Annu. Rev. Chem. Biomol. Eng. 2023.14. Downloaded from www.annualreviews.org
Access provided by New York University - Bobst Library on 03/30/23. For personal use only.

CHI14CHO09_Modestino ARjats.cls March 7,2023

"\ ANNUAL
f\ ¥l REVIEWS

Annu. Rev. Chem. Biomol. Eng. 2023. 14:9.1-9.24

The Annual Review of Chemical and Biomolecular
Engineering is online at chembioeng.annualreviews.org

https://doi.org/10.1146/annurev-chembioeng-
101121-090840

Copyright © 2023 by the author(s).
All rights reserved

12:25

Annual Review of Chemical and Biomolecular
Engineering

Ricardo Mathison, Alexandra L. Ramos Figueroa,
Casey Bloomquist, and Miguel A. Modestino

Department of Chemical and Biomolecular Engineering, New York University, Brooklyn,
New York, USA; email: mathison@nyu.edu, arf426@nyu.edu, bloomquist@nyu.edu,
modestino@nyu.edu

Keywords

organic electrosynthesis, electrochemistry, chemical manufacturing,
electrification, decarbonization

Abstract

Electrochemical synthesis of organic chemical commodities provides an al-
ternative to conventional thermochemical manufacturing and enables the
direct use of renewable electricity to reduce greenhouse gas emissions from
the chemical industry. We discuss electrochemical synthesis approaches that
use abundant carbon feedstocks for the production of the largest petro-
chemical precursors and basic organic chemical products: light olefins, olefin
oxidation derivatives, aromatics, and methanol. First, we identify feasible
routes for the electrochemical production of each commodity while con-
sidering the reaction thermodynamics, available feedstocks, and competing
thermochemical processes. Next, we summarize successful catalysis and re-
action engineering approaches to overcome technological challenges that
prevent electrochemical routes from operating at high production rates, se-
lectivity, stability, and energy conversion efficiency. Finally, we provide an
outlook on the strategies that must be implemented to achieve large-scale
electrochemical manufacturing of major organic chemical commodities.

9.1


mailto:mathison@nyu.edu
mailto:arf426@nyu.edu
mailto:bloomquist@nyu.edu
mailto:modestino@nyu.edu
https://doi.org/10.1146/annurev-chembioeng-101121-090840

Annu. Rev. Chem. Biomol. Eng. 2023.14. Downloaded from www.annualreviews.org
Access provided by New York University - Bobst Library on 03/30/23. For personal use only.

CHI14CHO09_Modestino

ARjats.cls

9.2

March 7,2023 12:25

INTRODUCTION

The chemical manufacturing sector accounts for approximately 5% of the primary energy use
in the United States (4,842 TBTU in 2018) and 5% of greenhouse gas (GHG) emissions (332
MMT CO; equivalents) (1). Emissions from this sector arise primarily from the use of fossil fuel-
derived heat to drive thermochemical reaction and separation processes. An emerging strategy to
decarbonize chemical manufacturing involves the use of emissions-free electricity from wind, so-
lar, nuclear, or hydroelectrical power sources to drive these processes. This electrification strategy
can be achieved through a combination of approaches including plant retrofits to replace fossil
fuel combustion with electrical heating and electrolytic hydrogen combustion (2). These short-
term approaches could achieve decarbonization of on-site chemical plant operations but likely
would not improve the efficiency of state-of-the-art thermal processes. Long-term electrification
strategies based on emerging electrochemical manufacturing technologies can provide additional
benefits over thermal processes (3-7), but these technologies are at an early stage of development.
Potential benefits from electrochemical manufacturing technologies include (#) precise control
of selectivity via potential modulation, (b) operation at mild temperatures and pressures, (¢) easy
usage of distributed renewable chemical feedstocks due to the modular nature of electrochemical
reactors, (4) minimized chemical waste by avoiding the need for chemical oxidants or reducing
reagents, and (e) the ability to perform coupled oxidation and reduction reactions in a single re-
actor. Substantial advances from research and development are required to benefit from these
potential advantages at the scales required for chemical manufacturing.

We review the state of the art of electrochemical approaches to produce the largest petro-
chemical precursors and basic organic chemical products: light olefins, olefin oxidation derivatives,
aromatics, and methanol (Figure 1). These product classes account for a substantial fraction of
the energy utilization in the chemical industry (37% of on-site energy consumption in the United
States in 2015) (8), and decarbonizing their production will have a significant impact on GHG
emissions. While this review focuses on organic chemical commodities with viable electrochem-
ical production routes, other product classes with a significant carbon footprint will also need to
be decarbonized to achieve carbon neutrality in the chemical industry (e.g., ammonia, ethanol,
inorganic basic chemicals). Throughout this review, we emphasize electrochemical routes that
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Electrochemical production of high-environmental impact organic chemicals from inexpensive carbon
feedstocks that act as precursors to ubiquitous consumer products.
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use abundant carbon feedstocks, such as CO,, biomass, and natural gas, and highlight the re-
search developments required to enable practical deployment of electrochemical manufacturing
technologies at scale.

ELECTROCHEMICAL ETHYLENE PRODUCTION

Ethylene is the largest chemical commodity produced in industry. Steam cracking, the most com-
mon method for ethylene production, is the most energy-intensive petrochemical process (9).
GHG emissions from ethylene production are estimated to be 1.135 and 0.840 kg of CO,/kg
ethylene for steam cracking of naphtha and ethane, respectively (10). Approximately 90% of these
emissions are linked to the energy requirements of the endothermic reactions involved (9). In
addition, a substantial source of GHG emissions for the thermochemical production of ethylene
comes from the energy requirement in the downstream paraffin—olefin separations. Below, we
describe alternative electrochemical routes to generate ethylene.

CO;, to Ethylene

Low-temperature CO; electroreduction to ethylene is the most-studied electrochemical ethylene
production route. This section summarizes important advances in the understanding and practical
implementation of the CO; reduction reaction (CO,RR), and the reader is referred to recent
reviews on the topic for an in-depth assessment of the field (11-14). Under standard conditions,
the reduction of CO; to ethylene requires a minimum change of Gibbs free energy of AGy,° =
1,331 kJ/mol C;H, (Equation 1) and a total of 12 electron-transfer steps:

2C02 + ZHzo — C2H4 =+ 302, Aern = 1,331 kj/molC2H4 1.

