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2 Electrochemical processes in flow

2.1 Electrochemical aspects in flow

As it would go far beyond the scope of this chapter to give a comprehensive survey
on electrosynthetic chemistry, we will only give a brief overview of the key principles.
A more detailed insight can be gained within the recommended literature [1-8].

2.1.1 General electrochemical aspects

Increasing ecological and economic concerns in modern society challenge chemists
to develop more efficient and environmentally benign synthesis techniques. Due
to the use of inexpensive electricity as terminal redox agent, electrosynthetic pro-
cesses come along with a significant cut in reagent waste and, thus, offer an ap-
pealing and green alternative to classical synthetic approaches. Since the reagent
is applied close to the electrode, runaway reactions can be avoided and inherent
safety is given [1-5, 9, 10]. In a routine laboratory electrochemical cell, a working
electrode and a counter electrode (WE and CE, respectively) are placed in a finite dis-
tance from each other. For batch-type cells, a reference electrode is optionally in-
serted in the cell in the close vicinity of the WE.

Importantly, the electron transfer itself, even though it is a key step, is not the
only factor affecting the electrochemical conversion of a substrate (Fig. 2.1, top).
The characteristics of the electrode surface, for example, surface morphology or any
catalytic behavior of the material, as well as the accessihle potential window and
inhibiting effects like overpotentials, may promote a certain reaction path. In addi-
tion, consecutive reactions of the generated intermediates are influenced by the
conditions prevalent in the electrolyte. As most electroconversions contain a cas-
cade of electron transfers and chemical steps, the (de-)stabilization of the intermedi-
ates by the electrolyte and mixing effects (mass transfer) have high influence on
the selectivity. This (de-)stabilization may happen, for example, by solvation effects
(Tab. 2.1), as it can be observed in the anodic dehydrogenative phenol-phenol and
phenol-arene C-C cross-coupling. Here, the solvent system is successfully used to
Mmanipulate the oxidation potential and nucleophilicity of the employed arenes [4, 9,
11]. Furthermore, the electrodegradation of the solvent may happen by evolution of
hydrogen (protic solvents) or oxygen (water only). However, depending on the poten-
tial applied, the backbone of the molecule can be decomposed, too.
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Since the electrode surface is the place where the (initial) electron transfer from
or into the electrolyte comes to pass, the material is of high interest for controlling
the electrochemical steps of the reaction. Generally speaking, any conductive mate-
rial can serve as an electrode. The stability, costs, malleability, and, especially, the
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Tab. 2.1: Influence of the solvent’s acid/base properties on ion solvation, proton transfer,
and redox stability.

Solvents with Solvents with weak Solvents with weak ~Solvents with
strong acidity acidity basicity strong basicity

lon Solvation of small Solvation of small Solvation of small Solvation of small

solvation anions is easy anions is difficult cations is difficult  cations is easy

properties (small anions are (small anions are (small cations are (small cations are
not reactive) reactive) reactive) not reactive)

Proton Proton donation Proton donation Proton acceptance  Proton acceptance

donating  from solvent iseasy from solvent is from solvent is from solvent is easy

ability (narrow pH region difficult (wide pH difficult (wide pH (narrow pH region
on the basic side, region on the basic region on the acidic on the acidic side,
strong bases are side, strong bases side, strong acids strong acids are
leveled, very wealk  are differentiated, are differentiated, leveled, very weak
acids cannot be very weal acids can  very weal bases bases cannot be
titrated) be titrated) can be titrated) titrated)

Redox Reduction of solvent Reduction of solvent Oxidation of solvent Oxidation of solvent

properties is easy (narrow is difficult (wide is difficult (wide is easy (narrow
potential region on potential region on potential region on potential region on
the negative side, the negative side, the positive side, the positive side,
strong reducing strong reducing strong oxidizing strong oxidizing

agents are unstable) agents are stable) agents are stable) agents are unstable)

often unique reactivity led to a cuthack to a few materials that made it into broad ap-
plication. While platinum is often employed in academia due to its appealing physical
and electrochemical features, significantly more inexpensive carbon-based materials
(graphite, glassy carbon (GC)) are used when it comes to larger scales [12]. Metal ano-
des with low oxidation potentials (Mg, Al, Zn, etc. ), so-called sacrificial anodes, are
stoichiometrically degraded during electrolysis and come into play when an auxiliary
effect of the metal ions generated is needed. Even though they are readily found in
literature on batch electrochemistry, they would imply high maintenance effort (reg-
ular exchange of the electrode, variation in interelectrode gap, leakage issues,
etc.) in flow cells. Additionally, the interelectrode gap would alter in a nonuniform
way. Therefore, they are of no importance in flow applications and will not be con-
sidered in this chapter.

The easiest way to obtain an electrochemical conversion is the direct elec
trolysis (Fig. 2.1, bottom left). The substrate is oxidized or reduced directly by 2
heterogeneous electron transfer at the electrode surface, and the selectivity of
the electroconversion is dominated by the applied potential [9, 15]. Due to the
simple setup, this method is often used [3-5, 12]. As mentioned above, overpo-
tentials may still have high impact on the reaction outcome. This includes over:
potential of the substrate as well as overpotentials of concurring reactions like
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and Hofer-Most electrolysis on platinum Of graphite electrodes, where the stronger
adsorption of the radicals formed in the first step is assumed to facilitate a second
electron abstraction, thus leading to cationic species instead of radicals. Further-
more, the electrode may even he catalytically involved in the reaction, whereby
certain intermediates aré preferably stabilized in relation to others, ot promote a
concerted or step-wise process of electron abstraction/addition and stabilization
of the radical ion by fragmentation [12].

Nevertheless, the reactivity of some substrates may demand more sophisticated
systems to achieve the desired conversion or fine-tune the selectivity of the reaction.
Speaking of the electrode, this can be realized by acfive electrode reactions (Fig. 2.1,
bottom center). The selectivity of active electrodes originates in the redox potential
and the reactivity of an active layer on the electrode surface. This layer can be un-
derstood to be a redox filter. It is usually prepared beforehand to provide a uniform
electrode surface and is regenerated in situ during the electrolysis. The big advan-
tage of an active electrode is the introduction of high selectivity without contamina-
tion of the electrolyte. Thus, no additional workup effort or reagents are needed.
Often, stoichiometric reagents can be replaced by similar immobilized species elec-
tro(re)generated in this technique. The most prominent example is the nickel oxide
hydroxide anode, which is widely employed, for example, in the conversion of pri-
mary and secondary alcohols to carboxylic acids and ketones [20-23]. Similarly,
molybdenum(V) reagents can be mimicked by employment of molybdenum elecftro-
des with extraordinaty selectivity in arene coupling reactions (24, 25].

A frequent challenge of electrosynthetic chemistry is the requirement of low cur-
rent densities to achieve efficient conversions and, therefore, prolonged reaction times.
Using three-dimensional structured electrodes can mitigate this effect. While maintain-
ing the same geometrical dimensions, these porous materials (foams, meshes, felts,
fabrics, etc.) feature a significantly higher electrochemically active surface area. There-

fore, a higher geometrical current density may be applied with the same Ot better re-
sults. Especially in flow electrochemistry, where the internal mass transfer is strongly
connected to the flow rate, this setup enables new possibilities. Additionally, structured
electrodes here may serve as a retention mixing uni, hence, boosting mass transfer
within the cell [11, 20].

If neither direct electrolysis nor active electrodes show satisfactory performance,
the use of a dissolved electron transfer catalyst (mediator) is indicated. By using 2
mediator, the conversion of the substrate itself is decoupled from the electrode
(Fig. 2.1, bottom right). The mediator is activated by heterogeneous electron trans-
fer at the electrode; however, the substrate transformation usually occurs as a homog
enous reaction in the bulk electrolyte. Mediated electrolysis is mostly employed in
case of substrates with high overpotential, or, when the reactivity of a mediator offers 2
unique reaction pathway or selectivity [4, 5, 7, 15]. These properties were successfully
used, for example, in various electrochemical fluorination techniques, including gern

difluorinations and the synthesis of fluoromethyl substituted heterocycles [4, 7, 26-29)
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between differently charged species. It has to be noted, that the employment ofa
separator results in a severe increase in the cell voltage due to the additional in-
ternal resistance. Inexpensive glass and ceramic frits show lower voltage drops
than unfunctionalized polymers; however, their brittleness and inflexibility might
raise challenges during scale-up. Nafion®, Thomapor®, and similar materials rep-
resent a suitable intermediate option, but come with the drawback of compa-
ratively high cost. If a separator is needed, a careful balance must be reached
between increased cell voltage, selectivity, scalability, material costs, and recycla-

bility [15, 31].

