This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

Advanced Electroanalysis for Electrosynthesis

Published as part of ACS Organic & Inorganic Au virtual special issue “Electrochemical Explorations in Organic
and Inorganic Chemistry”.

Monica Brachi,§ Wassim El Housseini,§ Kevin Beaver, Rohit Jadhav, Ashwini Dantanarayana,
Dylan G. Boucher, and Shelley D. Minteer™

Cite This: ACS Org. Inorg. Au 2024, 4, 141-187 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations

: . Electrosynthesis. is a poPular, environn.lentally E:;:::f \ . ELECTROSYNTHESIS . / funcﬁ:::l?:aticn
friendly substitute for conventional organic methods. It involves jasay X
using charge transfer to stimulate chemical reactions through the il [
application of a potential or current between two electrodes. In -
addition to electrode materials and the type of reactor employed, Analytical Cell design

. . . . hni
the strategies for controlling potential and current have an impact -

ol,

. AL . . . < e lectrod ==

on the yields, product distribution, and reaction mechanism. In this ~ *| </ /,e °°w\ H_Ui‘
Review, recent advances related to electroanalysis applied in E'N/ubstrates' Value-added)

electrosynthesis were discussed. The first part of this study acts as a ety R products
guide that emphasizes the foundations of electrosynthesis. These
Selectivity

essentials include instrumentation, electrode selection, cell design,
and electrosynthesis methodologies. Then, advances in electro-
analytical techniques applied in organic, enzymatic, and microbial electrosynthesis are illustrated with specific cases studied in recent
literature. To conclude, a discussion of future possibilities that intend to advance the academic and industrial areas is presented.
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and surface area. Furthermore, advancements have been made in

The field of electrosynthesis is currently experiencing a period of the field of materials and methodologies for in vivo analysis.

revitalization as a result of advancements associated with the Combinations of techniques for in situ or operando analysis
accessibility of sustainable electricity.'~* This resurgence is also have also been developed, along with novel electrodes modified
driven by the growing utilization of robotic synthesis’ and a chemically and biologically for the analysis of nonredox-active
renewed focus on elegant transformations achieved through molecules. Additionally, significant enhancements have been

efficient electrolysis systems without the need for additional
reagents.6 Furthermore, electrosynthesis is gaining momentum
in the conversion of biomass into valuable commodity
chemicals” and in the exploration of novel pathways for cross-
coupling reactions.’

made in voltammetric techniques, all of which have been
integrated into these methodologies.

The purpose of this Review is to survey advances in
electroanalytical techniques involved in electrosynthesis, in-

Electroanalysis is a specialized branch of electrochemistry that cluding hybrid approaches that go beyond conventional
is dedicated to the advancement of novel techniques, method- electroanalytical methods. The initial focus of this Review is
ologies, and electrode modifications for the purpose of on the fundamental aspects of electrosynthetic reactions
conducting precise quantitative analytical investigations. including choice of reactors, electrode materials, and a general

Quantitative analytical investigations are employed in certain
scenarios to sense and detect an analyte, such as glucose
concentrations in blood. However, there has been notable
progress in the development of electrochemical techniques in
recent years. This progress has focused on studying electro-
catalysis in fuel cells and electrolyzers, investigating intercalation
in batteries, examining the interface between the electrode and
the electrolyte, exploring corrosion and electroplating, and
analyzing nanomaterial properties, including size, weight, shape,

overview about electroanalytical techniques. Then, recent
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Figure 1. Batch electrochemical cells applied in electrosynthesis. (A) Undivided batch cell with three electrodes configuration. (B) H-cell reactor
divided by a membrane with three electrodes configuration (working electrode, counter electrode, and reference electrode).

examples of applying electroanalytical techniques in organic,
enzymatic, and microbial electrosynthesis are emphasized.

In electrosynthesis, chronoamperometric (potentiostatic con-
trol) or chronopotentiometric (galvanostatic control) electrol-
ysis can be performed. Potentiostatic electrolysis involves the
application of a potential to the working electrode (WE) versus a
reference electrode (RE). This results in the flow of a current
between the working electrode (WE) and the counter electrode
(CE).

A galvanostat is utilized to apply a consistent current to the
cell while maintaining galvanostatic control.”” In this particular
scenario, the potential of the WE is permitted to float, thereby
necessitating the use of only two electrodes.

For instance, in order to perform electrolysis on a big scale ata
constant potential, one needs a potentiostat that is equipped
with electronic control units that are able to keep potentials
steady for lengthy periods of time. Because of the resistance of
the solution, the potentiostat may apply a potential that is
somewhat different from the potential that was meant to be
applied. A reduction in the cell’s electrical resistance is possible
by taking these steps: minimizing the separation between
electrode and choosing an electrolyte with a good conductivity.

Before proceeding with the construction of an electrosyn-
thesis cell, it is necessary to make a deliberation regarding the
choice between batch or flow electrolysis. Batch electrolysis is
frequently employed for small-scale applications due to the easy
availability of cells designed for this method. The implementa-
tion of effective mixing techniques, such as convection, is crucial
for improving mass transfer rates and reducing reaction times.
To achieve this, it is advised to make use of a magnetic stirrer or
bubble inert gas into the solution. Moreover, the utilization of
flow electrochemical reactors in chemical reactions has the
potential to enhance mass transfer rates, thereby diminishing
reaction time and enabling the execution of large-scale reactions
utilizing equipment of smaller scale.'’”"* These reactors present
several advantages compared to batch reactors, including
enhanced mixing and thermal control capabilities, improved
stability, and extended operational lifespan. Flow reactors
operate by employing a pump to transfer substrate to the
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reaction vessel, where products are generated and subsequently
expelled from the reaction vessel. Electrochemical flow reactors
are commonly constructed using a variety of materials, including
glass, polymers, stainless steel, and various metals.

As depicted in Figure 1, a divided (Figure 1A) or undivided
electrochemical cell (Figure 1B) may be utilized in both batch
and flow reactors. Both undivided and divided cells have their
own set of benefits and drawbacks; the approach that is used in
an experiment is determined by the specific circumstances of
that experiment. In batch electrochemical reactors, the three-
electrode configuration is typically used, whereas the two-
electrode configuration is more common in flow electrochemical
reactors. Recently, the introduction of multiphase reactors e.g.,
gas—liquid electrochemical reactors has gained a significant
importance where gas diffusion electrodes (GDEs) are used as
either the anode or cathode, for the electrochemical generation
of reactants from gaseous substrates, such as O,, CO,, and H,.
This is because GDEs effectively address the limitations
associated with mass transport based on solubility."

The construction of undivided electrochemical cells is
relatively simple. Nevertheless, caution must be taken to ensure
that the counter electrode (CE) does not result in undesirable
side reactions. Unwanted processes encompass the interference
caused by the reaction of products formed at the CE with
intermediates originating from the working electrode (WE) and
the generation of byproducts. In situations where competing
reactions occur and the utilization of a sacrificial counter
electrode is not feasible, it is possible to employ a porous
material or a nafion membrane to physically separate the
cathode and anode. These materials facilitate the flow of current
while effectively preventing the mixing of contents, thereby
enabling the use of separate compartments for each electrode.""
For reactions that take place in organic solvent, a methyl
cellulose separator is used along with the according electrolyte
and solvent. Alternately, agar may function as an acceptable
replacement for methyl cellulose in reactions that take place in
aqueous medium."*

The positioning and orientation of electrodes inside the cell
are two other factors that must be considered regarding the cell’s
architecture. In a setup with two electrodes, it is essential to
carefully consider the sizes and placements of the WE and the
CE. These electrodes should have a surface area that is similar to
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Figure 2. Cathode and anode electrode material occurrence in a survey of 915 synthetic electrochemical protocols published between 2000 and

2017.1¢

one another in order to maintain consistency in the cathode and
anode reaction rates.

Furthermore, it is recommended to position the WE and CE
in close proximity, while ensuring that an appropriate distance is
maintained. This precaution is necessary to prevent any
interference from electric fields between the electrodes, which
may potentially impact the electrochemical reactions.'” Addi-
tionally, it is important to note that when the distance between
the electrodes is too close, there is a possibility of quenching the
species of interest, such as electrogenerated catalysts, at the
counter electrode (CE). In contrast, in a three-electrode
configuration, it is necessary for all working electrode (WE)
points to be equidistant from the reference electrode (RE). This
ensures that the organization has a consistent level of potential.
The CE is often placed in close proximity to the WE in order to
maximize the conductance of the cell."

3. ELECTRODE MATERIALS APPLIED IN
ELECTROSYNTHESIS

It is essential to make an informed decision on the WE material
in order to achieve the highest possible production yield and
selectivity. The following is a list of many important qualities
that working electrodes should possess: (1) a high level of
conductivity, (2) a broad potential range that may be
successfully employed, (3) a physical stability under varied
circumstances, and (4) quick charge transfer. These are the
characteristics of an ideal conducting material. In addition to
this, it is of the utmost importance that the material used for the
electrode is cost-effective and, if possible, free of any harmful
characteristics.'® In the majority of electrosynthetic applications,
it is beneficial for the WE to possess a high surface area in order
to promote increased mass transport. This is because a larger
surface area makes it easier to increase mass transport. In
contrast, it is important to emphasize that small electrode areas
provide applications for electroanalytics within the framework of
reaction pathways for synthesis.'’~"”

The frequency of the electrode materials, including carbon
electrodes and metal electrodes, used in published synthetic
electrochemical protocols between 2000 and 2017, is depicted
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in Figure 2. Following is a comprehensive overview of common
electrode materials used in electrosynthesis.

3.1. Metal Electrodes

Metal electrodes possess several key characteristics that are
commonly observed. These include the ability to facilitate rapid
electron-transfer kinetics for a wide range of redox systems, as
well as the presence of relatively broad anodic potential
windows.

3.1.1. Platinum Electrodes. Platinum and its alloys are
widely favored due to their durability, ease of maintenance,
chemical and electrochemical stability, as well as their resistance
to corrosion.”””" In aqueous environments, platinum (Pt)
exhibits a significant overpotential for the process of oxygen
evolution reaction.

However, the effectiveness of the process is impeded by the
occurrence of H' reduction in the cathodic potentials. Platinum
demonstrates considerable cathodic and anodic potential ranges
in aprotic solvents. It is often utilized in electrosynthesis to
oxidize organic substrates leading to the generation of carbon
dioxide (CO,).*”*

Notwithstanding these benefits, the extensive utilization of
this technology is constrained by the exorbitant expenses
involved and the detrimental effects of unintended adsorbates,
like electrolytes or water itself, which lead to the poisoning of the
electrode surface.”

3.1.2. Mercury Electrodes. Mercury electrodes hold
significant historical value and are widely utilized at cathodic
potentials due to their remarkable ability to §enerate a
substantial overpotential for hydrogen evolution.”” Further-
more, the utilization of liquid mercury offers a consistent and
sustainable surface. Mercury has been employed in a range of
electrosynthetic reactions, including intramolecular addition or
cyclization, as well as dimerization.””*~*® Mercury electrodes
have historically been employed in electroanalytical practices,
specifically in agplications such as stripping analysis and
polarography.””

Nevertheless, it should be noted that the utilization of these
electrodes is accompanied by significant toxicity concerns, as
they possess high levels of toxicity. Additionally, their
applicability is restricted to reductive potentials due to the
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susceptibility of mercury to oxidation. Consequently, there has
been a recent phase-out of mercury electrodes.'”

3.1.3. Silver Electrodes. The utilization of silver as a viable
alternative to mercury has gained significant traction, primarily
attributed to the catalytic properties exhibited by these
electrodes. The high affinity that halides possess for silver
facilitates the reduction of carbon—halogen bonds at positive
potentials.’" The utilization of these electrodes is predominantly
limited to cathodic processes.”> One example of a process in
which the cathode material proved to be extremely essential to
the outcome of the reaction is the electrochemical hydro-
dechlorination of 3,5,6-trichloropicolinic acid (3,5,6-T) (noted
1 in Figure 3).%

10 mA
P H", Na,HPO
cl N COH .0 ph 3 4 N/ COH ¢I N/ COH
1 2 3

Figure 3. Study of the effect of electrode material on the electro-
chemical hydrodechlorination of 3,5,6-trichloropicolinic acid.

The reaction was a total failure regardless of whether copper,
glassy carbon, or nickel cathodes were used. The production of
any 3,5-dichloropicolinic acid (2) product, a chemical of
substantial importance to the pharmaceutical industry, was
only achieved by the application of silver. It was hypothesized
that the utilization of copper and nickel would result in a smaller
overpotential for proton reduction, which would make substrate
reduction a more challenging task. It was determined that the
electrocatalytic action of silver was responsible for the increased
productivity of silver cathodes in comparison to glassy carbon
cathodes.

3.1.4. Gold Nanoparticles. Gold nanoparticles (AuNPs)
materials have garnered significant attention in the field of
biocatalysis’* and bioelectrochemistry applications, including
enzyme immobilization for bioelectrocatalysis.”> The 3D
nanoporous network possesses a substantial surface area and
exhibits the capability to accommodate a significant quantity of
enzymes. AuNPs supports are increasingly being favored due to
their favorable characteristics, such as excellent electrical
conduction, chemical resistance, and simplicity of greparation.
AuNPs can be produced through dealloying,>*® Au nano-
particle assembly,””** or anodization.” Their structure is made
up of continuous pores and ligaments. Adjusting the alloy
composition and dealloying conditions allows for fine-tuning of
the pore size to range from 10 to 700 nm.”> AuNPS templates
can also be modified for enzyme immobilization by adding self-
assembled thiol monolayers, diazonium grafting, or electro-
polymerization.

3.1.5. Metal Organic Framework Electrodes. In addition
to AuNPs, extensive research has been conducted on metal
organic frameworks (MOFs) with the aim of exploring their
extensive applications in catalysis."”*" The coordination net-
works known as MOFs are examples of porous and crystalline
structures.*” These networks are formed through the combina-
tion of metal ions or clusters with intermediate organic linkers.**
Postsynthesis procedures allow for the change of MOFs” metal
nodes and ligands, which enables the structures, pore sizes, and
topologies of MOFs to be easily modified.”” MOFs have
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garnered considerable attention owing to their notable
characteristics, including their expansive surface area, ability to
adjust pore size, and adaptable structure. In recent times, there
have been notable advancements in the application of MOFs,
wherein they have been employed for the purpose of
immobilizing electrocatalytic enzymes**** and facilitating drug
delivery.*®

3.1.6. Indium Tin Oxide Electrodes. Indium tin oxide
(ITO) is one of the materials that has widely applied due to its
notable characteristics, including its high electrical conductivity
(0.05—0.1 m-S™"), high optical transparency (85%), favorable
physical and chemical properties, strong adhesion to various
substrates, cost-effectiveness in preparation, low background
response, and potential for miniaturization.*’

Furthermore, the ITO electrode provides the added benefit of
convenient modification through the utilization of linkers such
as amines, allowing for the functionalization of the surface.
Additionally, this material has proven to be highly effective in the
fields of electroanalysis and biosensing.***” Therefore, con-
ducting a comprehensive examination of the recent progress
made in the field of electroanalysis using ITO and assessing its
current and potential capabilities for signal amplification holds
considerable importance in expanding the scope and practicality
of this material."**’

One of the examples related to the application of ITO
electrodes in bioelectrosynthesis was reported by Armstrong et
al. The diffusion of an intermediate to the succeeding enzyme is
frequently a stage in homogeneous enzymatic cascades that acts
as a rate-limiting step. These problems with mass transfer are
addressed and solved in nature by the confinement of enzymes,
which shortens distances on sizes ranging from microns to
nanometers. Armstrong et al. showed an ITO electrode that
included confined enzymes, L-malate:Ferredoxin NADP*
reductase (NADP*/NADPH regeneration), and MaeB from
Escherichia coli for CO, fixation to pyruvate to supply malate.>
This system was integrated into a solar water splitting and CO,
reduction device, and it produced a high faradaic efficiency at an
applied electrolysis potential of 0.5 V vs SHE.

Despite possessing remarkable fundamental properties,
electrodes based on ITO often exhibit a significant drawback
in terms of their sluggish electron-transfer kinetics toward
various electroactive molecules. This limitation, when compared
to electrodes made of noble metals and glassy carbon, restricts
the potential applications of ITO-based electrodes in the field of
electroanalysis.

Carbon is a typical, low-cost electrode material that may be
found in a variety of forms. It has a large potential window in
aqueous conditions.”>* This category of electrodes includes
different types materials e.g., glassy carbon, graphite, carbon felt,
graphite, carbon nanotubes, and boron doped diamond.

3.2.1. Glassy Carbon. Glassy carbon (GC) is a material that
is resistant to corrosion and oxidation in addition to being
chemically stable.*® GC electrodes made of reticulated vitreous
carbon, also known as RVC, are composed of foamed glassy
carbon. These electrodes feature an open honeycomb structure
and an enhanced surface area.’”> In addition to the large
applications of GC in electrosynthesis,”® one of the examples
related to the application of GC as WE in electrosynthesis is the
hydrocarboxylation of imines in an electrochemical microflow
reactor.”’

https://doi.org/10.1021/acsorginorgau.3c00051
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Figure 4. Application of GC electrode in electrochemical hydrocarboxylation of imines in a microflow reactor.

Qu et al. took into consideration cathode materials that had a
large overpotential for the reduction of carbon dioxide (Figure
4). In this particular illustration, the overpotentials with different
electrode materials, obtained from linear sweep voltammetry
experiments, had a significant correlation with the yield. The
maximum yield was achieved using glassy carbon (70%), which
was followed by graphite (43%), then platinum (25%), and
finally silver (0%). In order for the reaction to take place, the
imine (1) first has to be reduced to a radical anion (1%).
Utilizing the interaction between radical anion (1) and CO,
allows for the electrochemical synthesis of intermediate (2). The
electrochemical carboxylation is accomplished without decom-
position because of the quick acidification of unstable anion (2)
in the flow operation. The charge efficiency and reaction yields
are both impacted negatively by any competing direct CO,
reduction.

3.2.2. Graphite. Graphite exhibits a lower cost and higher
conductivity compared to glassy carbon. However, it possesses a
reduced level of chemical stability and is more prone to chemical
alteration.'® The presence of stacked graphene planes gives rise
to structural variations between the edge and basal planes,
leading to discernible differences in their respective reactiv-
ities.”® Alkanes exhibit a notable preference for the basal plane,
whereas polar solutes demonstrate a pronounced preference for
edge sites.””

3.2.3. Carbon Felt. Carbon felt, acting as a highly porous
electrode,”" is composed of an assortment of compressed
carbon fibers. Carbon felt is chemically stable, conductive, and
has extraordinarily high surface area per volume. For example, in
enzymatic and microbial bioelectrocatalysis, using high-surface-
area electrodes like carbon felt, capable of elevated loading of
biocatalysts, is one way to increase the rate of reaction in
electrochemical bioreactors.*”

3.2.4. Carbon Nanotubes. Carbon nanotubes are largely
applied in electrochemistry due to their high conductivity and
large surface areas. These materials are mainly used in enzymatic
bioelectrocatalysis. Placing a droplet of an enzyme and carbon
nanotube suspension on the electrode’s surface is an easy way to
modify electrodes with carbon nanotubes and enzymes.®®
Modifying electrodes with carbon nanotubes can facilitate
transfer of electrons between enzymes, like fructose dehydro-
genase(’4 and hydrogenase,65 and electrodes, which results in
effective biofuel cells.*”®” Multiwalled carbon nanotubes were
used by Jourdin et al. to improve the efficiency of a microbial
system for carbon dioxide bioreduction.’® These materials
improved the rate of electron transfer between the electrode and
microorganisms by 1.65 times and the rate of acetate production
by 2.60 times when compared to graphite plate electrodes. In
addition, for the electrocatalytic oxidation of 2,3-butanediol,
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Bulutoglu et al. immobilized alcohol dehydrogenase on
multiwalled carbon nanotubes.*

Synthesis of mesoporous silicates (MPS) was initially
documented for the first time in the year 1971, where a surge
of MPS research soon followed.”” In the wake of these further
discoveries, there has been increasing research in the production
of these materials, which currently include various MPS and
functionalized substances that are able to contribute to
immobilization.”' MPS feature organized pore architectures,
small sized pores size distributions, and a substantial surface
area. Additionally, they are chemically changeable so that they
may be functionalized in a manner of choice. In conjunction
with their inherent chemical stability, these qualities place them
in a position to be excellent candidates for use in
bioelectrochemical reactors. The sol—gel and pore-template
synthesis technologies are combined in the MPS synthesis
process. In the process of pore formation, surfactants may play
the role of structure-directing agents, particularly if they create
micelles or microemulsions. A stable material is produced by the
processes of hydrolysis and subsequent condensation of silanes
around the template structures. After the template has been
eliminated, the pores become visible, and the final structure is
mMesoporous.

These materials are typically applied in the immobilization of
enzymatic bioelectrochemical catalysts for the synthesis of pure
chemicals.”*”?

