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1. Introduction

Emerging electrocatalytic technologies for sustainable produc-
tion of value-added chemicals that can simultaneously serve as
a long-term energy storage solution for renewable electricity
are currently on the rise.[1] These developments have been stim-
ulated by multiple global initiatives to mitigate climate change

and the declining prices of renewable elec-
tricity: only in the past decade, the prices
of solar and onshore wind electricity
decreased by 89% and 70%, respectively,
making building a new solar or wind plant
now more profitable than a new average
coal plant.[2] The most prominent and rap-
idly advancing sustainable electrosynthesis
technology, besides water splitting, is CO2

electroreduction to fuels and chemicals,
that not only benefits from the aforemen-
tioned electricity greenification, but also
serves as a CO2 utilization strategy.

In addition to direct CO2 reduction to
single- and multicarbon products, CO2

can also be electrochemically coupled with
various organic precursors to yield a wide
range of value-added carboxylic acids and
esters, α-amino acids and their derivatives,
α-hydroxy/methoxy/thiomethoxy acids and
their derivatives, cyclic carbonates and car-
bamates, and polycarbonates. In contrast to
direct CO2 electroreduction, which typically
yields small molecules containing 1–2 car-
bon atoms (CO, formate, methane, metha-
nol, ethanol, ethylene, etc.) and more rarely
3–4 carbon atoms (propane, butane, prop-
anol, etc.), the coupling of CO2 with other

organic molecules of various structure and composition opens
the door to a plethora of valuable multicarbon organic molecules.
While direct CO2 reduction targets fuels and industrially impor-
tant small molecules, the scope of attainable products includes a
variety of biologically active compounds, such as nonsteroidal
anti-inflammatory drugs (NSAIDs) and other pharmaceuticals
(Ibuprofen, Naproxen, Ritalin, etc.), precursors for plasticizers,
and commercially relevant polymers (adipic acid, cyanoacetic
acid, styrylacetic acids, etc.), all of which are currently produced
unsustainably using traditional uncatalyzed and thermally cata-
lyzed organic synthesis approaches. Notably, this electrochemical
carboxylation approach can afford chiral carboxylic acids,[3]

essential for correct biological activity in anti-inflammatory
and other drugs. A few examples of organic carboxylation
products that are important pharmaceuticals or precursors for
chemical and polymer industry are shown in Figure 1.

Many carboxylation products are currently produced unsus-
tainably: for example, industrial methods of producing
Naproxen still show low atom economy (AE; Figure 2a,b).
Greener synthetic alternatives that rely on conventional hetero-
geneous and homogeneous catalysis are available or being
developed for some carboxylic acids (e.g., Figure 2c).[4]
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Sustainable electrosynthesis technologies are rapidly developing stimulated by
the drive for sustainable chemical manufacturing and the increasingly accessible
renewable electricity prices. The electrochemical utilization of easily available
feedstock, such as carbon dioxide (CO2), has attracted significant attention as
it can additionally help closing the disrupted carbon cycle. While direct CO2

reduction has benefited from recent advancements in the catalyst, electrolyte and
system design, developments in electrochemical coupling of CO2 with organic
precursors to yield value-added chemicals have been lagging behind due to the
apparent disconnect between the direct CO2 reduction and the organic elec-
trosynthesis communities. Currently, electrocarboxylation reactions require high
operating voltages, show low current densities, limited selectivity towards target
products and are associated with low atom economy due to the reliance on
sacrificial anode dissolution. Advancing this indirect electrochemical CO2 uti-
lization strategy will enable sustainable synthesis of valuable chemicals including
non-steroidal anti-inflammatory drugs and precursors for plasticizers and
commercially-relevant polymers—all of which are currently produced with high
carbon footprint and low atom economy. This perspective discusses the current
state-of-the-art in electroorganic synthesis with CO2 as a one-carbon synthon and
suggests several transferrable strategies from direct CO2 reduction break-
throughs to advance electrocarboxylation and bring it closer to industrial
implementation.
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Electrochemical synthetic routes to carboxylation products where
CO2 is used as a C1 synthon are being suggested now increas-
ingly (e.g., Figure 2d and 3a). Compared with the existing unca-
talyzed or thermally catalyzed reaction pathways, electrocatalysis
conducted under mild conditions is an attractive approach to
both decreasing the cost and increasing the sustainability of
the overall process. This growing interest aligns with the renais-
sance of electroorganic synthesis that has been on the rise since
the 2000s.[5]

Considerable fundamental work on electroorganic synthesis
was conducted in the last quarter of the 20th century but slowed

down in the 1990s (Figure 3b). Although a number of organic
electrosynthesis processes were commercialized, for example,
production of adiponitrile (Monsanto),[6] phthalide (BASF),[7]

and 3,6-dichloropicolic acid (Daw Chemical Company),[8] electro-
organic synthetic methods often are not economically competi-
tive with conventional—albeit less sustainable—synthesis
pathways. This lack of competitiveness of electroorganic synthe-
sis is largely associated with high energy requirements for oper-
ating corresponding electrolyzers, making it difficult to justify
and offset the capital costs of setting up the infrastructure.
These challenges could be addressed by the catalyst and system
design that would decrease the reaction overpotential and the
overall cell resistance, thereby minimizing the required energy

Figure 1. Examples of industrially important carboxylic acids:
pharmaceuticals (top) and intermediates for chemical and polymer
industry (bottom).

(a)

(b)

(c)

(d)

Figure 2. Synthetic routes to Naproxen: a) patented in 1969 and used by Syntex, b) patented in 1972 and 1976 and used by Syntex, with the initial yields of
58% and 66%, respectively, and improved to 90% yield by 1993, c) proposed by Shaw and Schlitzer in 2015,[88] and d) reported by Mena et al. in 2020.[4]

Isolated yields are shown for the overall industrial routes and for individual steps of proposed routes. AE: atom economy.

(a) (b)

Figure 3. Timeline of EC literature mentions since the 1950s. a) Number
of published papers and citations in the Web of Science database on “EC.”
Papers include journal articles, reviews, proceedings, and meeting
abstracts. b) Ngram data on word mentions in published books
(Google Books Ngram Viewer).[89] *Mentions of “organic electrosynthe-
sis” also include “electroorganic synthesis” and “organic electrochemical;”
mentions of “EC” include only single-word mentions.
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input. The recent drive to minimize chemical manufacturing
emissions, a more accessible sustainable electricity cost, and
the developments in electrocatalysis and related nanotechnology
all paved the way for current opportunities for further
development and, subsequently, more widespread industrial
implementation of organic electrosynthesis.[9] While organic
electrosynthetic processes are significantly smaller in scale com-
pared with mature inorganic electrosynthetic production (chloro-
alkali and aluminum), their implementation has a potential for
sustainability improvements in the production of over 75% of
chemical products.[10] When it comes to electroorganic synthesis
that incorporates CO2 fixation, it is worth noting that it will
unlikely consume a substantial amount of CO2 emissions from
the atmosphere.[11] However, it is still relevant to use CO2 in
chemical industry as an easily available and sustainable carbon
source, making better use of energy and carbon.

