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Organic chemists have made and are still making enormous efforts toward the development of novel
green catalytic synthesis. The necessity arises from the imperative of safeguarding human health and the
environment, while ensuring efficient and sustainable chemical production. Within this context, electroca-
talysis provides a framework for the design of new organic reactions under mild conditions. Undoubtedly,
nanostructured materials are under the spotlight as the most popular and in most cases efficient platforms
for advanced organic electrosynthesis. This Minireview focuses on the recent developments in the use of
nanostructured electrocatalysts, highlighting the correlation between their chemical structures and result-
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ing catalytic abilities, and pointing to future perspectives for their application in cutting-edge areas.

1. Introduction

Electrochemistry has been gaining great momentum in the
area of industry-relevant organic synthesis." The basic concept
is to exploit the electrochemical potential to form highly reac-
tive intermediates, such as radicals and radical ions, from suit-
able organic precursors through single electron transfer (SET)
processes.”® In principle, these SET events occur under mild
operating conditions and in a controlled fashion, thus avoid-
ing the use of potentially harmful reagents (e.g. a stoichio-
metric amount of oxidants/reductants), or harsh conditions as
in the case of conventional thermal processes.” As a conse-
quence, electrochemical synthetic strategies are extremely
attractive with regard to the sustainability of a chemical
process. The exploitation of electrochemical potential as the
energy source can also enable reaction pathways and/or inter-
mediates which would be difficult to reach with classical
thermal methods, paving the way to novel synthetic routes.® An
additional advantage of electrosynthesis includes the feasi-
bility of process scaling-up at limited cost and time, favoring
their exploitation in the industrial synthesis of bulk and fine
chemicals.

A central element of the electrochemical device is rep-
resented by the catalytic material, a species able to harness the
electrochemical potential and open specific synthetic pathways
for the controlled evolution of reagents to products. Therefore,
a correct design and assembly of the electrocatalytic material
holds the key to improved efficiency and selectivity. Within
this framework, nanostructured electrocatalysts are particularly
attractive in view of their high reactivity, which originates from
the abundance of low-coordination active sites. In addition,
their large electrocatalytic surface area ensures high current

This journal is © The Royal Society of Chemistry 2024
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densities.”'® A clear demonstration of the central importance
of electrocatalysts, and in particular nanostructured catalysts,
is the fact that many industrial systems rely on the use of
nanometric active particles dispersed on high-surface-area
supports, ensuring the minimum required energy efficiency.'*
The support also deserves some consideration as its role goes
beyond the mere stabilization of the nanoparticles, and in
several cases it exhibits active participation in the process. In
fact, the support is able to efficiently “wire” the nanoparticles
to the electrode’s surface or even assist the catalytic sites in
generating key intermediates.'?

The vision of decarbonization of the chemical industry must
take into account the potentiality of organic electrosynthesis
powered by renewable electricity, which surely represents an
emerging sustainable alternative route to thermal processes for
the production of value-added and fine chemicals.'*™"®
Conventional synthetic processes are typically energy-intensive
and suffer from CO, emissions, with consequent environmental
issues related to the CO, greenhouse effect. At the same time,
CO, is an attractive low-cost abundant carbon source and can
be in principle used as a C1 feedstock or building block for the
preparation of organic molecules.” The electrochemical CO,
reduction reaction (CO,RR) catalyzed by nanostructured
materials has been widely explored as a promising strategy to
produce C;-C,. fuels and carbonaceous products, including
carbon monoxide, oxygenates and hydrocarbons.'®'® However,
coupling the CO,RR with organic electrosynthesis presents an
opportunity to expand the scope of the process to synthesize a
large variety of organic products. According to this approach,
CO,RR products can be used in situ or ex situ as building blocks
for organic synthesis. For instance, the CO,RR-derived CO was
recently used to promote organic carbonylation reactions for
the scalable synthesis of pharmaceutically relevant com-
pounds.”® Furthermore, reactive key intermediates involved in
the multi-electron CO,RR have been employed as reactants to
drive C-N or C-S coupling reactions in combination with small-
molecule N or S-containing precursors.”’*> Hence, the CO,RR
selectivity towards a specific target product is the key to achiev-
ing efficient organic electrosynthesis. In this regard, the
mechanistic elucidation of the catalytic pathways is an essential
tool to understand the factors affecting the selectivity, which
include not only the reaction conditions but also the intrinsic
properties of the catalyst. For Cu-based CO,RR nanostructured
electrocatalysts, structural features such as particle size/shape
dependence,>®™° morphological restructuring® and oxidation
state®® are known to strongly impact the observed selectivity.

Together with CO, reduction, the production of green
hydrogen by water electrolysis also represents a milestone to
realize the energetic transition towards a more sustainable
chemical production. In this regard, hydrogenation reactions
are extremely important in organic synthesis and typically
require elevated temperatures and pressures to occur.>
Recently, electrochemical hydrogenation (ECH) of organic sub-
strates in aqueous electrolytes has proven to be a suitable
alternative approach to hydrogenate molecules using water as
the hydrogen source. Compared to traditional hydrogenation
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reactions, ECH not only reduces the carbon footprint for
hydrogenation reactions, but also promotes an in situ utiliz-
ation of hydrogen to prepare a wide variety of organic mole-
cules, thus preventing the safety issues related to the transport,
handling and storage of H,.>°

This minireview aims at highlighting the most recent
advances in the production of electrocatalytically active nano-
materials and their applications in organic catalysis. In par-
ticular, in Section 2, the review will focus on electrocarboxyla-
tion processes, based on the concomitant activation of organic
substrates and CO,. Direct ECH of organic substrates will be
discussed in Section 3, focusing on structural and functional
aspects of the state-of-the-art nanocatalysts in relation to the
efficiency and selectivity of the process. Finally, future pro-
spects offered by this thriving research field will be proposed,
and how they may contribute to addressing the current chal-
lenges in several organic reactions.

2. Reductive electrochemical organic
transformations with CO, as a
substrate

In this section, we critically rationalize the state-of-the-art
results in the field of reductive electrocatalytic conversion of
organic substrates in combination with the CO, reduction
reaction (CO,RR), in which CO, is used as a carbon source to
produce value-added products and fine chemicals. We primar-
ily focus on the electrocarboxylation reactions of organic
halides (section 2.1) and ketones (section 2.3), leading to car-
boxylic acids and their hydroxy derivatives, respectively. In
section 2.2 we discuss recent findings about the reductive
electrochemical processes of nitrogenated substrates with CO,
based on carbon-nitrogen coupling reactivity, including urea
electrosynthesis, N-methylation of amines and the synthesis of
carbamates. The reactions herein discussed are mostly
reported in organic non-aqueous media, due to the solubility
limitations of CO, and organic substrates/products in water.
One further limitation of these types of processes is the conco-
mitant CO, reduction reaction (CO,RR), which typically leads
to the formation of oxalate, carbon monoxide and carbonate
in anhydrous non-aqueous media. On one hand, the parasitic
CO,RR current contributes to the reduction in the overall fara-
daic efficiency (FE) for the desired organic product, on the
other hand the CO,RR products may also contribute to drasti-
cally affect the durability and stability of the carboxylation
process, for instance carbonate precipitation leading to
cathode passivation.”"**> Moreover, the electrocarboxylation
processes typically occur via radical-based mechanisms invol-
ving extremely reactive radical intermediates which may
undergo several competitive coupling side reactions.