Since their discovery, different MPS materials have been
designed.”””” Silicates can be modified by functionalizing them
with a variety of organic ligands”’* or by incorporating
metals.”*”® The use of functionalized MPS makes it possible to
modify the material surface in order to achieve stable enzyme
immobilization while keeping the activity of the catalyst intact. It
is crucial to select an appropriate functionalized support; the
enzyme must be securely attached to the support in order to
minimize enzyme leaching, but it must also maintain sufficient
flexibility to facilitate conformational variations. Carboxylates,
amines, or thiols may be introduced into these mesoporous
materials.

In addition to what has been mentioned before about electrode
modification, electrode surfaces have the potential to undergo
modifications, either through chemical means (specifically
covalent bonding)””’® or physical means (noncovalent
interactions),”” in order to enhance the reactivity of the
electrode. This enhanced reactivity is achieved by facilitating
the binding of analytes to the modified electrode. Several
modification strategies for electrode surfaces have been
reported, e.g, redox polymers, self-assembled monolayers
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Figure 5. (A) Direct and (B) mediated electron transfer choices in electrochemical processes. (S): substrate, (P): product, and (M): redox mediator.
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(SAMs), or even biofilms.””***! Furthermore, the utilization of
metal alloys has been implemented in order to preserve the
desired electrochemical characteristics while simultaneously
reducing the occurrence of corrosion on the surface of the
electrode.”” Murray has extensively described the pathways of
modification.*’

The utilization of modified electrodes in synthetic processes
has also encompassed the practice of asymmetric synthesis for
organic compounds.**** Nevertheless, the potential of utilizing
modified electrodes in electrosynthesis remains largely un-

tapped.”’
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In conclusion, when choosing an appropriate WE, it is crucial
to take into account the overpotential of side reactions, such as
hydrogen evolution, and the adsorption of molecules to the
surface of the electrode. The latter scenario can present
challenges in cases where adsorption is sufficiently strong to
cause passivation of the electrode, resulting in the termination of
electrolysis as unreacted substrate is unable to reach the
electrode surface. In situations where adsorption is detrimental
and it is not feasible to introduce a WE with a distinct
composition, the inclusion of a redox mediator can effectively
inhibit adsorption.'®

The diffusion layer is the region where most electrochemical
reactions occur because of the heterogeneous character of these
reactions. This layer is in proximity with the bulk solution. In
addition to electron transfer at the electrode surface, in an
electrochemical reaction, mass transfer occurs in two directions:
from the bulk solution to the electrode surface (diffusion layer)
and from the electrode surface to the bulk solution. In order to
study the electrochemical phenomena occurring at the electrode
surface and in the bulk solution, electroanalytical techniques can
be employed. Electroanalytical methods may be broken down
into (a) those that aim to alter the composition of the whole
solution, and (b) those that focus just on the diffusion layer. The
first category of methods, bulk electrolysis (or coulometry), is
designed for large-scale, preparative processes.*

The second category consists of electroanalytical procedures,
such as cyclic voltammetry (CV), that make use of low I/V
(current over potential) conditions and do not affect bulk
concentrations.

Before going deeply into electroanalytical techniques applied
in electrosynthesis, it is important to differentiate between
different modes of electron transfer that can be investigated in an
electrochemical process.

Direct electron transfer (DET) allows molecules to transfer
electrons on the electrode surface itself (Figure SA). In contrast,
in mediated electron transfer process (MET), a redox mediator
“M” which is more easily oxidized or reduced than the substrate,
serves as an electron-transfer shuttle from the heterogeneous
electrode surface to the homogeneous dissolved substrates
(Figure 5B).*”7"° This concept has several benefits. In many
cases, the indirect approach improves reaction efficacy and
chemoselectivity by avoiding unwanted side reactions. The
mediator’s simple homogeneous redox process eliminates
kinetic inhibition of heterogeneous electron transfer, and
structural modifications provide direct selectivity control.”*

Intuitively, the best catalyst for a target reaction is the one that
generates the largest current at the least negative potential (for
reductions) or the most positive potential (for oxidations). The
overpotential, , is defined simply and precisely as the difference
between the electrode potential, E, and a fixed potential, which is
typically the standard potential for the reaction to be catalyzed.
Another parameter characterizes the rate at which the catalyst
can convert reactants to product and is best expressed by the
turnover frequency (TOF), which is defined as the ratio of the
number of molecules transformed to the number of catalyst
molecules effectively used in this transformation per unit of time.

Below, we present a general overview about different
electroanalytical methods applied in electrochemical synthesis.
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Voltammetry is generally performed using a three-electrode
configuration. It provides a specific voltage to a working
electrode in order to produce the oxidation and reduction
process of electroactive compounds, and it then samples the
response current within a certain time range.92 Common
analytical techniques include cyclic voltammetry (CV),”
differential pulse voltammetry (DPV),”* and square wave
voltammetry (SWV).”> The selection of an appropriate
voltammetric technique facilitates the study of the overall
system, thereby enhancing the sensitivity and the selectivity.

4.1.1. Cyclic Voltammetry. Cyclic voltammetry is the
predominant electrochemical technique utilized, wherein a
triangular waveform potential scan is applied to a working
electrode to measure the resulting current (Figure 6A1). The
ongoing oxidation and reduction reactions of electroactive
species in a solution are facilitated by the process of potential
cycling at the working electrode.”” As the applied potential on
the working electrode approaches the equilibrium potential of
the species in solution, there is a gradual increase in the response
current and a corresponding decrease in the concentration of
oxidized or reduced species on the electrode surface. A peak
corresponding to oxidation or reduction is observed until the
equilibrium is reached between the charge transfer and diffusion
processes. (Figure 6A2)

By analyzing the shape of the voltammogram’s peaks, one can
obtain information regarding the reaction mechanism, such as
the reversibility of the reaction, the redox potential, the reaction
rate, and the concentration of the analyte.”*"’

4.1.2. Pulse Voltammetry. Contemporary electrochemical
methodologies encompass stripping analysis, a process that
entails the concentration of the analyte onto or into the
electrode’s surface. Various forms of stripping analysis have been
identified in the literature.'°”'°" The contemporary iteration of
stripping analysis initially emerged through the implementation
of square wave and pulse polarography which evolved from fast
linear sweep voltammetry.

Pulse voltammetry is a technique that can effectively mitigate
background current interference and selectively isolate faradaic
current. Pulse voltammetry involves the acquisition of periodic
current measurements while a sequence of potential pulses is
applied. At every possible stage, the gradual decrease of the
capacitive current enables a more accurate evaluation of the
faradaic current. DPV and SWV have emerged as highly sensitive
pulse techniques that have gained significant traction in various
applications."® In DPV technique, an initial potential is applied
for a predetermined duration (Point S1 Figure 6B1).
Subsequently, the potential is incrementally raised by several
hundred millivolts and held at this level for a predetermined
duration at the end of the pulse (Point S2 Figure 6B1). The
potential is subsequently decreased to a level slightly higher than
the initial baseline, and this procedure is iterated, resulting in the
generation of a waveform that resembles a staircase. The current
is assessed prior to the initiation of the pulse and once more
toward its termination. This ultimately yields a voltammogram
through the subtraction of currents obtained at each sampling
point (Figure 6B2).

In the context of SWV, the potential is incrementally adjusted
by a magnitude denoted for a duration of approximately few
milliseconds (Point S1 Figure 6C1). Subsequently, the potential
is adjusted in the opposite direction, but with an opposite sign,
for an equivalent duration (Point S2 Figure 6C1). The
waveform obtained, as depicted in Figure 6C1, consists of a
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square wave overlaid on a staircase waveform. The square wave
typically exhibits an amplitude of 50/n millivolts.'"”> The
acquisition of a voltammogram for SWV involves the subtraction
of the currents recorded at every sampling period, thereby
eliminating nonfaradaic currents. The difference between the
forward and the reverse currents (dashed curves Figure 6C2)
corresponds to the net current (solid curve Figure 6C2).

In cases where there is an overlap of multiple cathodic or
anodic peaks in a standard CV, the electrosynthetic community
often uses DPV as a technique to enhance the resolution of these
peaks.

Besides, one notable advantage of SWV in comparison to
DPYV is its enhanced speed and higher current output. In the
meantime, SWV can be used to analyze reversible or quasi-
reversible electrode processes. These characteristics make SWV
a widely utilized technique in fundamental research and the
analysis of biological compounds.'**'**

By using voltammetric techniques to measure the redox
potential of the components of a reaction, one may get insight
into the different reactions that can occur at the electrodes as
well as the ideal potential or current that has to be applied for the
reaction that is desired. Besides, bulk electrolysis yields products
on a larger scale, necessitating a substantially sizable electrode
surface compared to the volume of solution. Below we present
these two electroanalytical techniques.

Constant current electrolysis (CCE) (Figure 7A1 and A2)
typically makes use of a two-electrode configuration (Figure
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Figure 7. Schematic representation of CCE technique in a (Al) 3
electrode and (A2) 2 electrode configurations. Schematic representa-
tion of CPE technique in a (B1) 3 electrode and (B2) 2 electrode
configurations.

7A2), with the exception of situations in which knowledge of the
potential is essential.'> A potential is applied to the WE in order
to obtain the desired current. The value of this potential is
governed by the thermodynamics of electron transport between
the substrate and the electrode. At first, when there is an
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abundance of reactant, the reaction is restricted by electron
transfer kinetics; but, when the concentration of the reactant
declines, the reaction becomes limited by mass transfer."
Besides, when it is necessary, the WE potential will increase in
order to keep the applied current constant. When currents are
low, the rate at which electrons are transferred is slow, which in
turn makes the electrolysis process take longer. On the other
hand, high applied currents might have unintended con-
sequences such as secondary reactions that may affect the
substrate. The protection of the substrate is possible with the
addition of an overcharge protector.'” The electrolysis process
is complete when there is a sudden change in the WE potential,
which is caused by the consumption of all of the substrate (or
almost all of it).

Constant potential electrolysis (CPE) (Figure 7B1 and B2),
in contrast to CCE, requires, in most cases, the inclusion of a
reference electrode as part of a three-electrode arrangement in
order to get an accurate measurement of WE potential (Figure
7B1).

A voltage is applied to the WE, and then a current response
that is proportionate to the concentration of the substrate is
detected (as well as the activity of the catalyst toward substrate
conversion if a MET is applied). The current drops down
exponentially as substrate is used up until it reaches a value that
is considered to be the baseline. The potential applied in CPE
corresponds to the potential of oxidation or reduction obtained
from CV or DPV.'”

The determination of the number of electrons (n) transferred
in the process is one of the advantages of CPE over CCE. In
addition, the application of a constant potential facilitates the
maintenance of product selectivity. The integral of the
chronoamperometric curve (I (A) vs t (s)) corresponds to the
theoretical charge (Q in C) that is directly proportional to the
number of electrons. Quantitative analysis of products can be
obtained via electroanalytical techniques e.g, CV or spectro-
scopic ones e.g., UV—visible, LC-MS, GC-MS. Then, the ratio
between the calculated charge that is directly proportional to the
amount of product generated and the theoretical charge
corresponds to the faradaic efficiency of the electrolysis.

The choice between methods may depend on the desired
mechanistic information, the availability of materials, or the total
cost. For example, in their study on electrochemically controlled
polymerization processes, Peterson et al. highlighted the
advantages of using CCE rather than CPE.'*

In contrast to CPE, which led to uncontrolled polymerization,
TEMPO-mediated anodic CCE in a divided cell was able to
accomplish selective control of cationic vinyl polymerization
(Figure 8). In this particular illustration, the polymerization
process started by the oxidation of TEMPO. The resultant
product then underwent a chain-transfer reaction with a
dithiocarbamate agent, which led to the formation of
intermediate I. TEMPO is regenerated as a byproduct of the
mesolytic cleavage of I, which also results in the formation of the
dithiocarbamate intermediate IT and an oxocarbenium ion that
is involved in the reversible addition—fragmentation chain
transfer. The introduction of a cathodic current brings about the
chain reaction’s termination. It is hypothesized that this current
will convert intermediate IT into an anionic form and quench the
cation that is responsible for the chain reaction’s propagation. In
this instance, CCE offered greater response control by making it
possible for there to be changes in the WE potential in line with
the changing concentration of TEMPO".
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ethers.'” Reproduced from ref 106. Copyright 2018 American
Chemical society.

More examples related to the application of CCE and CPE are
added in sections 5.1.3 and S5.1.4.

Organic electrosynthesis has been conducted for over 150 years.
In 1849, Kolbe discovered the reaction that bears his name:
Kolbe’s synthesis. This is a dimerization of carboxylate anions at
the anode. After two periods of intense experimental research
(1920—1940 and 1970—1988), a better understanding of the
most common reactionary mechanisms and limits of organic
electrosynthesis processes was investigated. In addition to
electrode materials and the reactor choice, the electrolyte/
solvent choice in organic electrosynthesis is one of the factors to
be considered.

The conductivity of the medium must be good, both in
aqueous and nonaqueous environments. It is therefore necessary
that the electrolytes are soluble and that they are sufficiently
dissociated.'’” To do this, the dielectric constant (¢) of the
solvent is an important parameter to be considered.'”*""’
Baizer has classified solvents into three categories based on the
dielectric constant: High (& > 60), Medium (20 < e< 50), and
Low (& < 13). In nonaqueous environments, the medium value
of conductivity is suitable for organic electrosynthesis. Besides, it
is important the analyte is soluble in the solvent.

There must be a distinction between protic and aprotic
solvents.'””"'" The first category (such as water and alcohols)
severely limits the area both in oxidation and reduction. In
addition, they result primarily in protonation reactions. Water is
a common medium, but its solvent power is limited to organic
molecules. The addition of a miscible cosolvent is possible, but
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the influence of water will remain predominant on the
reactionary mechanism.

It is also possible to conduct studies in dichloromethane or
THE (¢ < 10) with tetrabutylammonium salts. However, during
electrolysis, the high potential difference at the reactor is often
excessive, sometimes exceeding the capabilities of the apparatus
and/or leading to a sharp heating of the solution that can reach
the boiling point of the solvent.""" Other solvents having high
dielectric constants, such as tetramethylurea or hexamethyl-
phosphoramide (HMPA), can be used. However, their toxicity
and their purification problems gradually led to their abandon-
ment. Others, such as propylene carbonate or N-methyl
pyrrolidone, can cause parasitic reactions.

In conclusion, while choosing a solvent-electrolyte system,
many factors have to be taken into consideration such as the
conductivity with a medium or a high ¢, the toxicity, the solvent
purification, the potential range of the solvent, and the chemical
stability of the system that provides stability for regenerated
intermediates and products."'"'"> Below, we present some
examples related to the application of electroanalysis in organic
electrosynthesis.

5.1.1. Application of Voltammetric Techniques in
Materials Synthesis and Characterization. As mentioned
before, voltammetric techniques are compatible with a wide
range of substances. The application of these techniques can be
considered a crucial initial step that leads to the completion of
the larger project. Below we present a classification of usage in
the characterization and synthesis of compounds.

Application of CV in the Characterization and Synthesis of
Organic Compounds and Polymers. The utility of CV in the
characterization of xanthone, a bioactive compound, has been
demonstrated, indicating that the presence of catechol is crucial
for conferring effective scavenging properties against reactive
species.''” Besides, CV analysis conducted on amoxicillin in a
methanol solvent exhibited quasi-reversible behavior. Addition-
ally, the redox potential of amoxicillin was observed to undergo
changes upon its interactions with metal ions and amino acids.
These findings provide valuable guidance in the prescription of
this antibiotic, cautioning against its concurrent use with certain
metal ions and amino acids.''*"''® The electrochemical
behavior of ibuprofen and its degradation was closely monitored
using CV. It was observed that the behavior varied depending on
the type of electrode used. For instance, adsorption was
observed on a silver composite electrode, which provided
valuable insights for the selection of an appropriate electrode for
the removal of this pollutant."'” In conjunction with electro-
chemical impedance spectroscopy (EIS), the utilization of CV
has been determined to be highly advantageous in the
characterization of redox processes for the purpose of designing
biosensors. The behaviors of biosensors are influenced by
diffusion and capacitance, which have the potential to provide
valuable insights for the design of biosensors. The copoly-
merization of N-dodecylacrylamide (DDA) with ferrocene
derivatives on ITO substrates has been found to exhibit
favorable properties for use in catalytic and sensor devices.'"®
In addition, the successful development and investigation of a
polymer-modified electrode, specifically poly(vinylferrocenium)
on platinum, was carried out using CV technique. This
modification aims to enhance the electrode’s applicability in
the analysis of organic compounds, including adenine. The
synthesis of the ruthenium complex film can be achieved
through the process of electropolymerization, followed by its
subsequent modification onto a platinum electrode. This
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This work is openly licensed via CC-BY-NC-ND 4.0. (B) Cyclic voltammograms of [Fe(tpyPY2Me)]** ([Fe]**): '[Fe]** scanned using Ar (black) and
CO, (purple) in 1 M PhOH. CVs were conducted at 100 mV/s in an electrolyte of 0.10 M TBAPF; dissolved in CH;CN. Two unique mechanistic
pathways for '[Fe]** were proposed, demonstrated by the potential measurements where half of the maximum catalytic current (E, »), and measured
at —1.43 and —1.86 V vs Fc/Fc* and labeled in blue and red, respectively.”” Reproduced from ref 127. Copyright 2022 American Chemical Society.

modified electrode serves as a sensor for the detection of
hydrazine, and its characterization is conducted through CV.""”
The electroactivity of pyrrole allows for convenient monitoring
of the behavior of different polypyrrole variants through
electrochemical techniques, particularly CV. Consequently,
extensive research on this topic has been conducted since the
1990s and continues to the present day.”°~'** CV can be
effectively employed in the characterization of polyaniline to
obtain insights into the kinetic behaviors of the dopant acid,
which can provide valuable suggestions for film prepara-

. 122,123
tions.
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Recently, it has been also demonstrated that CV can be
employed to electrograft molecules onto the surface of boron-
doped diamond (BDD) without the need for a reducing agent
e.g., methyl benzoic acid moieties. This method allows for the
preparation of an ex situ working electrode for the determination
of cadmium (Cd)."** In addition, the electropolymerization of
an electrode surface via CV with neutral red was reported by
Arechederra et al. The electropolymerization was proceeded
while sweeping the potential between 0.8 V and —0.8 V at 50
mV/s (for 30 scans) in the presence of neutral red and sodium
nitrate and using phosphate buffer as electrolyte.””> The
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electropolymerized electrode was applied in both the regener-
ation of the NADH cofactor and its oxidation processes.

Hosseini et al. reported alcohol oxidation achieved through
redox mediation where a reagent undergoes a reduction process
to generate reactive species capable of oxidizing other
substrates.'> CV plays a crucial role in understanding the
insight of electrocatalytic oxidation of alcohols through the
reduction of peroxydisulfate by providing valuable information
about the redox behavior of the mediator and its interaction with
persulfate and alcohol substrates. With a DET, the direct
reduction of $,04*” occurs at —1.48 V (vs Ag/AgCl). On the
other hand, the mediated reaction of S,04*" catalyzed by
Ru(NH,)*" is possible at a lower potential. As shown in Figure
9Al, in the presence of the catalyst, a reduction current is
observed at —0.2 V vs Fc/Fc'. The addition of the substrate
showed an increase of the current due to the electrocatalytic
activity of the catalyst toward the reduction of S,04>". At an
electrolysis potential carried out at —0.2 V vs Fc/Fc’, the
generated SO,*” then produces benzyl aldehyde and benzoic
acid, as shown in Figure 9A2.

By carefully analyzing the CV data and comparing
experimental results with theoretical models, researchers can
deduce the most probable reaction mechanisms governing the
electrochemical process.”® Head-Gordon and co-workers
investigated iron-terpyridine complex ie. [Fe(tpyPY,Me)]**
([Fe]*") as a homogeneous electrocatalyst for converting CO,
into CO with turnover frequencies exceeding 100,000 s™."*’
The combination of theoretical and experimental studies reveals
two distinct mechanistic pathways for the electrochemical CO,
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reduction catalyzed by [Fe]*’, depending on the applied
overpotential (Figure 9B). At low overpotentials, [Fe]**
undergoes a two-electron reduction. At higher negative applied
potentials, an additional electron-transfer event occurs via either
a stepwise or proton-coupled electron-transfer (PCET) path-
way, leading to catalytic turnover from the monocationic iron
complex ([Fe]*) through an electrochemical—chemical—
electrochemical—chemical (ECEC) mechanism.

Boucher et al. recently demonstrated the utility of cyclic
voltammetry in understanding the mechanism of metal-hydride
mediated hydrogen atom transfer (MHAT) reactions with aryl
alkenes.'”” MHAT is a popular organic synthetic methodology
for hydrofunctionalization and 1,3-isomerization of olefins
(Figure 10A). MHAT utilizes the homolytic reactivity of
transition metal hydrides to generate neutral radical species
for capture by radical electrophiles. The highly transient nature
of the metal hydride and organic radical intermediates has long
hindered mechanistic understanding of these reactions.
However, advances in electrosynthetic MHAT reactions have
made an electroanalytical approach to mechanistic studies
possible.