Currently, there remains a lot of work to be done in the field of
electroorganic CO2 fixation to optimize reaction energy require-
ments, selectivity, and product yields before this technology
reaches maturity to successfully compete with current industrial
methods of chemical synthesis. Specifically, large energy barriers
associated with CO2 utilization, in general (including electro-
chemical, photochemical, and conventional catalysis), are among
the main reasons for the majority of industrial methods to pro-
duce carboxylic acids, and their derivatives rely on alternative
methods (e.g., carbonylation of alcohols, oxidation of alkyl
groups, etc.). These challenges necessitate the development of
efficient catalysts and reaction environments that would mini-
mize the energy requirements and maximize the target product
yields, similarly to the challenges faced by the field of direct CO2

electrolysis into single- and multicarbon products. Because
electrocarboxylation (EC) belongs to the realm of organic
electrosynthesis, there is an apparent disconnect between
the EC studies and some of the successful research tactics
becoming increasingly adapted by the direct CO2 electroreduc-
tion (CO2R) community. In this perspective, we briefly review
the current EC state of the art and propose how it can
benefit from borrowing some approaches from and potentially
integrating with CO2R.

2. State of the Art and Trends in EC

A number of excellent reviews on EC have been published in the
past few years, which generally grouped reactions and products
according to the types of substrates and discussed the reactivity
trends within these groups.[5,12] Table 1–4 summarize reported
EC reactions for different organic precursors classes, including
organohalides (Table 1), ketones and imines (Table 2), styrenes
(Table 3), and dienes (Table 4), reviewing the cathodic electroca-
talysts, electrolytes, anodes, yields of target carboxylic acids, and
electrochemical parameters, including applied potential (E) or
current density (J) for potentiostatic and galvanostatic electroly-
sis, respectively, as well as passed charge (Q ). In the following,
we briefly summarize the attainable product classes and main
general trends in EC research; for more detailed reading and
examples, we refer interested readers to the aforementioned
reviews.

2.1. Scope of Products

CO2 can be electrochemically coupled with olefins, alkynes,
carbonyls, and organohalides to yield carboxylic acids and esters,
α-amino acids and their derivatives, α-hydroxy, methoxy,
thiomethoxy acids, and their derivatives, cyclic carbonates, and
carbamates. Figure 4 summarizes EC product classes, as well
as products of direct CO2R. Depending on the electrocatalyst
nature and reaction parameters, direct CO2R in aqueous media
leads to the formation of simple alcohols, hydrocarbons, carbox-
ylic acids, carbon monoxide, and complex mixtures thereof, and
is generally accompanied by competing hydrogen evolution reac-
tion.[13] In contrast, in aprotic media, the product scope is limited
to CO and oxalate.[14] As EC involves coupling of CO2 with a large
variety of precursors, by its nature, it is characterized by a much
wider scope of possible products compared with CO2R.
When CO2 is coupled to organic halides, the range of EC
products includes aliphatic,[15] benzylic,[16–18] aromatic,[19–22]

and heteroaromatic[23] monocarboxylic acids. In these reactions,
a new C─CO2H bond is formed in place of the C─Hal
(Hal¼ F, Cl, Br, and I) bond. Similarly, in the case of EC of
quaternary ammonium salts,[18b] diazonium salts,[24] and
diacetates,[25] the C─N or C─O bond breaking is followed by
the formation of a new C─CO2H. In general, EC of alkenes
yields dicarboxylic acids,[26–28] whereas in the case of Michael
acceptors, a dominant formation of monocarboxylation
products was reported.[29] Similar to alkenes, the reduction of
conjugated dienes leads to dicarboxylation products.[30–32] The
outcome of EC of alkynes depends on the structure of the organic
substrate and reaction conditions: the formation of propionic
acid derivatives was reported for terminal alkynes at Ag catho-
des,[33] whereas EC of alkynes in the presence of a cocatalyst
led to the formation of di- and tricarboxylation products in a
form of anhydrides.[34] Besides alkenes and alkynes, the
unsaturated bonds of polycyclic arenes can participate in EC,
leading to breaking of the aromatic structure and the formation
of corresponding dicarboxylic acids.[34] In addition to the
unsaturated C─C bonds and C─X bonds (X¼O and N), double
bonds of aromatic ketones[35–38] and imines[39] can also be car-
boxylated with the formation of α-hydroxy and α-aminocarboxylic
acids. Notably, EC of aliphatic ketones does not yield the
addition product and result in β-oxocarboxylic acids as a major
product instead.

While all the aforementioned EC reactions proceed with the
formation of a new C─C bond, electrochemical coupling of
organic precursors with CO2 can also proceed with a formation
of C─O and C─N bonds. These reactions can be classed as elec-
trochemical insertion reaction as opposed to EC, and they also
represent a more sustainable route to the formation of carbon–
heteroatom bonds compared with the traditional pathways
involving harsh reaction conditions. For instance, EC of
epoxides[39] and aziridines[40] leads to the formation of cyclic car-
bonates and carbamates, respectively. Furthermore, CO2 can be
electrochemically captured by alcohols[41] and amines[42]

yielding corresponding carbonated and carbamates.
The reactivity of different substrates is strongly dependent on

their structure and the nature of substituents, which is discussed
in Section 2.2.
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Table 1. EC of various organic halides (R─Hal ! R─CO2H).

Catalyst Anode Precursor, R─Hal Electrolyte E or J Q [F mol�1] Yield [%] Ref.

Sphere-like [Cu]@Ag NPs (70� 20 nm) Mg Ph─CH═CH─CH2Cl 0.05 M TEACl/MeCN 8mA cm�2 2.0 98 (76)a) [93]

Sphere-like [Cu]@Ag NPs (70� 20 nm) Mg Ph─CH═CH─CH2Br 0.05 M TEACl/MeCN 8mA cm�2 2.0 99 (75) [93]

Bulk Agb) Mg o-Bromopyridine 0.1 M TBABr/DMF 9mA cm�2 2.0 59 [23]

Bulk Ni Mg o-Bromopyridine 0.1 M TBABr/DMF 9mA cm�2 2.0 30 [23]

Bulk Ti Mg o-Bromopyridine 0.1 M TBABr/DMF 9mA cm�2 2.0 10 [23]

Bulk Pt Mg o-Bromopyridine 0.1 M TBABr/DMF 9mA cm�2 2.0 36 [23]

Glassy carbon Mg o-Bromopyridine 0.1 M TBABr/DMF 9mA cm�2 2.0 19 [23]

CuNi alloy Al PhCH2Br BMIMBF4 �1.4 VAg 2.5 40 [16]

Stainless steel Al PhCH2Br BMIMBF4 �1.4 VAg 2.5 10 [16]

Bulk Ag Al PhCH2Br BMIMBF4 �1.4 VAg 2.5 29 [16]

Bulk Cu Al PhCH2Br BMIMBF4 �1.4 VAg 2.5 15 [16]

Bulk Ni Al PhCH2Br BMIMBF4 �1.4 VAg 2.5 19 [16]

Ag NPs (5-20 nm)/ZSM-5/SS c) Mg PhCH2Cl 0.1 M TEAP/MeCN �1.1 VAg/AgI/I
� – 61 [94]

Bulk Ag Mg 4-Br-C6H4COMe 0.1 M TBAI/DMF 5mA cm�2 2.0 26 [95]

Bulk Cu Mg 4-Br-C6H4COMe 0.1 M TBAI/DMF 5mA cm�2 2.0 24 [95]

Bulk Ti Mg 4-Br-C6H4COMe 0.1 M TBAI/DMF 5mA cm�2 2.0 16 [95]

Bulk Ni Mg 4-Br-C6H4COMe 0.1 M TBAI/DMF 5mA cm�2 2.0 22 [95]

