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Additive manufacturing has emerged as a versatile platform
for electrode fabrication, offering cost efficiency, design flexibility,
and compatibility with a wide range of materials. Electrochemical
dehalogenation represents a critical strategy for the removal of
toxic halogenated organic pollutants, such as chloroacetic acids,
which pose significant environmental and health risks. The use of
earth-abundant metals, including iron, copper, and nickel, as well
as carbon-based materials, further enhances the sustainability
and scalability of this approach. This concept article describes
the electrochemical reduction of trichloroacetic acid at conven-
tional electrodes and reviews the current state of research on

electrochemical dehalogenation at additively manufactured elec-
trodes. From this perspective, the further integration of advanced
fabrication techniques, along with the application of machine
learning and artificial intelligence, presents significant opportuni-
ties for innovation in materials and processes. In addition to elec-
trode fabrication, the incorporation of in situ spectroscopy is
proposed to gain deeper insight into the underlying reaction
mechanisms. To bridge the gap between fundamental research
and the implementation of new processes in industrial
applications, a series of process optimization strategies is also
outlined.

1. Introduction

Extensive industrial usage has led to the widespread release and
accumulation of halogenated organic compounds (HOCs) in the
environment. Their high resistance to natural degradation pro-
cesses enables them to persist for long periods and undergo
long-range transport through atmospheric and groundwater
pathways. The presence of halogen atoms increases the toxicity
of these compounds, making them highly toxic, carcinogenic,
and mutagenic to humans.[1–3] Therefore, it is necessary to
develop efficient techniques to remove these pollutants. For chlo-
rine-containing compounds, current wastewater treatment tech-
nologies include adsorption, biological methods, and chemical
methods.[4,5] These methods are associated with certain limita-
tions, including the generation of hazardous byproducts and
the incomplete removal of the halogenated pollutant.[3] A more
efficient and sustainable alternative is the electrochemical reduc-
tion, especially the electrochemical hydrodehalogenation (EHDH)
process, which requires mostly mild reaction conditions and can
be powered by renewable energy sources.[6,7] Additionally, the
reaction is highly selective and does not produce toxic byprod-
ucts.[2] This approach may also be combined with a deuteration
step, since halogenated intermediates constitute a suitable plat-
form for site-specific deuterium introduction.[8,9] Concretely, the
EHDH process involves the cleavage of C─Cl bonds and their sub-
sequent replacement with C─H bonds. The reduction rate and
product selectivity are strongly influenced by factors such as
the choice of reducing agent and catalyst, the molecular struc-
ture of the substrate, as well as process parameters including
temperature.[10] In EHDH, two principal pathways can be distin-
guished: in the direct pathway, electrons are transferred directly
from the electrode surface to the halogenated compound,

whereas in the indirect pathway, adsorbed atomic hydrogen
(H*) is generated in situ and serves as the reducing agent, medi-
ating electron transfer between the halogenated species and
the catalytic sites on the electrode surface.[7] Both processes,
the direct and indirect, as well as the electrode reactions, are
depicted in Figure 1.

This review provides a comprehensive overview of electro-
chemical dechlorination based on 3D-printed electrodes. The
following section introduces the fundamentals of EHDH, principal
3D printing techniques to establish a general understanding
of the underlying technologies, followed by characterization
methods of 3D-printed electrodes and a selection of recent
advances in the field. The review aims to summarize the additive
manufacturing methods currently employed in electrochemical
applications and to highlight representative examples of 3D-
printed electrodes specifically designed for dechlorination reac-
tions. In addition, the perspective and outlook section discusses
promising research directions to further enhance electrode fab-
rication and performance. These include the integration of
machine learning (ML) tools to optimize manufacturing processes
and material design, the application of in-situ spectroscopic tech-
niques to deepen the mechanistic understanding of EHDH, and
the refinement of reaction conditions through the use of pulsed
potentials or flow-based systems.

