna, P., Quintero-Bermudez, R., Dinh, C.T.,
Ross, M.B., Bushuyev, O.S., Todorovi�c, P.,
Regier, T., Kelley, S.O., Yang, P., and Sargent,
E.H. (2018). Catalyst electro-redeposition
controls morphology and oxidation state for
selective carbon dioxide reduction. Nat. Catal.
1, 103–110.

12. Kuhl, K.P., Cave, E.R., Abram, D.N., and
Jaramillo, T.F. (2012). New insights into the
electrochemical reduction of carbon dioxide
on metallic copper surfaces. Energy Environ.
Sci. 5, 7050–7059.

13. Qiao, J., Liu, Y., Hong, F., and Zhang, J. (2014).
A review of catalysts for the electroreduction of
carbon dioxide to produce low-carbon fuels.
Chem. Soc. Rev. 43, 631–675.
Joule 2, 1–8, May 16, 2018 7

http://refhub.elsevier.com/S2542-4351(17)30076-4/sref1
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref1
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref1
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref1
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref1
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref1
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref2
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref2
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref2
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref2
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref2
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref2
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref3
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref3
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref3
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref3
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref3
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref3
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref4
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref4
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref4
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref4
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref5
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref5
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref5
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref5
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref6
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref6
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref6
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref7
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref7
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref7
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref7
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref7
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref8
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref8
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref8
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref8
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref8
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref8
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref9
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref9
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref9
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref9
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref9
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref10
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref10
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref10
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref10
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref10
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref10
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref11
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref11
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref11
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref11
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref11
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref11
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref11
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref11
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref12
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref12
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref12
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref12
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref12
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref13
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref13
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref13
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref13


Please cite this article in press as: Bushuyev et al., What Should We Make with CO2 and How Can We Make It?, Joule (2017), https://doi.org/
10.1016/j.joule.2017.09.003
14. Dutta, A., Rahaman, M., Luedi, N.C.,
Mohos, M., and Broekmann, P. (2016).
Morphology matters: tuning the product
distribution of CO2 electroreduction on
oxide-derived cu foam catalysts. ACS Catal.
6, 3804–3814.

15. Ma, S., Sadakiyo, M., Luo, R., Heima, M.,
Yamauchi, M., and Kenis, P.J.A. (2016). One-
step electrosynthesis of ethylene and ethanol
from CO2 in an alkaline electrolyzer. J. Power
Sources 301, 219–228.

16. Ren, D.,Wong, N.T., Handoko, A.D., Huang, Y.,
and Yeo, B.S. (2016). Mechanistic insights into
the enhanced activity and stability of
agglomerated Cu nanocrystals for the
electrochemical reduction of carbon dioxide to
n-propanol. J. Phys. Chem. Lett. 7, 20–24.

17. Greenblatt, J.B., Miller, D.J., Ager, J.W., Houle,
F.A., and Sharp, I.D. (2018). The technical and
energetic challenges of separating (photo)
electrochemical carbon dioxide reduction
products. Joule 2, 381–420.

18. Ledezma-Yanez, I., Gallent, E.P., Koper,
M.T.M., and Calle-Vallejo, F. (2016).
Structure-sensitive electroreduction of
acetaldehyde to ethanol on copper and its
mechanistic implications for CO and CO2

reduction. Catal. Today 262, 90–94.

19. Jahangiri, H., Bennett, J., Mahjoubi, P., Wilson,
K., and Gu, S. (2014). A review of advanced
catalyst development for Fischer-Tropsch
synthesis of hydrocarbons from biomass
derived syn-gas. Catal. Sci. Tech. 4, 2210–2229.

20. Verma, S., Kim, B., Jhong, H.-R.M., Ma, S., and
Kenis, P.J.A. (2016). A gross-margin model for
defining technoeconomic benchmarks in the
electroreduction of CO2. ChemSusChem 9,
1972–1979.
8 Joule 2, 1–8, May 16, 2018
21. Gao, S., Lin, Y., Jiao, X., Sun, Y., Luo, Q., Zhang,
W., Li, D., Yang, J., and Xie, Y. (2016). Partially
oxidized atomic cobalt layers for carbon
dioxide electroreduction to liquid fuel. Nature
529, 68–71.

22. Peterson, A.A., Abild-Pedersen, F., Studt, F.,
Rossmeisl, J., and Norskov, J.K. (2010). How
copper catalyzes the electroreduction of
carbon dioxide into hydrocarbon fuels. Energy
Environ. Sci. 3, 1311–1315.

23. Sandberg, R.B., Montoya, J.H., Chan, K., and
Nørskov, J.K. (2016). CO-CO coupling on Cu
facets: coverage, strain and field effects. Surf.
Sci. 654, 56–62.

24. Hansen, H.A., Varley, J.B., Peterson, A.A., and
Nørskov, J.K. (2013). Understanding trends in
the electrocatalytic activity of metals and
enzymes for CO2 reduction to CO. J. Phys.
Chem. Lett. 4, 388–392.

25. Goodpaster, J.D., Bell, A.T., and Head-
Gordon, M. (2016). Identification of possible
pathways for C–C bond formation during
electrochemical reduction of CO2: new
theoretical insights from an improved
electrochemical model. J. Phys. Chem. Lett. 7,
1471–1477.

26. Gottle, A.J., and Koper, M.T.M. (2017). Proton-
coupled electron transfer in the electrocatalysis
of CO2 reduction: prediction of sequential vs.
concerted pathways using DFT. Chem. Sci. 8,
458–465.

