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Abstract

The electrochemical reduction of nitrate (ERN) is a promising and sustainable strategy for
addressing the critical issue of nitrate pollution in water sources. The rational design of
electrocatalysts has spotlighted metal-based three-dimensional (3D) electrodes such as Cu and Ni
foams. Metallic Cu foam showcases promising kinetics for ERN conversion, while Ni foam serves
as a robust support material for self-standing catalyst evaluation. This review underscores the
nuances and challenges in ERN research when exploiting 3D electrodes, emphasizing the
overlooked roles of pore per inch (PPI) and electrochemically active surface area (ECSA), as well
as the lack of standardization and inconsistent reporting practices, which hinders direct
performance comparison among different ERN studies. The PPI value controls reactant and
products mass transfer at the interface and impacts on the magnitude and extension of the solution
alkalinization at the electrode surface, while ECSA is essential for accurately comparing the
specific electrocatalytic activity of metal foam electrodes for ERN. Particular attention is devoted
to modified self-standing 3D electrode materials, where the catalytic performance on either Cu or
Ni foams is altered by adding other metals and/or metal oxides (Cugam/M) and (Nifam/M),
respectively. A detailed analysis of selected modified Cu and Ni foam electrocatalysts available
in the literature is provided to demonstrate the lack of standardization reporting ERN performance
at present. Thus, we propose the adoption of more rigorous characterization and reporting
practices to advance the development of efficient and scalable ERN systems for sustainable water
treatment. This includes PPI value, ECSA determination and additional engineering figures of
merit encompassing both selectivity and conversion such as NH3 generation efficiency (%) and
ERN energy efficiency (%). Parameters such as nitrate conversion, faradaic efficiency and
selectivity, often used as benchmarks, are considered not suitable enough for comparing different
ERN studies because they depend on the initial nitrate concentration, the total charge circulated

and the type of electrolysis (galvanostatic or potentiostatic).

Keywords: Nitrate reduction; Electrocatalysis; Cu foam; Ni foam; Benchmark; ECSA
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1. Introduction

The never-ending search for water treatment alternatives to secure access to potable water
has advanced our understanding of technologies in the water-energy nexus [1,2]. Electrocatalysis
has been positioned as one of the most promising emerging sustainable technologies, transforming
pollutants into harmless compounds or added-value products without introducing extra chemicals
[3]. Electrified technologies use electrons to drive reactions of interest. Electrons are deemed
green chemicals when derived from renewable and clean sources of electricity. Therefore,
electrocatalysis offers appealing advantages compared to the conventional physical and

biochemical removal of pollutants [4,5].

Nitrate (NOj3") pollution is one of the top ten water quality violations worldwide [6,7].
The treatment of this challenging oxyanion is not trivial. Nitrate, as a ubiquitous contaminant, has
been treated by centralized large-scale methods such as reverse osmosis, ion exchange, and
bioremediation [8—11]. However, further treating brines and sludge from these approaches
increases operational costs by more than 30 % [12]. In this context, electrochemistry may open
new treatment avenues for sustainable management of nitrate pollution [13]. The electrochemical
reduction of nitrate (ERN) has two main goal products depending on the control on selective
transformation: nitrogen gas (N,) and ammonia (NH3). Product selectivity might be attained by
controlling specific experimental conditions, particularly the choice of electrode material utilized
[14—-18] and the electrolyte composition [19,20]. For drinking water applications, the focus lies
on the obtention of harmless N, gas [21]. However, recent efforts have concentrated on producing
NHs as an added-value product [22,23] in line with ongoing efforts in the electrochemical
reduction of nitrogen [24,25]. This resource recovery approach has become a hot topic in
environmental research. Although this approach is in its infancy, the development of feasible
applications is becoming more achievable by incorporating NOs™ pre-concentration systems, NO3