Voltammetry was used to establish the oxidative formation of
the metal hydride from Co(II)(Salen) and hydride source,
phenylsilane. In contrast to transition metal-catalyzed hydrogen
evolution, which utilizes the reductive formation of a metal
hydride from a proton and electron, synthetic MHAT typically
operates by the catalytic oxidation of a hydride to a H atom.
Voltammetry of the Co(II/I1I) couple of Co(Salen) illustrated
canonical catalytic behavior upon addition of the hydride source
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(Figure 10B), confirmed to be oxidative hydrogen evolution by
gas chromatography. From the ideal S-shaped voltammograms
the authors analyzed the catalytic plateau current as a function of
hydride donor concentration to demonstrate that metal hydride
formation was rate limiting and tunable based on ligand design.

Additionally, voltammetry was also used to study the reaction
of the cobalt hydride with aryl alkene substrates. Diminished
current and anodic shifts in the catalytic voltammograms upon
addition of styrene derivatives indicated the formation of
metal—alkyl intermediate in dynamic equilibrium with the
neutral radical (Figure 10C), which was found to depend on the
electronic structure of the styrene derivative. Variation in these
shifts with scan rate suggested the primacy of the hydro-
metalated intermediate, which then decays to the neutral radical
via reversible cobalt—carbon bond homolysis similar to the
protected radicals in B, and radical SAM enzymes. These
mechanistic details help to explain the versatility of MHAT
reactions in many types of transformations via both radical or
metalated intermediates.

Finally, CV has been widely used in the analysis of specific
electroactive compounds, such as quinones in natural rubbers, to
gain a better understanding of their properties.'** Hence, it is
evident that CV will continue to be extensively employed in the
field of organic synthesis and characterizations for the
foreseeable future.

Application of CV in the Characterization and Synthesis of
Metallic Nanopatrticles, Metal Complexes, and Inorganic
Materials. The study of metal—ligand electrochemical behavior
can be effectively conducted using CV due to its ability to
analyze electron transfer involved in complex formation. This
has been demonstrated through simulations conducted at
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various ligand concentrations, and the determination of global
formation constants was possible.

Recent research has provided evidence supporting the
utilization of CV as a complementary technique to validate the
findings of X-ray crystallography. This research specifically
focuses on elucidating the behavior of copper-thiourea-halide
complexes. Besides, the utilization of CV has demonstrated the
utility of redox potential and reversibility in investigating
metalloenzymes with molybdenum cofactor complexes as a
model for elucidating their physiological function."”"

CV can also serve as a method to track the behavior of
activated iridium oxide film microelectrodes. This can be
achieved by adjusting the scan rate during both the fabrication
and animal implantation processes.'*”

In addition, the usage of a gold rotating disk electrode (Au
RDE) has demonstrated its usefulness in assessing the surface
coverage of silica microparticle monolayers. It has been observed
that the adsorption strength increases with larger particle
diameters and higher surface coverage. This insight provides
valuable information regarding the deposition of different
particles onto surfaces.”” The characterization of the synthesized
Pt—Ru catalysts and their catalytic activities in relation to fuel
cells has been conducted using CV."? Besides, the functional-
ization of electrodes surface with active species has gained big
importance (e.g, Rh complexes for the regeneration of the
NADH cofactor'** and platinum and gold nanoparticles
(AuNPs) for hydrazine detection).'*

These inorganic functionalized electrodes are in big
competition with enzymatic systems where electrodes surfaces
are modified with electrocatalytic enzymes (e.g, NAD*
reductase for NADH regeneratlon, ¢ ferredoxin NADP*
reductase for NADPH regeneration),”” and hydrogenase for
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hydrogen production and oxidation.** The choice between
inorganic and enzymatic systems depends on the activity,
stability, and economic viability of the process in which the
catalyst is applied.

Application of SWV in Studying the Electrochemical
Behavior of Chemicals. Sheng et al. reported the cathodic
reduction peak during electrochemical allylic hydro-defluorina-
tion using ammonia as the hydrogen source.'”” The SWV
analysis of cathodic reduction peak reveals the transfer of two
electrons during the reduction process. Tang et al. investigated
the formation of the redox species during the synthesis of Co(II)
complexes of CoBr, and two N,N,N-tridentate ligands with
different proportions.'*® Besides, Roesel et al. reported the
electrochemical transformation of o-arylthiocarbamates to S-aryl
derivatives using Newman—Kwart rearrangement.141 The
combination of experimental techniques and computational
studies was employed to investigate the stepwise electron
transfer processes, reactive intermediates, and the role of the
electrocatalyst in promoting the rearrangement. The Hammett
plot was constructed based on DPV analysis revealing that the
oxidation of O- and S-aryl thiocarbamate generates radical
cations.

5.1.2. Scanning Electrochemical Microscopy. Scanning
electrochemical microscopy (SECM) is a powerful and versatile
electroanalytical technique that has gained popularity in various
fields, including electrosynthesis.'** SECM allows researchers to
visualize and probe electrochemical processes at the micro- and
nanoscale, providing valuable spatial information about electro-
active species and redox reactions. In electrosynthesis, SECM
offers unique capabilities to study the local electrochemical
behavior on electrode surfaces, investigate catalytic activity, and
optimize reaction conditions. SECM operates based on the
principles of a feedback control system. A microelectrode probe
is positioned close to the electrode surface of interest, and the
distance between the probe and the surface is adjusted to
maintain a constant current or potential difference. As the probe
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scans across the surface, it measures local electrochemical
currents, generating data that can be used to construct maps of
electrochemical activity. By scanning the probe in various
patterns, researchers can obtain detailed images of electro-
chemical reactions with high spatial resolution.'*” In the context
of electrosynthesis, SECM can provide spatial understanding of
the reactant and product distribution, the influence of electrode
morphology on catalytic activity, and the effects of different
reaction conditions on the overall electrochemical performance.
Chen and co-workers investigated the effect of acid treatment on
Cu/Al alloy for the CO, reduction reaction.'” The SECM
investigation showed superior activity at acid-treated samples
compared to flat catalytic surfaces. Moreover, SECM can be
used to study the dynamics of electrode reactions in real time,
offering insights into the kinetics of electrochemical trans-
formations during electrosynthesis. Overall, the application of
SECM in electrosynthesis opens new avenues for improving the
design and implementation of sustainable electrochemical
synthesis methods.

5.1.3. Organic Electrosynthesis with Constant Poten-
tial Electrolysis. CPE is one of the techniques applied in
electrosynthesis (Figure 11a). As shown in Figure 11b and 11c,
one example of CPE is a process in which the substrate
undergoes a direct electrolysis. The process involves the
oxidation of vitamin E (noted 1). The oxidation potential of 1
was determined by CV to be 0.55 V (versus Fc/Fc")."** The
working electrode potential for the CPE was carried out at 0.7 V
(versus ref). The applied electrolysis potential is 150 mV more
positive than the oxidation peak potential that was found by
CV.'*!%® As can be seen in Figure 11b (the black trace), the
current drops as the concentration of 1 is depleted. 1 is the only
electroactive species at this applied potential. The theoretical
charge is also shown (the red trace in Figure 11b). This charge
reveals the consumption of 2e™ per molecule. When the spent
charge and the theoretical charge are identical, charge efficiency
is calculated as 100%, since all oxidation currents are the
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consequence of the intended reaction. In other words, the
desired reaction is responsible for the obtained oxidation
current. In general, the charge efficiency of processes involving
controlled potential electrolysis is rather high.

Besides, an example of a mediated electron transfer
electrolysis reaction is the oxidation of an alcohol mediated by
an aminoxyl radical."*® Figure 11d depicts the electrolysis
current and the theoretical charge traces (black and red,
respectively) for the electrolysis of solketal (noted 2) mediated
by 4-acetamido-TEMPO. Figure 1le depicts the associated
reaction scheme. The current behavior remains constant as far as
the substrate 2 is in excess. However, a sudden decrease in
current is observed upon substrate consumption. Under bulk
electrolysis conditions, the faradaic efficiency is equal to 92%.
While comparing the shapes of currents in direct versus
mediated electrolysis, it appears the current in direct electrolysis
decreases gradually as the concentration of substrate decreases;
however, in mediated electrolysis case, the current decreases
rapidly before the total consumption of the substrate. This
means that the current of the mediated electrolysis is a function
of the local concentration of substrate that is reacting with the
mediator.

In these two electrolysis examples, preventing side effect
reactions was avoided by controlling the conditions, and this has
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led to high faradaic efficiency. The utilization of a three-
electrode CPE configuration is beneficial in the context of
electrocatalytic oxidation, particularly when the substrate
exhibits a redox potential that is marginally higher than that of
the catalyst.*”

5.1.4. Organic Electrosynthesis with Constant Current
Electrolysis (CCE). The two-electrode CCE (Figure 12a) can
be conducted using a variety of affordable and easily accessible
power supplies capable of applying a DC. This includes the DC
power sources commonly found in portable electronic
devices.'*® Several affordable power devices on the market
feature the capability to exhibit both current and potential
values. This enables users to calculate the theoretical charge (Q).

While the precise control of the working electrode potential
may not be possible, it is important to note that stopping the
reaction after the passage of theoretical charge can serve as a
means to achieve selectivity, particularly if there are significant
differences between redox potentials of the reactants."*” An
example of this phenomenon can be observed in the oxidation of
compound number 3, which consists of two distinct functional
groups exhibiting different redox potentials. (Figure 12b).

By allowing the reaction to proceed until 2.2 Faradays per
mole of charge had been transferred, the functional group with a
comparatively lower redox potential underwent oxidation,
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leading to a significant yield of the intended product.'*” Despite
that, running the experiment at low current decreases the
kinetics of the reaction, and high selectivity and faradaic
efficiency were obtained after the consumption of the reactant
(3)°

A noteworthy illustration is the notion of a “cation pool” in the
context of oxidative functionalization of ethylbenzene deriva-
tives (4). The objective of this reaction design is to generate a
product or intermediate (6) with a positive charge, possessing a
significantly elevated oxidation potential compared to the initial
compound, thereby mitigating the risk of excessive oxidation
(Figure 12¢). The reactions were ended with a faradaic efficiency
of 69% and a maximum product yield of 86% was attained.

In numerous cases, accurately determining the ending of
electrolysis reactions is challenging due to the low current
efficiency. Measuring the consumed charge or monitoring the
cell potential may not provide precise results in such situations.
In such cases, the reaction process can be monitored using thin-
layer chromatography'*’ or a spectroscopic technique'®’
accurately determine the end of the electrolysis (Figure 12d).

Figure 12e depicts a well-known strategy for characterizing
secondary reactions and optimizing reaction conditions with a
variation of the applied currents.">" The impact of current level
on reaction yield is well reported in the production of
asymmetric biphenols through anodic C—C cross-coupling
and electrochemical Birch reduction.'””'>* Notably, the current
can be modified. However, it is important to recognize that the
surface area of the electrode plays a crucial role in determining
the efficacy of electron transfer via redox-active species. Ensuring

to

ite selectivity through AC-frequency.'®® Reproduced with permission from

the reproducibility of CCE reactions involves reporting the
current density per unit area of the electrode.">'**

5.1.5. Electrolysis with Alternating Current (AC) for
Organic Electrosynthesis. Recent interest has been drawn to
electrochemical organic synthesis due to its unique reactivity
and environmentally friendly methodology. However, the use of
paired electrolysis processes is restricted due to the sluggish
mass transfer that occurs between two electrodes, which
necessitates the presence of stable intermediates.**™'“> Due
to the loss of intermediates during mass transfer, paired
electrolysis typically results in low yields for reactions involving
short-lived intermediates (Figure 13a). Recently, alternating
current electrolysis has increased in interest, which eliminates
this disadvantage of paired electrolysis. An alternating voltage is
utilized to apply sequential driving force to the redox
transformations of the substrates on the electrode (Figure 13b).

In this particular scenario, it is not necessary for intermediates
to move between the two electrodes. As a result, short-lived
intermediates are able to react instantly to the reversal in polarity
between the electrodes. This advantage of AC electrolysis was
demonstrated by Rodrigo et al.'®* with the example of
trifluoromethylation of (hetero)arenes. This model reaction
proceeds through a sequential mechanism. Initially, triflyl
chloride undergoes reduction to generate a CF; radical.
Subsequently, the highly reactive CF; radical reacts with
aromatic systems, leading to the formation of a radical
intermediate. Finally, this intermediate is oxidized to yield the
desired product. (Figure 13c). The instability of radical
intermediates formed by the addition of CF; radicals to
(hetero)arenes, which lack aromaticity, leads to low yields of
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Scheme 2. Schematic Illustration of the Cocrystallization Process of Caffeine and 1-Hydroxy-2-naphthoic Acid at the Aqueous—

Organic Interface with a Monitored Potential '®”*

Agueous

“Reproduced with permission from ref 167. Copyright 2021 Royal Society of Chemistry.

trifluoromethylated products when employing the paired
electrolysis method. The trifluoromethylated product yield for
the model substrate 2-acetylpyrrole, when a constant voltage was
applied, was determined to be 13%. At the frequency of 100 Hz,
which is considered optimal for AC, the oxidation of radical
intermediates into the final product was found to be highly
effective, resulting in an increased product yield of 84%. A
numerical model was developed to analyze the voltage available
for electrochemical reaction (V,.) due to the significant impact
of charge and discharge of the electrical double layer on the AC
electrolysis process at high frequencies. The zone of reaction
during each voltage pulse was determined (Figure 13d). In
addition, they utilized this model to calculate the actual V.
under various AC electrolysis voltage amplitudes and
frequencies and to predict the possible reactions that would
occur under these electrolysis conditions (Figure 13e). The
predictions were highly consistent with the experimental
findings and exhibited a high level of consistency with the
experimental results. The electrogenerated intermediates, which
are retained within the diffusion layer of an electrode, exhibit
both effective and reproducible reactions. In their study,
Schotten et al.'®® observed that the electrosynthesis of Cu—N-
heterocyclic carbene complexes ([Cu—NHC]*) using a
constant voltage demonstrated inadequate reproducibility.
The reduction of 1,3-Bis(2,4,6-trimethylphenyl)imidazolinium
chloride (IMesHCl) to NHC is necessary for this reaction
(Figure 13f). The limited reproducibility observed in paired
electrolysis can be attributed to the electrodeposition of copper
ions onto the cathode. Over time, these copper ions form
dendritic structures of copper metal, which can cause short
circuits during extended reaction periods. (Figure 13h). By
employing AC electrolysis at a low frequency, the researchers
successfully mitigated metal deposition and dendrite formation,
thereby ensuring the long-term stability of the reaction.
Furthermore, it has been observed that the reaction rate is
often higher with AC voltage compared to a constant voltage.
This can be attributed to the continuous replenishment of
IMesHCI near the electrode surface during voltage pulses.

In a more recent study, Behera et al. presented an
electrochemical method for facilitating hydrogen isotope
exchange (HIE) at a-C (sp®)—H amine sites.'® Tetrahydroiso-
quinoline and pyrrolidine have been chosen as two representa-
tive substrates due to their distinct kinetics in proton transfer
(PT) and hydrogen atom transfer (HAT) at the a-C(sp*)—H

156

amine sites. These differences are exploited to manipulate the
outcome of the hydrogen isotope exchange (HIE) reaction
under varying frequencies of applied alternating current (AC)
(Scheme 1). The tetrahydroisoquinolines exhibited the greatest
level of deuterium incorporation when subjected to direct
current (DC) electrolysis conditions at 0 Hz, while the
pyrrolidines demonstrated the highest deuterium incorporation
at 0.5 Hz. The examination of the distribution of products and
the incorporation of D isotopes at various frequencies indicates
that the hydrogen isotope effect (HIE) of tetrahydroisoquino-
lines is constrained by the sluggish hydrogen atom transfer
(HAT) process, while the HIE of pyrrolidines is constrained by
the excessive oxidation of their @-amino radical intermediates.
The potential utilization of AC-frequency-dependent HIE
(Hydrogen Isotope Exchange) in amines holds promise for
the selective labeling of a-amine sites within a single drug
compound. This development has the potential to greatly
influence the pharmaceutical sector.

5.1.6. Liquid—Liquid Electrochemical Extraction for
the Synthesis of Controlled Sized Cocrystals. Controlling
the growth of cocrystals is a significant goal in the
pharmaceutical and medicinal chemistry. Herzog et al.'®’
reported an electrochemical cocrystallization process that
takes place at the interface between an aqueous and an organic
phase. 1-hydroxy-2-naphthoic acid (IH2N) is soluble in 1,2-
dicloroethane (DCE); however, caffeine is soluble in the
aqueous phase (Scheme 2). The formation of a polymorphic
cocrystal of caffeine:1-hydroxy-2-naphthoic acid was facilitated
by favorable positive interfacial potentials. X-ray diffraction
demonstrated that selective cocrystallization was achieved in
this manner.

In this work, a potential was applied at the interface between
the aqueous phase and the organic phase. The driving force
present in this scenario led to a transfer of charge across the
interface. As a consequence, cocrystal generation occurred at the
interface. Besides, the idea was to figure out how the imposed
potential difference at the oil—water interface affects the
cocrystallization process.

The cocrystals were obtained and subjected to analysis using
scanning electron microscopy (SEM). The findings of the study
indicated that the most significant crystal sizes for saturated
caffeine were observed when an intermediate potential differ-
ence was applied, resulting in crystals with big sizes. Conversely,
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cocrystals produced under the highest potential difference had
small sizes.

This observation suggests that the potential difference has an
impact on the mass transport of caffeine and consequently
affects the size of the cocrystals.

Based on the obtained findings, it appears that the
electrochemically controlled cocrystallization technique holds
potential for broad applicability across various pharmaceutical
compounds.

5.1.7. Application of Electroanalysis in Organic
Industrial Electrosynthesis. Industrial electrochemistry is a
highly diverse field that includes the synthesis of organic and
inorganic compounds, the conversion and storage of energy, and
the galvanic deposition of metals and alloys. Electrochemistry
also plays a significant role in corrosion protection, sensor
devices, and other technologies involving charge transfer at an
electrified interface.

In today’s world, research is rapidly becoming more
specialized to address challenges that include several disciplines.
Electrochemical surface technology has been more prevalent in
recent years due to the fact that almost every commercial
product now goes through some kind of surface treatment in
order to improve its usefulness and characteristics.

Electrochemical engineering is a branch of chemical engineer-
ing that focuses on the creation and improvement of
electrochemical processes by using the basic rules of electro-
chemistry and chemical engineering. Electrolysis of salt
solutions, which results in the synthesis of chlorine and sodium
hydroxide, as well as the generation of chlorate and hypochlorite,
as well as the production of peroxodisulfate and hydrogen
peroxide, are among the most common industrial processes in
use today. Other processes that are theoretically possible include
electrowinning and refining of metals such as aluminum and
magnesium from molten salts or copper, nickel, and zinc from
aqueous electrolytes. Additional examples of the significance of
electrochemistry in industry today include the electro-organic
synthesis of adiponitrile as a precursor to polyamide production
(Nylon), electrochemical machining for low-impact structuring
of hard metals, electroplating in the galvanic industry, and
cataphoretic painting of automobile body panels.

An example of the application of organic electrosynthesis in
industry is the “Monsanto process” that refers to the
electrochemical hydrodimerization of acetonitrile to produce
adiponitrile, a key intermediate in the synthesis of 6,6-nylon.'*®
This process achieved a production volume of 340 thousand
tons/year in 2010, establishing it as the most significant
electrochemical process in the industrial sector. The initial
batch process employed in 1965 involved the utilization of a
divided cell featuring lead/lead oxide electrodes, alongside a
catholyte mixture comprising 16% acetonitrile, 16% adiponitrile,
40% tetraethylammonium ethylsulfate, and 28% water.

A voltage of 12 V was applied to each cell, resulting in a
cathode current density ranging from 400 to 600 mA/ cm?,
which ultimately led to a selectivity of 92% in the production of
adiponitrile. The yearly production of 900 t was achieved
through the utilization of a cumulative cell current of 2870 A,
while consuming 6700 kW-hours per ton. Following this, the
process progressed through a number of phases of development,
culminating in the present second-generation or “new
Monsanto” method, which was introduced in 1984. This
modernized technology enables similar selectivity and features
an undivided flow cell with electrodes composed of carbon steel
sheets and cadmium-plated surfaces. The mixture under
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consideration is a colloidal suspension of acetonitrile and
adiponitrile in an aqueous medium, comprising 0.4% hexam-
ethylene-bis(ethyldibutylammonium) and 15% disodium hy-
drogen phosphate. The distance between the electrodes has
been decreased from 70 mm to 1.8 mm, resulting in a notable
reduction in the required quantity of supporting electrolyte and
enabling a simpler isolation process through straightforward
extraction followed by distillation. This process has resulted in a
significant reduction of 37% in energy consumption, with the
current rate standing at 2500 kWh per ton.'®”

Another example of the application of electroanalytical
techniques in industrial organic and inorganic electrosynthesis
is the synthesis of metallic nanoparticles by “VITO com-
pany”.”’ This company described a method for the synthesis of
platinum group metal nanoparticles (NPs) using the gas
diffusion electrocrystallization (GDEx) technique (Figure 14).

diffusion layer
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Figure 14. Gas-diffusion electrocrystallization (GDEXx) electrochemical
reactor schematic for the synthesis of PGM NPS. In GDEx, H, from the
water reduction reaction (WRR) (1) functions as a reducing agent, and
(2) CO from the CO, reduction reaction (CRR) regulates the size of
elemental nanoparticles composed of metal ions in solution (3). (4)
The ratio of unreacted CO2 to HCO; ™ and CO,*~ is crucial for using up
the OH™ produced by the WRR and CRR and ending the process."”’