Stainless steel Mg 4-Br-C6H4COMe 0.1 M TBAI/DMF 5mA cm�2 2.0 21 [95]

Bulk Ag Al PhCH2Cl 0.1 TBABr/NMPd) �1.8 VSCE 3.7 79 [96]

Glassy carbon Al PhCH2Cl 0.1 TBABr/NMPd) �2.3 VSCE 5.3 89 [96]

Bulk Ag Al NCCH2Cl 0.1 M TBABr/MeCN �1.2 VSCE 1.95 80 [97]

Glassy carbon Al NCCH2Cl 0.1 M TBABr/MeCN �1.6 VSCE 2.11 83 [97]

Bulk Age) Mg PhBr 0.1 M TBAI/DMF 4.5 mA cm�2 2.5 78 [19]

Bulk Tie) Mg PhBr 0.1 M TBAI/DMF 4.5 mA cm�2 2.5 9 [19]

Bulk Nie) Mg PhBr 0.1 M TBAI/DMF 4.5 mA cm�2 2.5 4 [19]

Bulk Cue) Mg PhBr 0.1 M TBAI/DMF 4.5 mA cm�2 2.5 41 [19]

Bulk Age) Mg CH2═CH─CH2Cl 0.1 M TEACl/MeCN �1.7 VAg/AgI/I
� 2.0 57 [15]

Bulk Age) Mg CH2═CH─CH2Br 0.1 M TEACl/MeCN �1.6 VAg/AgI/I
� 2.0 68 [15]

Bulk Age) Mg n-BuBr 0.1 M TEACl/MeCN �1.9 VAg/AgI/I
� 2.0 40 [15]

Bulk Age) Mg n-HexBr 0.1 M TEACl/MeCN �1.9 VAg/AgI/I
� 2.0 27 [15]

Stainless steel Sm PhBr 0.01 M TBABF4/DMF 100 mAf ) 3.1 76 [20]

Stainless steelf ) Sm PhCH2Br 0.02 M TBAI/MeCN 5mA cm�2 3.7 96 [17]

Cu foam Mg PhCH(Me)Cl 0.1 M TEAI/MeCN 5mA cm�2 2.0 73 [98]

Ag flake Mg PhCH(Me)Cl 0.1 M TEAI/MeCN 5mA cm�2 2.0 57 [98]

Ag–Cu bimetallic dendrite Mg PhCH(Me)Cl 0.1 M TEAI/MeCN 5mA cm�2 2.0 64 [98]

Ag NPs (10–20 nm)/Y-4/GCg) Mg PhCH2Br 0.1 M TBABF4/MeCN �1.1 VAg/AgI/I¯ 2.0 29 [99]

Bulk Ag Al PhC6H4Br 0.1 M TEABF4/DMF �1.92 VSCE 2.6 46 [100]

Bulk Cu Al PhC6H4Br 0.1 M TEABF4/DMF �2.03 VSCE 2.6 40 [100]

Bulk Au Al PhC6H4Br 0.1 M TEABF4/DMF �2.08 VSCE 2.6 31 [100]

Bulk Age) Mg o-Dibromobenzene 0.1 M TBABr/DMF 7mA cm�2 4.0 45 [21]

Bulk Tie) Mg o-Dibromobenzene 0.1 M TBABr/DMF 7mA cm�2 4.0 48 [21]

Bulk Nie) Mg o-Dibromobenzene 0.1 M TBABr/DMF 7mA cm�2 4.0 52 [21]

Bulk Cue) Mg o-Dibromobenzene 0.1 M TBABr/DMF 7mA cm�2 4.0 52 [21]

Ag NPs (�100 nm) Mg PhCH(Me)Br 0.1 M TEAI/MeCN 5mA cm�2 2.0 83 [60]

[Co]@Ag (40–60 nm) Mg PhCH(Me)Br 0.1 M TEAI/MeCN 5mA cm�2 2.0 58 [60]

S-[Co]@Ag (40–60 nm) Mg PhCH(Me)Br 0.1 M TEAI/MeCN 5mA cm�2 2.0 56 [60]

Ag NPse) (�60 nm) Mg PhCH(Me)Br 0.1 M TEAI/MeCN 5mA cm�2 2.5 96 [101]
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Table 1. Continued.

Catalyst Anode Precursor, R─Hal Electrolyte E or J Q [F mol�1] Yield [%] Ref.

Ag flake Mg PhCH(Me)Br 0.1 M TEAI/MeCN 5mA cm�2 2.5 51 [101]

Bulk Pth) Mg PhCH(Me)Cl [DEME][TFSI] 2 mA cm�2 0.2 37h) [102]

Bulk Cuh) Mg PhCH(Me)Cl [DEME][TFSI] 2 mA cm�2 0.2 20h) [102]

Glassy carbonh) Mg PhCH(Me)Cl [DEME][TFSI] 2 mA cm�2 0.2 10h) [102]

Bulk Agh) Mg PhCH(Me)Cl [DEME][TFSI] 2 mA cm�2 0.2 11h) [102]

Bulk Pt Mg PhCH(Me)Cl 0.1 M TBABF4/DMF 18mA cm�2 5.0 88 [103]

Pt NPS (�5 nm)/NCNFi) Mg PhCH(Me)Br 0.1 M TEAI/MeCN 3mA cm�2 3.0 99 [104]

Ag nanowiers (70–80 nm) Mg PhCH(Me)Br 0.1 M TEAI/MeCN 4mA cm�2 2.5 89 [90]

a)Enantiomeric excess is shown in brackets for EC catalyzed by sphere-like [Cu]@Ag nanoparticles (NPs); b)Reaction was performed at 0 �C; c)Stainless steel (SS)-supported
zeolite-modified (ZSM-5) Ag electrode; d)N-methyl-2-pyrrolidone. e)Reaction was performed at 0 �C; f )The size of cathode is not given in the manuscript. Dry Ice was used as a
source of CO2;

g)Glassy carbon (GC)-supported Ag-exchanged Y zeolite; h)Reaction was performed under 0.1 MPa CO2 pressure; Faradaic efficiencies (FEs) are given instead of
yields; i)Nitrogen-doped carbon nanofibers (NCNF), embedded with platinum NPs, onto flexible carbon cloth.

Table 2. EC of ketones and imines (R1R2C═Y ! R1R2C(CO2H)─YH).

Catalyst Anode Precursor, R1R2C═Y Electrolyte E or J Q [F mol�1] Yield [%] Ref.