2.1 Electrocarboxylation of organic halides

The electrochemical fixation of CO, into organic halides
stands out as a prominent sustainable strategy to produce car-
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boxylic acids, which are essential chemicals for the polymer
and pharmaceutical sectors. The traditional approach for the
synthesis of carboxylic acids is based on the reaction between
a Grignard reagent and CO, to form a carboxylate salt which,
upon protonation, yields carboxylic acids. The electrochemical
pathways instead are built on a completely different sequence
of events: the electrochemical potential pumps electrons at the
cathode, where the reduction of the organic halide occurs on
the electrode’s surface; concomitantly, a CO, coupling step
leads to the formation of the carboxylate product. Considering
the differences between the two approaches, we must empha-
size the absence of a chemical reducing species in the electro-
chemical approach, which implies better atom economy as
well as reduced cost and impact on the environment.

The dehalogenation of organic halides coupled with carbox-
ylation at metal electrodes has shown good versatility, being
applicable for a large variety of substrates.’**> Metal-based
nanostructures are the most suitable cathode materials, often
guaranteeing a good level of conversion selectivity into the
corresponding carboxylic acids, occurring with high efficien-
cies. Pt nanoparticles (NPs) embedded into N-doped carbon/
carbon cloth (Pt-NP@NCNF®@CC) prepared by the electro-
spinning technique could drive the electrocarboxylation of
1-phenylethyl bromide with CO, to yield the corresponding
2-phenylpropionic acid, a crucial intermediate for the syn-
thesis of non-steroidal anti-inflammatory drugs, with an
efficiency of 99% (entry 1 in Table 1).>° The same group also
developed a core-shell composite material, labelled AgNW/
NC700, based on the encapsulation of silver nanowires (Ag
NWs) within an N-doped carbon shell followed by thermal
treatment at 700 °C.*” Under the optimized conditions, AgNW/
NC700 could efficiently catalyze the production of ibuprofen, a
widely used anti-inflammatory drug, in 95% chemical yield
and >99% selectivity using the corresponding benzyl bromide
and CO, as substrates (entry 2 in Table 1 and Fig. 1).
Interestingly, the same catalyst provided good-to-excellent
59-91% yields for the CO, electrocarboxylation of a series of
other benzylic and aliphatic halides. Control experiments
suggested that the catalytic activity had to be attributed to the
Ag active sites, whereas the porous N-doped carbon shell
served to increase the local CO, concentration at the Ag sites,
thus boosting the carboxylation process. Despite the encoura-
ging results, a drawback in the above examples is the reliance
on precious metals, which could be problematic for translation
to larger scale set-ups.

The inclusion of more abundant metals (and the concomi-
tant reduction in precious metal use) is therefore extensively
explored, with copper arguably being the most popular tran-
sition metal, however, it is challenging to match its activity to
those of noble metals. Nevertheless, some notable examples
are available, such as a trimetallic Ag,Cu,Ni, alloy electrode-
posited on glassy carbon (GC), which could catalyze the con-
version of benzyl bromide to phenylacetic acid with >95%
yield in 0.1 M TBABF,/DMF.?® Here, it is important to empha-
size that while the catalytic material is made of more abundant
elements, and therefore at lower cost, the sustainability is
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partly compromised by the electrolyte system, which is based
on more toxic DMF and high priced TBABF,. The formulation
of an electrocatalyst employing only copper as the metal
element has been recently proposed, featuring Cu embedded
into a carbazole-derived porous organic polymer to form the
Cu@Cz-POP nanohybrid. This system catalyzed electrocarboxy-
lation of benzyl bromide in a CO,-saturated 0.1 M TBABF,/
MeCN electrolyte, therefore implying better sustainability of
the process.>® On the other hand, the yield was not quantitat-
ive, reaching a value of 65% for the production of phenylacetic
acid (entry 3 in Table 1), whose formation was proposed on
the basis of a previously hypothesized mechanism involving
the carboxylation of the electrogenerated benzyl radical.*
Benzyl 2-phenylacetate (ester) and 1,2-diphenylethane (radical
dimerization) were identified to be the major side-products
limiting the selectivity of the reaction towards carboxylic acids.

In addition to the intrinsic structural and functional pro-
perties of the nanostructured catalyst, the efficiency and
selectivity of the CO, electrocarboxylation of halides is depen-
dent on other factors such as the electrolyte medium and the
configuration of the electrochemical reactor. Simple undivided
electrochemical setups are typically used for electrolysis experi-
ments, without dividing the cathode/anode compartments by
a membrane separator and using a sacrificial metal anode
(usually Mg or Al) to avoid undesired oxidation of the substrate
or products. The presence of sacrificial anodes is often ben-
eficial for improving the selectivity of CO, electrocarboxylation
towards carboxylic acids.*"™** The cations produced upon oxi-
dation at the anode coordinate the carboxylate species and
prevent side nucleophilic reactions with the organic halide
substrate leading to the formation of undesired products, such
as esters, alcohol and carbonates.”’ On the other hand, the
utilization of sacrificial anodes drastically limits the sustain-
ability of the process, due to the additional energy consump-
tion required for anode regeneration.** Moreover, the anionic
products typically formed by the parallel CO, reduction reac-
tion (CO,RR) in aprotic media (e.g., carbonates and oxalates)*>
may form insoluble salts with the cations derived from the
sacrificial anode during the process, leading to cathode passi-
vation or uncontrolled increase of the cell voltage during oper-
ation. These limitations have been recently mitigated by per-
forming the reaction in a two-compartment electrochemical
cell with a membrane separator and by adding a soluble in-
organic salt (anhydrous MgBr,) to the catholyte, which mimics
the beneficial role played by the sacrificial anode in an undi-
vided configuration.”® A sacrificial anode-free system was
recently tested for the carboxylation of a variety of aliphatic,
benzylic and aromatic halides, providing moderate-to-good
yields (34-78%) of carboxylic acids.

By using an H-type electrochemical cell with a Nafion mem-
brane, Cao et al. developed an efficient system for the highly
selective electrocarboxylation of aryl bromides coupled with
the anodic oxygen evolution reaction (OER).*”” CuAg nanowires
featured as the cathodic catalysts, displaying remarkably high
selectivity for the production of carboxylic acids (the
maximum FE of 98%) and a good tolerance to mono-substi-

This journal is © The Royal Society of Chemistry 2024
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Catalyst Substrate Product Yield (FE) E (V) Electrolyte
Pt-NP@NCNF@CC 3¢ Br 99% — 0.1 M TEAI/MeCN
OH
o)
AgNW/NC700 %’ Br 96% —0.8 Vrue 0.1 M TEAI/MeCN
OH
Y@* !
Cu@Cz-POP*° COOH 65% - 0.1 M TBABF,/MeCN