CO, and water undergo simultaneous electrochemical reduction
at the triple-phase boundary of uncatalyzed gas-diffusion
electrodes, yielding H, and CO. Both gases, but H, in particular,
are reducing agents for water-soluble noble metal ions, resulting
in the formation of nanoclusters of metal. CO can act as a
capping agent as well. Additionally, the presence of CO,
prevents the formation of metal hydroxides by stabilizing the
pH. In this process, an electrolysis current of —30 mA/cm* was

applied.

Although organic electrosynthesis offers a way to carry out
several chemical reactions in an environmentally compatible
way, such complex organic reactions can be equally carried out
by biological catalysts in an even greener way. That is because
biological catalysts, such as enzymes and microbes, work
intrinsically at milder conditions than organic catalysts with
very good selectivity and activity. One example, that will be
illustrated further, is nitrogenase enzyme that can catalyze the
production of ammonia and hydrogen at ambient conditions
opposed to the industrial Haber-Bosch process that requires
high temperature and pressure. Enzymes have developed the
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Figure 15. Bioelectrocatalytic synthetic systems.

ability to catalyze crucial chemical reactions such as formation of
C—C bonds and nitrogen reduction, which are of high interest
for industrial synthetic processes, as a result of billions of years of
evolution. Some of these catalysts, designated as bioelectro-
chemical systems (BESs), are able to carry out electrochemical
processes, transforming organic compounds into electrical
energy and vice versa (Figure 15). A main distinction can be
made on the typology of biocatalysts applied in BESs: enzymes
and microbial cells.'”" Simpler than intact cells but more
complex than individual enzymes, organelles (mitochondria and
chloroplasts) are an additional class of biocatalysts that can be
applied for electrochemical reactions. Inspired by nature,
scientists have applied BESs for four main purposes:
bioremediation, biosensing, the production of electrical energy,
and the production of valuable chemicals, feedstocks and fuels.
This last feature gave rise to the relatively new field of
bioelectrosynthesis.””" In the following sections, a description
of the main electrochemical techniques applied to BESs, as well
as a comprehensive discussion of the principles governing the
functioning of biocatalysts and the factors crucial for their
activity, will be treated. Recent advances in this field and
examples of significant synthetic reactions by BESs will be
summarized.

5.2.1. Electroanalytical Techniques for Character-
ization of Bioelectrochemical Systems. Factors like geo-
metric shape and surface area of the electrode, the ratio between
the electrode area and volume of the electrolyte, and type of cell,
can play a role in the BESs performance. The catalytic
performances of BEs, resulting from structural and functional
changes that impact biocatalyst activity as well as originating
from various other factors such as electrode material, can be
evaluated electrochemically.'”* Electrochemical techniques
provide a large amount of information in real-time at low
costs without the requirement for sample collection and off-line
monitoring favoring a more automated and efficient process
control.

Protein film voltammetry (PFV) is commonly applied to the
study of redox proteins.'”* CV is the most popular voltammetric
technique used in PFV. The current generated upon application
of a potential provides kinetic and mechanistic information
about the enzyme object of study. CV can offer insights on the
type of electron transfer (ET) mechanism, direct or mediated, of
both enzymes and electrogenic microbes.'”* CV can be used to
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detect the presence of membrane bound redox proteins
responsible for ET in electroactive bacteria and their redox
potential.'”* Tt can assess the redox activity of bacteria after
immobilization at the electrode or after performing catalysis
over a period of time. It can be used as well to detect the
presence of secreted diffusible redox mediators responsible for
mediated ET and establish their contribution in the overall ET.
Such contribution can be determined by comparison of the
redox response in CVs obtained from bacteria in the same
growth medium (that possibly contains secreted redox
mediators) and in newly filtered medium.'” Diffusion
limitations in the system and distintions between electro-
chemical interactions that occur at electrode surface and the
bulk phase can be evaluated by CV by correlating linearity of
peak current to various scan rates. CV can be used to determine
the projected surface area of the electrode. This is one of the
most important parameters that has to be taken into account
when comparing the performances of different bioelectrode
materials.'’® This is expressed by the Anson equation:

Q = 2nFACD'?'/?!/?

where Q is the total experimental charge obtained by integration
of the peak area in a CV associated with a specific redox process,
n is the number of electrons involved in the electrochemical
reaction, F is the Faraday’s constant (96 485 C mol™"), A is the
electrode surface area, C is the concentration of the redox active
catalyst or mediator, D is the diffusivity, and t is the time.
Though, the Anson equation is not representative of three-
dimensional, nanostructured or highly porous electrodes or
electrodes modified by biofilms. The adsorption of electro-
chemically active molecules and the capacitive charge that is
created when microbial systems are used, can indeed also
contribute to the total charge consumed at the electrode.'”®
SWYV, by reducing nonfaradaic contributions, allows a more
accurate calculation of kg and electroactive surface coverage.174

Fourier-transformed AC voltammetry can be used to amplify
the enzymatic response, in case of poor enzyme loading or
orientation.'”” During CV, a large-amplitude sinusoidal wave is
applied to the linear potential sweep and the spectrum obtained
by Fourier transformation of the current can aid in distinguish-
ing faradaic and nonfaradaic contributions. As an example, this
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technique has been helpful to separate the catalytic and electron
transfer current contributions of [NiFe] hydrogenases.178
Chronoamperometry (CA) is probably the most important
technique in bioelectrosynthesis since the applied potential
enables the constant flow of electrons to the biocatalysts driving
the redox equivalents necessary for substrate reduction. The
selection of the potential value influences the bioconversion
rates and production yield. The current density recorded by CA
is a direct measure of the biocatalyst turnover and allows for
determination of the heterogeneous kgr for surface-confined
bioelectrodes.'’* Amperometric i—t curves generated by
enzymatic activity as a function of substrate concentration
allows for determination of the apparent Ky of a redox enzyme
after fitting data to the Michaelis—Menten equation. In
microbial BESs, CA is indeed very useful. When the working
electrode is poised at a certain oxidation potential, microbes can
use the electrode as the terminal electron acceptor. This
configuration is useful for monitoring biofilm growth. The
relative increase in current over time is directly correlated with
the density of cells immobilized at the electrode as well as
substrate utilization by bacteria.'”* Vice versa, when it is poised
at the desired reduction potential, the electrons can be used by
microbes for driving metabolic pathways involved in bio-
production. In this case, CA monitors the consumption of
current by microorganisms. The efficiency of electron utilization
in the transformative reaction, also defined as the percentage of
electrons that is recovered as product, is the faradic or
Coulombic efficiency (¢¢) calculated from the current output
generated during CA. In particular, it can be expressed by

& = FM,Ae/ [idt

where F is Faraday’s constant, M, the moles of product(s), Ae is
the difference in degree of reduction between the substrate and
the product, and / i dtis the total charge obtained by integration
of the current supplied or produced over time.'”®

Hydrodynamic electrochemistry, CV and CA, is often used to
study enzyme kinetics removing mass transfer limitations. In this
case, rotating disk electrodes are used to induce a controlled flux
of fluid to the electrode surface and different aspects can be
studied such as conformational changes, intramolecular electron
transfer, or the binding/release of substrates/products from an
enzyme active site. 7o

Apart from electrode material properties such as permittivity
and conductivity, electrochemical impedance spectroscopy
(EIS) can provide information about properties of the
biocatalyst-electrochemical interface, kinetic rates of the
reaction of interest, mass transfer reaction mechanisms.'’”
Since EIS signals can be related to the polar nature of lipid
membranes, proton gradients on the outer surface of bacterial
cells, and membrane-associated ET reactions, EIS can also be
employed for monitoring cell viability, density and physiology of
microbial BEs.'”” The exchange current density, j,,, is a reliable
parameter for evaluating the performances of BESs. BESs
characterized by high j., are able to exchange electrons and
respond to a change in potential more rapidly. This reflects in
higher production yields. It can be expressed by

j. = RT/nFR,,

where Fis Faraday’s constant, R is the ideal gas constant (8.314]
K™ mol™), T is the temperature, n is the number of electrons
transferred, and R is the charge transfer resistance that can be
obtained by EIS.'™
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Electrochemical techniques can be associated with other
methods to obtain additional and complementary informations
useful to assess BESs. In spectroelectrochemistry, electro-
chemical techniques are coupled with different spectroscopic
methods, such as UV—vis, IR, Raman, for studying ET
mechanism in BESs although with important limitations. For
instance, IR spectroscopy coupled with electrochemistry has
been applied to the study of the stability and the catalytic activity
of hydrogenases and nitrogenases.'”* Quartz crystal micro-
balance with dissipation monitoring (QCM-D) is a robust
surface-sensitive technique to monitor changes in the resonance
frequencies (Af,) and in the dissipation signals (AD,) of the
piezoelectric quartz crystal determined by the adsorption of
molecules. When coupled with electrochemistry (EQCM-D),
this technique can reveal electrochemical properties associated
with changes in the film structures. For instance, the comparison
between QCM-D measurements of the adsorbed enzymes with
CV can give information on the amount of enzymatically active
molecules to diagnose the causes of long-term activity loss.
Similarly, it can determine the amount of favorably oriented
enzymes in the film useful to maximize the ET."*"'®* The
adsorption and electroactivity of hydrogenase and formate
dehydrogenase have been studied with EQCM-D."®' Lastly,
QCM-D is a robust tool to monitor in real-time bacterial cell
deposition on a surface and biofilm growth which are important
factors for the creation of a more stable and durable microbial
immobilization on the electrode and sustained production.'®’

5.2.2. Enzymatic Electrosynthesis. Extensive research has
been conducted over the last decades on enzymatic systems for
biosensors, energy conversion, biofuel cells, and biocapacitors.
Enzymatic electrosynthesis (EES) refers to a process in which an
energy input is driven to the enzymatic catalytic centers of sin$le
or multienzymes for the synthesis of value-added chemicals. **
Direct electrical energy, light, and electrons deriving from either
enzymatic or microbial catalysis, can be used as reducing
equivalents for the synthesis of the desired products.'®* In EES,
the driving force is provided by an electrode that acts as a
terminal electron acceptor or electron donor. Although enzymes
can generate products and byproducts at both anode and
cathode compartments, EES is generally performed at the
cathode where the consumption of external electrons drives the
reduction of a substrate. In paired electrolysis, both the anode
and cathode can participate in the formation of different
products.'®

Enzymatic reactions are usually performed in aqueous
environment under mild conditions (room temperature, normal
pressure, neutral pH). Some enzymes possess high chemo-,
regio-, and stereoselectivities which often exceed that of
chemical synthesis. They can achieve high turnover rates and
current densities and the overpotential is generally lower
compared to direct redox or molecular electrocatalysis.'*®
Compared to microbial systems, enzymes allow the simplifica-
tion of the process with limited side reactions and higher
selectivity. For instance, the production of ethanol from CO, by
microbial systems can lead to the concomitant synthesis of
butanol and the reverse reaction can also simultaneously
occur.'®” Moreover, the electron transfer process is facilitated
due to the absence of cell membranes.'®*

Despite this, EES has some limitations. Enzymes perform a
single reaction step thus converting a single substrate upon
transfer of only one or two electrons. The intermediate
compounds tend to accumulate during the biocatalytic trans-
formation and can inhibit the downstream processing of the
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substrates. The process of production and purification of
enzymes is complex, often requiring genetically modified
microorganisms. Furthermore, many enzymes are fragile and
have a limited lifetime (typically 7—10 days). Conformational
changes in the protein native structure can occur as a result of
local changes in environmental conditions (such as pH,
temperature, and high voltages) requiring frequent electrode
replacement.

Oxidoreductases. EES involves a class of enzymes named
oxidoreductases, which account for one-quarter of the known
enzymes, that are capable of electron transfer from one molecule
to another or to an electrode surface. They can be generally
classified into metalloenzymes and nonmetalloenzymes. The
reaction range of oxidoreductases is quite vast and includes
oxygenation, dehydrogenation, dlsproportlonatlon, single elec-
tron transfer, oxidative bond formation.'®® Dehydrogenases
catalyze reversible oxide reduction reactions by removing or
adding hydrogen atoms from a variety of substrates. Oxygenase
converts alkanes to alcohols, olefins to epoxides, sulfides to
sulfoxides, oxidizes aromatic compounds, and cleave carbon—
carbon bonds. Reductases are another category of oxidor-
eductases that only catalyze reduction reactions, such as N,
reduction to NH,."**

The majority of oxidoreductases require stochiometric
amounts of the cofactor that is responsible for the transfer of
electrons and protons and in general for the catalytic function of
the enzyme. Common metallocofactors include heme, iron
center (Fe), iron—sulfur cluster (Fe—S), copper center (Cu),
tungsten center (Wco), and molybdenum center (Moco).
Nonmetallocofactors can be freely diffusing, such as nicotina-
mide adenine dinucleotide (NAD(H)) and nicotinamide
adenine dinucleotide phosphate (NADP(H)), or enzyme-
bound such as flavin adenine dinucleotide (FAD), flavin
mononucleotide (FMN), pyrroloquinoline quinone
(PQQ)."* In heme-containing proteins, the prosthetic group
is the porphyrin complex of iron(II)-heme or iron(III)-hemin,
which is involved in electron transfer processes (cytochrome b
and ¢),"” reduction of oxygen to water (cytochrome c
oxidase),'”® oxidation of different functional groups by
molecular oxygen (P450 monooxygenase),'”" and decomposi-
tion of peroxides (peroxidase and catalase).'”* Fe—S clusters are
composed of iron atoms bound with sulfur-containing ligands,
the rhombic [2Fe—2S] and cubane [4Fe—4S] types are the most
simple. Fe—S clusters are present in ferredoxin, hydrogenases,
and nitrogenases.'”> Copper centers in proteins are responsible
for the transferring of electrons and oxygen to perform various
oxidation reactions. Three categories of copper centers can be
distinguished: type 1 (T1) or blue copper, type 2 (T2) or normal
copper, type 3 (T3) or coupled binuclear copper centers.'”*
Laccase is a typical multicopper-containing enzyme which
facilitates n-diphenylenediamine and phenol oxidation, with
concomitant reduction of dioxygen. Flavoenzymes possess flavin
mononucleotide (FMN) or flavin adenine dinucleotide (FAD),
and they carry out various oxygenation reactions including
hydroxylation, Baeyer—Villiger oxidations, epoxidations, and
sulfoxidations.'* PQQ-containing oxidoreductases include the
quinoproteins whose active sites contain only PQQ, such as
glycerol dehydrogenase and glucose dehydrogenase, as well as
the quino(hemo)proteins that contain one or multiple heme
groups such as fructose dehydrogenase and alcohol dehydrogen-
ase. The oxidized form of the CS carbonyl in the quinolone ring
is highly reactive toward nucleophiles, like ammonia, amines,
amino acids, and alcohols.'”
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Since cofactors are very expensive and labile, cofactor
regeneration strategies are crucial for thermodynamically and
kinetically facilitating product formation and broadening EES
applications.

Cofactor Regeneration Strategies. The recycling of the
cofactor allows the catalytic reaction to proceed with only small
amounts of the cofactor initially added to the reaction medium.
Aside from economic costs, continuous regeneration allows the
reaction to move forward in the positive direction increasing the
yields of generated products. Chemical, enzymatic, photo-
chemical, and electrochemical methods have been developed for
cofactor regeneration (Figure 16).
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Figure 16. Overview of the main cofactor regeneration strategies.

Chemical regeneration of the cofactors can be achieved by
using inorganic reducing agents such as sodium dithionite and
sodium borohydride, oxidants such as O, or organometallic
complexes such as Cp*Rh(bpy)(HzO)]2+ 7 The total turn-
over number (TTN), defined as the amount of product divided
by the amount of cofactor, as well as the selectivity, is one or 2
orders of magnitude lower. Importantly, chemical agents can be
harmful to enzymes causing their denaturation.'””

In substrate-coupled reaction systems, only one enzyme is
used for product formation while a sacrificial substrate, that is
responsible for cofactor regeneration, can be externally added or
in situ produced. For instance, H,0, can be added or
continuously supplied by electrochemical means in heme
peroxidase reactions to regenerate the reactive compound I
intermediate.'”® The sacrificial substrate can be harmful to the
biocatalyst and its presence complicates successive separation
procedures. In the previous example, the porphyrin unit in heme
peroxidases is very sensitive to oxidative degradation by H,0, so
enzyme inhibition can often occur.'”®

In enzyme-coupled reaction systems, a second enzyme is used
with the specific purpose of regenerating the cofactor. During
the conversion of a cosubstrate into a coproduct, the cofactor is
converted back into the desired form. Regeneration systems
based on enzymes are selective and versatile as they afford a wide
range of substrates. However, they suffer from possible
inhibition effects and intrinsic instability, high cost, and
complication of product isolation. The most common enzymes
employed are diaphorase, lipoamide dehydrogenase (LipDH),
ferredoxin NAD(P)" reductase, and AMAPORS (artificial
mediator accepting oxidoreductases).'™ Other examples of
enzymes less commonly used for NAD(P)H regeneration are
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formate dehydrogenase (FDH), glucose dehydrogenase
(GDH), and glutamate dehydrogenase (GluDH)."”” Most of
these enzymes require a redox mediator to transfer electrons.
For instance, diaphorase together with methyl viologen (MV)
was used for the reduction of cyclohexanone derivatives by
ADH,"” pyruvate by p-lactate dehydrogenase,””’ and the
synthesis of (R)-mandelic acid by benzoylformate dehydrogen-
ase.””" Some enzymes instead do not require a redox mediator
and they can solve this function via the establishment of a direct
communication with the electrode. Hydrogenases belong to this
group, and they have been applied for NADH regeneration for
instance for the conversion of algha-ketoglutarate to L-glutamate
by L-glutamate dehydrogenase.””

Photochemical methods, based on the use of solar energy, are
relatively new. They mimic the natural process observed in
plants where the electrons are stored in NADH for the synthesis
of carbohydrates. Mediators and photostabilizers are usually
required to increase the efficiency of conversion in the visible
region.m7

Electrochemical methods have great attractiveness, as they are
efficient and mass-free. The reducing equivalents in this case are
electrons, the cheapest redox equivalents, which are provided by
an electrode in a continuous process and they can be obtained
from green and sustainable energy sources, such as solar, wind,
water, and nuclear energy.198 Electrochemical cofactor regen-
eration strategies can be roughly divided into two types: direct
and indirect electron transfer.”""

Regeneration of nicotinamide cofactors is relevant for
industrial applications since ~80% of oxidoreductases need
NAD(H)/NADP(H).*** The direct reduction of NAD(P)" is a
two-step process, the first involves the transfer of one electron to
form a radical species. Then this radical can be protonated and a
second electron can be transferred. Direct regeneration can be
achieved by using metal electrodes, metal nanoparticles, metal
oxides, and alloy-based materials. During direct reduction at the
electrode, electrochemically inactive NAD dimers can be
formed. Furthermore, the protonation step is not selective,
and besides 1,4-NAD(P)H, which is the desired active form, also
1,6-NAD(P)H can be generated, which is not able to bind
enzymes. The direct electrochemical oxidation of NADH
requires high oxidation potentials (around 900 mV vs SHE)
that can cause electrode fouling, passivation, and unwanted
oxidation of side products. The method has a slow reaction
speed and poor selectivity. It was successfully applied in the early
stages of electroenzymatic synthesis for the conversion of
alcohol to aldehyde and glucose to gluconic acid,”** but for the
above reasons is not generally used in practice with the
exceptions of reactions that are oxidation-stable and do not form
side-products. Indirect regeneration via the use of mediators,
which can transfer two electrons in one step and dramatically
decrease the overpotential, is thus usually preferred.