Bulk Pt Mg PhMeC═O 0.1 M TBAI/DME 10mA cm�2 2.0 84 [105]

Stainless steel Mg PhMeC═O 0.1 M TEABr/MeCN �1.7 VAg/AgI/I¯ 2.0 68 [106]

Bulk Ti Mg PhMeC═O 0.1 M TEABr/MeCN 1.7 VAg/AgI/I¯ 2.0 56 [106]

Bulk Cu Mg PhMeC═O 0.1 M TEABr/MeCN 1.7 VAg/AgI/I¯ 2.0 55 [106]

Bulk Ni Mg PhMeC═O 0.1 M TEABr/MeCN 1.7 VAg/AgI/I¯ 2.0 42 [106]

Graphite Mg PhMeC═O 0.1 M TEABr/MeCN 1.7 VAg/AgI/I¯ 2.0 13 [106]

Bulk Nia) Al PhMeC═O 0.1 M TBABr/DMF 10mA cm�2 3.0 80 [50]

Bulk Zna) Al PhMeC═O 0.1 M TBABr/DMF 10mA cm�2 3.0 85 [50]

Bulk Aga) Al PhMeC═O 0.1 M TBABr/DMF 10mA cm�2 3.0 73 [50]

Bulk Pta) Al PhMeC═O 0.1 M TBABr/DMF 10mA cm�2 3.0 69 [50]

Stainless steela) Al PhMeC═O 0.1 M TBABr/DMF 10mA cm�2 3.0 65 [50]

CuZn alloya) Al PhMeC═O 0.1 M TBABr/DMF 10mA cm�2 3.0 60 [50]

Bulk Cua) Al PhMeC═O 0.1 M TBABr/DMF 10mA cm�2 3.0 53 [50]

Bulk Tib) Mg Ph2C═O 0.1 M TBAI/DMF 7.7 mA cm�2 2.0 77 [107]

Bulk Nib) Mg Ph2C═O 0.1 M TBAI/DMF 7.7 mA cm�2 2.0 83 [107]

Bulk Ptb) Mg Ph2C═O 0.1 M TBAI/DMF 7.7 mA cm�2 2.0 85 [107]

Graphiteb) Mg Ph2C═O 0.1 M TBAI/DMF 7.7 mA cm�2 2.0 69 [107]

Bulk Cub) Mg Ph2C═O 0.1 M TBAI/DMF 7.7 mA cm�2 2.0 87 [107]

Stainless steelb) Mg Ph2C═O 0.1 M TBAI/DMF 7.7 mA cm�2 2.0 92 [107]

Bulk Zn Al PhCH═O 0.1 M TBABr/DMF �2.1 VAg/AgI/I¯ – 40 [108]

Graphite Al PhMeC═O 0.1 M TBABr/DMF �1.5 VAg/AgI/I¯ – 62 [108]

Bulk Zn Al 4-FC6H4CH═NPh 0.1 M TBABr/DMF �1.8 VPt – 47 [35]

Bulk Zn Al 3-FC6H4CH═NPh 0.1 M TBABr/DMF �1.8 VPt – 85 [35]

Bulk Aga) Al PhCH═NPh 0.07 M TBABr/DMF 10mA cm�2 4.0 25 [36]

Bulk Pta) Al PhCH═NPh 0.07 M TBABr/DMF 10mA cm�2 4.0 32 [36]

Bulk Cua) Al PhCH═NPh 0.07 M TBABr/DMF 10mA cm�2 4.0 37 [36]

Stainless steelc) Al PhCH═NPh 0.07 M TBABr/DMF 10mA cm�2 4.0 41 [36]

Bulk Znc) Al PhCH═NPh 0.07 M TBABr/DMF 10mA cm�2 4.0 66 [36]

Bulk Nic) Al PhCH═NPh 0.07 M TBABr/DMF 10mA cm�2 4.0 68 [36]

Glassy carbon Mg PhCH═NPh 0.07 M TBABF4/DMF 15mA cm�2 4.0 60 [37]

a)Reaction was performed under 4 MPa CO2 pressure; b)Reaction was performed at 0 �C.
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2.2. Mechanisms of EC

In any electrochemical reaction, the electron transfer at an elec-
trode surface occurs between two limiting scenarios: in the first
limiting case, the electrode surface is intimately involved in the
mechanism of the electron transfer and acts as a catalyst in the
reaction; in the second limiting case, the electrode is completely
inert, and a redox process occurs via outer-sphere electron trans-
fer between the substrate and the electrode (Figure 5a).[43] In the
latter case, the reaction mechanism and kinetics are independent
of the electrode material, whereas in the case of an electrocatalyti-
cally active cathode, the products, mechanism, and kinetics of the
reaction are highly dependent on the composition and atomic
structure of the electrode material, meaning that small variations
can be extremely significant in determining the onset potentials
and the outcome of the reaction. For CO2R, the decrease of over-
potential, control over the product selectivity, and suppression of

hydrogen evolution side reaction through new electrode materi-
als are a subject of intense investigation, as small efficiency gains
will translate into large cost savings when these processes are
conducted on scale.[44]

In the organic electrosynthesis, most studies to date have been
on the uncatalyzed electron transfer, represented by a rich body
of literature where the reactivity of different functional groups
and the effects of substituents are assessed experimentally or
computationally. Typically, a single-electron transfer and the
associated Gibbs free energy are estimated from measured
half-peak potentials, which correspond to the potential at half
the maximum current in the cyclic voltammetry curve. The val-
ues of solution-phase redox potentials for a single-electron trans-
fer can also be theoretically calculated using molecular density
functional theory (DFT) with B3LYP or M06-2X functionals in
the Gaussian package,[45] which generally give satisfactory corre-
lation with theory despite the well-documented drawbacks of

Table 3. EC of styrenes (PhCH═CH2 ! PhCH(CO2H)─CH2(CO2H)).

Catalyst Anode Precursor, R1R2C═CR3R4 Electrolyte E or J Q [F mol�1] Yield [%] Ref.

Bulk Pt Al PhCH═CH2 0.05 M TBABF4/DMF 10mA cm�2 3.0 89 [26]

Bulk Ni Al PhCH═CH2 0.05 M TBABF4/DMF 10mA cm�2 3.0 87 [26]

Bulk Cu Al PhCH═CH2 0.05 M TBABF4/DMF 10mA cm�2 3.0 75 [26]

CuSn alloy Al PhCH═CH2 0.05 M TBABF4/DMF 10mA cm�2 3.0 30 [26]

Bulk Pta Mg PhCH═CH2 0.1 M TEAClO4/DMF 25mA cm�2 3.0 66 [27]

Graphite Al PhCH═CH2 TBABr/DMF �2.5 VAg/AgI/I¯ 2.2 60 [109]

Bulk Pt Al PhCH═CH2 TBABr/DMF �2.4 VAg/AgI/I¯ 2.2 85 [110]

a)Reaction was performed at �10 �C.

Table 4. EC of dienes (R1R2C═CH─CH═CR3R4! R1R2C(CO2H)─CH═CH─C(CO2H)R3R4).

Catalyst Anode Precursor, R1R2C═CH─CH═CR3R4 Electrolyte E or J Q [F mol�1] Yield [%] Ref.

Stainless steel Mg MeCH═CH─CH═CHCO2Me 0.1 M TBAP/DMF 5mA cm�2 2.0 23 [30]

Bulk Cu Mg MeCH═CH─CH═CHCO2Me 0.1 M TBAP/DMF 5mA cm�2 2.0 18 [30]

Bulk Ni Mg MeCH═CH─CH¼ CHCO2Me 0.1 M TBAP/DMF 5mA cm�2 2.0 20 [30]

Bulk Ag Mg MeCH═CH─CH═CHCO2Me 0.1 M TBAP/DMF 5mA cm�2 2.0 18 [30]

Bulk Ti Mg MeCH═CH─CH═CHCO2Me 0.1 M TBAP/DMF 5mA cm�2 2.0 17 [30]

Bulk Aga) Al CH2═CH─CH═CH2 0.07 M TBABr/DMF 10mA cm�2 4.0 5 [31]

Bulk Zna) Al CH2═CH─CH═CH2 0.07 M TBABr/DMF 10mA cm�2 4.0 10 [31]

Bulk Pta) Al CH2═CH─CH═CH2 0.07 M TBABr/DMF 10mA cm�2 4.0 22 [31]