conversion systems, and NH; recovery units.
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Concerning NOs™ electro-conversion systems, current research focuses on identifying
materials that exhibit high performance in NOs™ conversion and demonstrate superior selectivity
toward NHj production [26-29]. While significant progress has been made in this aspect, fewer
studies have concentrated on scaling this process for real-world applications. To align this
approach on a large scale, several critical challenges must be addressed, including the utilization
of free-standing electrodes [30], stability against inorganic scaling produced in real water matrices
[31], designing suitable reactor configurations to maximize electrode utilization [32], and
achieving high NH; yield (measured in mmol NH; g'ce h™' or mmol NH; ecm™, h™') [33]. In
response to these essential requirements, open-pore metal foam electrodes have emerged as a
promising and viable configuration to overcome these challenges. Metallic foams offer various
advantages, including enhanced mass transport, excellent electrical conductivity, high
electrochemical surface area, and adaptability to different reactor configurations compared to
two-dimensional electrodes [34-36]. For instance, a comparison between Cu and Ni plate and
foam electrodes performance after an identical amount of charge transferred during ERN
electrolysis showed higher nitrate conversion (%), calculated using Equation 1, on Cu foam than
on plate, but almost identical values were reached on Ni foam and plate electrodes, as indicated

in Table 1.

Crnos0

Nitrate conversion (%) = x 100 (1)

Cnoz0 — Cnos ¢
where Cyos o is the initial nitrate concentration (mg NO3-N L"), and Cnos ¢ is the nitrate

concentration at time ¢ (mg NO;™-N L™).

Thus, the role of metal foams during the ERN may vary depending on their composition,
which influences their characterization and activity evaluation. Metal foam applied for ERN can
be classified into three types: i) active materials (such as Cu foam), i) support materials (inactive
current collectors, like Ni foam), and iif) modified materials (catalyst-supported electrodes, where
foam electrodes—whether active or inactive—are fully or partially coated with an additional

catalytic material, denoted as Cufam/M and Nigam/M, respectively).
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Table 1. Comparison of ERN galvanostatic electrolysis results on Cu and Ni electrodes using
plate and foam electrodes. Plate electrodes were evaluated at 20 mA cm™ during 90 min on 6.0
cm?’ electrodes (Q = 648 C). Initial solution composition: 100 mg L' NO3-N in 50 mM Na,SOs.
Foam electrodes were evaluated at 40 mA cm™ during 120 min on 2.25 cm? electrodes (Q = 648

Q). Initial solution composition: 30 mg L™ NO3-N in 12.5 mM Na,SO..

Electrode Nitrate Conversion
Element
Configuration (%)
Plate [37] 22 +£2
Cu
Foam [38] 55+4
Plate [37] 8+2
Ni
Foam [39] 102

Independently of the initial pH solution, the ERN mechanism yields hydroxide ions that
increase solution pH, reaching in some instances values as high as pH 11. The solution
alkalinization during ERN promotes the generation of oxides and hydroxides on the metallic
electrode surface. Consequently, the coexistence of metal, oxide, and hydroxide sites on the foam
electrode surface increases entropy and facilitates the provision of adsorption sites during ERN.
Table 2 provides a summary of the bulk resistivity of various materials, including C, Ni, Cu, Cu-
based oxides, Ni-based oxides, Al,Os;, and SiO,. These values underscore the exceptional
electrical conductivity of Cu and Ni foams and exhibit much lower bulk resistivity (Q cm) for
passive Cu and Ni-based oxides than for insulating-type oxides such as Al,O3 and SiO,. Therefore,
the presence of Cu- and Ni-based oxides on the foam surface does not significantly impact the
overall conductivity of the electrode. On the contrary, the presence of these oxides in small
quantities can be advantageous for increasing the overall electrochemically active surface area
(ECSA), number of adsorption sites, and electrode stability [40]. In fact, some studies suggest
that these metal oxides may have higher electrocatalytic activity on the reduction of oxyanions

[41-43].
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Table 2. Bulk resistivity (Q cm) of various materials considered as conductors, semiconductors,

and insulators.