Rhodium-based mediators have been the first systems used
for NAD" reduction, in particular, Rh(bpy), was applied for the
synthesis of cyclohexanol from cyclohexanone by ADH.**° The
incorporation of a pentamethyl cyclopentadienyl (Cp*) ligand,
applied for the electroenzymatic synthesis of lactate from
pyruvate by p-lactate dehydrogenase,”*® greatly improved the
mediator selectivity (>99%) and then it found several
applications for the synthesis of different products: the reduction
of 4-phenyl-2-butanone to (S)-4-phenyl-2-butanol and the
synthesis of (R)-phenylethanol by alcohol dehydrogenase.”””***
Recently, electrochemical bulk regeneration of NADH for -
lactate dehydrogenase catalysis has been realized in a bipolar
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electroenzymatic system based on multiple glassy carbon beads
containing a metal—organic framework (MOF) shell function-
alized with [Rh(Cp*)(bpy)Cl]*. In this system, mass transport
limitations are overcome by mechanical stirring of the beads
allowing regeneration of NADH with high turnover frequencies
at the negatively polarized cathode while a sacrificial cosubstrate,
ascorbic acid, is oxidized at the anodically polarized side.
[Cp*Rh(phen)CI*] containing a 1,4-phenanthroline ligand has
been shown to be effective for the synthesis of glutamate.”"’
Polymers of dyes such as neutral red, methylene green, and azure
B, are another class of mediators that can be applied to cofactor
interconversion.

Common 2-electron redox mediators that have been applied
for NADH oxidation in electroenzymatic systems are phenan-
throline metal complexes, bipyridine complexes, phenazine
methosulfate, 3,4-dihydroxybenzaldehyde.””® The indirect
methods involving the use of redox mediators are often
combined with enzymatic methods. For instance, diaphorase
has been used for NADH oxidation with methyl viologen
(MV?), ferrocene, cobaltocene, quinone, and osmium-derived
redox polymers.'*°

For flavin-containing enzymes, cofactor regeneration can be
done by molecular oxygen. The principal drawback is the
concomitant production of H,0, that can negatively affect
enzyme activity and stability in absence of catalase.'”®
Electrochemistry is an elegant tool for cofactor regeneration
via the use of mediating systems.””” Polymer-bound ferrocene
derivatives served as mediators in FAD regeneration for
continuous processes with in situ product removal for the
oxidation of p-cresol to p-hydroxybenzaldehyde by p-cresol
methylenehydroxylase,”” xylitol to l-xylose by galactose
oxidase’'’ and electrolysis of L-glycerin-3-phosphate to
dihydroxyacetone phosphate by L-glycerin-3-phosphate oxi-
dase.””’

Although many regeneration systems have been successfully
applied in various biocatalytic processes, they are still hard to
scale up because of the relatively small surface area of the
electrodes compared to large reaction volumes which lower the
conversion rates. Clever design of the electrode-chamber
structure and the improvement of electrode surface roughness
and porosity are pivotal factors to increase the surface area of the
electrode. Microfluidic control can be beneficial and solve the
challenge.””

Electron Transfer between Enzyme and Electrode. In order
to generate high current and power density, it is vital to increase
efficiency of the biocatalyst electron transfer rate. Two main
mechanisms, direct electron transfer (DET) and mediated
electron transfer (MET) are distinguished. In DET, a physical
contact between the redox active center of the enzyme (which
can correspond to the catalytic center or be an electron
donating/accepting site other than the catalytic center) and the
electrode can be established. The distance between the redox
active center and the electrode is critical and should be shorter
than 14 A to facilitate tunneling via DET according to Marcus
theory.”'' Only a few oxidoreductases can perform DET,
laccases, and peroxidases are the most studied and characterized.
The correct orientation of the redox active sites on the electrode
has a pivotal role for achieve effective DET.

MET relies instead on the use of external soluble or
immobilized redox mediators to shuttle electrons. Enzymes
that possess a redox-active center buried inside a protein/
glycoprotein shell, are generally unable to establish electro-
chemical communication with the electrode and require a redox
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mediator. Redox mediators display various structural and
electronic properties and thus the choice of the most suitable
ones depends upon the enzymatic system used. In general, their
redox potential should match the target of the bioelectrocatalytic
reaction.'®® For oxidative MET, the reduction potential of the
mediator should be more positive than that of the enzymatic
cofactor, while for reductive MET it is the opposite. Cofactor
accessibility of the mediator is also important and dependent
upon the active site structure.

In general, DET is simpler and more suitable for the synthesis
of high-value chemicals that does not require high current
densities, it also obviates stability and toxicity issues linked with
leaking mediators. On the other side, the indirect electron
transfer, by reaching higher current densities, is more feasible for
scale-up industrial production.

Immobilization Methods of Enzymes. The immobilization
of enzymes on the electrode surface is fundamental for EES
design and operation. It reduces the physical distance between
the electrode surface and the enzyme, simplifying diffusion, and
allows high loading onto a matrix or surface. Moreover, it
protects the enzyme from the surrounding environment (pH,
temperature, solvents, etc.) thus increasing enzyme stability and
reuse for applications.'”' Immobilization is crucial for the
stability and efficiency of enzymatic cascades that involve freely
diffusing intermediates. Moreover, for redox active enzymes
capable of DET, it is fundamental to achieve the correct
orientation of the enzyme on the electrode in order to provide
efficient electron transfer. Some of the challenges that need to be
overcome are conformational changes of the enzyme after
immobilization that cause loss of enzyme activity. Different
strategies have been employed over the years to fabricate
enzyme-immobilized electrodes.

Adsorption is based on intermolecular forces such as van der
Waals forces, dipole—dipole interactions, ionic interactions, and
hydrogen bonding. Adsorption is also described as the preferred
method to preserve enzyme structure.”'> However, it is not ideal
for long-term operation, especially under stirring conditions,
because the adsorbed enzymes tend to detach from the electrode
surface over time. In order to increase the adsorption rate and
selectivity, a substrate mimicking docking site, able to anchor a
particular enzyme motif, can be created on the electrode. For
instance, anthracene-modified multiwalled carbon nanotubes
(MWCNTs) or naphtylene-modified single-walled carbon
nanotubes (SWCNTs) were used to immobilize laccase.”'*'*
Similarly, a pyrene-modified nickel complex was used to dock
His-tagged nitrogenase.”"> Covalent bonding and entrapment
are other two major categories of immobilization strategies. The
first serves to create a stable bonding but requires knowledge of
the structure of the enzyme to obtain specific attachment on the
electrode without causing denaturation. Entrapment, which
involves employing a cross-linked matrix like a polymeric
hydrogel, can be used without selectivity to immobilize a wide
range of enzymes. These matrices allow the diffusion of
substrates and products while retaining the catalysts close to
the electrode. Cross-linkers such as glutaraldehyde, carbodii-
mide, and maleimide are often used for entrapment.”'® Pyrene—
LPEI is a versatile example of a polymer used for enzyme
entrapment, the pyrene moieties establish 7—n stacking
interactions with carbon-based electrodes.”"”

Electrode Modifications for Improving Enzyme Biocatal-
ysis. The electrode physicochemical and morphological
characteristics have a huge impact on biocatalysis. These can
be specifically tailored to favor the adsorption of the biocatalysts,
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enhance the electron transfer rate, improve mass transport of the
substrates and products, and increase the electroactive surface
area and biocompatibility. Preferred requirements for electrode
materials are high electrical conductivity and stability, low cost,
corrosion resistance, and scalability. Carbon-based electrodes
are the most widely used in combination with biocatalysts since
they meet almost all the above requirements.”'® Gas-diffusion
electrodes are useful for biocatalysis involving gaseous substrates
such as dioxygen, dihydrogen, and carbon dioxide that are
directly supplied from the gaseous phase to the reaction layer.*"”

The introduction of three-dimensional nanostructured
electrodes, as well as the use of porous materials such as
carbon-based foam, carbon felt, graphitic fiber brush, and
electron spun carbon nanofibers, can significantly improve the
current densities for the possibility to adsorb large amounts of
biocatalysts overcoming the challenges linked with ohmic losses
and low production yields. This feature is particularly useful in
the case of biocatalysts capable of performing DET.”** Chemical
modification of the electrodes and their integration with
nanomaterials, including nanoparticles and carbon nanotubes,
are central for increasing the electrocatalytic performances of the
biosystems. These materials have excellent conductivity and a
high ratio of the effective surface area against the projected
surface area. Nano-objects and enzymes have comparable sizes,
so usually the natural conformation and thus functionality of the
enzyme is preserved compared to immobilization on planar
electrodes. The size of nanomaterials can be controlled with
various manufacturing methods, and should be selected based
on the size and hydrophobicity of the biocatalyst. Different
enzyme entrapment strategies are based on matching the
enzyme size with the pores of the hosting matrix. Moreover, the
most utilized micro- and nanostructures are characterized by
accelerated heterogeneous electron transfer kinetics due to the
strengthening of the electric field by expansion of the electric
double layer.””” As an example, immobilization of glucose
oxidase (GOx) in the pores of a mesoporous carbon matrix with
a narrowing “bottleneck” pore structure by Kwon et al. showed
both improved electron transfer and enzyme stability.”>' The
pore-entrapment methodology was found to be beneficial in the
efforts to immobilize enzymatic cascades on electrodes. Nano-
and microstructured supports, such as silica microspheres, can
favor the adsorption of CO, and thus increase CO, conversion
rates by carbonic anhydrase (CA).**

The functionalization of electrodes with redox polymers has
been largely employed for the entrapment of several
oxidoreductases. Redox polymers are constituted by a non-
conductive backbone with redox side pendant groups, they are
capable of transferring electrons via self-exchange conduction.
Naphthoquinone or benzylpropylviologen pendants have been
grafted on the backbone of linear polyethylenimine, and
cobaltocene pendants on poly(allylamine) backbone, to
facilitate MET with enzymes or allow NAD+/NADH
interconversion.”***** The polymeric microenvironment can
protect oxygen-sensitive enzymes against oxygen damage and
limit DET contributions by contaminant species.'”® Composite
materials that combine carbon nanotubes with redox polymers
can be beneficial to improve the mechanical properties and the
conductivity of the polymers.

Protein Engineering Approaches. The modification of the
enzymatic catalyst is often necessary to improve the perform-
ances of the bioelectrodes, in terms of electron transfer rate and
reaction efficiency. The most common methods in protein
engineering are rational design and directed evolution, which
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can also be combined. In rational design mutations are inserted
in specific locations via site-directed mutagenesis, thus structural
protein data, either experimental or theoretical, is necessary.
Often the relationship between structure and function is difficult
to predict, for instance, the resulting rate of electron transfer
after modification. In directed evolution, a detailed crystallo-
graphic knowledge of the protein structure is instead not
necessary. A mutant enzyme library is assembled and then
screened successively to identify the protein with the desired
properties.226

In general, protein engineering can be usefully applied to
oxidoreductases for different purposes. Since in many
oxidoreductases the cofactor is deeply buried inside of the
insulating protein shell, truncation of some residues or portions
of the shell that are not essential for protein function, can
facilitate the electrical communication with the electrode by
exposition of the redox active site. Usually, the C-terminal, the
N-terminal, or loops are the regions more suitable for truncation.
Furthermore, deletion of nonessential part of the enzyme, a
process called downsizing, can increase the DET-type
biocatalytic current densities because of the increased surface
concentration of the effective enzyme on the support.227 For
instance, deletion of the heme 1c¢ and 2c¢ regions in formate
dehydrogenase (FDH) caused a simplified and direct electron
transfer pathway determining larger bioelectrocatalytic current
densities compared to the native enzyme.”** Deglycosylation is a
prime example of a successful surface modification method to
increase the transfer of electrons and promote DET.'”
Nonglycosylated horseradish peroxidase (HRP) generated by
Gorton and co-workers effectively enhanced electron transfer
more than 30 times that of wild-type HRP.**’

Mutations that cause conformational changes can vary the
formal potential of redox enzymes.””” Mutation of the amino
acid side chains that are coordinated with metallic cofactors,
such as heme and copper clusters, can shift the formal potentials
of the cofactors as well. In particular, axial ligands with a strong
electron-donating character shifts the formal potential of the
cofactor in the negative direction due to the stabilization of the
cofactor oxidized state and vice versa. For instance, the
substitution of the axial ligand methionine 467 in the type I
copper site of BOD with glutamine (M467Q_BOD) caused a
significant negative shift (approximately 0.23 V) in the DET-
type bioelectrocatalytic reduction of O,.”*° The modification or
the introduction of specific residues can also vary the interaction
with the mediator. Via directed evolution, high-redox-potential
laccases with enhanced stability and activity toward redox
mediators have been generated.”"

Point mutations and iterative targeted mutagenesis have been
directed to change the enzyme affinity for the cofactor or even its
substrate preference. For instance, Chen et al. were able to
modify the coenzyme specificity of 6-phosphogluconate
dehydrogenase (6PGDH) from NADP* to NAD" by a rational
design strategy after the identification of the residues involved in
coenzyme binding. The maximum power density and current
density were ~25% higher than the native enzyme.”*” Rational
mutation of the enzyme binding pocket can alter the regio- and
stereoselectivity of an enzyme. For instance, the modification of
alarge amino acid (Phe, Trp) in the active site of ene-reductases
or alcohol dehydrogenases (ADH) and involved in the selective
binding of the carbonyl group of the substrate in a pro-S or pro-R
orientation, with smaller residues, can result in “flipped”
substrate binding and thus reversed enantioselectivity.”>
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Modification of the protein surface can serve to create a
specific anchoring site for a stable and oriented immobilization
of the enzyme improving DET-type bioelectrocatalytic proper-
ties. For example, introduction of cysteine residues onto the
enzymes can promote their specific attachment at thiol- and
maleimide-functionalized electrodes by formation of (di)sulfide
bonds.”** Introducing a new peptide on either terminus of the
enzyme can also serve this scope; for instance, a gold-binding
peptide (GBP) has been introduced on glucose dehydrogenase
enabling apparent DET and its spatially controlled immobiliza-
tion on GNP arrays.**”

The introduction of an electroactive domain into a native
enzyme can be beneficial for achieving DET-bioelectrocatalysis.
Cellobiose dehydrogenase has been fused with a smaller
electrode-active cytochrome domain by a flexible polypeptide.
The cytochrome domain acts as a built-in mediator, promoting
the electron transfer from the catalytic domain to the
electrode.”*® Engineering approaches with creation of fusion
proteins have been conducted on flavodoxin®’ and FAD-
GDH™* for similar scopes.

Multienzymatic Cascades. Multienzymatic synthesis in-
volves a series of reaction steps, that can be carried out by
adding all enzymes either simultaneously (one-pot) or
sequentially into a reaction vessel (Figure 17). Enzymatic

aldDH
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9 \
ri',\gH NAD*

NADH NAD*

Figure 17. Reaction cascade for the reversible interconversion of
ethanol and acetate is promoted by a fusion protein, f+, comprised of
ADH and aldDH and a cationic linker that allows substrate channeling
of acetaldehyde. Reproduced from ref 242. Copyright 2021 American
Chemical Society. This work is openly licensed via CC-BY-NC-ND 4.0.

cascades are abundant in nature, living organisms carry out a
huge number of enzymatic reactions in a common reaction
medium, the cytosol. Enzymatic cascade reactions have been
reproduced in vitro for two main applications: the complete
oxidation of the biofuels and value-added product formation.
For this latter application, they are advantageous because they
allow more complex synthetic schemes and traditional
intermediate separation steps can be bypassed, saving time
and reagents.”*” For an optimal functioning of the enzymatic
cascade, it is necessary that all the components maintain their
activity, and their colocalization in close proximity is important
to avoid the diffusion of the intermediates away from the active
sites in the bulk solution.””” Substrate channeling strategies
allow control over the mass transport of intermediates produced
between enzymatic steps, allowing their fast and direct transport
from one active site to another. The exposure to competing side
reactions is also avoided and the enzymes are protected from
accumulation of toxic intermediates. Moreover, the efficient
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Figure 18. Scheme of the enzymatic N, fixation system comprising nitrogenase, L-alanine dehydrogenase, w-transaminase, and diaphorase, used to
produce a variety of chiral amines from N,. Reproduced from ref 251. Copyright 2019 American Chemical Society.

processing of the reactants and the low concentration of the
intermediates in the bulk solution thermodynamically favor the
reaction in the forward direction. Therefore, reaction efficiencies
and yields are increased.”*’

Proximity is a key factor for substrate channeling. The
colocalization of the enzymatic components of the cascade has
been realized by entrapment of the enzymatic constituents in
micropores and microcapsules, or by construction of molecular
(protein, nucleic acid, and polymer) scaffolds. The creation of
these scaffolds has proven to increase the production yield of
1,2-propandiol, butyrate, succinate, glucaric acid, dihydrogen,
and many more.**’ The spatially controlled organization of the
enzymes on the electrode at the nanometer scale is crucial. The
orientation of the active sites should also be taken into account
in the design of a multienzymatic cascade.”*

Some artificial hybrid cascades can be constructed by
recombinant or fusion enzymes or by the combination of an
organic catalyst, such as amino-TEMPO, with enzymatic
catalysts to allow a simplification of the number of enzymes
necessary and an improved catalytic performance.”*!

Bifunctional fusion proteins can increase catalytic turnover
rates and substrate channeling capabilities. For example, a fusion
protein composed of ADH and aldDH, involved in the two-step
reversible conversion of ethanol and acetate, was designed to
facilitate electrostatic substrate channeling by placing a cationic
linker (thus with opposite charge than the intermediate) in the
truncated termini of the proteins in close proximity to the active
sites. The engineered fusion protein showed a 500-fold

increased conversion efficiency compared to the unbound
242

enzymes.
Some examples of enzymatic cascades that have been applied

for synthetic purposes will be illustrated in the next sections.
Enzymatic Nitrogen Fixation. Molecular nitrogen (N,) is
the most abundant component of Earth’s atmosphere. N,
fixation involves reducing stable, triple-bonded dinitrogen to
yield reduced derivatives such as ammonia (NHj,). This reaction
is the basis for the existence of all nitrogen-based biomolecules
such as proteins, enzymes, and nucleic acids.”*’ Ammonia is a
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fundamental nitrogen source required in agricultural fertilizers,
medicaments, and daily life products. Currently, ammonia is
produced predominantly using the Haber—Bosch process
developed in the 20th century, which requires high pressures
and temperatures and accounts for 1-2% of the global energy
demand while producing ~3% of the global carbon emission.”**
Conversely, diazotrophic microorganisms can catalyze the ATP-
dependent reduction of N, to metabolically active forms of
nitrogen in ambient conditions with 75% efficiency due to the
presence of nitrogenases.”** Nitrogenases are the only enzymes
known to reduce N, to NH; following the reaction in eq 1
(where ATP is adenosine triphosphate, ADP is adenosine
diphosphate, and Pi is inorganic phosphate), and thus represent
a very appealing area of research.

N, + 8H" + 16MgATP + 8e~

- 2NH, + H, + 16MgADP + 16D, (1)
MoFe nitrogenase is the most widely studied and well-known
nitrogenase that contains two proteins, both a Fe and MoFe
protein with a MoFe cofactor. Vanadium- or iron-only (VFe and
FeFe) nitrogenases are two alternatives.”** Minteer’s group has
coupled a MoFe nitrogenase- and Fe-protein-containing
cathode with a hydrogenase-containing bioanode in a H,-
biofuel cell able to produce NH; from N,.**’ In this system, the
electrons deriving from H, oxidation flow in the cathode where
methyl viologen (MV) acts as a mediator to transfer electrons to
the Fe-protein and then electrons are passed from this latter to
the MoFe cofactor for N, reduction with simultaneous
production of electrical energy in the presence of MgATP.
The electron transfer between the Fe-protein and the MoFe
cofactor and the subsequent release of the inorganic phosphate
is the limiting step of the catalytic reaction.”*® In the presence of
a redox polymer with a formal potential more negative than that
of the Fe-protein (—0.48 V vs SCE), the electron transfer from
the mediator directly to the MoFe cofactor is possible
circumventing the necessity of the Fe-protein and the
consumption of ATP. The immobilization of the MoFe
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nitrogenase on an electrode functionalized by a poly-
(allylamine)poly(vinylamine) with cobaltocene pendants
achieved the reduction of N3~ and NO,™ to NH; in a Fe-
protein/ATP independent way.”'” Similarly, nitrogenase
entrapped in a neutral red polymer achieved bioelectrochemical
reduction of N,, N3, and NO;,‘_.249 Successively, the DET-
promoted biocatalytic reduction of N, was achieved by cross-
linking of carbon paper with nitrogenase enzyme using a
hydrogel (pyrene-LPEI).”*° NHj, alone is a low-value product
and necessitates further catalysts, such as costly noble metal
catalysts, for its incorporation in compounds with high added
value. A multienzymatic cascade has been developed by Minteer
et al. to transfer NH; to ketone substrates producing the
corresponding chiral amines (Figure 18). The method used
methyl viologen to shuttle electrons, along with a cascade of
diaphorase, L-alanine dehydrogenase, and @-transaminase.”" 1-
Alanine dehydrogenase was able to produce alanine from
pyruvate using the NH; generated by nitrogenase and then, -
transaminase performed the transfer of the amino group from
alanine to different ketones: 4-phenyl-2 butanone, 4-methyl
methoxy phenyl acetone, phenoxyacetone, 2-pentanone,
methoxyacetone, and 2-octanone, to produce the corresponding
chiral amines.