5
4

CuAg Nws*’ @EBr COOH 67% (98%) —2.4 Vscr 0.1 M TBAPFs/DMF
F @
F
CoPc/CNTs ** OH Ol/ (7.5%) —0.93 Ve 0.1 M KHCO,
Pd, ,/Co-N/carbon ®* NO, | 92% —2.3 Vagiag+ 0.5 M ([Bmim]Tf,N)/MeCN
C @N\
Cu-N-C-3 % NH, H 71% —- 0.1 M TEABr/MeCN
oy T
I
Ag/BDD *® o O OH 87% —2.22 Vgcg 0.1 M TBABF,/DMF
OH
°
Ag-Ce0, ”° 0 HQOH 91% ~1.8 Vag/agr 0.2 M TBABr/MeCN
O)k [ j 0
La, /Sto sFe0; ! CH3 OH 68% ~2.0 Vagragui— 0.1 M TBAI/DMF

sallican

“j=3mAcm 2 ?j=120 mAcm™2 =10 mA cm™>

Electrocatalytic Carboxylation of Halides with CO,

X AgNW/NC700 COOH
Q' o T @
P =1 atm; 25°C
_ 6 examples
X =Cl, Br ¢~ up 1o son yieid \AGNWINC700
selected examples
/ COOH
COCH ©)<COOH
Ibuprofen i
99% yield 91% yield 82% yield 59% yield

Fig. 1 Electrocatalytic carboxylation of organic halides.*”

This journal is © The Royal Society of Chemistry 2024

tuted aryl bromides (including naphthalene and heteroaro-
matic ones). Using bromobenzene as a model substrate,
benzoic acid was obtained with 90% FE in a flow cell reactor at
—2.4 Vgcg (entry 4 in Table 1). The proposed mechanism for
the carboxylation reaction involves an initial single-electron
reduction of the halide, leading to the formation of a radical
intermediate which then undergoes CO, coupling to yield the
carboxylate product. Competitive proton trapping by the
organic radical may lead to the hydrogenation side product.
Here, the bifunctionality of the heterobimetallic CuAg nano-
catalyst appears to be the decisive feature, with Cu activating
and reducing CO, and Ag promoting the dehalogenation reac-
tion. As a result, the competitive hydrogenolysis and reductive
coupling reactions of aryl bromides could be effectively sup-
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pressed. Notably, a thorough mechanistic study of the electro-
carboxylation of aryl bromides recently revealed that the hydro-
genolysis side reaction involves a solvent deprotonation step.*®
Hence, it was demonstrated that solvent optimization is an
important parameter in controlling the selectivity of carboxyla-
tion by adjusting the rate of the competitive hydrogenolysis
pathway.

2.2 Carbon-nitrogen coupling with CO,

Due to its versatility, the utilization of CO, electroreduction to
build new C-N bonds is a platform for the synthesis of a large
variety of organic nitrogenated compounds with high selecti-
vity according to the N-precursor and the CO,RR catalyst. Once
again, the catalyst design is critical for selectivity, since reac-
tive intermediates generated at the catalyst’s surface during
the CO,RR may in situ react with the N-precursor, directing the
selectivity towards the formation of specific C-N products.*®

Urea is one of the typical targets of electrosynthesis, on
account of its use as a fertilizer. Finding a more convenient
and less environment-impacting synthetic method than the
traditional energy-intensive processes from CO, and Haber-
Bosch-derived ammonia is highly attractive. The electro-
catalytic approach is based on coupling the CO,RR with the
co-reduction of abundant low-cost inorganic nitrogen sources,
such as NO;~, NO,~ and N,.>°® Since the seminal work by
Shibata et al. in 1995,°° several nanostructured electrocatalysts
have been reported for urea electrosynthesis in aqueous media
from CO, and NO;7/NO,~ with variable FEs and different pro-
posed mechanisms for C-N coupling.’™*> Among them, the
use of an In(OH); catalyst at an applied potential of —0.6 Vgyg
afforded 53.4% FE., from the co-reduction of NO;~ and CO,,
for which single {100} facets displayed a low energy barrier for
the key coupling step between the *NO, and *CO, intermedi-
ates.>® More recently, a FEy.e, of 27.7% has been reported for
the same reaction catalyzed by MoO, nanoclusters anchored
on carbon black at —0.6 Vgyg.”® For these systems, the low-
valent highly unsaturated Mo sites were proposed to be ben-
eficial for promoting the catalytic C-N coupling process. In a
few cases, dual-site catalysts led to improved urea selectivity;
for example, in the case of core-shell bimetallic catalysts
based on Cu@Zn nanowires, a very high urea selectivity
(9.28% FE) from the co-reduction of CO, and NO;~ evolved
from a more favorable coupling of the key *CO and *NH, inter-
mediates compared to the single metal components.”® Other
examples include PdCu alloy nanoparticles on TiO,
nanosheets, where despite a relatively low FE (8.92% at —0.4
Vrue), the work is notable because urea is prepared in an
aqueous electrolyte by the direct coupling between CO, and N,
under ambient conditions.>*

In addition to urea, in a few cases the co-electroreduction
of CO, and NO,”  led to the formation of added-value
organic amines. The first example of cascade electrochemical
conversion of CO, and NO;~ precursors to methylamine in
aqueous media under ambient conditions has been reported
only recently, with FE = 13% and a partial current density
of 3.4 mA cm™ at —0.94 Vgye.”” In this work, the cobalt
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B-tetraaminophthalocyanine molecular complex supported on
carbon nanotubes (CNT) functioned as the catalytic ensemble
and it is noteworthy that this is one of the few systems
reported to date capable of converting CO, into CH;OH with
good efficiencies.>® The key step is the condensation between
formaldehyde (HCHO) and hydroxylamine (NH,OH), which
are the critical intermediates formed along the pathways for
electrocatalytic CO,-to-CH;OH and NO; -to-NH; reactions,
respectively. The condensation reaction occurred under
ambient conditions leading to the formation of formaldoxime
which, in turn, was ultimately converted into methylamine
upon further electrochemical reduction. Interestingly, an ana-
logous mechanism involving the spontaneous reaction
between acetaldehyde and hydroxylamine intermediates was
proposed to explain the electrochemical formation of ethyl-
amine in small amounts (0.15% FE) by the co-reduction of
CO, and NO;~ catalyzed by a CuO-based material.®

In a follow-up work, the same group extended the substrate
scope to a large variety of nitrogen nucleophiles, based on
their fast reactivity with the in situ generated HCHO from CO,
electroreduction. This represents the first electrocatalytic
approach for the direct N-methylation of amino derivatives
with CO, in aqueous media (Fig. 2), obtained by using a
hybrid catalyst based on cobalt phthalocyanine supported on
CNTs (CoPc/CNTs).*" The heterogenized molecular catalyst is
able to catalyze the four-electron reduction of CO, to *HCHO,
which then reacts with the nucleophilic amine substrate pro-
viding the corresponding imines/iminium ion intermediates
in solution. Under the catalytic regime, the CH,=N bonds
within these intermediates may be reduced to yield the desired
N-methylated products. The reductive N-methylation reaction
with CO, was tested for a variety of aliphatic and aromatic
primary and secondary amines. For the model piperidine sub-
strate, the N-methylpiperidine (NMP) product was formed with
an FE value of 7.5% at —0.93 Vgyg (entry 5 in Table 1). The
efficiency of the C-N coupling reaction was partially limited by
the competition with the concomitant CO,-to-CH3;OH reaction
catalyzed by CoPc/CNTs, therefore, an increased nucleophili-
city of the amine precursor tends to favor the formation of the

