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ABSTRACT This Perspective highlights recent efforts and opportunities in the
heterogeneous electrochemical conversion of carbon dioxide to help address the
global issues of climate change and sustainable energy production. Recent
research has shown that the electrochemical reduction of CO2 can produce a
variety of organic compounds such as formic acid, carbon monoxide, methane,
and ethylene with high current efficiency. These products can be used as feed-
stocks for chemical synthesis or converted into hydrocarbon fuels. This process is
of interest (i) for the recycling of CO2 as an energy carrier, thereby reducing its
accumulation in the atmosphere, (ii) for the production of renewable hydrocarbon
fuels fromCO2, water, and renewable electricity for use as transportation fuels, and
(iii) as a convenient means of storing electrical energy in chemical form to level
the electrical output from intermittent energy sources such as wind and solar.
Accomplishments to date in this field of study have been encouraging, yet sub-
stantial advances in catalyst, electrolyte, and reactor design are needed for CO2

utilization via electrochemical conversion to become a technology that can help
address climate change and shift society to renewable energy sources.

S ignificant reductions in carbon dioxide (CO2) emis-
sions and the development of nonfossil fuel energy
sources are critical to minimize the effects of CO2 as a

greenhouse gas in the atmosphere and reduce our depen-
dence on imported nonrenewable energy sources, most
notably crude oil. Studies by the Intergovernmental Panel
on Climate Change (IPCC) show that to stabilize the atmo-
spheric concentration of CO2 at 350-400 ppm and limit the
global mean temperature increase to 2.0-2.4 �C, global CO2

emissions in 2050 would have to be reduced by 50-80% of
the emission levels in the year 2000.1 Carbon capture and
sequestration (CCS) at large emission sources such as power
plants has been proposed as a strategy to decrease the
accumulation of CO2 in the atmosphere. Proposed sequestra-
tion methods include geological or deep sea storage and
mineralization. To reduce our dependence on imported pe-
troleum, the development and expansion of natural gas to
liquid (GTL) and coal to liquid (CTL) technology has been
proposed. GTL and CTL yield syngas, a mixture of hydrogen
and carbon monoxide, which is then converted into liquid
fuels via the Fischer-Tropsch process,2,3 and both are well-
developed technologies.4-7While the implementation of CSS
will decrease emissions and CTL and GTL would allow the use
of relatively abundant coal and natural gas to decrease our
dependence on imported oil for transportation fuels, such a
solution does not address the nonrenewable nature of fossil
fuels. Because of this issue, CCS and GTL/CTL will likely serve
as bridging technologies to a more sustainable energy supply
needed for the long-term.7

Several other, potentially more sustainable alternatives to
fossil fuels are being researched. For example, significant
progress is being made in the production of biofuels from
algae and woody biomass.8,9 These are promising technolo-
gies that could potentially supply carbon neutral fuels while
minimizing competition with the food supply. Wind, solar,
and tidal power are also very popular and expanding rapidly
alongwith increased interest in expandingnuclear energy.10-12

Another attractive alternative to CO2 sequestration is the use

The electrochemical conversion of
CO2 has promise to help overcome
several of the challenges facing the
implementation of carbon-neutral
energy sources because it provides a

means of storing renewable
electricity in a convenient, high-

energy-density form.
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of captured carbon as a reagent for producing useful chemi-
cals either through chemical or electrochemical means.
Carbon dioxide is already used in the production of chemi-
cals such as urea, salicylic acid, and polycarbonates;13,14

however, the demand for these products is very small
compared to the amount of CO2 produced from the con-
sumption of fossil fuels and thus unlikely to make a sig-
nificant impact on emissions. Carbon dioxide can also be
reacted with hydrogen to yield a mixture of water and
carbon monoxide via the reverse water gas shift reaction
(RWGS) (eq 1) or to directly produce water and methanol
(eq 2).15-19