Bulk Cua) Al CH2═CH─CH═CH2 0.07 M TBABr/DMF 10mA cm�2 4.0 59 [31]

Stainless steela) Al CH2═CH─CH═CH2 0.07 M TBABr/DMF 10mA cm�2 4.0 71 [31]

Bulk Nia) Al CH2═CH─CH═CH2 0.07 M TBABr/DMF 10mA cm�2 4.0 84 [31]

Bulk Tab) Al 1,3-cyclohexadiene 0.05 M TBABr/DMF 10mA cm�2 3.0 18 [32]

Bulk Ptb) Al 1,3-cyclohexadiene 0.05 M TBABr/DMF 10mA cm�2 3.0 28 [32]

Bulk Cub) Al 1,3-cyclohexadiene 0.05 M TBABr/DMF 10mA cm�2 3.0 63 [32]

Stainless steelb) Al 1,3-cyclohexadiene 0.05 M TBABr/DMF 10mA cm�2 3.0 88 [32]

Bulk Nib) Al 1,3-cyclohexadiene 0.05 M TBABr/DMF 10mA cm�2 3.0 96 [32]

a)Reaction was performed under 3 MPa CO2 pressure; b)Reaction was performed under 5 bar CO2 pressure.
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DFT in describing the electronic structure of forming anion
radicals.[46] Roth et al. reported both measured and calculated
half-peak potentials for over 180 common organic molecules
for photoredox catalysis,[47] which provide a solid framework
for the mechanistic understanding of reductive organic electro-
synthesis. Overall, the reduction potentials are highly depended
on the organic substrate class and the nature of substituents in
the molecule. In terms of general trends, anhydrides and

sulfonyl chlorides show the least negative reduction potentials
followed by aromatic halides, ketones, and aldehydes, whereas
the reduction of esters, aliphatic halides, nitriles, and imines
is associated with the highest energy requirements. Moreover,
the presence of strong electron-withdrawing group in the vicinity
of the reaction center in a molecule tends to result in a significant
positive shift in the reduction potential, which can be associated
with an additional stabilization of the negatively charged reaction
intermediates.

When the cathode is more intimately involved in the reaction
(inner sphere electron transfer), the participating redox sites
become connected by a chemical bridge, and the reaction is cata-
lyzed. In this case, the reduction potentials can be drastically
reduced, and different species can have largely varied onset
potential difference depending on what cathode material is used.
While this catalyzed approach has the potential to offer an unsur-
passed tunability of the reaction mechanism, the general catalytic
trends for EC are currently poorly understood, due to a large
number of catalyst—organic substrate combinations.

In both uncatalyzed and catalyzed scenarios, EC can proceed
either via the electrochemical activation of an organic substrate,
which subsequently reacts with CO2, or via electrochemical acti-
vation of CO2 itself, which then reacts with the organic substrate.
We can consider this in greater detail on the example of EC of
organohalides. In the literature, the reaction pathways are gen-
erally presented in terms of the molecular steps involved
(Figure 5b). While being sufficient for the uncatalyzed scenario,
this description oversimplifies the mechanistic picture when a
catalyzed process takes place. Specifically, different reaction steps
occur either at the electrode surface or in the electrolyte without
the participation of the electrode surface (Figure 5c). This distinc-
tion is important, as some metal surfaces can potentially catalyze
one of the EC pathways, but not the other, introducing a variation
in the mechanisms and associated energy barriers. While
computational models for molecular (uncatalyzed) steps are
quite reliable as discussed earlier, there is currently a lack of
computational studies that consider catalyzed surface reactions
at the cathode, associated with the complexity of modeling
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Figure 5. Mechanistic description of EC. a) Two limiting cases for electron transfer. Adapted under the terms of the CC-BY 4.0 license.[90] Copyright 2018,
The Authors. Published by John Wiley and Sons. b) Noncatalyzed EC pathways. c) Catalyzed EC pathways. d) Participation of sacrificial Mg anode in
Ag-catalyzed EC: I) carboxylate stabilization only, II) stabilization of electrochemically formed carbanion with a formation of Grignard reagent, and
III) electroreduction of Mg2þ to Mg0 and subsequent chemical formation of Grignard reagent.[48] e) DFT calculations of energy barriers for the first
electron transfer to α-methylbenzyl bromide and to CO2 on Ag(111) cathode surface.[48]

Figure 4. Direct CO2R and electroorganic coupling with CO2: scope of
products (when not specified, R represents an alkyl or aryl substituent).
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carbocations and computing inner sphere electron transfer in
aprotic media in solid-state DFT packages. Recently, we were able
to compare the energy barriers for the initial activation of an
organohalide and CO2 at Ag(111) surfaces during the first elec-
tron transfer using Vienna ab initio simulation package, which
described the switch in the preferential reaction pathway with
increasing voltage (Figure 5e); however, the computational
model was insufficient to describe the second electron transfer
leading to the formation of a carbanion.[48] The development of
reliable DFT methods for accurately describing surface-catalyzed
molecular reduction processes in aprotic media is necessary for
further clarification of reaction mechanisms of EC and electro-
reductive organic synthesis more generally.

Another general mechanistic intricacy of EC is associated with
the commonly used counter electrode reaction: the dissolution of
sacrificial Mg, Al, or Zn anodes.[49] The main advantage of this
approach is that the anodically formed metal ion stabilizes the
cathodically formed carboxylate ion, preventing its reaction with
the unreacted organic precursor, which leads to better target
product yields.[50] From the mechanistic perspective, the pres-
ence of consumable anodes can lead to the product being formed
as a result of multiple simultaneous reaction pathways, including
in situ formation of Grignard reagent (Figure 5d). In the cata-
lyzed EC, this convoluted mechanistic description of the process
complicates the design of efficient heterogeneous electrocatalysts
for this reaction.

With respect to side reactions and selectivity in the catalyzed
EC, first of all, at a given potential, the electrocatalyst can catalyze
the reduction of the organic precursor, the reduction of CO2, or
both. When the precursor reduction is preferentially catalyzed, it
leads to the formation of a corresponding radical (1e� reduction)
and/or a corresponding anion (2e� reduction, or two sequential
1e� reductions). The formation of radicals can lead to their
coupling, yielding dimeric organic molecules without the
incorporation of CO2 as a side product. The formation of reactive
carbanions generally favors EC, but due to being strong bases
and good nucleophiles, they are sensitive to the presence of
any proton donors and can also participate in substitution reac-
tions with the initial organic substrate. When CO2 reduction is
catalyzed, a direct CO2R is a competing process to EC, generally
yielding CO as an undesirable side product. Thus, for a given
electrocatalyst—organic substrate combination, it is important
to consider whether the 1e� and 2e� reduction of the organic
substrate and CO2R occurs at overlapping potentials, as this leads
not only to a convoluted EC mechanism but also to decreased
current yields of target products.

