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The increasing presence of chemical contaminants in the environment due to demands associated with a growing population
and industrial development poses risks to human health due to their exposure. Electrochemical degradation has emerged
as a promising remediation technology for environmentally relevant pollutants. This review evaluates the advances in the
application of molecularly-inspired catalysts for the electrochemical degradation of nitrate/nitrite, halogenated compounds,
aromatic hydrocarbons, and pharmaceuticals. The impact of molecular structure composition on electrochemical
parameters such as conversion rates, selectivity, and Faradic efficiency is described. The potential applications of
electrochemical degradation for poly- and per-fluoroalkyl substances are briefly mentioned. The utilization of computational
chemistry in investigating catalytic sites, reaction mechanisms, and electronic structure is also discussed. This review
contributes to understanding molecular-inspired electrocatalysts for the degradation of major environmental pollutants.

implement, provide high removal efficiencies, and have the

1. Introduction
capability to be powered by renewable electricity, making them

Since 1950, the rapid population and industrialization growth have environmentally friendly and scalable.’* Most electrochemical

required the increased use of chemical products to meet the high
demands in agriculture, pharmaceutical, food, and manufacturing

processes use anodes and cathodes made of metals, alloys, metallic
nanoparticles, metallic foams, metal-carbon scaffolds, and, more

industries, among others.! However, the consequences to the recently, boron-doped diamond (BDD),** to oxidize or reduce

environment have been significant by the presence of hazardous
substances. hydrocarbons, halogenated molecules,

pollutants in water.l® These materials can promote C-H bond
activation,’” C-C bond homolytic cleavage,’® decarboxylation
reactions,'® dehalogenation reactions,?° and other small molecule

Aromatic
nitrate/nitrite, and poly- and perfluoroalkyl substances (PFAS) are
pollutants of priority concern due to their health effects in humans
living organisms (Scheme 1).2° Despite governmental
regulations to reduce the environmental impact of the emission of
hazardous waste, studies show an increasing environmental

activation.?! However, the main issue with metal electrodes is their
high cost and their activity towards competitive side reactions such
as hydrogen and oxygen evolution (HER and OER, respectively),

and

which drastically limits their efficiency.??
Most heterogeneous catalysts are based on metallic or
semiconductor surfaces where the active sites are the facets exposed

presence of these pollutants.5-8
Most research has focused on the removal of persistent organic

pollutants (POPs) and inorganic species (such as NO;7/NO,") from
water because they cannot be easily hydrolyzed, photolyzed, or
degraded by conventional water treatment methods.” Micro-
filtration, chemical-photochemical oxidation, adsorption, and
biodegradation have resulted in a slow and low removal efficiency on
water cleaning systems and wastewater treatment plants.® For this
reason, more efficient, cheaper, and straightforward methods are
necessary to destroy these contaminants and provide clean water
access. Progress over the past decades has been made in the
application of electrochemical methods for the electrodegradation

of pollutants.’®1! Electrochemical methods can be cheap, easy to
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to the substrate. Yet, recent work on electrocatalysts where a
molecular node can be identified as the active site has been an area
of interest for many research groups. Homogenous catalysis has
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Scheme 1 Pollutants of major public concern in the environment.
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been an area of extensive research, since the molecular node can in
theory be tuned and analyzed using standard analytical techniques.
Recently the use of molecular systems that have been incorporated
into polymeric or extended network systems and used as
electrocatalysts have gained interest due to the enhanced stability
and often enhanced activity of the heterogeneous material.
Molecular complexes such as phthalocyanines (Pc),2® porphyrins
(Por),?* coordination compounds,? and molecular based extended
networks such as metal-organic frameworks (MOFs),%® are attractive
redox systems due to their potential for ligand modification,
structural flexibility, and the ability to incorporate metals, enabling
tunability.?”.226 Moreover, the reactivity of molecular inspired
electrocatalysts is strongly influenced by the ligand type, including
tetrapyrrole, salen, ethylenediamine, polypyridyl, amine groups,
aromatic rings, among others.?® Interestingly, molecular-based
electrocatalysts offer a unique advantage in providing insight into the
catalytic mechanism, as the metal site within the molecular system
is presumed to be the active site. In this review, we aim to provide a
summary of recent developments in molecular-inspired
electrocatalysts for the degradation of aromatic hydrocarbons,
halogenated compounds, nitrate/nitrite, poly- and perfluoroalkyl
substances (PFAS). Our focus is to delve into the redox chemistry and
mechanistic aspects of each pollutant using electrochemical
techniques and provide general working principles of molecular
electrocatalysts. Furthermore, we discuss computational approaches
as valuable tools for obtaining thermodynamic and mechanistic
information pertaining to the electrocatalytic pathways of various
heterogeneous molecular catalysts.

2. Degradation of pollutants by molecular
inspired electrocatalysts

2.1. Nitrate/Nitrite reduction

Nitrate pollution in ground and surface water as a result of
anthropogenic activities has dramatically increased in the past few
decades.3%32 Nitrate in drinking water can detrimentally impact
human health by causing methemoglobinemia in newborns and
infants, thyroid disease, and increase the risk of cancers.333%> The
World Health Organization (WHO) has set a maximum contaminant
level (MCL) of 50 mg L?! NO; in drinking water, and the
Environmental Protection Agency (EPA) has followed suit.3637
Electrochemical nitrate reduction (ENR) was first introduced as a
means to treat alkaline and nuclear waste solutions in the late 1980s
and 1990s, respectively.3842 ENR has recently been used to treat
waste brines, wastewater, and drinking water.*3>-47 Nitrate reduction
to ammonia or nitrogen gas (the two most thermodynamically stable
nitrogen species) are multi-electron processes as seen in equations 1
and 2. The numerous byproducts and intermediates involved are
generally omitted when describing these complex processes.*®
NO3 + 9H™ + 8¢~ 2NH3 +3H,0 E° = 1.17 Vvs. SHE

(1)
—0.12 Vvs. SHE

(2)

2NO3 + 12H" + 10e 2N; + 6H,0 E° =

2| J. Name., 2012, 00, 1-3

The rate-determining step involves the reduction of NO3;™to NO,~
as shown in equation 3. Experimentally, this reaction requires an
overpotential (n) which is an electrochemical potential that is more
negative than the thermodynamic standard value (E° = 0.01 V vs.
SHE). The the
thermodynamic feasibility and kinetic efficiency.

choice of electrode material determines

E° = 0.01V vs. SHE
(3)

NO3 + 2H" + 2e 2NO; + H20

The metal coordination complexes that are present in the active
sites of these enzymes (e.g., molybdenum-containing nitrate
reductase, copper-containing nitrite reductase, etc.) are responsible
for such transformations.*? The elucidation of the active site
structures has led to the development of bio-inspired catalysts for
the reduction of several nitrogen oxides.>®>6 During nitrate
reduction, pH impacts Faradaic efficiency and the product
selectivity.*® In alkaline conditions, the ENR frequently yields nitrite
from nitrate,>” while in acid media, cathodic reduction produces N,,
N,O, and ammonia in addition to nitrite.>® However, enhancing
conversion yields in acid media as a function of voltage results in
competing side reactions such as hydrogen evolution (HER). As
shown in equations 1-3, H* are consumed in all electrochemical
which
unfavorable at pH ~ 7.5 In unbuffered solutions, the pH increases
during the bulk electrolysis, which limits the H* availability. Flow

transformations, makes charge transfer kinetically

systems compensate for the pH variations during electrolysis and the
design molecular systems that can selectively reduce nitrate even in
acidic conditions.