The same concept of aminating a-keto acid to yield
corresponding asymmetric products by an enzymatic cascade
(nitrogenase, diaphorase, and leucine dehydrogenase) was
coupled to fuel cell technology for the simultaneous production
of electrical energy. The resulting enzymatic biofuel cell
powered by H, oxidation produced chiral amino acids in
enantiomeric excess and with high faradaic efficiency.

Enzymatic Electrosynthesis of H,. Molecular hydrogen (H,)
is a clean and renewable energy carrier and industrial feedstock,
with the potential of replacing fossil-fuels. It has high energy
content per unit weight compare to other gaseous fuels (120
M]J/kg for H, vs 44 MJ/kg for gasoline). Additionally, it can be
used for hydrogenation of a variety of products. Currently, it is
produced by reforming fossil fuels. Biological hydrogen
production catalyzed by hydrogenases is renewable and carbon
neutral.”>* Hydrogenases are classified into [FeFe]- and [NiFe]-
hydrogenases based on the identity of the metal in their catalytic
clusters. [FeFe]-hydrogenase contains a [4Fe—4S] subcluster
(called H cluster) bridged to a 2Fe subcluster via a bridging
cysteine thiolate. In [NiFe]-hydrogenase one of the Fe ions of
the 2Fe subcluster is bridged to a Ni atom, which in turn,
coordinates with two additional cysteine thiolates.”>* The main
drawback of using these enzymes for industrial applications is
their deactivation in the presence of oxygen. Research has been
lately focused on the characterization and implementation of
oxygen-insensitive hydrogenases”>**** or their modification to
improve their O, tolerance.”*® As already mentioned, their
entrapment in polymeric matrices can physically insulate and
shield the enzyme from O, inhibition. In some cases, the redox
polymer, such as the viologen-based redox polymer that was
specifically designed by Plumer¢ et al,, can act as a self-activated
protection system by inducing O, reduction by transferring the
electrons deriving from hydrogenases activity.””” [FeFe]- and
[NiFe]-hydrogenases can perform DET, and they have been
immobilized on many different electrode materials: glass carbon
electrodes,”® carbon nanotubes,”’ and TiO, electrodes
reaching faradaic efficiency up to ~98% for hydrogen
evolution.”® Phototoelectrodes, such as a TiO,-coated p-Si
photocathode, can generate visible-light-driven photocurrents
for the reduction of protons to H, with comparable faradaic
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efficiency.”®" Semiartificial photoelectrochemical systems were

designed to wire photosystem II on anodes, for catalyzing water
oxidation upon illumination coupled with a hydrogenase
biocathode for H, production.”>*%’

Enzymatic CO, Conversion. CO, arises many environmental
concerns due to its ever-increasing emissions in the world and
atmospheric accumulation that plays a crucial role in global
climate change. Bioconversion of CO, to produce useful
chemicals and biofuels is considered a viable and sustainable
approach to transition from the existing linear carbon economy
into a circular one.”** Partial hydrogenation of CO, has been
accomplished by heterogeneous catalysis, electrocatalysis, and
photocatalysis.”®® The selectivity of the enzymatic reactions can
overcome issues related to competitive oxygen and proton
reduction reactions that occur during electrocatalysis and thus
has great attractiveness. The synthesis of formic acid from CO,
using formate dehydrogenase (FDH) has been the most studied
single-enzyme process. Formic acid has a commercial value as a
chemical feedstock, hydrogen carrier, and fuel for fuel cells. Its
production has been limited by the cost of the cofactor
(NADH). Different cofactor regeneration systems have been
successfully employed, such as neutral red with immobilized
FDH.”*® Some NAD-independent FDH enzymes with electro-
active metal centers such as Mo and W, have been isolated from
anaerobic extremophiles with good reaction rates. W-Contain-
ing FDH enzymes overcome the need of NADH due to their
[4Fe-4S] clusters in proximity of the enzyme surface, a feature
that allows DET.*”” FDH has also been used in combination
with carbonic anhydrase (CA) on cold rolled graphite powder
by Srikanth et al,**® CA improved CO, solubilization and
formic acid production. Reda and co-workers adsorbed the W-
containing FDH on a pyrolytic graphite edge electrode
observing DET-promoted CO, reduction to formate with 97%
Faradaic efficiencies.”®” Nitrogenases, containing MoFe, FeFe,
or VFe, may also facilitate reduction of CO,. C—C bond
formation from CO, with production of ethylene and propene
was achieved by using a VFe nitrogenase from Azotobacter
vinelandii.”’® The enzymatic conversion of CO, can be carried
out also by carbon monoxide dehydrogenase leading to the
formation of CO that can be further utilized for liquid
hydrocarbon generation and acetic acid generation through
Fischer—Tropsch and Monsanto Cativa processes, respec-
tively.””" Currently, the most common enzymatic system uses
a cascade of three dehydrogenases for the complete reduction of
CO, to methanol: formate dehydrogenase (FDH), form-
aldehyde dehydrogenase (FalDH), and alcohol dehydrogenase
(ADH). Each step of the enzymatic cascade requires NADH as
coenzyme for the 2-electron reduction.”’’ Methanol can be
directly used as an alternative fuel, as part of biodiesel
production, or as gasoline additive upon conversion to dimethyl
ether.”” The current method of industrial production is gas-
phase synthesis, which is costly. In the literature different
methods for the coimmobilization of the three catalysts on
different types of electrode materials have been reported,
including encapsulation on silica gel-succinimidyl poly(ethylene
glycol)*”* or on silica gel-alginate composites”’” to increase the
biocompatibility. A three-layer architecture has been created by
sequential entrapment of the three enzymes in a polymeric
membrane by membrane fouling formation.””* Sequential
immobilization can be a suitable strategy for enzymatic cascades
because it allows the reaction conditions for each step to be
adjusted separately.
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Figure 19. Scheme of the biphasic bioelectrocatalytic system for the preparation of f-hydroxy nitriles. Reproduced from ref 290. Copyright 2020

American Chemical Society.

The three enzymes have been immobilized also on single
polystyrene microparticles.”’> The enzyme glutamate dehydro-
genase has been then immobilized separately in separate
microparticles for NADH regeneration. The collision among
the two types of particles in the reaction solution was able to
afford the in situ coenzyme regeneration.””> The conversion
from CO, to methanol can also be realized by photo-
electrochemical methods. The three-member enzymatic cascade
was integrated into a photochemical cell composed of a
photoanode (Co-Pi/a-Fe,05) and a photocathode (BiFeO;)
that was able to regenerate NADH for the production of
methanol driven by solar energy.””®

Enzymatic Electrosynthesis of Fine Chemicals. Chemical
transformations, such as stereospecific reduction, cyclization, or
C—H bond activation, are still troubling in molecular catalysis.
In particular, chirality is a key factor in the efficacy of many drugs
and agrochemicals. Enantiomers are traditionally produced by
chemical or chemoenzymatic synthetic methods.””” Enzymes
have binding pockets with high enantioselectivity, and operate
under mild conditions, thus their use is receiving increasing
attention.

Hydroxylation of carbon—hydrogen bonds. Oxyfunction-
alizations are chemical transformations involving the insertion of
oxygen atoms into (nonactivated) C—H-, C—C-, C=C-bonds
or onto heteroatoms, which are of significant interest for
synthesizing asymmetrical alcohols or halides in the pharma-
ceutical industry. In traditional synthetic procedures, transition
metal catalysts and stoichiometric amounts of reductant are
necessary. These organic synthetic processes are still challenging
because of the poor regioselectivity resulting in complex product
mixtures and tedious isolation of the desired products.””®
Selective oxyfunctionalizations can be performed instead by
monooxygenases, peroxygenases, and chloroperoxidase.”””

Cytochrome P450 monooxygenase has been the center of
attention for several decades now, it has great potential for
industrial application since it oxidizes an impressive range of
substrates, including a-substituted phenols, fatty acids, and
steroids. It has thus great potential for the electrosynthetic
preparation of drug metabolites in a controlled and mild
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manner.”*” The reactions can be promoted by both DET or
MET and different immobilization and engineering strategies
have been developed over the last years.”*"***

Peroxygenases and chloroperoxidases have limited substrate
range compared to cytochrome P450 monooxygenase but they
are more easy to scale up since they are structurally simpler.”*
Their activity is driven by H,O, and electrochemical and
photoelectrochemical methods can support the controlled in
situ production of H,0, and favor their use in synthetic
chemistry. For instance, a photoelectrochemical tandem cell
consisting of a FeOOH/BiVO, photoanode and a graphitic
carbon nitride/reduced graphene oxide powered by a Cu-
(In,Ga)Se, solar cell with a light adsorber was developed for
light-driven H,0, generation for peroxygenase activity.

Alkane monooxygenase (AlkB) from Pseudomonas putida was
immobilized on a cathode of a biofuel cell and coupled with a
hydrogenase bioanode to catalyze the selective terminal
oxyfunctionalization of alkanes under mild conditions while
simultaneously producing energy. The conversion of octane to
1-octanol was characterized by a high rate (690 nmol cm™2).%%
Chen et al. employed an enzymatic cascade for the conversion of
inert hydrocarbons to high-value imines. In successive steps, a
variety of terminal alkanes were converted to alcohols by alkB,
then to aldehydes by an engineered choline oxidase (AcOg4) and
finally to imines by NADPH-dependent reductive aminase
(NfRedAm) while using ferredoxin-NADP reductase and
neutral red to regenerate NADPH.”*°

A glucose-powered enzymatic fuel cell was developed by Wu
and Zhu, in which a tyrosinase enzyme was used to convert L-
tyrosine to L-DOPA, which is used in the treatment of
Parkinson’s disease. By controlling the reduction potential of
the working electrode, the overoxidation of the quinone can be
avoided, which is otherwise difficult to control with other
methods. In this system, the reducing equivalents were provided
by a glucose dehydrogenase/Fe(CN)q.>*’

Reduction of Carbonyls. The asymmetric reduction of
carbonyls (ketone groups) catalyzed by carbonyl reductases
such as ADH, is important for the production of chiral
alcohols.”®® The reduction of ethyl 4-chloroacetoacetate to
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ethyl (S)-4-chloro-3-hydroxybutanoate catalyzed by ADH at a
conversion rate close to 100% was obtained using cobaltocene-
modified poly(allylamine) for NADH regeneration. The
obtained product was further processed by halohydrin
dehalogenase and converted to (R)-ethyl-4-cyano-3-hydrox-
ybutyrate, which is an active ingredient of cholesterol-lowering
drugs.”®’

The low solubility of organic compounds in the aqueous
phase is a relevant issue in electrosynthesis. f-hydroxy nitriles,
high-value precursors of statins, have been produced by the
combined action of alcohol dehydrogenase from Lactobacillus
kefir (AdhS) followed by halohydrin dehalogenase (HHDH)
from A§robacterium radiobacter by Minteer et al. in a biphasic
system.””" In this relevant study, the conversion ratio in the
biphasic system, consisting of an aqueous buffered solution and
methyl tert-butyl ether as organic phase, was 85% times higher
than the one achieved in the single-phase system (Figure 19).
Usually, in a biphasic system, the catalysts are contained in the
aqueous phase while the organic phase acts as a substrate
reservoir and end-product sink. These systems can overcome
solubility issues for hydrophobic substrates and intermediates in
water and favor the recovery of products in situ (by extraction of
the organic phase), moreover, they can decrease the level of
inhibitory compounds. Important considerations regarding the
choice of organic solvent, in terms of physiochemical properties
and biocompatibility, should be taken when using these systems
with biological entities.'”®

Deracemization of enantiomeric mixtures can be controlled
by enzyme selection and by control over the applied potential.
Wan and Co realized the nanoconfinement of (S)-selective or
(R)-selective ADH variants and ferredoxin NADP” reductase in
a nanoporous ITO layer allowing the catalytic interconversion,
in a bidirectional and controlled way, between secondary alcohol
enantiomers and ketones by performing oxidative and reductive
cycles.”"

Reductive Amination of Carbonyls. Reductive amination of
a-keto acids is one of the most useful and versatile methods for
the preparation of chiral amines, which are ubiquitous in
bioactive compounds, pharmaceuticals, and agrochemicals.292
Enzymes responsible for the reductive amination of a-keto acids
to L-amino acids are amino acid dehydrogenases that use free
ammonium. An example is the production of L-glutamate by
glutamate dehydrogenase, which reduces oxoglutarate via
reductive amination. As already illustrated for other dehydro-
genases, cofactor regeneration systems are essential for the
sustainable production of the fine chemicals. The Armstrong
group scaled-up the regeneration of the NADPH cofactor
catalyzed by Ferredoxin NADP* reductase (FNR) from a 4 mL
reactor volume and an electrode surface of 3.5 cm” to 500 mL
volume with an electrode surface of 525 cm” The regeneration
system was coupled to the reductive amination of 2-oxoglutarate
catalyzed by L-glutamate dehydrogenase. Both enzymes were
nanoconfined at the surface of a nanoporous ITO electrode.
Results showed a total amination of 2-oxoglutarate with a
faradaic efficiency of 100% approximately.””” The method has
the potential to be transferred from the laboratory scale to the
industrial one, because of its simplicity that requires only the
coimmobilization of the desired enzymes in the nanopores, low
cost of electrode materials and possibility to scale-up the
electron surface.

The synthesis of the products can be facilitated also by
photoelectrochemical tandem assemblies. The enzymatic
conversion of a-ketoglutarate to L-glutamate was boosted by
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the presence of an organometallic perovskite-based photovoltaic
cell solar adsorber. Light adsorption improved the efficiency of
water oxidation at the photoanode suppling electrons for NADH
regeneration at the cathode (TTN was equal to 108,800 h™").***
Minteer et al. employed leucine dehydrogenase in a H,/a-keto
acid enzymatic fuel cell with capability of producing L-
norleucine, L-norvaline, L-valine, L-ter-leucine and L-cyclo-
propylglycine with high enantiomeric excess.””

Epoxidation and Reduction of Olefins. Opening of the
epoxide ring and introduction of two C—O bonds are useful
reactions for the synthesis of fine chemicals and pharmaceuticals
as well as a diversity of key intermediates. Flavin-dependent
monooxygenases can catalyze epoxidation reactions using
molecular oxygen as oxidant. A commonly employed enzyme
of this type is the FADH,-dependent styrene monooxygenase
from Pseudomonas sp. VLB120. It is composed by two parts,
StyA is FADH,-dependent and responsible for the epoxidation
reaction while StyB for the transfer of reducing equivalents from
NADH to StyA.””> A flow-through system fabricated by the
group of Schmid et al. on highly porous reticulated vitreous
carbon electrodes was able to supply electrons for the reduction
of FAD with a rate of 93 mM h™' bypassing the need for
NADH.>

The reduction of olefins by asymmetric hydrogenation is
catalyzed by ene-reductases. Similarly to epoxidation, these
reactions create two stereogenic centers on the substrate. Four
main enzyme classes can be identified, all require NAD(P)H:
old yellow enzymes (OYEs), enoate reductases, medium-chain
dehydrogenases/reductases (MDRs), and flavin-independent
short-chain dehydrogenase/reductases (SDRs).”®” Enoate
reductase from Clostridium tyrobutyricum and OYE have been
immobilized on carbon electrodes for the synthesis of (2R)-2-
methyl-3-phenylpropionate and (R)-levodione, respec-
tively, 196258

Recent Advancements in Bioinspired Mimetics. Bioinspired
nanoenzymes refer to nanoscale materials that mimic the
catalytic mechanism and exhibit similar properties of natural
enzymes, in particular showing similar catalytic efficiency and
reaction kinetics but increased stability.””” The word nanozyme
was first coined in 2004 to describe the ribonuclease-like activity
of ligand functionalized gold nanoparticles.””® Since most
enzymes have metal-containing cofactors, the design of
nanoenzymes with inorganic and organic active sites resembling
the cofactor structure has become a new strategy for catalysis
applications. PtNPs and CeNPs mimic catalase enzyme, while
FeTe nanorods and FeS nanoneedles display peroxidase
activities. PtNP-deposited MWCNTSs have recently been
adopted as a nanozyme platform for NADH oxidation with a
recovery yield of bioactive NAD* close to 100%.”°" Inexpensive
transition-metal-based nanoenzymes offer less mass activity and
costs compared to noble metals. They can be incorporated into
electrodes to develop eflicient electrocatalysts with potentiality
in large-scale commercial applications. These can be applied to
oxygen evolution reaction (OER), oxygen reduction reaction
(ORR), nitrogen reduction reaction (NRR), and hydrogen
evolution reaction (HER).*"” Recently, nanospheres doped with
transition metal oxides (Al—Co;0,) were applied for ammonia
electrosynthesis. The urchin-like structure of the nanospheres
limited the coalescence of gas bubbles, enabling better exposure
of active sites to Nz.‘wz Some nanostructures can mimic an
enzymatic cascade reaction. For instance, a metallic organic
framework (MOF) with a core—shell palladium nanoparticle
catalyzed a two-step cascade for the production of the drug
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precursor 2-(4-aminobenzylidene)malononitrile from 4-nitro-
benzaldehyde with 86% selectivity.’’® The presence of acid and
basic active sites on different nanostructures has been employed
by different research groups for deprotection—condensation
cascade reaction sequences.

Challenges and Perspectives of Enzymatic Bioelectrosyn-
thesis. The field of bioelectrosynthesis is gaining significant
interest and it is advancing rapidly for the possibility of
developing eco-friendly and sustainable approaches for the
production of low-value as well as high-value chemicals. A
particular focus has been directed in the last years on CO, and
N, fixation. Currently, the production rate of electroenzymatic
synthesis is insufficient to meet the demands of practical
applications. Issues linked with the long-term stability of the
biocatalysts associated with their structural fragility, and oxygen
sensitivity, need to be addressed in future for industrial
scalability. Even though the current state of the art in
electroenzymatic synthesis has demonstrated enormous poten-
tial applications for synthetic purposes, a number of significant
obstacles could prevent its industrial application. First, the scope
of the product is still constrained by enzymes. Specifically, the
majority of electroenzymatic synthesis products are derived
from a simple reaction catalyzed by a single enzyme; however,
the synthesis of complex chemicals typically requires more
complex synthetic pathways involving a series of catalytic
reactions. The limited availability of biocatalysts is the primary
cause of this issue, which could be resolved by identifying
suitable enzymes or constructing versatile enzyme cascades.
Investigating more highly active and thermostable enzymes can
significantly improve the efliciency and durability of electro-
enzymatic synthesis systems. The modification of the bio-
catalysts, via genetic approaches, can be a powerful tool to
overcome kinetic and thermodynamic constraints. It can be
exploited to optimize the enzymatic activity and stability, to
design novel enzymatic cascades and synthetic pathways. The
selection of novel electrode materials and the development of
effective immobilization strategies are of vital importance for
improving the biocatalyst-electrode interactions. Also, the
choice of suitable redox mediators is required to improve the
performances of BESs and to obtain a fast and economical
product synthesis. Integration of a coenzyme regeneration
system into enzymatic synthesis processes is the prerequisite to
render bioelectrosynthesis competitive with conventional
electrosynthesis increasing production rate and faradic
efficiency. The development of continuous flow reactors is
desirable to increase yields of bioconversion due to a facilitated
mass transport. Lastly, the employment of microbe-enzyme or
chemical-enzyme hybrid systems, via the combination of the
advantages of the different systems, can boost their future
applicability.

5.2.3. Microbial Electrosynthesis. Value-added natural
products have been synthesized by microorganisms commer-
cially for decades, in processes often referred to as fermentation,
biomanufacturing, or bioprocessing. In addition, recombinant
approaches (using heterologous expression) have been used to
synthesize unnatural products in bacteria, perhaps the best
example being recombinant insulin, which revolutionized
diabetes treatment in the 1970s.’”* Recently, commercial
industries have begun to adopt bioprocessing approaches in
order to sustainably convert common wastes into useful
products like fertilizers or fuels for transportation. Similar
commercial advances have been prevalent combining both
bacteria and electrochemistry. Potter was the first to identify
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current producing capabilities in microorganisms in 1911.

Since that moment, research into microbial electrochemistry
gave rise to the new area of bioelectrochemistry based on the use
of electroactive bacteria as biocatalysts. One of the main research
focus has been the development of microbial fuel cells (MFCs)
that harness electrical current from waste both in liquid and in
solid form.>*® For example, pilot-scale studies have shown
microbial fuel cells to be commercially feasible for sustainable
brewery wastewater decontamination.””” In addition, using the
novel halophile Salinivibrio sp. EAGSL, which can thrive in 150 g
L7! sodium chloride, on a bioanode reinforced the idea of
combining biosynthetic systems with microbial fuel cells,
including a specialized subtyge of these systems known as
microbial desalination cells.””**"” More recently, researchers
have been focusing on the potential of microbial systems in
electrosynthesis and their combination with MFCs. In microbial
electrosynthesis intact microbial cells catalyze the synthesis of
transportation fuels and value-added organic compounds. An
electrical current is supplied or extracted from the micro-
organisms to sustain biochemical production. Some examples of
reductive processes are the production of acetate from CO, and
succinate from fumarate, while example of oxidative processes
include production of ethanol from glycerol.”'” The merger of
microbial electrochemical systems and biomanufacturing has
already commenced.

