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Electrification is a potential approach to decarbonizing the
chemical industry. Electrochemical processes, when they are powered by
renewable electricity, have lower carbon footprints in comparison to ‘
conventional thermochemical routes. In this Perspective, we discuss the
potential electrochemical routes for chemical production and provide our
views on how electrochemical processes can be matured in academic 42! SBPE
research laboratories for future industrial applications. We first analyze
the CO, emission in the manufacturing industry and conduct a survey of
state of the art electrosynthesis methods in the three most emission-
intensive areas: petrochemical production, nitrogen compound produc-
tion, and metal smelting. Then, we identify the technical bottlenecks in
electrifying chemical productions from both chemistry and engineering perspectives and propose potential strategies to tackle these
issues. Finally, we provide our views on how electrochemical manufacturing can reduce carbon emissions in the chemical industry
with the hope to inspire more research efforts in electrifying chemical manufacturing.
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conventional thermal-driven processes. First, electrification of
chemical production can be conducted at small and medium
scales while maintaining high throughput. Therefore, they are
intrinsically more applicable for modular systems and
distributed on-site productions, especially for unstable and
hazardous chemicals.* ' Second, electrochemical reactions
can be directly controlled by the applied potential instead of
high temperature and pressure, which is inherently safer with
higher flexibility, thereby benefiting selective reduction and
oxidation conversion.'' Third, electrification of chemical
production represents an efficient solution to maximize the
utilization of renewable energy via directly converting
renewable energy into chemical energy. Enlarging the
electrification of chemical production can potentially increase
the penetration rate of renewable energy in the electricity
market, further reducing the dependence on fossil resources.
To meet the ambiguous carbon-neutral goal by 2050, there
is a need to identify the target products of electrochemical
manufacturing to cut the CO, emission and transit to fossil-
free sustainable production. Commodities with a high carbon

Net-zero carbon dioxide (CO,) emissions by 2050 are
proposed to limit global warming to 1.5 °C by the end of
the 21st century. The reduction in CO, emissions requires a
dramatic energy transition from fossil fuels to renewable
energy.1 Currently, 21% of the global greenhouse gas emissions
come from the industrial sector,” where chemical, mineral, and
metal manufacturing compose >93% CO, emission in the
industry. The conventional manufacturing processes are
predominantly driven by fossil fuels, operating under high
temperatures and elevated pressures.”> Over the past decades,
the increasing renewable energy capacity has induced
significant electricity cost reduction. For instance, the cost of
electricity generated from solar plants and windmills has
dropped to $0.02 kWh™' in certain areas in the U.S., making
renewable electricity a clean and economically viable
alternative energy source to power our society.é’7
Electrochemical manufacturing using renewable electricity is
a potential solution to decarbonize the chemical industry
(Figure 1a). It is of particular interest to use electrochemistry
to convert nonfossil feedstocks such as carbon dioxide,
nitrogen, biomass derivatives, etc. into value-added fuels, February 28, 2022

commodity chemicals, and even specialty chemicals. The April 19, 2022
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expansion in the market share of renewable-electricity-driven
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chemicals will dramatically decrease the overall carbon

footprint of the chemical industry. The inherent characteristics
of electrochemical production offer unique advantages over
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Figure 1. Electrochemical production with a low carbon footprint and evaluation of CO, emission in the current industry: (a) schematics of
electrochemical production driven by renewable energy (i.e., solar, wind, and hydropower) to produce fuels, commodity chemicals, and specialty
chemicals; (b) CO, emission in various industries;'> (c) CO, emission divided into different products.'>

footprint are of particular significance. Chemical manufacturin
accounts for the largest share of industrial carbon emissions'
(Figure 1b). In the chemical industry, petrochemicals and N-
containing chemicals such as ammonia, nitric acid, and urea
have been the most si§niﬁcant carbon footprint contributors in
the last three decades'~ (Figure 1c). Followed by the chemical
industry, metal production contributes 24% of the carbon
emission in the industrial sector, mainly caused by iron and
steel production.'” Vast opportunities exist in exploring
alternative electrochemical routes for those emission-intensive
industrial processes.

In this Perspective, we will analyze the state of the art
achievements in the electrochemical manufacturing of
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petrochemicals, nitrogen-containing compounds, and metals.
Then, we analyze the key challenges in transferring the
electrochemical process from the laboratory scale to industrial
production from chemistry and engineering perspectives.
Those major challenges include electrolysis energy efficiency,

mass transfer limitation,® reactant/product solubility,'* elec-
trode stability,'* and ion conductivity."”” Faced with those
scale-up gaps, we emphasize the role of catalyst development
and innovative reactor design as promising solutions to
enhance the electrochemical synthesis processes. Finally, the
opportunities in using electrosynthesis to cut CO, emissions in
the chemical industry are discussed, with a special emphasis on
electrochemical production of high-demand commodity

https://doi.org/10.1021/jacsau.2c00138
JACS Au 2022, 2, 1054-1070


https://pubs.acs.org/doi/10.1021/jacsau.2c00138?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00138?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00138?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00138?fig=fig1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Market size
$0.3 billion
ST | ev e
C $83 billion ‘
, 12/ GHe C CHO
e raWa%a
/ HCOOH Market size
jmmmmm————— 7 $87 billion
2! P *00C
—= ! ! C,H,0H o O
H co 1
co, i Market size :}‘ Market size
1 $6 billion | $9 billion N
8\, T *
. ‘ 18 CH,COOH o
9 Market size
CHyOH ' $0.29 billion © C
s"’z"g";i‘”‘;:n CH,CH,CH,0H
d e 1
(hu | CoHy
co, C,H;OH
dissolved |
in water C02 - . — CO CH;COOH
Neutral/alkaline CH;CH,CH,OH
electrolyte  6€0;2%
f
+12e" >
200, + 124" M +@,0) m NH,CONH, CH4CONH,
/ s f CO,
+X Gas diffusion layer +2 CH;3NH, C+O
YooY NH CH,CONH-R
Ne /NOy' JR-NH
- 2

Figure 2. CO, electroreduction to valuable fuels and feedstocks: (a) potential products of CO, electroreduction with the market size;® (b) reaction
mechanism of C—C coupling on Cu in CO, and CO electroreduction;* (c) CO, abundance on the electrode surface in a batch cell and a gas
diffusion electrode, respectively.’' (d) CO, electroreduction with CO, absorption by OH™ at neutral and alkaline pH and CO, electroreduction
without CO, loss under acidic conditions;*> (e) tandem process of CO, electrochemical conversion to multicarbon products in cascade high-
temperature solid oxide electrolyzer and low-temperature CO electrolyzer;*® (f) CO,/CO coelectrolysis with N-containing compounds forming

high-value-added chemicals beyond hydrocarbons and oxygenates.

chemicals with significant CO, footprints. A new vista is
provided on using electrochemical production to replace the
traditional manufacturing processes with a high carbon
footprint.

The electrocatalytic reduction of carbon dioxide driven by
renewable electricity can convert atmospheric carbon dioxide
into value-added fuels and bulk petrochemicals, including
carbon monoxide,'® formic acid,"” ethylene,18 ethanol,'” acetic
acid,” and n-propanol®’ (Figure 2a). The market size for
ethylene alone represented 83 billion USD in 2021 and this
single chemical accounts for 260 million tons of CO, emission
per year.”” Syngas (a mixture of CO and H,) is also of vital
importance, potentially converted to long-chain carbon
through downstream processes, such as the Fischer—Tropsch
process.”” The CO, electroreduction provides a feasible way to
close the anthropogenic carbon cycle. However, selectivity
(defined as Faradaic efficiency), cell voltage (related to
overpotential and internal resistance), production rate (related
to current density), and carbon efficiency (the amount of
carbon contained in the desired products divided by the total
amount of CO, consumed) remain challenges for the
implementation at scale.