Hori et al. (15) initially explored the activity of different metal electrocatalysts and demon-
strated the ability of Cu to reduce CO, to ethylene and other products that require more than
two electron transfers at high Faradaic efficiencies (FE)—a finding that has been corroborated by
several studies (16-19). The exceptional activity of Cu toward the reduction of CO, to C,, prod-
ucts, such as ethylene, arises from its unique ability to balance the binding energies of CO,RR
and hydrogen evolution reaction (HER) intermediates. Bagger et al. (20) classified several metals
based on their CO,RR activity and established that Cu was the only electrocatalyst with a neg-
ative adsorption energy for adsorbed CO (*CO) and a positive adsorption energy for adsorbed
hydrogen (*H), as shown in Figure 24. The strong *CO adsorption energy promotes CO,RR to
ethylene, as the dimerization of *CO to *C,0; is believed to be the rate-determining step (21)
(Figure 3). Also, the relatively weak adsorption of *H suppresses the competing HER rates.

Given that CO,RR performance is highly dependent on the balance of adsorption energies of
intermediates, the research community has explored multimetallic electrocatalysts to modulate
surface energy profiles (22, 23). Although this is a promising research direction, to date, there
have been no demonstrations of multimetallic catalysts that outperform the intrinsic activity of
Cu toward ethylene production (11, 24). An alternative strategy to enhance ethylene selectivity is
to modulate the electrocatalyst microenvironment (e.g., concentration, size, and polarity of sup-
porting ions; modification of electrode surfaces with organic thin films; and modulation of local
pH) to control the concentration of reactive species and intermediates at the electrode—electrolyte
interface. Using large supporting cations (e.g., Cs*) (25) and maintaining a local alkaline pH
near the catalysts lead to an increased selectivity toward C, products (26, 27). Incorporating
organic films, such as ion-conducting polymer films (ionomers), can help control local solubility
of CO,; transport properties of reactants, products, and intermediates; and maintain local alkaline
pH profiles that are favorable for ethylene production (28-30). For example, Chen et al. (28)
introduced polymer thin films at the interface of the Cu electrode and demonstrated ethylene FE
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Recent discoveries and advances in CO; electroreduction to ethylene. (#) CO; reduction metal classification based on their hydrogen
and CO adsorption energy. Panel adapted with permission from Reference 20; copyright 2017 John Wiley and Sons. (#) Schematic
illustration of enhanced CO;RR using ionomers. Bilayer CEI and AEI coatings and dosing of potential via pulsed electrolysis are
responsible for maintaining high local concentration of CO; and OH™ ions. Panel adapted with permission from Reference 30.

(¢) Schematic of the CIBH. Metal catalyst is deposited onto a PTFE hydrophobic fiber support that promotes gas transport, whereas
water and ion transport are facilitated by the hydrophilic ionomer. Panel adapted with permission from Reference 36. Abbreviations:
AEI, anion-exchange ionomer; CEI, cation-exchange ionomer; CIBH, catalyst:ionomer bulk heterojunction; CO,RR, CO; reduction
reaction; PTFE, polytetrafluoroethylene.
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of up to 87% at —0.47 V. Li et al. (29) studied a broad library of polymeric thin films derived from
N-arylpyridinium and demonstrated that increasing the number of nitrogen sites stabilized *CO
on the Cu surface, resulting in an ethylene FE of up to 72%. Kim et al. (30) conducted studies on
electrodes modified with bilayer cation— and anion—exchanged ionomer coatings (CEI and AEI,
respectively). Under this configuration, the AEI layer increased local pH at the interface with
the catalyst, whereas the CEI layer prevented the migration of OH™ ions from the AEI-catalyst
interface to the bulk, supporting a stable alkaline environment near the electrode, as depicted in
Figure 2b. Furthermore, dynamic dosing of potential via pulsed electrolysis maintained a high
concentration of CO, and OH™ ions at the catalyst interface, enhancing C,; FE up to 89%
from 78% for static electrolysis (31). These results demonstrate the importance of regulating
microenvironments around the electrocatalysts to control ethylene selectivity.

Implementing the catalytic CO, electroreduction advances in scalable devices requires the
operation of electrochemical cells at high current densities and over extended periods of time.
Strategies to improve the production rate of such devices include nanostructuring electrodes to
increase their electrochemically active surface area (ECSA) and increasing the flux of CO; to
the surface of the catalyst to mitigate mass transport limitations (32). Given the low solubility of
CO; in electrolytes, the behavior of CO,RR cells at high current densities depends greatly on
the interplay between CO; mass transport rates and intrinsic CO,RR kinetics (11). To achieve
high ethylene production rates, the ECSA of the electrodes should be designed to achieve high
CO;RR current densities at overpotentials that promote ethylene formation (usually in the range
of 0.9-1.1 V for planar electrodes), rather than other products (e.g., hydrogen, methane, CO,
or formate). One of the largest challenges at high current densities is maintaining a sufficiently
high flux of CO; to the electrode surface to mitigate mass transport limitations. Also of note,
the higher desirable current densities increase the proton reduction rate, thus raising the local
pH at the electrode—electrolyte interface, promoting ethylene formation, and suppressing HER
(33). Strategies that increase mixing between CO, streams and electrolytes can increase the rate
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Figure 3

Proposed reaction mechanism for the electrocatalytic reduction of CO; and CO to ethylene on transition
metals catalysts. Figure adapted with permission from Reference 21; copyright 2015 American Chemical
Society.

of CO;RR, circumventing mass transport limitations (34). The implementation of gas diffusion
electrodes (GDEs) to control the three-phase interface between CO;, Cu, and electrolyte can
substantially enhance the CO, mass transport rates and maximize the ECSA (35). GDE-based
flow devices composed of catalyst/ionomer bulk heterojunctions (Figure 2¢) have demonstrated
>65% ethylene FE (36). These devices operate stably for more than 60 h at commercially relevant
current densities (i.e., >1 A cm~?). These recent demonstrations were possible due to the accel-
erated advances in CO, electroreduction over the past decade and have opened up opportunities
to develop scale-up strategies for electrochemical ethylene production systems.