Bulk resistivity
Material
(Qcm)

Carbon foam* 32.3x 102
Nickel foam** 6.9x 10

Cu foam* 65.2x 10

Cu,0[44] 3.7x10°

CuO[44] 1.1x10°

NiOx[45] 1.0x 10*-1.0x 10°

Ni(OH)x[46] 1.0x10°-1.0x 10°
ALO;[47] 1.0x 10°-1.0x 10"
Si0,[47] 1.0x 10" -1.0x 10"

*Values provided from the manufacturer: ERG Aerospace Corporation
**Values provided from the manufacturer: ATT Advanced elemental materials

This critical review delves into the fundamental parameters of three-dimensional (3D)
foam electrodes and underscores the importance of accurate interpretation for reporting ERN
performance. It looks into the multifaceted role of metal foams, exploring its functionality as an
active material, support material, and modified foam. The review encompasses pertinent
examples of 3D modified electrodes aimed at enhancing electrocatalytic performance in ERN,
along with a discussion of the most recent modification strategies. By presenting these materials,
the review offers an updated overview of the current state-of-the-art in this specialized research
domain. Furthermore, the review extends its perspective to the future by outlining potential
directions and identifying gaps that require attention for the further development of 3D foam-

based electrocatalysts in ERN applications.
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2. Defining key characterization parameters of metal-based three-dimensional foam

electrodes

Considering their distinctive features, 3D metal foam electrodes (e.g., Cu, Ni, Co, Al)
have emerged as the primary substrate or active material for electrocatalysis in many fields [48—
50]. The 3D configuration provides excellent electrical properties and a smart spatial
configuration that results in outstanding ERN performance. The choice of conductive material
depends on the role of the electrode during the ERN, which may be a support electrode, active
electrode, or both [51-53]. This classification is determined by the electrocatalytic response of
the pristine foams and modified materials in the presence of NOs', as evidenced by the increase
in current density, as illustrated in Figure 1. The most determining properties to characterize in
these materials are pore per inch (PPI) and electrochemically active surface area (ECSA). These
physical descriptors play a relevant impact in catalytic activity evaluation as they drive the
comparisons in terms of mass transfer efficiency and applied current density (j, mA cm?),

respectively.
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154  CUfoam/Co(OH)y conducted in Na,SO4 solution in absence and presence of NaNOj; at 50 mV s,

155  Adapted from [17,38,39].
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2.1 On the relevance of emptiness: describing pore per inch (PPI)

The PPI is a commonly overlooked but crucial parameter to characterize metal foam
materials. The PPI refers to the number of pores present per linear inch of the foam structure,
giving a direct average value of emptiness contained in the 3D structure [54]. The number of
pores can indirectly indicate average pore size/diameter since smaller pores can be encapsulated
with a higher density in a linear inch. Thus, higher PPI values are generally associated with
notoriously smaller pore sizes and less efficient mass transfer. Therefore, the PP/ value is essential
for the possible implementation of 3D foam electrodes in flow-through and flow-by
electrochemical reactor designs, as it controls the hydrodynamic behavior of solution flowing
through the interconnected pores in the foam [55,56]. For instance, the electrochemical
characterization of reactors (flow-through and flow-by) can be performed using the volumetric
mass transport coefficient (kn4) for a process controlled by mass transfer. This parameter,
typically evaluated using the limiting current from a monoelectronic redox mediator in solution
such as ferrocyanide ion over various electrolyte mean linear flow velocities, provides both mass
transfer coefficient (k»,, m s') and electroactive specific area (4,, m™") properties in flow-by
reactors [57-62]. The knAd (s') is determined from the limiting current /; (A) according to
Equation (2)

I )
k,, A
M nECY,

where n is the number of electrons involved in the reaction (n = 1, considering the redox couple
Fe(CN)s>/Fe(CN)s"), F is the Faraday’s constant (96485 C mol™), C is the bulk concentration of

Fe(CN)g> (mol m™), and ¥, is the active volume (m?).

On the other hand, flow-through reactors can be also characterized using the k.4 vs. I

relationship, according to Equation (3)

I, = nFCuA, [1 - e(‘LkZLAS)] 3)
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where 7 is the number of electrons involved in the electrochemical reaction, u is the flow rate (m

s), 4,is the cross-sectional area (m*), and L is the thickness of the porous electrode (m) [63,64].

Figure 2 illustrates three Cu foams with increasing PPIs of 20, 40, and 110. The optical
images (Figures 2a, b, and c) clearly illustrate the polydisperse nature of interconnected pores and
the decreasing pore size distribution with increasing PPl number. Figures 2d, e, and f illustrate
the heterogeneous morphology of the pores by scanning electron microscope (SEM) at low
magnification (74X) and 5 keV. It can be observed that the average diameter of interconnected
pores decreases in size with increasing PP/, going from an average value of 1.55 mm at 20 PP/

down to 236 pum at 110 PPI.