Molecular inspired electrocatalysts have been explored as
promising materials for NO;~ and NO,™ transformation,®%-% and Table
1 shows representative examples for nitrate reduction and their
corresponding metrics and parameters. An early report has shown
that Co(lll)-cyclam and Ni(ll)-cyclam on mercury electrodes show
preference for hydroxylamine production, and preference for
ammonia at silver, copper, and lead electrodes with similar results
for nitrite conversion.®? A water-soluble iron porphyrin
[Fe(H,0)(TPPS)]3- (H,TPPS* = tetraanonic form of meso-tetrakis(p-
sulfonatophenyl)porphyrin),®! electrochemically converts nitrate to
ammonia with a 26-49% conversion efficiency at pH 4.5, with a
cathodic potential of —0.9 V vs. SHE, applying a current density (j) of
8.3 mA cm2. At pH 6.7, ammonia production is favored with a
conversion yield of 82-97%, at the same potential and j of 1.5 mA
cm2. Nickel, lead, zinc, and iron cathodes coated with a Fe-
(Pc) catalyst
electrochemical activity versus bare metal cathodes in alkaline media

phthalocyanine molecular show enhanced
with 71% ammonia conversion with the Pc/Fe electrode.®?

Recent studies have investigated the role of proton shuttles
present in macrocyclic ligands.®” A cobalt complex with a DIM (2,3-
dimethyl-1,4,8,11-tetraazacyclotetradeca-1,3-diene) macrocyclic
ligand produces ammonia as the sole product from NO;~ and NO,™ in
unbuffered aqueous solutions.686° The protonation of nitrate/nitrite
and the N—O bond cleavage step are facilitated by both the redox

active diimine moiety and amine proton shuttles present in the DIM

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Electrocatalytic nitrite reduction enhanced by presence of PBS at pH 7.
(a) Cyclic voltammogram of 0.5 mM [Co(TIM)Br,]* in different conditions, in
presence of 20 mM NaNO, and 0.1 M Na,SO, (black), with 0.1 M PBS (red)
and 20 mM NaNO, and 0.1 M PBS (blue), v = 200 mV s™. (b) Proposed
electrocatalytic mechanism. Reproduced with permission from ref. 72.
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Copyright © 2022. American Chemical Society.

ligand.”® Whereas [Co(cyclam)Cl,]* (cyclam = 1,4,8,11-
tetraazacyclotetradecane) and [Co(TIM)Br,]* (TIM = 2,4,9,10-
tetramethyl-1,4,8,11-tetraazacycldec-1,3,8,10-tetraene), are
inactive due to the lack of amine proton shuttles.”* However, in the
presence of a phosphate buffer solution (PBS), [Co(TIM)Br,]* can
reduce nitrite to ammonia with the buffer acting as a proton shuttle,
as shown in the voltammetric response (Fig. 1a) and the proposed
mechanism (Fig. 1b).72 The catalytic activity of complexes with the
same metal center can be determined by investigating structurally
similar molecules and elucidating the properties provided by the
supporting macrocyclic ligands, thus, facilitating the rational design
of molecular catalysts for nitrate/nitrate reduction.

glassy carbon®0.73-76,

graphite,””’8 and carbon nanotubes’®®! have been utilized to

Carbonaceous supports such as
enhance the electrochemical performance and stability of metal-
based catalysts. Cobalt and copper phthalocyanines (CoPc, CuPc)
anchored on carbon nanotubes electrochemically convert nitrate to

ammonia with higher activity and selectivity than aggregated Pc

This journal is © The Royal Society of Chemistry 20xx
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samples.”®81 The CNT-supported CuPc material is 30% more active
than the carbon black-supported CuPc.”® CuPc requires a lower NO3~
reduction overpotential (n) compared to the cobalt analog to reach
a j of 10 mA cm~2 and a Faradaic efficiency (FE) over 98%. NiPc-CNT
sponges achieve 98% nitrate removal after 4h of electrolysis due to
the high electrochemically active surface (ECSA) layer of the CNT
sponge.89 CoPc has the overall highest performance for nitrate
reduction, with an ammonia conversion rate > 97%.81 A family of
Co(dmgH,)Cl,
multiwalled CNTs (MWCNT) show a 5-fold increase in current density
compared to bare MWCNTs in the nitrite to ammonia
electrochemical conversion with FE of 86-98% and preference to

(dmg = dimethylglyoximato) immobilized on

ammonia.8? Pyridine-based axial ligands increase intramolecular
hydrogen bonds and proton shuttles, and fused diamine-dioximine
groups add structural stability. [Co(DIM)Br;]* and [Fe(DIM)Cl,]*
immobilized on oxidized glassy carbon electrodes (GCE)7374
enhances the nitrite and nitrate reduction kinetics due to the
incorporation to the modified GCE. A FE of 98.5% for nitrite reduction
to ammonium is observed for the [Co(DIM)Cl,]* modified GCE at —
1.16 V vs. SHE. Similarly, [Fe(DIM)Cl,]* has a FE of 88% for nitrate
reduction to ammonia at —0.86 V vs. SHE. Metal proto-porphyrins
(M-PP) (i.e., Co(lll), Fe(I), Ni(I1), Cu(ll), Rh(Il)) adsorbed onto pyrolytic
graphite show enhanced reactivity towards hydroxylamine and
ammonia formation in acidic media.”” At acidic pH values,
hydroxylamine is the main product at 100% selectivity with the Co-
PP system.