34,35
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The reaction mechanism of CO, electroreduction involves
multiple steps of electron—proton transfer, which potentially
result in a mixture of several products. Selective formation of
certain products is of specific interest to diminish the cost of
separation. To date, commercial-scale CO, electrolysis with a
high Faradaic efficiency of >90% is only applicable to C,
products (carbon monoxide and formic acid). Among all the
multicarbon products (i.e., ethylene, ethanol, acetate, prop-
anol) in CO, electroreduction, only C,H, has been reported to
achieve a high Faradaic efficiency (>70%), which hinders the
economic feasibility of C,, production from CO,. For this
reason, an in-depth understanding of the reaction mechanism
will prompt rational catalyst design toward the high Faradaic
efficiency of desirable products with low overpotential. Cu
particularly favors C—C coupling to form C,, products with
relatively high Faradaic efficiency among all the metal catalysts.
Extensive research has been committed to exploring the
reaction mechanism of C—C coupling on Cu in experimental
and computational approaches. It is widely accepted that the
adsorbed CO species functions as a crucial intermediate in C—
C coupling, and thus CO, electroreduction shares a similar
reaction mechanism with CO electroreduction (as shown in
Figure 2b). The dimerization of two surface-adsorbed CO
species forms *CO—CO, which is protonated to *CO—COH
and *COH—COH in two consecutive steps. Ethylene is the
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final product after the dehydroxylation and protonation of the
*COH—COH intermediate.”**> In comparison, ethanol and
acetate are formed through a different reaction intermediate,
ketene (*C—CO). The ketene is reduced to a *CO—COH
species, which involves two reaction pathways: dehydroxyla-
tion to ¥*C—CO and then reduction to ethenone, leading to the
precursor of acetic acid, and consecutive protonation resulting
in ethanol formation. Tuning the binding energy of key
intermediates on electrocatalysts provides an opportunity to
favor the formation of a specific C,, product in the desired
pathway.”® Essential efforts have been made to enhance the
C,, product Faradaic efficiency and lower the overpotential on
Cu by tuning the binding energy of intermediates, includin

morphology control,”” selective exposure of facets,'””

molecular tuning,'®*® and bimetallic alloying.””

The recent development of flow electrolyzers coupled with
gas diffusion electrodes enables CO, reduction to occur at a
gas—liquid—solid triple-phase interface, overcoming the mass
transport limitation brought about by the low CO, solubility in
water and significantly increasing the current density to an
industrially relevant level (Figure 2c). A highly alkaline
electrolyte of up to 10 M NaOH has been used in a flow
electrolyzer, and a high C,, Faradaic efficiency of up to 85%
has been demonstrated under alkaline conditions.'® However,
the CO, consumption by OH™ results in low carbon efficiency
and impedes the practical implementation of the process at
scale. H,O serves as the proton source under both neutral and
alkaline conditions; every 1 mol of electrons transferred is
accompanied by 1 mol of OH™ generated on the electrode
surface. At high current densities, even in a neutral electrolyte,
the high rate of OH™ generation will create a strongly alkaline
environment at the local electrode—electrolyte interface and
absorb CO, to form an undesired carbonate. In CO,
electroreduction to ethylene reaction involving 12 electrons,
the CO, consumed by OH™ is 3 times that converted by
electrocatalysis, restricting the threshold of carbon efficiency to
25% (Figure 2d).>**° To minimize waste CO,, a carbon
efficiency of at least 60% of the theoretical maximum should be
achieved, which would mitigate the need for CO, recirculation
and regeneration."’

To solve the carbonate formation issue in direct CO,
electroreduction, tandem electrolysis coupling CO,RR to CO
and CO electroreduction to a multicarbon product has
attracted growing attention. Due to the high surface abundance
and inertia to OH™ of CO, CORR can be operated with high
C,, Faradaic efficiency and high single-pass conversion without
loss of the feedstock through acid—base neutralization.”**
Kanan and coauthors demonstrated that CO electrochemical
reduction exhibited a significantly higher C,, Faradaic
efficiency of up to 57% at modest potential in comparison to
CO, electroreduction using oxide-derived copper catalysts.””>’
However, the initial CO electrolysis experiment is hindered by
the low solubility of CO in water and the current density is
below 1.5 mA cm™ To conquer the mass transport limitation
in a conventional H cell, Jouny et al. conducted high-rate CO
electroreduction with a microfluidic flow electrolyzer coupled
with a gas diffusion electrode.”® Over 91% C,, product
Faradaic efficiency is achieved, corresponding to a C,, partial
current density of 630 mA cm™> Luc et al. investigated the
facet dependence of Cu to selectively improve the Faradaic
efficiency of acetate.”® Two-dimensional copper nanosheets
featuring Cu (111) facets have been demonstrated to stimulate
acetate production with a Faradaic efficiency of 48% at an

1057

industrially relevant current density. With the recent develop-
ments in CO electroreduction, tandem CO, electrolysis
provides a potential solution to minimize carbonate formation
and enhance the carbon utilization. Ozden and co-workers
reported a cascade process for CO, to CO in a high-
temperature solid-oxide electrolyzer and CO to C,, products
in a low-temperature alkaline electrolyzer, enabling carbonate-
free production of ethylene (Figure 2e).”® A technoeconomic
analysis suggests that a tandem CO, solid-oxide electrolyzer
and CO alkaline membrane assembly electrolyzer reduced the
required energy input by 48% in comparison with one-step
CO, electrolysis, indicating the most economically promisin

system for multicarbon production from CO, electrolysis.**”

Alternatively, molten-salt electrolysis provides a route for
reduction of CO, to both value-added chemicals, such as CO
and hydrocarbons, and production of carbon nanostructures,
such as nanotubes (CNT), nano-onions, and graphene.m’Arl In
place of a conductive ceramic or aqueous solution, a molten
salt consisting of metal hydroxides, carbonates, or halides is
used.** When the composition of this electrolyte is tailored,
melting points can be reduced to as low as 200 °C. Through
the tailoring of Ni anodes, NiFe cathodes, and molten salt
compositions, high-quality CNTs have been produced via
direct CO, reduction in molten LiCO;, achieving 99% FE
toward CNT production.”” Other nanostructures have also
been formed at FEs of >50%, including carbon particles,
nanofibers, and graphene.”’ Additionally, hydrocarbons have
also been demonstrated when proton-containing molten salts
are utilized, such as LiOH and CaOH, which have been shown
to be capable of achieving >90% selectivity toward both
methane and CO from CO, electrolysis.** These processes
also have the potential to be nearly CO, free if they are
coupled with solar energy, forming solar-thermal electro-
chemical photoprocesses (STEP). In these systems, light is
used to power the system electrochemically through photo-
voltaics as well as form the molten electrolyte through solar
heating.* STEP systems have been demonstrated to capture
and convert CO, to either solid carbon or CO at as high as
50% solar efficiency.® Molten salt systems demonstrate
significant advantages over the alternatives in their ability to
produce nanostructured carbon from CO, with extremely high
selectivity; however, significant work is still required to
improve the system durability due to the high temperatures
required to maintain the molten electrolyte. Therefore, work
should be done investigating stable cathodes and anodes, as
well as efforts to scale these systems due to their complex
nature.

