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organometallics. Successful approaches that have been implemented to suppress cathodic

corrosion are reviewed. We present several examples from electroorganic synthesis where —-Li

the clever use of alloys instead of soft neat heavy metals and the application of protective B
cationic additives have allowed to successfully exploit these materials as cathodes. Because of | y
the high overpotential for the hydrogen evolution reaction, such cathodes can contribute R+ AN

toward more sustainable green synthetic processes. The reported strategies expand the
applications of organic electrosynthesis because a more negative regime is accessible within
protic media and common metal poisons, e.g., sulfur-containing substrates, are compatible
with these cathodes. The strongly diminished hydrogen evolution side reaction paves the
way for more efficient reductive electroorganic conversions.
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Figure 1. Undivided (left) and divided (right) beaker type cells. Reproduced with permission from ref 8. Copyright 2018 under CC-BY from

Waldvogel et al.

Scheme 1. Selected Examples of Reduction of Benzamide to Benzyl Amine Using Transfer Hydrogenation (a), Heterogeneous
Transition Metal Mediated Hydrogenation (b), Hydride Reduction (c), and Electrochemical Reduction (d).
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affordable and the organic products generated exhibit enough
added value, electrosynthesis will pay off."

During the past two decades, anodic oxidations have
received the lion’s share from the renaissance of organic
electrosynthesis.'"'> However, cathodic electroconversions can
also generate high value-added chemicals and help to mitigate
the impact of chemical manufacturing on climate change.
Cathodic conversions are of specific interest when biomass as a
nonfossil feedstock is considered because deoxygenation
processes are required."’

In cathodic electrosynthesis, electrons are fed to the
catholyte by electrodes such as lead, tin, mercury, or carbon
allotropes. The catholyte embodies the substrate(s), solvent,
and commonly either a neutral, acidic, or basic supporting
electrolyte for maintaining sufficient ionic conductivity. The
simplest setup consists of two electrodes in an undivided cell
under constant current control (Figure 1, left). More
complicated setups can also be used. For example, instead of
the current, the electrode potential can be controlled, which
prolongs reaction time and requires an additional reference
electrode and a more expensive and sophisticated power
source. However, this setup can enhance the reaction’s
selectivity. In addition, secondary and parallel reactions can
be avoided by using a divided cell, where anolyte and catholyte
are separated from each other by an ion-permeable membrane
(i.e, Nafion) or a porous glass frit (Figure 1, right). This leads

to a higher terminal voltage due to the additional ohmic
resistance for the separator and an increased electrode distance
when the same current density is used. For scalability reasons,
only constant current modes are employed, and if the
electrolysis is stopped in time, a practical setup is established
providing good yields.'"* In addition, cathodic corrosion
appears mostly under electrosynthetic conditions wherein
high current densities are involved and potential control is
irrelevant.

Cathodic reductions are presently hindered by several issues
that require attention before this technology can be broadly
implemented in the chemical industry. One of the issues that
needs to be urgently addressed is the fate of the cathodes,
specifically their corrosion under reductive reaction conditions.
This widely disregarded problem is especially crucial in the
highly negative regime of reductive electroorganic synthesis,
where heavy metals (e.g, lead, tin, mercury) with high
overpotential for the hydrogen evolution reaction are
commonly the best performing cathodes. Their deterioration
through cathodic corrosion currently prevents the translation
and implementation of the developed technologies for large-
scale chemical manufacturing. The key challenges are the
release of species with pronounced toxicity as an environ-
mental and product-safety concern, and the effect of metal ions
from the cathodic corrosion, e.g, Pb>* on lowering the
performance of cell separators such as Nafion.
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1.2. Cathodic Electroorganic Synthesis

Reductions are fundamental in chemistry. Traditionally,
substrates are reduced with dissolving metals (i.e., Na, K,
Na/K, Li, Zn, Fe, Al, Ni), metal hydrides, or with hydrogen or
hydrogen donors in the presence of a transition metal (TM)
catalyst or a frustrated Lewis pair (FLP).”~'” Substrates can
also be reduced electrochemically using inexpensive electrons
($0.006 mol™") supplied directly by the cathode or indirectly
using a mediator.”"~*

In Scheme 1, the reaction conditions for three chemical (a—
c) and one electrochemical (d) benzyl amine syntheses from
benzamide are shown.”* > In these cases, the thermochemical
conversions necessitate, for example, excess of reducing agents,
toxic reagents or solvents, or high pressure and temperature. In
contrast, the electrochemical conditions are quite mild in
comparison, and strikingly, the presence of strong acids is
allowed, which is unattainable in reductions with dissolving
metals, FLPs, or metal hydrides. The high tolerance to acids
stems from the fact that common cathode materials (e.g., lead
or mercury) have low exchange current densities for proton
reduction (Table 1). As a consequence, substrates with

Table 1. Exchange Current Densities of Several Cathodes
Commonly Used in Cathodic Electroorganic Synthesis

Pt
cathode material Pb Sn Hg" Cd Cu (smooth)
exchange current -8.7 —4.0 =7.7 -3.0 -2.7 1.0
density for hydrogen
evolution:

log(jo/ A m2)”
“Banned in large quantities in most countries.
HCI at 20 °C; values from ref 31.

®Measured in 1.0 M

relatively high negative reduction potentials can be reduced
selectively in the presence of various proton donors (i.e., in
water or alcohol solutions), even under acidic conditions.”’ In
addition to technical and economic benefits, electrosynthesis is
aligned with the principles of green chemistry, if, for example,
the amount of supporting electrolyte is minimized or recycled
and the solvent is chosen wisely.”’

The low exchange current density for proton reduction is
crucial but is not the only parameter that dictates the choice of
a suitable cathode material for electroreductions.”” The
cathode should also have a high electrical conductivity, and
it should be inexpensive, easy to manufacture, easily
machinable, mechanically durable, and chemically stable. The
latter, viz, resistance to corrosion, is seldomly investigated or
discussed in academic studies but is critical in the chemical
industry as the downtime associated with the replacement of
corroded cathodes translates into substantial operating
expenses. Cathodic corrosion increases the overall cost of the
synthesis but also complicates downstream processes and
purification, especially if the electroreduction is at a late stage
of the synthesis.”*** The contamination of the reaction
products with heavy metals from these cathodes can be
particularly pronounced. Therefore, the high toxicity of the
metallic and organometallic corrosion products overshadows
the otherwise suitable properties of these metals. In addition,
cathodic corrosion can induce morphological changes that can
complicate the scenery in electroreductions. Some properties
such as specific surface areas or surface compositions of the
electrodes may change during the electrosynthesis, which can
lead to rather large dissimilarities between nominal and
absolute current densities as well as variations in overpotentials
for the hydrogen evolution reaction (HER). This manifests in
differences in performance between the pristine and used
electrodes.”’® Although some of these effects can be
advantageous in some aspects, the cathodic corrosion is
generally regarded as undesirable in electrosynthesis.

In this critical review, we first present a brief overview of the
different mechanisms and reaction conditions that corrode the
cathodes and, subsequently, discuss general concepts that can
help to prevent the cathodic corrosion. Thereafter, we review
reductive organic electrosynthetic processes that take advant-
age of these approaches to prevent the detrimental corrosion.
We keep a strong focus on the lead cathodes as they are the
most widely used cathodes in electroreductive industrial
processes.”® For example, lead cathodes have been used in
the reduction of pyridine to piperidine (Robinson Bros.),”” 2-
methylindole and tetrahydrocarbazole to 2-methylindolene and
hexahydrocarbazole (L. B. Holliday, BASF),”>*” phthalic acid

Scheme 2. Examples in Electroreductions with Lead Cathodes

H Pb cathode H
O Pb cathode O N 50 mA/cm? N
—
H,SO, (2 - 6 equiv.) N Y 69% H,SO,
20-85 °C H 26 °C 83%
>75%
Pb cathode HO. HN { Pb cathode HN
160 mA/cm? \©AOH 50 mA/cm?2
17.5% H,SO H,S0, 60% HySO,
91.5% d 84%
40 °C o 26 °C o
o] o
Pb cathode OH OH Pb/Hg cathode OH
H 100 - =120 mA/ mA/cm? @f oH 160 mA/cm? oH
15% H,SO, H,S0, NH, 5% H,SO,
69-78% o 85 °C o 88%
HO___O o Pb cathode 0 Pb cathode
Q 187 mAfom? MOH 2 ey 100 mAem? NC~
OH 0.1 M H,80, 3 IPrOH/H,0
85°C 98.8% 1% TEAES 81%
30 °C
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Scheme 3. Schematic Representation of Cathodic Corrosion through an Alloying-type Mechanism
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to dihydrophthalic acid (BASF),"” maleic to succinic acid
(CECRI),"" acrylonitrile to adiponitrile (Monsanto, BASF),"
and anthranalic acid to o-aminobenzyl alcohol (BASF)*
(Scheme 2).

The different corrosion mechanisms and the parameters that
affect the corrosion rate are common to various cathode
materials. Therefore, in some parts, we also discuss the
cathodic corrosion of electrode materials such as platinum,
palladium, and gold. Because of their relatively high exchange
current densities for proton reduction, they might not be as
useful as cathodes in reductive organic electrosynthesis per se,
but understanding the cathodic corrosion processes through
them can prove very useful. In particular, platinum is
commonly used as counter electrode in anodic oxidation
reactions, and therefore its deterioration can have important
consequences for the overall electrolysis.””*> Finally, we
suggest some simple guidelines for the organic electrosynthesis
community to remain aware of cathodic corrosion and take it
into account. As a final note, we do not review corrosion
through anodic oxide formation that is followed by cathodic
reduction of the metal oxides,* *° cathodic corrosion of
nanoparticles,47 or open-circuit corrosion.”® It is noteworthy
that the latter can be an important aspect to consider when
setting up electrosynthesis.

2. CATHODIC CORROSION PROCESSES

In cathodic corrosion, the cathode corrodes under negative
polarization that is induced by an externally applied electric
field. In contrast to anodic corrosion, which is a very well-
known and understood process, the corrosion of the cathode is
relatively counterintuitive. To put it in a very simple way, all
the metals form cations but only few of them can form discrete
anions (e.g., Au~, Pt*") or anionic “Zintl-type” clusters (e.g,
Pby*, Bi,*, etc.).49_60 Furthermore, these metal anions or
anionic clusters are extremely sensitive to oxygen and
humidity. Consequently, they are not detected under ambient
conditions. Therefore, the metallic form of a (post)transition
metal is generally regarded as the most stable species that is
immune to corrosion at cathodic potentials. In fact, some
metals are even protected from the chemical corrosion by
cathodic polarization.’’ Yet, the cathodic corrosion has been
documented for almost as long as electrochemistry itself.
Already in 1808, Seebeck noticed that mercury cathodes react
with ammonium carbonate,">** and in 1810, Sir Humphry
Davy reported the corrosion of an arsenic cathode.®* Notably,
the corrosion of lead and arsenic cathodes was studied by Reed
in 1895.°> Haber and Bredig surveyed the early studies and
reported their own studies on the cathodic corrosion of lead
and other electrodes in 1898.%° Further studies were published
in 1902 and 1903 by Haber and Sack.”’"*’ They proposed

that, in the presence of alkali metal cations, cathodes form a
bimetallic alloy that decomposes, causing cathodic corrosion.””
However, corrosion in acidic electrolytes with lead and
bismuth cathodes was also observed, albeit to a lesser degree,
and Haber consequently proposed a process involving the
formation of metal hydrides in these cases.”” Later, Salzberg
and co-workers studied the cathodic corrosion of lead and tin
electrodes.”’”"> They dismissed the alloying mechanism
proposed by Haber and co-workers and suggested instead
that the formation of metal hydrides is the major mechanism
responsible for cathodic corrosion, including in the presence of
alkali cations. Later, Kabanov argued in favor of the bimetallic
corrosion pathway.””’* Besides these two mechanisms, other
proposed processes included cathodic etching,75’76 contact
glow discharge,77 and anodic degradation of the cathode.”® In
the following sections, we briefly discuss the main mechanisms
that have been suggested to contribute to cathodic corrosion.
We aim at providing a brief overview on the mechanisms but
make no attempt to argue on their validity as, in most
instances, the corrosion mechanism depends on the applied
current densities and other experimental conditions such as
electrolyte composition. Furthermore, several mechanisms may
coexist under reaction conditions.