Metal organic frameworks (MOFs) have also been utilized for
nitrate reduction attention due to their porous structures and
unsaturated metal sites, especially those derived from conjugated
organic moieties, which increase conductivity.83 A heterobimetallic
Cu/Co MOF used for nitrate reduction to ammonia achieves a FE of
96% at —0.6 V vs. SHE.8* Similar findings (i.e. FE of 99% at -0.3V vs.
SHE) are reported for a Cu/Cu0,/CuO heterostructure derived from
a Cu MOF.85 Cu'-bipyridine-based thorium MOF (Cu@Th-BPYDC)
utilized for ammonia storage upon electroreduction of nitrate with a
FE = 92% and storage of 20.55 mmol g of NH; at standard pressure
and temperature.® The in situ formation of Cu nanoclusters (4 nm)
on a MOF after metal ion deposition®” leads to a uniform distribution
of Cu active sites inside the MOF, and it achieves 93% ammonia
selectivity and FE of 85% at -0.9 V vs. SHE. A Fe/Ni dual atom MOF
exhibits 98% nitrate conversion in 30 minutes with 99% selectivity for
nitrogen gas.®8 While the Fe sites lower the energy barrier for nitrate
the Ni sites enhance the adsorption of reaction
Ni-based MOF nanosheets exhibit 97% nitrate
conversion with 80% ammonia selectivity.®. Increased ammonium
selectivity (100%) at -1.50 V vs. SHE is obtained for a Ni-MOF
supported on Ru,O, clusters.® Palladium metals nanodots

reduction,
intermediates.

incorporated into the pores of a redox-active Zr-MOF tethered by
tetrathiafulvalene linkers show a FE of 58% for nitrate reduction to
ammonia, while silver and gold nanodots have lower efficiencies.®*

2.2. Halogenated compounds

Halogenated organic compounds (HOCs) are molecules in which at
least one halogen atom (F, Cl, Br, or 1) is linked in a carbon chain.

J. Name., 2013, 00, 1-3 | 3
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HOCs are employed in refrigerants, solvents, flame-retardants and
pesticides, as well as dry cleaning liquids, and as precursors in organic
synthesis.®? Polychlorinated dibenzo-p-dioxins, polychlorinated
biphenyls (PCBs), hydrochlorofluorocarbons, polychloromethanes,
and 1,2-dichloroethane are HOCs of human health concern since
they can be easily stored in fatty tissues and lead to hormonal
disruption, neurotoxic damage, teratogenesis, mutagenesis, and
cancer.”® Since the 1990s HOCs have been categorized as
persistent organic pollutants by the United Nations Environment
Program.® In 2004, many HOCs were banned under the Stockholm
Convention. For example, dichlorodiphenyltrichloroethane (DDT),
one of the most controversial pesticides, was globally banned and is
currently only used in a few South Asian countries.®® Thus, the
removal of HOCs from waterbodies is essential in global water
treatment. HOCs are treated by chemical reduction processes to
remove halides from the alkyl chains, as shown in equation 4.%7

Catal
R-X + Hy 5 R-H + H-X ()

Chemical dehalogenation involves using hydrogen gas and often
a precious group metal such as Au, Ag, Pt, and Pd.%® Although this
method is generally efficient,2! it can be expensive since it requires a
constant supply of hydrogen gas (which needs to be carefully
controlled), and it is not generally applicable to trace amounts of
pollutants.®® Thermal decomposition is an alternative method for
HOC removal but requires high temperatures and can result in the
formation of toxic byproducts such as halide oxides,’° and
microbiological and enzymatic degradation processes are time-
expensive, and have

consuming, low conversion yields.20:101

Electrochemical dehalogenation1297102  requires heterogenous
electrodes typically made of expensive Ag and Pd (since they can
easily adsorb hydrogen) to catalyze the X/H exchange,'931%4 and their
surface can easily be passivated during the initial electrolysis

steps.’%> Molecular inspired electrocatalysts can be efficient and

a)
0- "
g
°E
o -4
£
= 6 - - CuT2N:
—— CuT2 Nz + CH:Clz
-81 - - TN
——T1 N2+ CHClz
=10 -
1.5 1.0 1.5
E/V vs Ag/AgCI

affordable options for dehalogenation of HOCs, and Table 1 shows
some representative examples and their corresponding metrics and
parameters. The dehalogenation of dichloromethane (CH,Cl,) in
aqueous via (CuT2)
electrocatalyst can be performed with a jof -25.1 mAcm2at-1.4V
vs. SHE. The linear sweep voltammetry shows a significant increase

dropcasted Cu(l) di-triazole molecular

in the current density (Fig. 2a), showing the electrocatalytic capacity
of CuT2 in the presence of CH,Cl,. CuT2 reveals a preference for
producing methane with a FE of 70% and the production of ethane
and ethylene byproducts. DFT simulations (vide infra) show that the
Cu(l) center coordinates CH,Cl, and promotes the C-ClI bond
dissociation and protonation, as shown in the proposed mechanism
described in Fig. 2b.2> A metal free triazole-porphyrin (H2PorT8) can
electrochemically reduce CH,Cl, to CH, in acetonitrile as a solvent,
with a FE of 70 % and j of -13 mA cm™2 at a potential of -1.56 V vs.
SHE. The metal-free porphyrin center is the active site, and after a
one electron reduction, an N-CH,Cl radical intermediate is formed,
which can be further reduced in two steps to CH,.106

A similar contaminant, 1,2-dichloroethane can be
electrodegraded to ethane (100% removal efficiency) with a cobalt
phthalocyanine molecular scaffold supported on multiwalled carbon
nanotubes (CoPc/CNT). The high efficiency is attributed to the HER
suppression and the selectivity of the active center for C-Cl bond
breaking, which is considered the rate-determining step.?? Binuclear
iron phthalocyanine (bi-FePc) complexes lead to the dichlorination of
atrazine, a commercial herbicide, during 48 h electrolysis with a
removal efficiency of 98.2% at a potential of 0.09 V vs. SHE. The
electrocatalytic process is favored by the strong adsorption of
atrazine on the bi-FePc surface, and the electrochemical production
of OH™ ions promote the exchange of chloride.?” Chloroacetanilide-
based herbicides are widely used in agriculture, and one of the most
important is 2-Chloro-N-(2,6-diethylphenyl)-N-
(methoxymethyl)acetamide, which can be electrodegraded by a
cobalt porphyrin complex composed of eight-triazole unites

b) L

alachlor,

CoHyy |
Ca— N“(

e
e+ H* N \7/C8H17
CeHiy”
CoH CuT2 CgHiy
sH17
wzv
CgHy7— N/\( CgHi7— N ZN
= ~cu!
Cu” c H Cu
N CgH
N \>/CSH17 N\ 1/2‘ 817
CgHy7” CeHi?”
CeHyy | Cl
cr N/ Cu|| C H 1,2-dichloroethane
2H" + e N \7/03}-117 r
CeHy7”