CO to Ethylene

CO electroreduction is a promising electrochemical route to produce ethylene at high production
rates (Equation 2):
2CO+2H20 ad C2H4+202, Aern =817 k]/mol C2H4. 2.

The CO reduction reaction (CORR) has several advantages over CO,RR due to the different
behavior of CO and CO; in aqueous electrolytes. Whereas CO, readily forms inactive carbonates
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in alkaline media, CO is stable under such conditions (37). This allows CORR to take place at high
pH, promoting ethylene formation and suppressing HER (38). Additionally, whereas CO,RR to
ethylene requires 12 electron transfer steps, CORR requires only 8 steps. The use of CO also
avoids the formation of formic acid, a CO,RR product that requires only 2 electron transfers and
substantially lowers the selectivity to Cy; products (39).

As with CO;RR, Cu has an exceptional ability to reduce CO to C,; products such as ethylene.
This is because the adsorption of *CO in the electrocatalyst surface is a critical step in the pro-
duction of ethylene from both CO and CO; (26, 40), and the proposed mechanism depicted in
Figure 3 follows a similar path to CO,RR once CO is adsorbed on the surface. Hori et al. (27)
reported the first demonstration of CORR toward ethylene at high current densities (i.e., >1 mA
cm™2). Subsequent studies focused on understanding the product distribution and reaction mech-
anisms at relatively low current densities (41, 42). These studies, performed in liquid cells, were
limited by the poor solubility of CO in aqueous electrolyte. To circumvent this transport limita-
tion, recent studies have implemented GDEs for CORR to enhance the rates of CO transport to
the electrocatalyst—electrolyte interface. Han et al. (43) reported one of the first high—current
density demonstrations of CORR on GDEs, achieving an ethylene partial current density of
50.8 mA cm™. Further studies led to improved performance, with a recent demonstration of a flow
GDE-based device with 72% ethylene FE at a current density >800 mA cm~ from a feed stream
containing 10% CO in N; (44). This study found that maintaining an intermediate concentration
of CO in the feed stream was important to achieve high ethylene FE, because high availability
of CO promoted the formation of oxygenated products (i.e., ethanol, acetate, and 1-propanol),
whereas low availability of CO promoted HER.

Given the advantages of CORR over CO;RR for electrochemical production of ethylene, a
two-step system in which CO; gets converted to CO and CO is subsequently reduced to multi-
carbon products may provide a more efficient route to ethylene. Recent studies have demonstrated
sequential cascade CO; reduction using solid-electrolysis cells (45), GDEs (46), and continuous
flow reactors (47) for the CO; reduction-to—CO step. Romero Cuellar et al. (46) achieved a 62%
total FE for multicarbon products at 300 mA cm™ using an Ag GDE in the first step and Cu
nanoparticles on a carbon-based diffusion structure to obtain C, products from CO. In cascade
reactor designs, the unreacted CO, from the first step of the process competes with CO in the
second step and must be separated to achieve higher efficiencies.

Light Alkanes to Ethylene

An alternative for ethylene production is to use light hydrocarbons as chemical feedstocks and
generate olefins via electrocatalytic dehydrogenation (EDH). Methane and ethane EDH is an ad-
vantageous route to ethylene production, compared to CO, and CO electroreduction, due to the
abundance and low cost of the feedstocks and the lower thermodynamic energy barrier for the
transformation. Additionally, methane and ethane EDH may release hydrogen as a reduction co-
product (Equations 3 and 5), or the reaction can be coupled with oxygen reduction in the cathode
to further reduce the energy requirement, leading to an exergonic reaction (Equations 4 and 6).
In both cases, the required energy input is substantially smaller than the CO; and CO reduction
reactions discussed in the previous sections.

CHs — CHy +Hy,  AGuy = 100 k] /mol C,H;. 3.
CoHs + 150, — CoHy + H,0,  AGuy = —137 kJ/mol C,Hs. 4,
2CH,; — G Hy + 21, AGy, = 169 k] /mol C,H;. 5.
2CH, + 05 — CyHy 42,0, AGu = —305 kJ/mol C,H,. 6.

Mathison et al.
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Schematic of the production of ethylene in a solid-oxide electrochemical cell. Protons are transferred from
the anode through the perovskite electrolyte membrane to the cathode where Hy is produced. Figure
adapted with permission from Reference 57.

A few demonstrations of light hydrocarbon EDH in solid-oxide electrochemical cells (SOECs)
have been reported (48). These involve the dehydrogenation of ethane to ethylene in protonic
SOECs (49, 50), where ethane C-H bonds are cleaved in an electrocatalytic layer and released
protons migrate through a ceramic conductor [e.g., perovskite proton-conducting oxides, such
as BaZrg1Cep7Y0203-5 (BZCY)] to the cathodic side of the cell, where they can be reduced to
H, (Figure 4) or recombine with an oxidant (e.g., CO, or O,). Alternatively, hydrocarbons can
undergo oxidative dehydrogenation in an oxygen ion-conducting electrolyte where oxide ions
(O*7) are generated on the cathode catalyst and transported to the anode surface through a dense
solid oxide electrolyte to react with alkanes to generate olefins and water (51). The advantages
of these electrocatalytic processes over the thermo-catalytic dehydrogenation and oxidative dehy-
drogenation are that (#) the presence of oxide ions in the reaction chamber lifts the thermodynamic
limitation of the direct dehydrogenation; (b)) hydrocarbons and gas-phase oxygen never come in
contact with each other, hence reducing the possibility of further oxidation to CO; (¢) oxide ions
help to gasify/oxidize any carbonaceous species that may deposit on the anode catalyst surface and
cause deactivation (e.g., via coking); and (d) the surface properties of the anode materials can be
tuned to enhance desorption of olefins before they encounter oxygen ions (52).

Oxygen ion—conducting electrolyte cells contain a solid oxide electrolyte sandwiched between
the catalytic anodic and cathodic layers that serve as electrodes. The solid electrolyte should have
a high oxygen ion conductivity but low electrical conductivity (53). The most commonly used
material for oxygen ion—conducting electrolytes is zirconia doped with larger cations (e.g., yttria-
stabilized zirconia), which exhibits high ionic conductivity at moderate and high temperatures
(600-1,000°C) (54).