A coelectrolysis containing C, feedstocks (CO, and CO) to
build carbon—heteroatom bonds offers a novel approach to
produce value-added chemicals beyond the hydrocarbons and
oxygenates discussed above. The electrocatalytic formation of
C—N bonds is one example of making numerous nitrogen-
containing feedstocks such as urea, amines, and amides (Figure
2f). Wang and coauthors reported the electrochemical
synthesis of urea from CO, and N, under ambient conditions
using PACu/TiO, catalysts.”* The coupling reaction proceeds
through the thermodynamically favorable reaction between
*N=N* and a CO intermediate followed by the sequential
hydrogenation of the *NCON™* intermediate, leading to urea
formation. Generating urea from atmosphere-abundant feed-
stocks, i.e, CO, and N,, offers the opportunity to reduce
carbon emissions in fertilizer production. However, the
bottlenecks of this process are its low Faradaic efficiency

https://doi.org/10.1021/jacsau.2c00138
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Figure 3. Electrochemical N, fixation: (a) electrochemical nitrogen cycle; (b) reaction mechanism of nitrogen electroreduction in aqueous
electrolyte.”’ (c) high-temperature Li-mediated N, electroreduction in molten lithium hydroxide;68 room-temperature Li-mediated N,
electroreduction in an organic electrolyte using ethanol’> (d) or phosphonium cation (e) as the proton source.”

(8.92%) and low current density (~12 mA cm™2). A
remarkable urea Faradaic efficiency of 53.4% can be achieved
by substituting chemically inert N, with relatively active nitrate
species using In(OH); catalysts.”” However, nitrate is usually
made from ammonia oxidation, and the source of nitrate limits
the application of this process. The products of the C—N
coupling reaction are determined by the inherent property of
electrocatalysts. In CO, and nitrate coelectrolysis, a cobalt
phthalocyanine molecular catalyst was demonstrated to
produce methylamine through a condensation reaction
between formaldehyde from CO, reduction and hydroxyl-
amine from nitrate reduction.*® Methylamine is produced with
a Faradaic efficiency of 13% at —0.92 V vs RHE, together with
a partial current density of 3.4 mA cm 2. Formaldoxime and N-
methylhydroxylamine are also observed as side products of the
condensation reaction. In the coelectrolysis mentioned above,
CO, and N,/NO;~ compete for electrons and, as a result, the
Faradaic efficiency of the target products is usually low.
Introducing a strong nucleophile as a second reactant in the
CO,/CO reaction solves the problem of two reactions
competing for electrons and could potentially improve the
Faradaic efficiency toward the designated products. Jouny et al.
demonstrated the addition of ammonia/amine in CO electro-
chemical reduction as a way to produce amide on copper
catalysts.”® The nucleophilic NH,/amines attack the C, ketene
intermediate (*C=C=0) in CO electroreduction, and
acetamide was produced with 40% Faradaic efficiency together
with a remarkable current density of 300 mA cm 2. This work
is the only example to have C—C coupling and C—N bond
formation in a single reaction, in part due to the clear benefit
toward C,, production in CO electroreduction. The authors
also demonstrated longer-chain amide (C,—C,) production by
substituting ammonia with various amine precursors. CO, is
the ideal source of carbon in this reaction; however, solid
ammonium carbamate is formed immediately when CO, is fed
with ammonia through the reaction 2NH,(g) + CO,(g) —
NH,COONH,(s). Operating the electrolyzer slightly above
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the decomposition temperature of ammonium carbamate (60
°C) can possibly solve the problem. A cascade process that
converts CO,-derived CO and ammonia/amine to amide is
another strategy, since a CO, to CO electrolyzer is
commercially available.

Overall, manufacturing carbon—heteroatom compounds
through coelectrolysis needs more extensive investigation to
address the poor Faradaic efficiency and low operating current
density for realistic production. First, a dual-function catalyst
with desirable Faradaic efficiency in both reactions can
potentially increase the Faradaic efficiency toward the target
C—N compounds. It is crucial that the Faradaic efficiency of
the reaction intermediates matches the stoichiometric ratio in
the target products. For instance, *CO and *NH, need to be
generated in a 1:2 ratio on the catalyst surface in urea
synthesis. In methylamine production, formaldehyde and
hydroxylamine require a production rate of 1:1. The rational
design of catalysts with dual active sites enables a synergetic
catalysis of two reactions, and the production rates of each
reaction intermediate can be potentially tuned by increasing/
decreasing the number/adsorption energy of active sites.
Second, tuning the abundance of each reactant on the catalyst
surface is crucial to achieving a balanced production rate of
reaction intermediates. A well-defined gas—liquid—solid
contacting interface through the reactor design is important,
especially for the coelectrolysis reaction that involves both gas
and liquid reactant. A flow electrolyzer coupled with a gas
diffusion electrode has emerged as an ideal configuration to
enhance the reactant abundance at the catalyst surface and
achieve industrially relevant current density. An investigation
of the concentration dependence on both reactants can also be
applied to reach an optimal ratio of intermediates and improve
the Faradaic efficiency toward the target product. Third,
selective production of a C—N compound requires deep
insight into the reaction mechanism. Tuning the nucleophilic
property is important in the nucleophilic attack mechanism to
favor the desired reaction pathway. Hydroxide is a strong

https://doi.org/10.1021/jacsau.2c00138
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nucleophile competing with any ammonia/amine/hydroxyl-
amine; thus, CO,/CO coelectrolysis with amine/NO,, tends to
have more formate or acetate than N-containing compounds.
An aprotic electrolyte can potentially avoid the competing
OH™ attack and improve the Faradaic efficiency toward the
designated product.

Electrocarboxylation represents another important pathway
for CO, utilization by incorporating CO, into organic
compounds such as halides,*”° alkenes,*® and olefins*'** to
produce value-added carboxylic acids. The general electro-
chemical carboxylation reaction proceeds through the
nucleophilic addiction of anionic intermediates with CO,. A
silver catalyst has been demonstrated to activate the C—X
bond through a surface interaction with a halide and an alkyl
group.” Arylpropanoic acids are synthesized from arylethyl
chlorides with 70—81% yield on Ag. Ni exhibits 65—90%
Faradaic efficiency toward a-substituted acrylic acid in terminal
alkyne electrocarboxylation®* and 32% Faradaic efficiency in
butadiene electrocarboxylation.”" Alkenes and olefins are first
reduced to C—C or C=C radical anions. A density functional
study suggests that Ni has a lower activation energy for C—C
coupling, and the ability to suppress competing CO and
carbonate formation is critical for selective carboxylic acid
formation.”*> Side reactions, including dimerization and
monocarboxylate formation, hinder the Faradaic efficiency of
electrocarboxylation. One of the major challenges is the use of
a sacrificial anode (usually magnesium or aluminum). A
sacrificial anode is used to avoid an undesired consumption of
the reactant, product, or solvent.’® A cation generated from
anode oxidation coordinates with a carboxylate and prevents
carboxylate from a further nucleophilic addition reaction. One
potential solution is to add anhydrous magnesium bromide to
decrease the nucleophilicity of carboxylate and carbonate
anions and prevent the side product (i.e., ester and alcohol)
formation through an Sy2 reaction.”” However, the use of
anhydrous magnesium bromide is limited by its scarcity and
the economic feasibility should be considered on the basis of
the production scale and product value.