Fig. 2 (a) Linear sweep voltammetry of CuT2 (dashed red line) and the copper-free triazole unit T1 (dashed black line) under nitrogen atmosphere, and CuT2

(solid red line) and T1 (solid black line) with CH,Cl,, v = 10 mV s™. (b) Proposed catalytic route to produce CH, as of CH,Cl, using CuT2. Reproduced with

permission from ref. 25. Copyright © 2021. American Chemical Society.
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(CoPor8T). A conversion yield of 84% was reported at -1.16 V vs. SHE
at aj of -4.8 mA cm2. Reduction of Co(ll) to Co(l) is followed by a
ligand-centered reduction that promotes chloride elimination and
oxidative addition of the dehalogenated ligand to the reactive Co(l)
center, which is eliminated after a two electron reduction.?®
Similarly, an electrografted [Co(bpy(CH,OH),),]?* complex can
remove alachlor at -1V vs. SHE with a removal efficiency of 95% after
40 min of electrolysis. Total organic carbon (TOC) measurements
show the selective dechlorination reaction of alachlor in the
presence of other chlorinated species.1%® Cobalamin, or Vitamin B12
(VB12), can be used for the dechlorination of trichloroacetic acid to
produce acetic acid in a 93% at a j of -7 mA cm under 5 h, with
dichloroacetic acid and monochloroacetic acid as minor
byproducts.1® Similarly, VB12 can also debrominate tribromoacetic
acid with 99% of FE after 6h under optimal galvanostatic conditions
(j = -10.0 mA cm2). In situ Raman spectroscopy shows Co—Br bond
formation, which significantly enhances the electron transfer due to

is the main step to initiate the debromination process.11°

2.3. Aromatic hydrocarbons

Aromatic hydrocarbons have one or more conjugated planar rings of
nt-bonds, which allows for the delocalization of electrons resulting in
increased chemical and thermal stability.11% 112 Aromatic compounds
are important units for synthesizing commodity chemicals such as
polyaromatic hydrocarbons (PAHs), dyes, fuels, detergents,
pesticides, and pharmaceuticals with wide applications.113114
However, some of these compounds have toxic and carcinogenic
effects,'’> be prone to bioaccumulation, and cause teratogenic
effects and genetic mutations.’® In the environment, aromatic
hydrocarbons are often found in wastewaters and soil due to their
amphoteric properties,’'” and some of them (e.g., PAHs) are not
completely removed by water treatment plants and modern
filtration systems.14 Advanced oxidation processes can only partially
degrade them, producing shorter chains with similar toxicologic
issues. 118

The degradation of aromatic pollutants by electrochemical
methods using molecularly-inspired catalysts has recently attracted
attention.11120 For
commercially named Lindane, is an organochlorine pesticide,

instance, y-hexachlorocyclohexane,
historically widely utilized in agriculture and now known to have
serious environmental concerns. Lindane is a persistent pollutant
found in surface waters, groundwaters, and soils.?2! An iron based
ZSM-zeolite, Fe-ZSM-5, has been employed as a galvanostatic
electrocatalyst for Lindane degradation at potentials necessary to
maintain a j of 30 mA cm2 for 8 h with a removal efficiency of 78%.
The electrochemical degradation of Lindane happens through
hydrogen free radicals (H*) produced by the cathodic reduction of H*
ions and followed by *OH oxidation that results in ring opening.122
The electrochemical reduction of nitrobenzene can be performed
using a covalent triazine framework based on 1,4-phenylenediamine
(PD-CTF) to yield phenylhydroxylamine.!?3 The electrodegradation of
phenol to CO, and H,0 occurs on molybdenum disulfide nanosheets
composited on ZIF-8-derived nitrogen-doped dodecahedral carbon
(MoS,@ZNC). Electrochemical analyses show an enhancement of the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (a) Schematic diagram for the electrodegradation of phenol by

MoS,@ZNC cathode. Reproduced with permission from ref. 124. Copyright
© 2022, Elsevier. (b) Cyclic voltammogram of ZrO,-C/Pb0,-2 in 20 mg L*
trinitrophenol (TNP) + 0.1 M Na,SO,, v= 100 mV s, (c) Proposed mechanism
for the electrodegradation of TNP with a ZrO,-C/PbO,-2 electrode.
Reproduced with permission from ref. 125. Copyright © 2023, Elsevier.

electrochemical activity of ZNC by the addition of MoS,. A phenol
removal efficiency of 98.8% was achieved by applying a j of 30 mA
cm? for 2h. The high efficiency at alkaline conditions is due to

J. Name., 2013, 00, 1-3 | 5
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electrochemical hydrogen peroxide conversion to ¢OH and 0,
radicals (equations 5 and 6):

H202 + OH™ = HO2 ™ + H20 (5)
H202 + HO; = eOH + #0; +H,0 (6)

These oxygen-reactive species have a higher oxidation capacity,
which allow phenol to be more efficiently degraded into CO, and H,0
(Figure 3a). 124 UiO-66-derived ZrO,-C deposited on a PbO, electrode
has been used for the anodic oxidization of 2,4,6-trinitrophenol (TNP)
to CO, and H,0. The electrochemical characterization by cyclic
voltammetry (Figure 3b) shows an increment in the peak current for
the Zr0,-C/Pb0O, electrode due to more accessible active sites and
enhanced electron transfer. The composite improves the removal
efficiency of TNP when compared to bare PbO, anodes (95 vs. 68%)
atj of 60 mA cm2 for 2.2 h, with a TNP initial concentration of 20 mg
L. Figure 3c shows a possible degradation pathway of TNP, hydroxyl
radicals electrogenerated perform the complete denitrification.
Eventually, a ring-opening reaction in the benzene ring may occur to
generate intermediates of carboxylic acids which could be further
oxidized to CO, and H,0.125

Large biomolecular systems, such as deoxyribonucleic acid (DNA)
can be used as a scaffold for electrocatalytic materials. For instance,
Cobalt Tungsten Oxide Hydroxide Hydrate (CTOHH) deposited on
DNA allows for the dispersion of CTOHH over chains of 110 £+ 15 nm
diameter to avoid aggregation. High temperature annealing of
CTOHH-DNA and CTOHH into CoWOQO,-DNA and CoWO, at a
temperature of 600 °C, yield electrocatalytic materials that can be
used for the oxidation of aromatic alcohols. CTOHH-DNA can degrade
methoxybenzyl alcohol with an efficiency of 91% in 24 hours at 110
°C which shows that DNA scaffolds can be used to disperse
heterogeneous metal nanoparticles to enhance their efficiency.26