Proton-conducting ceramics have several advantages over oxygen ion—conducting ceramics.
The smaller size of the protonic charge carrier leads to a larger ionic conductivity, which
drives better performance at lower operating temperatures (450-600°C) (55). Additionally,
proton-conducting ceramics exhibit reliable performance and durability when exposed to a broad
range of hydrocarbon fuels (56). The most ubiquitous proton-conducting ceramics are ABO;
perovskites based on Ba, Ce, and Zr, where Ba occupies the A site and Ce and/or Zr occupy the B
site in these structures (55). Out of these ceramics, BCZYYb was demonstrated to achieve a high
ionic conductivity (6.2 107 S cm™!) at low operating temperature (400°C) and close to 100%
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selectivity toward ethylene via ethane deprotonation at a constant current density of 1 A cm™
(57). This study was followed by a detailed process simulation using Aspen Plus software, in
which low-temperature electrochemical nonoxidative deprotonation of ethane was shown to be
economically and environmentally superior to steam cracking (58).

Electrocatalysts are integrated directly with SOEC cells to promote ethylene production.
Zhu et al. (48) classified electrocatalysts for protonic SOECs into three categories: (#) metals,
(») nanocomposites of transition metals and oxides, and (¢) transition-metal alloy nanoparticles.
Metals (e.g., Pt, Ni) often show a high activity toward C-H bond activation (48), but they of-
ten lead to carbon deposition from further alkane dehydrogenation. In contrast, nanocomposites
of transition metals and oxides block undesired side reactions, such as coke formation or ethane
isomerization, leading to stabler and more efficient ethylene synthesis. Some common examples
of these catalysts are Co-Cr,03, Cu-Cr,; O3, and FeCr, 04, which are highly resistant to coking
even at high temperatures and still exhibit ethylene selectivity of >90% (59). Lastly, transition
alloy nanoparticles could balance absorption energies of reaction intermediates and, in this way,
control product selectivity. For example, EDH demonstrations with Nig s Cug 5 alloy nanoparticles
have led to >75% ethane conversion and 100% ethylene selectivity at 0.8 V (50).

Electrocatalysts for oxygen ion—conducting electrolytes are classified into two types: (#) multi-
functional oxide materials and (§) perovskite doping metal or metal oxides. Multifunctional oxide
materials commonly have Mn and W as host oxides and include dopants that enhance ethylene
selectivity and/or catalyst activity due to morphological alterations (60). Alternatively, perovskites
doped with metal or metal oxides (e.g., Fe/Ag or Al;O3) show robust metal-oxide interface interac-
tions that improve active oxygen transfer. For example, Zhu et al. (51) implemented an oxygen ion
SOEC for methane oxidation using a Sr;Fe; 575Mo05Og_s catalyst and achieved a C; selectivity
of 82.2% with no degradation after 100 h of operation at high temperatures (850°C).

Evidence in the literature indicates that both methane and ethane can be electrochemically
oxidized to ethylene using SOECs. Methane presents an advantage over ethane because itis a more
abundant and less expensive feedstock. However, methane generally exhibits a lower conversion
toward ethylene, compared to ethane, due to its stronger C-H bonds, which require a higher
operating temperature. Additionally, methane requires appropriate catalytic sites for successful
C-C coupling from adsorbed *CHj species that are generated.

Biomass-Derived Carboxylic Acids to Olefins

Renewable biomass feedstocks can lower the sector’s dependence on fossil-derived chemical
feedstocks. There are several ways that biomass can be converted into chemicals, including chemo-
catalytic, enzymatic, and thermochemical reactions (61), but the conventional methods often
include temperatures well above 100°C and harsh oxidizing and reducing agents. Alternatively,
biomass can be transformed electrocatalytically under mild operating conditions (ambient tem-
perature and pressure) with water as a solvent and hydrogen source, thus enabling the use of
renewable electricity sources in chemical manufacturing (62).

Lignocellulosic biomass is a sustainable feedstock for synthesis of renewable carboxylic acids
(63). Electro-decarboxylation of these organic acids has been studied for more than a century,
beginning with Hermann Kolbe’s identification of the formation of alkanes and CO, from
carboxylic acids. Since then, multiple electro-decarboxylation routes to produce paraffins, olefins,
and alcohols have been described (64, 65). The electro-decarboxylation of carboxylic acids
follows three distinct pathways (66): Kolbe electrolysis, non-Kolbe electrolysis, and esterification
and deep oxidation, as illustrated in Figure 5. Each pathway begins with the deprotonation of
the carboxylic acid and subsequent electron transfer from the carboxylate to the anode, with
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Reaction mechanism for the formation of Kolbe products, non-Kolbe products, esters, and deep oxidation
products. Figure adapted with permission from Reference 67.

simultaneous decarboxylation. This set of reactions leads to the formation of an alkyl radical
and CO,. The alkyl radical can then undergo Kolbe electrolysis through dimerization of two
radicals into a longer-chain alkane, or disproportionation to a short alkane and a short alkene.
Alternatively, the alkyl radical can form non-Kolbe products by undergoing further oxidation to
form a carbocation, which, following deprotonation, can form an alkene (Equations 7 and 8) or
react with water to form an alcohol via the Hofer-Moest reaction:

C;HO, —» C,Hy + CO; + Hy, AGrxn = -35 kJ/IIlOl C,Hy. 7.

C4H802 — CgH(, + COZ + Hz, AGrxn = —49 k]/mol C3H(,. 8.

The alcohols can further react with a carboxylic acid to produce the esterification product, or
they can be further oxidized to deep oxidation products such as ketones, aldehydes, or carboxylic
acids (67). This mechanism applies to a broad range of carboxylic acids substituted with different
functional groups and varying chain lengths. The non-Kolbe products of aliphatic acids have one
fewer carbon than the starting molecule due to decarboxylation at the beginning of the mechanism
(e.g., propionic acid yields ethylene, and butyric acid yields propylene).