Nitrogen is a critical element on earth, with ~78.08% of the
atmosphere being composed of dinitrogen, and nitrogen
compounds, such as ammonia (NH;) and nitric acid
(HNO,) are important feedstocks toward fertilizers that feed
billions of people.w’58 The interconversion among nitrogen,
ammonia, and nitric acid together constitutes the nitrogen
cycle in nature, and an electrochemical approach could
potentially fix the nitrogen with low carbon emission in
comparison to the existing technology (Figure 3a). Currently,
dinitrogen is artificially converted to ammonia and nitric acid
through the Haber—Bosch process and the Ostwald process.
The highly stable N=N triple bonds require harsh conditions
to break, resulting in significant energy consumption and
carbon footprint. Ammonia production via the Haber—Bosch
process has a capacity of ~175 Mt/yr ,which accounts for ~2%
of global fossil fuel consumption and 420 million tons of CO,
emission annually.sg’(’0 At the same time, nitric acid with a
market size of 70 Mt/yr is manufactured through the oxidation
of ammonia from the Haber—Bosch process, which requires
1.7 times hiégher energy consumption than that of ammonia
production.”” Substantial efforts have been devoted to
identifying greener, safer, and lower-carbon-footprint nitrogen
fixation processes such as enzyme catalysis,""°* photo-
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catalysis, g)lasma-assisted catalysis, and electrochem-
ical catalysis.”*”"" Among those processes, electrocatalysis
powered by renewable energy offers a promising approach for
ammonia and nitric acid production from N,.

Electrifying ammonia production through N, electro-
reduction is considered a promising alternative to the high-
carbon-footprint Haber—Bosch process. In such a process,
water is a desirable proton source, avoiding the use of
anenergy-intensive dry re-forming process to produce H, from
fossil fuels. Although many efforts have been dedicated to N,
electroreduction in aqueous electrolyte,s the Faradaic
efficiency of ammonia is very limited and the production rate
of ammonia is usually lower than 20 nmol cm™ s™*
(corresponding to an ammonia partial current density of
579 mA cm2).* The limited production rate can be
attributed to the mismatch in adsorption energy of the key
reaction intermediates. There are two key intermediates in the
nitrogen electroreduction mechanism: the N,H* intermediate
comes from nitrogen reductive adsorption and NH,*, which
will be further reduced to NH; (Figure 3b).”" To prompt the
production of ammonia, N,H* needs to be selectively
stabilized while NH,* requires destabilization simultaneously.
A strategy to break the scaling relationship between N,H* and
NH,* is necessary to improve the Faradaic efficiency of
ammonia, such as introducing a second adsorbed molecule to
the reaction surfaces.

Li-mediated N, electroreduction in a nonaqueous electrolyte
has received increasing attention. Metallic lithium prompts N,
activation, and a nonaqueous electrolyte circumvents hydrogen
evolution. A high-temperature molten salt and an organic
solvent have been reported as the electrolyte in Li-mediated N,
electroreduction. McEnaney and co-workers first demonstrated
a lithium-mediated electrothermochemical tandem process for
ammonia production (Figure 3c).°® Lithium hydroxide
(LiOH) is initially reduced to metallic Li in a molten salt
electrolyzer at 600—700 K, followed by an immediate reaction
between N, and metallic lithium to form lithium nitride
(LizN). After the hydrolysis reaction of Li;N in a second
reactor, NHj is released and LiOH is recovered. The Faradaic
efficiency of the electrochemical step is ~88.5% at a current
density of 500 mA cm ™%, which is 2 orders of magnitude higher
than N, electroreduction in an aqueous electrolyte. However,
the cell voltage of LIOH reduction is usually greater than 3.1V,
resulting in low energy efficiency and an energy cost of up to
1.08 MJ per mole of ammonia production (higher than that of
the traditional Haber—Bosch process by a factor of 2.25).”7°
Li-mediated N, electroreduction in an organic electrolyte
enables continuous ammonia production at room temperature,
where N, is converted to lithium nitride and undergoes in situ
protonation by a proton donor (Figure 3d,e).”””® Tsuneto and
co-workers used ethanol as the proton source and achieved
~60% ammonia Faradaic efficiency at an N, pressure of 50
bar.”> However, the sacrificial proton donors release
undesirable CO, in the anodic reaction. It is more sustainable
instead to provide protons through a hydrogen oxidation
reaction at the anode and use an ionic-liquid-based proton
carrier to provide protons for emission-free ammonia electro-
synthesis.””’? Suryanto et al. reported the use of a
phosphonium cation as the proton shuttle between the
anode and cathode. It exhibited the highest ammonia Faradaic
efficiency of 69% at a current density of 22.5 mA cm?
corresponding to 53 nmol cm™ s7'”? Chorkendorff and
coauthors reported that high-surface-area Cu exhibited 1 order
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of magnitude higher current density in comparison with Cu
foil. The highest current density (100 mA cm™>) has been
achieved in an organic electrolyte with an NH; FE of 13.3%,
corresponding to an ammonia formation rate of 46.0 nmol
cm 2§17 Recently, researchers found that a small amount of
oxygen (0.6—0.8% by molar fraction) enables the homoge-
neous formation of a solid—electrolyte interface during Li
deposition and diminishes Li* diffusion, enabling the N,
reduction at a record hi(gh FE of 78% together with a current
density of 4 mA cm™2°

High-temperature molten salt routes for N, upgrading to
NH; have also been carried out, utilizing solar—thermal
electrochemical photoprocess (STEP) systems.*’ Using
NaOH-KOH salt mixtures and Fe-based catalysts,”" N,
reduction to NH; has been demonstrated with up to 35%
FE toward NH; production at a rate of 2.4 nmol cm™ s™".
Additional work by Cui et al. increased the NH; production
rate to 827 nmol cm™ s7' at 49 mA cm™* through the
production of Fe,0; particles supported on activated carbon.*”
Unlike the case for with the molten-lithium-mediated
approach, this system is capable of operating in a single step
and continuously produces NH;. While they are promising,
these systems still require significant research to improve the
durability of the electrode materials as well as improve the
scalability of the system.

The REFUEL program of the U.S. Department of Energy set
an ambiguous goal for the electrochemical ammonia synthesis:
90% Faradaic efficiency at a current density of >300 mA cm™>
with an overall energy efficiency of higher than 60%.% Despite
numerous efforts that have been made in this area, the Faradaic
efficiency, energy efficiency, and the operating current density
remain far below these requirements. Rational control of the
proton donor concentration in the electrolyte and a balance of
consumption and transformation rates of the proton donor on
the electrode surface can potentially suppress the hydrogen
evolution and increase the ammonia Faradaic efficiency. The
current density of Li-mediated N, electroreduction is
bottlenecked by the low conductivity of the organic electrolyte.
Improving the conductivity of supporting electrolytes can
further help to achieve high current density. Increasing the
operating temperature can potentially overcome the solubility
barrier of a conductive salt in an organic electrolyte, allowing
the use of concentrated supporting electrolytes. Molten salt
electrolysis at medium temperature (200—400 °C) provides
another solution to improve the conductivity and enhance the
current density. With a proper selection of proton-conductive
media, a hydrogen oxidation reaction can take place at the
anode, which empowers in situ protonation of LiN; at the
cathode and lowers the cell potential at the same time.