2.1.2 Electrolysis in flow

The main advantage of flow electrolysis compared to batch processes is, as known
from other applications, the high surface-to-volume ratio. Besides the improved
heat exchange, which is beneficial for the management of the heat produced by the
internal resistance of a cell, the contact area between reactant solution and elec-
trode features the possibility of fast conversion and, thus, high productivity of the
cell. Moreover, the short residence time within the actual cell facilitates precise
control over the charge applied to each small fraction of the substrate solution. In
addition, a prolonged exposure to an electrode material can be avoided and slow
degradation reactions efficiently suppressed. This way, reactions of substrates prone
to over-oxidation/-reduction can be realized and controlled much more easily, since
the product is removed from the cell [10, 11, 32-36).

In the context of continuous manufacturing and multistep reactions in flow, &
single pass of the electrolyte through the cell is of high interest [10, 11]. However, in
contrast to classical chemistry, where an added reagent can be consumed later on,
in electrochemical processes, the charge provided has to he consumed right away
while the substrate (or the mediator) is at the electrode, hence, establishing a flow
setup, within the cell. Therefore, a short residence time in the interelectrode gap
may be challenging if low current densities have to be applied [11, 37]. If substrate
and product are easily separated from the mixture and the overall conversion is of
minor importance, one might consider using a flow cell with a high throughput to
synthesize the desired amount of product and reuse the unconverted substrate. If
this approach cannot be pursued, the residence time and, thus, the applied charge
may be increased by decreasing the flow rate or using a longerx channel for electroly-
sis. However, a decreased flow rate results in an inferior mass transfer regime,
which may have a negative influence on conversion and selectivity. Electrolysis
cells with long channels (meandering, serpentine, ammonite cell) can address this
problem, but to some extent, at the cost of a more complex setup [11]. They will
be discussed in more detail in Section 2.1.4 of this chapter. Instead of extending
the channel length within one cell, a cascade of cells can be employed, of the
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the effects of the gas — the bubbles may be (partially) removed by pressurizing the
whole system. The higher pressure causes smaller gas segments and, thus, a more
uniform current distribution and decreased internal resistance. On the other hand,
more gas is dissolved in the electrolyte at elevated pressure. Therefore, conversion,
yield, and current efficiency decrease due to reoxidation of the dissolved hydrogen
at catalytically active anodes [10].

Other issues in electrochemistry involve fouling and corrosion of the electrodes.
Corrosion can usually only be prevented by using an appropriate electrode material.
Some applications have been published with electrodes unstable within the electrolyte
itself; however, they are stabilized by the applied potential [38, 39]. Other examples are
known, where electrode cortosion is prevented by the supporting electrolyte [40-42].
Fouling is @ common process in electrochemistry. Side reactions like polymerization
form an insoluble layer on the electrode surface. This passivation of the electrode
may compromise the performance of the reactor (nonuniform current distribution, in-
creased resistance, etc.), but may be needed if the layer provides an enhanced selec-
tivity. Unwanted fouling can be prevented by use of self-cleaning materials like BDD
[17, 19, 43, 44]. However, the highly reactive species formed in this internal cleaning
process (.8, hydroxyl radicals for aqueous media at BDD anodes) limits the applica-
tion of these systems to conversions with robust substrates and products [45].

2.1.3 Follow-up conversions

Just like other transformations, an electrosynthetic process, often, is just one out of
many steps in a synthetic route. Therefore, downstream conversions have to be
done. Directly consecutive reactions may happen without workup in between. In
electrochemistry, these may be performed either directly during the electrolysis (in-
cell) or after the application of charge is finished (ex-cell) 10, 11, 32, 36, 46].

For in-cell synthesis, the reaction partner for the follow-up conversion needs to be
stable under the electrolytic conditions. On the other hand, in-cell reactions can be
used to generate and directly consume unstable reagents. Many electrosynthetic pro-
cesses can be understood as in-cell conversions. As mentioned above (Section 2.1.1),
the electrogenerated species usually undergoes chemical steps like trapping of a gen-
erated cation by a nucleophile (e.g., solvent) or reprotonation of an electmgenerated
base. Example reactions are the methoxylation of furanes, N-protected pyrrolidines
or toluenes, the synthesis of diaryliodonium salts, and non-Kolbe reactions [4, 11, 32,
33, 47]. Further, oxidations of cyanhydrines and the addition products of aldehydes
and N-heterocyclic carbenes (Breslow intermediates) [46, 48] and carboxylations of
electrogenerated carbanions have been published [33]. If the reaction partner is not sta-
ble for electrolysis, ex-cell processing can be employed. Especially in flow, the ex-cell
approach offers appealing possibilities due to the opportunity for processing unstable
electrogenerated species right away. Consequently, a lot of work has been done on this
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They are among the less expensive devices, allowing an easy entry in this field. The
Ammonite Electrolysis cell offers a very long pathway for the reaction to take place.
This ensures high single-pass conversion and/or driving multistep processes. For gas
diffusion electrode (GDE) containing electrolyzer cells, among others, Electrocell GmbH
[59], Dioxide Materials [60], and ThalesNanoEnergy [61] have their products in the mar-
ket. These cells allow standardized comparison of components (catalysts, membranes,
and gas diffusion layers (GDLs)) in different industrially relevant processes (e.g., water
splitting, CO2 reduction).

2.2 Design of flow electrolyzers

Whether we consider technology scale-up or reliable rapid screening of materials in
the laboratory, continuous-flow reactors have multiple benefits compared to their
batch counterparts. Among others, these include increased mass transfer and im-
proved mixing of different phases, better temperature and heat transfer control, and
more precise influence on reaction mixture residence time in the reactor. When
moving from batch-type experiments to continuous-flow cells, the architecture and
design of the reactor (electrochemical cell) must first be clearly defined. This in-
cludes features such as the type of electrolyte used (liquid/gas), reactor material-re-
action mixture compatibility, whether it can be pressurized or not, the applicable
temperature and flow rate, and the possibility of using a reference electrode. The
design of flow electrolyzers has developed continuously, over the past decades. As
a maijor flag carrier, the chlor-alkali process went through several evolutionary steps,
starting from diaphxagm-separated cells, through using asbestos separator and met-
cury cells, to the currently dominantly applied membrane-separated cells [62]. The
most important driver in this case was the energy efficiency of the process, hence the
production cost of chlorine and NaOH. As for the energy efficiency of an electrochemi-
cal process, the most straightforward definition is the voltage efficiency of the cell. This
is the ratio of the thermodynamic voltage and the total voltage applied to the electro-
lysis cell (Ve to drive the electrochemical reactions at a given rate. Note that the
thermoneutral voltage is not only sufficient for driving the reactions, but also to pro-
duce enough heat to maintain constant temperature. Beyond the thermodynamic re-
quirements, Veen also includes losses related to the anodic and cathodic electrochemical
processes (activation losses, overpotentials), to the cell components (ohmic losses, IR
drop), and to mass transport. In aiming for high energy efficiency, each of these effects
should be minimized (see Fig. 2.7 for details) [63].

It is important to distinguish between the large-quantity production of commodity
chemicals, where large current densities are of prime importance, and the continuous-
flow electrochemical production of fine chemicals (e.g., pharmaceutical compounds)-
In the latter case, the purity of the product stream, and hence, the process selectivity
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Narrow gap cells
Planar Interdigitated

Qutlet

Inlet

Fig. 2.8: Two typical arrangements of industrial narrow gap electrolyzer cells.

ge [65]. Within this layer, mass transport takes
convection within the bulk. The size of the stag-

nant layer, besides other properties, depends on the speed of motion for the bulk,
whereby faster movement reduces the thickness of the stagnant layers. This leads to

smaller diffusion paths. The corresponding diffusion coefficient is first-order depen-

dent on the temperature [66). With constant current density and transferred amount of
er flow rates in the cell and thus also to a

charge, a smaller electrode gap leads to high
smaller stagnant layer. In addition, the required amount of supporting electrolyte can

be reduced or completely avoided by narrow gaps. This was demonstrated well by
Waldvogel and coworkers [34]. They investigated the domino-oxidation-reduction se-
quence for synthesis of nitriles from aldoximes. The batch process suffered from deha-
logenation of the starting material; flow electrolysis with an electrode gap of 1 mm
showed similar behavior or bad conversion. Since dehalogenation, in this case, isa
slow chemical follow-up reaction, it is not directly evident from CV experiments. A
smaller gap size of 0.12 mm allows for supporting electrolyte-free electrolysis and al-
lows a short residence time, which suppresses dehalogenation. By optimizing the ra-

tios of the solvent mixture, the reaction achieved a yield of 809. Dehalogenated species

could only be detected in traces.