The product distribution in (non-)Kolbe electrolysis is heavily influenced by the electrode,
electrolyte, and substrate structure. Platinum is the standard working electrode for Kolbe dimer-
ization and has a high resistance to electrochemical deactivation (61). In addition, dimerization
occurs only at high current densities, such that the electrode surface is sufficiently covered by the
carboxylate (68). Recent modeling studies have shown that the sluggish deprotonation of the acid
on Pt oxide under aqueous conditions results in high overpotentials for Kolbe products (69). In
contrast, non-Kolbe electrolysis and Hofer-Moest reactions are promoted at lower current den-
sities due to the formation of carbenium ions (70). For non-Kolbe reactions, the most common
working electrode is carbon, which is more likely to be deactivated at higher anodic potentials
due to decomposition (61). Pereira et al. (71) accomplished one prominent demonstration of the
synthesis of ethylene via non-Kolbe electrolysis, employing the electro-decarboxylation of a fer-
mentation broth, which contained propionic acid, using graphite as the working electrode at room
temperature. In their patent, the authors also demonstrated the non-Kolbe conversion of bu-
tyric acid into propionic acid using similar operating conditions, which emphasizes the analog
reaction mechanisms of (non-)Kolbe electrolysis for substrates of different chain lengths. Several
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studies have focused on the influence of the electrolyte composition on the product distribu-
tion. Methanol has been found to be the most appropriate solvent for non-Kolbe electrolysis, and
acidic pH values have been found to promote the formation of carbocations (72, 73). One of main
challenges with electro-decarboxylation of organic acids is that CO, is formed as a coproduct,
lowering the decarbonization potential unless this side product is captured and mitigated. Levy
et al. (74) proposed using H, (produced at the cathodic side) in fuel cells to recover part of the
energy consumed in the Kolbe electrolysis.

ELECTROCHEMICAL AROMATICS PRODUCTION

Benzene, toluene, and xylene (BTX) together form one of the most important aromatic build-
ing blocks of the chemical industry. BTX is produced predominantly via the catalytic reforming
of naphtha or hydrocarbon steam cracking (75, 76). Below, we describe alternative pathways to
produce aromatics through electrochemical approaches.

Methane to Benzene

Due to the growth in natural gas production (77), the conversion of light alkanes into
BTX has become increasingly desirable. An attractive catalytic route to produce aromatics is
through nonoxidative methane dehydroaromatization (MDA) (Equation 9), which enables direct
valorization of natural gas:

6CH4 — C6H6 + 9H2, Aern =425 kj/mol C2H4. 9.

The highly endothermic nature of the synthesis of benzene via MDA demands high tem-
peratures to achieve significant benzene yields (78). Recent simulation results revealed that the
maximum thermodynamically allowed conversion of methane toward benzene at 1,000°C is ap-
proximately 50% and that coke is the preferred product at this temperature (78). The challenge
of achieving high conversions underscores the need for selective catalysts that are stable at op-
erating temperatures and guarantee high yields to aromatics. To that end, MDA is performed
predominantly using molybdenum nanoclusters dispersed in ZSM-5 (shape-selective zeolite) as
the catalyst, which can produce high benzene selectivity at 600-800°C (79).

The MDA reaction faces two crucial obstacles for the reasons discussed above: (#) The reac-
tion is limited by its thermodynamic equilibrium, which is achieved at small methane conversion,
and (b) the formation of polyaromatic-type coke on the zeolite surface leads to catalyst deactiva-
tion (80, 81). Morejudo et al. (82) successfully tackled these challenges by implementing MDA
in an electrocatalytic membrane reaction that used a mixed proton and oxygen ion—conducting
SOEC for high and sustained aromatic yields (Figure 6). The membrane consisted of a dense
BaZr;;Cep1Y0.1029 (BZCY72) electrolyte film, which can conduct oxide ions at temperatures
above 700°C. Extraction of H, in situ led to a shift in the equilibrium in favor of aromatics forma-
tion, thus increasing the conversion of methane beyond what is dictated by the thermodynamic
equilibrium. Simultaneously, oxide ions were injected along the reactor length (proportional to
H, extraction), improving the catalyst stability by reacting with coke to form CO. This electro-
chemical process resulted in a carbon efficiency exceeding 80%, similar to the Fischer—Tropsch
process (82).

Biomass to Benzene, Toluene, and Xylene

An alternative electrochemical production route for aromatics is via the use of biomass feedstocks.
The main components of biomass are three polymers: cellulose (30-40 wt%), hemicellulose (20—
30 wt%), and lignin (10-25 wt%) (83). Cellulose and hemicellulose are commonly isolated and
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Catalytic membrane reactor for intensification of the methane dehydroaromatization process. The reactor is
driven by a tailored co-ionic membrane that enables fast and accurate extraction of H; and injection of
oxygen species for effective coke suppression. CHy is converted to benzene and hydrogen via a Mo/zeolite
catalyst. Figure adapted with permission from Reference 82.

treated through established methods such as gasification for syngas or fermentation for cellulosic
ethanol (84). Lignin is the most energy- and carbon-rich component of biomass and is the largest
source of renewable aromatic compounds (85). Nevertheless, due to its complex chemical structure
and resistance to degradation, lignin is usually burned for waste heat generation without deriving
additional value (86). To valorize lignin, it needs to be depolymerized into smaller molecules for
fuel or chemical production. Depolymerization can be carried out via homogeneous and hetero-
geneous catalytic routes, often requiring operating temperatures above 100°C (87). Alternatively,
electrochemical lignin conversion and upgrading to high-value chemicals have been explored and
summarized thoroughly in recent reviews (84, 88, 89). Lignin is a complex mixture of aromatic
polymers produced from the oxidative coupling of three main 4-hydroxyphenylpropanoid mono-
lignols, commonly referred to as p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units (90).
Studies have found that monolignol precursors polymerize at the p or o position of the side chain
to form linkages such as B-O-4, a-O-4, and -5, as shown in Figure 7 (91). The most common
linkage is p-O-4, which, along with other ethers, represents two-thirds of lignin linkages, the re-
mainder of which are made up of C-C bonded monolignols (85). Previous studies have focused
on the selective electrochemical cleavage of dimers and oligomers as model compounds. An early
study by Mahdavi et al. (92) optimized the degradation of a-O-4 linkages through electrocatalytic
hydrogenation using a Raney®-nickel electrode in aqueous ethanol, obtaining current efficiencies
up to 80% and paving the way for more studies on hydrogenolysis of C-O linkages. Wu et al. (93)
studied the cleavage of f-O-4, a-O-4, and 4-O-5 model compounds and showed that the addition
of sodium borohydride promotes conversion toward aromatic monomers, resulting in a yield of
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more than 90% for benzene and toluene. More recently, Lan et al. (94) demonstrated the electro-
catalytic degradation of cornstalk lignin in basic aqueous liquor, using a current density of 30 mA
cm~? for 10 h and producing high-value chemicals such as toluene and ortho- and meta-xylene
(36.1,14.4,and 11.7 g/kg lignin). Although literature results show that electrochemically breaking
ether bonds in dimeric models of lignin is feasible, lignin’s complex and irregular nature makes
its degradation into aromatic monomers a challenging task. To circumvent these barriers, further
developments are needed to address the low solubility of lignin in electrolytes, identify alterna-
tive oxidation routes for its cleavage, and separate the desired product from the many products
expected from electrochemical depolymerization.