CO2 þH2 / COþH2O ð1Þ

CO2 þ 3H2 / CH3OHþH2O ð2Þ
While the RWGS process (eq 1) is difficult to drive to com-
pletion, pilot plants producing methanol (eq 2) have already
been built. Methanol production is particularly attractive if
the hydrogen comes from renewable sources. We refer the
reader to a number of good reviews for a more detailed
account of the various options for carbon sequestration20-22

and CO2 utilization.
13,23,24 At this point, it is unclear which of

these strategies are technologically feasible and make eco-
nomic and practical sense, be it in distributed fashion or on a
large scale. In this Perspective, we will focus on the benefits
and prospects of CO2 utilization via electrochemical reduc-
tion at electrodes, therefore, via heterogeneous catalysis. For
amore detailed account on related researchpertaining to the
photochemical,23,25-31 biochemical,32-34 and mediated
electrochemical3,35-38 conversion of CO2 using homoge-
neous catalysts, all areas in which significant progress is
being made, we refer the reader to the references stated.

Research on the direct heterogeneous electrochemical
reduction of CO2 has already shown that several products
can be produced, including formic acid,39-44 carbon mono-
xide,30,31,41,45,46 methane,41,47,48 ethylene,41,49 and metha-
nol.50-52 These products can be used as commodity chemi-
cals as well as fuels, thus allowing CO2 to be recycled into
compounds that can act as energy carriers. The key require-
ment, of course, is that the electricity used to convert the CO2

must be renewable, or at least from a carbon-neutral source
such as nuclear; otherwise, more CO2 would be emitted
in producing the electricity than would be reduced in the
process. Also, using renewable electricity to replace electric-
ity produced by carbon-intensive energy sources, for ex-
ample, coal, would likely result in a greater reduction in
emissions than using that electricity to convert CO2 into
liquid fuels. Still, the electrochemical conversion of CO2 has
great potential to help overcome several of the challenges
facing the implementation of carbon-neutral energy sources
because it provides a means of storing renewable electricity
in a convenient, high-energy-density form. Particularly ex-
citing is the ability to producemethane and ethylene directly
on copper catalysts and the possibility of producing even
longer hydrocarbons from syngas.46,48,49 The storage of
electrical energy in chemical form is potentially useful in
two key areas, (1) leveling the output from intermittent
electricity sources such as wind and solar and (2) allowing

the production of liquid fuels for the transportation sector
with renewable electricity. In comparison, the electrolysis
of water, which is amature technology, also allows storage of
electricity in chemical form (hydrogen); however, hydrogen
does not fit into the existing infrastructure as well as liquid
fuels, has a lower volumetric energy density, and requires
compression or liquefaction for storage.53-56

Potential Role of Electrochemical CO2 Conversion in Our Shift
to Renewable Energy Sources. Many studies have shown that
drastic reductions in CO2 emissions are needed to limit the
potential effects of climate change.1 The fact that fossil fuel
consumption accounts for the majority of CO2 emissions and
the need to reduce dependence on imported fossil fuels
indicate that significant reductions in fossil fuel use will be
necessary in the future, even as energy demand continues to
rise. Figure 1 highlights some of the challenges that such
changes would present and the role that the electrochemical
conversion of CO2 could play by comparing our current
energy consumption with a hypothetical situation in which
fossil fuel use is significantly reduced as part of the efforts to
reduce CO2 emissions and dependence on imported energy.

The left-hand side of Figure 1 shows the primary energy
consumption by source and sector in the U.S. for 2008,57

which is also representative for the rest of the developed
world, although the exact percentages vary (for example, the
fraction of nuclear energy is 13% in Europe,58 compared
to 9% in the U.S.). This information points out several key
aspects of our current energy use in relation to its sources. The
most dramatic is the almost complete dependence of the
transportation sector on petroleum-derived liquid fuels. Also
noteworthy is that the vast majority of carbon-neutral energy
(renewable and nuclear) produces electricity, effectively limit-
ing utilization of these desirable energy sources to the elec-
trical grid. Furthermore, many popular and fast-growing
renewable sources, such as wind and solar, are intermittent
and, to varying degrees, unpredictable. The fluctuating nature
of these sources limits them to nomore than 15-20% of the
total electricity demand unless nontrivial large-scale electric-
ity storage is used to level output and prevent instability in the
system.17