layer with a thickness in the pm ran
place only by diffusion, in contrast to

a graphitezn Pb cl i cl \
\NIOH 10 mA/em?,2.5F - = & 2
acetonitrile
cl methyltripropylammonium methylsulfate cl
not observed
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2.2.2 Membrane/diaphragm-separated electrolyzer cells
and plate-frame approach

zgzlft(:;:ii gsga:;ﬂng;he electr.odes circumvents product mixing, hence the back-
example for such 223311:;{23 tilsjoadlgclaf)srso 2;1 ;tssbzztthed?th;rrdeamde. s
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aigueg :ECh&lneof;rlyth?rs of the‘chlor—alkali process [62]. A more current and mfll:;g
e ag;; ar tusebs a diaphragm separator is alkaline water electrolysis [67]
B pmduclt) HEX(; etween the electrodes increases the product formation FE
i g. On 'the other hand, the extra cell element induces extr.
— zef increased cell resistance (R). To minimize the IR drop in the cell thz
i direcﬂc; gtzp ﬂclzzlis was devel'oped. In such electrolyzer cells, the electrocle; are
This way, the resistance E?zzt:e:rﬁyt;i icsata'ly'St Fwers e s )
conducted at elevated temperatures to acmm&xﬁl ::fézzz\f ; EIfemOlySis iS
the s;p?ratdor, for example, in chlor-alkali electrolysis at 85-90 °C performance of
stea i i i .
v éan - (i)li g;:‘:s; llb;crza?lm.g the lateral dimension of the electrodes, the electrolysis
 —— Othy u chng e]e.ctrolyzer stacks. In this method, several cells are
B o oo ]jr,t‘zpplymg bipolar plates (acting as anode on one side and as
i eth een the ce.lls. A serial electrical connection is established
i decm,)l ! e the reactant. is typically fed in parallel. In industrial applica-
i (andyogi stacks are built on large frames (Fig. 2.9). In such application
e y er cell components, e.g., gaskets, membranes) are first secureci
e and are subsequently pressed together with the rest of the cell [68]
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To further decrease the cell resistance, polyme;:—based jon exchange membranes
are typically used in zero-gap electrolyzers. As there is no liquid electrolyte between the
electrodes, the ion conduction is determined by the chemical nature of the used mem-
brane. Hence, these electrolyzer cells can be categorized by the jon-exchange properties
of the membrane as follows: cation exchange membrane (CEM), anion exchange mem-
brane (AEM), or bipolar membrane (BPM)-based electrolyzers (Fig. 2.10) [69].

O

BPM

Y: B, Na*, i ete.

@
CEM 213 AEM
@)

H+

%: OH™, €7, €057, HCO, ™, HCOO™ etc.

Fig. 2.10: Working principle of different ion exchange membrane types in electrolyzer cells.
CEM - cation exchange membrane, AEM — anion exchange membrane, BPM - bipolar membrane.

When applying a CEM to separate the cell, the ion conduction is maintained by the mi-
gration of cations from the anode to the cathode. These are either cations from the ap-
plied electrolyte (e.g., Na" ions in case of Na,S0, electrolysis or the chlor-alkali process
in a CEM cell), or protons, either from the electrolyte solution, or formed as anodic by-
products. A typical example for the latter is CEM water electrolysis, where H" is
the by-product during OXygen evolution (2H,0 — 02+ 4H* +4e”) [70]. HT ions form
on the anode, and as they are the charge carriers crossing the membrane, they are
also present on the cathode side of the membrane in high local concentration. This
results in a highly acidic pH on both electrodes. Using AEMs, on the other hand,
leads to reversed direction ion conduction — in this case, anions cross the membrane
from the cathode to the anode [71, 72]. In typical electrochemical reduction pro-
cesses, such as water, CO, or 0, reduction, OH~ ions are formed. This —contrary to
the CEM membrane case — results in an alkaline local pH on both electrodes. In recent
years, BPMs are being applied in electrolysis processes to avoid product crossing. The
typical operation of BPMs is based on water dissociation at the interface between the
AEM and the CEM, and consequent OH™ and H* migration to the anode and cathode,
respectively [73-75]. This results in acidic cathode and alkaline anode pH. A reversed
combination of an AEM and a CEM would lead to alkaline cathode and acidic anode
pH. In this case, QH™ (or €052 /HCO;5") and H* ions (or other cations) would
move toward the interface of the two membranes and recombine there. The formed
product must be removed from the space between the two membranes, necessitating
the inclusion of a buffer layer.

Notably, ion conduction is always associated with the transport of water through
the membrane. As an example, when applying a Nafion® membrane (CEM), two to
three water molecules are carried from the anode to the cathode with each H" ion
transported. This changes the electrolyte composition (if any) on both electrodes,
which must be considered during continuous operation. Also note that a free space is

2 Electrochemical processes in flow =— 47

required i
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easily, and the products can exit the cell. A microporous layer on the other side
serves as support for the catalyst and is also responsible for good electrical connec-
tion between the GDL and the catalyst particles. To avoid water accumulation in the
GDE (flooding of the structure, increased diffusion layer thickness, and the conse-
quent reaction rate decrease), the carbon GDL is most usually infused by a hydro-
phobic material such as PTFE.

The structure of the catalyst layer is of prime importance in achieving high reac-
tion rate. Large electrochemically active surface area (ECSA), proper electrical con-
ductivity, high ion conductivity, porosity, and homogeneity are all crucial properties
of GDEs that define the electrochemical performance of an electrolyzer cell. Without
going into too much detail regarding the specific function of each constituents, the
chemical nature, physical dimensions, and morphological features of the catalyst par-
ticles, the chemical quality, the amount of binder used, and the total layer thickness
must be tailored for the specific application. As for the catalyst layer formation on a
GDL, multiple methods are widely applied. These include physical methods, such as
brush-, spray-, Or drop-coating or physical vapor deposition, and chemical methods
such as electrodeposition, chemical deposition, or chemical vapor deposition. Note
that even the catalyst layer preparation method can have a significant effect on the
electrochemical properties of the GDE [80l.

2.2.4 Electrochemical system design

While most studies focus on the electrochemical cell itself, there are many other
components which together enable electrochemical processes. Beyond the obvious
potentiostat/ galvanostat (or power supply in simple cases), depending on the cell
configuration, up to two liquid and gas inlets, product stream processing parts
(including liquid/gas separators and product collection units), pressure and tempera-
ture sensors and controllers, a gas- and liquid flow metef, and often complex in-line
analytical systems, are utilized. To have a controlled electrolysis process (yielding re-
producible results), all these units need to function together smoothly. Here, we show
one specific example of CO, electroreduction as the cathodic process, which is cou-
pled with a liquid phase oxidation process [81]. In this particular process, one or two
(peristaltic) pumps are used to deliver the liquid electrolytes (depending on the cell
configuration). Optionally, gas phase reactants can also be fed to the anode of the
cell, just like in the cathodic CO, feed. These fluids are tempered before entering the
cell to maintain constant operational conditions. Subsequently, the anode product
stream leaves the cell through a pressure regulating valve to he processed further.
First, the gas products are removed, and then, the dissolved/liquid phase products
are separated from the anolyte. The composition of the anode product stream
shall be analyzed continuously to ensure proper operation. This should include
online and offline methods both for the liquid and gas phases. These generally
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2.3.1 Industrial electrochemical processes in flow
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= alkaline membrane) in case of alkaline cells; while a PEM membrane is inserted
» TE ‘:g: between the two electrodes in PEM electrolyzer cell. Alkaline water electrolysis is a
- § - EL ; mature technology with large plants installed worldwide already. Using alkaline
-:-; = é Er e electrolyte allows the use of non-noble metal electrodes that significantly reduce
s = g © g capital costs of this technology. However, with the rapid membrane development,
& —g S E ? -§ PEM water electrolyzers allow operation at higher current densities and lower cell
% b= = -~ < voltages, hence result in higher energy efficiency and production rate. This technol-
E % E m == ;’5 ogy is in the industrialization phase, with several large plants (MW range) installed
= = already.
@ E.‘f; T ; Of late, significant R&D resources are being dedicated to finding active catalysts
= g2 1) and suitable cell designs for the industrial-scale electroreduction of carbon dioxide,
<4 g‘ﬁ’: E - E E thus turning a harmful greenhouse gas into useful chemicals. Solid oxide electrolysis
,qC_) % g "é’ % = * ?,, cells (SOEC) offer very high process efficiencies in the direct electrochemical conversion
'_5 5 2 =4 E g of CO; to CO or water to H, [84]. Due to the high operating temperatures, the kinetics
a - p and thermodynamics of these processes are both very favorable. The SOEC technology
£ E = is approaching maturity, with larger pilot plants already installed worldwide. This tech-
= o % % nology necessitates the application of heat tolerant structural materials and high reac-
s g EL o tion temperatures, which results in high operational and capital investment cost. This
o % 5 i is expected to decrease with the mass production of these cells; hence, SOECs are
o _% & Eg envisaged to compete with low temperature cells in the future — a battle, which
% .56 * *g g 9 = will eventually be decided by the cost and the nature of the given application.
EE" § % % ; ‘g Among the low temperature cells, two types have emerged over the years: (i)

microfluidic cells, in which thin liquid layer(s) flow between the electrodes, and
(ii) zero-gap designs, in which only the anode is fed with liquid electrolyte, but all
the cell constituents are pressed together [63]. In both cases, CO, is fed in gas
phase through a GDE cathode. This technology is still in the R&D phase, but larger
and/or multilayer cells have already been operating at sufficiently high current
densities, although the lifetime of such devices has to be improved.