Electrocatalytic Reductive N-Methylation with CO,

Vo O [
NH + CO, CoPc/CNTs N
Q P =1 atm; 25°C 0/ Me
9 examples
selected examples
: m
N
" SMe “"Me \/N\Me
Me
Me Me NH
(\N/ N/
o
CoPc/CNTs

Fig. 2 Electrocatalytic reductive methylation of amines.®*
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N-methylated product over the CO,RR. The formation of
N-methylamines was also attempted by starting directly from
nitro-compounds as precursors, resulting, however, in very low
FE (6.0%) at —0.93 Vgug.®' Nevertheless, selective electro-
chemical N,N'-dimethylation of nitrobenzenes under CO,
using water as the hydrogen source was successfully attained
with Pd NPs supported on Co-N/carbon as the catalyst.°> By
using a H-cell configuration, nitrobenzene was converted into
N,N-dimethylaniline with a 92% of yield at an applied poten-
tial of —2.3 Vjg/ae+ (entry 6 in Table 1), and a decisive role was
played by 1-aminomethylphosphonic acid (AMPA) as the co-
catalyst which could promote the methylation step of aniline
upon reaction with the *HCHO intermediate derived from the
CO,RR.

Another interesting class of nitrogenated compounds is car-
bamates, which find extensive applications in medicinal,
polymer and pesticide chemistry.®® Remarkably, traditional
thermal synthetic processes mostly employ toxic gases, includ-
ing phosgene and CO. From this perspective, the electro-
chemical approach, applicable by using CO, and amines as C
and N sources, offers a significant increase in sustainability.
As an example, a Cu catalyst dispersed on N-doped carbon
nanosheets obtained by pyrolysis of a metal-organic frame-
work (MOF) proved to be efficient for the electrosynthesis of
carbamates.®® Under optimized conditions, the catalyst could
promote the conversion of aniline and CO, to form the methyl
N-phenylcarbamate in high yields (71%) (entry 7 in Table 1).
The high content and atomic dispersion of Cu on the N-doped
carbon nanosheets with large specific surface area make Cu-
N-C materials rich in active sites, leading to improved catalytic
performance in comparison with bulk Cu electrodes.

2.3 Electrocarboxylation of aromatic ketones

The electrochemical reduction of aromatic ketones in non-
aqueous solvents containing carbon dioxide (CO,) gives access
to the preparation of hydroxycarboxylic acids, which are inter-
mediates in the production of non-steroidal anti-inflammatory
drugs.®>®° Similarly to that discussed for the electrocarboxyla-
tion of organic halides, the carboxylation of aromatic ketones
involves an initial single-electron reduction of the substrate to
form a ketyl radical anion, which reacts with CO, at the acti-
vated carbon atom of the carbonyl group to yield the desired
hydroxycarboxylic acid product.®” Direct experimental evidence
for radical formation was provided by in situ electron spin reso-
nance (ESR) spectroscopy for the electrocarboxylation of ben-
zophenone catalyzed by Ag NPs deposited on the boron-doped
diamond electrode (entry 8 in Table 1).°® However, in analogy
with the electrocarboxylation of halides, the extreme reactivity
of the ketyl radical may lead to the formation of undesired by-
products (e.g., pinacol and alcohol), thus reducing the selecti-
vity of the process. In particular, the selectivity for carboxylic
acids is extremely sensitive to the CO, concentration.®” In this
regard, the uniform dispersion of NiC,0, NPs on ordered
mesoporous carbon with a high specific surface area and CO,
adsorption properties can be beneficial for the selectivity
towards the formation of carboxylic acids.®’

This journal is © The Royal Society of Chemistry 2024
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The regulation of the nanocatalyst’s structural properties
is fundamental to control selectivity. Guan et al. showed that
double activation by the Ag-CeO, NW catalyst led to the elec-
trocarboxylation of acetophenone with CO, to form 2-phenyl-
lactic acid.”® The dual-site Ag-CeO, NWs exhibited the ability
to activate both CO, and acetophenone concurrently through
cathodic activation, resulting in the synergistic generation of
CO,"~ and ketyl radical anions, thus favoring the electrocar-
boxylation process. Notably, the desired 2-phenyllactic acid
product was produced with a maximum FE = 91% at —1.8
Vagagt (entry 9 in Table 1). Combining a heterogeneous
La;_,Sr,FeO; perovskite catalyst with a homogeneous chiral
auxiliary Co™-(salen) complex proved to be a powerful strategy
to drive the enantioselective electrocarboxylation of acetophe-
none.”" The reported results indicate that the perovskite cata-
lyst facilitates the electrocarboxylation of acetophenone,
thanks to the Sr doping-induced accumulation of strong
Lewis acidic Fe species and O®” species on the surface,
which tend to stabilize the ketyl radical intermediate. On the
other hand, the chiral Co complex is essential for obtaining
optically active products, as CO, coordinates with the
reduced Co' state so that the enantioselective carboxylation
step is facilitated by interaction with the ketyl intermediate.
This proposed cooperative mechanism resulted in the syn-
thesis of 2-hydroxy-2-phenylpropionic acid with a 68% yield
and 94% enantiomeric excess at an applied potential of —2.0
Vag/ag (entry 10, Table 1).

3. Electrochemical hydrogenation
and functionalization of organic
substrates

In this section, we will summarize the most relevant recent
findings on the ECH of organic substrates, including unsatu-
rated hydrocarbons (alkynes and alkenes), carbonyl com-
pounds such as aldehydes and ketones, nitrogenated sub-
strates and halides. In ECH processes, the electrolyzer provides
the reducing equivalents necessary to reduce the substrate,
whereas water functions as the hydrogen source. For this
reason, unlike CO, carboxylation processes discussed in
section 2 which are usually carried out in aprotic non-aqueous
electrolytes, ECHs are typically carried out in aqueous media.
The lack of CO, in the reaction scheme avoids the issues
related to poor CO, solubility in water. On the other hand,
while enabling easier workup for product analysis, aqueous
media pose significant challenges related to the limited solubi-
lity of the organic substrates and/or products. Moreover, in
aqueous electrolytes they are prone to undergoing the competi-
tive hydrogen evolution reaction (HER) as a side reaction,
which limits ECH efficiency. In fact, the main challenges in
this field are mainly related to the need for developing
effective strategies for suppressing the HER (via catalyst
design, technological modifications of the electrochemical
reactor, etc.) in order to improve ECH selectivity.
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3.1 Hydrogenation of unsaturated hydrocarbons