2.1. Alloying with Alkali Metals

Negative polarization of the cathode has been proposed to
induce alloying with alkali cations.”*”**”*"* In the proposed
mechanism, alkali cations (M*) from the electrolyte (Scheme
3a) form a bimetallic alloy with the cathode (b). The alloy is
then oxidized and the alkali cation leaches from the cathode,
yielding a sponge-like structure (c). Porous cathodes can then
be pulverized due to the rapid decomposition of the alloy and
evolution of hydrogen.”” Haber proposed this mechanism for
the cathodic corrosions of several metals and alloys, for
example, Pb, Sn, Bi, Sb, Hg, As, T, and Rose alloy electrodes.®®

However, Salzberg’s experiments revealed some inconsis-
tencies with this mechanism in the case of Pb.”® Specifically, he
observed that the corrosion is faster for electrolytes with low
concentrations of alkali ions, which is the exact opposite of the
trend expected from thermodynamics when varying the
chemical potential of the cations in solution. Similar reasoning
was provided for tin cathodes.”” In the case of platinum
cathodes, several convincing arguments were presented,
suggesting that the corrosion is unlikely to follow the alloying
mechanism.”>”® First, the cathodic corrosion started at
relatively low negative potentials (—1.3 V vs NHE) that are
insufficient to reduce Na* to Na(® as its E, pis =271V (vs
NHE).*® Furthermore, the corrosion was also observed in the
presence of organic cations, i.e., conditions incompatible with
alloying at least in a conventional sense.”> Moreover, instead of
a spongy cathode, Yanson and Koper et al. observed the

https://doi.org/10.1021/acs.chemrev.1c00148
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Scheme 4. Mechanism of Cathodic Corrosion through Formation of Metal Hydrides
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H*
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formation of etching pits, which further contrasts with the
physical disintegration expected for the alloying mechanism.”
Last, decomposition of the alloyed cathode should be inhibited
by high cathodic potentials but, in contrast, the corrosion of
the cathode was assisted by it in their experiments.”
Conversely, Kabanov argued that the alloying mechanism
prevails for Zn, Cd, Ag, Al, Pb, and Sb cathodes as, for
example, potassium diffused through a zinc foil whereas cesium
and tetramethylammonium did not.”*”* Moreover, a plot of
the hydrogen evolution potential vs the logarithm of current
density has been noted to change between —0.2 V and —0.3 V
over time in the presence of sodium cations, which was
attributed to the formation of a bimetallic alloy with a silver
cathode.”® Brown has also reported the penetration of sodium
into a lead cathode.*’ Anawati, Frankel et al. explained their
energy dispersive spectroscopy (EDS) results for a tin cathode
exposed to K" by the formation of either K or KSn bimetallic
alloy.” Although direct experimental evidence about the
contribution of bimetallic alloys to cathodic corrosion is scarce,
they have been discussed as plausible intermediates in many
reports. 35758284

2.2. Formation of Metal Hydrides

85 69—71,86 .. 36,72,78,82,84,86,87
Several metals such as Cu,” Pb, Sn, ’

Bi,"”** and $b,****"" can form (meta)stable hydrides that
have been proposed as possible intermediates in their cathodic
corrosion. In this mechanism, M—H bonds are formed at the
interface between the electrode and aqueous solutions
(Scheme 4)*“*® The metal hydrides can then be released
from the cathode and either evaporate from the reaction
mixture or react with an oxidizer (e.g., water) in the solution to
produce hydrogen gas and metallic particles. These metal
particles can then either remain suspended in the solution or
redeposit back to the cathode.*® With lead and tin, dihydrides
were proposed to form and then disproportionate to the
metallic parent elements and the corresponding tetrahydrides
(2MH, — M© + MH,).”” However, it should be noted that
some metal hydrides could form indirectly by oxidation of
anionic intermediates during electrolysis.”” For example, the
treatment of ZnSb alloy with dilute sulfuric acid was described
to result in the formation of SbH;.”>”*

Interestingly, PbH, has remained largely elusive, but there
has been at least one report on its formation from a lead
cathode used in electrochemical hydride generation atomic
absorption spectrometry.”* Furthermore, PbH, has also been
synthesized by other means.”’® Huang, Li et al. reported the
formation of lead and tin hydrides that subsequently
decomposed to hydrogen gas and metal atoms, which later
aggregated to form metallic clusters and hydrosols.*
Katsounaros et al. detected gaseous SnH, originating from a
tin cathode at more negative potentials than —2.4 V (vs Ag/

10245

AgCl) during the electrochemical reduction of nitrate to
nitrogen.36 Salzberg and Mies were able to detect SnH,
evolving from the tin cathode as well, even thou%h most of
their corrosion products were colloidal in nature.”” Tin has
also been observed to corrode from a two phase Al—Sn binary
alloy cathode (0.4 wt % Sn).*” Upon cathodic corrosion, which
was attributed to the formation of SnH,, empty pits were
found where previously Sn phases resided. Chiacchiarelli,
Frankel et al. studied in detail the tin cathodes corrosion
mechanisms in aqueous KHCO;.”® Under some of the studied
conditions, the weight loss of the cathode was likely associated
to the formation of SnH,. Interestingly, they also observed
deposits on the electrode that were suggested to be NaH and
KH and noticed that the grain orientation affected the rate of
the corrosion process (Figure 2). Later, Anawati, Frankel et al.

Figure 2. Scanning electron micrograph (left, a) and photograph
(right, b) after polarization of a tin cathode at 175 mA cm™ in 0.5 M
KHCO; at 500 and 3000 rpm, respectively. Reproduced with
permission from ref 78. Copyright 2011, Springer Science Business
Media BV.

studied the corrosion behavior of tin cathodes in KCI
solutions.”* The cathode corroded probably because of SnH,
formation, and the deposits that were formed on the electrode
were proposed to be either potassium metal or the bimetallic
compound KSn. Under some conditions, SEM revealed that Sn
particles were on the surface of the electrode after the
electrolysis even though the electrode’s surface appearance did
not change visually and SEM images did not reveal any
corroded areas. Bismuth has been proposed to form hydrides
as well,*”***? and intriguingly a correlation between corrosion
and amount of produced hydrogen was observed in one
study.”” Fascinatingly, the disintegration can be so vigorous
that the corrosion products are ejected out of the solution and
can be collected on a glass slide that is held in air above the
cell.”® When the gas released by the cathodic process using an
antimony electrode was passed through solid NaOH, deposits
of Sb were found. It was believed to originate from SbH;.**
Furthermore, evolution of SbH; has been observed from
antimony cathodes at another occasion,” and in another

https://doi.org/10.1021/acs.chemrev.1c00148
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Figure 3. Tin cathode before electrolysis (left, a) and after extensive use (right, b). Reproduced with permission from ref 36. Copyright 2006

Elsevier Ltd.

Scheme 5. Cathodic Etching in Aqueous Media (Up) or Aprotic Media (Down) and Subsequent Selected Plausible Reaction
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report, it was proposed as corrosive intermediate.”’ Formation
of Cu,O was observed when copper and 30% Cu—Ni cathodes
were negatively polarized in aerated 0.5 M H,SO, solutions.*”
The authors suggested copper hydride as an intermediate
which would subsequently oxidize to cuprite. A recent report
by Hersbach, Koper et al. postulated ternary metal hydrides
(AxMva A = alkali or alkaline earth metal) as possible
intermediates in the cathodic corrosion of Pt, Rh, and Au
cathodes under aqueous alkaline conditions.””

Salzberg and co-workers showed that the corrosion of lead
cathodes is the slowest in the presence of (NH,),SO, in the
absence of an acid and, in the presence of an acid, the order of
the rate in respect to cations is NH," < Cs*< K*~ Na* ~ Rb" <
Li*.”" The corrosion is faster when lower concentration of
supporting electrolyte is used.”””" In the absence of any salt
(ie, in pure H,SO, solutions), higher current densities were

necessary for the corrosion.”' Furthermore, increasing the
concentration of sulfuric acid reduced the disintegration of the
lead cathode in the absence and presence of a constant amount
of a conducting salt.”" With tin cathode, the current densities
required for the corrosion were about an order of magnitude
greater than with the lead cathode (i.e, ~20 mA cm™ and
~500—600 mA cm™ in 0.1 M Na,SO, for Pb and Sn,
respectively).”"”* Cations were found to increase the corrosion
rate of tin cathodes in the order of H;O" < NH," <« Li*< K*<
Na*.”” Intriguingly, the addition of sulfuric acid decreased the
corrosion rate in the presence of a constant amount of Na,SO,,
and increasing the salt concentration at constant acidity
increased the corrosion rates. In contrast, the corrosion rate
decreased when the concentration of Na,SO, and NaOH
electrolytes were increased in the absence of acid.””
Furthermore, addition of KCl to Na,SO, decreased the
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Figure 4. Gold cathode after operation at —10 V (vs RHE) in an aqueous electrolyte containing 1 M Na* showing differing corrosion rates
depending on crystal orientations (left, a), and different surface concentrations of gold nanoparticles (right, b). Reproduced, with permission from

ref 75. Copyright 2011 Wiley-VCH.

corrosion rate and addition of RbCl or CsCl completely
stopped the disintegration of the tin cathode. The good
performance of NH," with tin and lead cathodes was attributed
to the ammonium reduction reaction that takes place at a
lower potential than the hydride formation.”"”” In an another
study performed with a tin cathode at —2.9 V (vs Ag/AgCl),
the corrosion was observed to be 20 times slower when a small
amount of NH," was added to the reaction mixture that
contained K* based electrolyte.’® Furthermore, the apparent
rate constant of the reduction and the total electrolysis current
increased experiment after experiment until it reached the third
reaction, which was attributed to an increased specific surface
area of the tin electrode caused by cathodic corrosion,
something which could also be observed visually (Figure 3).