2.4. Pharmaceuticals molecules

Pharmaceuticals are compounds used for medical or health-related

purposes, such as antibiotics, analgesics, anti-inflammatories,
hormones, and more.'?’ Their impact on human development and
their widespread use have environmental drawbacks since their
residual presence in water bodies and soil is a current global
concern.1?8122  Among the most concerning pharmaceutical
pollutants are those whose degradation is slower and those whose
activity can directly affect wildlife and plants, and examples of these
are non-steroidal anti-inflammatory drugs, antibiotics, beta-blockers
(B-blockers), antiepileptic drugs, and blood lipid-lowering agents,
antidepressants, hormones, antihistamines, and x-ray contrast
media.!30
Traditional treatment methods, such as those found in
wastewater treatment plants, can often not completely remove
contaminants.’3!  For the

efficiency of some pharmaceutical compounds by water treatment

pharmaceutical instance, removal
systems can be as low as 10%.132 Pharmaceutical traces are typically
detected at low concentrations, ranging from micrograms per liter
(ug L) to nanograms per liter (ng L'1). 133135 Even at these low levels,

they can still have adverse environmental effects.’3¢ In this context,
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it is necessary to develop materials and techniques to degrade
pharmaceutical properly before they the
environment.’3” The Electro-Fenton (EF) method has been gaining

wastes enter
attention as an alternative water treatment process. As shown in
equation 7, EF relies on the in situ electrochemical generation of
H,0, at the cathode by a two-electron oxygen reduction reaction
which avoids reagent storage and transportation, which diminishes
their associated risks. Fe(ll) ions are then oxidized to produce
hydroxyl radicals, as is shown in equation 8.138

02 + 2H" + 2e 2 Hy0;
2+

E° = 0.68 V vs. SHE (7)

Fe?* + H,0, — Fe** + «OH + OH (8)

While homogenous EF has higher efficiency than heterogeneous
EF, heterogeneous EF catalysts can be reused.!3® The limiting steps
are the activation of H,0, and the reduction of Fe(lll) to Fe(ll) to
complete the catalytic cycle.!® The use of Fe as a sacrificial anode in
hetero-EF catalysis can enhance its efficiency.'*! Oxidation from Fe
to Fe(ll) in water results in formation of H,0,.14? The inclusion of a
second metal, for example, Mn (Mn(l1)/Mn E° = -1.18 V vs. SHE), can
be used to regenerate Fe(ll) ions.143144 For instance, a Fe/Mn based
MOF linked through 1,4-phthalic acid, FeMn@C, has been used to
electrochemically degrade Carbamazepine (CBZ), an antiepileptic
and mood-stabilizing drug that is a common residual pharmaceutical
found in water bodies. A suspension of FeMn@C-800/2 in water
degrades CBZ through a hetero-EF process with a FE of 98%, a j of 10
mA cm~2 in 40 min. The degradation of the FeMn@C MOF leads to
the leaching of Fe(ll) that can be oxidized to Fe(lll) and act as a homo-
EF catalyst with a FE of 34% which suggests that the Fe/Mn@C-800/2
is responsible for the degradation activity (Fig. 4a).’*> A related
Fe/Mn MOF can degrade sulfamethoxazole (SMX), a widely used
antibiotic commonly found in effluents in China,'#%47 through a
hetero-EF process. The electrochemical characterization of
Mng 7F€033-MOF-74@CF shows a larger current response value
compared to the other electrodes (Fig. 4b), suggesting higher
electrochemical activity. Mngg,Feq33-MOF-74@CF can degrade SMX
with a 96% FE, j of 14 mA cm™2 at the optimal pH 3 conditions.'*® An
Fe/Co MOF, N-Co/Fe-PC, is another hetero-EF catalyst, which when
coupled with electrocoagulation, fully demetalates the metal-
antibiotic complex Cu-Ciprofloxacin (CIP), which is often formed in
wastewater by the Cu complexation of CIP (Fig. 4c). It can further
degrade CIP with a FE of 96% j of 35 mA cm= in 40 min. EPR
measurements suggest that *OH and *O, are the radicals present in
this degradation.4°

MOF-derived electrodes obtained by the carbonization of
Cu(NO3)3-:3H,0 with H3BTC (Trimesic acid) under N,, CuOx-C-550 N,
and dropcasted on stainless-steel mesh can be used for the anodic
oxidation of ceftazidime (CAZ), which is an antibiotic of the B-lactam
group found in wastewaters. The optimal CuOx-C-550 N electrodes
degrade CAZ with a FE of 100% in 20 min. This electrode shows a
MOFs have the
versatility of being able to test the activity of different metals while
maintaining the connectivity. The
electrodegradation of tetracycline a widely prescribed

decrease in efficiency of 10% over 20 cycles.'>°

structural
(TC),

same

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 (a) Proposed mechanism of the electrodegradation of carbamazepine (CBZ) by hetero-EF on FeMn@C-800/2. Reproduced with permission from ref.
145. Copyright © 2020, Elsevier. (b) Cyclic voltammogram of Mngg;Feg33-MOF-74@CF and different electrodes in 0.1 M Na,SO, solution, v = 10 mV s,
Reproduced with permission from ref. 148. Copyright © 2020, Elsevier. (c) Proposed mechanism for the ciprofloxacin complexes (Cu-CIP) removal by Fe/Co
MOF and N-Co/Fe-PC hetero-EF catalysts. Reproduced with permission from ref. 149. Copyright © 2020, Elsevier.

antibiotic used to treat bacterial infections,’>1152 has been explored
with several MOFs, namely UiO-66, MIL-100(Fe) and MIL-53(Al).
Graphite supported MOFs dropcasted on Ti plates anodically
degrade TC with FE of 98, 89, and 80%, respectively, at optimal
conditions with j of 20 mA cm on all samples. The stability of the
Ui0-66 electrode was measured over 6 cycles showing a decrease in
activity of 8.5%.1>3

The FE of single atom nickel coordinated with nitrogen (Ni-N,4) for
CO is 99% at -0.81 V vs. SHE.'** Similarly, other types of Ni
incorporated into N-doped carbon based materials, such as N-doped
carbon black, Ni-nitrogenated graphene!®> and Ni-hollow carbon
nanospheres,>® show close to 99% FE for CO production at
potentials ranging from -0.6 to —0.8 vs SHE. Min-Ns- graphitic carbon
nitride show outstanding potential for CO,RR with FE of 98.8% of CO
at -0.55 V vs. SHE.}” Fe molecular systems such as Fe-
porphyrin/graphene frameworks (FePGF) can electrochemically
generate CO with FE of 99% at -0.54 V vs. SHE in 10 h.'3® Amino
functionalized iron-tetraphenylporphyrins (amino-Fe-TPPs) can
reach FE of 87% at-1.0 V vs. SHE in a flow cell with alkaline media.*3°