Electrochemical semihydrogenation (ECSH) of alkynes to
alkenes provides an essential and well-established process to
access fine chemicals and useful building blocks. Highly
chemo- and regioselective semihydrogenation of alkynes is a
challenging but extremely important process for the syn-
thesis of functionalized alkenes, which have widespread
applications in pharmaceutical and polymer industries.”
Most of the reported catalytic systems for electrocatalytic
alkyne reduction are based on noble transition metals and
specifically palladium.”®”® It has been demonstrated that
heteroatom-doping is an effective strategy to tune the elec-
tronic properties of Pd nanostructures, dramatically affecting
the ECSH efficiency and selectivity. In particular, the design
of S-rich isolated Pd sites within amorphous PdS, nanocap-
sules enabled excellent yields and selectivity for the conver-
sion of 4-ethynylaniline to alkene over a wide potential
window in aqueous media, outperforming reference Pd NPs
which suffer from selectivity loss due to alkyne over-hydro-
genation (entry 1, Table 2).”°® Detailed mechanistic studies
highlighted the unique structural features of isolated PdS,
moieties, which favor substrate adsorption via the terminal
alkyne group over the commonly reported flat adsorption
mode, thus favoring the ECSH mechanism as further con-
firmed by in situ Raman spectroscopy. In the ECSH mecha-
nism, electron paramagnetic resonance (EPR) spectroscopy
and high-resolution mass spectrometry (HR-MS) indicate the
involvement of key carbon and hydrogen radicals, the latter
originating from H,O electrolysis. Importantly, the PdS, cata-
lyst provided excellent chemo- and regioselectivity for ECSH
of functionalized alkynes, also displaying a high chemical
tolerance to the presence of easily reducible and Pd passi-
vating groups. Importantly, the catalytic system was proven
to be effective for the gram-scale synthesis of 4-bromostyr-
ene and for the production of extremely expensive deute-
rated alkenes. Sulfur modification was also applied to Pd
nanotips, resulting in a highly efficient and selective ECSH
of alkynes, reaching a maximum 97% conversion yield, 96%
selectivity and 75% FE toward alkene production (entry 2,
Table 2).”” In this study, deuterium labelling experiments
confirmed that H,O is the unique H source in the reaction
and the kinetic isotope effect suggests the H,O dissociation
step to be the rate-determining step for ECSH. The authors
highlighted the crucial role played by the surface thiolate
groups in promoting water splitting to produce surface-
adsorbed hydrogen (H*,45), which is the key reactant for the
following hydrogenation step.

The fine tuning of the catalyst’s electronic structure may be
combined with the rational design of the electrode-electrolyte
interface to further improve the FE for ECSH in aqueous
media. For example, boron-doping was recently reported to
alter the electronic structure of a Pd catalyst, enhancing the
semi-hydrogenation rate and ensuring >90% selectivity for the
conversion of alkynols to the corresponding alkene derivative
(entry 3, Table 2).”® Moreover, the addition of quaternary
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ammonium cationic surfactants to the catholyte induced a
hydrophobic microenvironment at the electrode—electrolyte
interface, causing further enhancement of the FE for ECSH
due to the suppression of competitive HER.

The facet dependence on the ECSH performances in Pd
nanocatalysts has also been investigated recently. In particu-
lar, Xu and co-workers studied the role played by low-index
Pd (hkl) surfaces in ECSH of alkynes by systematically com-
paring Pd NPs with different shapes, including Pd nano-
cubes (NCs), nano-octahedra and nanorhombic dodecahe-
drons.”® As a result, they found that the alkyne conversion
rate and alkene selectivity follow the order Pd (100) > Pd
(111) > Pd (110), indicating that Pd NCs achieve the highest
ECSH activity and alkene selectivity in the series and
demonstrating that the interfacial water structure is crystal
plane-dependent.

In addition to ECSH, the electrocatalytic hydrogenation of
unsaturated C=C chemical bonds has attracted growing inter-
est in the last few years as a promising strategy to produce
high-value chemicals from unsaturated hydrocarbons using
water as the hydrogen source. Recently, Zhu et al. have
reported a tensile-strained PdRuCu alloy, which was used as a
model system to explore the influence of both tensile strain
and alloy structure on the ECH of alkenes.®’ It was revealed
that tensile strain enhances the adsorption of C=C, while the
incorporation of Ru and Cu into the Pd lattice facilitates hydro-
genation by weakening the Pd-H bond. Hence, the PdRuCu
icosahedra exhibited outstanding ECH performances in the
conversion of 2-methyl-3-buten-2-ol (entry 4, Table 2).
However, the low solubility of the unsaturated hydrocarbons in
water represents a strong limitation to an efficient aqueous
ECH of alkenes. In order to address this challenge, Han and
co-workers developed a novel Pickering emulsion system based
on compartmentalization of organic substrates and aqueous
electrolytes in different phases, thus enabling an efficient ECH
at the interface (entry 5, Table 2, Fig. 3).%" The reported compo-
site material based on Pd NPs immobilized on positively
charged CNTs (Pd/CNTs) played the role of both a stabilizer
for Pickering emulsion and an electrocatalyst for olefin ECH at
oil-water interfaces. This system allowed the direct hydrogen-
ation of a variety of olefins with high current densities and
FEs, outperforming the state-of-the-art Pd membrane
reactors.®

Although in ECH the majority of reports feature Pd-based
systems, recent findings have highlighted the possibility of
using non-Pd nanostructures as competent catalysts for the
ECH of olefins. Among them, a hybrid cathode based on Cu,O
quantum dots supported on graphdiyne efficiently promoted
the selective hydrogenation of olefins in unsaturated carboxylic
acids as substrates using H,O as the hydrogen source, exhibit-
ing remarkable activity and selectivity.”> Maleic acid as a
model substrate could be fully converted into succinic acid
after 10 hours of reaction. The reported system also displayed
high selectivity for cis/trans isomerism, with a preference for
the cis-structure when both cis-and ¢rans-structures are present
in solution.

This journal is © The Royal Society of Chemistry 2024
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Table 2 Selected nanostructured electrocatalysts for electrochemical hydrogenation of organic substrates
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Catalyst Substrate Product Yield (FE) E(V) Electrolyte
PdS, ANCs 7® \ 93% (28%) —1.05 Vugmgo 1.0 M KOH/diox.
= Br \—Q—Br
ArS-Pd4S NTs 77 \ 96% (75%) —1.24 Vyggo 1.0 M KOH/diox.
= NH, NH,
PdB "8 CH,3 HsC_ OH 94.5% (39%) —1.0 Vrug 0.5 M K,CO;
Hc:—QOH fCHs
CHs
PdRuCu alloy OH OH 93% (22.3%) —0.3 Vrue 0.1 M HCIO,/EtOH
Hch\*/\ /\1/\
CH; CHs
Pd/CNTs & ©/\ ©/\ (95%) —0.65 Vrue 0.5 M H,SO,
Ag/C NP #° o) o} 98% (96.2%) —1.3 Vagiagal Sodium borate buffer 0.5 M
HO \ / o HO/\@/\OH
Ru/RGO ¥’ 0 o 91% (95%) —1.25 Vagiagar 1 M H,S0,
N Ve
PdCu NBWs ** o o] 54.8% —0.3 Vrug 0.2M KH,PO, + 1 M KOH
0 NH2
CoFe-SSM * o} NH, 98% (32.4%) —0.7 Vrug 0.1 M HCI
HsC OH
OH
CH3 O O
Fe ™ PH 100% (20.1%) —0.3 Vrue 0.5 M K,CO;
o O
AL-NFM *° | SN fO | SN /N—OH 92.1% (49.8%)  —* 0.1 M KOH
N/) H N/) H
Pd-Mo metallenes **  \\ \ 90% (78.3%) —0.25 Vrue 0.1 M LiClO,
NO, NH;
CuNiAl alloy *° 88.5% (82.3%)  —0.07 Vg 1 M KOH
NO, NH,
Co-F Nw 11 N 94% —1.1 Vigmgo 1 M KOH/diox.
—
N N
H
Pd@Ni-foam **” SN Oy P (82.97 £2.44%)  —1.2 Vagiagal 1 M KOH
/S F S F
Cl H
Y N)K( - N)K(
o TG ERLL
RuTiO, '*? o] cl OH (41%) —0.1 Vgug 0.2 M phosphate buffer
OH ©
cl
CoPc/CNT **3 ol AT H H (100%) —0.2 Vrug 0.1 M KHCO;
H H
9i=13 mA.
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Electrocatalytic Hydrogenation of Alkenes
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selected examples

92% yield 83% yield

NN
44% yield .

