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Highlights

- Areview on nanoparticles-modified electrodes for reductive dehalogenation.

- The 3D supports for nanoparticles are compared.

- Methods to prepare and characterize nanoparticles on porous electrode support.

- The influence of the electrode material on electro-dehalogenation process is
discussed.

- Recent applications of nanoparticles-modified electrodes to treat halogenated
compounds.

Abstract

Increasing attention is paid to the degradation of refractory halogenated organic
compounds in wastewaters. For this purpose, electrocatalytic reduction process
constitutes a promising technology due to its high selectivity. Owing to their well-
controlled structure and high specific surface area, nanoparticles have been the subject of
many investigations in electrocatalysis. This study presents a general review on
nanoparticles-modified electrodes to achieve reductive dehalogenation. The role of the
electrode support, especially 3-D Carbon and metallic porous electrodes are first
discussed. Then, the methods to prepare metallic nanoparticles on the electrode supports
included spontaneous deposition and/or electrodeposition are summarized and the
commonly used characterization methods of nanoparticles modified electrodes are also
presented. The influence of the electrode material, Ag, Pd, and Cu, as representatives, on
electro-dehalogenation process is discussed and compared. Finally, this review also
highlights the recent applications of these nanoparticles-modified electrodes for the
treatment of halogenated organic compounds in aqueous solutions.
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1. Introduction

The accumulation of persistent organic pollutants (POPs) in the environment has
disastrous ecological impacts. POPs, and particularly chlorinated organic compounds
such as polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxins and other
organochlorine pesticides can be stored in fatty tissues of wild species leading to a wide
range of effects, for example, neurotoxicity, behavioral changes, hormonal disruption,
and reproductive problems [1]. The contamination of water, air, food and consumer
products such as textiles and packaging by POPs may also have severe impacts on human
health as there are potential links between POPs exposure and diseases including
hormone-dependent cancers, reproductive health issues and metabolic disorders [1].
Organohalogenated compounds are recalcitrant to degradation, hence inevitably leading
to their accumulation in different environmental compartments and increasing the risks of
animal and human exposure. For example, a survey on POPs in samples from woodland
and grassland surface soil collected along an existing latitudinal UK—-Norway transect
showed the occurrence of short-chain chlorinated paraffin as the main pollutant (35 + 100
ng/g soil organic matter (SOM)), followed by endosulfans (3 + 3 ng g* SOM) and
pentachlorobenzene (1 + 1 ng g™ SOM) [2].

Conventional physical and bioclogical treatments cannot totally degrade recalcitrant
organohalogenated compounds thus leading to partially dehalogenated and still toxic
substances being discharged in surface waters. Alternatives have been developed to
tackle this issue, especially advanced oxidation processes (AOPs), which are based on the
generation of highly reactive and unselective radicals, typically hydroxyl radicals (*OH).
Among them, photocatalytic oxidation [3], Fenton oxidation [4], sonoelectrochemical
treatments [5] and electrooxidation [6, 7] have been throughly studied in the past,
showing promising results for the degradation of POPs in both synthetic and real
effluents. Despite the very strong oxidative power of hydroxyl radicals (E° (*OH/H,0) =
2.80 V vs SHE [8]), the complete mineralization of the effluent can be challenging to
achieve due to the formation of more resistant by-products, therefore significantly
increasing the time and cost of treatment [9]. In order to limit the cost of these
technologies and make them more energy-efficient, AOPs and more generally physico-
chemical processes can be coupled with more classical biological processes [9, 10].
Depending on the nature of the effluent (load in chemical oxygen demand, toxicity, etc.),
physico-chemical technologies can either be used as pre- or post-treatment. In presence
of toxic substances, the aim of the pre-treatment is to increase the biodegradability of the
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effluent (or reduce its toxicity) prior to the biological treatment. The relevance of
coupling AOPs such as photocatalysis or electro-Fenton with a biological process for the
degradation of effluents contaminated with recalcitrant organic compounds has been
demonstrated in the past [10-15]. Electrochemical processes can also be used as pre- or
post-treatment to directly oxidize or reduce organic compounds by tuning the potential or
the current applied according to the target compound, hence making them more selective
than AOPs. For example, processes based on electrochemical oxidation or reduction
coupled with activated sludge treatment were reported for the removal of antibiotics and
pesticides [16-22].

It is well-known that the presence of chlorine atoms in organic compounds is related to
their toxicity [23]. Therefore, the removal of chlorine atoms from organohalogenated
compounds is expected to decrease their toxicity and improve their biodegradability [24].
By selectively targeting carbon-chlorine bonds, reductive dechlorination is thus a
promising approach to reduce the toxicity of chlorinated organic compounds prior to a
biological treatment. Among these reductive dechlorination techniques, electroreduction
has been particularly investigated because the whole process can be performed in mild
conditions [25]. However, direct reductive dechlorination is challenging to achieve in
aqueous media due to the competition with the hydrogen evolution reaction (HER).
Therefore, in order to decrease the overpotentials needed to drive the dechlorination
reaction and to reduce the energy consumption, catalysts are required. Metal catalysts
such as Ag [26, 27], Pd [28], Cu [29, 30], Ni [31, 32], Au [33], and Pt [34] have shown a
good electrocatalytic ability to cleave C-X bonds (where X=ClI, Br, or 1), allowing their
reduction at less negative potentials than on carbon electrodes. However, from an
economic point of view, using high surface of noble metallic catalyst is not realistic. An
interesting alternative is the utilization of nanoparticles (NPs) on carbon material
supports. NPs have a hierarchical structure with high specific surface area and abundant
active sites, making them particularly interesting for catalysis [35-41]. Furthermore,
because of their high surface-to-volume ratio, it is possible to obtain high current
densities with a low loading of NPs, thus enhancing the efficiency of the reaction, while
decreasing the reaction time. Moreover, the electrocatalytic activity of metallic NPs is
often similar or even higher than bulk metal. For example, Ag nanoclusters supported on
glassy carbon and bulk Ag have shown comparable electrocatalytic activities,
anticipating a positive shift of the reduction potential of PhCH,Cl by ca. 0.5 V/sce
compared with bare glassy carbon [42]. It has also been reported that Cu nanostructured
electrodes tend to be more efficient than bulk Cu towards the reduction of organic
chlorides [43].

However, NPs are a potential threat to aqueous organisms and human health [44, 45]. For
example, Yue et al. [46] reported that Ag NPs can be taken up by fish cells via endocytic
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pathways, bind to both extracellular and intracellular proteins and inhibit enzyme activity.
For a more sustainable process, NPs should therefore be strongly immobilized on the
electrode surface to prevent them from being released into the effluent during the
dechlorination reaction. The NPs immobilized on electrode support are usually stable
even after several electrolyses [47, 48].

The role of electrocatalysis in the remediation of water pollutants has been recently
reviewed, underlining its interest for decentralized water treatment [49]. This review
paper aims to give a critical overview on the development of electrodes modified by
nanoparticles for the reductive dechlorination of POPs. In a first part, the methods used
for the preparation and characterization of NPs will be discussed. The second part will
focus on the effect of nanoparticles composition and structure on the electroreduction
efficiency. Finally, the main results on the electrocatalytic reduction of biorecalcitrant
compounds with nanoparticles modified electrodes will be summarized.

2. Preparation of electrode materials with nanoparticles

The role of the electrode material for electrocatalysis is essential. A high specific surface
area, a good electrical conductivity and a high catalytic activity are required. To achieve
this goal, the electrode material needs to be an appropriate support with a fine dispersion
of the metallic NPs on its surface. Moreover, it has been reported that the modulation of
NPs electronic properties by interaction with the chemical or morphological defects of
the support can increase the catalytic activity and selectivity of the electrode material [47].

2.1 Supports used for NPs deposition

There is a large choice of 3D electrodes that are often preferred for electrocatalytic
applications owing to their high specific surface area and to the possibility to use them in
flow systems.

2.1.1. Carbon support

Carbon supports, including glassy carbon felt, graphene foam, and graphite felt (Fig. 1),
are considered as good candidates since they offer high specific surface area and
chemical inertness. It has also been reported that carbon supports are able to adsorb
organic halide compounds, leading to the enhancement of the catalytic efficiency of the
electrode material [50]. Kopinke et al. [50] exhibited a beneficial interplay between the
adsorptive properties of activated carbon and the reductive dechlorination by Fe NPs
immobilized on it. Interestingly, the activated carbon served as a redox mediator between
the Fe NPs and the adsorbed species. The enhancement of the electroreduction process by
adsorption of organic halides on activated carbon is particularly interesting for
wastewater treatment for which the target components are often in low concentration
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(usually < 100 mg L™). Another attractive property of carbon substrates is the presence of
oxygen and nitrogen functional groups, including carboxyl, phenol, hydroxyl, epoxy,
amino groups and lactones on their surface. These functional groups are formed by the
oxidation of the edge-plane sites and defects on the surface of carbon [51, 52]. The
amount and the nature of surface oxides are influenced by the method used to modify, to
clean and to activate the substrate [53]. These functional groups play an essential role in
the electrocatalytic process. For example, it has been shown that oxygen groups can
enhance the catalytic activity of Ag NPs for dechlorination of halogenated organic
compounds, imparting hydrophilicity to the carbon surface [54]. Carbon materials,
however, are known for their limited electrical conductivity that can be nevertheless
improved with graphene material, and for their low catalytic activity compared with
metals. For these reasons, metallic supports have also been widely investigated.

2.1.2. Metallic support

Three-dimensional metal electrodes such as Cu foam [55], Fe mesh [56], Ti/TiO,
nanotubes [57] Ti mesh [58] and Ni foam [32] (Fig. 1) are good alternatives to carbon
materials, since they have low electrical resistance and sufficient reactive sites due to
their appreciable surface area. Metal foams with various void volume fractions have a
high surface area (typically between 200-400 cm? cm™) as well as good porosity and
penetrability that favor reactant mass transfer (the pore diameters are typically in the
range of 0.2-0.5 mm) [55, 59]. Moreover, they also present high electrical and thermal
conductivity, good mechanical strength and corrosion resistance, which make them
excellent candidates as electrode supports for electrocatalysis [59-61]. Compared with
Pd-loaded activated carbon materials, palladized Ni foam has shown a better catalytic
activity toward the hydrodechlorination of 4-chlorobiphenyl with high chloride removal
performance and good electrode stability [56]. This result has been attributed by the
authors to the much more open area of Ni foam than activated carbon matrix, for which
severe mass-transport limitation could occur, when a significant amount of Hjis
generated. Cheng et al. [62] also obtained 20% higher current efficiency and saved 50%
energy consumption by using Ti mesh instead of activated carbon cloth as a cathode
substrate for the electrochemical hydrodehalogenation of 2,4-dichlorophenol (DCP). This
is a consequence of the higher current efficiencies and also of the lower resistance of the
Ti mesh, compared with the carbon cloth. Better mass transport of DCP at the Ti mesh
can be expected because of its very open structure, leading to better hydrodehalogenation
performances, compared with carbon cloth.
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Fig. 1. Scanning Electron Microscope (SEM) images of some porous, 3-D electrodes
supports. (a) Fe—Cr—Al alloys [63]; (b) Fe foam [56]; (c) Ti/TiO, nanotubes [57]; (d) Ni
foam [32]; (e) Graphite felt [64]; (f) Carbon cloth [65]; (g) Ti mesh [58].