The cells used for sodium chlorate production represent another class with no
separator placed hetween the electrodes. Instead, the cathodes and anodes of these
cells are arranged in an interdigitated manner with a few mm thick solution layer
between them. The chemistry of the cell is similar to that of the chlor-alkali process:
H, evolves on the cathode, and chlorine forms on the anode. The solution pH is how-
Ever significantly different, which leads to the dissolution of chlorine and its subse-
quent chemical transformation to sodium chlorate in an external reaction vessel [85].

Synthesis of different organic molecules (e.g., adiponitrile, p-aminophenol, or
f'mthraquinone) constitutes another important group of industrial flow-electrochem-
Ical processes [53, 86]. No general cell structure, process conditions, or electrode

t!_?pe €an be defined for this group; these parameters must always be tailored to the
8iven reaction.
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2.3.2 Electroconversion of small molecules

Using the earlier described modular flow cell, Waldvogel and coworkers demon-
strated the synthesis of nitriles from the corresponding aldoximes in a direct dom-
ino oxidation—reduction sequence [34]. Conventional approaches depend on harsh
reagents like thionyl chloride or acetic anhydride. While the batch electrolysis faced
the challenge of additional dehalogenation reaction, the optimization of flow elec-
trolysis allows a supporting electrolyte-free electrolysis with excellent selectivity.
The aldoxime is oxidized at a graphite anode, giving nitrile oxide, which is subse-
quently reductively deoxygenated at a lead cathode. During optimization, an acetoni-
trile water mixture of 11:1 (v/v) sufficiently suppressed dehalogenation. The solvent
was recovered by evaporation, and the product was obtained by simple crystallization

with 63% yield.

OH CIJ N
N-I-
N\ graphite, —2e” Il lead, +2e” I
> —F—— cl
= ol —-2H* cl cl 2H*, —-H,0

Fig. 2.13: Domino-oxidation—reduction sequence for the synthesis of nitriles from aldoximes in a

narrow-gap cell.

Using a separator, they were able to trap the nitrile oxide with methyl acetoacetate
in a 1,3-dipolar cycloaddition, yielding isoxazole with 60% as building block, for
example, dicloxacillin synthesis. Waldvogel and coworkers used the same type of
cell to investigate phenol-phenol cross-coupling at BDD anodes [35]. In combination
with fluorinated alcohols like 1,1,1,3,3,3-hexaﬂuoroisopropanol (HFIP), especially, &
wide electrochemical window and good stabilization of the generated phenoxyl radi-
cals is achieved. Established approaches use transition metal catalysts in @ reductive
fashion for the synthesis of such compounds. Additionally, leaving functionalities are
required to be initially installed at the coupling partners. The direct electrochemical de-
hydrodimerization reaction overcomes these economical drawbacks and makes them
sustainable. They showed officient cross-coupling of different phenols and naphthol
derivatives in yields up to 86%. Additionally, scale up to a flow cell with an anodic
surface of 4 cm x 12 cm resulted in stable yields, showing the high robustness and scal-
ahility of this reaction.
Noel and coworkers reported a series of transformations starting from thioethers
and thiols, and starting with the oxidation of sulfides to sulfoxides at iron anodes [87].
Using polarography, they identified the necessary cell voltages for selective oxidation
to the corresponding sulfoxides or sulfones. They then expanded the protocol with the
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2.3.3 Electrosynthesis with high value addition

al synthesis with an improved atom economy and
lized in a variety of redox-based trans-
rminal oxidizers or reduction agents
de materials allowing metal-free

Besides new pathways for classic
an inherent safety, electrosynthesis can be uti
formations. The over-stoichiometric use of te
can be circumvented, with carbon-based electro

synthesis that is useful for later drug synthesis.
Waldvogel and coworkers have lately optimized the electrochemical synthesis

of periodate at a BDD anode [50]. Periodate is used in a broad scope of the synthesis
of active pharmaceutical ingredients. Previous approaches suffer from toxic anode
materials like lead dioxide or expensive starting materials. By using a Nafion® mem-
brane, they avoided the otherwise-necessary toxic anti-reducing agents. The synthesis
was optimized by design of experiments (DoE), resulting in a highly efficient conver-
sion with yields up to 98%. The use of BDD electrodes makes this synthesis heavy
metal free, which drastically lowers the costs for the purification of the product.

BDD anode, j = 100 mA/cm?
divided cell (Nafion membrane)
—» NasH2!06

Nal (0.4 M)
aqueous NaOH (4 M), rt

up to 98% vield, 84% CE

Fig. 2.16: Oxidation of sodium iodide to periodate ata BDD anode.

The processing of natural feedstock from abundant sources in the sense of sustain-
able production of base chemicals will become an increasingly important field of
research, in the near future. The US Department of Energy identified 12 high interest
sugar-based chemicals to produce value-added chemicals from biomass that is de-
rived from, for example, hemicellulose, cellulose, and lignin. Latest research shows
that flow electrolysis is a precious platform for a sustainable transformation of bio-

mass feedstock.

HO 0 0 0
o /] -6e,+2H0 0
./ NiOOH HO o/ OH

Fig. 2.17: Two-step oxidation sequence of (HMF) toward (FDCA) at activated nickel hydroxide electrode.

Giling and coworkers developed a two-cell reactor rig for the two-step oxidation se-
quence of 5- (hydroxymethylfurfural (HMF) to obtain 2,5-furandicarboxylic acid (FDCA)
[91]. During the optimization, different noble anode materials (Au, AusPd,, and Pt)

were tested; finally, nickel with deposited active NiOOH layer gave outstanding yields
of up to 90% with high faradaic efficiencies of 80%. They were able to scale up the
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ig. 2.18: Electrocatalytic hydrogenation of furfural to furfuryl alcohol. Noel and coworkers
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Fig. 2.19: i i
diiydr;uf\fnodlm conversion of furfuryl alcohol in presence of MeOH toward 2,5-dimeth
uryl alcohols. Subsequent Achmatowicz reaction yields hydroxypylrones o

Startin
i prgtifcziiﬂf(f)uiilrgl;zcohoéls, Robertson and coworkers developed an flow oxida
¢ the 2,5-dimethoxy-dihydrofurfuryl al i
B i : ; alcohols [94]. A subsequent acidi
m!(fe ;1 ;Elsl 1;1,1 Achmatowicz reaction fashion yields the corresponding hyd?oxyp a(C)lnd(le;
B, eyous ;ltol and dt?nvatives are widely used as flavor enhancers. For the elg:trol_
el Em a Sf}llf-tl:-llemgned cell made from PEEK as mounting material. A GC anode
£ cathode were used and fixed with Araldite® oo
timized electrolysi . with Araldite™ epoxy resin glue. With op-
sis condi i i P ) P
lated yielq, g tions, they yielded dimethoxy derivatives of up to 71% iso-
Hamm . =
of ﬁgnosuligg -::[lnt:‘( coworke%‘s investigated the electrochemical depolymerization
V-product of E:he a 'E_eCh‘Illcal-scale reactor [95]. Lignosulfonate is an abundant
i Ve l;lu_lpmg industry. In oxidative conditions, a variety of phenolic
anillin can be obtained. They used a FMO01-LC reactor commercially
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available from ICI, which can be equipped with different electrode materials. The op-

timization of reaction allowed electrolysis of 150 g at up to 12 A, 145 °C/500 kPa/3 M
NaOH. The yield of vanillin was similar to that of terminal oxidizers in batch pro-

cesses of about 5-7% W/W.

OH 0

1 m caustic soda
OH
Y

NiOOH (foam) || Stainless steel B O

R

Fig. 2.20: Electrochemical oxidation of alkylated cyclohexanols to alkylated adipic acid derivatives

at NiOOH foam electrodes.