The same research group later showed that the concen-
tration of tin in solution after electrolysis at —1.8 V (vs Ag/
AgCl) decreased from 79 to 38 mg L™ when the NaCl
electrolyte’s concentration was increased from 0.1 to 0.5 M.**
Interestingly, further increase did not limit the corrosion any
further. In contrast, during the degradation study of tin
cathodes in N, atmosphere, Chiacchirarelli, Frankel et al.
reported that decreasing the concentration of the KHCO;
supporting electrolyte or the current density decreases also the
cathodic corrosion rate.”® Intriguingly, they also proposed an
autoinhibitive corrosive process, where corrosion creates high
local roughness that leads to local decrease of the current
density which inhibits further corrosion of the cathode.
Anawati, Franklin et al. showed that increasing the pH of the
solution to make it slightly alkaline was beneficial in reducing
the corrosion at potentials between —1.8 V and —2.2 V (vs
SCE).*> The Pourbaix diagram of tin predicts that the
formation of tin hydride is easier when the pH of the solution
is low.’>** Bismuth cathode was found to corrode at potentials
between —2.8 and —1.8 V (vs Ag/AgCl) in 0.4 M NaHCO; +
0.4 M Na,CO; + 0.05 M NaNO; supporting electrolyte
system.”” Notably, the cathodic corrosion started to increase at
around —2.3 V (vs Ag/AgCl).

2.3. Cathodic Etching

Cathodic etching is another mechanism that can corrode
cathodes, and it has been documented in both aqueous
(Scheme S, up, a—c) and anhydrous aprotic solvents (Scheme

75,79,80,97—116
5, down, d—f) for a range of metals 1nc1ud1n§ Pt,
75,97,98,101,102,11 101 98,101,106,107,118,119
Rh,7:97:98: 101,102,117 1, 101 p g 9%,

75,97,98,101,117 75,98,101 75,98,101,120 98 98
Au, Ag, Cu, Re,’® Fe,

N, 75,98,101 Nb,”5% R 73 T’98,121—123 A Wm S, 7598
Nb7§ Ru,’S Algs Ph,5657/124-131 Sn’lzs 1272133 Sb, 5391 129,134
Bl’ns 129,135,136 Hg (21259128137-149 G, 129 49 In‘l 9 In this
corrosive process, metal anions or anionic clusters are formed
at the metallic cathode and stabilized by nonreducible cations
from the electrolyte. The solvent environment plays an
important role in the following steps. Under aprotic conditions,
the anionic clusters can either remain at the electrode surface
or leave it to suspend in the solution. Alternatively,
ionometallic phases may form. In protic media, the metal
anions or clusters are detached from the cathode. This is
thought to be because a dynamic water-free layer with high pH
forms at the solution—cathode interface.”” Thereafter, the free
metal anions encounter oxidants (e.g,, water) in the solution
and quickly reoxidize to give metal atoms that agglomerate in
the elemental state. Because this oxidative process takes place
in the vicinity of the cathode, the agglomerates can be
deposited back onto the electrode. This is corroborated by the
fact that different crystal orientations in a gold cathode, which
had dissimilar cathodic etching rates, had different surface
concentrations of gold nanoparticles after electrolysis (Figure
4).”°> Moreover, the agglomeration was also observed when
discrete Bi,”~ anions were oxidized with alcohols to bismuth
nanoparticles.”® In the case of post-transition metals, the
anionic clusters may react with protic solvent and generate
metal hydrides. For example, Yang, Li et al. suggested two
alternative pathways for the generation of SbH; in aqueous
solutions.”” According to them, stibine can form either directly
(Sb + 3H" + 3¢~ — SbH;) or indirectly (Sb,’~ + nH,0 —
SbH;). This can complicate the analysis of corrosion
mechanisms in protic conditions for these elements. Recently,
the involvement of Zintl phases in the cathodic disintegration
of Pb, Sn, and SnS0PbS0 cathodes was postulated in aqueous
conditions."*'

2.3.1. Cathodic Etching in Anhydrous Aprotic
Solvents. A cathodic etching mechanism has been proposed
for anhydrous aprotic organic solvents wherein the formation
of metal hydrides is unlikely. Kariv-Miller et al. studied
extensively the cathodic corrosion in anhydrous DMF and

. . 124-12 125,127-129,132 ¢y, 129,1
diglyme solutions of Pb,"**'*7 gn, 251277129132 g}, 129,134

) )
128,129 125,128,137—144 129 129 129 129
Bi, = Hg, =~ Ga, In, Cr, and Pt

cathodes at high negative potentials. In the presence of
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Scheme 6. Chemically and Electrochemically Reversible Formation of “Zintl Type” Phase from Lead
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Scheme 7. Examples of Tetraalkylammonium Mediated Electroreductions with Mercury Cathodes

F F Hg cathode F o
\/\)J\
10 mM DMPBF,

Diglyme-H,O 85%
Hg cathode [ j
_—
NBu4OH
H,0 90% selectivity

Hg cathode HQ
5.0 mM DMPBF,
DMF 85%
OY Hg cathode R-H 53%
_— =
r-° 10 mM TBABF, R-OH 47%

THF-H,0 (93:7)

Figure S. Platinum sheet prior to electrolysis (left, a), after cathodic polarization at —2.3 V (vs Ag/Agl) with 0.1 M Csl in DMF (middle, b),
characteristic color of 2,4-dinitrotoluene radical anion after reduction by [Pt,”, Na*, Nal] (right, c). Reproduced with permission from ref 107.

Copyright 2002 under CC BY-NC-ND 4.0 license.
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Figure 6. Palladium before (left, a) and after cathodic polarization at
permission from ref 118. Copyright 2001 Elsevier Ltd.

D7
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: Sy W F arala
X1 a0 G

—2.3 V (vs Ag/Agl) in 0.1 M Bu,NBr in DMF (right, b). Reproduced with

suitable tetraalkylammonium cations, corrosive products are
formed at and by the cathode.'>#!2%!2712%13% 135138 [h¢ereqt.
ingly, when they introduced a ketone in the electrolysis cell,
characteristic colors of ketyl radical anions were developed,
indicating that the corrosion product retained a powerful
anionic reductive character.'>*'*”"*>!3% The reduction of the
ketone was later also monitored by EPR."**'*” Furthermore,
when oxygen was brought into the electrolysis cell or when the
potential of the cell was shifted to a more positive value, the
tetraalkylammonium salts and the metallic elements were
regenerated (Scheme 6)."**7'**"*% At one instance with Pb

cathode, metallic particles were detected floating in the cell
when oxygen was introduced in the cell.'** Also, the
corresponding reaction between quaternary phosphonium
and tertiary sulfonium supporting electrolytes with mercury
cathode has been reported.'** The corrosion products, coined
“tetraalkylammonium-metals”, have found use as mediators in
the reductive electrosynthesis at very high negative potentials
(Scheme 7).13%!1#11507190 pyrthermore, Medina-Ramos, Fen-
ter et al. demonstrated that in the presence of imidazolium
cations in acetonitrile, bismuth cathode undergoes structural
changes that result in the partial dissolution of the cathode at
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Figure 7. Time evolution of cathodic corrosion of tin (left, panel a) and lead (right, panel b) cathodes in DMF in 0.1 M solutions of
tetramethylammonium (a), tetraethylammonium (b), and tetrabutylammonium (c) hexafluorophosphates. Reproduced with permission from ref

130. Copyright 2015 The Royal Society of Chemistry.

negative potentials.Bs’136 In situ X-ray reflectivity measure-
ments showed that the behavior of the cathode was mostly
reversible, but excessive cycling enhanced the cathodic
corrosion. Simonet and co-workers demonstrated that Pt
cathodes corrode in dry DMF in the presence of
tetraalkylammonium or alkali supporting electrolytes.'**~'*
It was noted that the corrosion products retained reductive
anionic character, and they reacted with aromatic ketones and
nitroaryl derivatives to produce the corresponding radical
anions (Figure 5, right).'®""%°71%%!13 Interestingly, EPR
studies confirmed the existence of paramagnetic species
when the corroded platinum cathode was dipped into the
solution that contained either 9-fluorenone, 2,4-dinitrotoluene,
or para-dinitrobenzene.'””'*”'"? After the electrolysis, the
metallic state of platinum was regenerated by air, but this
resulted in changes at surfaces of Pt cathodes (Figure S, left
and middle)."”*~'*” The corrosion has also been studied by
electrochemical atomic force microscopy with epitaxial Pt
(100) thin layers deposited on MgO (100) in DME. 07112
Here, the morphology was almost retained when the thin layer
electrodes were regenerated electrochemically or by air
exposure.“o’111

Pd cathode was observed to corrode as well, and the
corrosion resulted in modified surfaces in dry DMF in the
presence of alkali or tetraalkylammonium supporting electro-
Iytes (Figure 6).06107118119

Empirical formulas of (R,N),(M,,) have been determined
for Pb, Sn, Sb, Bi, and Hg corrosion products by various
techniques,'>*~ 1?7138 1401271146719 Yoo anjonic clusters
(ie, M,"") hold the excess of electron density and the
tetraalkylammonium cations stabilize these polymetallic
anions.'*® X-ray powder diffraction from isolated corrosion

product with empirical formula of DMP(Pb;) showed that it
has a face-centered cubic crystal structure. This indicates that
crystallites of metallic Pb are part of its structure and,
therefore, it does not consist of discrete molecular clusters.'?’
In the case of tin, it was suggested that the corrosion product
with empirical formula TMA(Sn;) consists of negatively
charged small particles or clusters (size less than S0 A)
arranged in a noncrystalline morphology.'*”'** However, also
discrete Zintl anions have been prepared from lead and tin
cathodes in liquid ammonia or ethylenediamine.”**”** On the
basis of in situ vibrational Raman spectroscopy and DFT
calculations, Yang, Ji et al. demonstrated that the Zintl type
phase of compounds are formed when Sn and Pb cathodes
corrode in the presence of tetraalkylammonium cations and
that these intermediates then either later oxidize or they
undergo Hoffmann elimination to generate neutral metal
particles."*® The Hoffmann elimination is supported by the
detection of amine elimination products by GC/MS from the
reaction mixture'*” or from the thermal decomposition of the
isolated corrosion products of lead and tin by mass
spectrometry.'>*'*” Similar mechanism was also suggested to
corrode Sn cathode in a I-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide ionic liquid'>® and Sb
cathodes in tetrabutylammonium hexafluorophospate or bro-
mide supporting electrolytes in DMF or acetonitrile.*>”’
Furthermore, Medina-Ramos, Fenter et al. proposed that
bismuth thin-film cathode forms Bi/[Im]*, complexes when
imidazolium cations are present in the supporting electro-
lyte."*>"*° With platinum and palladium, the formation of

different iono-metallic layers has been de-
1 1104,105,107—109,111,113,118,119
scribed.

10249 https://doi.org/10.1021/acs.chemrev.1c00148
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Figure 8. ReaxFF snapshot highlighting the differences in penetration of BMIM (left, panel a) and TBA (right, panel b) into the bismuth cathode.
Reproduced with permission from ref 136. Copyright 2018 American Chemical Society.
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Figure 9. Scanning electron micrographs of Pt electrodes corroded at —1 V (vs RHE) in 1 M NaOH (a,d), S M NaOH (b,e), and 10 M NaOH
(cf). Yellow markings in (d) feature triangular etching pits. Reproduced with permission from ref 97. Copyright 2018 under CC BY-NC-ND 4.0.