The use of whole cells offers several compelling advantages
compared to enzymatic systems: there is no need of enzyme
production and isolation. Microbes naturally produce all enzyme
necessary for a specific biochemical pathway (or even different
pathways in parallel) and they naturally regulate enzyme
production depending on the environmental conditions.”'" In
this sense, a bacterial cell can be considered as a microreactor.
Microbes are autoregenerating systems, in particular the
enzymes can be produced on necessity in response to the
cell's metabolic needs and the enzyme’s degradation rate. Also,
continuous cellular growth can replace the dead cells providing a
constant supply of catalysts. Moreover, the enzymes are already
in their natural and suitable environment and thus more
stable.””"

On the other hand, they also suffer from limitations: living
cells constantly require nutrients and energy for survival.
Substrate sensitivity is lower than isolated enzymes because
multiple metabolic pathways are active simultaneously, thus
using different substrates simultaneously. Also, competition
between different metabolic pathways will inevitably lead to a
loss of electrons and generation of unwanted byproducts,
leading to low product selectivity. The isolation of the desired
product will thus be more challenging."”*

Extracellular Electron Transfer in Bacterial Cells. The ability
of some microorganisms to acquire energy through electron
transfer to or from extracellular compounds is termed
extracellular electron transfer (EET). This process in nature
regulates the biogeochemical cycling of various elements. The
mechanisms of EET have been most intensely studied in
Shewanella oneidensis and Geobacter sulfurreducens, two Gram-
negative mesophilic bacteria that can be considered as model
electroactive bacteria. EET occur via three main mechanisms in
nature:>"'

DET is realized through either the expression of c-type
cytochromes in the outer cellular membranes or long-distance
electrical conduction by pili. Alternatively, EET can occur via
MET determined by extracellular secretion of redox active
compounds (flavins, quinones, etc.).
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The protein machinery involved in the DET mechanism
(Figure 20), which counts a series of periplasmic and outer-
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Figure 20. Principal extracellular electron transfer mechanisms from
the cathode to microbes.

membrane proteins, has evolved as a strategy to overcome the
necessity of these bacteria to reduce metals.”'* The transfer of
electrons overcomes the impossibility of metals to cross the
cellular membranes to reach the terminal reductases that are
located in the cytosol or the inner membrane. In particular, the
electrons deriving from metabolic activities and oxidation of
substrates are transferred to the inner membrane, then they pass
across the periplasm (sometimes via soluble electron acceptors
located in the periplasm) and finally across the outer membrane
to the extracellular electron acceptors.

In S. oneidensis, DET is directed by the Mtr pathway which
involves a series of proteins: CymA, MtrA, MtrB, MtrC, and
OmcA, that are assembled to form a complex. CymA is a quinol
dehydrogenase that is anchored to the inner membrane via a
single a-helix. The electrons deriving from the oxidation of
quinols to quinones are transferred to MtrA which is a decaheme
c-cytochrome that forms, in combination with MtrB, af-barrel
porin in the internal face of the outer membrane. This pore
transfers electrons to the decaheme c-type cytochromes MtrC
and OmcA, also localized in the outer membrane. MtrC-OmcA
is the terminal reductase that transfers electrons to mineral
oxides or the electrode. In G. sulfurreducens, DET is achieved by
similar bounded-membrane cytochromes.*"

The exact mechanism of ET via formation of conductive
microbial nanowires or pili is still object of debate. Some authors
have pointed out that these structures in S. oneidensis are just
extensions of the outer cellular membrane with expressed
porin—cytochrome complexes.”'* Conversely, these structures
have been better characterized in G. sulfurreducens. They are
called e-pili, a particular class of type IV pili that is the most
common in microorganisms and contain PilA protein which
facilitates the interspecies direct electron transfer.’'> Some
authors sustain that other proteins present in IV pili structures,
are responsible for the electron transport instead of PilA. In
particular, a long chain of hexaheme cytochromes OmcS, that
are interfaced and stabilized by stacking interactions, while the
role of PilA is likely to promote the secretion of OmcS outside of
the cell.*'® Still, the relative role of both OmcS and PilA proteins
in ET is not completely unsolved since the deletion or
downregulation of the OmcS gene had no impact on biofilm
current production.”’” In general, the role of the conductive pili
seems minor compared to the Mtr pathway, since the deletion of

169

MtrA and MtrB abolished metal reduction ability in S. oneidensis
and the double mutation of MtrC and OmcA resulted in a
serious deficit in current production and ability to attach to the
electrode surface.”'® The presence of conductive pili, also
demonstrated in other species of bacteria including Rhodop-
seudomonas palustris RP2 strain’'® and Desulfovibrio desulfur-
icans,”*° offers an advantageous opportunity for increasing the
electrode-microbe interface.

Gram-positive bacteria are generally considered nonelec-
troactive due to the presence of a thick peptidoglycan cell
wall.**' However, some peculiar electron transfer mechanisms
have been evidenced in different bacterial species, such as the
presence of c-type cytochromes in the cell wall (although
generating a low current) in Thermincola potens,”* or a flavin-
based EET V1a ﬂavmylated extracellular reductases in Listeria
monocytogenes.”>> In general, their ability to perform EET is
more limited compared to Gram-negative bacteria.

The bacterial secretion of endogenously produced redox
mediators, such as flavins or quinones, is responsible for
MET.*"" Also, some secreted metabolites, like H,, formate, or
sulfur species, can convey electrons.’** MET is particularly
developed during biofilm growth, because with increasing
thickness of the biofilm a crescent number of bacteria are
distanced from the electrode surface (>14 A) causing a
limitation of the ET. As compensation, bacteria start secreting
soluble redox species to obviate the need for direct contact with
the electron acceptor. S. oneidensis secretes mostly flavin
molecules such as riboflavin (RF) and flavin mononucleotide
(FMN) at the nanomolar scale.”’*> Some studies have illustrated
the relevance of these compounds in EET. For instance, the
removal of the culture medium in a electrochemical cell
containing S. oneidensis MR- 1 and MR-4 grown on a carbon
electrode resulted in the loss of more than 70% of the current
production, while replacement of the filtered medium in the
same cell restored the current production to the initial level.'”
Secreted redox molecules can interact with cytochromes in the
outer membranes. Okamoto et al. in 2014 demonstrated
bifurcated direct electron transport process determined by the
binding of FMN and RF to the MtrC and OmcA proteins
respectlvely in S. onedensis MR-1 cells grown on ITO
electrode.*”® The effect was a significant shift of the redox
potentials of these proteins in the positive direction, as a result of
more favorable ET kinetics to the electrode. The existence of a
specific FMN—binding domain in the cytochrome MtrC was
then demonstrated.*”

Some microbial species, although nonelectroactive, can
secrete soluble redox-active metabolites that can serve as useful
mediators for other bioelectrocatalytic systems. For instance,
Pseudomonas aeruginosa is known to secrete at least five distinct
phenazine derivatives. Naturally, these compounds promote
quorum sensing favoring the communication between cells in
response to environmental conditions such as the presence of
competitive microbes. 328

Electrode Modifications to Improve Microbial Interactions.
The efficiency of bioelectrocatalysis and production rates are
dependent upon the interactions between microbes and
electrodes. The area of the electrode and the formation of a
mature biofilm are primary factors.”*’

Biofilm growth on the electrode is of utmost importance for
achieving high production rates. In nature, bacteria form
biofilms, communities of sessile cells surrounded by extracellular
polymeric substances (EPS) that consist of polysaccharides,
proteins, lipids, and nucleic acids, in response to harsh
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environmental conditions. Biofilm formation depends on several
factors, such as type of microorganism, environmental
conditions, properties of the surface that is colonized. The
formation of biofilm involves different stages.” In a first stage,
planktonic cells continuously attach and detach from the
electrode. Then some cells attach in an irreversible manner
forming microcolonies that start to secrete components of the
EPS, which supports the attachment of further cells. In the final
step, the mature biofilm is composed of a complex architecture
made of channels and pores that allows diffusion of nutrients,
and the thickness is maintained constant by an equilibrium
between bacteria growth and cell dispersal from the biofilm.
While an increased number of cells in the biofilm can be
beneficial for ET through the conduction via gili, an excessive
thickness can cause mass transport limitation.>*

The development of highly active electrode surfaces and
biocompatibility are key factors for enhancing microbe-
electrode interactions.

Three-dimensional electrodes with a porous structure, such as
carbon felt, carbon cloth or carbon mesh, are the most employed
for microbial electrocatalysis since they promote biomass
growth with their a high surface area to volume ratio. In these
materials, bacteria can colonize also the interior structure of the
electrode which also favors the diffusion of culture media.'®’
Pretreatments, for instance, gas or thermal treatment, can serve
to modify electrode morphology and adjust porosity and
roughness. Furthermore, carbon electrodes are versatile in
terms of chemical functionalization.

Chemical modification by introduction of hydrophilic groups
and positive charges can be beneficial for promoting cell
adhesion of bacteria to the electrode via the establishment of
hydrogen bonding, and electrostatic interactions as they were
demonstrated to create better contact with c-type cyto-
chromes.”" Several strategies can be employed, including
functionalization with metal oxide nanocomposites, conductive
polymers, ethylenediamine, and diazonium salts.”>> The
modification with metals is often beneficial to improve the
conductivity of the electrode and ET kinetics or create positive
charges. Graphene nanosheets modified with ITO and poly-
(allylamine hydrochloride) in a layer-by-layer mode generated
elevated electrical currents.’*” The modification of carbon cloth
with hematite nanocomposites was able to wire S. oneidensis
providing great electricity output.”**

The incorporation of carbon nanotubes and nanoparticles can
greatly improve the surface area as well as the electrical
communication. Redox polymers with grafted redox pendants,
due to their intrinsic properties of favoring ET by self-exchange-
based electron conduction, can improve the bioelectrode
performances of a great factor. Osmium redox systems have
been frequently used to wire microbial cells, including
nonelectroactive bacteria.”> Electrical connection between a
gold electrode and membrane-bound pyrroloquinoline quinone
(PQQ)-containing dehydrogenases in Gluconobacter oxidans,
which are able to oxidize various substrates, was established
using two osmium polymers.”*® Flow-through systems where
the catholyte is continuously recirculated and forced to pass
through the biofilm-covered electrode can be incredibly
beneficial to promote the formation of a thick and heteroge-
neous biofilm as well as improve production yield.”>”

Mixed Cultures. Both pure and mixed cultures have been
applied to MES. The growth of mixed cultures on the electrode
has shown to be beneficial for bioelectrocatalysis and under
same conditions, and mixed cultures often outperform pure
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cultures.**® The presence of different species renders the biofilm
more resilient to environmental stressors and fluctuations,
making it more adaptable to different working conditions. In
mixed cultures, syntrophic interactions between different
organisms can be observed. In some cases, a metabolite
produced by an organism is used as a substrate by the
production strain. One microorganism can supply growth
factors and vitamins that favor the growth of another
microorganism or one strain can remove toxic products or
scavenge oxygen that inhibits the growth of another.””
Furthermore, the ET can be improved by the secretion of
redox compounds or via the secretion of hydrogen and formate
by the consortia.

For this reason, inoculum enrichment, where supplemental
bacterial strains are added to the species involved in the
biosynthesis, is often a strategy pursued in electrosynthetic
processes. In other cases, the enrichment of an inoculum is
carried out with suppression of a specific microorganism.
Acetogens are often outcompeted by the presence of
methanogens and various treatments are usually necessary for
their elimination to improve acetate production, such as low pH,
thermal shock,®** short hydraulic retention time,”*' and
addition of chemical inhibitors.”** The main drawback of the
use of a mixed culture is the loss of product specificity and the
difficulty of obtaining a controlled and reproducible environ-
ment. Thus, understanding the role of the single species can aid
in future industrial developments with the establishment of a
defined mixed culture with appropriate characteristics.’**

Recently, the use of yeast-bacteria and microalgae-bacteria
consortia is gaining popularity for wastewater treatment. The
symbiotic relationship improves the overall biomass and
consequently wastewater removal efficiency while enriching it
with valuable chemical and energy compounds®** For instance,
the use of yeast and bacterial cocultures could be effective for
improving bioethanol production from lignocellulosic biomass
while the exchange of nutrients and electrons in algal-bacterial
consortia has shown to improve biohydrogen production.

Genetic Modification Strategies to Enhance Performance
in Microbial Electrochemical Systems. Genetic modification of
microbial cells has been utilized over the past decade,
particularly to improve the EET efliciency of the microorganism
itself as well as the electrical communication between bacterial
cells and the electrode.”*” A variety of genetic modification tools
are available to alter the genetic material, such as transplantation
of a heterogeneous metabolic pathway with insertion of new
genes into a host microorganism, the removal of unnecessary
genes from the host, or replacement of existing genes of the host
organism with new ones.”*’

The incorporation of novel genes expands the substrate scope
that a particular microorganism can utilize.**’” To express novel
genes in a host microorganism, an extrachromosomal genetic
material called a plasmid vector is used.”** Genes of interest can
also be inserted into the bacterial chromosome using an
integrating viral vector. The desired genes are first amplified
using polymerase chain reaction (PCR). Next, these genes are
cloned or joined to the plasmid or viral vectors using site-specific
restriction endonucleases that cut the vectors at specific sites for
the nucleotide sequence to bind to the vector.”***** The
expression of downstream genes in a chromosome is regulated
by gene promoters. These promoter regions can be modified to
overexpress targeted genes.”** For instance, overexpression of
genes related to electron shuttling redox-active proteins such as
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the outer-membrane cytochromes, aids in enhancing the
electron transfer capabilities of the modified bacteria.’*’

In recent years, genetic engineering strategies have been
combined with microbial electrosynthesis to finetune the
metabolic pathways responsible for the synthetic processes by
increasing the production rate or by broadeninsg the product
spectrum increasing the product market value.”” Despite the
efforts made, there are still many shortcomings involved with
genetic engineering, such as the low production rate of targeted
products and limited knowledge about electron transfer kinetics
between microbes and electrodes that prevents this technology
from being industrially relevant.’>"*** Synergistic investigations
of the EET pathways between the microbe-electrode interface
and intracellular metabolism of the microorganisms is
imperative to address the challenges associated with the current
synthetic biology approaches for microbial electrosynthesis
applications.””" In this section, we will review some of the recent
attempts made with genetic modification strategies to enhance
performance in microbial electrosynthesis.

Intracellular electron carriers, particularly NADH, play a role
in connecting the flux of electrons deriving from the oxidation of
substrates to the outer membrane proteins or the extracellular
electron shuttle responsible of the communication to the
electrode (Figure 21). Tefft and TerAvest attempted to address
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Figure 21. Engineered electron transfer pathway in Shewanella
oneidensis MR-1 to transfer electrons from the electrode to intracellular
NAD". Reproduced from ref 353. Copyright 2019 American Chemical
Society.

the synergy between the electron transfer from the cathode to
the intracellular metabolism of bacteria by leveraging the native
EET pathway of S. oneidensis MR-1 and coupling that to an
intracellular reduction reaction.”” Electrons were able to flow
from the electrode to the Mtr proteins native to S. oneidensis MR-
1 and from these to the quinol pool of the inner membrane,
finally from quinones to NAD* to generate NADH. However,
this electron flow is not thermodynamically feasible since the
quinone pool has a much more positive redox potential than
NAD* (AEomenaquinone/menaquinol = —0.08 V vs SHE; AE°
NaD+/NADH = —0.32 V vs SHE).>** Under normal conditions,
NADH dehydrogenase will catalyze the electron transfer from
NADH to quinone and maintain the proton motive force
(PMF) to conserve energy.355 However, NADH dehydrogenase
is also capable of catalyzing the reverse reaction using the energy
from the proton motive force (PMF).>*® Based on this
knowledge, the researchers genetically engineered S. oneidensis
MR-1 by heterologously expressing a light-driven proton pump,

171

proteorhodopsin, to generate PMF. The researchers hypothe-
sized that the generated PMF will drive NADH dehydrogenase
to catalyze the reduction of NAD'. They also expressed a
NADH-dependent enzyme, butanediol dehydrogenase (Bdh),
to promote the concomitant reduction of acetoin to 2,3-
butanediol. In presence of the substrate, they observed the
production of ~0.5 mM 2,3-butanediol over 6 days showing the
efficacy of the engineered electrosynthetic system. To eliminate
the electron flow to nonspecific reactions, such as hydrogen
production by hydrogenases, the researchers removed the native
hydrogenases. By doing so, they observed a decrease in the
reduction current and almost a 2-fold increase in 2,3-butanediol
production. This research gives a fundamental understanding of
cathode driven NADH-dependent intracellular reduction
reactions in S. oneidensis MR-1.

Bioelectrosynthesis of ammonia from nitrogen is another
industrially valuable application of genetically modified micro-
organisms. As for now, the majority of ammonia is produced
industrially using the Haber-Bosch process that is environ-
mentally detrimental and costly.”®” This encourages the use of
diazotrophic microorganisms that can fix nitrogen using
nitrogenase enzymes under ambient conditions with good
faradaic efficiencies. Moving along with this idea, Dong et al.
engineered a nondiazotrophic cyanobacterium, Synechococcus
elongatus PCC 7942 strain, by incorporating a modified
nitrogenase gene cluster into its genome (Figure 22). The
engineered strain was employed in a bioelectrochemical system
in the presence of a diffusible mediator, methyl viologen (MV),
for the production of ammonia. Since adequate electrons were
supplied for the turnover of nitrogenase, the engineered S.
elongatus PCC 7942 produced 21 times more ammonia than the
amount produced by the photosynthesis-driven fixation of
nitrogen with a faradaic efficiency of about 7%.>**

Another strategy is the incorporation of electron conduits to
enhance the electron flux in native electroactive bacteria or
creatation of electric channels in non electrogenic bacteria. In a
follow-up study, Dong et al. upgraded the bioelectrochemical
nitrogen-fixation system to overcome the electron transfer
barrier represented by the outer membrane of the cyanobacteria.
The researchers further genetically modified S. elongatus
PCC7942 with the outer membrane cgrtochrome protein
OmcS which is native to Geobacter spp.”>” The outcome was
an increased electron permeability for transmembrane electron
transfer while eliminating the challenges linked with the use of
diftusible redox mediators such as MV. These challenges include
cellular toxicity, mediator deactivation, energy loss during
electron transfer, inefficient diffusion through the membranes,
and contamination of the mediators.*®” The upgraded system
resulted in a 13-fold increment of ammonia production
compared to the previous study, with an approximate faradaic
efficiency of 23%.””

Microbial Electrocatalytic H, Production. H, production
can be pursued at both bioanodes and biocathodes. At anodes
bacteria transfer electrons during oxidation of substrates, and
these electrons then flow in the external electrical circuit to the
cathodic compartment where H, evolution occurs by water
reduction. Thus, a cathode potential greater than —0.414 V and
a substrate, commonly provided by wastewater, are needed in
the electrolysis cell to achieve H, bioconversion. Industrial and
food processing wastewater, domestic wastewater, swine
wastewater, fermentation effluents, and winery wastewater
have been proposed for H, evolution.”®" The H, production
rate reached 0.9 m*y, m™ d™! in a 4 L dual chamber cell
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Figure 22. (A) Schematic representation of the bioelectrochemical nitrogen fixation system. (B) Construction and design of the nitrogenase gene
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Figure 23. Scheme of the ambient nitrogen reduction cycle employed by Liu et al.**” X. autotrophicus oxidizes the H2 generated by water splitting while
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containing an enriched bioanode community continuously fed
(for 100 days) with acetate under saline conditions, revealing as
auspicious application for the treatment of saline effluents
combined with the production of H,.***

In the cathodic mode, bacteria that express hydrogenases or
nitrogenases are used at the cathodic chamber to catalyze proton
reduction to H,. Nitrogenases can produce H, as a byproduct of
nitrogen fixation and they can function as hydrogenases in
nitrogen-limitating conditions.”*® Geobacter sulfurreducens,
Desulfovibrio spp., and Rhodobacter capsulatus spp., often
enriched by Proteobacteria, are able to catalyze hydrogen
production at cathode potentials below —0.8 V vs Ag/
AgCL*** Some authors used Desulfovibrio bulgaris as a catalyst
for achieving H, evolution via proton reduction using
methylviologen as electron shuttle.”®> Photoautotrophic H,
production up to 328 mL L™' day™' has been achieved with
Rhodobacter sphaeroides grown on a biocathode in the presence
of CO, as the sole carbon source under illumination and an
applied potential of —0.9 V vs Ag/AgCL>*
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Microbial Electrocatalytic N, Fixation. Electrosynthesis of
ammonia from N, is gaining popularity, along with electro-
enzymatic synthesis, because it is more sustainable compared to
the current industrial method which is costly and damaging to
the environment. Nitrogen-fixing microorganisms, such as algae
and cyanobacteria, are used in the cathodic chamber where
hydrogen (either produced biotically or abiotically) and N, are
converted to ammonia. The application of autotrophic nitrogen-
fixing microbes for synthetic purposes is a recent concept that
was introduced by Rago and co-workers in 2019.%*” In this case,
nitrogen fixation was used for biomass production by a mixed
microbial community. Different other studies then have applied
this concept to the synthesis of ammonia. The cyanobacterial
genus Anabaena has been immobilized on indium tin oxide
(ITO) modified with polyvinylamine and ferredoxin acted as
electron shuttle to mediate the electron transfer between the
electrode and the nitrogenase.’® The use of microorganisms
can be advantageous compared to isolated enzymes because the
nitrogenases, aside of being continuously regenerated, are
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protected from O, by natural mechanisms evolved by the
microorganisms. In the previous example, the nitrogenase is
protected from O, by formation of a heterocyst inside the
cyanobacterium. Interestingly, a study by Liu et al. showed how
a H,-oxidizing bacterium, Xanthobacter autotrophicus, can be
coupled with N, and CO, reduction driven by electrocatalytic
water splitting at ambient conditions (Figure 23).° The
produced ammonia, with the addition of a glutamate synthetase
inhibitor, is released in the extracellular space, thus this microbe
can be used in the soil as in situ producing biofertilizers to
support the growth of radishes.