2.3. EC Electrocatalysts

In EC, as in any electrosynthesis, the electrode material is a
key reaction parameter, as it determines the kinetics and thermo-
dynamics of electron transfer. Unfortunately, in contrast to some
common inorganic electrosynthetic processes (e.g., hydrogen
and oxygen evolution reactions, CO2R), in organic electrosynthe-
sis, the choice of the electrode material is often empirical, and a
rationale for a successful reaction outcome is, therefore,
unknown. Figure 6a shows the most commonly used electrodes
in electroorganic synthesis in the past two decades.[43]

Carbon-based materials, predominantly glassy carbon, graphite,
and boron-doped diamond, are the most commonly used as elec-
trodes in such transformations. In the past, mercury was a com-
mon go-to cathode due to its high hydrogen overpotential and
liquid state that allowed it to readily regenerate its surface,
although in the 2000s, mercury has been mostly abandoned
due to its toxic nature. Currently, platinum is another common

Platinum

Glassy Carbon
(including

PVC)

Graphite

Steel

Iron

Leaded Bronze
Nickel

Magnesium
Copper

Mercury
Boron Doped Diamond(a)

(b)

Figure 6. Cathode materials in electroorganic synthesis. a) Occurrence of
electrode materials used (cathode or anode) in a survey of 915 synthetic
electroorganic protocols published between 2000 and 2017. Adapted
under the terms of the CC-BY 4.0 license.[43] Copyright 2020, The
Authors. Published by John Wiley and Sons. b) Performance of a series
of cathodes in electroreduction of benzylbromide in an aprotic medium.
Reproduced with permission.[75] Copyright 2005, Elsevier.
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option due to its robustness and redox stability. Also, Pt is more
likely to behave as an electrocatalyst, in contrast to a glassy carbon
or graphite electrode that typically favor outer sphere electron
transfer. Many other metals and metal combinations, both in
the form of polycrystalline and nanostructured materials, have
also been reported in electoreductive organic transformations,
although such examples are less common, and systematic stud-
ies of their relative performance are lacking.

Many studies of electrodes for electroreductive activation of
organic molecules have been performed in the absence of
CO2, although the discovered trends are relevant for EC as well
(see Section 2.2). However, the comparative analysis of common
polycrystalline metal cathodes has been generally performed to
establish the activity dependence for a 1e� reduction of organo-
halides,[51] and not for the 2e� reduction relevant for EC. To date,
the most explored area in cathodic organic chemistry and specif-
ically EC is reductive activation of organohalides. In general, Ag
shows a superior catalytic activity in organohalide reduction
among single-metal cathodes (Figure 6b),[51a] which has been
attributed to a strong halide (especially bromide and iodide) affin-
ity to this metal.[51] In the case of aromatic organic precursors,
another factor that should be considered is the specific
interaction of aromatic rings with various metal surfaces, which
may facilitate the precursor adsorption and favor EC.[52]

Nanostructuring advantage was demonstrated both in terms of
increased active surface area and intrinsic activity: e.g., Ag nano-
rods have a 0.1 V lower peak potential compared with bulk
silver,[53] although the reasons behind this superior performance
require further studies. Alloying, both for Ag-based and other
metals (e.g., Ag–Cu[54] and Pd–Cu[55]), has also been reported
to have a positive impact on the electrocatalytic activity in organo-
halide activation, which has been attributed to synergetic effects
of the metals, although the active sites and specific mechanisms
of activation have not been identified. The influence of support
materials on Ag nanoparticles performance in benzyl bromide
reduction was also demonstrated, with some supports resulting
in a positive shift in the reduction peak.[56] Another interesting
aspect requiring further studies is the stability of a cathode sur-
face in the course of EC, especially for nanostructured materials:
it was recently found that Ag nanoparticles, while being more
active, exhibit structural degradation associated with particle coa-
lescence and dissolution during organohalide reduction.[57]

Thus, further studies should be focused on finding the right
balance between maximizing intrinsic activity and stability in
the electrocatalyst design.

Considering that the products of EC contain an sp3 hybridized
carbon connected to the newly introduced carboxyl group, EC
can, in principle, yield chiral molecules. Enantioselective
electroorganic synthesis can be traced back to late 1960s, when
Grimshaw and co-workers reported enantioselective reduction of
4-methylcouramn by alkaloids (ee 19%).[58] In general, chirality
can be introduced during electrosynthesis via multiple routes,
including working in chiral media, using homogeneous chiral
catalysts, chiral mediators, and chiral electrodes (Figure 7).[59]

However, only in the latter two approaches, the chiral species
are directly participating in the e� transfer steps. Chirally
modified electrodes are typically constructed using a noncovalent
coating of established chiral mediators.[59] Reported examples of
enantioselective EC are limited to the use of homogeneously

dispersed or electrode-tethered chiral mediators.[60,61] In the lat-
ter case, the chirally modified electrodes represent a more sus-
tainable approach to asymmetric synthesis, as these systems
make it possible to minimize the amount of the chiral mediators
and enable their easy reusability. With a judicious design of cat-
alytically active sites, this subtype of heterogeneous electrocata-
lysts can facilitate fine-tuning of not only activity but also
stereoselectivity of EC. However, currently, the introduction of
interfacial chirality on electrodes is still poorly understood, lim-
iting the ability to properly design chiral electrodes and
mediators.

2.4. Cell Parameters and Configurations

While identifying the electrocatalyst active sites is probably the
most desirable solution to maximize reaction selectivity,
choosing an appropriate electrolyte, cell design, and reaction
parameters is another common approach to maximize desired
product yields and circumvent the problem of side reactions.
The specificities of the EC reaction mechanism dictate certain
requirements for the availability and relative concentrations of
the organic precursor and CO2. Specifically, when the anion
formation is a result of two single-electron transfers, the concen-
tration of the organic precursor cannot be too high; otherwise,
radical coupling[62] would dominate over the second electron
transfer. When carbanions are formed, the concentration of
CO2 has to be high; i.e., it should be omnipresent at the electrode
surface to minimize the reaction of the carbanions with species
other than CO2. Considering that the concentration of CO2 is
limited by its solubility in the electrolyte, pressurized reactors,
supercritical CO2, and ionic liquids (ILs) with high CO2 solubility
are advantageous for maximizing EC yields.

According to Henry law, the solubility of CO2 in organic
solvents is increased with increasing pressure, making high-
pressure electrochemical cells attractive for EC. A positive effect
of the CO2 pressure on the reaction efficiency and selectivity has
been demonstrated for EC of styrenes and organic halides.[26,63]

Moreover, using high CO2 concentration enables EC of concen-
trated solutions of organic substrates, thereby minimizing the

Figure 7. General asymmetric electrochemical catalysis strategies.
Adapted with permission.[59] Copyright 2019, Wiley-VCH GmbH.
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quantities of solvents and electrolytes needed for this reaction.[26]

Another approach to increase the solubility of CO2 is to decrease
the electrolyte temperature: indeed, a higher selectivity of EC and
lower precursor dimerization was reported at ≤0 �C compared
with the reaction at ambient temperature.[48] However, it is
important to consider the trade-off between increasing CO2 sol-
ubility and slowing down the reaction kinetics when selecting the
optimal EC reaction temperature. Supercritical carbon dioxide
(scCO2) can also be used for EC, serving both as a reagent
and a reaction medium.[64] In this case, a small amount of an
organic cosolvent with conductive salts or ILs is required as elec-
trolytes. The use of scCO2 was found to be especially efficient for
EC of polycyclic aromatic compounds: this approach led to a sev-
eral fold-increase in the target product yields compared with the
reactions in acetonitrile under atmospheric pressure of CO2.
Similarly, EC of organic halides and ketones in scCO2 was also
found to proceed efficiently.[65]

In contrast to common aprotic organic solvents (acetonitrile
and dimethylformamide) used for electroorganic synthesis in
combination with conductive organic salts, ILs possess intrinsic
conductivity, higher CO2 solubility, and low toxicity, and are sta-
ble and nonflammable, which makes them an attractive media
for EC.[66] Reported to date, EC of various classes of organic com-
pounds, including organic halides,[26,67] ketones,[68] epoxides,[69]

and activated olefins[29] in ILs showed promising results. Besides
higher yields of EC products in ILs, a lower contribution of
competing side reactions was observed due to an additional
stabilization of charged intermediates and their longer lifetimes
in this charged environment.