Pd/CNTs y

Fig. 3 Electrocatalytic hydrogenation of alkenes.®*

3.2 Hydrogenation and functionalization of carbonyl
compounds

The electrocatalytic hydrogenation of biomass-derived carbo-
nyl compounds, such as furfural derivatives, have garnered sig-
nificant interest in the green synthesis of various products,
including lubricants, polymers, and plasticizers.®® Among
them, 5-(hydroxymethyl)furfural (HMF), which is obtained
from biomass through dehydration of fructose or glucose, is a
promising renewable feedstock and building block for a variety
of value added chemicals and fuels. In particular, 2,5-bis
(hydroxymethyl)furan (BHMF) is an interesting potential target
product of ECH of HMF, due to its widespread applications in
the polymer industry.®> Recently, Chadderdon and co-workers
developed a highly efficient electrolyzer by pairing HMF hydro-
genation to BHMF and HMF oxidation to 2,5-furandicarboxylic
acid (FDCA).®® At the cathodic side, carbon-supported Ag nano-
particles (Ag/C) served as a catalyst for ECH of HMF to BHMF
under mild conditions (entry 6, Table 2). The selectivity
towards BHMF production versus undesired HER and HMF
hydrodimerization reactions was found to be extremely poten-
tial-dependent, affording the optimal 96.2% FEgpur at an
applied potential of —1.3 Vjgagci. Simultaneously, the oxi-
dation of HMF to 2,5-furandicarboxylic acid (FDCA) was
achieved in a divided cell, reaching overall yields of 85% for
BHMF and 98% for FDCA, respectively. Paired electrolysis was
also demonstrated as an effective electrosynthetic approach for
producing high-value chemicals using furfural as a biomass-
derived precursor. In particular, a Ru/reduced graphene oxide
(Ru/RGO) nanocomposite was recently employed as a bifunc-
tional catalyst for simultaneous furfural electrohydrogenation
and electrooxidation in aqueous media, leading to the pro-
duction of furfuryl alcohol and 2-methylfuran at the cathode.®”
The selectivity of the Ru/RGO cathode towards 2-methylfuran
formation was significantly higher in a paired electrolyzer
(91% yield, 95% FE) compared to the ECH half-cell reaction
(entry 7, Table 2).

Other interesting derivatives from lignocellulosic biomass
that can be exploited as precursors for organic synthesis are
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a-ketoacids.®® In recent years, the electrochemically driven
reductive amination of a-ketoacids has been shown as a viable
green synthetic route for the production of amino acids, an
alternative to the current methods based on microbial fermen-
tation.®® The electrochemical process is based on a general
two-step mechanism, in which the condensation between the
carbonyl precursor and the nitrogenous source (e.g., NH3 or
NH,OH) leads to the formation of an intermediate imine or
oxime intermediate, which subsequently undergoes reductive
hydrogenation to yield the desired amino acid product.
Following this strategy, a TiO,-based electrode promoted the
synthesis of 7 kinds of amino acids with FEs of 77-99% from
the corresponding o-ketoacids and NH,OH.”® Using a flow-
type reactor, continuous production of alanine was afforded
from pyruvic acid and NH,OH with a 77% FE in aqueous
media. According to the general paradigm of turning waste
into value, the active NH,OH reactant can also be generated
in situ by electroreduction of a more oxidized nitrogen source,
such as NO, contaminants. In this context, a tandem electro-
chemical reactor was recently reported for the synthesis of
alanine by coupling the electroreduction of pyruvic acid and
the electrochemical removal of NO;~ from wastewater, cata-
lyzed by bimetallic PdCu nano-beadwires (PdCu NBWs).”" In
situ X-ray absorption spectroscopy (XAS), Raman spectroscopy
and attenuated total reflectance surface-enhanced infrared
absorption spectroscopy (ATR-SEIRAS) studies shed light on a
cascade process in which the *NH,OH intermediate generated
from in situ NOj3;~ electroreduction, undergoes spontaneous
condensation with pyruvic acid to form pyruvic oxime, which
is then reduced to yield the final alanine product. Owing to
the dual nature of the catalyst, copper was proposed to favor
the rate-determining initial NO;™ activation step, while palla-
dium acts as a promoter of the reductive hydrogenation of the
oxime intermediate. The optimal Pd/Cu ratio in the sample led
to a maximum 54.8% yield of produced alanine (entry 8,
Table 2). Spectroscopy data also highlighted the impact of the
copper oxidation state on the efficiency of the reaction, with
electrogenerated Cu' sites playing a crucial role in the coup-
ling process. Notably, continuous alanine production at a
400 pmol h™" em™ rate was demonstrated using a flow mem-
brane electrode assembly (MEA) reactor at 1.7 V.

Other nitrogenous compounds can be also used in place of
NO;~ for amino acid electrosynthesis, e.g. gaseous nitrogen
oxides which are common air pollutants and industrial
exhaust gases. As a proof of concept, valine was synthesized
through the electrochemical co-reduction of NO and 3-methyl-
2-oxobutanoic acid in H,O using an atomically dispersed Fe
catalyst with a selectivity of 11.3%.°% In follow-up work, the
same group reported an analogous setup for the electrosynth-
esis of 13 types of amino acids using a self-standing carbon
fiber membrane with a Co-Fe alloy cathode (CoFe-SSM,
Fig. 4).” Specifically, leucine synthesis was demonstrated from
co-reduction NO and 4-methyl-2-oxovaleric acid as precursors,
resulting in a 32.4% FE at —0.7 Vgyg (entry 9 in Table 2).
Remarkably, the catalytic system enabled gram-scale synthesis
of leucine and displayed stability for over 24 hours, while

This journal is © The Royal Society of Chemistry 2024
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Electrocatalytic Synthesis of a-Amino Acids
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Fig. 4 Electrocatalytic synthesis of amino acids.®®

maintaining the main morphological and structural features
of the original material. In situ X-ray absorption fine structure
(XAFS) measurements showed that the metallic Fe and Co sites
act synergistically under operating conditions, promoting the
adsorption and reactivity of the key intermediates involved in
the reductive amination process.

A similar approach for the electrochemical synthesis of
oximes can be extended to a wide range of carbonyl precur-
sors, offering the opportunity to expand potential applications.
For instance, a novel gram-scale electrosynthesis of cyclohexa-
none oxime was recently obtained through the coupling of
electroreduction of nitrogen oxides and cyclohexanone as start-
ing materials (Fig. 5).>* As in the above discussed mechanism,
the reaction between *NH,OH and the adsorbed cyclohexa-
none intermediates was identified as the key C-N coupling
step. Interestingly, compared to a Pd catalyst which tends to
favor the direct ketone hydrogenation side reaction, a Fe elec-
trocatalyst could efficiently promote selective formation of the
ketoxime product with a close to 100% yield in a flow cell
(entry 10 in Table 2). The resulting cyclohexanone oxime sub-
sequently underwent a mild thermochemical Beckmann
rearrangement step to form caprolactam, a key precursor
involved in the industrial preparation of nylon-6.