The right side of Figure 1 shows a hypothetical, qualitative
distribution of energy sources that accomplishes a reduction

The storage of electrical energy in
chemical form is potentially useful
in two key areas, (1) leveling the

output from intermittent electricity
sources such as wind and solar and
(2) allowing the production of liquid
fuels for the transportation sector

with renewable electricity.
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of CO2 emissions through significant reduction of fossil fuel
consumption while increasing carbon-neutral sources. While
the total energy demand is expected to continue to increase
substantially, the relative demand of each energy-consuming
sector is not predicted to change significantly.60 Thus,weused
the samebreakdown for the future scenario. This hypothetical
scenario is not intended to be a quantitative prediction of
the only or even the most probable conditions in the future.
Certainly, these reductions could be achieved in several dif-
ferent ways, and which technologies are most feasible and
end up being implemented at a meaningful scale will depend
on factors such as local environment and political and eco-
nomic conditions, factors that go well beyond the technical
merit of each of these technologies. Similarly, given the
immature technical status of the electrochemical conversion
of CO2 as well as the issues just mentioned, predicting the
time frame or scale at which the electrochemical reduction
of CO2 could be implemented is impossible at this time. The
purpose of the hypothetical scenario is to highlight some of
the challenges thatwill be faced inmeeting energydemandas
concerns over climate change and a scarce supply of fossil
fuels, particularly petroleum, cause a shift away from a fossil-
fuel-dominated energy portfolio and the possible role that the
electrochemical conversionofCO2 could play (as oneofmany
options being investigated) in overcoming these challenges.

While the exact makeup of future energy supply sources
may not be certain, undoubtedly, we will face a number of
challenges as we move away from fossil fuels. The first and
foremost challenge will be to continue to supply energy to the
transportation sector while fossil fuel use is being decreased.
Unless a complete overhaul to hydrogen fuel cell or battery-
powered vehicles is made, liquid fuels will continue to play a
major role. Someof these liquid fuels could be supplied byGTL
and CTL technology (arrows 1 and 2 in Figure 1), and still
more could come from biofuels and fuels produced from the

electrochemical reduction of CO2 using electricity from renew-
able and nuclear sources (arrows 3 and 4 in Figure 1). A second
key challenge will be to significantly increase the supply of
electricity from carbon-neutral sources, that is, nuclear and
renewables. For nuclear, this is fairly straightforward because
we are already very familiar with this process and it provides a
steadypredictable supply. Increases in theuse of renewable, but
intermittent, sources such as wind and solar, however, would
require leveling throughanenergystorageprocess, forexample,
through theelectrochemical conversionofCO2 (arrow5).While
manymethods for massive electricity storage, such as pumped
hydro, compressed air, and batteries,59 are being proposed,
storage in a chemical form via the electrochemical reduction
of CO2 gives added versatility as the products can be used as
sources for electricity production, transportation fuels, or chem-
ical feedstocks. These two challenges of the need to continue
to provide energy to the transportation sector and the need to
increase electricity production from carbon neutral sources
highlight the value of a process that could convert and thus
store electrical energy in a chemical form, particularly as a
liquid, both for facilitating the penetration of renewable energy
into sectors such as transportation and for storing excess
electricity from intermittent sources.