When Pb cathode was corroded in DMF in the presence of
R,NPF4 (R = Me, Et, Bu) electrolytes, Me,NPF; formed a
black spongy material on the surface, Et,NPFy yielded a
spongy material as well as a black stream, and Bu,NPFq
produced only a black stream (Figure 7, right)."** Moreover,
when the cathode was changed from lead to tin, Me,NPF,
produced a layer of gray and fluffy substance that eventually
peeled off from the Sn cathode’s surface, and with Et,NPF,
and Bu,NPF supporting electrolytes, the Sn cathode directly
decomposed into particles (Figure 7, left)."* In contrast, tin
cathodes corrosion product prepared in DMPBE, supporting
electrolyte was stuck onto the electrode surface and could not
be removed even by stirring the solution.'””'*” Increasing the
amount of tetramethylammonium or dimethyl pyrrolidinium
based supporting electrolytes shifted the corrosion onset
voltages toward more positive values for tin, bismuth, and
lead cathodes in DMF."**'*>"** The order of corrosion onset
potentials in respect to different cathode materials was found
to be Sb (—1.92 V vs SCE; 0.05 M of supporting electrolyte) >
Sn (—=2.19 V vs SCE) > Bi (—2.27 V vs SCE) > Pb (—2.4 V vs
SCE) > Hg (—2.59 V vs SCE) in 0.5 M DMPBF, '**"** The

density, melting point (for solid electrodes), and covalent
radius follow the same order, which suggest that the strength of
the metal lattice is an important parameter in the cathodic
corrosion, *¥'%*

Cathodic corrosion onset voltages of antimony cathodes
decreased in the order of Bu,NBF, (—2.91 V vs SCE),
DMPBE, (—2.69 V vs SCE), and Me,NBF, (—2.59 V vs SCE)
in DMF."* Interestingly, the corrosive currents with DMPBF,
and MeNBF, were at least 10 times higher that when Bu,NBF,
was used. Furthermore, the use of Me,NBF, and DMPBF, lead
to the formation of soluble corrosion product that transformed
into a solid material after 14 h when the electrolysis was
stopped. Interestingly, with Bu,NBF,, no preparative amount
of solid product was formed. Matching this observation,
Medina-Ramos, Fenter et al. showed that cathodic corrosion of
a bismuth thin-film rotating ring-disk electrode was either
attenuated or absent when tetrabutylammonium supporting
electrolytes were employed, but when imidazolium cations in
acetonitrile were used instead, the cathode corroded at
potentials more negative than —1.25 V (vs Ag/AgCl)."*
This difference in behavior of TBA and BMIM was attributed
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Figure 10. Scanning electron micrographs of Au cathode after cathodic treatment at —10 V (vs RHE) for 30 min in 1 M H,SO,, (left, a), and 1 M
Na,S0, (right, b). Reproduced with permission from ref 75. Copyright 2011 Wiley-VCH.

to the latter’s stronger binding to the bismuth cathode. In
TBA, the positive charge is more sterically shielded in contrast
to BMIM, which is why BMIM can penetrate and corrode the
bismuth cathode better (Figure 8).

The different cations behave differently when platinum or
palladium are polarized cathodically,**~'°719%!1&119 4pq
increasing the amount of supporting electrolyte also increases
the corrosive currents for all electrolytes.'”*'*® In one example
with palladium cathode, the corrosive currents decreased and
the peak potentials became more negative in the order of
Me,N* > Et,N* > Bu,N* > Hex,N* > Oct,N* with halide
counteranions in dry DMF (0.1 M).""®""” This order of the
peak potentials was the same with Pt (100) thin layers."'" In
the latter case, the bulkier the cation, more energetically
demanding is its insertion into the platinum electrode and the
formation of ionometallic phases.''’ Interestingly, with
palladium and platinum, the different anions on the
tetrabutylammonium moiety affected the corrosion currents,
and the order was reported to be ClO,~ > BF,” > 1" > PF,” =
0.' With mercury cathode, correlation between more
negative reduction potential and higher volume of the cation
was uncovered.'*

2.3.2. Cathodic Etching in Aqueous Media. Cathodic
etching in aqueous alkaline conditions has been studied
extensively because it is an appealing method to produce
nanopartlcles without ligands or exogenous reducing
agents.””’ ® The size and the shape of the nanoparticles can
be controlled by adjusting the nature of the supporting
electrolyte and the current density, which also consequently
affects the corrosive processes.””'?’ The etching of the metal
cathodes is possible by either applying direct (DC) or alternate
currents (AC). The corrosion mechanism is believed to be
similar in both modes, but there is remarkable difference in the
dispersion of the cathode to the solution. With DC, strongly
alkaline conditions (e.g, >10 M NaOH) are required to
disperse the cathode, whereas under milder alkaline conditions,
nanoparticles form onto the electrode, which is evidenced by
an increased surface area of these cathodes and SEM imaging
(Figure 9). 759799 In contrast, AC waveforms disperse the
cathode readily under softer conditions (e.g, 0.075—1 M
NaOH).”*”” This behavior with AC stems mainly from the
fact that during a positive phase the nanoparticles are partially
oxid7i§ed, which facilitates their detachment from the electro-
des.

75,76,79,80,97—-103,114—116
To date, pure Pt, K K
75,76,97,98,101,102,117 98,101 75,97,98,101,117 75,101
Rll, i) 'y ’ ] ’ ’ Pd, 8] Au, 8] ’ i) ’ Ag’ )

101 75,98,101,120 3 75,101 7. 101 8 Ny 75,98,101
Ir, Cu,”>? Re,”® Ry, Fe,”® Ni, >

Nb, 7598 i 8121123y 121 W}121 Sir7’5,98 Sb°' and AI®
electrodes have been reported to cathodically corrode through
etching mechanism in aqueous media. Regarding alloys,
Pt9oRhlo;76 7% PtygRhyy, 7" PtgsRhys,'? PtygRhgg, "
Pt;,Rhgg,'* Ptgolryg,’ Pt95Ru5, ¢ PtyNisy, ® AuCo,”®
AuCu,”® and FeCo,”® Pty ,Aus,'” PdSOAuso,lm Angum0 _e (x
= 10, 30, 50, 70, 90),""" Fegg,Tig; 15 = CugasTigy, ~ and
Sny, 6 Tis; 15> have been reported to corrode cathodically as
well. In addition, metal oxides'®" and in situ electrodeposited
alloys such as PtBi, PtPb, PtSn, PdPb, and AuCu are also
etched cathodically.'®" Usually the corrosion products of these
alloys retain the composition of the bulk electrode, which
implies that clusters of metal anions dissolve directly into the
electrol)rte.76’98’123 However, later, Hersbach, Koper et al.
discovered using various PtRh alloy cathodes that the
corrosion behavior was dominated by platinum and the
composition of the corrosion products were different at atomic
level from the composition of the bulk alloy.'** Later, similar
observation was made with PtAu and PdAu alloy cathodes."”"

Much like in aprotic conditions, the mechanism in aqueous
alkaline environment is proposed to proceed by the formation
of cation-stabilized metastable metal anions.””*’ The presence
of cations (alkali, alkaline earth, tetraalkylammonium, etc.) is
crucial for the cathodic corrosion,”’**®" and only a
negligible amount of deterioration is observed in the presence
of pure sulfuric acid in the case platinum and gold (Figure
10).”> In this process, cations are adsorbed to different
crystallographic planes on different cathodes. For example,
sodium cations adsorb preferentially to (100) sites of platinum,
which leads to highly anisotropic etching of the cathode
favoring the formation of the (100) terraces and steps and the
removal of the (110) sites.*” In the corrosion of rhodium and
gold, generation of (100) and (111) sites are more
pronounced, respectively.117 Later studies showed that the
site preference is favored at high NaOH concentrations and
that 10 M KOH produced less (100) sites than 10 M NaOH
with platinum.'” Interestingly, the pretreatment of the
platinum electrode with flame-annealing also had an effect
on the anisotropy of the corrosion.'” DFT calculations in
vacuum indicated that the sodium is adsorbed more strongly to
platinum than to rhodium and gold.""” Further DFT studies
with explicit near-surface solvation confirmed that the sodium
preferably binds to (100) type sites on platinum and showed
that cations adsorb to different sites with various strengths
depending on the metals (Figure 11).°7 A detailed
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Figure 11. Computational adsorption potentials of Li*, Na*, and K* to Pt, Rh, and Au cathodes. Reproduced with permission from ref 97.
Copyright 2018 under CC BY-NC-ND 4.0.

Scheme 8. Organometallic Corrosion of the Cathodes (left) and Rotating Disc Electrode after Electrolysis in DMF/Et,NCIO,
(0.25 M) with 0.03 M EtI (right)?
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Figure 12. Selected classes of organic substrates and cathodes that can take part in cathodic corrosion through organometallic compound
formation.

investigation on the cathodic corrosion at different mono- transition metal, H = hydride) are formed and act as elusive

crystalline Pt surfaces has also been reported.116 Furthermore, intermediates in the cathodic etching.

Hersebach, Koper et al. proposed that adsorbed hydrogen The rate of the cathodic etching under aqueous conditions
97 depends on several properties on platinum cathodes. It was

produced at the cathode can play a key role in the corrosion. i ) .
found that when increasing the concentration of NaOH

electrolytes, the surface area of platinum cathode increased by
28%, 32%, and 74%, in 1, 5, and 10 M solutions, respectively.97
Interestingly, also the onset potential of the corrosion
different cathodes. According to this postulate, ternary metal decreased from —1.4 V (vs NHE) to —1.3 V (vs NHE) for
hydrides (AxMyHZ; A = alkali or alkaline earth metal, M = 1 or 5 M NaOH, and 10 M NaOH, 1respective1y.97

Their hypothesis was based on DFT calculations on the
hydrogen adsorption energies that were in good agreement

with experimental onset potentials for the corrosion of the
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Scheme 9. Corrosive Formation of Selected Classes of Organometallic Compounds
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Furthermore, the identity of the cation has also pronounced
effect on the onset potential. For example, —1.3 V (vs NHE)
was recorded in 1 M KOH, and —1.4 V (vs NHE) in 1 M
NaOH and 1 M LiOH. When more negative potentials were
applied (—1.0 V vs RHE), KOH was found to corrode the
cathode the most, followed by NaOH and LiOH, which
corroded the cathode the least.” With rhodium, the onset
potential order was similar to that with Pt, but in this case, Na*
corroded the cathode the most, followed by K" and Li*.*” With
gold, onset potentials were of —1.8 V and —1.7 V (vs NHE)
for 5 M solutions of NaOH and KOH, respectively.
Noteworthy, NaOH produced more surface area than KOH
and LiOH.”’ Interestingly, in 10 M NaOH, the onset
potentials for the corrosion were —1.3 V (vs NHE) for
rhodium and —1.6 V (vs NHE) for gold, respectively.''” The
corrosion proceeds also in the presence of poly-
(vinylpyrrolidone) under ultrasonication.'”"

2.4. Formation of Organometallics

The synthesis of organometallic compounds from sacrificial
metal cathodes has been studied extensively.'””™'°° In these
reactions, transient radical species are generated through
electron transfer from the cathode to the substrate (Scheme 8).
The elusive intermediates can then react with the cathode to
produce organometallic compounds. The preparative yields of
organometallics are not always high, but conversely, the
corrosion and the obtained compounds can pose significant
problems.'®” Because of the high reactivity of several cathodes
(e.g, Scheme 8, right), it is of general interest to know which
type of organic compounds can corrode common cathodes
during the reductive electrosynthesis (Figure 12).