The same type of approach can be also applied to the syn-
thesis of highly valuable pyridine oximes, which have extensive
applications in pharmaceuticals, enzymology, and steriliza-
tion.”” These oximes are normally synthesized through nucleo-
philic addition of hydroxylamine (NH,OH) or its salts to the
corresponding aldehyde. To avoid issues related to storage and

Electrocatalytic Synthesis of Cyclohexanone Oxime

U

. OH NH
o Fe () [Ni(+) 5
flow cell N [ 23
K,CO3 [0.5 M] B0E 8.60g
KNO; [0.5 M]; NOx :
8529  25A;28h;60°C 9.36 g ST PIEBIS ey
gram-scale
high yield

Fig. 5 Electrocatalytic gram-scale synthesis of a nylon-6 precursor.>*
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handling the corrosive and unstable NH,OH raw material, an
alternative strategy was recently proposed for the synthesis of
pyridine oximes using NH,OH in situ generated from NO
electrocatalytic reduction with an aldehyde over a nanofiber
membrane prepared through electrospinning and calcination
from NH,-MIL-53(Al) (AI-AFM).°® The catalyst promoted the
production of 2-pyridinealdoxime with an FE value of up to
49.8% and a yield of 92.1% in aqueous electrolyte (entry 11,
Table 2) and was demonstrated to be effective for the synthesis
of a wide variety of functionalized pyridine oximes.

3.3 Hydrogenation of nitrogenated substrates

Amine compounds, essential for drug, dye, and pharma-
ceutical production, can be selectively electrocatalytically
hydrogenated, converting nitro-organic compounds from -NO,
to -NH, and yielding high-value chemical products. This
process utilizing water (H,O) as the hydrogen source, provides
an efficient and sustainable approach for synthesizing hydro-
genated products under ambient conditions. Palladium (Pd)-
based electrocatalysts capable of adsorbing/activating protons
and water are typically highly active for cathodic hydrogen-
ation.®” Recently, Zhang and colleagues reported for the first
time a two-dimensional Pd-based metallenes as electrocata-
lysts for the ECH of nitroarenes.”® Pd-Mo metallenes, charac-
terized by a highly exposed active surface and strong electronic
interaction between Pd and Mo atoms, demonstrated excep-
tional chemoselectivity in the hydrogenation of 4-nitrostyrene
to produce high-value 4-vinylaniline with a remarkable selecti-
vity (>90%) and FE (78.3%) (entry 12, Table 2). For nitro-
benzene hydrogenation to aniline, a self-supported electrode
based on the CuNiAl alloy with a bimodal nanoporous struc-
ture displayed a remarkable selectivity to aniline (FE = 82.3%,
98% selectivity) at a very low potential (—0.07 Vgyg) (entry 13,
Table 2).”°

The electrocatalysts for ECH of nitriles to valuable amines
via hydrogenating C=N have also been studied. Recently, Ao
et al. introduced a study employing an in situ restoration strat-
egy to synthesize ultrathin Pd-Ni(OH), nanosheets.'®® The
study showcased exceptional activity and selectivity in the
reversible electrochemical reforming of ethylamine and aceto-
nitrile. The Pd-Ni(OH), nanosheets served as efficient catalysts
in the acetonitrile reduction process, utilizing Pd as the reac-
tion center and Ni(OH), for proton generation through water
dissociation. Additionally, the oxidation process of ethylamine
took place on the surface of the heterostructured nanosheets,
capitalizing on the abundant Ni(u) defects.

1,2,3,4-Tetrahydroquinoline (THQ) skeletons, inherent in
bioactive compounds and natural products, pose a significant
and challenging aspect in achieving room temperature and
selective hydrogenation of quinolines to 1,2,3,4-tetrahydroqui-
nolines, utilizing a safe and clean hydrogen donor catalyzed by
cost-effective materials, mainly due to the intricate activation
of quinolines and H,. Guo et al. electrochemically synthesized
a fluorine-modified cobalt catalyst from a Co(OH)F precursor.
This catalyst demonstrated remarkable activity in electro-
catalytic hydrogenation of quinolines using H,O as the hydro-
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gen source, yielding 1,2,3,4-tetrahydroquinolines with an
exceptional selectivity of up to 99% and an isolated yield of
94% under ambient conditions (entry 14, Table 2)."*"

3.4 Hydrodechlorination processes

Electrocatalytic hydrodechlorination is a promising technology
for the swift and efficient detoxification of halogenated anti-
biotic pollutants in environmental remediation. Although tra-
ditional methods like microbial dehalogenation, zero-valent
iron reduction, and Fenton reactions are common, they suffer
from drawbacks such as low efficiency, secondary pollution,
and high energy consumption. Electrochemical reductive
dehalogenation is gaining prominence due to its high
efficiency, absence of extra reducing agents and limited gene-
ration of toxic byproducts.'® Palladium (Pd) stands out as a
highly efficient electrocatalyst for dechlorination reactions.
This efficacy arises from its capability to efficiently accept
protons, leading to the adsorption of active atomic hydrogen
on the Pd surface and subsequent incorporation into the Pd
lattice by forming Pd-H bonds. The former can efficiently
cleave C-Cl bonds.'® Jiang and collaborators observed that
the electrocatalytic hydrochlorination reaction on Pd NPs exhi-
bits facet-dependent behavior, with catalytic activity decreasing
in the sequence {111} > {110} > {100}.'** Actually several
studies demonstrated that high-index faceted Pd nanocrystals,
characterized by abundant step sites on the surface, consist-
ently exhibit higher catalytic activity in comparison to Pd
nanocrystals encapsulated by low-index facets.'**%

Among the halogenated antibiotics, chloramphenicol (CAP)
is frequently misused in the treatment of bacterial infections
in both humans and poultry, contributing to a growing
environmental risk posed by antibiotic-resistant bacteria and
genes. Recently, ultra-small Pt NPs loaded onto Ti;C,T, MXene
nanosheets were found to effectively catalyze electrochemical
CAP degradation, removing 98.7% of CAP within
90 minutes.'® Florfenicol (FLO) is also known as one class of
broad-spectrum antimicrobial agents commonly employed as
an alternative to CAP and widely used in veterinary medicine.
Yang et al. reported a novel Ni foam electrode decorated with
ultrafine Pd NPs (Pd@Ni-foam) for electrocatalytic FLO
dechlorination.’®” The catalyst demonstrated excellent electro-
chemical dechlorination performance, achieving a remarkable
99.5% removal efficiency. The dechlorination rate was notably
carried out at 16.58 mg min~" under a cathode potential of
—1.2 Vag/agai (entry 15, Table 2), outperforming the reference
Ni foam and commercial Pd/C, respectively.