This journal is © The Royal Society of Chemistry 20xx

Cu-N-doped carbon can reduce CO, to ethanol with FE of 55% at -1.2
V vs. SHE, while the conversion yield of C,-products (ethanol and
ethylene) is 80%.16°

3. Degradation of Poly- and per-fluoroalkyl
substances (PFAS) by homogenous catalysis

For over 60 years, perfluorinated compounds have been used in
many industries for a broad range of consumer products.26! Poly- and
per-fluoroalkyl substances (PFAS) are man-made chemicals whose
carbon chains are partially or completely saturated with fluorine
atoms. PFAS are emergent persistent pollutants identified as a
source of public health concern because of their environmental
thermal and chemical stability (their half-life in water is over 90
years) and related human impact.162-165 To date, over 4,000 PFAS
have been identified. The most common are per-fluorocarboxylic
(PFCAs) and perfluorosulfonic acids (PFSAs).166:167 PFAS are well
known for their hydrophobic and lipophobic properties and their
stable C-F bonds.16%
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Table 1. Summary of experimental conditions and electrochemical behavior of molecular inspired electrocatalysts for degradation of pollutants.

Japp Time Main TOF?
Electrocatalyst Pollutant Eapp [mA cm?] [h] FE Product (h1] Ref.
Nitrate/Nitrite
[Co(DIM)Br,]* NO; -0.80 V vs. SHE -120 - 97% NH; - 73
[Co(TIM)Br,]* NO, -0.66V vs. SHE -2 1 85% NH,0OH 42 72
GCC-CoDIM NO, -1.16 V vs. SHE - 4 >99% NH; 180.9 68
GCC-FeDIM NO; -0.86 V vs. SHE - 4 88% NH; 692.3 69
NiPc-CNT NO; -1.10 V vs. SHE - 4 87% NH; - 80
CuPc-CNT NOs -0.55 V vs. SHE -980 - 98% NH; - 79
CoPc-CNT NO, -0.192 V vs. SHE -466 - 97% NH; - 79
Co(dmgH,)Cl,-MWCNTs NO, -0.34 V vs. SHE - 1 98% NH; - 82
Co,Cu,HHTP NO; -0.6 V vs. SHE -100 0.5 96% NH; - 83
Cu/Cu0,/Cu0-MOF NOs -0.3 Vvs. SHE - 1 99% NH; - 84
Cu@Th-BYPYDC NO; 0V vs. SHE - 2 93% NH; - 85
Cu-MOF NO; -0.9 V vs. SHE - 1 85% NH; - 86
Fe;Ni-N-C NOs -1.06 V vs. SHE -25 0.5 52% N, - 88
Ni-MOF/NF NO; -1.16 V vs. SHE -40 6 14% NH; - 89
RuNi-MOF NO; -1.10 V vs. SHE - - 73% NH; - 90
Pd-NDs/Zr-MOF NO; -1.3 Vvs. SHE -40 6 58% NH; - 91
Halogenated compounds
CoPc/CNT 1,2-dichloroethane -0.34 V vs. SHE -50.0 - ~100% Ethylene 120 22
CuT2 CH,Cl, -1.40 V vs. SHE -25.1 10 70% CH,4 9.2 25
H2PorT8® CH,Cl, -1.56 V vs. SHE -13.0 1 70% CH, 130.9 106
CoPor8T® Alachlor -1.16 V vs. SHE -4.8 - 84% DCAIl¢ 32,730 29
bi-FePc Atrazine 0.09 V vs. SHE - 3 98% HEITd - 107
[Co(bpy(CH,0H),),]** Alachlor -1.00 V vs. SHE - 0.75 95% DCAIc 24,000 108
VB12 Trichloroacetic acid - -7.2 5 92% Acetic acid - 109
VB12 Tribromoacetic acid - -10 6 99% Acetic acid - 110
Aromatic hydrocarbons
Fe-ZSM-5 Lindane - 8 78% Hydracrylic acid - 122
PD-CTF Nitrobenzene -0.22 V vs. SHE - - Phenyl hydroxylamine - 123
MoS,@ZNC Phenol - 2 99% CO, + H,0 - 124
Ui0-66-from ZrO,-C/PbO, 2,4,6-trinitrophenol - 2.33 94 % CO, + H,0 - 125
CTOHH /DNA 4-MBA® - 24 91% Methoxybenzaldehyde - 126
Pharmaceuticals molecules

FeMn@C-800/2 Carbamazepine - 10.0 1 99% CO, + H,0 - 145
Mngs7F€0.33-MOF-74@DF Sulfamethoxazole - 14.0 1.5 96% CO, +S0,* - 148
N-Co/Fe-PC Cu-CIPt - - 0.75 96% CO, + H,0 - 149
CuOx-C-550 N Ceftazidime - - 0.33 100% - - 150
Graphite-UiO-66(Zr)/Ti Tetracycline - 20.0 3 98% Oxalic acid - 153

2 TOF: turnover frequency.

b The experiment was performed in acetonitrile.

¢ DCAI: dechlorinated alachlor.

4 HEIT: 2-hydroxy-4-ethylamino-6-isopropylamino-1,3,5-triazine.
¢ 4-MBA: 4-methoxybenzyl alcohol

As a consequence of the wide usage range of PFAS, they have
been found in living organisms, food, surface soils, and drinking
water,163,164,168,169 Contaminated drinking water is one of the main
sources of human exposure. The current health advisory limit
proposed by the Environmental Protection Agency (EPA) for
perfluorooctanoic acid (PFOA), perfluorooctanoic sulfonate (PFOS),
hexafluoropropylene oxide dimer acid (HFPOs or GenX), and
perfluorobutane sulfonic acid (PFBS) is 0.004 ng L%, 0.020 ng L7,
5.000 ng L%, and 2,000 ng L, respectively.164168,170 Therefore, there
is a need to control the concentrations of PFAS in the environment
with a major concern in drinking water systems. Many technologies
have been used to remove PFAS from water-related environments,
including adsorption, chemical oxidation, chemical reduction,

biotreatment, ultrasonication, photocatalytic degradation, and
electrochemical methods.t7%172 Electrochemical methods in water
treatment are becoming popular due to many advantages, such as

scalability, as they can be applied at the source of contamination.