As electrosynthesis implies pairing of reduction and oxidation
reactions, it is important to consider whether and how the anodic
process affect cathodic EC in various cell configurations. In this
regard, when it was first reported,[70] EC was conducted in sol-
utions of quaternary ammonium salts in a two-compartment cell
divided by a diaphragm with a mercury cathode and a platinum
anode, where oxidation of bromide ions from the electrolyte took
place. This initial patent on the EC of 1,3-butadiene was followed
by a number of reports on EC of olefins, alkynes, and aromatic
ketones in divided cells, with yields of carboxylic acids not
exceeding 50% due to the formation of an ester via the nucleo-
philic attack of the unreduced organic substrate by the carbanion
intermediate. Since the 1970s, sacrificial anode-based undivided
cells were preferred over the two-compartment configuration due
to much more favorable product yields.[49] While providing sta-
bility of the carboxylation products and high product yields, the
latter method has a few significant drawbacks. First, low AE of
this process due to the use of stoichiometric amounts of metal
represents a serious problem in terms of the process sustainabil-
ity, defeating the major purpose of introducing electrocatalysis
into chemical production. Furthermore, the presence of not only
metal ions but also metal particulates (Figure 8a) lowers the prod-
uct purity and introduces additional steps for its purification.
Finally, the reliance of this method on a gradual consumption
of the anode presents challenges in terms of the reaction
scale-up.[71] Although the technical feasibility of EC scale-up
from 30mL atmospheric pressure laboratory cell to a 400 L pres-
surized pilot plant (1000 A) was demonstrated (SNPE) by relying
on the use of a massive consumable anode moving toward
the cathode during electrolysis, this complicated approach

(Figure 8c) does not address the other downsides of using
sacrificial anodes. Recently, sacrificial anode-free EC approaches
have started gaining increasing attention to circumvent these
challenges,[12a] e.g., by performing convergent paired electrolysis
in an undivided cell,[72] or by introducing a useful process at the
anode in a divided cell with different electrolytes and dividing ion
exchange membranes (Figure 8b).[73]

3. EC Optimization Strategies: What Can Be
Adapted from Direct CO2R?

Over the past decade, substantial progress has been achieved in
understanding factors controlling the efficiency and selectivity of
CO2R. The major efforts have been focused on understanding
and developing efficient heterogeneous electrocatalysts, which
are the core of this technology. Combining experimental and the-
oretical studies has proved to be a successful strategy for catalyst
optimization and elucidation of the nature of active sites, yielding
a framework to understand catalytic trends and tailor a rational
development of improved catalysts, as well as to uncover broader
governing principles that are applicable to other emerging and
promising clean energy reactions.[74] Similar catalyst design strat-
egies aiming to increase the number of active sites and their
intrinsic activity have been previously successfully developed
for hydrogen and oxygen evolution reactions. Now, following a
successful transfer of these approaches to CO2R and their further
improvement, they are being adapted in nitrogen electroreduc-
tion research. Here, we argue that similar transferability is

Anodic
conneciton

Electrolyte 
outlet

Mg ingot (anode)

Polyethylenespacer

Stainless steel wall
(cathode)

(a) (c)

(b)

Electrolyte inlet

Figure 8. Cell configuration examples. a) EC of α-methylbenzyl bromide in
an undivided electrochemical cell with a Mg sacrificial anode.[48]

Photographs provided by the Klinkova lab. b) EC of α-methylbenzyl bro-
mide in a divided cell with two compartments separated by an anion
exchange membrane and urea electrooxidation as an anodic process.[73]

c) A V-shaped “ingot eating” pressurized electrolytic cell based on a
consumable Mg anode used for multi-kg-scale EC. Adapted with
permission.[91] Copyright 1989, Springer.
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applicable to EC and other electroreductive electrosynthesis
reactions, not only in terms of the catalyst optimization strate-
gies, but also in terms of the reaction environment, electrolyzer,
and general system design approaches developed in CO2R and
other adjacent fields.

3.1. Catalyst Design

The CO2R benefited from systematic studies of the effect of elec-
trocatalyst materials on the reaction mechanism and product
selectivity. Due to the detailed understanding of the reaction
mechanisms supported by experimental ex and in situ techni-
ques, the DFT analysis of binding energies for the key reaction
intermediates has been used to map out the selectivity of differ-
ent metals toward different reaction pathways. For example,
Figure 9a shows a method for predicting product distribution
of CO2R using four noncoupled binding energies of intermedi-
ates as descriptors of catalytic activity. In contrast to CO2R that
can proceed via multiple multielectron reduction pathways (from
2e� reduction to CO or formate to 12e� reduction to ethanol, and
beyond), EC is consistently a 2e� reduction, which somewhat
simplifies the process modeling. On the other hand, predicting
the outcome of EC is more complicated due to a large scope of
potential organic substrates that can be carboxylated, although
they can be regardedmore generally as specific functional groups
with the effects of substituents quantifiable via their electron

donating or withdrawing nature. Another major complication
for the theoretical prediction of electrocatalyst performance in
EC is a lack of reliable heterogeneous DFT models for describing
anion radicals and electron transfer in the aprotic media, and
developments on this front will be instrumental for accelerating
catalyst discovery in this field. We should also mention here that
attempts to generate volcano plots (Sabatier principle) have been
made for electroreduction of organohalides in aprotic medium
where activity was plotted as a function of the bonding energies
between the metal and a halide ion, which only vaguely complied
with a volcano relationship.[75] Exploring the binding affinity of
the key reaction intermediates to the electrode surface is a more
promising and underexplored route to evaluate activity trends in
electroreductive organic transformations. However, it is impor-
tant to understand that only simple reactions follow Sabatier
principle with just one descriptor, whereas more complex reac-
tions that can give multiple products may follow more complex
selectivity trends.

Due to a clear map of how various single-component materials
perform in CO2R, this field has moved to screening various
exposed electrocatalytic surfaces and multicomponent systems
and interfaces. It has also been established that specific atomic
arrangement on the electrode surface can favor the stabilization
of certain reaction intermediates, thereby allowing to stir reaction
selectivity not only by selecting the electrode composition, but
also by carefully designing its nanoscale morphology

Figure 9. Catalyst optimization strategies in CO2R. a) Mapped performance of single metals using binding energies of key reaction intermediates as
descriptors of CO2R toward various products. Reproduced with permission.[92] Copyright 2017, Wiley-VCH GmbH. b) Free energy diagrams for the elec-
trochemical reduction of CO2 to formate on different Pd facets. Reproduced with permission.[76] Copyright 2016, American Chemical Society. c) Motifs on a
metal electrode surface that may influence C─C bond formation in CO2R. Reproduced with permission.[44a] Copyright 2019, Springer Nature.
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(Figure 9b).[76] In addition, various surface defects such adatoms,
grain boundaries, subsurface oxide species, and the local
environment in the vicinity of the electrode surface were shown
to affect the reaction course (Figure 9c).[44a] Furthermore, nano-
scale structural effects beyond the atomic arrangement have also
been shown to be important factors affecting both activity and
selectivity of CO2R: field-induced reagent concentration by nano-
features with high curvature was shown to promote CO2R.