In comparison with electrochemical N, reduction, electro-
chemical N, oxidation remains relatively unexplored. An N,
oxidative reaction can potentially substitute the emission-
intensive Haber—Bosch and Ostwald processes for nitric acid
production if a high Faradaic efficiency and production rate
can be achieved. The major bottleneck is the high activation
energy barrier of the inert N, molecule and an equilibrium
potential relatively similar to that of the oxygen evolution
reaction. The synergy of the spinel oxide ZnFe,Co,_,O, has
been demonstrated to be active for N, electrochemical
oxidation.*” Tt is suggested that Fe aids the first N—O bond
formation while the Co stabilizes the OH™ adsorption and
facilitates the consecutive N—O formation. Under optimal
conditions, ZnFe(,Co, 40, catalysts exhibit a nitrate produc-
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tion rate of 130 + 12 ymol h™' gy, (the production rate is
normalized by mass of metal oxide); however, the highest
NO;~ Faradaic efficiency is less than 10.1%. A porous Pd
nanosheet has shown the highest nitrate production so far,
~299.4 umol h™' g7, together with a nitrate FE of less than
2.5%. An in situ spectroscopic investi%ation reveals that PdO, is
the active site for N, oxidation.”> A recent investigation
suggests that a Ru dopant promotes the formation of the active
site in Pd-based catalysts and lowers the energy barrier of the
potential-limiting step.*®

Activating the N=N triple bond with an external plasma
field is one of the promising future directions to conquer the
sluggish kinetics in both N, reduction and oxidation reactions.
The activation energy for plasma-enhanced ammonia synthesis
is lowered by 30—75 kJ mol ™', approximately one-third that of
the thermal-catalytic ammonia synthesis due to the plasma-
induced vibrational activation of N, by plasma.®” Kumari et al.
reported plasma-aided N, electroreduction that enabled a 47%
increase in ammonia production in comparison with conven-
tional electrochemical reduction.”® Sharma reported the
integration of plasma into a proton-conducting solid oxide
electrolyzer and achieved a benchmark-high ammonia
production rate of 964.8 ymol h™' cm™ with an NH; FE of
10%,” corresponding to an ammonia partial current density of
77.57 mA cm™> Recently, Qiao and collaborators coupled a
low-temperature plasma oxidation with electrochemical
reduction, demonstrating N, conversion to ammonia via
nitrate as an intermediate.”’ Nickel boride was used as the
catalyst to reduce the plasma-derived NO,” to NH; with
~100% Faradaic efficiency. By enhancement of the interaction
of activated nitrogen species with proton sources on the
catalyst surface and rational pairing of the proton-generating
rate with the N, activation rate, the Faradaic efficiency could
be further improved.

In addition to N, electrochemical reduction and oxidation,
an artificial N, cycle using electrochemical pathways has
attracted growing interest in the fields of chemical production,
fuel cells, water treatment, etc. Electroreduction of NO,
(NO;7, NO,7, NO) provides an alternative approach for
ammonia electrosynthesis. Nitrate electroreduction to ammo-
nia requires eight electron transfers and involves several
potential intermediates such as NO,”, NO, NH,OH, NH;,
N,O, N,, and NH,NH,.”'~” NO is regarded as the key
intermediate in nitrate reduction. Experimental results
combined with DFT calculations indicate that Cu is the
optimal transition metal for NO electroreduction to NH;.”* By
incorporation of Cu into organic molecules, hydrogen
evolution is suppressed through regulating the proton transfer
and a maximum NH; Faradaic efficiency of 85.9% was
demonstrated at —0.4 V vs RHE.”® Single-atom catalysts
provide another strategy to circumvent N—N coupling and
favor the selective production of ammonia.”® Electrochemical
nitric oxide exhibits over 93.5% NH; FE on Cu catalysts at an
industrial-level current density.”® A mechanistic study demon-
strated that acidic conditions promote ammonia production
and an increase in the NO coverage on the catalyst surface
stimulates the N—N coupling.”” NO, electrochemical
production shows superior Faradaic efficiency toward
ammonia production in comparison with N, reduction; the
availability of the eedstock and economic feasibility remain the
major considerations of this process. The sustainability of the
process is highly dependent on the source of the substrate. The
feasibility of nitrate reduction is undermined if nitrate is made
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Figure 4. Comparison of conventional metal industry and electrochemical metal manufacturing: (a) conventional iron making in a blast furnace
with coal as a reducing agent; (b) molten oxide electrolysis technology applied in metal manufacturing,'*®

from ammonia oxidation. Nitrate can be accessed from
industrial wastewater; however, the economic feasibility should
be carefully considered due to the low concentration and the
separation cost. Coupled with low-temperature plasma N,
oxidation, nitrate reduction enables N, conversion to ammonia
using nitrate as an intermediate with considerable activity,
which represents a promising application of nitrate reduction
to ammonia.

Selective NO;~ electroreduction to N, finds wide
application in nitrate removal from nitrogen-rich wastewater.
Basic conditions favor the production of nitrogen over
ammonia. Nitrate electroreduction to nitrogen proceeds
following the coupling of adsorbed NO and protonated NH,
species and then NONH, decomposition to N,.’® Rational
control of the active site for proton adsorption prevents the
NH, from further protonation to form ammonia. The highest
N, FE is 60—70%, demonstrated on CuPd bimetallic
catalysts.”” The formation of ammonia as a byproduct
compromises the dinitrogen efficiency and decreases the
feasibility of practical use. Combining ammonia oxidation to
nitrate with nitrate reduction offers the possibility to remove
the undesirable ammonia byproduct, achieving a NO;~
removal efficiency of 82.1% with 81.3% Faradaic efliciency
toward N,.'"” Many factors, including tolerance of contain-
ment, operating concentration, electrode stability, etc., may
contribute to the nitrate removal efficiency, and obvious efforts
are needed for the implementation of electrochemical
wastewater treatment.

The metal industry is an essential field for decarbonization to
achieve a CO,-neutral economy. Global iron and steel
manufacturing has an annual capacity of 3780 MMt and
accounts for 2.6 Gt of CO, emissions per year.'"”" Tradition-
ally, iron and steel are produced by iron ore reduction (Figure
4a). Coke is usually used to extract elemental iron from the
molten oxide and releases a significant amount of CO and
CO,."”” Integration of water electrolysis with iron and steel
production has recently emerged as a promising alternative. It
uses green hydrogen as a reducing agent instead of coke and
substantially reduces carbon emissions. However, this process
still heavily relies on fossil fuel combustion.'*”'** Fossil-free
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molten oxide electrolysis (MOE) driven by renewable energy
has received ever-increasing attention as a novel metallurgy
technology in recent years (Figure 4b). The Hall-Héroult
process developed in 1886 demonstrates an electrochemical
pathway to extracting aluminum from aluminum oxide with a
capacity of 37 Mt per year.'”>'*® Aluminum oxide is dissolved
in molten cryolite (Na;AlF;) electrolyte at 940 °C, thus
avoiding the need of melting aluminum oxide at 2070 °C. The
major drawback of this process is the use of a sacrificial carbon
anode and decomposition of the cryolite electrolyte, which
emits substantial CO, as well as polyfluorinated hydrocarbons
(CF,, C,Fy), polycyclic aromatics, and carbon monoxide.'”’
Recent progress in the molten oxide electrolysis field has
focused on the direct decomposition of melting a metal oxide
into a metal and molecular oxygen. Substantial challenges
remain in molten oxide electrolysis techniques, such as harsh
operating temperature (~1538 °C), feedstock impurity, metal
reoxidization, etc.,'®® among which a stable anode and the
choice of supporting electrolyte play key roles in the MOE
process. The supporting electrolyte physically isolates the
metal from the oxygen produced at the anode and it requires
high miscibility with the metal oxide, superior stability under
harsh operating conditions, strong ionic conductivity, and fast
mass transportation. Silica has been widely selected as the
supporting electrolyte in iron and steel electrochemical
production due to its abundance, low cost, and environmental
friendliness.' %' '° Si0,—M, 0, binaries with a molten metal
oxide concentration of less than 40% are sufficient to form a
melt below the melting point of silica (1713 °C for fS-
crystobalite).'”” In molten oxide electrolysis for iron making,
alumina and magnesia can be added to silica to further reduce
the liquidus temperature of the electrolyte to 1450 °C.''°
However, silica is not universally suitable for all metals, such as
aluminum. More efforts need to be dedicated to exploring
innoxious electrolytes with high miscibility and low melting
temperature to replace cryolite. The anode material is the
technology bottleneck of the carbon-free MOE technology to
avoid the use of sacrificial carbon, and it needs to demonstrate
industrial-level stability.''" Precious metals such as iridium and
platinum have been only applied on a laboratory scale due to
their limited stability in basic melts and high cost."'>'"* The
Cr,_,Fe, alloys show a stable performance of the oxygen
evolution reaction with minimum depletion in molten oxide
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electrolysis at 1565 °C. The formation of a corundum-
structure chromium oxide and aluminum oxide solid solution
is believed to be the key reason for the stable performance.'*®
Significant challenges remain in developing an affordable
anode material, and the stability needs to be evaluated on an
industrial scale.''' With all of the issues addressed, MOE
technology can potentially advance carbon-free metal
production, becoming a revolutionary paradigm applicable to
various metals.'*’