In porous structures such as 3D metal foams, surface area (cm?) can be normalized in two
distinct ways. Firstly, by areal density, which is related to the mass or amount of material (cm* g°
1. Secondly, the specific surface area (SSA) is expressed relative to the volume of the 3D foam
(cm? cm™). Both parameters hold particular significance in electrocatalysis, where processes are
primarily driven by interfacial interactions. Notably, both areal density and SSA exhibit a linear

increase with rising PPI.

Furthermore, the inherent tortuosity of foams with varying PP/ significantly affects reactants
and product mass transfer close to the foam surface. Higher PPI values lead to increased
tortuosity, impacting the renewal of reactant from the bulk solution and the accumulation of
products at the electrode surface. Conversely, lower PP/ values can enhance mass transfer by
facilitating concentration equilibrium between interfacial and bulk solution species [65,66]. In
particular, the interfacial pH can drastically increase during ERN and differ from the bulk solution
pH depending on operational conditions. Thus, the PPI value impacts the magnitude and
extension of the solution alkalinization at the electrode surface. Subsequently, the local alkaline
pH can exacerbate additional issues in complex water matrices due to Mg®" and Ca®" ions,
resulting in inorganic scaling on the foam surface [31,67]. Consequently, different PPI values
may influence the decrease in ERN activity on the foam due to inorganic scaling on the electrode
surface.

10
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Figure 2. Cu foam at 20, 40, and 110 PPI at different conditions: (a, b, ¢) optical imagining, and
(d, e, f) SEM images to determine surface morphology. Cu foam 20 and 40 PPI were acquired

from ERG Aerospace Corporation and 110 PP/ from Futt.

2.2 The interconnection of electrocatalytic response and the electrochemically

active surface area (ECSA)

For applications in electrocatalysis, the reactive surface area is one of the most important
parameters. In the case of 3D metal foams, the actual electroactive surface area is significantly
different from the geometrical area. Thus, the specific surface area of a foam is the amount of
surface area within a given bulk volume of foam. Consequently, various methods have been
employed to estimate this relevant parameter. One commonly used technique for surface area
measurement in catalyst’s characterization is the gas adsorption, which is based on argon (Ar),
krypton (Kr) or nitrogen (N») gas physisorption on the solid catalyst at cryogenic temperature by
the Brunauer-Emmett-Teller (BET) approach [68,69]. However, this ex-situ technique faces
challenges when examining samples that are predominantly macroporous (i.e., metal foams with
low PPI) with a lower surface area in comparison with meso- and micro- porous materials (e.g.,
zeolites, activated carbons, and metal organic frameworks (MOFs)). Notably, metal foam

electrodes typically represent low surface area samples (<1 m%g), rendering N, physisorption

11
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unsuitable for most cases. Alternatively, Kr physisorption at 77 K has been successfully employed
for evaluating surface area in metal foam electrodes [70]. Furthermore, mercury porosimetry has
proposed as an alternative approach to assess the size distribution and porosity of metal-based 3D
electrodes [71]. Giving that metal foam electrodes operate within an electrochemical solid/liquid
interface during ERN, estimating and comparing their ECSA, which may not necessary equivalent
to the total surface area estimated by gas physisorption or other physical methods [51], represents

a major point of attention to benchmark different studies.

The ECSA denotes the active surface area actually involved in the electrochemical process
[40,51,72,73]. The larger the ECSA, the greater the number of active sites available for
electrochemical reactions to occur, leading to enhanced reaction rates and improved efficiency in
a shorter treatment time. Although 3D metal foam electrode substrates can play different roles
(i.e., active material, support material, or modified material), the ECSA can be evaluated
regardless of that role. Thus, different single or multi-component foam-based materials can be
benchmarked as electrocatalysts by normalizing their electrochemical response via their
corresponding ECSA. The ECSA should be determined for the actual electrode under study since
the bare metal foam electrodes might either diminish or increase their ECSA after incorporating

an additional catalytic material on top.