Current Status of Electrochemical CO2 Conversion.While the
electrochemical conversion of CO2 has great potential, sig-
nificant technological advances are still needed for this pro-
cess to becomeeconomically viable.Muchof theearlywork in
this area has focused on exploring different catalysts and the
products that can be produced. Also, several investigations
have elucidated how parameters such as electrolyte and
temperature favor certain products over others.48,61,62 More
recently, several researchers have also proposed various
reactor designs for the electrochemical reduction of CO2 to
either formic acid or syngas.46,63-67 However, to be feasible,
the electrochemical conversion of CO2 needs to meet two

Figure 1. PrimaryU.S. energy consumption by source and sector for 200857 (left) compared to a hypothetical, qualitative scenario inwhich
emissions are reduced by significantly reducing fossil fuel consumption (right). Key enabling technologies in the future scenario are (1) gas
to liquid conversion, (2) coal to liquid conversion, (3) biofuels and electrochemical conversion of CO2 to liquid fuels using renewable
electricity, for example, wind and solar, (4) electrochemical conversion of CO2 to liquid fuels using electricity from nuclear power, and
(5)wind, solar, and tidal power with storage via electrochemical conversion of CO2 or other methods such as pumped hydro, compressed
air, and flow batteries.59
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criteria, (i) high energy efficiency and (ii) high reaction rates.
While it is not often discussed in the literature, the energetic
efficiency is a critical parameter because it specifies the recover-
able energy contained in the product; in other words, it defines
the energy cost of producing the product. High energetic effi-
ciency is achieved through a combination of high selectivity
(Faradaic or current efficiency) and lowoverpotentials (Figure 2).

While researchers have reported high Faradaic efficiency
for many products (typically >90% for formic acid and
carbonmonoxide, 65-70% for methane and ethylene), high
overpotentials are a major hindrance to improving energy
efficiency. The reaction rate, as measured by the current
density, is also an important parameter as it determines the
reactor size and thus capital cost of the process. To date,
researchers have reportedmoderate to high current densities
(200-600 mA/cm2) using gas diffusion electrodes (GDEs)
similar to those used in fuel cells.

As mentioned above, despite the challenges of hydrogen
storage and transport,water electrolysis is an attractive option
for electricity storage, and thus, the efficiency and current
density of a viable CO2 reduction process should be close to
those for water electrolyzers. Figure 3 shows the efficiencies
and current densities for CO2 reduction from data in the
literature compared to the typical values for water electro-
lyzers. Typical efficiencies for commercial water electrolyzers
are in the 56-73% range, with alkaline electrolyzers running
at 110-300 mA/cm2 and PEM electrolyzers running at much
higher current densities (800-1600 mA/cm2).56,68,69 These
efficiencies for the electrolyzers are total system efficiencies
(including losses from system peripherals), but because, no
complete systems for CO2 reduction are available at this time,
the efficiencies plotted for CO2 reduction only include losses
on the cathode and ignore anode and system losses. The
direct electrochemical reduction to hydrocarbons (methane
and ethylene) is particularly interesting. However, this ap-
proach typically has the lowest energy efficiency due to
exceptionally high overpotentials. In contrast, the electrochem-
ical reduction to carbon monoxide has some of the highest
energy efficiencies because themain side product, hydrogen,
is included in the syngasproduct. However, becausehydrogen
evolution has a higher (less negative) theoretical reduction
potential thancarbonmonoxide, itwill likely bemore efficient
to optimize the electrolysis cell for CO production and supply

the hydrogen from a different renewable source such as
electrolysis, biomass, or water gas shift.56 A detailed system
analysis for each of these options is required to identify the
most effective method. In summary, Figure 3 shows that
current research efforts in the electrochemical conversion of
CO2have achievedmoderate efficiencies and reasonably high
current densities, although not at the same time. This, as well

Figure 2. Qualitative reaction scheme for CO2 conversion. Catalysts and electrolytes acting as cocatalysts can lower the energy of the
intermediate and thus improve the energetic efficiency of the conversion.We use ε as the symbol for the Faradaic and energetic efficiencies
to avoid confusion with the η symbol for the overpotential.

Figure 3. Comparison of the energy efficiencies and current
densities for CO2 reduction to formic acid,40,41,43,45,65,70-73

syngas,41,45,46,64,72,74 and hydrocarbons (methane and ethyl-
ene)41,45,47-49,74 reported in the literature with those of water
electrolyzers.54-56,68,69,75 Efficiencies of electrolyzers are total
system efficiencies, while the CO2 conversion efficiencies only
include cathode losses and neglect anode and system losses.