8 | J. Name., 2012, 00, 1-3

Electrochemical methods can also target a broad spectrum of
pollutants while being easy to operate.'’3-175 Currently, most of the
electrochemical PFAS degradation efforts have been focused on the
study of materials such as boron-doped diamond (BDD) electrodes
and mixed metal oxide (MMO), and little work has been performed
on molecularly inspired electrocatalytic systems.176718! Yet, some
MOFs and molecular systems have shown potential for their PFAS
removal applications.

A titanium-based MOF, MIL-125-NH2, was found to efficiently
degrade 98.9 % of PFOA (100 pg L'!) with a 67% defluorination rate
in 24 hours through reductive photocatalysis under the irradiation of
a Hg vapor lamp in the presence of glucose as the sacrificial
reductant.’® The degradation is believed to follow a chain
shortening and H/F exchange path. Density functional theory (DFT)
studies suggest that hydroxyl radical (¢OH) is important in helping
hydrated electron (e,y”) initiate the PFAS reduction. Several
examples in the literature show photochemical and chemical

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Degradation and defluorination ratio of PFAS with Co(ll)-porphyrin and VB12, over 15 days of catalysis. (a) perfluoro-3,7-dimethyloctanoic acid. (b) 4-
(Trifluoromethyl)hexafluoropent-2-enoic acid. (c) perfluorocyclohexylcarboxylic acid. Reaction conditions: PFAS (0.1 mM), Co-catalyst (0.25 mM), Ti(lll) citrate
(~36 mM), and carbonate buffer (~40 mM) in water at pH 9.0, T= 70 °C. (d). Calculated bond dissociation energies (BDEs, in k) mol?) at the B3LYP/6-
311+G(2d,2p)/SMD level of theory. Reproduced with permission from ref. 188. Copyright © 2019, American Chemical Society.

reductive and oxidative processes for removing PFAS. Since none of
those processes are electrochemical in nature, they are not in the
purview of this article. Thus, we shall very briefly list some here. TiO,
based materials can photocatalytically degrade PFOA under UV-Vis
conditions at 100%.178:183,184 PFAS can be chemically defluorinated
with Vitamin B12,18% or Co(ll)-porphyrin and Fe(lll)- porphyrins, as a
catalyst and Ti(lll)—citrate as a reductant.'® Figure 5 shows the
degradation efficiency and the defluorination ratio (%) of PFAS, using
a Co(ll)-porphyrin (Co-PP) and the mixture of Vitamin B12 with Ti(lll)—
citrate. As shown in Figure 5a, the 85% defluorination for the
perfluoro-3,7-dimethyloctanoic acid, is achieved in 7 days. A higher
defluorination  ratio obtained (92%) for the 4-
(Trifluoromethyl)hexafluoropent-2-enoic acid (Fig. 5b). In both cases,
100% degradation 15 days. The
perfluorocyclohexylcarboxylic acid, results in a lower defluorination

was

was achieved after

This journal is © The Royal Society of Chemistry 20xx

and degradation with 30% and 60%, respectively. The chemical
environment around the tertiary carbon-fluorine (C-F) bond was
found to be crucial for reactivity with cobalt active site. For linear
PFAS with only primary and secondary carbons (as PFOA), no
significant defluorination was achieved. The mechanistic aspects of
each PFAS degraded were correlated with the calculated bond
dissociation energies (Figure 5d), offering valuable insights into the
initial defluorination steps.'®” A general proposed mechanism for
reductive defluorination suggests that tertiary C-F bonds initiate the
H/F exchange, with an elimination step at secondary C-F bonds.
Because most of the molecularly inspired PFAS degradation studies
follow a chemical reduction rather than electrochemical redox
processes, we suggest that these research efforts provide a footprint
for the wuse in the rational
electrodegradation of PFAS.188

design of molecular-inspired
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4. Computational chemistry as an important tool
in electrocatalysis

Computational chemistry broadly encompasses using computational
methods based on classical or quantum mechanical concepts to
understand chemical systems and solve chemical problems.# Its use
has been extended to several areas (i.e., drug discovery9019
synthetic chemistry!92193, environmental chemistry!%, materials
sciencel?5-197) thanks to its cost-effective predictive power, which
yields insights into the molecular behavior of molecules and
materials.1®® In electrocatalysis, computational chemistry methods
have been highlighted as tools to guide electrocatalyst discovery,
design, and engineering since they can replace trial-and-error
experiments with a rational design strategy.'®® Computational
chemistry provide reaction mechanisms,
identification/characterization of active sites, surface interactions,

can

solvent effects, binding energies, structure-property relationships,
among others,200,201

Computational chemistry has been used to provide mechanistic
details of nitrate reduction (NO3RR).202-204 The electronic structure of
the two-dimensional nickel porphyrin-based COF electrocatalyst,
NiPr-TPA-COF, suggests that Ni-3d orbitals are localized close to the
Fermi level (Ef) with a considerable overlap with N-2p and C-2p
orbitals; thus, inducing a fast site-to-site electron transfer from C and
N sites to the Ni center. The Ni center also generates an efficient
electron path for electrolysis, given that it increases the electron
density near the E; of neighboring C sites in the porphyrin scaffold.
The Ni center was found to be the NO3RR catalytic site because of
orbital overlap between adsorbed NOs* and Ni-3d orbitals and
thermodynamically favorable adsorption energies of NO3 (-0.23 eV)
and H,0 (-0.11 eV). The proposed reaction path (Fig. 6a) starts with
nitrate adsorption on the catalyst surface followed by dissociation to
NO,* and NO*. NO* intermediate undergo three proton-coupled
electron transfers to form NH,OH*, which is then reduced to NH;.202
A host-guest ultrasmall Cu nanocatalyst (1-Cu’) for NO3RR to NHzcan
be prepared in situ from the reconstruction of a MOF-supported
single-atom Cu precatalyst (1-Cu) (Fig. 6b).2%% In contrast to other
MOFs, 1-Cu does not collapse the host [CegO4(OH)4(BDC)el
framework (Fig. 6b-1) upon 1-Cu reconstruction providing support
for the ultrasmall Cu nanoclusters and avoiding aggregation. DFT
calculations show that host-guest interaction between the
framework and the Cul3 cluster and a strong binding affinity of the
confined Cu cluster active center and NO;~. The host-guest
interaction makes NO3RR thermodynamically favorable. The RDS
(*NH3 formation) AG values were 0.58, 1.08, and 0.76 eV for the
confined Cul3 cluster, nonconfined Cul3 cluster, and Cu(111) slab,
respectively.