It has been reported on several occasions that at least
Db 29/81,162,163,168—184 167,169,176,180,185-192 g1 168 5 168

) ) ) )
. 168 170+ 162,176 163,166,168,170,176,177,183,193—198
Bi, Cd, " Tl and Sn > .

corrode in the presence of various organic substrates. However,
the organometallic products have not always been fully
characterized, and in some cases, only their formation has
been noted or proposed during reductive electrolysis. This
might be due to the reactivity of these organometallic
compounds and the fact that their decomposition is oftentimes
accelerated by light."®” Interestingly, metallic parent elements
and alkanes can be produced as decomposition products.'® In
addition, gold and platinum can form covalent bonds with allyl
moieties onto the surface of the cathode.'”” These grafted
layers can affect the performance of the cathode significantly
by blocking further reactions.

Carbonyl compounds react with metallic cathodes to form
alkyl organometallics in aqueous solutions (Figure 12, Scheme
9). High temperatures and acidic conditions seem to favor the
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formation of organometallics with lead and mercury
cathodes.'® The formation of diisopropyl lead and mercury
from acetone has been reported in numerous occa-

167,169,179,180 .
710 whereas diisobutyl lead and mercury have
167,169,185 4

sions,
been obtained from methyl ethyl ketone
dimenthyl mercury from menthone.'®® In addition, organo-
mercury derivatives of phenylacetone, acetylbenzoyl, cyclo-
pentanone, cyclohexanone, and methylcyclohexanones are
known to form.'” Apart from the ketones, benzaldehyde can
convert to dibenzylmercury, and lower temperatures favor its
formation."®” In the electrocyclization of 2-nitrobenzaldehydes
to 2,1-benzisoxazoles, Pb cathode has been described to
function as a sacrificial electrode, which was evidenced by
precipitation at the cathode."® Moreover, electroreduction of
levulinic to valeric acid corrodes at least lead, leaded bronze,
tin, and cadmium cathodes.'”’

In addition to isolated carbonyl compounds, also a,f-
unsaturated systems form organometallics with different
cathodes (Figure 12, Scheme 9). However, in these cases,
the metal—carbon bond is formed between the carbon—carbon
double bond of the a,f-unsaturated substrate and the metal.
Tin cathode formed tetrakis(/3-cyanoethyl)tin'®* or hexakis(-
cyanoethyl)ditin,"”* and tetrakis(f-cyanopropyl)tin'”® com-
pounds when it reacted with acrylonitrile or metacrylonitrile,
respectively. Interestingly, in the case of acrylonitrile, alkaline
or neutral solutions were necessary for the reaction, high
temperature, and low current density increased the yields, and
lead or mercury cathodes did not react at all."”> Furthermore,
an unknown organometallic was formed in the reduction of 1-
cyano-1,3-butadiene, and 2,4-pentadionic acid with tin
cathode.'”'”> With mercury, di(methylethylketyl)mercury
and unknown organometallic compound was formed from
methyl vinyl ketone'®® and dimethylvinylcarbinol,189 respec-
tively.

Formation of organometallics from substrates where sp-
carbon is attached to a suitable functional group (e.g., halogen,
sulfate ester) are relatively well-known (Figure 12, Scheme 9).
For example, electrosynthesis of tetraalkyl lead from primary
alkyl bromides and iodides in an ethanol sodium hydroxide
mixture was described in a patent already in 1922.'7"
Thereafter, many patents and academic studies described the
electrosynthesis of tetraalkyl lead compounds. For example,
synthesis has been described in the presence of casein in
water,'”> in nonhydroxylic solvents,'®® nonhydroxylic solvent
with a hydroxylic additive,'”* acetonitrile,"*> DMF,'”® and in
propylene carbonate,'’*'”* to name just a few examples.
Interestingly, the synthesis of lesser alkylated congeners PbEt,,
and PbEt;-Pb,Et; has also been reported.'”* To that end, these
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Figure 13. Cathodic corrosion of Zn cathode in aqueous solution of NaCl (0.6 M) at —1.075 V (vs SCE) for 17 h (left, 2), —1.3 V (vs SCE) for 7 h
(middle, b), and —1.2 V (vs SCE) at deareated conditions for 7 h (right, c). Reproduced with permission from ref 200. Copyright 2018 Wiley-

VCH.

Figure 14. Copper cathode after electrolysis in CO,-saturated DMF (0.1 M TMABF,) at —1.8 V (vs Ag/AgCl). Reproduced with permission from

ref 207. Copyright 2017 Elsevier BV.

species can eventually disproportionate to metallic lead and
PbEt,.%"'7* Excitingly, Silversmith and Sloan described, that
dialkyl sulfates (e.g., Et,SO,, 82%), benzyl dialkylphosphates,
alkyl acetates (e.g, EtOAc, 10%), benzoates, trifluoroacetates,
mesyls, tosylates, triflates, and allyl acetates can alkylate lead
cathodes in addition to the more commonly known corrosive
substrates of I (e.g, Etl, 72%), Br, and Cl (EtCl, 93%).'*
Furthermore, tetraalkylammonium, trialkylsulfonium, trialkyl-
selenonium, tetraphenylarsonium, and alkyltriphenylphospho-
nium cations could form organometallic derivates with lead as
well but with a lower efficiency (Figure 12, Scheme 9).
Formation of bis(2-cyanoethyl)lead from f-iodopropionitrile
has also been reported.'”® With mercury, the formation of
dibenzyl mercuries from benzyl bromides,"”’ dicyclopropyl
mercuries from the corresponding halo-derivatives,'”’ and
bis(2-cyanoethyl)mercury from p-iodopropionitrile'”® has
been documented. Tin has been another extensively studied
cathode, and it is known to react with alkyl bromides in
acetonitrile in the presence of tetraalkylammonium salts,'®
with alkyl bromides in a nonhydroxylic solvent,'® methyl
iodide,'”® alkyl iodides,"”® alkyl chlorides,'*® and f-iodopro-
pionitrile.'”® Interestingly, in acetonitrile—water solutions that
contain tetraethylammonium bromide as supporting electro-
lyte, alkyl, phenyl, and allyl bromides form tetraalkyl,
tetraphenyl, and tetraallyl tin, respectively.'”” In this report,
the author observed that tin organometallics converted into
solid tetraethylammonium (alkyl)halostannates. This is
important to realize when the supporting electrolyte is recycled
or disposed.

Waldvogel and co-workers have reported that massive
corrosion occurs when thiophene containing molecules are
reduced at a lead cathode. The corrosion was attributed to the
cathodic desulfurization process and organic lead corrosion.”
This research group also reported that the reduction of

menthone oxime and its derivatives can corrode lead
cathodes.'®"'®> Furthermore, the reduction of acetonitrile
with a tin cathode produces tetramethyltin.'”” In addition,
diarylmercuries are obtained from diaryliodonium hydrox-
ides.'”” In adiponitrile synthesis, a relationship between oxygen
produced at the anode and the corrosion of the lead cathode
was described.” Oxygen reduction reaction (ORR) has been
reported to corrode zinc cathodes in an aqueous solution of
NaCl (0.6 M) at more negative potentials than —1.075 V (vs
SCE) (Figure 13).200 Deaerating the solution or lowering the
potential to —1.3 V (vs SCE) decreased the corrosion notably.
The beneficial effect of the latter was assigned to the reduction
of ZnO to Zn. Oxygen also has detrimental effects on cathodes
in acidic media at low negative potentials and, for example,
cathodes such as Ag201 and Cu””7*** can corrode to some
extent. With Cu cathodes, the initial rate of dissolution was
high, but later the produced metal cations started to
electrodeposit back onto the cathode and the corrosion
reached a steady state.”">*** However, this type of corrosion
could have important consequences when these cathode
materials are used in flow cells and the solution is not
deareated. There, the electrodeposition could be effectively
inhibited, and, in addition, this type of corrosion-redeposit
process could affect the Faradaic efficiency as well. Simonet
and Jouikov reported that CO, can form passivating
carboxylate layers with Au, Ag, Ti, Pd, Pt, Rh, and Cu
cathodes ([cathode]-CO,-M*) when reaction conditions
involve CO,-saturated aprotic solvents and small-sized electro-
Iyte cations (TMA', Na*) at sufficiently negative poten-
tials.”"> %" Interestingly, anodic regeneration of the passivated
Ag cathode resulted in the possible formation of Ag*.”"’
Moreover, copper cathode corroded under prolonged elec-
trolysis at —1.8 V (vs Ag/AgCl), which could be observed
visually (Figure 14).27
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Scheme 10. Different Corrosion Products of the Metal Cathodes in the Reduction of L-Cystine to L-Cysteine
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Scheme 11. Substrate Specific Corrosion of Benzyl Bromides with Mercury Cathodes
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Moreover, Ralph, Walsh et al. disclosed that lead cathodes
form a lead chloride layer, mercury-plated copper cathodes
slowly amalgamate, and titanium cathodes form hydrides when
L-cystine is reduced to L-cysteine hydrochloride in a 2.0 M HCl
solution (Scheme 10).>**'® This led to reduced current
efficiencies with these cathodes.’* However, maintaining the
potential more negative than —0.7 V (vs SCE) protected the
lead cathode from the lead chloride formation, and lowering
the potential to —1.5 V (vs SCE) cleaned the electrode
through hydrogen evolution.”""

Silversmith and Sloan showed that when ethyl bromide
corrodes the lead cathode, the lowest corrosion rates were
achieved with triphenylmethyl bromide and sodium iodide as
supporting electrolyte.'® In contrast, the use of lithium
bromide or perchlorate or calcium bromide were the worst in
terms of corrosion. Furthermore, out of several tested solvents,
DMSO gave the lowest yield of tetraethyllead.'®® Galli and
Olivani observed the formation of PbEt, from ethyl bromide in
propylene carbonate when tetraalkylammonium, trialkylsulfo-
nium, and pyridinium supporting electrolytes were used.'”
Interestingly, when Li*, Ca**, K*, and NH," cations were used
as the supporting electrolytes instead, cathode weight did not
decrease. The rate of the corrosion in respect to supporting
electrolyte cation was reported to be Et,N* ~ Bu/N" >
EtMeS," > Li*, Ca®", K*, NH," = 0. However, in DMF, higher
corrosion currents were obtained with NaClO, rather than
with BuyNCIO, electrolyte with lead cathode in the presence
of alkyl bromides or iodides.'”® Interestingly, with a tin
cathode, the current yields of the corrosion were in similar
magnitude when Bu,NCIO, or NaCIO, were used with Mel in
DMF.'”® In addition, SnMe, and PbMe, were obtained in
higher yields in Et,NBr than in Bu,NBr from tin and lead
cathodes.'® Low temperature and current density decreased
the corrosion of the tin cathode.'®’ Increasing the amount of
tetraethylammonium bromide supporting electrolyte in
acetonitrile—water solution also increased the corrosion rate

10255

of the tin cathode with methyl bromide.'”” Less sloughing was
observed with tetrapropylammonium and tetrabutylammo-
nium bromide than tetraethylammonium supporting electro-
lytes.'”” Grimshaw and Ramsey made some interesting
observations when they studied the reduction of benzyl
bromides with a mercury cathode.'”® It was discovered that
4-H, 4-Bu, 4-Me, and 3,4-diCl substituted benzyl bromides
gave dibenzylmercuries, whereas 3-Br and 4-NO, gave the
corresponding bibenzyl compounds (Scheme 11). Interest-
ingly, the use of LiCl as a supporting electrolyte resulted in
larger amounts of dibenzylmercury in comparison to
tetrabutylammonium salts. Moreover, the yield of bis(3,4-
dichlorophenyl)mercury decreased from 39% to 4.6% when
the potential of the cell was changed from —0.94 to —1.30 V
(vs Ag/AgCl), respectively.