Although multiple methods have been suggested for determining ECSA [72], discrepancies
and errors persist in electrocatalyst research and make the present discussion timely. A common
flaw is the misuse of the Randles-Sevcik equation to evaluate the ECSA for 3D materials.
Randles-Sevcik relies on the use of an outer-sphere redox mediator in solution (i.e. K3Fe(CN)e)
to estimate ECSA. However, Randles-Sevcik is not applicable to the case of metal foam electrodes
since this approach is only strictly pertinent for evaluating planar electrodes or those with semi-
infinite diffusion [74]. Hence, when used to determine the ECSA of 3D materials, the results are

unreliable and mainly correspond to the 2D geometric surface area evaluation.

The ECSA of 3D metal foam electrodes can be estimated instead from the double layer

capacitance (Cgz) and the specific capacitance (Cy) values, according to Equation (4):

12
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ECSA (cm?) = % “)

N

where Cy represents the double layer capacitance (uF) obtained either from cyclic voltammetry
(CV) or electrochemical impedance spectroscopy (EIS); and C; the specific capacitance value (uF
cm™). The C; is generally defined for an ideal flat surface and depends on the nature of the catalyst
(metal or metal oxide), as well as the solution pH (alkaline or acid). Different C; values can be
found in the literature in the range from 20 to 80 uF cm™ [51,75], being in most cases around 40
WF cm? for both Ni and Cu oxide in alkaline solution [40,51,73,75] and 20 pF cm? for the case
of metallic Ni in alkaline solution [36]. Thus, ECSA comparison is only possible between similar
electrocatalysts evaluated under similar experimental conditions [72], which is the case of
comparing bare metal foam electrodes (Cu or Ni foams) and multi-component foam-based
electrodes (Cugam/M or Nigpam/M electrodes) during ERN. Nevertheless, ECSA estimation
contains a significant range of uncertainty due to the wide dispersion in Cs values. The use of
Equation (4) it is useful mainly for comparison purposes and not for obtaining absolute values

[72].

The formation of an electrical double layer (EDL) at the electrode-electrolyte interface is a
fundamental phenomenon in electrochemistry [76,77]. When an electrode is immersed in an
electrolyte solution, ions from the solution are attracted to the electrode surface due to electrostatic
forces. This phenomenon results in the formation of two layers of charge: one layer of ions
adsorbed onto the electrode surface (the inner Helmholtz plane) and another layer of oppositely
charged ions in the solution adjacent to the electrode surface (the outer Helmholtz plane). Under
the assumption that no Faradaic processes take place within this narrow potential range (i.e., no
electron transfer reactions involving redox electroactive species), the behavior of the double layer
resembles that of a capacitor. In other words, the electrode-electrolyte interface defined by the
double layer behaves like a capacitor. Consequently, the estimated Cy is directly connected to the
ECSA, since an extended surface area facilitates increased ion adsorption, thus amplifying the
electrical double layer and its capacitance. The most common electrochemical approach to

estimate the Cy is based on capacitive current evaluation by CV as a function of scan rate in a

13
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narrow non-Faradaic potential range, using Equation (5), which assumes an ideal capacitor

behavior [78].

_ALj2 ®))
a=——

where Al/2 (A) denotes the half-current difference between the anodic and cathodic currents at

central potential, and v stands for the scan rate (V s™"). The slope from the corresponding graphical

representation provides the Cy value.

Despite the seemingly direct calculation of ECSA from CV, the procedure requires
meticulous care. Several factors need consideration to obtain accurate Cy values, even for flat 2D
electrodes. For the case of 3D metal foam-based electrodes, the task becomes more complicated.
Essential aspects to be considered during the electroanalytical procedure include but are not
limited to the electrical connections, effects of trapped air, electrode wettability, and surface
tension. Note that several of these aspects are PPI-dependent. As reported by Morales et. al
several steps should be considered in order to obtained reliable ECSA values [79]. Figure 3 details
four main steps and electrochemical considerations essential for obtaining ECSA comparison

among electrocatalysts.