Catalytic reductive fractionation of lignin gives rise to a broad scope of alkylated
cyclohexanols. Lately, Waldvogel and coworkers have developed a protocol for the
electrochemical oxidation of alkylated cyclohexanols to alkylated adipic acid deriv-
atives at NiOOH foam electrodes in batch and flow electrolyzers [20]. The 3-methyl-
adipic acid was obtained in yields up to 64% in a cycling electrolysis, providing
efficient removal of the developing hydrogen. Sodium hydroxide was employed as a
base as well as supporting electrolyte, making this an elegant and cost efficient
pathway to obtain dicarboxylic acids, which can be later employed as monomer in

polyester and polyamide synthesis.
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2.3.4 Electrochemical synthesis of drug metabolites
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B g oot mEtr% e. ectroch.errucal flow cells offer an easy way of continuously
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b e }9&; Nat, ina b1010g.1cal matrix, would otherwise rapidly bind cova-
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e EIectrséhefms? asirlud}es cannot fully circumvent biological studies. Further-
e S hc y induced metabolic pathways lack their counterpart in
B dectrocon;m ‘c could, ther.efore, be somewhat misleading. In addition, most
- T rsusms only prm:qde traces for analysis but not enough material for
es. A valid approach is the installation of stabilizing groups [99]
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2.3.5 Paired and consecutive electrolysis

To increase process efficiency and decrease production costs in any electrochemical
process, it is desired to form valuable products on both electrodes, while applying
as the lowest possible cell voltage. When it comes {0 industrially relevant cathodic
reactions such as Hy production or CO, electroreduction, water oxidation (i.e., OXy-
gen evolution) reaction is the most often used green anodic pair. This requires high
energy input (i.e., 1arge cell voltage), and generates a product of little commercial
value (i.e., oxygen). Pairing appropriate alternative anode processes with these reduc-
tions is of major interest, as it might result in a significantly increased total product
value. On the other hand, this significantly increases the system complexity, necessi-
tating the continuous composition monitoring of both the anodic and cathodic prod-
uct streams, and the multistep separation of these products. This implies scientific
and engineering challenges, but a properly designed and optimized paired electroly-
sis process offers the possibility of direct industrial implementation. As a promising
example, either CO, reduction or H, production might be coupled with anodic glyc-
erol oxidation to glyceraldehyde, a product that is more valuable than O, [100, 101)
by orders of magnitude. Furthermore, the standard redox potential of this process is
almost 1 V lower than that in water oxidation, offering operation at significantly lower
cell voltages when compared to the case of anodic water oxidation.

Finding suitable catalysts for multistep electrochemical processes involving the
transfer of multiple electrons (and multiple protons) could be challenging. In certain
cases, forming an intermediate in one electrolysis cell and further reacting it in a subse-
quent setup applying different catalyst material is favorable in terms of energy recuire-

ments (including process selectivity, hence the costs related to product separation).
Reducing CO, to an intermediate and further reacting it in a subsequent chemical/elec-
trochemical step offers a way to synthesize a large variety of functional chemicals that
serve as building blocks for organic synthetic chemistry. An example is the production
of ethylene oxide in a two-step electrochemical method — first reducing CO;, to CHa,
and subsequently, selectively oxidizing the product in a separate cell [102]. This is a
green alternative for ethylene oxide production, which is an important bulk chemical

that is produced in large quantities — ~20 million metric tons per year.

2.4 Strategies for screening and optimization

The optimization of reactions in electrochemical flow cells can present a challenge
due to the high number of parameters involved. Classic optimization strategies, like
one variable at a time (OVAT), often fail to reach the global maximum (or minimum)
of a system response, since they cannot resolve interactions between the parameters.
An interaction is the influence of one parameter setting on the system response when
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changi
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fulfill the needs of a second order regression. Typical designs are the central com-
posite design o1 Box-Behnken design [106, 107].

DoE needs to be understood as a recursive procedure. In the early stage of an
optimization, a fractional design or screening design should be carried out to mea-
sure the main effect sizes and exclude all parameters that show no influence on the
system response. Wwith a reduced number of parameters, designs of higher resolu-
tion can be used. Within the range of a maximum (or minimum), a second order
model can be used to fine-tune the parameter settings [108]. 1f more than one sys-
tem response is of interest, the desirability functions offer multitarget optimization.
For each response, its desirability function scales between O (if the predicted re-
sponse is outside the acceptable range) and 1 (if it matches to desired value). The
individual desirability functions are then multiplied to get an overall desirability
that needs to be maximized. Most statistical software suites provide an algorithm to
solve this optimization problem, resulting in optimized parameter settings.

Wirth and coworkers recently showed an elegant combination of their electro-
chemical flow cell with online 2D HPLC analysis [54]. They used the memory effect
of chirality in N-aryl carbonylated amino acid derivatives under Kolbe electrolysis
to generate enantiomerically enriched alkoxylated amides, via an acyliminium
ion intermediate. Due to the supporting electrolyte (SE)-free conditions, they
were able to measure yield and enantioselectivity as system responses directly,
via (chiral) HPLC. Initial experiments in batch type cells resulted in poor yields
and selectivities due to the unstable acyliminium intermediate. They started by
pre-screening of electrode materials, substrate concentrations, and flow rates
ending up with graphite and GC as promising anode materials. Afterward, using a
251 fractional design, they investigated the influence of the concentration of starting
material, flow rate, applied charge, temperature, and — as a category parameter - the
anode material (graphite and GC). In the case of yield, the amount of charge and the
anode material were dominating parameters, whereas, in the case of enantioselectiv-
ity, the anode material was mainly influential together with a second order interac-
tion involving the temperature. They finally investigated the influence of the flow
rate, amount of charge, and temperature in a full factorial 2° design, using GC as

anode material ending up with optimized conditions with yield up to 100% and enan-
tioselectivities up to 70 % ee.

Waldvogel and coworkers investigated the anodic C—C cross-coupling of 2-me-
thoxy-4-methv1phenol and 2,4-dimethylphenol as a model system [109]. This cross-
coupling reaction was a subject of research for a longer period; linear optimization
strategies yielded 44% of the corresponding biphenol. Based on this primary research,
they used a 2’ design to investigate the influence of the electrode gap, temperature,
current density, amount of charge, concentration of SE, and concentration as well as
ratio of the substrates. In 35 experiments, they found the electrode gap as the dominat-
ing parameter, where a small gap was beneficial for the yield. Due to DoE-based inves-

tigation, an isolated yield of 85% was easily achieved. Furthermore, the main effect
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analysis igni i
e ytrh r?vealed no significant influence of the substrate concentration or current d
; therefore, a near-threefold increase in space—time yield was reached .

2.5 Options for industrialization and scale-up

?ndustnalization of electrochemical reactions give rise to different chall i
ious piocesses. Many conversions discussed in this chapter are indusgig;i 11';(31; ey
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‘ : e chlor-alkali electrolysi i
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e fd in El_md even at t.he research stage, because electrolysis
BE o oot it e, gt cnecny etuioney )it g Tormice
e & ge (e, b iciency), (iii) with high Faradaic
L foflr( pe:i;trlnv:ttygr,sa:ld (iv) with hlg.h conversion efficiency. Notably, even though
i anogfether describe the overall performance of an electrolysis
o e Ortz ; of these repf)rted in the scientific literature [71].
g c}))f thEnSCCflmcept to hlgh‘light is the scale-out approach. This means
e maz e-u;p process is not a giant cell, but, rather, multiple cell
B e -e of several (up. to over 100) electrochemical cells, where
e a bipolar plate (acting as cathode in one cell and anode in the
B o oot il compenei, 2 el ifoies elated to he mamgement o
g : s, ifficulties related to the managemen
E Scpt;tz;:i};egnzﬁzl tiioziz:flifl.ﬁszck cells e;labled the industrializatifn of bto’?lf
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mentaﬁ:)onn;rvtilif:c:;setas. For example, Endrddi and Jandky published on tli;] 1't111§'1pelz-
B s Scaleau:gzléStr(écc);ee;i;olggers,dwhich can accelerate technology
B : , reduction to an industriall
E. p::;‘;)uiaz};dcgé-stacked cell. which consists of multiple layers and cgnrff::oe;‘;;?;
| i H gfas feed without the need for any liquid catholyte was demon-
B tgt( 01 the presented design allows different connections between
B ;el;: TO y:ler baso?:d on the distribution of the reactant CO, gas. Con-
them;hence, -~ Copzjlrflgl (Fig. 2.22A), the gas is equally distributed among
| 5 1.5 e .to each cathode. On the other hand, when connectin
s in series (Fig. 2.22B), the total gas flux enters the first layer aru;lg
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Fig. 2.22: CO; gas channel structure in an electrolyzer stack consisting of three layers in the
(A) parallel and (B) serial connection configurations. BPP, bipolar plate; ACL, anode catalyst layer;
GDE, gas diffusion electrode; GDL, gas diffusion layer; AEM, anion exchange membrane. Copyright

2019 American Chemical Society [110].

the off-gas (remnant CO2 + products) continues to the subsequent layer(s), thus al-
lowing very high conversion efficiencies.
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Study questions
2.1 Electrochemical processes are widely used. Please provide some examples

2.2 Plea i inci
phvssi:a::lest;rlbhe th‘e principle of an electrochemical cell, indicate electrodes, and explai
P .an _c ernl_cal processes at the individual electrode surfaces. Use water, as el il
species in acidic and alkaline solution to evolve hydrogen and oxygen e

23 Whyis it i
y necessary to add a so-called supporting electrolyte into an electrolyte to perform a

conventional electrolysis? Is it i
? possible to reduce i
sl the amount of supporting electrolyte when

2.4 Plea i idi
se make a suggestion for avoiding or suppressing undesired electrode reactions

2.5 P i i i
i V‘:ease desr.ll'lbe strategies for handling gas evolution within the flow electrolyzers
: hat are suitable electrodes for anodic conversions of organic compounds? .