Several strategies have also been proposed in the last few
years to improve the electrochemical degradation of chloro-
phenols, which represent another notorious class of organic
pollutants due to their wide distribution, bioaccumulation and
high toxicity.’®® As a result, they have been classified as pri-
ority toxic pollutants for environmental protection and human
health. In order to achieve the complete mineralization of
halogenous pollutants, a novel reduction-oxidation mediated
heterogeneous electro-Fenton technology based on a PdFe
nanoalloy has been proposed.'” While the PdFe nanoalloy
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was found to promote the generation of active *H sites and
improve electron transfer, the carbon defects selectively facili-
tated the two-electron oxygen reduction pathway. These
mechanisms resulted in the successful achievement of com-
plete total organic carbon removal and dechlorination of the
model 3-chlorophenol substrate. The rational tuning of the
interfacial microenvironment also plays a crucial role in
enhancing the dechlorination efficiency. For instance, the
addition of a hydrophilic polyethylene glycol-based polymer to
a Pd/C electrode was shown to facilitate *H generation and
mass transfer, thus leading to a remarkable improvement in
the electrochemical hydrochlorination performance of 2,4-
dichlorophenol.'*® Furthermore, the dispersion of a Pd nano-
catalyst into a porous architecture with enhanced adsorption
properties for the halogenated contaminant was also found to
be beneficial for dechlorination efficiency, as recently reported
for the electrochemical degradation of 2,4-dichlorophenoxyace-
tic acid catalyzed by a Pd catalyst supported on a Ni-based
layered MOF."'*

Extensive recent research has focused on finding more cost-
effective alternatives to Pd to promote dechlorination reac-
tions. Moreover, Pd also displays other specific limitations
including the production of toxic phenol as the primary
product and a remarkable susceptibility to poisoning by reac-
tive species. From this perspective, Gu and colleagues recently
demonstrated the potential of Ru in serving as a Pd substitute
for the hydrogenation of 2,4,6-trichlorophenol (TCP).'** By uti-
lizing a Ru catalyst, an impressive 99.8% TCP removal
efficiency was obtained, with a 99% selectivity for cyclohexanol
(entry 16, Table 2). In contrast, the Pd electrode exhibited a
lower TCP removal efficiency (66%) as well as the formation of
phenol as the primary hydrogenation product. For the Ru cata-
lyst, a primary reaction mechanism was proposed based on
direct electron transfer, unlike the indirect *H-mediated
pathway occurring on Pd. Interestingly, Wang’s group has
recently developed a highly efficient and cost-effective system
for valorization of the electrocatalytic degradation of common
chlorinated organic water pollutants.''® In particular, the
authors designed a novel electrocatalytic approach that can
directly convert 1,2-dichloroethane (DCA), an extremely toxic
and harmful environmental pollutant upon inhalation or
ingestion, into ethylene, that is widely used in a variety of
industrial sectors.'* To perform this electrochemical trans-
formation, a new catalyst comprising cobalt phthalocyanine

Electrocatalytic Valorization of Water Pollutant to Ethylene

CoPc/CNTs
cl ¢ -

CoPc/CNTs
—_—
(0]
Water Pollutant

Fig. 6 Electrocatalytic  valorization of 1,2-dichloroethane to

ethylene.!*
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molecules assembled on multiwalled carbon nanotubes (CoPc/
CNTs) was developed (Fig. 6). This catalyst can electrochemi-
cally decompose aqueous DCA with high current and energy
efficiencies. Ethylene was obtained at high rates of production
with unprecedented ~100% FE across wide electrode potential
and reactant concentration ranges (entry 17, Table 2).

4. Conclusions and future
perspectives

In this minireview, we have summarized the most recent
advances in electrochemical reductive organic transformations
catalyzed by nanostructured electrocatalysts. The results herein
presented highlight the extreme versatility and the huge poten-
tial of electrochemical methods for organic chemists, offering
a playground for developing sustainable synthesis. We have
shown that the selectivity and the efficiency of the electro-
synthesis processes discussed in this work are highly depen-
dent not only on the electronic and structural properties of the
nanocatalyst but also on the design of the electrode-electrolyte
interface and even on technological aspects related to the
employed electrochemical setup. We have first discussed
reductive transformations of organic substrates coupled with
the CO,RR, including electrocarboxylation and methylation
reactions among others, which utilize CO, as an abundant and
low-cost C1 feedstock to produce value-added chemicals for
the pharmaceutical and polymer industry. In the second part
of the work, we have revised the most significant findings
recently reported for ECH of organic substrates in aqueous
media and discussed the main strategies used to improve the
ECH selectivity over competing HER, mostly based on tailoring
the properties of the nanostructured catalyst and the elec-
trode-electrolyte interface. We have specifically focused on the
hydrogenation of such substrates as unsaturated hydro-
carbons, carbonyl-based biomass-derivatives, heterocyclic com-
pounds and halides, for several applications, ranging from the
synthesis of industrially relevant value-added and fine chemi-
cals to environmental remediation.

Despite the significant progress made in the last few years,
there is still huge room left for improvement in the field,
especially regarding a comprehensive mechanistic understand-
ing of the catalytic pathways. From this perspective, the develop-
ment of in situ/operando spectroscopic and microscopic tech-
niques will be of crucial relevance, allowing us to investigate the
nature of the catalytically active sites as well as the structural,
compositional and morphological dynamics of the catalyst
during the reaction. Moreover, these techniques will provide
experimental evidence for key surface intermediates involved in
the process, contributing to establishing a more precise struc-
ture-activity correlation. In parallel, careful analytical quantifi-
cation of the secondary products obtained during electrolysis
experiments will also help to rationalize the underlying mecha-
nisms. Based on the fundamental understanding of the reac-
tion, alternative approaches for rational catalyst design hold
promise as effective strategies to improve the efficiency and

This journal is © The Royal Society of Chemistry 2024
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selectivity of electrocatalytic organic transformations (e.g. dual-
site catalytic systems). It is worth mentioning that the tra-
ditional and most used nanostructured electrocatalysts are gen-
erally based on expensive and potentially harmful metal-con-
taining species (such as Pd, Ru, and Pt, among others).
However, in recent years, reliance on noble metal-based catalytic
systems has constantly declined because of their cost, toxicity
and poor availability. Thus, the use of metal-based catalysts has
been discouraged by the modern guidelines towards the
implementation of sustainable chemical productions. As a new
trend of research, we hope that cheaper, abundant and less
harmful classes of metal-free electrocatalytically active nano-
structures (e.g., carbon nitrides, carbon nanodots, etc.) will
make their way as valuable alternatives for achieving green syn-
thesis of valuable organic molecules. Moreover, enantioselective
organic catalysis could be accomplished by using chiral nano-
electrocatalysts. To this aim, careful control of the chiral cata-
Iytic surface will be pivotal to capitalize on the reactive features
of its functionalities. We therefore foresee that forthcoming
investigations on enantioselective nano-electrocatalysis will be
carried out leading to the sustainable production of enantio-
enriched valuable organic molecules.

In addition to the catalyst design, further research should
also address the challenges related to the limited solubility of
several organic substrates in water as well as the limited com-
patibility of modern flow reactors with non-aqueous environ-
ments. In this regard, the choice of the oxidative reaction is
also crucial for the design of efficient electrolyzers. Finally, we
are confident that this minireview will positively contribute to
further development of the field.
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