Electrolytic metal refining represents another sustainable
pathway to cut down CO, emissions. Particularly, precious
metals require the most emission-intensive process in the metal
sector. The process generates more than 17000 tons of CO,
per ton of metal produced, 3 orders of magnitude higher than
those of iron and steel.""* Electrochemical deposition offers a
promising approach for precious-metal refining, with the
inherent advantages of minimal secondary pollution generation
and ease of control of various metal depositions by switching
the potential. Electrochemical deposition has been reported to
recover Au, Pd, Pt, Ag, Cu, and other metals'"*™""" from an
aqueous solution. The Faradaic efliciency and efficiency under
real industrial conditions is the crucial factor for practical
applications. Lundstrom and coauthors reported the successful
recovery of ppb-level platinum in industrial solutions through
electrodeposition on pyrolyzed carbon.''® Selective deposition
of Pt can be achieved in a Ni-rich solution with a Ni:Pt ratio of
10", and this strategy can be extended to Pd and Ag
extraction. Selective metal recovery remains the key challenge
in a mixture of metals. Therefore, metal recovery from single-
metal sources such as spent catalysts in chemical manufactur-
ing and vehicle catalytic converters as well as water
electrolyzers and fuel cells can be the target application
scenarios.

Refining electronic waste plays a key role in cutting
greenhouse gas emissions. Electronic waste is generated at a
speed of 53.6 Mt/yr in 2019, becoming a crucial “urban mine”
waiting for exploration.119 The copper, gold, silver, palladium,
and platinum in e-waste account for approximately $57 billion,
and only 17.4% of the materials are recycled.""” A molten
NaOH—-KOH electrolyzer has been applied to recover metal
from waste printed-circuit boards."*” Due to its abundance in
the microchip, most of the metal recovered through molten
salt electrolysis is Cu. An electrochemical recycling process is
used to extract nonprecious metals such as Cu and Sn from the
e-waste. The metal is first chemically leached by an Fe'-
containing solution and then electrochemically deposited on
the cathode while Fe?* is regenerated to Fe*" at the anode. The
electrochemical recycling method has the advantage of
selectively leaching a nonprecious metal, which enriches the
precious metal for a downstream process.lZl’122 This strategy
has demonstrated a 97% efficiency for Cu removal. A precious
metal contributes to most of the value in e-waste, and selective
recovery of the precious metal is more economically feasible.
Ionic-liquid-based electrochemical refining was proposed by
Whitehead in 2004, which enables room-temperature oper-
ation without oxygen evolution as a competing reaction in
aqueous electrolyte.'*”'** The precious metal is electrochemi-
cally leached, avoiding the use of toxic cyanide or a strong acid
in the conventional leaching step, followed by the selective
deposition on the cathode. A halide-based ionic-liquid mixture
has been applied to dissolve Au and Pd through complexing
with ~100% leaching efficiency. However, the deposition
Faradaic efficiency is limited due to the degradation of the

1062

ionic liquid.'*> Addressing the poor Faradaic efficiency and the
instability of the ionic liquid are the biggest obstacles to
overcome for realistic production.

Currently, electrochemical production is at an early stage of
commercialization. Low-temperature CO, electrolysis to
multicarbon products is at technology readiness level 3
(TRL3)."”® There are several start-up companies operating
CO, electrolysis to C,; products at a relatively advanced TRL
level. For example, Twelve, a start-up company in the United
States, is working on polit-scale CO, electrolysis to produce
syngas at a processing capacity of 1 ton of CO, per day. In
addition, Avantium, a renewable chemical company in The
Netherlands, is targeting conversion of CO, captured from
industrial flue gas to formic acid. Ammonia, nitric acid, urea,
and methanol electrochemical production are only at the TRL
1 level, with few demonstrations at an industrially relevant
current density with high Faradaic efficiency. CO, electro-
reduction to CO in a high-temperature solid oxide electrolyzer
cell (SOEC) is at the TRL 8 level, which can potentially be
combined with recent advances in CO electroreduction to
speed up the development of CO, electrolysis for ethylene
production with high energy efficiency and conversion rate.
There are problems existing in high-temperature solid oxide
electrolyzers, such as extremely high temperature (up to 800
°C), carbon deposition, limited reaction types, etc. In this
Perspective, we mainly focus on the challenges in low-
temperature electrochemical synthesis on an industrial scale.

Challenges in electrosynthesis come from both chemical and
engineering directions. From a chemical aspect, the Faradaic
efficiency and overpotential directly related to the intrinsic
properties of the reaction and catalyst are two important
matrices that decide the energy efficiency of the electrolysis. A
technoeconomic analysis suggests that energy efliciency is the
critical factor in economic viability.">'*” To compete with
traditional fossil-fuel-derived processes, electric-driven chem-
ical production processes require a dramatic improvement in
energy efficiency. From the engineering side, several essential
factors impose challenges to the realization of electrochemical
manufacturing from a laboratory scale to an industrial scale,
including mass transportation, process stability, ion con-
ductivity, heat management, etc. Significant efforts are required
for innovative reactor design to address these issues. For this
reason, the implementation of electrochemical production at
an industrially relevant scale requires significant progress from
both the chemistry side and the engineering side.

From the chemistry side, rational catalyst design and a deep
understanding of the reaction mechanism are two significant
aspects to improve the energy efficiency of the electrochemical
process. Extensive efforts have been dedicated to catalyst
development to reduce the reaction activation barrier in the
desirable pathway, thereby lowering the reaction overpotential
and enhancing the Faradaic efficiency. A further understanding
of the reaction mechanism is essential to direct the catalyst
design and improve the Faradaic efficiency of the desired
product. With CO, electroreduction as an example, carbon
dioxide’s electrocatalytic C—C coupling reaction on copper-
based catalysts has been well-known since 1980. Until recent
years, the detailed mechanism has been gradually understood
with the development of theoretical calculations and operando
characterization techniques. In recent decades, the success of
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Figure 5. Diagram of reactor design for electrosynthesis: (a) schematic of a hydrophobic gas diffusion electrode; (b) schematic of an oleophobic
gas diffusion electrode that can potentially be applied in gas-fed organic electrosynthesis; (c) membrane electrode assembly (MEA) electrolyzer.

machine-learning algorithms has accelerated the development
of novel catalyst materials. High-throughput density functional
theory assisted by machine learning has been applied to screen
copper-containing bimetallic materials, and the results have
been successfully verified experimentally in CO, electro-
reduction to ethylene.”” Operando characterization techniques
with a high temporal and spatial resolution are demanded to
explore the reaction pathways, active sites, reaction inter-
mediates, and degradation mechanisms under the working
conditions. A comprehensive insight into the structure—
activity relationship is crucial to improve the energy efficiency
ofan electrocatalytic reaction on the catalyst side with the help
of operando characterization and density functional theory
calculations.