2. Fundamentals and electrodes developed for
EHDH

In aqueous media, selective direct reduction is hindered by the
competitive hydrogen evolution reaction (HER), a limitation that
can be mitigated by employing suitable catalysts to lower the
overpotential for dehalogenation.[5,11] This catalyst must possess
a high activity to cleave carbon–halogen bonds; Metals such as
Pd, Fe, Ni, Cu, Co, and Ag fulfill these demands, since they do
selectively adsorb and store H* by forming metal–hydrogen
bonds.[2,6,7,11–16] Among these, Pd shows the highest activity, as
it can simultaneously generate the reducing agent (H*) via the
Volmer reaction and activate the C─Cl bond via adsorption at
its surface.[5,17] However, its high cost, scarcity, and susceptibility
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to deactivation through HCl formation during the reaction limit
its practical application.[18]

In contrast, earth-abundant material catalysts, including Cu,
Ni, Fe, and carbon-based materials, exhibit higher activities for
the direct electron transfer process.[5] Ni presents a viable alter-
native to Pd-based catalysts, offering lower cost and greater resis-
tance to deactivation, while maintaining comparable activity
toward hydrodechlorination (HDC).[19] Cu has been shown to
be an effective catalyst, leveraging its high electrical conductivity
to enhance electrocatalytic activity toward the reduction of halo-
genated compounds, as evidenced by the positive shift in reduc-
tion peaks. For instance, trichloroacetic acid (TCAA) can be
reduced by copper at �1.3 V versus saturated calomel electrode
(SCE) facilitated by strong adsorption at the electrode surface
through the formation of Cu─Cl and Cu─CO bonds, highlighting
the participation of the carboxylic group in this interaction.[3]

Esclapez et al. demonstrated that TCAA undergoes reduction
in aqueous sodium sulfate solution at potentials below -0.6 V ver-
sus Ag/AgCl, with the presence of protons and a decrease in pH
enhancing the cleavage of at least the second C─Cl bond.[20] Their
findings also indicated that chloroacetic acids or derivatives
adsorb onto the Cu surface, as evidenced by the shift in hydrogen
evolution to more negative potentials upon TCAA adsorption.

In a subsequent study, Mao et al. investigated the dechlori-
nation of TCAA using graphene-Cu foams, revealing negligible
adsorption of TCAA at the electrode surface.[2] They observed that
at potentials below�1.2 V versus SCE, the reaction rate decreases
due to hydrogen bubbles blocking the electrode surface. Notably,
the incorporation of graphene into the Cu foam structure

enhanced the removal efficiency of TCAA by nearly 100% at
�1.2 V versus SCE, attributed to the graphene’s layered structure,
facilitating improved diffusion and electron transport. Tang et al.
explored the stepwise dechlorination of trichloroethylene (TCE) at
Fe–Ni/reduced graphene oxide (rGO) foams, leveraging the syn-
ergistic effects of Fe and Ni. The reducibility of Fe and low over-
potential of Ni for hydrogen production were found to be crucial,
with the Ni layer inhibiting Fe oxidation and enhancing hydrogen
adsorption on the surface.[21]

In organic solvents, the reduction peak is usually shifted to
more negative potentials than in aqueous or mixed solvents.
Additionally, the catalysis via direct electron transfer is favored
by more protic solvents.[22] Peters et al. didelectrolysis of lindane
at Ag electrodes in different solvents, such as acetonitrile, dime-
thylformamide, ethanol and various mixtures. They found that, in
the absence of a proton donor, chlorobenzene intermediates
were formed, whereas using water as the solvent enabled com-
plete conversion to benzene.[23]

Tang et al. highlighted the importance of pH and H* concen-
tration in influencing the removal rates and chronoamperometric
profiles of TCE dechlorination.[21] At lower pH values, a shielding
effect of the protons leads to a weak electrostatic repulsion
between the cathode surface and the TCE, whereas, in alkaline
solution, the electrostatic repulsion is high, and therefore, the
reactant can only poorly be adsorbed on the electrode surface.
Additionally, at pH values< 2, the hydrogen evolution is favored,
and the resulting H2-bubbles block the surface of the elec-
trode.[21] Since conventional electrode fabrication often relies
on harsh chemical processes or external suppliers, introducing

Figure 1. Schematic description of the EHDH processes occurring on the cathode and anode.
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potential supply bottlenecks and long delivery times, an effi-
cient and sustainable alternative is the in-house production
of electrodes via additive manufacturing. In addition to material
composition and reaction conditions, the geometry and surface
morphology of the electrode play a decisive role in determining
the electrochemical performance (EHDH).[21] In this context,
additive manufacturing enables the simultaneous optimization
of both material properties and structural design, facilitating the
development of electrodes that provide tailored, engineered
solutions and reduce dependence on scarce or toxic materials.[21]

3. 3D Printing for Electrocatalytic Applications

3.1. 3D Printing Techniques

To date, many 3D printing techniques have evolved. The
Advanced Standards Transforming Market (ASTM) International
suggested a classification for 3D printing methods by the type
of building and bonding of the materials between the layers.
The classification follows the categories: Vat photopolymerization
(VP), powder bed fusion (PBF), material jetting (MJ), binder jetting
(BJ), material extrusion (ME), sheet lamination (SL), and direct
energy deposition (DED).[23] A more detailed overview is described
in the following (Table 1):