Journal Pre-proof

Some electrocatalytic metals, such as Ag, Pd, Cu, and Au, do not usually have high
surface areas, resulting in insufficient active sites for target compounds. However, it can
be interesting to use them as support for nanoparticles when for example a synergistic
effect can be expected between them and the deposited metallic nanoparticles. Thus
rough surface treatments based on the oxidation-reduction cycle (ORC) process have
been developed to enhance their specific surface area and roughness, leading to more
exposed active sites [26]. The ORC process consists for example in the oxidation and
then the reduction of polished Ag for several minutes in alkaline or neutral aqueous
solutions containing KCI or K;SO,4. This treatment leads to a porous film with many
columnar and extruded NPs on its surface, as shown in Fig. 2. The specific surface area
of the roughened Ag support is nearly 300 times higher than that of untreated Ag. As a
result, cyclic voltammetry analysis shows that the reduction peak of a polyhalogenated
phenol increased nearly nine-fold after ORC treatment of the Ag electrode. Furthermore,
the potential peak shifts to positive values with the roughened electrode. Thus, the ORC
process significantly improves the surface characteristics and enhances the catalytic
activity of the electrode. As an example to show the efficiency of the ORC process, a Pd-
modified Ag electrode with a surface-roughened treatment can remove 24-
Dichlorophenoxyacetic acid with a 27% higher conversion within two hours than
untreated Pd-Ag electrode with an optimal current efficiency of 30% [66].

Fig. 2. SEM images: (a) Ag (pristine) electrode, (b) Ag (roughened) electrode [66].
2.1.3. Doping methods

To obtain better electrocatalytic ability of cathodes, it is possible to dope the support with
heteroatoms. It has been widely used to improve the conductivity of carbon substrates.
For carbon, the most used heteroatom dopants include nitrogen, boron, and phosphorus
[67-69]. The role of doping agents can be classified as follows [47, 67, 70, 71]:

(1) enhancement of internal electrical properties of carbon materials;

M. Terrones et al. [69] found that N-doped carbon nanotubes had much better electrical
conductivity than pure carbon nanotubes. The improvement of the electrical conductivity
can provoke the increase of the current efficiency and the decrease of the electroreduction
time. Both electron and hole doping result in a change in the graphene lattice [72].
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(2) increase of surface oxide functional groups of carbon;

Doping techniques can enrich the surface oxide functional groups, including stable
semiquinone and carbonyl groups, unstable carboxyl, acid anhydride and lactone groups
[67]. These oxide species could promote metal nanoparticles deposition as well as
enhance the stability of NPs on the support surface [54, 68].

Carbon support can be treated with concentrated HNO3 at about 120 °C to enrich its
surface in oxygen (mainly carboxylic groups), leading to the increase of its hydrophilicity.
Thus, oxo-groups on carbon surface allows for the possibility to reach the real metallic
catalysts loading on carbon matrix, by effectively clamping the electrocatalytic
nanoparticles during the preparation of nanoparticles modified carbon support. The
hydrophilicity of the carbon surface favors its interaction with organic molecules in the
presence of water, making the bond cleavage and electron transfer process faster [54].
For example, Durki¢ et al. [73] prepared glassy carbon by the carbonization of a
commercial resol type of phenol-formaldehyde resin mixed with phosphorus pentoxide
and boric acid before polymerization. They found that boron and phosphorus were
incorporated substitutionally into the carbon lattice, leading to the increase of the number
of surface oxygen groups and to the improvement of the stability of surface oxygen
species on the doped glassy carbon. Peri¢-Grujié¢ et al. [67] spontaneously deposited Ag
and Pd on the above modified glassy carbon. They reported that the highest amount of Ag
and Pd deposits were obtained at the electrode surface that contained the highest quantity
of surface oxide complexes. It has been concluded that carboxyl groups are involved in
the deposition process.

(3) increase of the chemical and structure defects of carbon.

The doping techniques can also increase the chemical and structure defects, resulting in
an increased number of edges and providing the initial nucleation centers to form NPs
[74]. Perini at al. [47] have found that morphological defects can act as trapping sites to
anchor the catalyst NPs. The authors synthesized a modified nitrogen-glassy carbon
support by N," and N* ions implantation into glassy carbon. It was reported that the Pd
NPs on the nitrogen-doped glassy carbon support were about 50% smaller with increased
distribution and improved activity toward the C-Cl bond cleavage (peak potential
positively shifted in cyclic voltammetry) in comparison with Pd NPs on pristine glassy
carbon [47].

As pristine metallic electrodes are already very conductive by nature, there are not a lot
of examples of doping metal electrodes. However, it is for example interesting to
underline the physicochemical features of nanosized titanium nitride [75]. Nanosized
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titanium nitride has a good chemical stability, a low electrical resistivity and an attractive
catalytic ability. It has been shown that a better catalytic activity toward the reductive
dechlorination of 2,4-dichlorophenoxyacetic acid can be observed with Pd/Ni foam
electrodes doped with nanosized titanium nitride, compared to a non-modified Pd/Ni
foam electrode. The good electrical conductivity of nanosized titanium nitride accelerates
the electron transfer inside the Pd layer, enhancing the cathode current compared with
undoped electrode materials. Moreover, the nanosized titanium nitride doping effect
induces more polarized portion for hydrogen evolution reaction, increasing the number of
active hydrogen atoms [H] chemisorbed on Pd available for the dechlorination process.

2.1.4. Novel supports

3-dimensional supports, which possess high specific surface areas can also be covered by
a conductive layer to support NPs. Thus, the moderate conductivity of carbon felt can be
improved by covering the surface of its fibers by a metallic layer. It has been performed
with Ni-coated graphite felt by Floner and Geneste [64], who developed a new 3-
dimensional electrode material by electrodeposition of a Ni layer onto a graphite felt. The
Ni-coated graphite felt shown in Fig. 3 combined the high specific surface area of the
graphite felt with the good conductivity of Ni. The specific surface area of the Ni-coated
graphite felt was estimated by Brunauer, Emmett and Teller (BET) to 1 m? g%, which is
higher than the surface area of the traditional Ni foams (102 to 2 x 102 m* g %). In
addition, the electrical conductivity of the Ni-coated graphite felt is enhanced because of
the lower electrical resistivity of Ni (69.9 nQ-m) than that of graphite (2500 to 5000
nQ-m) [76]. Cu- and Bi-coated carbon felts have also been reported [77-79]. Cu-coated
graphite felts possess high electrical and thermal conductivities, and their wear-resistant
properties (with fiber content above 10 vol %) are superior to those of wear-resistant Cu
alloys.

Nanoporous Ag foam onto a glassy carbon electrode (GCE) has also been reported [80].
To do so, a solution containing 0.01 M of AgBF, and 2 M of HBF, was prepared and a
high current density of 3 A cm™ was applied to a 2 cm? GCE for 60 s. A foam-like
structure was obtained with 40 nm Ag crystals assembled in irregular ca. 70-300 nm
thick filaments. It would constitute an interesting support for NPs deposition owing to its
good reductive dehalogenation properties.
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Fig. 3. SEM images of a Ni-coated graphite felt [64].

Nano-porous silicon flour has also been reported as NPs electrode support [81]. It was
prepared by first etching polycrystalline Si-flour in agueous solutions containing HF and
HNOs. Then Ag NPs were formed by electroless deposition and removed by soaking in
HNO; solution. The removal of Ag NPs created nanostructure of silicon flour. This
material was then modified with Pt, Pt—Pd, Pt-Rh and Pt-Ru NPs and deposited on a
graphene electrode. Such electrodes are good potential candidates for
hydrodehalogenation of organic halides.

2.2 Preparation of electrodes modified with NPs

Numerous methods have been exploited for the deposition of NPs on electrode supports
for electrochemical dehalogenation, which can be classified as follows: chemical
reduction, galvanic displacement deposition, and electrodeposition.

2.2.1. Chemical reduction

Chemical reduction is a common method to form NPs onto a 3D support. For example,
Feng et al. [82] produced in situ bimetallic CoxNi; (with x =0, 0.1, 0.3, 0.5, 0.7, 0.9, 1)
NPs (mean particle size 6.5 nm) adhered on graphene, using a one-step procedure. The
bimetallic NPs were formed using a Co** and Ni?* solution in the presence of sodium
borohydride and methylamine borane used as reducing agents. A common reducing agent
is NoH4 [83], but other alternative synthetic methods are also proposed. Thus, Wang and
Wang [84] have developed new methods using hot hydrogen or formaldehyde as
reducing agents to synthesize Pd NPs on activated carbon surface. The Pd NPs had a
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narrow distribution with a mean particle diameter of about 4.1 nm using hot hydrogen
and 5.2 nm using formaldehyde.

2.2.2. Spontaneous deposition

Spontaneous deposition of NPs onto the electrode support, also known as galvanic
replacement or transmetallation, is an electroless method occurring at open circuit
potential. It “spontaneously” produces ad-layers of most metals, which strongly interact
with the substrate and produce a bi-metallic electrode, as described in the equation (1).

n n
n+ L A
Mnano + EMsubstrate - Mnano + aMsubstrate (1)

Where Mgypsirate 1S the metal substrate or the substrate covered by a layer of metal; and
Mnano IS the metallic nanoparticle.

This reaction is a thermodynamically favored process if the standard potential of the
metal substrate (Em-substraie) i lower than the standard potential of the NPS (E°M-nano),

0 0
EM—substrate <EM—nano :

Spontaneous deposition methods can be performed with metallic supports, such as Ni, Ag
and Cu electrodes [70, 85, 86] or with inert elecirodes covered by a metallic layer.

It is worth noting that the passivation of the metallic support can prevent the galvanic
displacement reaction, even if the deposition is thermodynamically favorable
(EVi—substrate <EM—-nano)- Thus, E. Verlato et al. [87] found that Ag deposition and Ni
dissolution could not occur simultaneously in nitrate solution. However, favorable
conditions for Ni-Ag galvanic exchange were obtained with sodium thiosulfate, as shown
in Fig. 4. It appeared that no passivation phenomenon occurred on Ni in this medium, and
a negative shift of its oxidation potential was observed. This shift was enough to allow
the galvanic displacement reaction to occur even if the reduction potential of Ag
complexed by thiosuifate was also more negative.