27. Xiao, H., Cheng, T., Goddard, W.A., and
Sundararaman, R. (2016). Mechanistic
explanation of the pH dependence and onset
potentials for hydrocarbon products from
electrochemical reduction of CO on Cu (111).
J. Am. Chem. Soc. 138, 483–486.

28. Kim, D., Resasco, J., Yu, Y., Asiri, A.M., and
Yang, P. (2014). Synergistic geometric and
electronic effects for electrochemical reduction
of carbon dioxide using gold–copper
bimetallic nanoparticles. Nat. Commun. 5,
4948.

29. Zhang, B., Zheng, X., Voznyy, O., Comin, R.,
Bajdich, M., Garcı́a-Melchor, M., Han, L., Xu,
J., Liu, M., Zheng, L., et al. (2016).
Homogeneously dispersed, multimetal
oxygen-evolving catalysts. Science 352,
333–337.

30. CO2 Sciences and The Global CO2. Initiative.
(2016). Global Roadmap for Implementing CO2

Utilization. https://assets.contentful.com/
xg0gv1arhdr3/27vQZEvrxaQiQEAsGyoSQu/
44ee0b72ceb9231ec53ed180cb759614/
CO2U_ICEF_Roadmap_FINAL_2016_12_07.
pdf.

31. US Department of Energy. (2016). Wind
Technologies Market Report 2015
(US Department of Energy).

32. Liu, C., Colón, B.C., Ziesack, M., Silver, P.A.,
and Nocera, D.G. (2016). Water splitting–
biosynthetic system with CO2 reduction
efficiencies exceeding photosynthesis. Science
352, 1210–1213.

33. Choi, K.M., Kim, D., Rungtaweevoranit, B.,
Trickett, C.A., Barmanbek, J.T.D., Alshammari,
A.S., Yang, P., and Yaghi, O.M. (2017).
Plasmon-enhanced photocatalytic CO2

conversion within metal–organic frameworks
under visible light. J. Am. Chem. Soc. 139,
356–362.

34. Diercks, C.S., Liu, Y., Cordova, K.E., and
Yaghi, O.M. (2018). The role of reticular
chemistry in the design of CO2 reduction
catalysts. Nat. Mater. Published online
February 26, 2018. https://doi.org/10.1038/
s41563-018-0033-5.

http://refhub.elsevier.com/S2542-4351(17)30076-4/sref14
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref14
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref14
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref14
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref14
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref14
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref15
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref15
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref15
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref15
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref15
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref15
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref16
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref16
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref16
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref16
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref16
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref16
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref17
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref17
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref17
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref17
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref17
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref18
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref18
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref18
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref18
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref18
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref18
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref19
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref19
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref19
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref19
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref19
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref20
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref20
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref20
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref20
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref20
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref20
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref21
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref21
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref21
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref21
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref21
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref22
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref22
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref22
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref22
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref22
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref23
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref23
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref23
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref23
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref24
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref24
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref24
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref24
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref24
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref24
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref25
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref25
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref25
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref25
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref25
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref25
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref25
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref25
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref26
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref26
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref26
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref26
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref26
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref26
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref27
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref27
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref27
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref27
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref27
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref27
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref28
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref28
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref28
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref28
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref28
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref28
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref29
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref29
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref29
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref29
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref29
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref29
https://assets.contentful.com/xg0gv1arhdr3/27vQZEvrxaQiQEAsGyoSQu/44ee0b72ceb9231ec53ed180cb759614/CO2U_ICEF_Roadmap_FINAL_2016_12_07.pdf
https://assets.contentful.com/xg0gv1arhdr3/27vQZEvrxaQiQEAsGyoSQu/44ee0b72ceb9231ec53ed180cb759614/CO2U_ICEF_Roadmap_FINAL_2016_12_07.pdf
https://assets.contentful.com/xg0gv1arhdr3/27vQZEvrxaQiQEAsGyoSQu/44ee0b72ceb9231ec53ed180cb759614/CO2U_ICEF_Roadmap_FINAL_2016_12_07.pdf
https://assets.contentful.com/xg0gv1arhdr3/27vQZEvrxaQiQEAsGyoSQu/44ee0b72ceb9231ec53ed180cb759614/CO2U_ICEF_Roadmap_FINAL_2016_12_07.pdf
https://assets.contentful.com/xg0gv1arhdr3/27vQZEvrxaQiQEAsGyoSQu/44ee0b72ceb9231ec53ed180cb759614/CO2U_ICEF_Roadmap_FINAL_2016_12_07.pdf
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref31
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref31
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref31
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref32
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref32
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref32
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref32
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref32
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref32
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref33
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref33
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref33
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref33
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref33
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref33
http://refhub.elsevier.com/S2542-4351(17)30076-4/sref33
https://doi.org/10.1038/s41563-018-0033-5
https://doi.org/10.1038/s41563-018-0033-5

	What Should We Make with CO2 and How Can We Make It?
	Outline placeholder
	Electrochemical Utilization of CO2 to Address the Energy Needs of the Future
	What Should We Make Using CO2?
	Need for Greater Understanding of the Basic Science of CO2RR
	Vision for the Future of Fuels and Chemicals from CO2 for the Coming Decades

	Acknowledgments
	Author Contributions
	References