The main principle of every technique is building material
(e.g., metal, polymers, gels) layer-by-layer. The model is usually
built in a 3D modeling computer-aided design (CAD) software
and converted into a standard triangle language (STL) or 3D
manufacturing format (3MF) file, which are common data transfer
formats in additive manufacturing. Afterward, these files are
processed in a slicing software, which turns the 3D information

into the 2D layer information the printer software can use
(Figure 2).[25]

In the following, the method of ME and PBF will be explained
in more detail, since these are the most common ones used in
electrocatalytic applications.

In ME processes, a polymer-based material is forced through a
nozzle and deposited layer-by-layer on a surface. The material can
be polymeric filament, thermoplastic polymer, pastes/gels, or dis-
persions. The working principle is schematically shown in
Figure 3. Solidification occurs by cooling heated material, a cur-
ing agent triggering a chemical reaction in the material, leading
to a strong bridging of the polymer molecules, residual solvents,
or drying of wet materials. The most common techniques are
fused deposition modeling (FDM) and direct ink writing (DIW).
FDM printing a polymer filament is liquified by a heater inside
the printer head a fed through a heated nozzle. Solidification hap-
pens by cooling. The advantages of this method are the wide
availability of printing equipment as well as easy handling.
Disadvantages are layer thickness, low resolution, and the need
for support structures. These points limit the degree of complex-
ity which can be reached with FDM.[26] The most common mate-
rials are polylactic acid (PLA), polyethylene terephthalate glycol
(PETG), and acrylonitrile-butadiene-styrene (ABS) since their
manufacturing properties make them easy to handle, but also
more complex materials are available, e.g., polyetheretherketon,
polypropylene (PP), nylon, and thermoplastic polyurethanes
(TPU).[27] Composite materials are available, where the base is still
polymeric material, but functional fillers such as metal powders,
carbon substrates, glass, or wood are incorporated. Metal FDM
printing is a compromise between the industrial-applicable
SLM printing and the cost-effective and accessible FDM print-
ing.[28] This broadmaterial selection makes FDM printing available

Table 1. Summary of the current additive manufacturing techniques with description of the working principle, examples, materials and literature sources.

Additive manufacturing process Working principle Examples Materials Sources

Vat photopolymerization Liquid photopolymers are
deposited into a light-
curing vessel (vat)

Stereolithography, digital light
processing

Polymers, ceramics [24,86,87]

Powder bed fusion Thermal energy melts
powder material together

Selective laser sintering/
melting, electron beam

melting, direct metal laser

Polymers, ceramics,
metals, composites

[88–92]

Material jetting Material is deposited as
droplets

PolyJet, multi-Jet, 3D plotting Polymers, ceramics,
metals, composites,

biological gels

[93–95]

Binder jetting Liquid binding agent fuzes
powdered material

together

3D printing Polymers, ceramics,
metals, composites

[95–98]

Material extrusion Material is liquefied and
extruded through a nozzle

Fuzed deposition modeling,
fuzed filament fabrication,

direct ink writing/robocasting

Polymers, composite
materials

[30,31,33,79,99–103]

Sheet lamination Material is bound together
in the form of sheets

Laminated object
manufacturing, ultrasound

consolidation

(No specific materials
listed)

[104]

Direct energy deposition Thermal energy melts
material together

Direct metal deposition,
electron beam additive

manufacturing

Metals, hybrid materials [105]
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for different industries and their special needs regarding specific
material properties. However, the quality of the printed part is
highlydependent on the printing parameters, which are mainly
the layer thickness, infill pattern, infill density, raster angle, ras-
ter width, printing speed, build orientation, nozzle, and bed
temperature.

However, the parts still lack mechanical and anisotropic prop-
erties.[29] Many researchers have conducted studies on optimizing

the quality of the printed parts by focusing on different process
parameters.[30–32] DIW is another extrusion-based technique in
which viscoelastic ink is pressed through a nozzle and deposited
layer-by-layer. The solidification occurs either via cooling or with
curing agents. It can be used with various materials, such as poly-
mers, ceramics, graphene, and metals.[33] This technique is there-
fore mainly limited by the rheological behavior of the ink than the
material class and offers the possibility of 4D printing, meaning

Figure 2. Schematic description of the 3D printing process. A) CAD, B) G-code file, and C) 3D printing. Reproduced with Permission.[25] Copyright 2023,
Wiley-VCH.