From the engineering side, the practical implementation of
electrochemical production requires a standardized and
scalable electrolyzer with minimal internal resistance and
long-term stability. Although many advances have been made
at an industrially relevant current density on a laboratory scale,
industrial application faces several critical challenges, including
reactor design, membrane identification, mass transport
management, and stability retainment. Mass transport
limitation is the most crucial issue in gas-fed reactions. With
the leverage of lessons learned from commercial electrolyzer
design, innovative reactor design can help solve the mass
transport limitation by introducing a gas diffusion layer. A gas
diffusion layer separates the aqueous electrolyte and feeding
gas in the gas feed reactor (Figure Sa). Retaining the
hydrophobicity/oleophobicity and maintaining an effective
reaction interface are significant challenges of long-term
stability. The commercial gas diffusion layer (PTFE-treated
carbon paper with a mesoporous layer) faces flooding issues
over the long-term stability. Recently, a microporous PTFE
membrane has been demonstrated as a promising substrate for
gas diffusion electrodes with extraordinary stability at the cost
of reduced conductivity.'® An oleophobic microporous PTFE
membrane can potentially be applied in organic electrosyn-
thesis and enable a gas—organic electrolyte—catalyst triple
phase (Figure Sb).

A membrane electrode assembly (MEA) electrolyzer has
emerged as a potential solution to address the mass
transportation issue and stability (Figure Sc). In an MEA
configuration, a polymer electrolyte is applied to replace a
liquid electrolyte in the cathode, preventing the direct contact
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of the gas diffusion electrode with the aqueous electrolyte and
representing a feasible way to improve the stability. Moreover,
the MEA configuration significantly reduces the resistance
caused by the liquid layer in the cathode, decreasing the
Ohmic drop and energy loss to a greater extent. However, the
membrane electrode assembly electrolyzer requires the rational
design of the catalyst—solid electrolyte interface, and there is a
need for more comprehensive research to understand how the
electrolyzer configuration will influence the activity and
stability behavior. Specifically, significant research has been
devoted to understanding crucial aspects of MEAs for
hydrogen chemistry. Aspects such as membrane durabil-
ity,"**'*” water management,"*>"*" and the catalyst—ionomer
interface'*>'** have all required years of intense research to
develop MEA-based fuel cells and water electrolyzers to their
current state. To implement the MEAs into different
chemistries will require additional intense research. Addition-
ally, some electrochemical reactions introduce aspects not seen
with hydrogen-based chemistries, such as production of harsh
organics (ethanol, acetaldehyde, etc.) that can degrade
polymer-based membranes and with CO, reduction the
formation of bicarbonates that can affect the membrane’s
stability and conductivity."**~"* Significant effort will need to
be devoted to these systems to drive them toward commercial
viability.

Ion conductivity is the most substantial challenge in liquid-
feed reactions, particularly in organic electrosynthesis in
organic electrolytes. Organic chemicals have limited solubility
in water, and thus the internal resistance is considerable,
resulting in low current density. A promising approach would
be to design ionically conductive separators to maintain a
separation of the organic and aqueous phases. This separation
of phases was demonstrated in liquid-feed reactions, where
laminar flows were used to allow the natural phase separation
of the different phases, such as in the anodic oxidation of N-
(methoxycarbonyl)pyrrolidine with allyltrimethylsilane.” A
commercial ion exchange membrane can potentially be applied
as the phase separator, while the stability of the ion exchange
membrane in an organic electrolyte needs further investigation.
A undivided electrolyzer for flammable organic electrosyn-
thesis (i.e., adiponitrile) suffering from an electrostatic hazard
also calls for significant attention to develop an ionic exchange
membrane with improved stability."*®
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Figure 6. Commodity chemicals with high carbon footprint: (a) CO, emission of commodity chemicals;'* (b) estimated electricity consumption if
the production is completely electrified; (c) sensitivity analysis of production cost on electricity price of carbon monoxide, formic acid, ethanol, and
ethylene production from CO, electroreduction;"® (d) reducing production cost through successive process optimization.'®

Electrochemical production of commodity chemicals with a
high carbon footprint is crucial to decarbonize the chemical
industry. The commercial electrochemical process has found
very limited application in chemical production, such as the
chlor-alkali industry, aluminum production, adiponitrile
manufacturing, etc. The prohibitive electricity costs have
mainly hindered the application of electrochemical manufac-
turing in the past decades. However, with the plummeting
price of renewable electricity and an increased awareness of the
climate change crisis, it is time to implement the electro-
chemical process in industrial production. Over the last three
decades, chemical manufacturing has been the most significant
contributor to CO, emission, mainly attributed to petrochem-
icals, ammonia, nitric acid, urea, adipic acid, and glyoxylic acid
production (Figure 6a). The demand for petrochemicals is
steadily growing and their production has become the largest
emission contributor in chemical production. The conven-
tional cracking method toward ethylene takes up 67% of the
total carbon emission of petrochemical production, while
methanol, carbon black, and acrylonitrile production contrib-
ute a signiﬁcant amount of CO, emission in the petrochemical
sector.'” Petrochemicals, particularly ethylene, will continue to
be one of the target products to decarbonize chemical
manufacturing. As was discussed in section 5, CO, electrolysis
is considered a carbon-neutral approach to produce multi-
carbon products, including ethylene. In addition, the electro-
synthesis of ammonia, nitric acid, and methanol are also of
particular interest. However, few demonstrations have
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exhibited a high Faradaic efficiency at an industrially relevant
current density, even on a laboratory scale. Substantial efforts
need to be invested in enhancing the performance to enable
any economic feasibility. Adipic acid, glyoxylic acid, and
acrylonitrile are other commodity chemicals with a high carbon
footprint for which electrochemical production remains
unexplored, representing great opportunities to cut CO,
emissions.

Chemical building blocks derived from nonfossil fuels are of
substantial interest to change the chemical supply chain’s heavy
reliance on fossil fuel. Biomass represents a promising carbon-
neutral feedstock, where carbon is captured from the
atmosphere and photosynthesized by plants."” Electro-
chemical biomass upgrading opens upsignificant opportunities
to produce value-added chemicals from nonfossil fuels. For
example, synthetic polymers are often made from petroleum
oils, and recently polylactic acid has emerged as a
biodegradable polymer with properties similar to those of
polyethylene and polypropylene."* Electrochemical produc-
tion of lactic acid from glycerol enables biomass conversion to
biodegradable plastics, representing environmentally friendly
pathways, and can potentially reduce the reliance on high-
carbon-footprint ethylene and propylene.'*' Partial oxidation
of biomass is of particular interest to replace the kinetics of the
sluggish oxygen evolution reaction with that coupled with
water electrolysis or CO, electrolysis. Intergration of biomass
oxidation with an alkaline water electrolyzer significantly
reduces the cell potential from 2 to 0.4 V'** while maintaining
the current density at 1 A cm™2. Glycerol and glucose are two
platform molecules among biomass derivatives that have been

https://doi.org/10.1021/jacsau.2c00138
JACS Au 2022, 2, 1054-1070


https://pubs.acs.org/doi/10.1021/jacsau.2c00138?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00138?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00138?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00138?fig=fig6&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

widely investigated using an electrochemical methodology.'*’

Glycerol, a major byproduct of a biodiesel and biomass
refinery, can be partially oxidized to glyceric acid, dihydrox-
yacetone, glyceraldehyde, and formic acid through electro-
chemistry.”™* Glucose is widely available from the food
industry, and electrocatalytic oxidation can convert glucose
to formic acid, glucaric acid, and gluconic acid.'® Additionally,
glucose can be readily hydrolyzed to the platform molecule
hydroxymethylfuran under acidic conditions. 2,5-Difurandicar-
boxylic acid, a potential excipient in plastics, can be derived
from hydroxymethylfuran via partial oxidation."*® The major
challenge of biomass partial oxidation is the desired pathway
that prevents the reactant from being fully oxidized to CO,.
However, there are still challenges in biomass electrochemical
partial oxidation. The product distribution has been found to
be significantly affected by the catalyst type'*® and
morphology,'*’ electrolyte, and pH;'** thus, achieving a high
Faradaic efficiency toward a certain product and preventing full
oxidation to CO, requires more insight into the reaction
mechanism.