Pd NPs have also been synthesized on Ni foam by galvanic displacement reaction [75].
During Pd deposition, the excess of CI" ions is added to form a [PdCl,]*>" complex in
order to increase the solubility.
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Fig. 4. Voltammetric curves relevant to Ni electrodissolution and Ag deposition in
solutions of nitrate (a) and thiosulfate (b). Anodic and cathodic curves were recorded
with Ni and Ag disc electrodes, respectively. The insets show the dependence of the
open-circuit potential (OCP) of a Ni disc electrode dipped in the solutions used for
galvanic displacement [87].

2.2.3. Electrodeposition

In recent decades, the electrochemical process to obtain NPs on support surface has
attracted a lot of attention. In this case, the metal catalyst is deposited by electrochemical
reduction of metal ions, according to equation (2):

n+ -
Mnano + ne - Mnano

Electrodeposition can lead to heterogeneous deposits, due to uneven current distribution
on the different surface areas of 3D electrodes [59]. As an example, during
electrodeposition of Ni onto graphite felt [64], the surface of the felt facing the counter
electrode is at a higher potential than the fibers inside the felt. The potential of the fibers
decreases as the distance between the fibers and the surface of the felt increases. As a
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result, the Ni loading on the external faces is higher than inside the material. However,
electrodeposition has some advantages summarized as follows [88]:

(1) the size and density of NPs can be controlled by the applied current or potential value;
(2) the time required for the formation of stable NPs is short;
(3) the loading of metal onto the support can be monitored through the electrolysis charge.

There are several methods used to perform electrodeposition: using a constant current
[29, 89] or a constant potential [47, 90], or by pulsed techniques [43, 91].

Constant current intensity or constant potential electrodeposition

Galvanostatic and potentiostatic techniques consist in applying a constant current
intensity [92] or potential [93], respectively, until the end of the deposition. These
methods are easy and straightforward to operate [59]. Zhao et al. [48] and Li et al. [94]
compared the Pd/Fe NPs modified carbon paper synthesized by chemical reduction on the
one hand and by galvanostatic electrodeposition process on the other hand. After
impregnation followed by calcination of the carbon paper with Pd®* ions and then Fe**
ions, the chemical reduction was carried out with hydrogen as the reducing agent at
200°C for 120 min. Regarding the electrodeposition process, it was performed at 1 mA
cm™ for 30 min. Homogeneous distribution and finer particle size of Pd NPs were
obtained with the electrodeposition process (about 20 nm in diameter), while Pd NPs
obtained in the case of impregnation and calcination process were around 400 nm in
diameter. Moreover, the electrode prepared via electrodeposition showed higher activity
toward the dechlorination of chloroacetic acids than the electrode prepared via the
chemical reduction process. Zhang et al. [93] deposited Au NPs on glassy carbon
electrode by potentiostatic technique at —0.4 V/SCE for 600 s. Homogenous Au NPs
covered the modified glassy carbon with a mean size of about 40 nm. Electrodeposition
has also been used to synthesize NPs on porous supports. For example, Li et al. [60]
successfully deposited Pd NPs onto Ni foam in an aqueous solution composed of
1 mmol L™ of PdCI, and 3 mmol L™* of NaCl with a fixed current of 6 mA at 40°C for
2h.

Pulsed electrodeposition

During the electrodeposition process, the mass transfer of metal ions is the limiting step
so that regular current pulses are used to allow a sufficient concentration of metal ions to
diffuse towards the support. As a result, the pulsed electrodeposition method has been
recently investigated for NPs synthesis. Pulse electrodeposition provides an excellent
control of the noble metal loading by forming nanocrystalline deposits with finer grains
and a more compact structure in comparison with NPs from galvanostatic
electrodeposition [29, 36, 91] . The process can be divided into two steps:
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(1) The first step consists in a constant current applied for a short time to produce
nanoparticle nuclei. The concentration of metal ions close to the electrode drops because
the electrochemical reaction is much faster than metal ions transfer during this pulse time.

(2) Then a relaxation step is necessary for ions to diffuse close to the support surface
where the species reduction occurs [95]. The relaxation step takes more time than the
nuclei creation process to get enough metal ions in the vicinity of the support surface.

The short current applied process followed by a relaxation period is typically repeated
thousands of times until the desired loading of nanoparticles is achieved.

The NPs originated from pulse electrodeposition are small with a more substantial
number of low-coordinated (edge/corner) sites, which facilitates the catalytic activity and
enhances the electrocatalytic dechlorination performance [96]. He et al. [96] and Sun et al.
[97] found that NPs of Pd originating from pulse electrodepaosition favor the generation
and stabilization of chemisorbed active hydrogen owing to their high amount of exposed
(111) facets. Moreover, Pd NPs-modified Ni foams obtained by pulse electrodeposition
have higher specific surface area and larger reaction contact sites for dechlorination
process in comparison with chemical-deposited Pd Ni foams.

Furthermore, an improved pulsed electrodeposition process known as double-step
potential deposition, has been developed allowing a better control over the dimension and
dispersion of metal NPs. This consists of independent nucleation and growing steps [43,
47]. The suitable potentials for catalytic metal nucleation and growth are determined by
cyclic voltammetry as shown in Fig. 5. The nucleation process is performed at
sufficiently negative potential (E,) so that the deposition process is limited by the
diffusion of the species. As a result, instantaneous nucleation of metal takes place. The
second step consists in the growing process. The potential is fixed at the reduction
potential of the metal (Ey). By this way, the deposition process is kinetically-controlled to
ensure that nucleation of new sites no longer occurs. The nucleation time should be short
in order to avoid excessive production of NPs, while the growth occurs over a longer
duration to guarantee the sufficient growth of NPs. The nanoparticle size can be
controlled via the deposition time in the second step. Cu NPs electrodes with an average
dimension of 20-30 nm have been obtained from the above process. The modified
electrode exhibited remarkable electrocatalytic properties for the reductive
dehalogenation reaction. The reduction peak potentials recorded at Cu NPs electrodes at v
= 0.2 V s 'were positively shifted by 0.3-0.5 V/sce compared with the reduction
potentials measured at a non-catalytic electrode such as glassy carbon.

15



Journal Pre-proof

. »
| /' mA

Eve SCE/V

00 05 5 P4 o 15 = -5

£ vs SCEN tis)

Fig. 5 (a) Cyclic voltammetry in H,O + 5mM CuSO,4+ 0.1 M LiClO4 at GC, scan rate 0.2
v s (b) Double potential pulse for the Cu deposition applied in this study [43].

2.2.4. Multi-metal NPs

Recently, increasing attention has been paid to bi- and tri-metallic NPs to obtain higher
electrocatalytic property, resulting from the synergistic reaction between metals [98-100].
The route of multi-metal NPs formation can be classified into (1) simultaneous way or (2)
successive way.

The simultaneous formation route consists in developing the multi-metallic NPs
following a one-step reduction. Bimetallic CoxNi;.x (with x=0, 0.1, 0.3, 0.5, 0.7, 0.9, 1)
NPs have been prepared by this method [82]. Sun et al. [101] have also simultaneously
deposited Pd-Ni bimetallic NPs onto Ti mesh by applying a current of 3.75 mA cm™ for
50 min. Actually, it is not easy to reduce two or more kind of metal ions into multi-
metallic NPs by electrochemical reduction, due to the difference of electron-capture
ability of metal ions. To circumvent this problem, the successive way which consists in a
sequential immobilization of NPs has been proposed. NPs of the first metal are first
formed, and the second metal is subsequently introduced. The galvanic replacement
reaction is often used to introduce the second metal. Thus, Peng et al. [32] successfully
synthesized Pd-Fe/Ni electrode via cathodic electrodeposition of Fe NPs on Ni foam,
followed by spontaneous deposition of Pd NPs. The galvanic replacement reaction took
place on both Fe and Ni. Durante et al. [43] produced Ag/Cu NPs by electroless
displacement deposition onto Cu NPs-modified glassy carbon (average diameter of 20-30
nm), giving a Cu-nanostructured glassy carbon decorated with very small Ag NPs.
Underpotential deposition (UPD) has also been considered to introduce the second metal
in the fabrication of bimetallic nanomaterials [102]. This phenomenon can occur when a
metal is deposited on another material at a potential more positive than the Nernst
potential of the metal substrate. It allows the formation of a monolayer or submonolayer
of a foreign metal onto the substrate surface, thus avoiding the deposition of the metal on
itself (bulk deposition) (Fig. 6) [93, 103]. Such phenomenon allows precise and
reproducible control of the amount of the foreign metal ad-atoms on the substrate. For
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example, Zhang et al. [93] first deposited a monolayer of Pb onto Au NPs modified
glassy carbon by means of potentiostatic polarization at a designated UPD potential
(=0.25 V vs. Ag/AgCIl). Then spontaneous deposition of Ag NPs was performed,
obtaining a mean NPs size of 30 nm by galvanic replacement of the Pb UPD monolayer
in a Ag nitrate solution. Yu et al. [103] also developed a decorated Pt@Au NPs catalyst
on glassy carbon synthesized by Cu underpotential deposition and Pt redox replacement.
It is interesting to note that in addition to the synergistic effect of multi-metal, the
catalytic efficiency is also improved thanks to the increase of the surface area after the
second metal deposition [43].
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Fig. 6 Cyclic voltammetry of Pb(NO3), 2 mM in H,O + 0.1 M HCIO,4 at Ag600@CuNPs-
GC, scan rate 0.2 V/s [43].

2.2.5. New methods for the deposition process

Some methods have been used to improve the spontaneous deposition reaction, including
ultrasonication, photocatalysis and addition of surfactants:

(1) Ultrasonication

Ultrasonication can enharice mass transfer of metal ions and improve the homogeneity of
the metal deposition into porous electrode materials [104]. In addition, ultrasonication
can trigger acoustic cavitation, initiating and enhancing the chemical activity of reacting
sites and mass transport of liquid to the surface of the electrode substrate [105].
Cavitation phenomenon induced by ultrasonic irradiation creates hot spots with high
temperature and pressure at the liquid-solid interface. This may lead to an increased
number of nucleation and crystallization centers at the surface of the electrode, as well as
a higher rate of noble metal ion reduction to the metallic state. Macijauskiené and
Griskonis [106] reported that the size of nanocrystalline Ag on the surface of graphite felt
can be reduced from approximately 14 nm to 11 nm with the presence of ultrasound
action during the deposition process. Moreover, the mass fraction of electroless-deposited
Ag on the graphite felt in the presence of ultrasound action is 1.6 times higher than that of
graphite felt modified without ultrasound action. However, Simonet et al. [30] found that
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short time (within 1 minute) sonication procedure had no significant influence on
nanoparticle deposition onto flat electrode supports.