ELECTROCHEMICAL PRODUCTION OF OLEFIN
OXIDATION DERIVATIVES

Ethylene and propylene can be partially oxidized to produce high-value chemicals such as
epoxides, alcohols, aldehydes, and acids. These important chemical commodities are currently
produced via thermochemical routes, but emerging electrochemical pathways can enable their
direct electrification.

Ethylene Oxidation Products

The most important product of ethylene oxidation is ethylene oxide, which is a precursor to
ethylene glycol. Ethylene oxide is produced primarily by ethylene thermal epoxidation on silver
catalysts (95), a process that is carried out at temperatures above 200°C and leads to a selectivity of
up to 90% (96). The main competing reaction in this process is the overoxidation of ethylene to
CO;. Alternatively, ethylene can be oxidized electrochemically to produce ethylene oxide under
ambient conditions (Equation 10):

C,H; + H,O0 - CH,CH,0 + H,, AG, =117 kJ/mol CH,CH,O (ethyleneoxide). 10.
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Early studies on ethylene electrochemical oxidation showed CO, as the main product on Pt,
Ir, and Rh, whereas aldehydes were predominant by-products on Au and Pd (97). An approach
to increase the epoxide selectivity is to use halide ions as redox mediators. These ions can be
electrochemically oxidized to halogens, which then react with alkenes to form chlorohydrins that
can further undergo an intramolecular reaction under alkaline conditions to generate epoxides.
This indirect route has been explored using RuO; and RugsCoy,0; electrodes, where a grad-
ual increase of chloride ion concentration inhibited CO, formation and enabled ethylene oxide
production (98). Supported by density functional theory calculations, it is hypothesized that CI-
can act as a surface blocking agent that inhibits the olefin overoxidation pathway. A more recent
study employed nanostructured Pd as the anode for ethylene oxidation with chloride as a redox
mediator (99). The large surface area of these nanostructured Pd electrodes led to an increase in
electrode—electrolyte interface, resulting in remarkably high current densities of up to 1 A cm™?,
FE up to 71% toward ethylene oxide, and stable operation over >100 h. This pathway to ethylene
oxide was integrated with CO, electrolyzers, whereby COs; is initially reduced to ethylene and
the product mixture is fed directly to the anolyte of an ethylene oxidation reactor without further
purification (100). The integrated CO,—to—ethylene oxide system resulted in a 45% FE toward
ethylene oxide at 300 mA cm~2. Further optimization, aided by multiscale simulations of these
integrated processes, is required to achieve a commercially viable process, but these early demon-
strations present a promising path for industrial electrochemical production of ethylene oxide. An
alternative method to electrochemical epoxidation of alkenes is to use water as the oxygen atom
source (101). In this approach, manganese oxide nanoparticles were deposited on carbon anodes
and were responsible for the epoxidation of cyclooctene, as a model alkene, with >30% FE. This
demonstration provides a path to direct olefin epoxidation without the use of redox mediators,
further simplifying the implementation of electrochemical manufacturing methods.

Approximately 60% of ethylene oxide production is hydrolyzed into ethylene glycol, which is
then used in the production of antifreeze and polyester fibers (102). This hydrolysis reaction does
not involve an electron transfer step; thus, electrifying it via electrochemistry is not feasible (103,
104). Alternatively, ethylene glycol may be produced directly from ethylene following a one-step
electrochemical oxidation in aqueous media (Equation 11):

C2H4 + ZHzo — HOCHchon + Hz,

AGyy, = 98 kJ/mol HOCH,CH,OH (ethyleneglycol). 11.

Computational studies suggest that an Au-doped Pd electrocatalyst would aid in the transfer of
OH to *C,H4OH to form ethylene glycol at the electrocatalyst surface (105). Experimental results
of such a process showed an 80% FE at 5.7 mA em~? for 100 h, which is a favorable starting point
for the development of a high-performing ethylene glycol electrosynthesis process.

Propylene Oxidation Products

Propylene electrooxidation follows a similar reaction pathway to ethylene due to the common
vinyl group. Oxidation of the double bond in propylene leads to propylene oxide, which in the
presence of water hydrolyzes to propylene glycol (Equations 12 and 13):

C;Hg + H,O - CH,CHOCH; + H,, AG;y, = 124 kJ/mol CH,CHOCH; (propyleneoxide).
12.

C;Hg + 2H,0 — CH,OHCHOHCH; + H,,
AGiy, = 110 kJ/mol CH,OHCHOHCH; (propyleneglycol). 13.
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In addition, propylene can undergo oxidation on the carbon at the allylic position, leading to
allyl alcohol (Equation 14), acrolein (Equation 15), and acrylic acid (Equation 16):

C3H5 + HzO — CHZ CHCHzOH + Hz, AGrm =100 k_]/mol CHZ CHCHzOH (allylalcohol).
14.

C3Hy + 1,0 — CH,CHCHO + 2H,, AGyy = 138 kJ/mol CH,CHCHO (acrolein).  15.

CsHg + 2H,0 — CH,CHCOOH + 3H,, AGyy, = 209 kJ/mol CH,CHCOOH (acrylicacid).
16.