Step 1: Initially it is crucial to perform CV scans over a wide potential range to identify
regions where non-Faradaic current dominates and there is an absence of peaks or evidence of
Faradaic current. Neglecting this step could lead to an inaccurate depiction of capacitor
characteristics. As presented in Figure 3a, the non-Faradic region (enclosed by the green dotted
square) can be identified in the wide potential range. It is important to recognize that the specific
range varies based on the material electrochemical properties. Thus, it should be estimated in each
individual case. While many studies typically employ the open circuit potential (OCP) value as
the central potential, this approach is not universally applicable. For example, Cu foam presents
a Faradaic oxidation process in close proximity to the OCP in 0.1 mol L™ Na,SO4 [17]. Moreover,
when defining the range, it is essential to ensure that both cathodic and anodic currents overlap

in two subsequent potential scans, typically conducted within a window of 100 and 500 mV (see

14
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Figure 3b). This overlapping also depends on the electrode material and the scanned potential

range.

Step 2: Researchers should optimize the data collection parameters since calculated
capacitance values are sensitive to variations of these parameters. While recording CV at different
scan rates, it is crucial for the operator to consider parameters such as current range and the size
of voltage step. Although the current range can be set either automatically or manually, it may
vary over several orders of magnitude depending on the range of scan rates employed. It is
advisable to assess the noise in the measurement by comparing results obtained at different current
range limits as presented in Figure 3c. An improper selection of the current range can introduce
significant noise into the measurements. Therefore, conducting separate experiments for each
scan rate, rather than using the same current range across both fast and slow scan rate, can be
beneficial. Additionally, careful selection of the voltage step size is essential, especially when
evaluations are carried out over a small range of 100 mV. Figure 3d shows the effect of choosing
an unsuitable voltage step on the data collection during the assessment. The voltage step affects

the CV profile near the upper and lower set potentials.

Step 3: Once the optimal data collection parameters have been identified, measurements
should be carried out spanning a broad range of scan rates (i.e., from 500 to 5 mV s'). While
higher scan rates might be applicable depending on the material being evaluated, slower rates can
be time-consuming and may not provide significant information about capacitance of the system.
Therefore, it is recommended to perform evaluations within the range of 250 to 5 mV s when
working with metal foams. Figure 3¢ presents a CV evaluation without considering the optimal
conditions, while Figure 3f denotes the CV performed at optimal conditions. Comparing both
graphs, a current underestimation was produced when the CV conditions were not optimized. The
improperly optimized parameters result in a CV profile with sharpened extremes, current noise,
and lower current compared to the reference dotted line. Conversely, under optimized parameters,
the CV profiles exhibit well-defined extremes, no evidence of noise within the selected current

range, and higher current compared to the same reference dotted line.
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Step 4 - Once the data are collected, the analysis can be undertaken by considering the
cathodic current intensity, anodic current intensity, or the average of these two currents. The
capacitance values are calculated as mentioned, using Equations (4) and (5). Figure 3g presents a
comparison of capacitance values calculated using non-optimized and optimized conditions at
different potential ranges. It is noteworthy that under non-optimized conditions, the calculated
capacitance underestimates the system capacitance, whereas under optimized conditions, the
capacitance is 1.6 times higher than non-optimized conditions. Hence, determining the ECSA
appropriately is crucial for comparing electrocatalysts. It is important to realize that each material

requires unique conditions, and ECSA should be reported by the most appropriate evaluation.
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Figure 3. (a) Cyclic voltammetry of an electrochemical cell at 10 mV s™' to identify measurement
window. (b) Cyclic voltammetry at 500 mV s™' considering different measurement windows. (c)
Resistor-capacitor circuit evaluated at different maximum current parameter values and (d)

evaluation of the step size in the data collection RC-circuit. Evaluation of ECSA by CVs under
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(e) non-optimized and (f) optimized electrochemical parameters. (g) Capacitance values obtained
under different conditions. All measurements were performed in an argon-purged 0.1 mol L™

NaOH aqueous solution. Figures adapted from [79] (CC-BY 4.0 - IOP Publishing).