(2) Addition of surfactants

Another method used to improve nanoparticles deposition is the use of surfactants. The
most common surfactants are poly-(N-vinyl-2-pyrrolidone) (PVP, MW-10000) [107-109],
sodium carboxymethylcellulose (CMC) [110], cetyltrimethylammonium bromide (CTAB)
cetyltrimethylammonium chloride (CTAC) [41, 107, 111]. They play a key role in the
physical separation of the NPs and in the inhibition of their agglomeration [88]. PVP is
one of the most used polymers since it has a high-quality stability for promoting the
formation of well-defined NPs [108, 112, 113]. Indeed, PVP has long chains that can
prevent nanoparticle clusters from nucleating on the surface. As a result, PVP can allow
the formation of monodisperse NPs. Uberman et al. [88] have shown that Pd NPs
stabilized with PVP exhibited high stability; the colloidal dispersion can be preserved for
several months without the appearance of any precipitate. Furthermore, PVP molecules
avoid the oxidation of Pd NPs at air, which occurs with metallic Pd. The comparison of
the catalytic activity of different Ag NPs modified Ni foams toward the reductive
dechlorination of alachlor has been performed [87]. A 21% higher conversion has been
obtained when the NPs deposition was performed in the presence of PVP. This higher
catalytic efficiency could be due to a higher surface area of the PVP NPs-modified foams.
Liu et al. [90] also proved that PVP is the crucial factor in forming the optimised Ag
dendrites since PVP has a structure-directing effect during the deposition process. It has
been shown that conductive polymers, including polypyrrole, polyaniline, and
polythiophene electrodeposited on the electrode substrate were also able to disperse the
NPs and improve the electronic properties of the electrode, leading to an enhancement of
the catalytic performances [114]. Finally, other platforms can be used to stabilize the NPs
formed, such as silica matrices which can help control NPs architecture and
electrochemical behavior [115].

(3) Mediated electrosynthesis

The preparation of metallic (Ag, Rh, Pd, Au) and bimetallic (RhPd, PdAg, Au/Cu,0) NPs
can also be achieved by mediated electrosynthesis [41, 107, 108, 111, 116]. In this case,
the electrode potential applied corresponds to the redox potential of the mediator which is
not consumed during the reaction. VVarious mediators have been reported for the synthesis
of NPs, such as molecular oxygen [116], methylviologen [107, 111], or
benzimidazo[1',2":1,2]quinolino[4,3-b][1,2,5]oxodiazolo[3,4-f]quinoxaline (BIQOQ)
[108]. The mediated electrochemical synthesis requires catalytic amounts of non-
consumable mediator (no waste generated), which makes it more environmentally
attractive than chemical synthesis. In addition, it allows the production of “ultra small”
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NPs (< 10 nm) that offer undeniable advantages for various applications [41]. However,
due to the utilization of redox mediators, the NPs are synthetized in the bulk solution and
not directly deposited onto the electrode surface. Therefore to date, and to the best of the
authors’ knowledge, this method has not yet been used for electrocatalytic reduction of
halogenated organic compounds applications.

3. Characterization of the NPs modified porous electrode

3.1. Surface area

The electrocatalytic ability is closely linked to the surface area of the electrode. Indeed, a
higher surface area of the support implies more catalytic sites for the reductive
dehalogenation of organic halides. For this reason, the determination of the surface area
of both electrode substrate and NPs is critical.

3.1.1. Nanoparticle surface area

It can be insightful to determine the surface area of immobilized NPs without the support
since they are the center of the catalytic activity. Nanoparticle surface area is related to
particle size and shape. There are several commion methods allowing a rough estimation
of NPs surface area:

(1) Scherrer estimation

X-ray diffractograms can be recorded to approximate the surface area of NPs. According
to the method of Williamson and Hall [117], the average particle size can be calculated
from the broadening (B, ,,) of XRD peaks, given by the Scherrer formula (Eq. 3).

kA

d=W ................................................................................................................... (3)
2

Where d is the average particle size (its diameter if we consider it as a sphere) (nm), A the

wave-length of X-ray radiation (1.54 A), 6 the angle at the position of the peak maximum,

B the width (in radians) of the diffraction peak at half height, and k a dimensionless
2

shape factor, close to 0.9 but which varies with the actual shape of the crystallite.

The total surface area of an assembly of spherical particles with diameter d and density p,
is given by Eq. 4 [87, 118]:

6000
S =

7 (4)

Which S (m?g™), p the metal catalyst density (g cm™) and d (nm)
(2) UPD
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Pb, Cd and Ti are known to form a UPD monolayer on many noble metals [43]. The
method to calculate the total surface area of NPs (A) consists in the deposition of lead
onto the electrode surface by UPD and then the estimation of the surface area using the
following equation (5):

Where Qupp (C) is the charge consumed to reduce the metal, obtained by integrating the
current density against time using either cyclic voltammetry or anodic stripping curves,
and gn the monolayer charge density that is 0.390 mC cm? for Pb [119]. The
electrochemical underpotential and bulk deposition of lead and cadmium on silver
macroelectrodes and AgNP arrays composed of varying sizes of particles has been
investigated by Campbell and Compton [119]. They pointed out that a minimum diameter
of ca. 50 nm is required in order to clearly observe the underpotential deposition and the
corresponding stripping processes for both Pb and Cd. Singh and Buttry [120]
successfully measured the electroactive area of catalyst available for the oxygen
reduction using the charge for the UPD of Pb on the Ag NPs. Verlato et al. [87] also used
this method to estimate the total Ag surface area of Ag NPs-modified Ni foam. However,
they also showed that the value was overestimated because the galvanic displacement
reaction of lead onto Ni foam also occurred leading to an amplification of the signal.
They concluded that this method is not suitable to assess the Ag surface area in Ag-Ni
samples.

(3) Gas desorption

The coulombic charge for gas desorption (Qgas), including H, [121, 122] or CO [123] on
the electrode can be used to approximate the surface area of the target electrodes. The
electrochemically active surface area can be calculated using the following equation (7):

ans

5= M xk

...................................................................................................................... (7)

Where Qgas is the H, or CO desorption charge measured with the electrode substrate, mC
cm’; [M] represents the metal catalyst loading on the electrode, mg cm™; k represents the
charge needed to oxidize a monolayer of H, on the metal. For example, the charges for a
monolayer of H, oxidized on Pt and Pd is 0.21 mC cm™ [124]. And for CO, k is 0.484
mC cm on Pt (102).

3.1.2. Support surface area

Three types of surface areas can be considered for the support: i) the geometric surface
area which is usually applied to plane electrodes, ii) the BET surface area which is
typically used for the 3-dimensional electrodes and iii) the active electrochemical surface
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area, which is associated to the surface area that is electrochemically accessible. The
geometric surface cannot be used with 3-dimensional porous electrodes as it will give an
underestimated value. The BET method is a classical technique to determine the specific
surface area of porous materials and is suitable to characterize 3-D electrodes. However,
since nitrogen is the most commonly used gaseous adsorbate for specific surface area
measurement by BET methods, it gives an overestimation of the active surface area in
aqueous medium. Indeed, owing to its low size, nitrogen can penetrate pores that are not
accessible to water. Thus, organic molecules cannot go through tiny pores, even if they
contain catalytic sites.

The electrochemically measured surface area is a good method to estimate the surface
area accessible to electroactive species. Different electrochemical methods can be used to
measure it, and four of them are described thereafter:

(1) Cyclic voltammetry by varying the scan rate in the presence of a redox probe such as
potassium ferricyanide (K3[Fe(CN)s], 1 mM) can be used to estimate the electrode
surface using the Randles—Sevcik equation for a one-electron process [81, 125]:

’ F
I, = 0.44-6FSC0\/D—0 ﬁ\/? ......................................................................................... (6)

with, 1, oxidation peak current, A; F, Faraday constant, 96485 C/mol; S, electrode
surface, cm? Dy, diffusion constant, 0,76 x 10° cm? s in 0.1 mol L? KCI ; Cy,
concentration of Fe(CN)s*, mol cm™; R, 8.14 J mol* K*; T, Kelvin temperature, K; v,
scan rate, V s,

For a constant concentration of the redox probe, the increase of peak currents can be
ascribed to an increase of the electrochemically active surface area. A linear regression

curve can be fitted to the 1, vs Vv plot, and S being obtained from the slope of the curve.

(2) UPD can be also used to measure support surface area by covering a metallic
monolayer on ail the support surface, instead of nanoparticle surface. The support should
be a metallic substrate, such as Ni foam, Fe foam, and Ti mesh [87].

(3) Impedance measurements aim at evaluating the capacity of electrode samples and,
therefore, their surface area. The specific surface area (cm™) is calculated as:

Where the capacity Croam, expressed in F cm™, refers to a foam volume and the capacity
Csneet, €Xpressed in F cm™, refers to a sheet area. Equation (8) assumes that the sheet is
perfectly smooth, and thus may underestimate the surface area of the foams, to some
extent [63].
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(4) In the specific case of Ni foam, the electrochemical surface area can be estimated by
peak integration of the quasi-reversible system corresponding to the couple Nickel
hydroxide/nickel oxihydroxide (Ni(OH)/NiOOH), using equation (9).

S O o o e 9)

Where Qsam IS the peak integration for Ni foam, peak area in the cyclic voltammetric
spectra and Qgneet 1S the peak integration for Ni sheet, peak area in the cyclic voltammetric
spectra. An example is given in Fig. 7.
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Fig. 7. Cyclic voltammetry of Ni-foam and Ni sheet in 1.0 mol L™ KOH.
3.2 Other characteristics

3.2.1 Nanoparticle size and shape

It is well known that the metal catalytic activity is strongly dependent on the particle
shape and size. NPs size can significantly affect the electrocatalytic process, a higher
surface area-to-volume ratio being associated with more exposed active sites for lower
particle sizes [126]. The options to measure the particle size on electrode surface include,
scanning electron microscopy (SEM), transmission electron microscopy (TEM), atomic
force microscopy (AFM), and X-ray diffraction analysis (XRD) (Table 1). As previously
explained, equation (3) is used to calculate the average crystallite size by XRD. The
particle size distribution can be estimated by imaging methods such as SEM or TEM
analyses [127]. The association of imaging methods with XRD can be particularly useful,
as reported in the work of Bansal et al. [127], where the authors could correlate the shape
of Ag NPs with their crystallinity. They found that (100) plane predominates in the case
of nanocubes, whereas nano-spheres show a mixture of (111) and (100) planes with a
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similar intensity in the (111) reflection as seen for nanoprisms. The authors also
correlated the catalytic activity of the material with its cristallinity and found that for the
oxidation of formaldehyde, a nanomaterial rich in (111) facets, as it is the case for nano-
prisms and nanospheres, is more active than a nanomaterial rich in (100) facets.

3.2.2 Metal loading

The noble metal loading can be determined by the decrease in the concentration of
dissolved noble metal ions caused by the deposition, or directly by measuring metal ions
previously re-dissolved in acidic solution. The common technologies are listed in Table 1.
For example, UV visible spectroscopy has been used to calculate Pd loading, measuring
the remaining concentration of PdCl, in solution during spontaneous deposition [128]. To
measure the concentration of ions after metal dissolution, inductively coupled plasma-
mass spectrometry (ICP-MS) is usually used. Linear sweep voltammetry (LSV) with a
rotating disc electrode can also be applied to measure the dissolved metal ions
concentration. Thus, Verlato et al. [87] established a calibration curve by LSV (Fig. 14)
to determine the concentration of Ag cations from a solution previously prepared by
heating at 80°C a Ag-modified Ni foam in 5 M HNOs;. The measured Ag* concentrations
were in agreement within 5% with those determined by ICP-MS.