Current thermochemical methods to produce propylene oxide involve the indirect Cl,—or or-
ganic peroxide-mediated oxidation of propylene (106). Thermochemical production of acrolein
or acrylic acid relies on high-temperature/high-pressure direct air oxidation over cuprous oxide
and cobalt molybdate catalysts, respectively (107). These oxidation processes are difficult to con-
trol, have a relatively low yield, and often result in overoxidation of propylene to CO, (108). Also,
the indirect methods require stoichiometric oxidants that add to the cost, energy demand, and
complexity of the process (3).

In an early study, Holbrook & Wise (109) reported the formation of propylene oxide on an-
odic Ag and Au surfaces at small current densities (below 0.01 mA cm~2). Following publications
showed that the most favorable results for propylene oxidation are obtained using Pd electrodes in
acidic environments (110, 111). More recently, Winiwarter et al. (112, 113) demonstrated that the
selectivity toward each oxidation center is highly dependent on the surface coverage of the species
in the Pd electrocatalyst, as shown in Figure 8. With high surface coverage at low potentials (e.g.,
<1 V), binding of the allylic position is geometrically preferred, leading to the oxidation of this
center. On the other hand, the production of propylene oxide requires the vinylic adsorption of

Allylic oxidation
High surface coverage

—
Allylic alcohol
Z N+ e — 2N\

Acrylic

Vinyl oxidation )
acid

Low surface coverage

PN Propylene oxide Propylene glycol
d OH

QD — QD = g 8 o

Figure 8

Proposed mechanism of propylene electrocatalytic oxidation. The product distribution is dictated by the
coverage regime. Figure adapted with permission from Reference 112.
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propylene, which forces the molecule to lie flat in the catalyst surface. Due to steric effects, this is
preferred only when the surface coverage of organic species is low at high potentials (e.g., >1 V).
Subsequently, propylene oxide can homogeneously react with water to produce propylene glycol.
The mechanistic findings of these reports are crucial for identifying the key reaction steps that
can lead to selectivity control. A follow-up study implemented density functional theory and mi-
crokinetic modeling to understand the direct epoxidation of propylene using molecular oxygen
from water splitting (114). Results from this study provide a guide for stable design of weak-biding
catalysts (e.g., Au, PbO,, PdO,) as anode materials for propylene oxide synthesis.

ELECTROCHEMICAL METHANOL PRODUCTION

Methanol is an important energy vector with high energy density (15.6 MJ L") that can be used
as a green fuel (115). In addition, methanol also serves as a basic feedstock chemical for plastics
production. Most industrial methanol production comes from syngas, which is produced through
methane steam reforming using nickel-based catalysts at temperatures of 800-1,000°C and pres-
sures of 290-580 psi (116). By contrast, electrochemical methanol production methods can be
implemented at temperatures <300°C and even at ambient conditions.

CO; and CO to Methanol

As discussed in previous sections, electrochemical CO,RR results in a mixture of products whose
distribution depends on the electrocatalyst and medium used (117). Among those products,
methanol presents one of the largest economic and environmental opportunities. The most recent
advances in electrochemical CO,RR to methanol (Equation 17) are summarized in this section
and discussed in depth in recent reviews (118-121):

CO; +2H,0 — CH;0H + 1140;, AGy, = 702 kJ/mol CH; OH. 17.

The reduction of CO, toward methanol consists of 6 electron transfer steps and faces strong
competition from HER (118), and thus requires highly selective electrocatalysts capable of sup-
pressing HER and promoting methanol formation. Two possible mechanisms have been proposed
for CO,RR toward methanol, which are distinguished by having either CO (122) or formate
(HCOO) (123) as the main reaction intermediate.

The first demonstration of methanol synthesis from CO, electroreduction is attributed to
Canfield & Frese (124), using a photoelectrochemical method that relied on semiconductors
n- and p-GaAs and p-InP as electrodes under illumination. Since then, researchers have ex-
plored the implementation of several electrocatalysts ranging from metal alloys, metal oxides,
and organometallic and inorganic complexes to pyridine and metal-organic frameworks. Metal
alloys can improve CO,RR reaction kinetics and selectivity by adjusting the binding energy of ac-
tive intermediates (125). A Pdg; Cuy7 aerogel electrocatalyst was developed and exhibited a FE of
80% toward methanol at a current density up to 31.8 mA cm~? under [Bmim]BF;~water mixture
electrolyte; the efficient performance was attributed to the synergistic contributions from Pd and
Cu (126). Zhang et al. (127) employed Cu overlayers on Pd nanocrystals, resulting in a distribu-
tion of products that depended on Cu coverage in the catalyst, achieving the largest FE toward
methanol (19.5%) at 0.8 monolayers of Cu. Some metal oxides also exhibit high selectivity toward
methanol, as Periasamy et al. (128) demonstrated, achieving a methanol FE of 93% using cuprous
oxide/polypyrrole electrocatalysts at low current densities (<0.25 mA cm~2). To improve current
densities, Albo et al. (129) demonstrated a continuous electrochemical cell with Cu, O-based GDE
in 0.5 M KHCO; aqueous electrolyte. The study showed a maximum of 42.3% FE at 10 mA cm™?;
however, selectivity dropped drastically as the current was increased. Several other metal oxides
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have been shown to selectively reduce CO; toward methanol, including in a prominent study us-
ing Pd/SnO, (130). A recent demonstration using Cu 3Se(1/3) nanocatalysts achieved a 77.6%
FE toward methanol at41.5 mA cm™ (131). An alternative strategy is to use pyridine-doped palla-
dium electrocatalysts, which exhibited a remarkable current density of 52 mA cm™? and methanol
FE of 35% (132). In this class of catalysts, metallic Pd acted as the heterogeneous support, and a
pyridine served as an active site for CO; reduction.

In addition to the employed electrocatalyst, the reaction medium and supporting electrolytes
have a considerable impact on the selectivity and efficiency of CO,RR. The rate of CO,RR toward
methanol at low overpotentials increases with the surface charge of the supporting cation, which
is attributed to adsorption in the electrode surface and polarization of intermediate radicals (133).
The choice of the anion influences the local pH, which translates into proton availability and
hence affects the reaction kinetics for pathways leading to methanol production and competing
HER.

The CO,RR toward CO has been reported extensively, in particular with Ag-based elec-
trodes (134). Given that CO has been identified as a key intermediate for CO; electroreduction
to methanol, designing a two-step process for methanol production could result in enhanced
performance (Equation 18):

CO +2H,0 - CH;0H 4 O;, AG,,, = 445 kJ/mol CH;O0H. 18.