Figure 3. Schematic explanation of extrusion-based printing techniques. A) FDM and B) DIW. Reproduced with Permission.[25] Copyright 2023, Wiley-VCH.
C) The general working principle of the SLM, SLS, and EBM printing techniques.
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changing one function in dependence on an external stimu-
lus.[34,35] Properties such as conductivity can be implemented
by mixing in graphene powder or carbon nanotubes.[35,36]

PBF processes represent a widely employed category of addi-
tive manufacturing techniques with significant relevance for elec-
trocatalytic applications. In these processes, energy provided by
either a laser or an electron beam is transferred into the powder
bed, where it is converted into thermal energy to induce particle
bonding. After the consolidation of each layer, the build platform
is lowered by one layer thickness, while the surrounding powder
bed serves as a natural support medium.[27] The techniques
within this category are selective laser melting (SLM), selective
laser sintering (SLS), and electron beam melting (EBM).

In SLM, which is predominantly applied for metallic systems,
the powder particles are fully melted and subsequently resolidi-
fied upon cooling.[27] To mitigate oxidation of the heated par-
ticles, the process is conducted in an inert gas atmosphere. In
addition, preheating of the powder bed can be employed
depending on the feedstock Material to reduce solidification
defects and minimize cooling rates. The resulting components
typically exhibit high mechanical strength as well as enhanced
corrosion resistance.[37] The method offers considerable versatil-
ity, as it is compatible with a broad spectrum of materials, includ-
ing Fe, Ti, Al, Ni, Co, and Cu-based alloys, as well as composite
systems.[36–41] A key advantage of SLM is the ability to tailor
the microstructure and, consequently, the material properties
of the printed parts by adjusting the processing parameters,
thereby enabling a wide range of tunable characteristics.[37]

In contrast, SLS does not involve complete melting; instead,
the powder particles are sintered together. This technique can be
applied to both metals and polymers.[27] EBM utilizes an electron
beam to melt metallic powders within a high-vacuum chamber at
elevated temperatures (>870 K).[28] Compared to SLM, the pro-
cess involves a larger number of parameters and is restricted
to a narrower range of feedstock materials.[37] Although the fun-
damental differences between these PBF methods may appear
subtle, they exert a decisive influence on both the potential fields
of application and the structural properties of the manufactured
components.

3.2. Characterization of 3D-Printed Electrodes

3D-printed electrodes offer many advantages over convention-
ally manufactured electrodes, such as customization, uniform,
and sustainable production, as well as stable and more efficient
performance.[43,44] They are usually characterized by several sur-
face characterization methods, for example scanning electron
microscopy (SEM) and energy-dispersive spectrometry (EDS) for
morphology and composition. X-ray diffraction (XRD), X-ray pho-
toelectron spectroscopy (XPS), and Raman spectroscopy are used
for analyzing the crystalline structure and composition of the
electrode.[44–46] Additionally, the surface roughness can be ana-
lyzed by using optical microscopy or a surface roughness tes-
ter.[47] Atomic force microscopy (AFM)[48] can also be used to
determine the morphology of 3D-printed parts. Other properties

that can be used for the characterization or comparison of elec-
trodes are wettability, electrochemically active surface area, and
charge–transfer resistance.[49]

Neukäufer et al. investigated the results of the surface
morphology of both 3D-printed specimen and conventionally
produced samples via AFM and contact angle measurements.
The surface roughness of the 3D-printed samples was higher
compared to the conventionally produced samples, and there-
fore, the contact angle of the tested conventional parts was
higher than of the 3D-printed parts.[48] The performance of 3D-
printed electrodes can be compared to conventionally produced
electrodes as well to show their superior electrocatalytic behav-
ior. For instance, Xu et al. compared their 3D MoS2/Nickel electro-
des to hydrothermally produced electrodes, where molybdenum
sulfide is deposited onto a Ni sheet.[43] They focused on the
removal efficiency toward florfenicol (FLO), the degradation
kinetic, and reusability and stability of the different electrodes.
The 3D-printed electrodes had a higher stability
during electrolysis and a lower overpotential than the hydro-
thermally manufactured electrode. Liu et al. compared the deg-
radation kinetics and efficiencies of a 3D-printed MoS2-stainless
steel electrode to MoS2-stainless steel powder for peroxymono-
sulfate activation.[46] They found that the processing of the
material via 3D printing promotes more active sites and the
kinetics were increased as well, leading to a higher degradation
activity.[46]