[77]

Meanwhile, even the empirical knowledge of the effects of the
electrode atomic and nanoscale structure on the adsorption
and stabilization of key reaction intermediates in EC remains
in a relatively preliminary stage. The complexity of these studies
lies in the variety of possible atomic and nanoscale electrocatalyst
surface configurations responsible for the formation of a
particular product. However, developing a systematic
understanding of these effects in heterogeneous electrocatalysts
on the outcome of an EC reaction targeting a particular
high-value product will immensely expedite the process optimi-
zation. The more it is understood in terms of catalytic trends
for a specific EC product or product class, the easier it will
become to arrive to such an understanding for a different target
product due to the existence of a proxy knowledge. Electrolyte
effects are now being systematically studied in CO2R by
implementing a combination of DFT and molecular dynamics
(MD) simulations in addition to experiments: it is unclear
how the observed trends and methods can be translated to
EC; however, the electrolytes are known to have a significant
effect on the course of EC, so it is certainly essential to include
these considerations for full system modeling and accurate pre-
dictions. To understand the trends in the performance of electro-
catalysts in EC more broadly, a large parameter space of organic
substrate with a strong effect of substituents, along with the
effect of other reaction parameters (including the electrode volt-
age), needs to be considered, which implies many iterations of
experimental and theoretical studies. Recent advancements in
applying machine learning algorithms for refining CO2R cata-
lytic parameter space in a high-throughput way[78] could be
adapted in the future to accelerate catalyst and reaction optimi-
zation in the EC parameter space.

3.2. Cell Design

In terms of building an experimental body of data for under-
standing electroorganic reaction trends and developing new elec-
trosynthetic methodologies, the lack of standard cells and
protocols for conducting electroorganic synthesis in laboratory
practice and consequent effects on the reproducibility of the
results has been widely commented on.[79] Currently, a lot of
efforts are directed to the development and adaptation of univer-
sal batch and flow cells for electroorganic synthesis,[79a,80]

but problems still remain and reaction involving gasses are over-
looked in the proposed solutions. At the same time, significant
advances have been made in recent years in the development of
practical CO2 electrolyzers based on three-phase interface
architecture integration (gas CO2—liquid/polymer electrolyte—
solid electrocatalyst) and understanding of the multiscale effects
occurring in this system (Figure 10a).[81] While this system is
indispensable for overcoming intrinsic limitations of electrolysis

involving CO2 (solubility limits andmass transport limitations), a
direct adaptation of these gas diffusion electrode (GDE)-based
devices to EC reactions is not feasible, as aqueous CO2R
GDEs rely on hydrophobic layers, which are generally incompat-
ible with organic electrolytes required for EC. However, non-
aqueous GDEs have been recently developed for nitrogen
electroreduction in nonaqueous media,[82] which may well be
transferable to EC systems (see conceptual schematics of this
approach in Figure 10b). Considering industrial potential of
EC reactions, it is reasonable to not only study the electrocatalyst
performance using standardized equipment, but also benchmark
their performance at commercially viable combinations of
potentials and current densities.[83] Thus, GDE-based reactors
hold promise for EC, along with other novel technical solutions
that can be inspired by the interface and similarities between
these different electroreductive catalytic technologies involving
gases as reagents. Future efforts toward the EC cell design
optimization and development standard operating procedures
will expedite commercial adaptation of new EC reactions and
catalysts.

3.3. Assessment of Industrial Potential

Another research subdirection in CO2R that has gained increas-
ing attention recently is related to the development and optimi-
zation of technoeconomic analysis (TEA) and life cycle analysis
(LCA) approaches to evaluate the feasibility and impact of indus-
trial implementation of a specific CO2R solution.[84] Even with
further maturing of this technology, its commercialization still
requires that the products synthesized via CO2R must be eco-
nomically competitive with the market prices for equivalent fuels
or chemicals produced through traditional methods. The same
competitiveness requirement applies to the sustainability met-
rics, which can be determined in LCA. In addition, early stage
TEA and LCA can also be used to compare the industrial viability
of various specific CO2R solutions, considering the combined
effect of the catalyst, electrolyte, cell configuration, and all
reaction parameters, therefore allowing for a feedback loop
informed by the assessment model and a targeted optimization
of specific metrics. When it comes to EC, it is important to
recognize that although the electrochemical approach in general
is a sustainable and powerful platform for organic synthesis, this
does not imply that any electroorganic reaction is more environ-
mentally friendly compared with traditional methods.[85]

It is, therefore, important to identify and develop EC routes that
specifically deal with challenges that cannot be solved by tradi-
tional methods, as well as to minimize, recycle, or completely
avoid the use of supporting electrolytes. Thus, an early stage
TEA and LCA of specific EC methods can advise which metrics
need to be further improved and to what extent, and how to pri-
oritize further development. Due to a huge scope of organic pre-
cursors and, therefore, potential EC products, there is an added
layer of complexity as a target product needs to be identified from
a large pool of possibilities. Certainly, developing such assess-
ment frameworks is difficult; however, the existing CO2R TEA
and LCA models can serve as a reference point, thus providing
a head start for establishing an early stage EC assessment
methodology.[86]
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3.4. Paired Electrolysis

As electrolysis is an intrinsically coupled reaction by the virtue of
requiring an anodic and a cathodic process, systems design should
consider this in greater detail, as it can be used to improve the
reaction AE, technoeconomics, and sustainability of the overall
process. Indeed, an integration of CO2Rwith different anodic reac-
tions has started to gain increasing attention, focusing on treating
waste on the anode,[87] and many of these processes can be com-
patible with EC.[48,73] In addition to borrowing anodic coreactions
from CO2R, EC can benefit from the developments in the electro-
organic anodic reactions that have been studied more widely than
cathodic reactions.[5] Moreover, a TEA framework for electrochem-
ical coproduction via coupling CO2R with a value-added organic
oxidation was recently reported, concluding that this paired
approach can secure significant economic feasibility.[84c]

4. Conclusion

In summary, due to certain conceptual similarities between EC
and direct aqueous CO2R to value-added products, the field of
electroorganic synthesis has a number of inviting opportunities
for streamlining EC development by borrowing transferable
methodologies and tactics from the more mature field of
CO2R. First of all, there is a need to patch the deficient founda-
tion in the systematic understanding of the performance of

heterogeneous catalysts in EC, both experimentally and theoreti-
cally. Provided that more accurate DFT methods are developed
for modeling anion radicals and electron transfer in aprotic
media, systematic experimental studies of effects of material
composition and surface atomic organization should be inte-
grated with computational studies to enable building predictive
catalyst performance maps. Once the mechanisms of heteroge-
neously catalyzed EC are more clearly understood, we expect that
further catalyst development initiatives will be focused on hybrid
enantioselective catalytic systems for asymmetric EC, due to the
importance of this synthetic methodology for the pharmaceutical
industry. A development of new electrolyzers for scalable electro-
organic synthesis involving gaseous reagents, specifically, contin-
uous flow reactors with maximized CO2 availability at the
electrode surface via a three-phase interface, is another promis-
ing and unexplored avenue in EC. Finally, to expedite a success-
ful implementation of the EC processes in the chemical industry,
it would be advantageous to adapt early stage TEA and LCA
assessment methods, which can help narrow down the scope
of attainable EC products and prioritize the process metrics that
require further improvement.
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