MXenes (Ti3C,Tx), composed of atomically thin 2D transition
metal carbides or carbonitrides, have received significant attention
for electrochemical applications given their high electrical
conductivity, large surface area, and hydrophilicity.29 The 2D flexible
highly defective Ti3C,T, MXene exhibits selectivity for NO3RR to N, at
83%.204 DFT calculations (Fig. 6¢) show that O vacancies in the MXene

10 | J. Name., 2012, 00, 1-3

-2.46 eV). After
adsorption, the conversion of *NOs; to N, is thermodynamically
downhill with a maximum activation energy of 2.97 eV. The

structure enhances NOs;~ adsorption (AG =

conversion of *NOs; to NH; is less likely to occur, given the
unfavorable energy barrier for *NH; desorption (0.36 eV) and the
limited supply of *H.

The use of density functional theory (DFT) in electrocatalysis has
also enabled researchers to explore the electrochemical degradation
of other pollutants.296-298 For example, the selective detection and
Electro Fenton oxidation of PFOA were achieved using a bifunctional
electrode fabricated by a modified polypyrrole molecular imprinted
polymer (MIP) with an electrospun carbon nanofiber Co/Fe MOF
composite (Co/Fe@CNF).2%8 |ndependent gradient model (IGM)
analyses and density functional theory calculations suggest that the
nature of the binding between PFOA and Co/Fe@CNF electrode is a
O-H-1t hydrogen bond. The calculated distance between the carboxyl
group of PFOA and the pyrrole scaffold in the MIP is 2.2 A, which
suggests that the carboxyl group inserts into the m system of the
pyrrole ring. The calculated binding energy of PFOA on the MIP is
54.7 k) mol, indicating a strong absorption capacity of PFOA, which
is a crucial step for the electrochemical degradation of the pollutant.

The removal of organic pharmaceutical pollutants, such as 2,4-
dichlorophenol, naproxen, and ciprofloxacin, has been studied
computationally and experimentally with an iron single-atom
catalyst (Fe-SAC/NC) in heterogeneous EF.2% DFT calculations were
employed to explore the difference in activity towards H,0, between
the single-atom (Fe-SA/NC) and the nanoparticle (Fe-NP/NC)
catalysts (Fig. 6d). Adsorption of H,0, on the iron site occurs first
where one of the O atoms of H,0, binds to the iron site. Then, a
proton is released to form a HOO* intermediate, followed by the
breaking of the O-O bond to yield a HO* species. The generated *OH
is rapidly desorbed from the material as *OH radical to oxidize the
pollutants. The O-O breakage from HOO* to HO* is more
thermodynamically favorable on Fe-SAC/NC (-3.11 eV vs. -2.76 eV).
Besides, the desorption of *OH is exothermal in Fe-SAC/NC, whereas
in Fe-NP/NC is endothermal, which suggests the higher EF activity of
the Fe-SAC/NC over the nanoparticle analog.

This journal is © The Royal Society of Chemistry 20xx
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Reproduced with permission from ref. 202. Copyright © 2023, Royal Society of

Chemistry. (b) Schematic picture showing the reconstruction and evolution of the host-guest 1-Cu catalyst. Reproduced with permission from ref. 203.

Copyright © 2022. American Chemical Society. (c) Calculated free energy reaction pathways for the conversion of nitrate to N, (Path 1) and to NH; (Path I1)

on Ti3C,Tx MXene nanosheets. Reproduced with permission from ref. 204.

Copyright © 2021. American Chemical Society. (d) Computed reaction profile

for H,0, activation at single-atom (Fe-SA/NC) and nanoparticle (Fe-NP/NC) catalysts. Reproduced with permission from ref. 206. Copyright © 2023, Elsevier.

The electrocatalytic reductive debromination of tribromoacetic
acid (TBAA) using Vitamin By, (VB3,) was studied by DFT.2%? Atomic
H* was confirmed to have a prominent role in the debromination of
TBAA. The calculated energy profile for H* formation starts with the
adsorption of H,0 on the surface of the VBy,-modified electrode (-
0.13 eV). The adsorbed H,0 is then activated to generate atomic H*
with a relatively low energy barrier (0.61 eV) to, in turn, promote the
dissociation of C-Br bonds. DFT was also employed to vyield
mechanistic insights into the dechlorination of CH,Cl, to CH,
mediated by a triazole-based copper (I) system (CuT2).2 The reaction
starts with the reduction of CuT2 (-1.65 eV) followed by the
endothermic coordination of CH,Cl, (0.13 eV). Upon coordination,
the Cu site can dissociate the first C — Cl bond with a barrier of 0.15
eV. The reaction is then followed by two one-electron reductions, a
protonation, and the activation/ dissociation of the second C-Cl
bond (0.45 eV). A fourth one-electron reduction and a protonation
step form the product CH4 and regenerate the electrocatalyst. In
another study, grand canonical quantum mechanical calculations
were performed to study the dechlorination of 1,2-dichloroethane
(DCA) to ethylene. The proposed mechanism has two electron-
coupled dechlorination steps that yield chloroethyl (*C,H,Cl) and
ethylene, respectively. The first dichlorination process is the RDS, in
which the kinetic free-energy barrier decreases from 0.78 eV to 0.68
eV when the potential reduces from 0 V to -0.6 V.22

The examples provided herein exemplify the valuable
applications of computational chemistry in environmentally relevant
electrocatalytic studies utilizing molecular-inspired electrocatalysts.
We recommend referring to other reviews focused specifically on
this topic for a more comprehensive understanding of computational
methods in electrocatalysis,200,:201,210-213

This journal is © The Royal Society of Chemistry 20xx

Conclusions

In this review, we present the latest advancements in molecular-
inspired electrocatalysts for degrading pollutants of public concern.
These catalysts, complexes, porphyrins,
phthalocyanines, and molecular-based extended networks like

such as metal
metal-organic frameworks (MOFs), possess physical and redox
properties that enable them to undergo electrochemical reactions
for pollutant degradation in water bodies. Molecular inspiration
offers several advantages, including the ability to fine-tune the
electrocatalyst through synthetic techniques, the need for moderate
reaction conditions, and the potential for scalability. On the other
hand, molecularly inspired systems have increased costs with
increased volume, the stability of the catalysts must be improved,
and interfering species may affect pollutant removal efficiency.
Molecular electrocatalysts can mitigate the impact of highly
persistent pollutants on the environment, particularly in water
bodies. However, further research in this field is necessary to
develop more efficient and cost-effective electrocatalysts for water
remediation and address the challenges associated with their
practical application.
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