2.5. Short Summary on the Different Corrosive
Mechanisms

As discussed in the previous sections, cathodic corrosion is a
rather complex process as it can proceed through several
mechanisms for each cathode. Many excellent studies have
probed the different reaction conditions that affect the
cathodic corrosion, but sometimes the results obtained
contradict each other. Thus, the labyrinthine nature of the
published data makes it hard to draw any general conclusions
on the effect of different parameters on cathodic corrosion.
One notable exception is in the cathodic etching type
mechanisms, for which lowering the concentration of the
supporting electrolyte was generally found to be beneficial to
control the cathodic corrosion.””' 105124125128

From the point of view of organic electrosynthesis, the
strategies for mitigating cathodic corrosion usually involve
novel additives and new alloys. New mechanistic studies on
cathodic corrosion could help in making both of these
approaches more powerful by assisting in the building of a
more thorough theoretical framework. For example, in the
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Scheme 12. General Strategies for Inhibiting the Cathodic Corrosion
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Table 2. Comparison of Selected Properties of Several Metals and Alloys Used Commonly in Reductive Organic

Electrosynthesis
melting point (°C)  density (g/cm®)

Metal
Cuzz—zs,zzl,zzz 1083 .96
Sn22—25,221,222 232 73
ph>2222222 328 11.34
Leaded Bronze (Material no.)
CuSnl10Pb10 (CC495K)>5220223224 762—928 9.0
CuSn7Pb15 (CC496K)?>>7202247226 855—970 9.1
CuSn5Pb20 (CC497K)3>220224227 855—950 9.1

electrical conductivity (MS/m) tensile strength (N/mm?®) hardness (Brinell)

58.4 210 874
8.69 220 s1
4.74 18 38
6.0 290 85
7.0 270 80
7.0 230 60

future, it would be valuable to know whether the etching in
aprotic conditions is anisotropic like in aqueous environments
and why some cathodes form metal hydrides relatively easily.
Another interesting aspect would be to uncover the relative
energies of the various corrosive pathways involved in the
corrosion of metals.

3. STRATEGIES FOR INHIBITING THE CATHODIC
CORROSION

Two general strategies have emerged to reduce or inhibit the
cathodic corrosion in reductive organic electrochemistry:
cationic additives and alloying (Scheme 12). These two
complementary strategies approach the same problem from
two different perspectives. They either modify the electrical
double layer (EDL) or the physicochemical properties of the
cathodes. Both approaches were proven to be highly efficient,
and generally, the reductive electrosynthesis proceeds with
greater or the same activity and selectivity. Furthermore, in the
best scenarios, the advantageous properties of the cathodes
such as the high overpotential for hydrogen are enhanced. This
has important implications for the Faradaic efficiency of
electroreductions as the parasitic formation of dihydrogen can
be suppressed by impressive extent, which improves the overall
desirability of the reactions. Moreover, the tuning of the
additives and alloying can improve other “secondary” proper-
ties such as extractability, machinability, softness, etc. Thus,
both the corrosion resistance and the practical aspects may be
improved at the same time. For example, leaded bronzes are
significantly harder materials than the neat soft lead (Table 2).
Consequently, larger electrodes can be manufactured from the
former as the malleable nature of Pb can cause deformations
under its own weight and, for instance, variations in electrode
gap in flow cells. Furthermore, certain alloys such as leaded
bronzes can be handled without gloves,212 which is not
recommended with neat lead.
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3.1. Cationic Additives

When an electrode in an electrochemical cell is polarized, an
electrical double layer will eventually form. This layer can be
modified by introducing different concentrations of additives,
and usually either inorganic or organic salts are used (e.g, as
supporting electrolytes, see Figure 15). The additives can also

Monocationic Dicationic
M* |
M=Li, Na,K.... \4'/ N M2+ ~ N+/\M N+i
RyN* \/Nj \ / M=Mg Ca.. - n
R = Me, Et, Bu,... n=1,23,..
Tricationic Tetracationic
\+/ |
~N N ND > N+
/rlwAHn erv\ </ N
n=1,2,...

Figure 15. Selected examples of different cationic additives used in
reductive electroorganic synthesis.

have a profound effect on the cathodic corrosion. In reductive
electrosynthesis, the cations have an articulate role in the
degradation of the cathode, while the effect of the anion is
usually minor but not always negligible. Essentially, the use of
organic cations allows more freedom in fine-tuning the
properties of the EDL in comparison to metal cations.
Properties such as hydrophilicity, sterics, electron affinity,
polarizability, etc., of the cation can be varied by changing the
substituents and the central atom in the organic additive. For
example, several organic tetraalkylammonium cations that have
different molecular properties can decorate lead cathode’s
surface as a dense layer. The modified EDL can then repel both
protons and organic substrates, and consequently, the parasitic
formation of hydrogen is inhibited and corrosive compounds
(e.g., sulfur containing) can be used as substrates. In the latter
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Figure 16. EDS elemental mapping (a,c,e) and SEM pictures (b,d,f) from different leaded bronzes (left) and LIMS 3-D mapping from CuSn7Pb15
cathode (right), highlighting the heterogeneous nature of these materials. Reproduced with permission from ref 220. Copyright 2017 American

Chemical Society.

case, a compact cationic layer bends the Fermi level and
facilitates the tunneling of electrons into the bulk solution
where they reduce the substrates.”'”*'* The resulting organic
radical anions are then directly protonated by the protic
electrolyte. In the former case, the Coulombic repulsion of the
protons from the cationically decorated electrode surface
prevents their discharging at the surface. The low interaction
coefficient between protons and electrons promotes the
reduction of the organic substrate. In addition, the metallic
cathode is effectively shielded from the potentially corrosive
substrates or intermediates. Applying this concept has proven
highly effective, and, for example, Waldvogel and co-workers
have demonstrated on several occasions that the cathodic
corrosion of lead is inhibited when small amounts of
(poly)cationic quaternary ammonium salts are added into
the methanolic sulfuric acid electrolyte.””"*""*>*'> To obtain a
compact highly cationic layer, short alkyl moieties and
dications with C3 spacer are much superior.

3.2. Alloying

Alloying an electrosynthetically active base metal with different
constituents or introducing a small amount of active metal into
a base metal is an excellent approach to counter the cathodic
corrosion. However, in contrast to the cationic additives, the
physicochemical processes responsible for the increased
resistance toward cathodic corrosion are not well-defined.
However, some properties that have been described as
beneficial for neat metals, such as the strength of the metal
lattice,"”¥"** probably apply to alloys as well. Nevertheless,
some highly useful details on the modified properties of alloyed
electrodes have been described.”'*™*'* According to Jacob and
co-workers, the altered properties of the alloy electrodes can be
divided into three different categories: (i) bifunctional

mechanisms, (ii) delocalized electronic properties of the
electrode, or (iii) local atomic conﬁgurations.218 In the first
category, different components of the alloy catalyze different
reaction steps or absorb different intermediates. From the
point of view of the cathodic corrosion, the corrosive species
might interact more readily with the other metal(s), whereas
the substrate in turn would interact with the electrocatalytically
active metal. In the second and third categories, the modified
electronic band structure could lead to a smaller interaction
toward the corrosive species or raise the energy barriers for the
formation of corrosion intermediates. Furthermore, the local
atomic configurations can be dynamic in nature, and they
could be generated in operando.”'® Elucidation of the
dominant mechanisms in the corrosion resistance could lead
to rational improvement of the alloys in the reductive
electroorganic synthesis.

There are several lead alloys that are commercially available
such as babbitt alloys, leaded coppers, lead-antimonies,
Cerrosafe, Rose’s metal, Wood’s metal, leaded brasses,
different solder alloys, and leaded bronzes. Some of the most
studied alloys for reductive electrosynthesis are the leaded
bronzes as they are inexpensive materials that are mechanically
much more stable and machine workable than the soft pure
lead. The ternary alloys, CuSnl0Pbl10, CuSn7PblS, and
CuSnSPb20, contain different amounts of tin and lead alloyed
with the copper base metal (Table 2). It is noteworthy that
copper and lead do not form stable alloys due to the limited
solubility of Pb in neat Cu (<0.09 atom % at 600 °C).*'***
Therefore, leaded copper alloys have to be formed as ternary
systems, such as leaded bronzes, which were considered as
uniform alloys. Intriguingly, it has been shown with femto-
second laser ablation/ionization mass spectrometry (LIMS)
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measurements in three dimensions that leaded bronzes are not
homogeneous alloys (Figure 16).*° In fact, they contain
micrometer size domains of lead-rich or pure lead phases
mixed with a binary copper/tin alloy matrix. The highest
segregation of lead phases and the highest inhomogeneity is
seen in CuSn7PblS alloy, whereas CuSnSPb20 represents the
most homogeneous one.”*’ Furthermore, electrolysis for 3 h at
—1.12 V (vs Ag/AgCl) or mechanical polishing can
redistribute the lead phases on the surface. The latter is
exemplified in Figure 17.”'” In addition, with CuSn7Pb1S

100.0 % 10.0 %
Pb | Pb |
0.0% 0.0%

Figure 17. Scanning auger microscopy mapping of Pb from polished
CuSn7Pb1S, without cut off (left, a), and cut off at 10 at% (right, b)
showing the lateral dispersion of the lead. Reproduced with
permission from ref 212. Copyright 2019 Wiley-VCH.

cathode, the inhomogeneity increased and the different phases
became more separated after the reductive electrosynthesis.*”
Interestingly, the redistribution has been noted to shift the
HER and CO, reduction reaction onset potentials for the
leaded bronzes because these electroconversions occur at the
surface. Consequently, the used and pristine alloys can show
different performance in electrolysis/electrocatalytic reac-
tions.”>*'* It is noteworthy that the bulk composition of
these electrodes should not be correlated with the amount of
lead sites available in electrosynthesis. In fact, CuSn7Pb15, and
not CuSn5Pb20, has the largest lead domains available for
electrosynthetic reactions.>> Furthermore, after a mechanical
polishing, the true surface composition of CuSn7Pb15 cathode
was in fact Cu71Sn9Pb20.>"*

Mercury is another electrode material with high hydrogen
overpotential that can be used for organic reductive electro-
synthesis. However, its liquid physical state, high toxicity, and
unavailability in large quantities nowadays limits its use in
reductive electrosynthesis. Nevertheless, mercury can form
solid amalgams with many different metals, which can address
some of the stated problems. For example, dental amalgam
electrodes are similar to silver electrodes but with a higher
hydrogen overvoltage.””* >*° In another study, Pd, Au,
Pt, and Cu amalgams behaved similarly than the pure Hg.z‘?'l
Amalgam or mercury-plated electrodes have been
used also in pregarative organic electroreductive synthe-
sis. H421932102317236 Bor example, amalgamated copper, lead,
and zinc were used to reduce vanillin to vanillyl alcohol,***
amalgamated lead and copper in the adiponitrile synthesis,"”
amalgamated copper in the reduction of salicylic acid to
salicylaldehyde,”** mercury-plated copper in the synthesis of -
cysteine hydrochloride,”**"" and amalgamated lead in the
reduction of oxalic to glyoxylic acid (Scheme 13).**°

However, in the latter synthesis, the amalgamation layer
disappeared from the surface after 1 day of continuous
operation.”*> Furthermore, Ralph, Walsh et al. described that
mercury-plated copper cathode amalgamated during the
reductive electrosynthesis.”**'" Solid amalgams show some
promise as they retain the high hydrogen overpotential of
mercury, but the stability of these materials might be an issue
to their use. We are not aware of any further studies, where, for
example, the stability of the cathode or the amount of corroded
mercury have been determined in reductive electrosynthesis.