X-ray photoelectron spectroscopy (XPS) and energy-dispersive spectroscopy (EDS) can
roughly provide composition information of NPs. EDS is commonly used to determine
the weight percent and atomic percent of NPs. XPS is used to estimate the composition of
the NPs surface. For example, Li et al. [60] determined that the Pd NPs of a
palladium/polypyrrole/foam nickel electrode mainly existed as metallic Pd according to
the binding energies of the major spin-orbit split doublet of Pd (Pd 3ds;, and Pd 3ds,) at
335.3 and 340.8 eV, respectively. They also estimated the atomic concentration of Pd to
be 1.21%. During the characterization of nitrogen-doped glassy carbon supports with
electrodeposited Pd NPs, Perini et al. [47] determined an overall surface stoichiometry of
Co.85No.15 from the analysis of N 1s and C 1s XPS peaks. Thanks to the high sensitivity of
XPS, low content species can be detected and their oxidation state determined, as for
example Pd(il) found on Pd NPs previously used for a dechlorination process [94].
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Table 1 Common technologies used for the characterisation of metallic NPs modified electrodes

Tech. Description Figure illustration Ref.

NPs size and shape

SEM High resolution 2-dimensional images of particles and support surface, [35]
particle size distribution, shape.
Particle size distribution, shape, surface texture.
TEM . i [60]
Higher resolution than SEM.
Fig. 9. TEM images of Pd NPs on Pd/PPY (PTS)/Ni electrode.
Insets show its corresponding selected area by electron
diffraction and high resolution transmission electron
microscopy image.
Offers three-dimensional visualization of NPs distributed on a flat surface by
measuring the small force between a sharp probe. With the appropriate
AFM protocols, it can provide information about nanoparticle size, shape, surface [129]

texture, and roughness.

It lacks the intrinsic structural sensitivity of electron microscopies.

Fig. 10. AFM images of Ag electrode.
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Elemental composition of NPs
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as 9w 108

0 75
2theta (deg.)

Fig. 11. XRD patterns of the fresh Pd/PPY (PTS)/Ni electrode
and used electrode for five times.

To provide overall elemental composition, EDS is commonly coupled with
SEM or TEM, where an electron beam scans the surface of the sample and

EDS causes emission of X-rays characteristics of the element present. [93]
Closely spaced lines may not be resolved due to poor energy resolution of the
detector
Providing chemical state information.

XPS Being quantified to provide additional semi-quantitative elemental analysis. [94]

Offering far greater surface sensitivity than EDS.

s w0 P ™ " "o
Bowding Frergs eV}

Fig. 13. XPS spectra of Pd on the Pd/Fe-C electrode before
and after the dechlorination reaction
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Fig. 14. LSV recorded with an Au rotating disc electrode
(2000 min*). The inset shows the limiting current-[Ag*]
dependence (calibration curve).
Based on the determination of the total elemental concentration in a
nanoparticle suspension after sample dissolution by acid.
Scanning electron microscopy (SEM), transmission electron microscopy (TEM), atomic force microscopy (AFM), X-ray diffraction (XRD), energy-dispersive spectroscopy (EDS), X-ray photoelectron spectroscopy
(XPS), linear sweep voltammetry (LSV), inductively couple plasma mass spectrometry (ICP-MS).

ICP-MS
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4. Influence of the electrode materials on the reductive dehalogenation
process

The mechanism of dehalogenation depends on the nature of the electrode material, the target
organic halide, the solvent and the proton availability in the reaction medium. Glassy carbon
(GC) electrode is often used as a reference since it is an inert electrode, considered as an
outer-sphere electron donor pertaining to a non-catalytic system [131]. The difference
between the reduction peak potential of organic halides on the metal and that on glassy carbon
Ep(M)- E,(GC) has been used as diagnostic criterion to measure the electrocatalytic ability of
some metal catalysts in organic media. The higher the value of Ey(M)- E;(GC), the greater the
catalytic activity of the metal. Based on this criterion, Fig. 15 was deduced from recent
decade literature [5, 34, 47, 86, 131-136]. We can notice that:

(1) Ag is the most efficient catalytic cathode material for dehalogenation process in organic
medium, leading to a high positive shift of the potential; the relevant E,(M)- E,(GC) values
ranging from 0.2 to 1.3 V;

(2) Both Cu and Au, which belong to the same column of the periodic table as Ag, exhibit
good catalytic activities with Ey(M)- E,(GC) values from 0.03 to 0.99 V/sce and from 0.2 to
0.81 V/scg, respectively;

(3) Pd is the second best catalyst next to Ag in organic medium with E,(M) - E;(GC) values
ranging from 0.28 to 1.18 V/sce. It is important to remind that these analyses were performed
in organic medium. Hydrodehalogenation of organic halides on Pd in agueous medium is
well-known as a very efficient dehalogenation process. Detailed discussion is given in section
4.2.

(4) Pb, Ni and Pt display also good catalytic activity, with E,(M)- E,(GC) values ranging
from 0.3 10 0.7 V/scg;

(5) The lowest catalytic activities are found for mercury, Fe and zinc with the smallest E,(M)-
Ep(GC) values (from 0.2 to 0.5 V/sce).
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Fig. 15. The experimental electrocatalytic activity scale (against the non-catalytic glassy
carbon) of the tested metals toward the reduction of organic halides in organic medium. The
numerals below the box show the number of data used for each metal. (The horizontal black
line in the box represents the median value, the low and upper edges of the box mark the 25th
and 75th percentiles, respectively; the little box marks the average value; and the extension
lines from the box show the highest and lowest values, stars mark outlier) [5, 34, 47, 86, 131-
136].

In the next sections, we focus on the Ag, Pd, and Cu electrode materials, which have been
extensively studied for dehalogenation reaction. Since the mechanisms involved in reductive
dehalogenation process have been recently reviewed [137, 138], we will more focus this part
on the performances of each electrode material for the reduction of halogenated POPs.

4.1 Ag

The mechanism of dehalogenation on silver has been widely investigated in organic media. It
is known to proceed via an adsorption step of the halogenated compound “RX” on the surface
of the electrode leading to an ‘‘attenuated radical’” intermediate of the kind R---X::-Ag, which
is responsible for its remarkable electrocatalytic ability [139]. Indeed, Ag allows a dramatic
decrease in the bond dissociation energy of carbon and halide, leading to a significant positive
shift of the reduction potential with greater current density than at GC [132, 139, 140]. The
catalytic ability of Ag towards organic halides is based on dissociative electron transfer (DET)
process. DET is a mechanism (equation (9-12)) that occurs for the scission of carbon-halogen
bonds during the reduction of organic halides on inert electrodes, such as glassy carbon [141].
There are two possible ways for the DET mechanism, including a “stepwise way” with the
formation of an intermediate radical anion RX*~ (equations (9) and (10)) or a “concerted way”
leading to the formation of a radical R* and an anion X (equation (11)). The radical R* is
usually easier to reduce than the corresponding organic halide molecule so that a two-electron
wave is observed. The formation of the transient RX*~ based on 1e” addition and the cleavage
step can be seen as an intramolecular DET.
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RX'™ o R + X T e (10)
RX +e o R‘ + X_ ............................................................................................................. (11)
R' + e AN R_ ....................................................................................................................... (12)

A catalytic effect of Ag toward the reduction of C-Cl bound takes place only when the
concerted mechanism prevails (equation 11) [142]. In opposite, when a stepwise DET
mechanism happens, the catalytic effect of Ag cannot be observed. For example, the reduction
of aromatic and heteroaromatic compounds 1-6 (Scheme (1)) that follow the stepwise
mechanism owing to their low lying n* orbitals favoring the formation of transient RX*", is
little affected by the nature of the electrode material [141]. Thus, for these compounds, Ag
electrode acts as a non-catalytic electrode, like glassy carbon. In such case, the electrode
serves as an outer-sphere electron transfer donor. These results cannot be extended to organic
bromides and iodides owing to the high affinity of Ag with these compounds. For aromatic
bromides, a change of mechanism from stepwise to concerted mechanism occurs on passage
from an outer-sphere electron donor electrode such as GC to Ag [143].

ci Cl Br
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Scheme (1): Aromatic and heteroaromatic compounds involving a stepwise DET mechanism

A diagnostic measurement for distinguishing the stepwise or concerted mechanism is the
determination of the electron transfer coefficient a [141]. In the concerted mechanism, the
heterogeneous electron transfer is the rate determining step (equation (11)), and o is usually
very small a <« 0.5 (generally around 0.3). In the stepwise mechanism, o closes to 0.5 is
expected. The transfer coefficient o can be estimated from cyclic voltammetry according to
equations (13) and (14) [144]. a can be determined by the dependence of E, on log(v)
(equation (9)) and the values of half peak width, Ey»-E, (equation (14)).

0E,  1A51RT 13

dlogv aF (13)
1.857 RT

Ep, —Ep = L (14)

Where E,, is the reduction peak potential, V; E ,is the potential at half peak, V; R is the

molar gas constant, 8.314 J (mol- K)™; T is the temperature, K; F is the Faraday constant
96485 C mol™; v is the scan rate, V s*; « is the electron transfer coefficient.

A mechanism has been proposed by Isse et al. to explain the interaction between Ag and the
chlorinated compounds [143]. The authors suggest that the strong interaction of RCI with Ag
decreases the activation energy of the concerted DET process with respect to the outer sphere
electron transfer path (Fig. 16). Thus, the kinetics of the reaction is improved as the C—Cl
bond is considerably weakened owing to the Cl...Ag and R...Ag interactions.

29



Journal Pre-proof

B-r B R R’
(@ | |, — = —
-l w=+Cl - Cl

(b)

reacton coovmnate

Fig. 16 (a) Schematic diagram of the concerted dissociative DET at Ag; (b) reaction
coordinate diagram: outer-sphere DET (dashed curve) and Ag catalyzed DET (solid curve)
[143].