Apart from the material aspect, geometric flexibility is an
important aspect in 3D printing since structure can have impact
on surface area, nucleation sites, or flow improvement. Cracks
and geometric features forming edges, as well as the surface wet-
tability, can influence the bubble formation and detachment, as
shown in Figure 4A,B. Kou et al. compared the effects on bubble
removal in alkaline water splitting of a commercial nickel foam
and a 3D-printed Ni lattice structure. They found that the 3D-
printed structure could prevent bubble trapping through an
ordered structure and enhance uniform flow through the elec-
trode.[50] Iwata et al. researched the effect of porous surface struc-
ture and wettability on the performance in alkaline water splitting
and claimed that the controlled porosity is vital for decreasing the
overpotentials due to bubble nucleation. This porosity and sur-
face structuring can be done while printing, so no postprocessing
steps are necessary for the electrodes.[51] Lee et al. designed elec-
trodes with small cones on the surface to increase the surface
area (Figure 4C,D).[52] Yang et al. investigated the effect of pore
size and surface area for the improvement of the alkaline water
splitting reaction.[53]

Engineering highly porous structures with a large surface area
can enhance the distribution of the electrodes flowing, causing less
local current density accumulation. Additionally, the electrolyte
flow is enhanced and therefore the kinetics. Therefore, high
surface-to-volume ratios can help to further distribute and use
active materials as well as distribute the electrolyte penetration
along the electrode. This is most important for high performance
as well as very difficult applications.[54] One example is given
by Limper et al., where they describe the manufacturing of a com-
posite porosity mixer electrode made by SLM (Figure 5A). The
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advantages of this geometry are enhanced electrolyte mixing, and
therefore eliminating mass transport limitations. They state that
this structure can not only be produced by additive manufacturing,
but this approach gives more variety for further design varieties,

which can be implemented in one production step.[55] In addition,
Wiesner et al. presented an intertwined electrode setup with a
gyroid structure, which can enhance mass transport and limit dif-
fusion boundaries at the surface (Figure 5B,C).[56]

Figure 5. A) Images of SLM manufactured porous mixer structures made from stainless steel powderReproduced with Permission.[56] Copyright 2022,
Elsevier. B) SEM images of intertwined gyroid structure electrodes and C) Image of gyroid structure electrodes in different sizes by Wiesner
et al.[56] Reproduced with permission.[56] Copyright 2023, Elsevier.

Figure 4. A,B) Schematic drawing on the formation of bubbles on electrode surfaces.Reproduced with Permission,[84,85] Copyright 2018 and 2020, American
Chemical Society and Elsevier). C,D) Images of fabricated conical structures on the electrodes surface. Reproduced with Permission.[52] Copyright 2017,
Wiley-VCH

ChemElectroChem 2026, 13, e202500397 (7 of 13) © 2025 The Author(s). ChemElectroChem published by Wiley-VCH GmbH

ChemElectroChem
Review
doi.org/10.1002/celc.202500397

 21960216, 2026, 1, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/celc.202500397 by U
niversitätsbibliothek M

ainz, W
iley O

nline L
ibrary on [22/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://doi.org/10.1002/celc.202500397


3.3. Current Applications in EDCH

3D printing has evolved into a technology that not only can be
used in mechanical applications but is also more used in other
fields like medicine and biomedical research, sensing devices, for
automotive and aerospace industry, and robotics.[37–40] In chemi-
cal research, especially in electrochemistry, most of it is focused
onelectrodes, reactors, or flow devices for electrocatalytic reac-
tions or electroanalytic sensing applications.[41,42] The target reac-
tions are most commonly hydrogen evolution, nitrate reduction,
and CO2 reduction.[49,57] Some groups have started employing 3D
printing to address more special reactions such as dehalogena-
tion reactions.[42,43,45]

Zhang et al. developed a Nb2O5/Ti electrode via SLM 3D print-
ing, which was used for the defluorination of FLO.[43] The Nb2O5/Ti
electrode was used as anode, and electrochemical testing was
performed in a single-chamber reactor with a solution of
5 mg/L of FLO and 30mM of Na2SO4 as supporting electrolyte.
Titanium powder was blended with varying weight percentages

of Nb2O5 powder by ball milling. The resulting mixture was sub-
sequently dried, sieved, and processed into electrodes using SLM.
The additive manufacturing process produces electrodes with an
open and porous architecture, which facilitates improved mass
transport and efficient removal of gas bubbles.[43] The electro-
chemical performance of the fabricated electrodes was evaluated
in different reactant systems and compared to that of an unmodi-
fied titanium electrode.[43] The addition of Nb2O5 powder
enhanced the specific surface area and therefore increased the
quantity of active sites. Additionally, it is known that an increased
amount of Nb2O5 reduces the grain size of TiO2 nanoparticles due
to an enhanced stability against coursing. Therefore, the denser
anatase phase of TiO2 is produced at the electrode surface in the
presence of Nb2O5, which was measured in XPS experiments.