4. EXAMPLES IN REDUCTIVE ELECTROORGANIC
SYNTHESIS

4.1. Examples in Reductive Electroorganic Synthesis with
Cationic Additives

Kulisch, Waldvogel et al. have studied the use of lead cathodes
in the synthesis of optically pure menthyl amines from
menthone oximes (Scheme 14, left). In this reaction, they
observed that the lead cathodes corrode, which was attributed
to the formation of PbSO, and organometallic lead
intermediates.'®' Fascinatingly, a small quantity (0.5%) of a

Scheme 13. Examples for Amalgam or Mercury-Plated Cathodes in Organic Electroreductive Synthesis®

o\ HO.
Cu/Hg cathode
8 mA/cm?2
—
N 10% NaSO,, ~
o 3.2 % NaHCO, 0
OH  pH=75%02(HCl) gg¢a°H
15-18 °C
0 (o]
Cu/Hg cathode
CELOH 1.75 V (vs. SCE)?) H
—_—
OH 10% NaSO,, OH
0.75 M B(OH)s, .
0.1 M NaSO, 80%
18+2°C
] Pb/Hg cathode o)
OH 2
HOH 200 mA/cm HO)S(H
o H,O 5
94-96%

Cu/Hg or Pb/Hg

cathode
70 mA/cm?
2 /\CN —_— NC\/\/\CN
IPrOH/H,0
0.75 TIOEAES 80% (Cu/Hg)
30°C 81% (Pb/Hg)
Hg-plated Cu o
cathode
<\‘)L > 50 mA/em? mA/cm? 2 HS OH
NH,*C “2MHCl NHs*
25 °C Cl
99%
Pb/Hg cathode OH
160 mA/cm’ mA/cm? OH
5% H,SO,
85°C [e) 88%

“(a) Current effiency. (b) Superimposed alternating voltage 0—S00 mV rms at 1.7S V (vs SCE); rms, root-mean-square.
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Scheme 14. Deoxygenation of a Menthone Oxime to Menthyl Amine and Representative (Poly)cationic Additives Used to
Control the Cathodic Corrosion (Left), Kinetic Traces (Right) from the Reduction Menthylamine (R = H) of (a) without
Additive and (b) with MTES Additive (M, Menthylamines; O, Menthylimine; X, Menthone Oxime)“

Pb cathode
%, ,.OH 2% H,SO, in MeOH
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“Kinetic traces reproduced with permission from ref 181. Copyright 2011 Wiley-VCH.

Scheme 15. Deoxygenation of an Amide to Amine and Representative Polycationic Additives Used to Control the Cathodic
Corrosion (Left), Experiment with Cationic Additive (Right, a) and without (Right, b)*

i n
a
N Pb cathode N
H > H
2% H,SO, in MeOH
additive
| @ | |l ® | |
~N ~ ~N
N N N @ ) @ s
- \/\/®\ - \/\'T‘/ rN\/\/N\_ /N\/eﬁ\/g\
4

“Reproduced with permission from ref 215. Copyright 2014 Wiley-VCH.

tetraalkylammonium salt in 2 M H,SO,, in methanol inhibited
the corrosion but also lead to a tremendous improvement of
the yield (Scheme 14, right). In this case, counter anions did
not have any effect, and out of the several tested additives,
triethylmethylammonium methylsulfate (MTES) proved to be
best in terms of chemical and Faradaic yield. The use of
additive allowed the complete prevention of the cathodic
corrosion of the lead electrode in this electrosynthesis. Later,
the substrate scope was broadened to other types of menthone
derivatives as well.'"®” Similarly, the use of (poly)cationic
additives efficiently inhibited the cathodic corrosion of the lead
cathode. The most suitable additive in terms of yield and
diastereomeric ratio depended on the substrate converted. For
some, monocationic MTES was the most suitable additive,
whereas for others, polycationic additive worked better.
However, the additive strongly promoted the electroorganic
reduction because the parasitic hydrogen evolution was almost
inhibited.

Later, Edinger, Waldvogel et al. studied in detail the
use of (poly)cationic quaternary ammoniums to suppress
cathodic corrosion in electroreductions with lead cathodes in
the deoxygenation of amides to amines
(Scheme 15).*"° Interestingly, out of the several tested
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additives, N,N,N,N’,N’,N’-hexamethyl-1,3-propanediammo-
nium methylsulfate proved to be the most suitable and current
efficiencies of almost 100% were obtained. Noteworthy, all the
tested (poly)cationic quaternary additives inhibited the
cathode’s corrosion, which was attributed to the formation of
PbSO,. Intriguingly, in the absence of an additive, the
electrosynthesis was accompanied by significant hydrogen
evolution and the surface of the electrode was roughened. The
latter could be observed visually (Scheme 15, bottom right). In
contrast, in the presence of cationic additive, the surface was
smooth and homogeneous. ICP-MS measurement showed that
<2.5 ppm levels of lead were present in the crude product and
the recovered starting material when the additive was used in
the electrosynthesis. Without the additive, the contamination
of the crude product was several orders of magnitude higher
accompanied by significant formation of PbSO, precipitates.
Later, Edinger, Waldvogel et al. broadened the scope of the
amides signiﬁcamtly.29 Again, the use of N,N,N,N',N',N’-
hexamethyl-1,3-propanediammonium methylsulfate allowed
the synthesis of several deoxygenated amines from amides in
the absence of cathodic corrosion (Scheme 16). Interestingly,
when the amide was attached a thiophene functionality, the
electroreduction in the absence of the additive caused a
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Scheme 16. Deoxygenation of an Amide to Amine with
Polycationic N,N,N,N’,N’,N’'-Hexamethyl-1,3-
propanediammonium Methylsulfate Additive

0 Pb cathode R
Ar)LN,R Ar/\”’
H 2% H,S0, in MeOH
additive
e |
/N\/\/g)\

NH N S
62% 52% 44%
(0]
N - N N
54% 41% 45%

complete deterioration of the lead cathode, whereas the
additive allowed to obtain the deoxygenated thiophene
substrate in good yield. This was attributed to cathodic
desulfurization processes and organic lead corrosion. In
addition, two examples of electroreduction of sulfoxides to
sulfides were also reported (Scheme 17).”” Interestingly, esters
can also be deoxygenated with this protocol.”*”

Scheme 17. Deoxygenation of an Sulfoxides to Sulfide with
Polycationic N,N,N,N’,N’,N’'-Hexamethyl-1,3-
propanediammonium Methylsulfate Additive

(,3' Pb cathode

s
R/S\R

R

2% H,SO, in MeOH
additive

In consecutive paired electrolysis, a substrate is manipulated
by subsequent redox processes. The research group of Moinet
pioneered the technique and used it in the generation of
nitrosobenzene derivatives from nitroarenes through hydroxyl-
amines in several studies.”>*”>*® After that, only a few
examples of electrosyntheses have been published, wherein
both electrodes are required for the same process.”*****
Hartmer and Waldvogel developed a domino oxidation—
reduction sequence for the conversion of aldoximes to nitriles,
where the first redox process is carried out on graphite anode
and lead cathode is used in the second to generate the final
compounds (Scheme 18).>** In this case, they utilized MTES,
which is known from previous reports to protect the lead
cathode from corrosion. Later this electrolysis was performed
in flow as narrow gap flow electrolysis cells are of particular
interest because they can offer a more energy efficient
operation.'”***7**! In this case, the soft nature of lead turned
out to be problematic, and consequently, the domino
oxidation—reduction sequence of aldoximes to nitriles was

Scheme 18. Oxidation—Reduction Sequence for the
Synthesis of Nitriles from Aldoximes in the Presence of
MTES Additive

OH Q.
N H N N
graphite anode Pb cathode
| i MeCN, MTES | i MeCN, MTES | ?\
R ZR Z R
N N N N
Il I Il I
_0 o F F
O\ o\
81% 75% 53% 47%

performed at leaded bronzes in modular narrow gap flow
cells.”

Adiponitrile synthesis from acrylonitrile is one the most
prominent examples of reductive electrosynthesis at an
industrial scale. Annually more than 300 000 t of adiponitrile
are produced via this route.”>> The corrosion of the cathodes
in this reaction is also well described. Nakagawa and Nagamori
conducted the synthesis of adiponitrile in an undivided cell
with lead or lead alloy PbMS-10 (M = Sb, Ag, Cu, Te)
cathodes.” The alloyed cathodes were described to exhibit
improved mechanical strength and anticorrosion properties.
Fascinatingly, when tributylethylammonium cations were
added in concentrations between 0.02 and 0.08 M, the
cathodic corrosion was reduced to below 1 mm/year, which
was deemed acceptable (Scheme 19, right). The most
beneficial combination was to use alkali metal and
tributylethylammonium salts in conjunction. If only the former
was used, the yield dropped and hydrogen evolution increased,
and, if only the latter was added, the cell voltages were too
high. The identity of the alkali salt and the tetraalkylammo-
nium counteranion were not critical for the reaction.
Interestingly, the tributylethylammonium additive outper-
formed ethyltripropylammonium and tetraethylammonium
salts at reducing the cathodic corrosion. Moreover, researchers
from BASF reported that the use of hexamethylene bis-
(dibutylethylammonium) phosphate (10.5 mmol/kg of
aqueous electrolyte solution) was highly beneficial with bulk
lead cathodes in this synthesis (Scheme 19, left).”>® In this
case, a corrosion rate of 0.35 mm/year was observed in
comparison to a rate of 0.9 mm/year, which was obtained
when tributylethylammonium phosphate was used at a higher
concentration of 80.0 mmol/kg. However, when electro-
deposited lead on a steel was used as cathode, the effect of the
additives was similar: 0.25 mm/year and 0.21 mm/year
corrosion rates were obtained with hexamethylene bis-
(dibutylethylammonium) and tributylethylammonium phos-
phates, respectively.