2.7 Carb i
on electrodes can be considered as essentially metal free. Which materials do you know

and what are the specific features, thereof?
2.8 Platinum is often used in lab el ze Yy ould chlo
ectrol s, Why sh d chlori ini
i : yzers, l L rlde-contalmng electrolytes be

2.9 Whatis a paired electrolysis? Please provide examples.

2.10 Pl i
thza;zlcaarlculate‘the necessary applied charge for a homo-coupling reaction in dependence of
;i corcrg‘uantlty of the substra_te A. How does this change when considering a cruss-coz
g of cor i;:-lotnhentsf. alnd B? Which criterion is used to decide which of the substance quanti-
e calculation? How is the flow rate calcula i .
nth ; ted for a given ch i
i char
rrent density, in relation to the volume of the reactor chamber (for a single pfsf-‘s;l;‘a"t't\’ e
References
[1] 1 . .
Z:z:ttrana Ulee BA, Little RD, Ibanez )G, Palma A, Vasquez-Medrano R, Organic
osynthesis: a promisin i i istr
iy g green methodology in organic chemistry, Green Chem, 2010,
[2]  Pollok D
, Waldvogel SR, Electro-o i i
3 B oo rganic synthesis — a 21st century technique, Chem Sci,
Yan M, K i
. awamata Y., Baran PS, Synthetic organic electrochemical methods since 2000:
B i’e of a renaissance, Chem Rev, 2017, 117, 13230-13319 -
e A, Gieshoff T, Méhle S, Rodri i ' .
. . s go E, Zirbes M, Waldvogel SR, E ifyi i
i fn\{r::'lems, Angew Chem, Int Ed, 2018, 57, 5594-5619 SRR
ohle S, Zirbes M, Rodrigo E, Gie Wi ‘
) , Giesh
| e Value‘aggf L, Wlebl? A, Waldvogel SR, Modern electrochemical
1 P o ed organic products, Angew Chem, Int Ed, 2018, 57,

Ia me iCh 0 S iser g rochemn I
» Dpeise B, EdS, Organic El i
- l ; , ' ectroche |5trv, 5t ed., Boca Ratun, London,



64 ——— Csabalandkyand Siegfried R. Waldvogel, et al.

[7} FranckeR, Little RD, Redox catalysis in organic etectrosynthesis: basic principles and recent

developments, Chem Soc Rev, 2014, 43, 2492-2521.

18} MarkenF, Atohe M, eds, Modern Electrosynthetic Methods in Organic Chemistry, Boca Raton,
London, New York, CRC Press Taylor & Francis Group, 20189.

[9}  Rocki)L, Potlok D, Franke R, Waldvogel SR, A decade of electrochemical dehydrogenative
€,C-coupling of aryls, Acc Chem Res, 2020, 53, 45-61.

[10} Maljuric S, Jud W, Kappe CO, Cantillo D, Transiating batch electrochemistry to single-pass
continuous flow conditions: an organic chemist’s guide, ] Flow Chem, 2020, 10, 181-190.

i1 Pletcher B, Green RA, Brown RCD, Flow electrolysis cells for the synthetic organic chemistry
(aboratory, Chem Rev, 2018, 118, 4573-4591.

[12] Heard DM, Lennox A}, Electrode materials in mo

int Ed, 2020,
[13] EdingerC, Kulisch }, Waidvogel SR, Stereoselective cathodic synthesis of 8-substituted

(1R,3R,4S)-menthylamines, Beilstein ) Org Chem, 2015, 11, 294-301.

(14] lzutsu K, Electrochemistry in Nonadgueous solutions, Weinheim, Witey-VCH, 2002.

[15] Hilt G, Basic strategies and types of applications in organic electrochemistry,
ChemElectroChem, 2020, 7, 395-405.

[16] Martinez-Huitle CA, Waldvogel SR, Trends of Organic Electrosynthesis by Using Boron-Doped
Diamond Etectrodes, In: Yang N, ed, Novel Aspects of Diamond, Charm, Springer international
Publishing, 2019, 173-197.

[17] Waldvogel 5R, Mentizi 5, Kirste A, Boro
chemistry, Top Curr Chem, 2012, 320, 1-31L. :

[18] YangW,Yu $, Macpherson jV et at., Conductive diamond: synthesis, praperties, and
electrochemical apptications, Chem Soc Rev, 2019, 48, 157-204.

[19] Lips S, Waldvogel SR, Use of boron-doped diamond electrodes in electro-organic synthesis,
ChemElectroChem, 2019, 6, 1649-1660.

120] Waldvogel SR, Rauen A, Weinels F, Sustainable electroorganic synthesis of lignin-derived

dicarboxylic acids, Green Chem, 2020.

chifer H-), Oxidation of organic compounds at the nickel hydroxide electrode, In: Dewar

MJS, Dunitz D, Hafner K, et al., eds, Etectrochemistry I, Berlin, Heidelberg, Springer Berlin

Heidelberg, 1987, 101-129.

221 Kaulen ), Schéfer H-J, Oxidation of alcohols by electrochemically regenerated nickel oxide
hydroxide. Selective oxidation of hydroxysterolds, Tetrahedron, 1982, 38, 3299-3308.

[23] Francke R, Quelt T, Wiebe A, Waldvogel 5R, Oxygen-Containing Compounds, Alcohols, Ethers,

and Phenols, in: Hammerich O, Speiser B, eds, Organic Electrochemistry, 5th adition, revised

and expanded, Boca Raton, London, New York, CRC Press, 2016, 981-1033.

Beil SB, Milller T, Sillart 5B et al., Active molybdenum-based anode for dehydrogenative

coupling reactions, Angew Chem, Int Ed, 2018, 57, 2450-2454.

[25] Beil 5B, Breiner M, Schulz L et al., About the selectivity and reactivity of active nickel

alectrodes in C-C couphing reactions, RSC Adv, 2020, 10, 1424914253,

Fuchigami T, Fujita T, Electrolytic partial fluorination of organic compounds. 14, The first

electrosynthesis of hypervalent iodobenzene difluoride derivatives and its application to

indirect anodic gem-difluorination, J Org Chem, 1994, 59, 7190-7192.

Berger M, Herszman |D, Kurimoto Y et al., Metal-free electrochemical fluorodecarboxylation

of aryloxyacetic acids to fiuoromethy! aryl ethers, Chem Sci, 2020, 11, 6053-6057.

{28] Haupt D, Berger M, Waldvogel SR, Electrochemicat fluorocyclization of N-allylcarboxamides
to 2-oxazolines by hypervatent iodine mediator, Org Lett, 2019, 21, 242-245.