Via SEM and EDS mapping experiments, which are shown in
Figure 6A–F, it could be shown that an evenly distributed surface
composition of the metals could be retained by SLM. The effect of
Nb loading was further investigated as various Nb2O5 powder
contents (0, 0.5, 1, 3 and 5 wt%) were tested. It was found that

Figure 6. SEM images of the 3DP 3% Nb2O5/Ti electrode at magnifications of A) 250 μm, B) 1 μm, and C) 100 nm; corresponding EDS elemental maps of Ti,
O, and Nb for the 3DP 3% Nb2O5/Ti electrode are shown in D–F). Reproduced with Permission.[43] Copyright 2023, Elsevier.

Figure 7. A) Recycling performance of the 3DP 3% Nb2O5/Ti electrode for the electrochemical degradation of FLO (conditions: 5 mg L�1 FLO, 30 mM
Na2SO4, applied current density 20mA cm�2, initial pH 7.0). B) Application of the 3DP 3% Nb2O5/Ti electrode for the removal of FLO from laboratory-pure
water, artificial wastewater, and surface water. Reproduced with Permission.[43] Copyright 2023, Elsevier.
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the degradation efficiency for FLO increased by increasing the
Nb2O5 content, but decreased when adding 5 wt% of Nb to
the Ti powder. Assumably, the electrochemical surface area
decreases by an excess of Nb powder. In electrochemical experi-
ments, Zhang et al. calculated the oxygen exchange potential
(OEP): higher OEP means that the capacity of the electrode to
accumulate hydroxyl radicals is higher and therefore the genera-
tion of ROS is enhanced, which leads to a higher oxidation ability
in aqueous solutions. This was also concluded as a reason why the
degradation of FLO happens faster at the Nb2O5/Ti electrode.
Moreover, the surface of the electrode serves as a trapping site
for electrons from either H2O or FLO. This is concluded to be con-
nected to the ionic structure of the electrode surface. Since the
ionic radius of Nb5þ (0.64 A) is comparable to Ti4þ (0.605 A), it is
assumed that the Nb5þ can intercalate much easier into the Ti4þ

lattice during the SLM process. Increasing the Nb content to
5 wt% resulted in a decrease of the measured parameters, which
lays supposably in a substitution limit for the Nb5þ ions into the Ti
lattice. Therefore, it is possible to use the Nb5þ as dopants than a
substitution of Ti4þ.

The electrode’s cyclability, shown in Figure 7, depends on
reaction conditions. In acidic solutions (pH< 3), hydrogen gener-
ation competes for electrons and forms bubbles, reducing
hydroxyl radicals and slowing FLO degradation. Tests in labora-
torial pure water, contaminated surface water, and prepared
wastewater showed the highest removal in laboratorial water
and the lowest in surface water, likely due to competing
species.[43]

Xu et al. developed MoS2/Ni electrodes via SLM to enhance
the dechlorination of FLO, leveraging the performance of Ni in

Figure 8. Production process of the electrodes. A) 3D-printed stainless steel, B) 3D-printed MoS2-stainless steel and side view of MoS2-stainless steel.
Reproduced with Permission.[45] Copyright 2024, Elsevier.

Figure 9. A) Effect of MoS2 content in 3DP MoS2-SS on FLO degradation. B) Variation of k_FLO with different MoS2 contents. C) PMS decomposition perfor-
mance in 3DP SS/PMS, MoS2/PMS, and 3DP MoS2-SS/PMS systems. Influencing factors for FLO degradation by 3DP MoS2-SS: D) PMS dosage and E) initial
pH. Experimental conditions: 10 mg L�1 FLO, 1 mmol L�1 PMS. Reproduce dwith Permission.[45] Copyright 2024, Elsevier.
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dehalogenation reactions while boosting its reductive ability with
MoS2.[42] The incorporation of MoS2, known for its excellent cata-
lytic properties in the HER, aimed to improve the electroreductive
activity of the Ni electrodes. It was found that the 3D-printed
MoS2/Ni electrode with 8% MoS2 outperformed other composi-
tions, achieving the highest removal efficiency after 120 min.
Notably, this optimal composition also bridged the performance
gap with the hydrothermally developedMoS2/Ni electrode, which
initially exhibited a higher first-order kinetic but eventually
matched the efficiancy of the 3D-printed electrode. Producing
these electrodes via additive manufacturing solves the issue of
poor distribution of the MoS2 and time-consuming postprocess-
ing.[42] Durability tests further highlighted the superiority of the
3D-printed MoS2/Ni electrode, which maintained its stability over
50 cycles with minimal overpotential in alkaline conditions,
whereas the hydrothermal MoS2/Ni electrode degraded signifi-
cantly after just five cycles due to Mo leaching. This study under-
scores the potential of integrating MoS2 into Ni electrodes via
SLM to enhance dechlorination efficiency and durability, attrib-
uted to the increased electrochemically active surface area and
facilitated interfacial electron transfer rate.