4.2, Examples in Reductive Electroorganic Synthesis with
Alloys

Researchers from BASF studied the use of electrochemically
deposited lead and lead alloys on a circular steel disk in
adiponitrile synthesis from acrylonitrile in the presence of 10.5
mmol/kg of hexamethylene bis(dibutylethylammonium) Ehos—
phate in the aqueous electrolyte (Table 3, entries 2—9).”* The
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Scheme 19. The Effect of Hexamethylene Bis(dibutylethylammonium) and Tributylethylammonium Phosphate (Left), and the
Concentration Effect of Tributylethylammonium Cation (Right) to the Cathodic Corrosion of Lead Cathodes in Adiponitrile
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“Right figure redrawn from ref 33.
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Table 3. Performance of Different Lead and Lead-alloy Cathodes in the Adiponitrile Synthesis

entry”
1° 2¢ 3° 4° 5° 6° 7 8° 9
cathode Pb Pb PbCul.8 PbCu0.8 PbCul.3 PbCu3.7 PbCu2.2Bil.3 PbCul.3Te0.5 PbCul.3Se0.1
corrosion (mg) 0.2 0.14 0.03 0.09 0.04 0.03 0.045 0.05 0.03
corrosion (mm/year) 0.35 0.25 0.05 0.16 0.07 0.05 0.08 0.09 0.05
time (h) 920 90 200 209 96 90 96 96 96
selectivity (%) 90.3 90.4 90.9 91.4 90.4 88.8 90.0 90.9 90.9

“Reaction conditions: undivided cell, steel anode, 20 A dm™2, 55 °C. bBulk Pb cathode. “Electrodeposited on a circular steel plate (film thickness:

50 um).

binary and ternary alloys studied contained different amounts
of copper, or copper and bismuth, selenium, or tellerium
(entries 3—9). Impressive results were obtained. For example,
massive Pb electrodes corroded at a rate of 0.35 mm/year
(entry 1), whereas electrodeposited PbCu3.7 and
PbCul.3Se0.1 cathodes corroded only at a rate of 0.05 mm/
year (entries 6 and 9). Fascinatingly, a longer lifetime of the
cathode was obtained along with slightly better selectivity with
PbCul.3Se0.1 cathode (entry 9) in comparison to the massive
Pb or electrodeposited Pb cathodes (Entries 1—2).

Giitz, Waldvogel et al. utilized leaded bronzes in a
collaboration with Novartis Pharma in the cathodic mono-
and didehalogenation reactions of 1,1-dibromo cyclopropane
derivatives (Scheme 20).** Interestingly, the use of a neat lead
cathode with MTES additive led to almost 70 mol % of lead
corrosion products with respect to the pyrrolidine precur-
sor.”?® In these reactions, leaded bronze cathodes in
conjunction with the MTES additive proved to be extremely
resistant to cathodic corrosion. ICP-MS measurements showed
that only low levels of metallic residues (Pb S ppm, Cu 4 ppm,
Sn 1 ppm) were in the crude electrolytic mixture. This was
acceptable for pharmaceutical use, as the products obtained
were intermediates and not the final synthesis product. Later
on, the lab-scale electrosynthesis was scaled up to technically
relevant submolar scale, and also a flow system was developed
providing multimolar amounts of spirocyclopropane-pro-
line.*?® In this case, trace metal contents were less than 10
ppm, consisting mostly of copper. The selectivity for monohalo
or completely dehalogenated product was controlled by the
amount of applied charge as well as the electrolyte
composition.
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Scheme 20. Mono- or Didehalogenation of 1,1-Dibromo
Cyclopropane Derivatives at CuSn7Pb15 Cathode

Ry Ry
Br CuSn7Pb15 cathode H
Br R4
Ry DMF, MTES Ry
Rs Rs
R*=H, Br
4£0< 4
R4 N HN R
O:S :2—
N o NH 78% (R“ =H)
COOH AN —S: 94% (R* = Br)
98% (R4 - H) NH (0]
98% (DMF)
90% (MeCN)

The leaded bronzes were shown also to be viable cathodes
for the debromination of 2-amino-3,5-dibromopyridine, hydro-
dimerization of acrylonitrile, and domino oxidation—reduction
of aldoximes to nitriles.* Usually, with leaded bronze
cathodes, similar or higher yields were obtained than with
the neat lead cathode (Scheme 21). In the case of the selective
dehalogenation of 2-amino-3,5-dibromopyridine, a slightly
lower yield was achieved with the CuSnlOPbl0 cathode,
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Scheme 21. Comparison of the Yields between Leaded Bronzes and Neat Lead Cathodes in Several Reductive Electrosyntheses
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which was attributed to the decomposition of the substrate by
Cu-rich domains at the cathode’s surface.

The cathodic conversion of N,O bonds is of actual interest
and different electrode systems are employed.”>* Wirtanen,
Waldvogel et al. applied leaded bronze cathodes in the
synthesis of 2H-2-(aryl)benzo[d]-1,2,3-triazoles and 2H-2-
(aryl)benzo[d]-1,2,3-triazole N-oxides (Scheme 22).*°° The

Scheme 22. Synthesis of 2H-2-(Aryl)benzo[d]-1,2,3-
triazoles and 2H-2-(Aryl)benzo[d]-1,2,3-triazole N-Oxides
with CuSn7Pb1S Cathode
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leaded bronzes outperformed the lead as a cathode material,
and among leaded bronzes, CuSn7Pb1S was found to be the
most suitable cathode. In this case, no visible deterioration of
the cathode was observed.

Strehl, Christoffers et al. studied the cathodic reduction of a-
(ortho-iodophenyl)-f-oxoester cyclization (Scheme 23). In this
reaction, the lead cathode gave a slightly lower yield than
leaded bronze alloy CuSn17Pb.**°

5. SUMMARY

Acknowledging and addressing the issue of cathodic corrosion
is urgent. At an industrial scale, cathodic corrosion can impede
the adoption and implementation of electroorganic synthetic
processes. It is noteworthy that it is at this scale that organic
electrosynthesis would make the largest impact due to its
highly sustainable nature and potential for decarbonizing the

10262

Scheme 23. Cathodic Reduction of @-(ortho-Iodophenyl)-fi-
oxoesters with CuSn17Pb Cathode
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chemical industry, providing a climate-neutral solution for
chemical conversions. Thus, broader perception and better
awareness of the cathodic corrosion already at the lab-scale
could accelerate the adoption of reductive organic electrosyn-
thesis for technical processes. Some steps have been taken
already for the better recognition of this type of corrosion.
Recently, Hersbach and Koper emphasized this emerging issue
of cathodic corrosion and proposed the adoption of updated
Pourbaix diagrams as illustrated in Figure 18.*%

In the context of reductive organic electrosynthesis, we
propose that some operationally simple measures should be
undertaken more routinely. This is of particular significance
when electrolyzing at high current density. Before and after the
electrolysis, visual inspection and gravimetric analysis of the
cathodes and determination of the metal in solution should
allow assessing the magnitude of the cathodic corrosion.
Although these techniques may at first seem to overlap, there
are plausible scenarios where the full extent of the cathodic
corrosion will be revealed only by the combination of these
methods. For instance, deposit formation could counter the
weight decrease caused by the cathodic corrosion, or the
gaseous corrosion products might escape from the cell. Thus,
in the former scenario, the corrosion would not be detected by
gravimetric analysis, and in the latter scenario, measurements
from the reaction mixture would not reveal the full extent of
the corrosion. Regarding the use of alloys as cathodes, we
strongly recommend documenting the used materials thor-

https://doi.org/10.1021/acs.chemrev.1c00148
Chem. Rev. 2021, 121, 10241-10270


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00148?fig=sch21&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00148?fig=sch21&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00148?fig=sch22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00148?fig=sch22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00148?fig=sch23&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00148?fig=sch23&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

1.50

125 RSO Passivation .
1.00 ~— Anodie Corrosion ]
075 E
050 P
m L
T 0.25
w -
o 000 EEEST
> =i
S ~
=~ 025 B
w
050 [
0.75
i Cathodic Corrosion
25
- Cathodic Corrosion?
-2 0 2 4 6 8 10 12 14 16
pH

Figure 18. Updated Pourbaix diagram for platinum. Reproduced with
permission from ref 257. Copyright 2002 under CC BY 4.0 license.

oughly in the supporting information by reporting the material
number(s), supplier, composition, material properties, etc.
This would result in an increased reproducibility and
traceability especially for commercially available materials.'****

6. OUTLOOK

Although tremendous advances in the development of metal-
free and high performance electrodes based on carbon (e.g.,
BDD) have been made,”**~>°> metal cathodes still offer unique
features: the specific reactivity of cathodic surface (electro-
catalysis), good thermal and electrical conductivity, easy
machinability, and cost efficiency for electroorganic reductions
at very negative potentials. Therefore, metal cathodes will be
indispensable. The formation of ternary and higher alloys is
currently not well investigated. The emerging concept of high
entropy alloys (i.e., complex solid solutions or multiprincipal-
component alloys) that contain five or more elements is a very
promising area, and initial remarkable results, for example, in
the reductions of oxygen, water, and carbon dioxide have been
demonstrated.”®>~%° Interestingl!, in one case, a high
corrosion resistance was reported.2 >

Corrosion mitigation strategies will play an increasingly
important role as electroorganic synthesis becomes widespread
in large-scale chemical manufacturing as a unique technology
to both decarbonize this industry and increase its sustainability
by transitioning from petroleum to biomass as a feedstock.
Electrosynthesis has already been highlighted for its unique
advantages when integrated with other technologies in
biorefineries.””® In particular, new synergies have been
demonstrated when electrosynthesis is coupled with bio-
catalysis for the production of monomers from biomass.””" ~*"*
These synergies lower the number of unit operations needed
for the overall transformation, open new routes for process
intensification, and result in cost savings on the order of 30—
50% compared to the corresponding thermocatalytic con-
version.”””>’* In addition to its intrinsic technological
advantages compared to conventional thermocatalytic con-
versions, electrosynthesis was proposed to be well-suited for
the distributed manufacturing of chemicals due to the modular
nature of electrochemical reactors and their simple oper-

ation.”’”?”® Reductive electrosynthesis is already being
considered for the distributed manufacturing of hydrogen
(H,), ammonia (NH,), and hydrogen peroxide (H,0,) to
overcome challenges with their transportation. Similar
advantages exist when manufacturing chemicals from waste
biomass. New technologies that could easily transform
regional- and community-scale biomass into valuable chemicals
using distributed chemical plants are therefore highly desired.
These technologies would be particularly advantageous if using
excess wind energy, as it represents an inexpensive, abundant
(4 GW), and locally available source of renewable electricity in
rural areas.””**”’
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ABBREVIATIONS

AC = alternating current

AB = ammonium borane

BDD = boron-doped diamond

BMIM = 1-butyl-3-metylimidazolium

DC = direct current

DFT = density functional theory

DMEF = dimethylformamide

DMPBF4 = 1,1-dimethylpyrrolidinium tetrafluoroborate
DMSO = dimethyl sulfoxide

EDL = electrical double layer

EDS = energy-dispersive X-ray spectroscopy

EPR = electron paramagnetic resonance

GC/MS = gas chromatography—mass spectrometry
HER = hydrogen evolution reaction

ICP-MS = inductively coupled plasma mass spectrometry
LIMS = laser ablation/ionization mass spectrometry
MS = mass spectrometry

MTES = triethylmethylammonium methylsulfate
NHE = normal hydrogen electrode

ORR = oxygen reduction reaction

ReaxFF = reactive force field

RHE = reversible hydrogen electrode

rms = root-mean-square

SCE = saturated calomel electrode
SEM = scanning electron microscope
TBA = tetrabutylammonium

TMA = tetramethylammonium
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