[29] Herszman JD, Berger M, Waldvogel SR, Fluorocyclization of N«propargy%amides to oxazoles
by electrochemically generated ArlF2, Org lLetf, 2019, 21, 7893-7896.

dern organic electrochemistry, Angew Chem,

n-doped diamond electrodes for electroorganic

(21]

{24

f26]

[271

2 Electrochemical processes in flow  ww— §5

30] Nutti i

[30] (;H&g;ﬁ,:{jm: :’\l,vs(;ahl 55, Tetramethylpiperidine N-Oxyl (TEMPQ), Phthalimide N-Oxyl
. ated N-Oxyl species: electrochemical pr: i , -
! : 0 i i
- electrocatalytic reactions, Chem Rev, 2018, 118 ﬂSBE lépse:SIes ndihelruseln
31] Waldvo i i of G, o -
. gel SR, Lips S, Selt M, Riehl B, Kampf Cj, Eiectrochemical arylatio i

ev, 2018, 118, 6706-6765. "reacton, Chem

Noél T, Cao Y, Laudadio G, The fu
) \ y ndamentals behind the use of i

3 electrochemistry, Acc Chem Res, 2016,52,2858-69 floweactorsin

. [33] Atobe M, Tateno H, Matsumura Y, fcatl '
: , s , Applications of fl i j i
| rocesaus, Cham Bev. 2015, 118, 4ndr-asrs ow microreactors in electrosynthetic
“hi[34] Gltz C, Stenglein A, Watdvo i :

s s gel SR, Highly modul i

s Prome ey e e y ular flow cell for electroorganic synthesis,
‘[35] Gleede B, Selt M, Giitz C, Ste i )

s . , Stenglein A, Waldvogel SR, Large, hi
: : glel , , highly modular -
electrolytic flow cell and apptication in dehydrogenative ¢ross-coupi f hensls, Ors

Process Res Dev, 2019. ping ofphenols. Ore

Elsherhini M, Wirth T, Electroo i
, y rganic i iti
pelu iy g synthesis under flow conditions, Ace Chem Res, 2019,
Selt M, Franl i
eiectmd:;fe l:, Waldvo.gel SR, Supporting-electrolyte-free and scalable flow process for th
._[3_8] o ectroche écad ::‘.ynthe5|s of 3,3°,5,5'-tetramethyl-2,2-biphenol, Org Process Res Dev 2020e
3 irtanen 2, 3ct>ri22golE, Waclici\;ogel SR, Selective and scalable electrosynthesis of 2H-2 ’(Aryl) -
-1.2,3- oles and their N-oxide i o -
; oo e, s by using leaded bronze cathodes, Chemistry, 2020,
39] Gtz C, Grimaudo V, Holtka
, , mp M et al., Leaded bronze: an innovati
N . ! : t '
. [_40} Ic(atltmdlc ei?ctrosynthesm, ChemElectroChem, 2018, 5 247—252a e eadsubsttute for
il ulisch ), Nieger M, Stecker F, Fischer A, Waldvogel SR, Efficient and stereodivergent

EIECt ocher ical Synt §95‘|5 or op ica Yy plure me i lylai%i as, Ar gew { ] e
ticakl i
l 1 + . Int Ed, 2011, 50,

[41} Edinger €, Wa i

m;}: izirr:jzigccIzig‘;io?fézrlil.escich;rzéc.al deoxygenation of aromatic amides and sulfoxides,

: diammoni,um sae::agdi;iS;(;?lr:T;:E:;:Valdvogel SR, Stabilizing lead cathodes with
v ygenation of aromatic amides, ChemElectroChem,

..{sz3]- | ;Veerf::xi;ezrii-lg—,ol-:;r;ti S,lShl'mizu A{Yoshida J-l, Waldvogel SR, New approach to 1,4-

_ j;z,]_ orei o oS Zi};;ezcjaogih;ﬂ:il EHE amination, Chemistry, 2017, 23, 12096,—12099.

-+ of less-activated alkylated a,renes usin’g Eozriir-:c; Wzld"mgel S amaden. cun Ore Chem 201
- .2016’ aciivated: ped diamond anodes, Eur | Org Chem, 2016,

5] : z:izle;i;;lai:;ens A,. Gleede B, Waldvogel SR, Karst U, Mass-spectrometric imaging of

5. 255 ~ & view on electrochemical side reactions, Angew Chem, knt Ed, 20g20,

461 __z;ol‘:gvug:ea;-ii::ac'jurAA, WErth %5 El-ectrosynthesis in Continuous Flow, In: Jamison K, eds
Cipores ¢ Gattr:g:r\lNOﬁi:;‘cTS\;ntl:zm.s, Stuftgart, Georg Thieme Verlag, 2018. ’ ‘

| {)org i, 7,; 1108—1,115 cticai microreactor for electrochemistry in flow, Bellstein

: _cgzl\-fnvaieK;:: 23:\[[:,5:2? :g,_li:vcent developments in organocatalyzed electroorganic chemistry,

-Chardon CP, Matthée T, Neuber R, Fryda M, Comninellis C, Efficient electrochemical

“production of i
! peroxodicarbonate applyin ;
Select, 2017, 2, 10371040, eiying DIACHEN ® diamond electrodes, Chemistry

(32]

£136]

2371




66 ~——- Csabajandky and SiegfriedR. Waldvogel, et al.

{50} ArndtS, Weis D, Don sbach K, Waldvogel 5R, The uGreen” electrochemical synthesis of

periodate, Angew Chem, Int £4, 2020, 59, 8036-8041.
Horll D, Fuchigami T, Atobe M, A new approach to anedic substitution reaction using parallel

laminar fow in a micro-flow reactor, i Am Chem So¢, 2007, 129, 11692-11693.

[52] Felgueiras-Amador AA, Philipps K, Guilbaud 5, poelakker §, Wirth T, An easy-to-machine
electrochemical flow microreactor: efficient synthesis of Isoindotinone and flow
functionalization, Angew Chem, Int Ed, 2017, 56, 15446-15450.

[53] Pletcher D, Organic electrosynthesis - A road to greater application, A mini rev Electrochem

Commun, 2018, 88, 1-4.

[54] Santi M, Seitz}, Cicala R, Hardwiclk T, Ahme
electrochemistry: fast optimisation with DoE an
16230-16235.

[55] IKA®-Werke Gmbt & CO. KG, KA Electrasyn flo

Prod ucts/Electro-Organic-Synthesis-Systems—cp

Vapourtec Ltd. lon electrochemical reactor, 2021 (hitps:/

flow-reactors/Eon-electrochémical—reactor-Features,f).

1571 Cambridge Reacioy Design Ltd. Ammonite Electrolysis Cell, 2021 (hetps:/ /www . cambridger
eacterdesign.comfammonite/ammonite.html).

58] CONDIAS GmbH. DIACHEM® Diamend Electrodes,
products/DIACH EM%C2%AE-Electrodes).

[59] ElectroCell A/S. Electrochemical Flow Cells,

alectrachemical-flow-cells).
[60] Dioxide Materials. Gas Diffuslon Electrode Electrolyzers, 2021, (https://dioxidematerials.com!).

[61] ThalesNano Energy inc. Gas Diffusion Electrode Electralyzers, 2021. (https://thsenergy.com/).

[62] Lakshmanan S, Murugesan T, The chlor-atiali process: work in progress, Clean Technol
Environ Policy, 2014, 16, 225-234.

[63] Endrédi B, Bencsik G, Darvas F, Jones R, Rajeshwar K
electroreduciion of carbon dioxide, Prag Energy Com

[65] EndrédiB, Simic N, Wildlock M, Carnell A, A review 0
electrotysis: functions, challenges and suggested alternat

108-122.
Amatore €, Szunerits 5, Thouin 1, Warkecz |-S, The real meaning of Nernst’s steady diffusion

layer concept under non-forced hydredynamic conditions. A simple model based on Levich’s
seminat view of convection, } Electroanat Chem, 2001 500, 62-70.
[66] Newman}, Thomas-Alyea KE, Electrochemical Systems, 3rd ed, Hoboken, Wiley-interscience,
2004.
Buttler A, Spliethoff 1, Current status of wat
and sector coupling via power-to-gas and power-to-liquids: a review,
Energy Rev, 2018, B2, 24402454,
[68] Arenas LF, Ponce De Ledn €, Walsh FC, Critical review — the versatite plane parallel electrode
geometry: an illustrated review, } Electrochem Sac, 2020, 167, 23504,
[69] Weeles DM, Salvatore DA, Reyes A, Huang A, Berlinguette CP, Electrolytic CO2 reduction ina
fiow cell, Acc Chem Res, 2018, 51, 910-918.
[70] Carmo M, fritz DL, Mergel ], Stolten D, A compre
| Hydr Energy, 2013, 38, £901-4934,
Endrédi B, Kecsenovity E, Samu A et al., High carbonate ion con
membrane allows industrial current density and conversion ina
electrolyzer cell, Energy Enviton Sci, 2020,

{51]

d N, Wirth T, Memory of chirality in flow
d online 2D-HPLC, Chemistry, 2019, 25,

w, 2021 (https:waw.ikaprocess.com/en/
h-45/ ElectraSyn-flow-csb-ES/}).
!www.vapourtec.com/pmducts/

[56]
2021 (https:,'/www.condias.de/en-gb,‘

2021, (https:,"/www.electrocell.com/products/

, Janaky C, Continuous-flow

bust Sci, 2017, 62, 133-154.