Liu et al. developed a MoS2-stainless steel (MoS2-SS) system
for the activation of peroxymonosulfates for the dechlorination of
FLO. Therefore, the electrodes with different mass ratios of MoS2
were produced via SLM (Figure 8A) and compared to the 3D-
printed substrates with the powder catalyst as well as a 3D-
printed stainless steel substrate (Figure 8A).

The electrochemical tests were conducted in a single-
chamber cell. Both the powder as well as the printed substrate
could degrade FLO properly, but more active sites could be uti-
lized by the 3D-printed substrate. The highest removal rate of FLO
could be reached by a mass ratio of 10% MoS2 and a pH value of
3.1, as shown in Figure 9A,E.[45]

4. Conclusion and Outlook

Electrocatalysis is increasingly recognized as a central field with
the potential to advance environmentally sustainable strategies
in green chemistry. A critical aspect in this regard is the use of
earth-abundant and cost-effective materials, which can signifi-
cantly reduce reliance on scarce and expensive resources.
Numerous approaches have already been explored to improve
their intrinsic performance.[48] At the same time, emerging tech-
nologies such as artificial intelligence (AI)[59,60] and additive
manufacturing (e.g., 3D printing)[61,62] are opening new opportu-
nities to accelerate the discovery and development of high-
performance materials. These tools not only make research more
efficient but also enable considerable savings in time and resour-
ces.[63] Addressing global environmental challenges such as pol-
lution will require collaborative and interdisciplinary research
efforts that bring together expertise across different scientific
fields, highlighting the urgency of innovative and collective
approaches.

4.1. AI in Electrochemical Application and Material
Development

In this context, the integration of AI with additive manufacturing
represents a particularly promising development, with the
potential to reshape both production and materials discovery.
Automated defect detection and correction, together with
data-driven material development, are emerging as powerful
tools. For instance, Brion et al. demonstrated a camera-based
method capable of identifying and correcting errors during
extrusion processes while also exploring new materials through
parameter scans.[64] In SLM processes, many in situ monitoring
techniques can be used for defect detection. The aim of in situ
monitoring is to collect data while fabricating to get real-time
quality feedback from the print.[65] Beyond manufacturing applica-
tions, AI-supported material design has also become an increas-
ingly important driver in the development of electrocatalysts
and can also be done by additive manufacturing as discussed ear-
lier.[42] By integrating computational and experimental approaches,
researchers can now predict the composition and structure of cat-
alysts with greater accuracy, enabling rapid screening and accel-
erating the identification of promising candidates.[66] Moreover,
ML-guided strategies provide powerful tools for both optimizing
catalytic performance and enhancing durability.[67] For example,
ML models can uncover correlations between 3D electrode struc-
ture and degradation pathways, thereby enabling the prediction
and rational design of robust catalyst architectures via advanced
3D printing techniques. By guiding catalyst manipulation, these
approaches substantially reduce experimental workload and time
investment.[67]

4.2. In Situ Spectro-Electrochemistry

To gain a deeper understanding of the reaction mechanisms gov-
erning electrocatalysis, in situ characterization techniques repre-
sent indispensable tools.[68] These methods enable the correlation
of the catalyst’s physical and chemical structures with its activity
and the associated reaction pathways.[69,70] For example, fourier
transform infrared (FTIR)[71] and Raman spectroscopy[72] offer
structural insights into surface-formed species and adsorbates,
and can be complemented by differential electrochemical mass
spectrometry (DEMS).[73] Transmission electron microscopy
(TEM)[74] enables visualization of dynamic structural and morpho-
logical evolution at the nano- to atomic scale, while X-ray absorp-
tion spectroscopy (XAS)[75] captures transformations in the local
chemical environment of the probed element, providing precise
information on electronic structure, bond lengths, oxidation
states, and coordination environments under operating condi-
tions. In addition, XRD[76] allows tracking of crystal structures
and phase transitions, and X-ray photoelectron spectroscopy
(XPS)[77] provides information on surface elemental composition
and oxidation-state changes during operation. Applying these
approaches to dehalogenation reactions may facilitate a more
comprehensive understanding of the processes occurring at
the electrode–electrolyte interface, thereby linking material
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properties to catalytic performance. Such insights could ulti-
mately guide the rational design of more efficient electrode
materials and the optimization of reaction parameters.