The electrocatalytic activity of Ag toward organic halides is significantly affected by (1) the
molecular structure of the target component, (2) the presence of a proton source and (3) the
morphological feature of Ag. In more details:

(1) It has been proved that the affinity of Ag for'R-X decreases following the order | > Br >
Cl [132, 145]. Fig. 10 represents the electrocatalytic ability of Ag toward the reductive
dehalogenation process estimated upon the difference E,(M)-Ex(GC) measured by
voltammetry. According to Fig. 17, organic bromides have the highest E,(M)-E,(GC) values
which decrease according to the sequence | = Br > CI. This underlines the importance of the
nature of the X group on the catalytic behavior. For example, the adsorption of benzyl
chloride and bromide on Ag is moderate. In contrast, the adsorption of benzyl iodide on the
Ag surface is so strong.and fast that the reduction peak of adsorbed benzyl iodide is about 150
mV more negative than that of dissolved benzyl iodide [132]. Therefore, the low initial
catalytic activity found for benzyl iodide could be explained by its high adsorption strength
over Ag surface, since it is accepted that excessive adsorption strength has a negative
influence on the final activity. On the other hand, the high reaction rate found for benzyl
bromide is relative to the adequate combination of moderate adsorption strength with
relatively low bond energy. Besides, such effect is furtherly enhanced by the presence of
adsorption auxiliary groups (e.g., -OH). The phenolic compounds, compared to the toluene
and anisole ones, have a stronger R...X reactivity on Ag, as exhibited by the AExg_gc Values
(2.10 V/sce for 4-bromophenol vs. 0.83 V/sce for 4-bromoanisole and 0.86 V/sce for 4-
bromotoluene) [131].
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Fig. 17. Experimental electrocatalytic activity scale (referred to the non-catalytic glassy
carbon assumption) of Ag electrode for the reduction of organic chlorides, bromides, and
iodides, respectively, in organic medium. The numerals in brackets below the box show the
number of data used for each metal. (The horizontal black line in the box represents the
median value; the low and upper edges of the box mark the 25" and 75" percentiles,
respectively; the little box marks the average value and the extension lines from the box show
the highest and lowest values; stars mark outlier) [34, 131-133, 136, 146].

Germinal and vicinal polychloroethanes are another example showing the importance of the
molecular structure of organic halides in" the electrocatalytic process. Germinal
polychloroethanes lose only one chloride in each reduction step, resulting in a totally
dechlorinated product, ethane. However, vicinal polychloroethanes undergo the simultaneous
removal of two chlorine atoms in an overall 2e- process leading to the formation of (chloro-)
ethylene, which can be further reduced at more negative potentials [34].

(2) The presence of a proton source dramatically affects the hydrodehalogenation mechanism
and efficiency. This can be explained by the acceleration of the rate of regeneration of the
active sites on the metal surface [147]. For example, in the presence of acetic acid, the
production yield of methane (81%) after dechlorination of CCl, at -2.2 V/sce is much higher
than in its absence (11.5%). Furthermore, the reduction peaks of aliphatic chlorides at Ag
cathode - appear less negative in water medium than in aprotic solvent (e.g.,
dimethylformamide (DMF) or acetonitrile (ACN)). A possible explanation is that water
facilitates the desorption of halogenated compounds from Ag surface, leading to free catalytic
sites [148].

(3) The morphology feature of Ag can slightly modulate the electrocatalytic ability of the
electrode toward organic halide reduction. According to the cyclic voltammetry analysis of
2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl bromide on Ag monocrystals, Ag with (111) facets
exhibits the most positive peak potential (-1.20 V/scg), followed by those with (110) facets (-
1.23 V/sce) and (100) facets (-1.31 V/sce) [140]. The authors also underlined that the catalytic
activity of Ag increases with the surface roughness (on polycrystalline electrodes) or atomic
density (on monocrystalline electrodes). Bansal et al. found that nanomaterials show
enhanced electrocatalytic activity compared with macro-Ag electrode [127]. Significantly, Ag
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nanoprisms that are rich in hexagonally closed pack (hcp) defects show a greater activity than
nanospheres and nanocubes for all reactions studied; for example, the electrocatalytic
oxidation of hydrazine and formaldehyde and the reduction of hydrogen peroxide. Similar
results were reported by Sui et al. who showed that Ag nanoparticles of 9 nm size formed in
situ with a ZSM-5 zeolite film grown on a stainless steel substrate possessed much higher
catalytic activity towards the electroreduction of PhCH,CI compared with an Ag bulk
electrode [149]. The authors suggested that in addition to an increased conductivity and active
surface area of the electrode, Ag NPs were stabilized by ZSM-5 zeolite which in turn
enhanced the catalytic activity of the NPs.

4.2 Cu

Cu, in the same group as Ag in the chemical periodic table, has the advantages of excellent
electrical conductivity, only 6% less than that of Ag, and much lower price, making it a good
candidate for applications in environmental remediation. It has been proved that Cu can
exhibit a very good electrocatalytic activity, as shown by the positive shift of the reduction
potential of some halogenated compounds compared with glassy carbon [34, 135]. The results
from Isse et al. [134] pointed out that the reduction mechanism of polychloromethanes at Cu
is similar to that of Ag both in the absence and presence of proton donors. The proton
availability of the medium affects both the catalytic effect of Cu and the distribution of the
reduction products. The presence of an added proton donor promotes the hydrodehalogenation
pathway, enhancing the concentration of polychloromethanes intermediates and the
production yield of methane, which is the primary product of the exhaustive electrolysis.
Esclapez et al. [150] have shown by surface-enhanced Raman spectroscopy analyses that
trichloroacetic acid can be reduced on Cu at -1.3 V/scg, due to its high adsorption on the
electrode surface via Cu-Ci and Cu-CO bonds, showing that the carboxylate group
participates to the interaction. For this reaction, a two-electron reduction process has been
proposed, for exampie for 1,1,1-trichloroacetate and 1,1-dichloroacetate. The protons
participate to the cleavage of the C-Cl bond as shown in the equations (15) and (16) [150].
The enhancement of the hydrodehalogenation process in the presence of a suitable proton
donor was also proved by Durante et al. [135] and Isse et al. [134].

ClsCCO5 + HY 4 2™ 5 HCI,CCO5 + Cl™ rerrsemmssssssssssssssssssssssssssssssssssssssssssssssssssssssns (15)
HCL,CCO5 + H* 4 2™ = H,yCICCO5 + Cl7 wrrmressssmmsssssmssssssssssssssssssssssssssssssssssssssssssens (16)
4.3 Pd

Pd was found to be effective to reduce organic halides by electrocatalytic hydrogenolysis
(ECH) owing to the strong adsorption of hydrogen into its lattice and the further formation of
active atomic hydrogen [H] [75, 151, 152]. ECH is the main mechanism that occurs on Pd to
break the carbon-halogen bond [32]. ECH is a process in which chemisorbed hydrogen is
generated at the cathode surface through reduction of water. More precisely, the ECH process
consists in the following steps [32, 66]:
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(1) generation of chemisorbed hydrogen [H]ass-m On the electrode surface by hydrogen
adsorption (equation (17));

(2) adsorption of organic halides (R-X)ags-m On the electrode surface (equation (18));
(3) hydrogenation of (R-X)ags-m bY [H]ads-m (€quation (19));

(4) desorption of the generated dechlorinated organic compound (equation (20)).

2H,0 + 267 4 M = 2[H]agsom + 20H T sreemmeemmesmmemmsssisissesssss s (17)
R — X A4 M 5 (R = X)) ggup e eesseesssessssssssssss sttt st (18)
(R = X)ads—m + 2[Hladsem = (R = H)agsop + HX reereessmeemmmesmesnnsesisiissnnes (19)
(R = H)agsopm € R = H A M corresmesseessses sttt (20)

Where M is the metallic Pd surface and [H],4s_m IS the chemisorbed hydrogen.

It should be noted that during the ECH, the hydrogen evolution reaction (HER) (equations (21)
and (22) competes with the reduction of organic halides [32] if too many protons are
accumulated on the Pd surface. Hence, the rate of water reduction (equation (21)) should be
lower than the rate of organic halides hydrogenation step (equation (19)). Otherwise, the
evolved H, could form a layer covering the electrode surface and limiting the mass transfer of
the organic halides to the active sites. As a result, the hydrodehalogenation of organic halides
will be counteracted [96]. Li and Farrell [153] found that high current efficiencies (> 90%)
could be achieved by coating palladized-Fe cathodes by a hydrophobic polymer to inhibit
water reduction during trichloroethene reduction.

[H]ads—M+H20+M+e_ _>H2+OH— ........................................................................... (21)

[H]adsom + [Hladsom € Hy reemeimesmmsmes sttt (22)

Therefore, considering-that the HER is competing with the ECH, control of the pH of the
solution should be taken into account. It was for example reported that the relative kinetics of
ECH of 2,4-DCP and HER over Pd NPs can be tuned by controlling the pH. The authors
especially presented the utilization of weak acids as an interesting approach to optimize Hagsm
generation and 2,4-DCP adsorption to enhance the ECH [154]. The electrocatalytic
dehalogenation of CCly has also been studied in room temperature ionic liquids over reduced
graphene oxide (GO) supported Pd, Ag and Ag/Pd nanodeposits [155]. In the case of Pd-GO
electrodes, the mechanism associated with the dehalogenation of CCl, was described as a
modified Sticky dissociative electron transfer (MSDET) mechanism with adsorption energy
of chlorinated species contributing to the kinetics of the overall process. However, in the
presence of Ag, the mechanism followed a modified stepwise ET model mainly driven by the
adsorptive stabilization of the electrogenerated radical anion intermediate onto the electrode
surface. In the latter case, it was explained that the stabilization of the radical anion would
increase in the driving force for dechlorination reaction of CCl, [155]
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The morphology feature and size of Pd NPs, the molecular structure of the target component,
and the presence of protons source significantly affect the electrocatalytic activity of Pd
toward organic halides:

(1) Nanoparticle shape and size effect

Interestingly, Pd NPs allow a strong and stable adsorption of hydrogen in the Pd lattice as
with bulk Pd [156]. Whereas hydrogen-storage capacities and equilibrium hydrogen pressure
were proved to decrease with the particle size, the concentration of hydrogen inside the
nanoparticle was found to be at least as high as in bulk Pd [157]. The crystalline surface
structure has a significant effect on the surface reaction, and controlling the shape of the NPs
can help to obtain the desired surface structure to improve their catalytic properties [158].
When NPs are synthesized with a particular shape, they can have a well-defined surface
structure, as shown in Fig. 18. For example, the cubic shape of face-centered cubic (fcc) NPs
has (100) facets, and tetrahedral, octahedral, and icosahedral fcc NPs have (111) facets.
Truncated octahedral have both (100) and (111) facets. The shaped NPs with a distinct
surface atomic arrangement would show different catalytic properties. Better catalysts with
higher activity and selectivity can potentially be formed by moderating the shapes of NPs.
These different atomic arrangements influence the adsorption of reactants onto the surface or
the bond cleavage during the surface reaction [158]. For instance, active hydrogen is more
stable on (111) facets than on (100) facets since the adsorption energy of hydrogen on Pd (111)
facets is stronger than that on (100) facets [159]. He et al. [96] attributed the high catalytic
activity of Pd NPs toward the dechlorination of 2,4-D to their high amount of (111) facets
associated with a high number of atoms on edge/corner sites, compared with Pd NPs with
mainly (100) facets.

. ~ 9 : :
Fig. 18. Pd NPs with cubic (a), cuboctahedral (b), and octahedral (c) shapes [158].