Wu et al. (135) recently explored this tandem concept, using a single layer of Co-
phthalocyanine (Co-Pc) on carbon nanotubes (CNT) for both reaction steps and achieving a
methanol FE >40% at 10 mA cm—2.

Methane to Methanol

An alternative route for methanol production is through direct methane electrooxidation
(Equations 19 and 20):

CH, + 150, — CH;0H, AG,y, = —116 kJ/mol CH;OH. 19.

CH4 + H,O — CH;OH + H,, AG, =121 kJ/mol CH;OH. 20.

In addition to the abundance and affordability of natural gas, methanol production from
methane requires substantially less energy than if it were produced from CO,. These advantages
have motivated researchers to investigate electrochemical methane oxidation to methanol at low
to mild temperatures (<300°C) (136-138). Due to the high stability of methane (i.e., 439 k] mol~!
are needed to break one C-H bond) (139), C-H activation plays a critical role in the performance
of this reaction. Additionally, methanol has a significant risk of being oxidized to formaldehyde,
formic acid, or CO; if anodic conditions are not carefully controlled. These challenges accen-
tuate the need for a catalyst and reaction conditions with superior selectivity toward methanol.
For instance, operation at higher temperatures facilitates methane activation but endangers full
oxidation of methanol (140). The reaction conditions at which methanol is selectively produced
have been investigated under different electrocatalysts and cell configurations, and key findings
are summarized below.

The materials used as anodes for direct methane activation are divided into metals, metal
oxides/promoted oxygenated surfaces, and ZrO, composites (137). Theoretical calculations have
shown that among metals, Pt exhibits the highest rates of methane activation (141). As a result,
most demonstrations using metallic electrocatalysts implement Pt as the anode (137), but the
adsorption rates of methane on Pt surfaces are slower than the oxidation rates to CO>, leading

Mathison et al.



Annu. Rev. Chem. Biomol. Eng. 2023.14. Downloaded from www.annualreviews.org
Access provided by New York University - Bobst Library on 03/30/23. For personal use only.

CHI14CHO09_Modestino ARjats.cls March 7,2023 12:25

to low methanol selectivity (141, 142). Metal oxides are also a promising class of electrocata-
lysts for methane partial oxidation. Most of the employed metal oxides contain transition metal
compounds (e.g., Ni, V, Ru, Ir), which often are used as catalysts in thermal reactions (143). A
recent modeling study identified promising metal oxide candidates for methane-to-methanol con-
version and concluded that methane is thermochemically activated and that mild temperatures
(>100°C) can facilitate C-H activation (144). A notable demonstration of methane-to-methanol
conversion in metal oxide electrocatalysts implemented Rh single atoms dispersed in a NiO and
V,0;5 nanocomposite and achieved a FE of 91% toward methanol at 25 mA cm™2 and 100°C
(145). Lastly, composites made of a ZrO, matrix with metal oxide nanoparticles are emerging
electrocatalysts for methane activation (146). Theoretical calculations suggest that these compos-
ites improve performance because the methane activation barrier is decreased by the high-speed
electron transfer network between ZrO; and the metal oxide (147).

Electrochemical oxidation of methane in aqueous electrolytes has been explored recently as
well, despite some substantial limitations. The low solubility of methane in water limits the achiev-
able current densities, and a narrow window of potentials can convert methane into methanol
without competing with the oxygen evolution reaction. One way to address these issues is to
electrochemically generate redox mediators that can indirectly oxidize methane. For example,
Pt mediators can be electrochemically generated from Pt!V and partially oxidize methane to
methanol. A recent study that implemented this Pt/PtV electrochemical cycle demonstrated a
selectivity of 70% toward methanol (148). Alternative methods to aqueous electrolytes involve
the use of ceramic membranes that can operate at higher temperatures and thus favor methane
activation. A frequently used ceramic material for methane oxidation is SnggIng;P,O; due to its
high proton conductivity (>107! S cm™!) at moderate temperatures (100-350°C). Demonstra-
tions using this ceramic (149, 150) exhibit a sharp decrease in methanol selectivity as temperature
is increased due to overoxidation, emphasizing the need for a solid electrolyte with sufficiently
high conductivities at lower temperatures.

OUTLOOK AND PERSPECTIVE

This review summarized approaches to electrochemical manufacturing of major organic chemical
commodities. Most of the studies highlighted above involved laboratory-scale demonstration of
electro-organic reactions, but achieving large-scale production remains a challenge. Scaling the
advances in electrochemical catalysis and reaction engineering reviewed in this article will re-
quire that reactions operate stably for long periods of time at high current density, selectivity, and
energy conversion efficiency. Multiple research strategies are required to achieve these reaction
performance metrics, which include

m Current density: discovering and engineering highly active electrocatalysts, achieving stable
electrode structures with high electrochemical surface area, and controlling mass transfer
processes to achieve rapid transport of reactants and products to and from reaction sites.

m Selectivity: developing a mechanistic understanding of each transformation, engineering
multicomponent electrocatalysts with control over multiple surface intermediates, under-
standing and controlling microenvironments at electrocatalysts/electrolyte interfaces, and
exploiting nonequilibrium electrocatalytic processes via control of dynamic electrochemical
operation.

m Energy efficiency: minimizing kinetic losses via electrocatalyst development and control
of electrocatalyst—electrolyte interfaces, mitigating ohmic losses via the implementation of
highly conductive liquid or solid electrolytes, and managing transport processes to avoid
concentration overpotential losses.
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m Stability: establishing reliable, accelerated stability testing protocols and developing
protection strategies for electrocatalysts and ion-conducting membranes.

The fundamental science advances highlighted in this review provide some initial insights into
mechanisms to control selectivity and reactivity in electrochemical reactions relevant to chemical
manufacturing. These insights are important to achieve high performance metrics for electro-
organic reactions, allowing the chemical engineering community to start to develop scale-up and
design guidelines for practical electrochemical reactors. This will in turn enable the deployment
of electrochemical manufacturing processes at the scales required for producing bulk chemical
commodities, helping to electrify and decarbonize the chemical industry.
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