Current research efforts in the
electrochemical conversion of CO2

have achieved moderate efficien-
cies and reasonably high current

densities, although not at the same
time.
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as the fact that additional losses have yet to be accounted for
(system, anode), indicates that further work is needed to
significantly improve the energetic efficiency and current
densities for CO2 reduction before it can become a technol-
ogy that can help address climate change and shift society
away from fossil fuels to renewable energy sources.

Remaining Challenges and Opportunities. The main chal-
lenge for advancing CO

2
reduction is increasing the energy

efficiency, which is primarily hindered by high overpotentials
for CO

2
reduction. The limiting step in the reduction of CO2 is

the formation of a •CO2
- radical anion intermediate. This step

has a standard potential of -1.9 V versus SHE and is the
reason for the high overpotentials.76,77 This potential can be
improved by stabilizing the intermediate, which is one of the
main functions of catalysts. Research has shown that the
potential to form this radical anion can be improved by 0.3 V
by adsorbing it on a catalyst surface.76 Further improvements
could be possible through optimization of the catalyst. The
Principle of Sabatier predicts that the best catalysts have
intermediate adsorbate-surface bond strengths.78 This prin-
ciple leads to the volcano curves seen in Sachtler-Fahrenfort
and Tanaka-Tamaru plots. However, in an electrochemical
reaction, the presence of electrolyte, which can also act as a
cocatalyst, adds complexity to the system. The added stabiliz-
ing effect of the electrolyte could result in shifting the volcano
peak, thus opening the possibility to use other catalysts that
maybemore attractive for reasons such as cost, availability, or
stability. The complexity of the catalyst, electrolyte (cocatalyst),
and intermediate interactions makes understanding the
transition state in the reaction particularly difficult and is
an important area of further research. Furthermore, the
main competing reaction to CO2 reduction is hydrogen
evolution. Consequently, metals with high hydrogen over-
potentials typically give the highest Faradaic efficiencies.
However, higher energy efficiency could potentially be
achieved using catalysts with low hydrogen overpotentials
in combination with electrolytes and reactor conditions that
minimize hydrogen evolution. Thus, as research continues to
improve our understanding of CO2 reduction reaction inter-
mediates, it will lead to more effective combinations of
catalysts and electrolytes.

As shown in Figure 3, efforts to increase the current
densities for CO2 reduction have been very successful, with
current densities exceeding 600 mA/cm2. These higher cur-
rent densities have been achieved using catalysts deposited
on GDEs, as is done in fuel cells.47,49,79While these results are
very encouraging, significant improvements still need to be

made. Improvements in the reactor design, particularly the
electrode, and optimization of the reaction conditions will
enable further increases in current densities. One of the key
limiting factors in CO2 conversion is mass transfer of CO2 to
the cathode surface, especially given the low solubility of CO2

in many electrolytes. As mentioned earlier, this has largely
been overcomeusing GDEs, which create a three-phase inter-
face between the gaseous reactants, the solid catalyst, and the
electrolyte. Thus, optimization of the electrode will be key to
improving current densities. The extensive work on GDE
optimization for fuel cells over the past decades will greatly
accelerate progress in this area. Furthermore, as seen in fuel
cellwork, temperature is key to improving theperformanceof
fuel cells, indicating that optimizing the reaction temperature
will yield significant improvements for CO2 reduction.80,81

Also, work with solid oxide electrolyzers based on solid
oxide fuel cells has already given promising results for high-
temperature CO2 reduction.

82

In summary, recentwork on the electrochemical reduction
of CO2 has shown the possibility of storing electricity as
chemicals. The prospect of producing hydrocarbon fuels
from CO2 and renewable electricity is particularly interesting
for addressing the several intertwined energy and climate
change issues. Further work may lead to the advances in
efficiency and current density that are necessary for hetero-
geneous CO2 reduction to become an economically feasible
process.
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