The large-scale implementation of electrochemical manu-
facturing in the chemical industry emphasizes the need to
explore novel electrochemical approaches. The ideal reactions
suitable for electrochemical manufacturing should have the
following advantages: high Faradaic efliciency toward the
target product, low overpotential, minimal separation cost,
dispatchable and storable product, etc. The target product is
expected to be a commodity chemical with a high carbon
footprint that can significantly reduce carbon emissions or
high-value-added specialty chemicals with high economic
feasibility. The broad implementation of electrochemical
manufacturing into the chemical industry requires an
investigation of novel electrochemical reactions, representing
a revolutionary technique to transform the energy system from
fossil fuel to renewable energy and decarbonize society.

On consideration of the market size of commodity
chemicals, increasing the penetration of electrochemical
manufacturing into the existing market would accelerate the
development of renewable energy.'*” The global renewable
electricity generation was estimated to be 7444 TWh in
2020,"° and the utilization of renewable energy at a GW or
TW scale becomes an imminent requirement. If all the
emission-intensive chemicals were to be produced in an
electrochemical approach, the electricity consumed is
estimated to be enormous, given the massive market size of
the chemical industry. As shown in Figure 6b, the electricity
required for chemical production is calculated on the basis of
the global demand and electrolysis energy efliciency
(determined by the cell potential and Faradaic efficiency
reported in the literature; see detailed parameters in Table 1).
Ethylene and ammonia production alone take up 11800 and
11100 TWh of electricity, respectively, more than the
renewable electricity generated globally per year. On
consideration of the rapid development of renewable energy,
it is possible that renewable electricity will fulfill the energy
required for electrochemical manufacturing in the future and
the development of electrification in the chemical industry will
conversely stimulate the install capacity of renewable energy.

A technoeconomic assessment (TEA) is essential to evaluate
the economic feasibility of electrochemical processes. Several
parameters contribute to the production cost, including
electrolyzer performance (cell potential, Faradaic efficiency,
operating current density), single-pass conversion, feedstock
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Table 1. Global Demand and Electrolyzer Performance of
Commodity Chemicals

global demand” cell voltage  Faradaic efficiency

chemical (MT/yr) V) (%)
ammonia 235.4 57 697
nitric acid 62.2 284 10%*
urea 2182 1.63%* 8.92%*
ethylene glycol 42 L6 60"
ethylene oxide 20 2.7'%? 71'%?
ethylene 175 59" 70"
ethanol 142 43" 60"
carbon 150 43" 952
monoxide
formic acid 0.66 338 85"

“Cell voltages of nitric acid, urea, and ethylene glycol electrosynthesis
have not been reported. The full cell potential is calculated on the
basis of half-cell potential assuming that the potential of the oxygen
evolution reaction is 1.23 V. ®Global demands are taken from ref 13
and online resources (Statista and Trammo).

price, electrolyzer configuration, stack price, membrane
electrode assembly (MEA) replacement interval, etc.' It is
crucial to retrieve the as-mentioned parameters as a baseline
from research at an industrial-level current density (>100 mA
cm™2) for a rational evaluation. However, the demonstration of
electrosynthesis at a high current density is limited among
chemicals with high carbon footprints, as seen in Figure 6b.
Only CO,-derived products, including carbon monoxide,
formic acid, ethylene, ethanol, etc., have been implemented
at a high current density (>100 mA cm™2). Herein, we use
CO, electrolysis as an example to discuss how the electricity
price will affect the production cost and to what extent will the
electrochemical route will be competitive with traditional
manufacturing methods. In a recent technoeconomic assess-
ment of CO, electrolysis, the dependence of production cost
on electricity price was investigated by a single-variable
sensitivity analysis.'

Figure 6¢ summaries the projected production cost of
carbon monoxide, formic acid, ethanol, and ethylene from CO,
electrolysis with electricity prices ranging from USD 0.01 to
USD 0.0S. In comparison with the current market price, CO,
electrolysis to C; products (i.e, CO and formic acid) can
potentially be cost competitive with conventional routes.
Ethylene and ethanol production consume 6 times more
electrons in comparison to CO and formic acid, resulting in a
significant sensitivity to the price of electricity. With ethylene
as an example, a TEA study illustrated the sensitivity of
production cost to multiple variables and how process
optimization could bring down the cost toward the market
price’ (Figure 6d). A substantial improvement in cell
performance (i.e., 85% ethylene Faradaic efficiency and 50%
energy efficiency at 1 A cm™?) is required to reduce the cost by
33%. A lower electricity price of USD 0.01 kW h™' plays a
crucial role in reducing the cost by another 24%. Improve-
ments in electrolyzers such as the development of a
nonprecious material for the anode and enhancement of the
membrane electrode assembly stability enables additional
deduction of stack cost. The production cost can be further
lowered on considering economic factors such as carbon tax
credit, profit from selling hydrogen ,and coproduction of
chemicals at the anode (i.e., biomass partial oxidation). A
competitive target price of 430 USD MT™' can be achieved
after appreciable improvement. A comprehensive technoeco-
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nomic assessment can evaluate the economic feasibility and
provide guidelines to prioritize system development; however,
baseline parameters from fundamental research at an
industrially relevant current density is needed for a reasonable
evaluation.

Comprehensive life cycle assessments (LCA) are necessary
to analyze the cradle to gate global warming effects of the
alternative electrochemical manufacturing routes. LCA assesses
the material and energy consumption at different stages of the
process, from the extraction of the raw material, over the
manufacturing process, to distribution and utilization, and thus
identifies the potential environmental emission over the entire
life cycle. Cradle to gate CO, emissions calculated by LCA and
the net carbon emission determined by the local carbon
balance (LCB) are necessary, as the renewable electricity share
in the electricity grid considerably influences the net carbon
emission.® It is imperative that these processes are operated
using mostly green electricity, as recent LCAs have found that
without utilization of >90% green electricity electrochemical
processes still suffer from significant greenhouse gas emissions.
On the basis of recent reports, it is projected that 80% of US
electricity demands will be met using renewable electricity by
2050, demonstrating the ability to rapidly expand renewable
electrical capacity. Therefore, it can be projected that in the
next 30 years these processes can become net-neutral in
greenhouse gas emissions, with net-negative greenhouse gas
emissions beginning in S0 years. Quantitative investigation of
the emerging electrochemical methodologies would be helpful
to understand the net reduction of CO, emission from a life
cycle perspective relative to the current industry and pinpoint
the most promising alternative approach that can be achieved
through electrification.

In this Perspective, we analyze the state of the art progress of
electrochemical production in the three most emission
intensive areas: petrochemical production, nitrogen compound
production, and metal smelting. Then we assess the
fundamental hurdles in translating the electrochemical method
from a laboratory scale to industrial production from a
chemistry and engineering standpoint. Electrolysis energy
efficiency, mass transport limits, reactant/product solubility,
electrode stability, and ion conductivity are among the primary
problems. Faced with these scaling issues, we highlight the
importance of catalyst development and novel reactor design
as a possible way to improve electrochemical synthesis
processes. Finally, the possibilities for using electrosynthesis
to reduce CO, emissions in the chemical sector are examined,
with a special emphasis on the electrochemical production of
high-demand commodity compounds with large CO, foot-
prints. The widespread adoption of electrochemical manufac-
turing in the chemical industry necessitates research from the
laboratory scale to the industrial level to shift the energy
system away from fossil fuels and decarbonize society.
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