4.3. Recycling of Spent Electrode Materials

In the context of electrode materials, research efforts are not
only directed toward the development of novel and more effi-
cient compositions but also toward the recycling and reuse of
spent materials to promote a more sustainable utilization of nat-
ural resources. Chodankar et al. demonstrated the potential of
such an approach by recovering carbon materials from used
supercapacitors and subjecting them to thermal treatment to
restore their surface characteristics and structural integrity.
The regenerated carbon material was subsequently re-
employed in supercapacitor assemblies, exhibiting favorable
electrochemical performance. These findings highlight that
recycling strategies can contribute to the realization of sustain-
able and stable electrochemical devices.[78] To date, most
research on material recycling has focused on spent lithium-
ion batteries and other energy storage devices, whereas com-
paratively little attention has been given to the recovery and
reuse of electrodes employed in electrocatalytic applications.
In this regard, the recycling of materials used for 3D-printed
electrodes, both polymer-based and metallic, presents an
intriguing opportunity. For instance, polymer-based electrodes
fabricated via FDM could be collected, shredded into granules,
and re-extruded to produce new filament spools for electrode
fabrication. However, further investigation is required concern-
ing the functional filler materials, such as carbon or graphite
powders, to ensure the preservation of their electrochemical
activity. It is also well established that the mechanical properties
of polymers can degrade over successive extrusion cycles.[79]

Consequently, a detailed assessment of material property
changes is essential, particularly given their strong influence
on printability and structural integrity. Moreover, variations in
the composition or distribution of additives may hinder effec-
tive recycling, as uneven dispersion or compositional shifts
could adversely affect both the extrusion and printing process
as well as the performance of the resulting electrodes.[80]

4.4. Optimization of Processes and Implementation on an
Industrial Scale

In addition to the material-dependent properties discussed
throughout this work, process optimization also plays a crucial
role in enhancing the efficiency of the dichlorination reaction.
As previously noted, in situ spectroelectrochemical techniques
can be employed to elucidate the underlying reaction mecha-
nism. Once the mechanistic pathways are well understood, such
insights can be translated into practical strategies for perfor-
mance improvement. For instance, the application of pulsed or
potential-cycling techniques may increase reaction efficiency,
such as the sequential reduction of TCAA to dichloroacetic acid,
monochloroacetic acid, and acetic acid may occur at distinct

potentials. Consequently, alternating between two or more
potentials could enhance removal efficiency without the need
to modify the electrode material or electrolyte composition.
Moreover, introducing electrolyte flow could further improve
the reaction performance by mitigating mass transport limita-
tions and stabilizing local pH variations through continuous
replenishment of the electrolyte solution. Increased reaction rates
lead to larger diffusion layers on the surface of the electrodes,
hindering the reaction.[54,81] Some work has already been done
by integrating not only flow but also controlling the mass trans-
port inside an electrochemical reactor by introducing turbulence-
promoting structures or static mixers, which can also act as
electrodes.[55,82,83]

In conclusion, this article provides a comprehensive overview
of the current state of research on 3D-printed electrodes for elec-
trochemical dehalogenation reactions. Given the widespread
occurrence of HOCs and the critical need for their efficient
removal, innovative technologies offer substantial potential to
enhance existing remediation strategies. The EHDH of TCAA is
presented as a representative case study, alongside various elec-
trode materials that prioritize the use of earth-abundant and sus-
tainable elements. Additionally, the application of 3D-printed
electrodes for the dehalogenation of the veterinary antibiotic
FLO has been explored, with several approaches reported in
the literature, demonstrating both the feasibility of this strategy
and its potential for broader applications. Looking ahead, the
integration of ML techniques could further advance this field, par-
ticularly in areas such as print monitoring, material development,
geometric optimization, and process parameter tuning. Beyond
the optimization of individual components, a deeper mechanistic
understanding achieved through in situ spectroscopic and elec-
trochemical characterization will be crucial for improving perfor-
mance. Finally, pioneering efforts toward the translation of these
methods into industrial applications represent an essential future
direction for this research area.
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