f chromium{¥!) use in chlorate

jves, Electrochim Acta, 2017, 234,

165]

er electrolysis for energy storage, grid batancing

[67]
Renewahle Sustain

hensive review on PEM water electrolysis, Int

74
zero-gap carbon dioxide

ductance of a robust PiperlON

2 Electrochemical processes in flow == 67

72] Vi
[72] elzctent l, 'Bessara‘bov D, Low cost hydrogen production by anion exchange memb
3 o c rs y\fts: da review, Renewable Sustain Energy Rev, 2018, 81, 1690-1704 e
enY, ) - ¥+ ' ] - .
e I;i:;t}(éezr;::i:;al“ A r'?bust, scalable platform for the electrochemical conversion
: ifying pathways to hi icienci
2 1ormanm p ys to higher energy efficiencies, ACS Energy Lett, 2020,
[74] Salvatore DA, Weeles DM, H
: , , He ] et al., Eiectrolysis of H
- - iI:.m:(olar membrane, ACS Energy Lett, 2018, 3 149—:1525158%S oo afowcelluina
; iYC, Y i i i Wz |
= . an .Z, Hitt ], Wycisk l‘\“, Pintauro PN, Mallouk TE, Bipolar membranes inhibit prod
. . T:?;;n COz electrolysis cells, Adv Sustain Syst, 2018, 2, 1700187 procud
; idautt F, Brett D, Middleton PH, Brandon N e 5d ‘
. y , P, Revi i i
: Fuetcelle, | Power Sourenn vouy aandon WP iew of gas diffusion cathodes for alkaline
2[77]  Burd i fon ‘
. [77] perm\:.r;ya':l,csen;tjhsr\g\, €O 2 reduction on gas-diffusion etectrodes and why catalytic
e assessed at commercially- iti
e rcially-relevant conditions, Energy Environ Sci,
= §78] Wul, Sh i
{ ] dep]end::(:aolzl;:;rrssdBH, thmz X-D, Electrochemical reduction of carbon dioxide: IV
! aradaic efficiency and current densit i -
[_79] Ehlcllzness of tin electrode, | Power Sources, 2014, 258 18y902;:e mierostiucture and
i K, Smith WA, Burdyny T, introd y ’  mbling an
| , , uctory guide to assembling and operati iffusi
[3_0] ;ertictrc:izs gor electrochemical CO2 reduction, ACS Energy Lett 2019p :2;5 g;::'ffus'“"
ng H-R, Brushett FR, Kenis PJA, The eff ’ itic tho
_ . . ects of catalyst 1 iti
[81_} \e}lectr?de performance, Adv Energy Mater, 2013, 3 58y!; 5;;‘” feposiion methodolosy on
3 ass A’ o ” " i ! ’ B} ’
i Lo adE;:;c;iloi’ lanaky C, Coupling electrochemical carbon dioxide conversion with
- e processes: an i i i
. ooy emerging paradigm, Curr Opin Electrochem, 2021, 25,
{82] Moussallem I, Jérisse i
B nJ, Kunz U, Pinnow S, Turek T, Chl i
. : ), s , Chlor-alkali electrolysis wi
N polarized cathodes: history, present status and future prospect ; oo
. 2008, 38, 1177-1194, pects | ApplEctrocher
i83] Ursua A, Gandia LM, i
83] , , 5anchis P, Hydrogen producti i
: | ;nd future rends. Proc JEEE. 2010 100 413_426 on from water electrolysis: current status
84| Hauch A, Kiingas R, Blennow P et : .
ach 5 . al., Recent i i i
| .] o advances in solid oxide cell technology for
5} Kreysa G, Ota K, Savin :
: , . ell RF, Encyclopedi i i
.6.: Sorinaen NerYoe 2004 pedia of Applied Electrochemistry, New York, NY,
1 Sequeira CAC, Santo
_ s s DMF, Electrochemi i i i
2009, 30,38 toe ical routes for industrial synthesis, | Braz Chem Soc,
Laudadi i
oo aonﬁ,ssetlrea:tlit:of :‘»lj\):', Lahntmg MD, Knoops B, Hessel V, No&l T, An environmentally
. be e electrochemical oxidation of sulfi iols i i
[881 :..-_‘rhmc;oreactor, Green Chem, 2017, 19, 4061-4066 Pulides andihiols na continuous flow
. taudadio G, Barm i :
xS, B poutsm? E, Schotten C et al,, Sulfonamide synthesis through electrochemical
5i :'c'aoy e upling of amines and thiols, | Am Chem Soc, 2019, 141, 5664-5668 e
;. _S_u[for:y% f{:’z??ds;i:sti, B.artt;lomeu A, De A, Laudadio G, Oliveira KTD, Noéi T, ;ﬂ\ccelerating
st / nthesis through electrochemical oxidati in i
o _-_EQtahssmm fluoride in flow, | Flow Chem, 2020, 10, 191 197IVE coupling ofiols and
ol Kashiwagi T, Amemiya F, Fuchi PTA L In sity elect
and high it react,};n \;itl;cgleiazr;:;,ri:l)b? M, In' situ electrogeneration of a-benzoguinone
..50_12, AT s in a microflow system, Chem Commun (Camb),
. Latsuzbaia R, Bisselin|
. ) R, A i
of biommaes s 5-{hydm|;3.::2i>;p;})fl Afet al., Continuous electrochemicat oxidation
: _El.g_ctmchem‘ A yUfurfural into 2,5-furandicarboxylic acid, ) Appl




68 — Csaba)anikyand Siegfried R. Waldvogel, et al.

[921 CaoY, NoélT, Efficient electrocatalytic reduction of furfural to furfuryl alcoholin a
microchannel flow reactor, Org Process Res Dev, 2019, 23, 403-408.

[93] Gandini A, Furans in polymer chemistry, Prog Polym Sci, 1997, 22,1203-1379.

[94] Syntrivanis L-D, Javier Del Campo F, Robertson J, An electrochemical flow cell for the
convenient oxidation of Furfuryl alcohols, ) Flow Chem, 2018, 8, 123-128.

[95] Smith CZ, Utley JHP, Hammond JK, Electro-organic reactions. Part 60[1]. The electro-oxidative
conversion at laboratory scale of a lignosulfonate into vanillin in an FMO1 filter press flow
reactor: preparative and mechanistic aspects, | Appl Electrochem, 2011, 41, 363-375.

[96] StalderR, Roth GP, Preparative microfluidic electrosynthesis of drug metabolites, ACS Med
Chem Lett, 2013, 4, 1119-1123.

[97] Jjurval, Weidolf L, Electrochemical generation of drug metabolites with applications in drug
discovery and development, TrAC, Trends Anal Chem, 2015, 70, 92-99.

[98] ZhouF,Van Berkel GJ, Electrochemistry combined online with electrospray mass
spectrometry, Anal Chem, 1995, 67, 3643-3649.

[99] Gutmann A, Wesenberg L), Peez N, Waldvogel SR, Hoffmann T, Charged tags for the
identification of oxidative drug metabolites based on electrochemistry and mass
spectrometry, ChemistryOpen, 2020, 9, 568-572.

[100] Guima K-E, Alencar LM, Da Silva GC, Trindade MAG, Martins CA, 3D-printed electrolyzer for
the conversion of glycerolinto tartronate on Pd nanocubes, ACS Sustain Chem Eng, 2018, 6,
1202-1207.

[101] Verma$,Llus, Kenis PJA, Co-electrolysis of €02 and glycerolas a pathway to carbon
chemicals with improved technoeconomics due to low electricity consumption, Nat Energy,
2019, 4, 466-474.

[102] Leow WR, LumY, Ozden Aetal., Chloride-mediated selective electrosynthesis of ethylene
and propylene oxides at high current density, Science, 2020, 368, 1228-1233.

[103] Montgomery DC, Design and Analysis of Experiments, 8th ed., Hobolken, NJ, Wiley, 2013.

[104] Lee R, Statistical design of experiments for screening and optimization, Chem Ing Tech, 2019,
91, 191-200.

[105] Box GE, Hunter )S, The2k-p fractional factorial designs, Technometrics, 1961, 3, 311-351.

[106] Box GEP, Behnken DW, Some new three level designs for the study of quantitative variables,
Technometrics, 1960, 2, 455—475.

{107] Box GEP, Hunter JS, Multi-factor experimental designs for exploring response surfaces, Ann
Math Stat, 1957, 28, 195-241.

[108] Soravia 5, Quality Engineering mit statistischer Versuchsmethodik, Chem Ing Tech, 1996,
68, 71-82.

[109] Hielscher MM, Gleede B, Waldvogel SR, Get into flow: design of experiments as key
technique in the optimization of anodic dehydrogenative C,C cross-coupling reaction of
phenols in flow electrolyzers, Electrochim Acta, 2021, 368, 137420.

[110] EndrddiB, Kecsenovity E, Samu A et al., Multilayer electrolyzer stacl converts carbon dioxide
to gas products at high pressure with high efficiency, ACS Energy Lett, 2019, 4, 1770-1777.