It was also reported that the shape, activity and stabilization of the NPs can be greatly
influenced by the utilization of an interlayer [160]. Indeed, Pd NPs electrodeposited on an
interlayer film composed of polyaniline-nickel hexacyanoferrate-carbon nanotubes appeared
as “spike-like” clusters. In addition, the electrodes prepared with an interlayer exhibited a
much higher catalytic activity towards the dechlorination of 4-chlorophenol than those
without interlayer [160]. Similar effects were reported with the utilization of various
interlayers, such as carbon nanotubes [100, 161], graphene-based materials [162-164], or
titanium-based interlayers [165, 166]

(2) Component’s molecular structure effect
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The molecular structure of organic halides has a significant effect on Pd performance. The
ease of C—X bond hydrogenolytic cleavage is based on the type of halogen involved, the
presence of other functional groups and the conditions considered for the reaction. Alkyl
halides are removed less readily than benzyl, aryl, or vinyl halides, and for all types of
halogen compounds the reactivity order is Rl > RBr > RCI > RF [167], which is similar to the
dissociation energy of carbon-halogen bonds (Table 2). Li et al. [130] and Korte et al. [168]
found that during the dechlorination of phenoxy herbicides in agueous medium by
electrocatalytic reduction over Pd-loaded carbon felt, chlorines positioned in meta or para of
the hydroxyl group in dichlorophenol are more susceptible to be attacked by active hydrogen
adsorbed on the surface of the electrode than chlorines positioned in ortho. In Han’s work
[169], ortho-chlorophenol was the most stable in monochlorophenols and harder to be
attacked because of the presence of intramolecular hydrogen bonding resulting from the
interaction between the hydroxyl group and the ortho-substituted chlorine and to steric
hindrance effect.

Table 2 Homolytic bond dissociation energies for C-X, C-C, C=0, and C=C bonds. [170]

Bond kJ.mol™
CHs-F 451
CHs-Cl 349
CHs-Br 293
CHs-1 234
CH3-CH; 268
CHs-H 439

4.4 Multi-metal catalysts effect

Multi-metal catalysts are particularly interesting since they can exhibit synergistic properties
due to favorable metal-metal interactions as well as increasing the robustness and durability
of the electrodes [99, 100, 163]. The origins of their beneficial catalytic effect can be grouped
into two categories [171, 172]:

(1) The improvement of the electronic properties of the cathode influencing the adsorption
and/or activation energies (ligand effect). A visibly enhanced catalytic activity toward the
reduction of benzyl bromide was achieved on Ag NPs immobilized on a Ni substrate,
with 65 mV/SCE positive shift of the reduction peak compared with Ag NPs deposited on a
glassy carbon substrate [173]. It has also been shown for the formation of Ag-Ni alloy that an
increased amount of Ni can decrease the size of Ag-Ni NPs, shifting the reduction potential of
benzyl chloride positively, and enhancing the catalytic activity of Ag-Ni NPs [174, 175]. The
increase of the catalytic activity has been attributed by the authors to the modification of the
electronic properties of Ag by metallic Ni (and hence the adsorption affinity) by decreasing
the adsorption strength for some intermediates. Li et al. [94] found that introducing Fe(0) in
Pd NPs could improve the Pd(0) dispersion state and take up chloride ions coming from
dechlorination of acetic acid, leaving Pd(0) active. Peng et al. [32] also observed an
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improvement of the hydrodehalonation of tetrabromobisphenol A by Pd NPs when adding
Fe(0), which was attributed to a change in the electronic state of metals, leading to a decrease
of the interface impedance and to an enhancement of the electron transfer rate at the electrode.
Similarly, Vanrenterghem et al. [171] observed a 34 mV positive shift of the reduction peak
potential of benzyl bromide with Ag NPs on Au compared to that measured with Ag NPs on a
GC substrate. Authors explained this enhancement in catalytic activity by the suppression of
adsorbed poisonous species and a change in the electronic band structure.

(2) The synergistic effect in multi-functional systems whereby each metal plays a different
role in the reaction mechanism. To further improve the electrocatalytic ability of palladized
cathodes, Ag NPs were added into Pd electrodes. Indeed, the insertion of Ag NPs can actively
enhance the hydrodehalogenation ability. He et al. [176] found that the conversion of
dichloroacetic acid on a Pd/Ag/Ni foam electrode is at least 15% higher than on Pd/Ni foam
without Ag. Ag is known to adsorb chlorinated organic compounds [174] and Pd has a high
ability to intercalate hydrogen within its lattice [85]. Therefore, the synergistic effect of Ag
and Pd increases the amount of [H].¢s-M that can react with organic halides. As a result, the
current efficiency obtained with Pd/Ag/Ni foam electrode towards the reduction of
dichloroacetic acid (62%) is significantly higher than with Pd/Ni foam electrode (13%) even
after five cycles of dechlorination. Roughened Ag-Pd cathodes showed higher current
efficiency (77.9%) and less 2,4-dichlorophenoxyacetic acid (2,4-D) residue (13.5%), in
comparison with Pd-modified glassy carbon (current efficiency 1.6% and 98.3% residual 2,4-
D), for the electrocatalytic reductive dechlorination of 2,4-D in 0.5 M NaOH [66]. Cu
nanoparticles associated with Ag NPs in a bimetallic system have also attracted much
attention. Ag/Cu NPs are more active than bulk Ag and Cu toward R—X reduction and a
positive shift of 0.3-0.5 V was obtained compared with the non-catalytic electrode, glassy
carbon [43]. Furthermore, the mixed agglomerates of Ag and Cu NPs have shown a more
reproducible behavior than the sole Cu NPs and this is possibly due to inhibition of the
oxidation Cu NPs when exposed to air in presence of Ag. Synergistic effects in multi-metal
systems can also offer economic and environmental advantages. For instance, Lou et al. have
shown that the addition of MnO, could greatly enhance the catalytic activity of a Pd/Ni foam
electrode while decreasing the Pd loading by 75% [177]. The authors concluded that by
promoting the Volmer reaction (water dissociation), MnO, provides more active atomic
hydrogen [H] that can be further stored by Pd, hence achieving a faster complete
dechlorination of 2,4-dichlorobenzoic acid (2,4-DCBA) [177]. Lou et al. also showed that
optimal loadings must be found for both MnO;, and Pd in order to favour the ECH, as
excessive Pd loading favours the competing HER [178].

However, it should be noted that all multi-metals modified electrodes do not always exhibit a
better catalytic ability. For example, the reduction of benzyl bromide is not improved on Ag
NPs modified with Ti (reduction peak at -1.38 V/sce ) compared with Ag NPs modified glassy
carbon (reduction peak at -0.96 V/sce) [173]. According to the authors, the decrease of the
catalytic activity is not due to an alternative reaction mechanism but rather by the interplay
between NPs and the Ti support.
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5. Applications

The electrocatalyst, the applied cathode potential, the nature of halide and the electrolyte are
important parameters that determine the selectivity and the reduction efficiency of organic
halide removal [179]. In general, vinyl halides are more easily reduced than halo-alkanes,
with reduction peaks at more positive potentials. Similarly, the reduction of monohalides
more favorable than that of vicinal dihalides, which in turn can be more easily reduced than
gem-dihalides. Higher reduction efficiency is obtained in alkaline electrolyte than in neutral
or acid medium, due to the stronger competition with hydrogen evolution reaction (HER).
Although many studies have been carried out in organic media to evaluate the
electrodechlorination performances of metallic NPs modified-electrodes, these electrodes are
ultimately designed for environmental applications in aqueous media potentially containing
concentrated pollutants. Hence, we list in Table 3 recent examples of lab-scale applications
using metallic NPs modified-cathodes for dehalogenation of organic halides in aqueous
solution. Four groups of organic halides, including chlorinated phenoxyacetic acid, phenol
derivatives, acetic acid, and biphenyl herbicides, are the most commonly investigated
pollutants in aqueous medium. Three of them were vinyl halides. It should be noted that
although these experiments were carried out in _aqueous media, methanol was sometimes
added into the electrolyte to increase the solubility of these organic halides, as well as to
enhance mass transfer. Researchers have Investigated the effect of methanol on the
dechlorination process, but none has mentioned that methanol participates in the
dechlorination reaction [180].

Pd is often used for dehalogenation in aqueous medium due to its strong ability to intercalate
hydrogen in Pd lattice for ECH. The current efficiencies obtained on Ag electrodes are
generally higher than those of Pd since the reaction is usually performed at less negative
potential than HER. High current efficiencies could be obtained (66% and 100% for entry 1
and 23 of Table 3, respectively) but they are usually below 30%. As explained before,
bimetallic particles of Ag and Pd favor high current efficiencies thanks to more selective
adsorption cleavage on Ag (entry 1). Interestingly, the use of polymeric pyrrole-cetyl
trimethyl ammonium bromide (PPY-CTAB) before Pd deposition was shown to be effective
to prepare electrode with large surface area and lower Pd loading [92].

Implementing electrocatalytic reduction of organic halides for the treatment of real
wastewater is another challenge given the complexity of the matrix of the effluent. Indeed, the
presence of various organic and inorganic compounds might severely hinder the reduction of
the target compound and in turn decrease the removal efficiency [145, 181]. In addition, the
low conductivity of real wastewaters (compared to synthetic effluents) is often a major
bottleneck for the development of electrochemical technologies for environmental
remediation. Reduced sulfur compounds (RSCs), coming partly from microbial anaerobic
reaction or contained in the natural organic matter, have shown a poisoning effect on the Pd
catalytic ability for electrocatalytic dechlorination in aqueous medium, by the adsorption of
sulfur and the formation of palladium sulfide on the catalyst surface [57, 85, 182]. In that case,
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the hydrogen adsorption inside Pd lattice is hindered, and the mobility of the hydrogen atoms
located on the catalyst surface is reduced. To solve this problem, some oxidizing agents, like
H,0, or hypochlorite, have been tested to regenerate the catalyst activity [183, 184]. Xu et al.
[26] found that the presence of CI" hinders the ECH dechlorination, blocking the reaction sites
by adsorbed HCI produced by catalytic hydrogenation step between adsorbed 2,4-D and
chemisorbed hydrogen. Adsorbed HCI could be released by the neutralization effect of OH". It
has also been shown that ethanol deactivates the Pd/Ag cathode activity if an aqueous alkaline
solution is used for the ECH dechlorination of 2,4-D. Indeed, ethanol can dissociatively
chemisorb on Ag to form Ag ethoxide at room temperature [185]. Meanwhile, Du et al. [24]
showed that the removal rate of 2,4-DCP on Pd/TiO,NTs/Ti electrode decreased from 91% to
35% after 5 cycles reuse. This result was ascribed to the poisoning effect of the phenol
produced and the formation of palladium oxide. Anions including sulfate, nitrate, sulfide, and
carbonate are frequently present in groundwater or surface water and can affect the
dechlorination processes. For example, COs* and NOs are known to react with H, as
described in equations (23) and (24) [186, 187]:

5 (00 P 2 (NN & (g g S D & g HER SRR PFOSSt BRSNS (23)
2NO345H, 5 NyF20H 44H, Orrrerseressssssssssssssssssssssisnssis st s s s sssssssssass (24)
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Table 3. Application of nanoparticle metal catalyst modified cathodes on dehalogenation of organic halide in aqueous solutions.