The use of the diazotroph Pseudomonas stutzeri A1501, at the
cathode allowed ammonia production without the need of
inhibitors or genetical engineering, nevertheless, the presence of
an inhibitor of ammonia uptake was necessary to obtain a 30%
increase in ammonia production.””® As already pointed out,
genetic engineering can be useful to circumvent inhibitory
feedback mechanisms and increase ammonia production by
heterologous expression.™

Microbial Electrosynthesis of Methane. Electrochemical
production of methane is nowadays considered an appealing
option. Methanogenic conversion of hydrogen to methane
implies an energy loss of ~15% thus it has received less
consideration than hydrogen production. However, methane
can be stored and transported easily and integrated rapidly into
the existing infrastructures.’*” Electromethanogenesis is deter-
mined by bacteria that can reduce HCO;™/CO, at the cathode.
It is a process that is not particularly difficult to obtain, methane
is often produced as a byproduct in other microbial synthetic
processes because its production is thermodynamically favorable
(AG = —130 kJ for methane formation vs AG = —55 kJ for
acetate production).””' In many systems, that are for instance
employed for H, evolution, methanogenesis needs to be
suppressed. The first example of electromethanogenesis from
CO, reduction was reported in 2009 by Cheng et al. using a
biocathode with Methanobacterium palustre with Coulombic
efficiency of 96% at —1 V vs Ag/AgCl.""* Both DET and MET
have been used for electromethanogenesis, in some cases
associated with wastewater treatment. A microbial community
originating from brewery waste produced a mixture of methane,
acetate, and hydrogen at a graphite cathode poised at =590 mV
and methane was the dominant product with rates of 1-7 mM
day™' (for a 75 mL reactor). This is an example of how
electrosynthesis can lead to the formation of different valuable
products simultaneously.””* Villano et al. showed that the rate of
EET is dependent upon the cathode potential, in particular, a 20-
fold increase in methane production was observed when shifting
the potential from —0.65 V to —0.9 V vs SHE.””* Although the
bacterial culture used in this study was electroactive and capable
of DET, the researchers supposed that the abiotic production of
hydrogen that is prominent at more negative potential has a
relevant role in indirectly promoting methane generation via
MET. Recently, novel 3D-printed cathodes, consisting of carbon
aerogel coated with a NiMo-alloy, were used for H, evolution
and indirectly favor electromethanogenesis.””

Microbial Electrosynthesis of Acetate. Acetogenic micro-
organisms, or acetogens, count more than 100 species of
anaerobes capable of employing the Wood—Ljungdahl pathway
to convert CO or CO, to acetyl-CoA, which is an important
intermediate in bacterial metabolism. The synthesis then is
directed to multicarbon organic products, mainly acetate but
also 2,3-butanediol, butyrate, ethanol, and butanol.>’® Acetate is
the useful starting material for vinyl acetate products (such as
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polyvinyl acetates) that enter in the composition of paints, glue/
adhesives, and industrial polymers. It accounts for a global
production of around 10 million tons/year, typically achieved by
petrochemical methods.””® Different gaseous sources can be
used which are vastly available: CO, captured from industrial
flue gases, CO, streams from ethanol fermentation and
breweries, and biogas from anaerobic digesters.377 It is the
main product of Acetobacterium woodii but this is unable to
consume current, the species that are able to produce acetate
using electrons are a limited subgroup of acetogens. Among
them, some strains of Sporomusa and Clostridium spp. produce
acetate, 2-oxobutyrate, and formate by CO, reduction when the
cathode is poised at —0.4 V vs SHE.””® In the first studies,
productivity was quite low and not sufficient for economic
implementation but then, research has been focusing on
developing new cathode materials and improving bacterial
attachment to the electrode with better results. For instance, the
design of materials with a hierarchical porosity, such as the one
employed by Flexer et al.””” and by Cui et al.”® significantly
improved the rate of microbial acetate production. In the first
case, the hierarchical structure was made by reticulated vitreous
carbon covered by CNTs that were directly grown from the
electrode by chemical vapor deposition (NanoWeb-RVC) and
electrophoretic deposition (EPD-3D).>”” In the second
example, the structure was made by an iron-oxide formed on
carbon felt by a one-step process of pyrolysis of ferrocene using a
microwave.””’ These techniques have the potential to be scaled-
up because they are relatively simple and fast. The highly porous
structure and extensive biofilm formed on these electrodes
allowed acetate production at high rates.

A microbial community constituted by Methanobacterium spp.
and Acetobacterium spp. was able to produce acetate over 150
days at —0.59 V vs SHE up to 17.25 mM, a value 100 times
higher than the one obtained with a single culture.”®" The
improvement can be attributed both to the continuous sparging
of CO, and an optimal biofilm formed by the mixed culture.

Microbial Electrosynthesis for the Production of Alcohols
and Volatile Fatty Acids. The reduction of CO, to large (>3C)
carbon chain molecules, alcohols and carboxylic acids, is
challenging because requires multiple proton-coupled electron
transfer reactions.”®

Short-chain fatty acids (SCFAs) (<6 carbon atoms) such as
acetic, isovaleric, propionic, butyric, and isobutyric acid, can be
used as synthetic building blocks in the manufacturing of
bioplastics, resins, inks, paints, beverage additives, coatings,
adhesive agents, plasticizers as well as chemical feedstocks and
pharmaceutical products.’®® Their production is currently
obtained by petrochemical routes. Bacteria synthesize fatty
acids using acetyl-CoA with the consumption of ATP and
NAD(P)H. The biological production of volatile fatty acids
(VF) from various carbon sources mainly relies on anaerobic
fermentative processes by Acetobacter, Moorela, Clostridium, and
Kluyveromyces.”®* Microbial electrosynthesis can overcome the
thermodynamic limitations of traditional fermentative processes
and increase the production of fatty acids by electrical energy
supply. Initially, studies mostly employed pure sugars as initial
substrates such as glucose, and xylose, which resulted in high
production yield and a simple purification process. But an
increasing number of studies are now focusing on MES from
organic-rich wastes, such as sludge, for ethical and environ-
mental reasons.”*

Among VFA, acetic acid is the principal product. The
production of 17 g L™ acetic acid by M. thermoacetica from

https://doi.org/10.1021/acsorginorgau.3c00051
ACS Org. Inorg. Au 2024, 4, 141-187


pubs.acs.org/orginorgau?ref=pdf
https://doi.org/10.1021/acsorginorgau.3c00051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

fermentation of hydrolysates obtained by steam pretreatment of
lignocellulosic biomass®® and the production of 30.98 g L™
acetic acid from cellulose using Clostridium lentocellum SG6,”*°
were obtained. The strategies already discussed in the previous
sections, relative to the use of porous electrodes and genetic
engineering, are valid also in this case. The production of acetic
acid was increased for instance by the overespression of PPQ-
dependent alcohol dehydrogenase and an acetic acid ex-
porter, 387388

Recently, MES of longer chain carboxylates up to six carbon
atoms with higher value than acetate: propionate, isopropanol,
butyrate, and caproate, has been reported from CO, by
microorganisms from various biological habitats. Vassilev et
co-workers filled the cathodic chamber with graphite granules
that were colonized by a microbial community dominated by
Clostridium sp., obtaining carboxylic acids and alcohols chains
up to six carbon atoms chain. The use of granular carbon
materials is advantageous for fluidic systems because they can be
kept in movement increasing mass transfer and they can be
continuously recharged by contact with a polarized collector.”*

Medium-long fatty acids (MCFAs) with 6—12 carbon atoms
can be used as antimicrobial agents, flavor additives, and
precursors of biofuels.””" The synthesis of MCFAs proceeds via
a chain elongation reaction based on reverse f-oxidation (RBO)
rather than the Wood-Ljungdahl pathway. In the RBO pathway,
an acetyl-CoA interacts with SCFAs to extend the carbon chain
length by two carbons for each cycle.””" The electrochemical
production of caproate and small amounts of enanthate and
valerate was first demonstrated by Jiang et al. using a carbon felt
electrode and ethanol as substrate.® In this case, the
application of an electrical current increased the selectivity for
caproate production from 32.3%, obtained with just ethanol as
electron donor, to 91.5%. This outcome is important as it shows
how current-driven production can be economically profitable
lowering the costs associated with ethanol consumption and
alleviating the environmental impact. In another study, the
continuous circulation of the catholyte in a flow-through system,
using a biofilm grown on carbon felt, allowed continuous chain
elongation reactions improving the synthesis of caproate.”’

The microbial electrosynthesis of alcohols, in particular
ethanol, is very attractive for its potential replacement for
gasoline. To date, different biomasses have been investigated for
the production of bioethanol, including starch, sugars, and
lignocellulosic biomasses.””® MES of bioalcohols relies on
microbial reduction of VFA, mostly acetate and butyrate.””’
Also, in this case, cathodic production can be associated with
fuel cell technology and applied to wastewater treatment
without requiring an electrical supply. Saccharomyces cerevisiae
electrochemically produced 11.52 g L™" of ethanol from CO, in
40 h in a bioelectro-Fenton system driven by a microbial fuel
cell.*”” The addition of tungstate allowed improved biocatalysis
of tungsten-containing aldehyde ferredoxin oxidoreductases
(AORs) and tungsten-containing formate dehydrogenase
(FDH) that are involved in the Wood-Ljungdahl pathway in
S. ovata and it shows how the optimization of the composition of
the growth medium can have a huge impact on electrosynthesis.
The production of ethanol increased to 13.2 + 1.2 mM with the
addition of tungstate (compared to 1.5 + 1.0 mM without
tungstate), and the levels of acetate, 1-propanol, and 1-butanol
were simultaneously increased.” The presence of redox
mediators can also enhance the electrosynthesis. The addition
of neutral red increased the production of ethanol by E. coli and
K. pneumoniae by >90% compared to the control in absence of
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mediator.””* The use of gas diffusion electrodes, by improving
the CO, solubility and bioavailability, can also have a big impact
for bioconversion. Srikanth et al. employed a gas diffusion
electrode with a selective mixed culture, the CO, was initially
converted into SCFAs (formate and acetate) and in a second
time, to butanol and ethanol with high Coulombic efliciencies.
After 60 days of operation, ethanol was the major product while
after 90 days, butanol became the major product.””

NADH is an essential cofactor for the synthesis of acetone,
butanol, and ethanol. Improving cofactor availability thus can be
a useful strategy. For instance, by increasing the concentration of
electron carriers, such as reduced neutral red, the production of
butanol by Clostridium beijerinckii IB4 was increased significantly
as a result of increased ATP levels and increased NADH/NAD
ratio. The authors noted that the application of an electrical
current stimulated bacterial growth and shortened the
fermentation time.””® Another powerful tool is genetic
engineering, which can enhance or inhibit determinate
metabolic pathways. A strain of E. coli able to convert butanol
from supplemented butyrate was developed by removal of
undesired genes. This strain optimized for butyrate metabolism
then was cocultured with another genetically modified strain
equipped with endogenous atoDA and with Clostridium adhE2
genes for the in situ production of butyrate, yielding 5.5 g L™" of
butanol from glucose in 24 h.*”” The inhibition of methano-
genesis is often necessary to increase the production of alcohol
leading to more efficient CO, conversion. Enrichment
procedures with inoculum pretreatment and specific operation
conditions and additives can be used for this purpose. One
method is heating the mixed culture inoculum to 90 °C for 1 h to
eliminate the heat-tolerant methanogens, and then regrowing
the medium in sodium 2-bromoethanesulfonate (NaBES), a
methanogenesis inhibitor.*”®

Microbial Production of Bioplastics and Biomaterials.
Biogenic materials (polysaccharides, polyamines, polypho-
spahtes and polyesters) are generally more biocompatible and
more biodegradable compared to synthetic materials and they
can be produced via more economical and sustainable ways.
They have diverse biological functions, they are involved in
energy storage, attachment on surfaces, and biofilm formation
and the biosynthetic pathways involve multiple enzymes.

Bacterial polymers have found several medical as well as
industrial applications. Xanthan gum is a bacterial biopolymer
that has been used extensively in industry. Recombinant
collagen, as well as alginate and hyaluronate have been used
for tissue engineering because of their similarities with
extracellular matrices of natural tissues and for drug delivery.
Polysaccharides are used as antigens for the preparation of
conjugate vaccines, while polyamides such as poly(y-p-glutamic
acid) can replace synthetic flocculants (polyacrylamide and
polyaluminum chloride) in wastewater treatment.

Recently, the attention has been focused on the production of
polyhydroxyalkanoates (PHAs). These are linear polyesters that
are synthesized into hydrophobic spherical inclusions, the most
common is Polyhydroxybutyrate (PHB). They can be used for
high-value medical materials (platforms for enzyme immobiliza-
tion, drug carriers, tissue engineering scaffolds) as well as for
low-vale bioplastics. Their relevance is thus enormous given the
current concerns linked to the huge negative environmental
impact of plastics.

Roughly 40% of all prokaryotic strains are able to produce
hydroxyalkanoate (HA) monomers and more than 150 HA are
currently known, these are accumulated in the cell under
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nitrogen-limiting conditions as a form of carbon stock.””” The
drawback of microbial PHA synthesis is the necessity of cell lysis
for their extraction. VFA are the precursors of PHA, thus they
can be obtained by CO, reduction as a primary source. Acetate is
converted to acetyl-CoA, then two acetyl-CoA are condensed by
3-ketothiolase (PhaA) enzyme forming acetoacetyl-CoA.
Acetoacetyl-CoA reductase (PhaB) reduces acetoacetyl-CoA
to (R)-3-hydroxybutyryl-CoA, which can be finally incorporated
into the PHB polymer by PHA synthase (PhaC).**" Butyrate
can be directly reduced to (R)-3-hydroxybutyryl-CoA. The
conversion of PHB from CO, was realized in two steps by Pepe
Sciarria et al.**" In the first step, CO, was reduced to acetate and
butyrate by Clostridium spp. (73% conversion at —0.8 V vs
SHE), then the sludge obtained after a separation and
concentration step was used as inoculum for the production of
PHB. Extensive research has focused on genetic engineering to
create efficient cell factories for the production of specific
biomaterials. The removal of genes linked with the synthesis of
endotoxins in Gram-negative bacteria has been pursued to
ensure the safety of the final products.’”> Heterologous
expression of ribulose-1,5- bisphosphate carboxylase/oxygenase
(Rubisco) in Cupriavidus necator (formerly known as Ralstonia
eutropha) was carried out to facilitate the efficiency of CO,
reduction and PHB production (Figure 24). The enzyme, via the
Calvin—Benson—Bassham (CBB) cycle, allowed the conversion
of CO, to 3-phosphate glyceraldehyde that is then directed to
the synthesis of acetyl-CoA. The efficiency of the process was
augmented by application of a potential (—0.6 V vs Ag/AgCl) at
the cathode modified with neutral red and FDH enzyme to
enhance the assimilation of CO, by C. necator.*”® This example
shows how the integration of microbial and enzymatic catalysts
can boost the overall synthetic process.

Future Directions of Microbial Electrosynthesis. Although
microbial electrosynthesis (MES) has not yet undergone a surge
in the mainstream industry, microbial electrosynthesis is
emerging as a novel green technology with great potential for
the production of renewable biofuels and commodity chemicals,

175

using little energy input provided by a poised cathode. Energy
can be provided by renewable sources such as solar, wind, and
wave energy, and the production process can be linked with
MFCs for wastewater treatment. Future studies should implore
combining biocathodes with bioanodes as renewable sources of
electrons, and both of these chambers can be optimized to
synthesize a wide range of value-added molecules. An assort-
ment of products can be generated from biorecycling of CO,.
Despite the advances in the field and its great potential, the
technology is still far from entering the market, and optimization
is required for commercialization. A deep understanding of
microbial metabolic and EET pathways is critical. The
generation of engineered strains with synthetic metabolic
pathways is fundamental to help the cells to target specific
wastes and more efficiently synthesize products and establish
extracellular electron transfer in otherwise nonelectrogenic
strains. It will be vital to embrace interdisciplinary science to
scale-up these MES processes. Cathode materials that enhance
microbe-electrode interface and chamber design can improve
production rates. Mechanical engineering advances must be
incorporated to design inexpensive materials and setups for MES
systems.*** It will also be imperative to establish new materials
strategies that are compatible with living biocatalysts like intact
bacterial cells, a growing field known as living electronics.** Still
in the realm of academia, the Bio Pilot Plant at Leibniz-HKI
(Germany), headed by Miriam A. Rosenbaum, is a promising
example of a microbial electrosynthesis hub that the industrial
sector should use as a model as MES technologies become more
mainstream.**® Further, government entities are beginning to
set the example for MES adoption; the National Renewable
Energy Laboratory (Colorado, USA) has recently focused
attention on microbes as economically effective means of carbon
dioxide reduction to value-added chemicals like ethanol,
formate, or acetate.'”” Nevertheless, focusing on the small
subset of well-known MES systems is one of the classic
arguments against the adoption of MES technologies. It is
estimated that 75% of MES studies focus only on acetate
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biosynthesis, " when acetate is one of a countless set of bacterial
metabolites. Therefore, it is imperative to promote the variety
inherent to microbial electrochemical systems because the
potential of MES is virtually limitless, not only in target products
but also the biodiversity of microorganisms and extremophiles.

In this Review, we examined electroanalytical techniques and
electrochemical processes as instruments for manufacturing
unique and valuable products by using simple reactions and
reactors. These processes have a little impact on the environ-
ment and can be carried out at a cost that is affordable.

When working with organic chemicals to generate high value
products, chemists and biochemists often find themselves in
precarious positions. It is not simple to meet requirements such
as lowering the activation energy required, increasing the
electrocatalytic activity, and maintaining a low operating
temperature. Voltammetric techniques such as cyclic voltam-
metry, differential pulse voltammetry, and square wave
voltammetry are the infrastructure for the beginning of a big
project. It is possible to carry out electrochemical synthesis
under benign environmental conditions, at moderate or low
temperatures and pressures, with simple and inexpensive
facilities; all that is required is proper control of the working
electrode potential, the cell voltage (especially in the cases of
paired electrolysis), or the cell current that is applied to the
terminals of the electrolytic cell reactor.

The galvanostatic mode is the one that is used the most in
industrial synthesis. After that, the potential will automatically
shift to the compound that has the lowest positive oxidation
potential (anode) or the lowest negative reduction potential
(cathode). Because of this, it is possible to investigate the
chemistry of oxidation (or reduction) for a wide range of
different substances, virtually under the same circumstances and
without the need of testing a variety of different redox reagents.
The description of practical applications of electrochemical
routes for organic, enzymatic, and microbial electrosynthesis, on
scales ranging from the laboratory to the factory floor, were
investigated in this review. The electron transfer process within a
chemical reaction is shown, after a brief description of suitable
operating conditions and appropriate electrochemical equip-
ment, to be capable of converting functional groups via
mechanisms and reactive intermediates that are kinetically and
environmentally more favorable than those of conventional
methods.

It is believed that, with advances in electroanalysis, soon
electrosynthesis will occupy a prestigious place in science and
engineering, contributing to the specific, efficient, and wide-
spread commercialization of chemicals. This will be possible
because it will eliminate the use of dangerous reagents and
environmental pollutants, cut down on waste production, work
at or near room temperature, and use recent advances in
electrochemistry, specifically in the areas of microreactor
engineering, fluid-flow electrochemistry, nanoelectrochemistry,
and bipolar electrochemistry.

The data underlying this study are available in the published
article.
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