Entry  Probe Initial Electrolyte Nature of the Nanoparticle Preparation  Applied Main CE Conversion ~ Time  Ref.
. cathode . " method current Products .
concentration size and loading (Yield) % % (min)
1 (mA/cm?)
(mmol L™) or
potential
V)
1 2,4-D 25 0.5 mol L™ NaOH Palladized 0.9 GRR 21--42 PA 66 92.3 360 [26]
roughened Ag mg cm? 85%)
2 2,4-D 50 MeOH 40%(v/v) Palladized 5 wt.% or CR -111 PA Up to 94-100 240 [188]
245-T 050 mol Lt TRAg  Carbon felt 0.06 to 2.02 mg @o-93%) 20
0.50 mol L™ TFAA cm?
3 2,4-D 0.23 0.01 mol L* Na,SO,  Pd/TiN@Ni 0.44 mg cm? GRR -1.667 PA (100%)  4-10 100 120 [75, 85]
foam
4 2,4-D 0.23-0.90 0.034 mol L™ NaCl Pd@Ni foam 1.78 mg cm? GRR -1.667 PA 4-10 87 240 [31]
(83%)
5 2,4-D 0.226 0.0342 mol L™ NaCl  Pd@Ni foam 20 nm, ELE -1.5 PA(>90 %) 14 98 180 [96]
1.40 mg cm™
6 PCP 0.75 MeOH 40% + 0.25 Pd-loaded 2.13 nm Impregnate  -25 Phenol 174 98.4 200 [189]
mol L TMACI activated carbon d+ELE (86.1%)
y 4.2 w.%
fiber
7 PCP 0.0376 Initial pH 2.1 Pd- 422 nm by ELE -0.375 Phenol -- 100 90 [101]
i i i 0
0.05 mol L™ Na,S0, g;(g]TAB)/Tl Scherrer equation (27.5%)
1.22-2.21
mg cm?
8 24-DCP 05 0.05 mol L™ Na,SO;  Pd/PPYprsy/Ni 10 nm ELE -1.67 Phenol - 90.9 100  [60]
0,
0.226 nm by (82%)

Scherrer equation
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10

11

12

13

14

15

16

17

18

19

2,4-DCP

2,4-DCP

DCPs

TBBPA

4-CIBP

2-CIBP

Alachlor

Alachlor

Alachlor

Alachlor

CAAs

0.61

0.123

0.5

0.037

0.212

0.185

0.185

0.185

0.185

10

0.05 mol L™ Na,S0O,
initial pH of 2.2

Initial pH 5.5
0.05 mol L™ Na,S0O,
0.05 mol L™ Na,S0O,

0.1 mol L™ Na,SO,
40% methanol

MeOH 50 vol%

0.1mol L* CTAB
0.1mol L' NaAc
0.1 mol L HAc

0.5 mol L* NaOH
MeOH 40 vol%

0.035 mol L*
LiCIO,

0.05 mol L™ NaOH

0.05 mol L™ NaOH

0.05 mol L Na;S0,

0.1 mol L LiCIO,

Pd/PPY-
CTAB/Ni foam

Pd/TiO,NTs/Ti

Pd-PPY-foam Ni

Pd-Fe/Ni foam

Palladized  Ni
Foam

Palladized  Ni
Foam

Ag-PVP-Ni
foam

Ag-PVP-Ni
foam
Ag-Ni@GF

Bi@GF

Nano-Ag/GC

167 nm by
Scherrer equation

1.53 mg cm™®

18.66% by XPS
analysis

10.65 nm by
Scherrer equation

1.21% by XPS
analysis

0.17 t0 0.21 at%

0.5 mg cm™®

117 nm

117 nm

40 nm

200-400 nm

<150 nm

ELE

ELE

ELE

ELE+GRR

GRR

GRR

GRR

GRR

GRR

ELE

ELE

-1.25

-0.7vV

-1.667

-0.83

-2.23

-16V

-16V

-l6V

-1.4V

-12Vv

Phenol
(93.8%)

Phenol
(91%)
CP

BP (94.1%)

BP
(89-95%)

Deschloro-
alachlor

(61-71%)

Deschloro-
alachlor
(71%)

Deschloro-
alachlor
(76%)

Deschloro-
alachlor
(94%)

acetic acid

47.4

10

8.1-
24.6

<1

1.8-27

33

48

100

90
100
94.6

95

92

93

96

96

>90

50

60

120

30
60
120

70

240

300

100

60

120

[92]

[24]

[114]

[32]

[190]

[180]

[87]

[191]

[192]

[193]

[194]
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20 CAAs 3.1x10% 0.01 mol L™ Na,SO,  Pd/Fe/Carbon 20 nm ELE -1.5V Aceticacid  -- 95 20 [94]
paper 0.32-0.46
wt%
21 CAAs 0.73x 103 1.4 mmol L Pd/Carbonpaper 1.41-2.52 wt% ELE 0.3 Acetic acid ~ -- 75 20 [48]
Na,SO,
22 TCE 0.16 0.01 mol L* Pd loaded 46 nm ELE -5 Ethane 4 91 120 [57]
S o
Na,SO, -r:;/r;zt(jée 6.4 mg cm 80%,
C3-C6 20%
23 CHClI, 23 0.1mol L*Na,SO,  Nano-Ag/carbon 10 wt% CR -25 CH,(40%) 100 50-60 240 [195]
powder 15-20 nm
24 2-CP 0.78 0.05 mol L™ Acetate  Activated Ti- 46 nm HF 25 Phenol -- 70 180 [196]
buffer 0.15Pd alloy
25 2,4- 0.156 10 mmol L* Na,SO,  Pd/CB 5nm CR 10 BA - 93.6 180  [161]
DCBA
26 p-CNB 0.157 50 mmol L™ Na,SO,  Pd/Ni foam 1pm GRR 10 Aniline 10 88.2 30 [197]
27 2,4- 0.2 10 mmol L Na,SO, ~ TiC-Pd/Ni foam - GRR 0.85V BA -- 100 90 [165]
DCBA
28 2,4- 0.2 10 mmol L Na,SO,  Pd/TiC/Ti 5nm CR -08V BA - 100 480 [166]
DCBA
29 Triclosan  0.05 2mmol L™ Na,SO,  Pd/N-GR/Cu 30 nm ELE -1.2Vvs See ref. - 93.8 10 [164]
foam SCE
30 2,3,5- 0.5 0.05 mmol L* Pd/rGO- 14 nm ELE 5 Phenol 185 76.5 90 [162]
TCP Na,SO, Nafion/Ti mesh (85%)
31 3-CP 0.5 0.05mmol L* Pd/Ni foam 12 nm ELE 5 Phenol - 97.0 120 [198]
Na,SO;,
32 PCP 0.19 100 mmol L* Pd/CuFe,04/M-  5nm CR 08V Phenol 28.1 99.0 250 [199]
N2,SO0, PSBC (93.1%)

2,4-dichlorophenoxyacetic acid (2,4-D), galvanic replacement reaction (GRR), phenoxyacetic acid (PA), trichlorophenoxyacetic acid (2,4,5-T), tetra-n-butylammonium bromide
(TBAB), trifluoroacetic acid (TFAA), chemical reduction (CR), tetramethylammonium chloride (TMACI), pentachlorophenol (PCP), 2-chlorophenol (2-CP), 2,4-dichlorophenol
(2,4-DCP), 2,3,5-trichlorophenol (2,3,5-TCP), 2,4-dichlorobenzoic acid (2,4-DCBA), pentachlorophenol (PCP), benzoic acid (BA), para-chloronitrobenzene (p-CNB),
tetrabromobispenol A (TBBPA), chloroacetic acids (CAAs), 2-chlorobiphenyl (2-CIBP), trichloroethylene (TCE), trichloroacetic acid (TCAA), chlorophenoxyacetic acid (CPA),
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electrodeposition (ELE), magnetic peanut shell-derived biochar (M-PSBC), cetyltrimethylammonium bromide (CTAB), polypyrrole (PPY), p-toluenesulfonic acid (PTS),
titanium nitride (TiN), biphenyl (BP), titania nanotubes (TiO,NTSs), hydrofluoric acid (HF).
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6. Conclusions and Perspectives

Electroreductive dehalogenation treatment on metallic NPs modified 3D electrode is
considered as an effective and environmentally friendly process for the degradation of
halogenated persistant organic compounds. Methods used to deposit nanoparticles can be
applied to large porous electrodes, allowing the electrochemical process to be used for
large-scale treatment. Furthermore, such modified 3D porous electrodes can be easily
applied in flow electrochemical systems which are well-adapted to the treatment of high
volumes of solution. In addition, considering the abundance of halogenated compounds in
refractory pollutants, electroreductive dehalogenation could be applied for the specific
treatment of a wide range of concentrated effluents (e.g. agricultural and pharmaceutical
effluents) prior to their discharge in conventional wastewater treatment plants to achieve a
complete mineralization. It also offers the possibility to recover halides in their anionic
forms, allowing their possible reintegration in the production process. In addition to the
issue linked to the often low conductivity of real effluents, one of the most challenging
points that would allow electroreduction processes to be applied industrially is the
improvement of current efficiencies since most compounds are reduced at very negative
potentials, thus facing the competition with hydrogen evolution. Ag, Pd, and Cu are the
most commonly used metals for the synthesis of NPs. As described in this review, the
mechanisms of these metals can be influenced by the molecular structure of pollutants, the
presence of a proton source, and the morphological feature of NPs. The strong affinity of
RCI with Ag decreases the activation energy of the concerted DET process so that Ag has
a good catalytic ability to organohalogen reduction. The catalytic ability of Pd can be
ascribed to the strong adsorption of hydrogen into its lattice and to the further formation of
active atomic hydrogen [H]. Cu has the synthetic ability of adsorption and ECH, but not as
strong as Ag and Pd. A promising approach is to benefit from synergistic effects between
metals thanks to multi-metal nanoparticles formation to improve the performances of the
dehalogenation process. Such an approach would lead to a multi-catalysts electrodes able
to degrade specific positions of the pollutants, thus improving their biodegradability.
Another interesting approach, is linked to the the size and shape of NPs that play an
important role in the catalytic ability and selectivity of electroreductions. Thus, a
homogeneous deposition of NPs on a porous support with a well-controlled morphology
should strongly influence the catalytic performance of the electrode. The immobilization
of synthetic nanoparticles on electrodes is a good mean to achieve a high control of NPs
size and morphology [200]. Interestingly, the ligand used to stabilize NPs during their
synthesis can also play an important role in electrocatalysis. It would be also another
essential parameter to consider to improve the catalytic properties.
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