The EIS is an alternative electroanalytical technique to estimate ECSA from Cy. In particular,
EIS exhibiting capacitive current in the high frequency domain allows to evaluate the interfacial
capacitance. The interfacial capacitance simultaneously embraces the Cy contribution and the
capacitance associated with the oxide and/or hydroxide layer formed on some metallic surfaces
during ERN. This inclusion is relevant in the case of metallic foams such as Cu and Ni, as it is
commonly reported the formation of oxide/hydroxide layers. This type of complex metal-oxide-
electrolyte interface is not fully described by an ideal capacitor behavior and requires the use of
a constant phase element (CPE). The CPE is a mathematical element that helps to fit the
equivalent circuit and account for the distribution of dielectric properties of the interface [78].
Typically, after EIS assessment at potentials on the capacitive current domain in a frequency range
from 100 kHz to 0.01 Hz, either graphical analysis is performed [80] or an equivalent circuit is
modeled and fitted to the EIS data after solution resistance (Ry) correction. The simplest and most
common equivalent circuit involves the R;, the charge transfer resistance (R.), and a CPE
representing the double layer capacitance. The frequency-dependent impedance (2) for a CPE is
defined by Equation (6).

1 6
o = g (6)

where Z is the impedance in Q cm™, i is the imaginary part of the complex number, and « the
angular frequency in rad s™'. The parameters related to the CPE are Q and o (1 > o> 0), which are
determined from the equivalent circuit fitting and are independent of the frequency. If « = 1 the
CPE is a capacitor and Q is the Cy and if a = 0 the CPE is a resistor and Q is the resistance.

Meanwhile, the Cy; when a # 1 and > 0.7 can be estimated by Equation (7) [81,82].
1 1 \*1 1/a 7
Car = [Q (_ + —> ]
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Various studies in the literature have compared ECSA values ascertained from CV and EIS,
attempting to gauge the accuracy of each technique given significant differences that oscillate
between +15 % and +40 % [40,75,79,82,83]. In studies evaluating different electrode
compositions or modified materials, both CV and/or EIS can be applicable without preference, if
comparison is conducted under similar experimental conditions. Regarding equipment
capabilities, the CV approach is basic and simpler compared to EIS, which requires a specific
module and further specialized data treatment. However, a comprehensive evaluation of 3D foam-
based electrodes is still lacking, leaving unresolved the question of the preferred method in such

scenarios.

Estimating the ECSA is an important step to benchmark electrocatalytic performance of 3D
electrodes. The ECSA and the PP/ value play a relevant role to ascertain an accurate activity
evaluation under identically comparable current density. In order to enable direct benchmarking
of electrocatalysts for ERN, authors should provide reliable metrics normalized by the
electroactive area of the material in consideration. When considering the NH; yield from ERN,
outcomes are barely reported in intrinsically comparable intensive metrics. A few articles that
encompass the use of such relevant metrics for direct benchmarking report drastically different
key indicator parameters such as the catalytic activity per mass or the catalytic activity per surface
area. It is important to remark that in the case of 3D foam-based electrodes, where the mass of the
active material might be difficult to estimate, the intrinsic electrocatalytic activity normalized and
compared using the ECSA seems to be a more suitable approach to enable transparent and direct
comparison between electrocatalyst development outcomes in literature. While the ECSA can be
used for comparison between electrocatalyst, the use of 3D metal foam in flow-through or flow-
by reactors for ERN under mass transfer conditions should be evaluated using the k.4 parameter
to account for dimensional and structural differences between electrode configurations [63]. By
combining the ECSA or the geometrical 3D area, the mass transfer coefficient can be estimated

and compared between the two area determination approaches. Comparisons between electrodes
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with different PPI values should be performed under the same hydrodynamic pattern (flow-

through or flow-by reactors) to clearly establish the benefits on mass transfer parameters.

3. Understanding differences between scaffolds and active supports: Selected examples

of novel modified foam-based electrocatalysts for ERN (Cufoam/M and Nifoam/M)

The rational design of electrocatalysts often prioritizes the use of earth-abundant materials,
either in bulk or nano-enabled configurations, to minimize electrode capital costs. While platinum
group materials (PGMs) are well-known for their exceptional catalytic performance, their high
cost and scarcity limit their usage to ultra-low content or single-atom configurations [37,84].
Consequently, most bulk metal-based 3D electrodes discussed in the literature predominantly
feature earth-abundant metals such as Cu and Ni. The mechanisms and fundamentals of ERN on
those materials have been thoroughly discussed in several review articles [14,85-87]. In contrast,
the benchmarking of ERN based on robust self-standing Cu- and Ni-based electrodes has been
seldom explored. Thus, this section reviews some selected studies from the literature that used

either active or scaffold modified materials (Cuf.m/M and Nifam/M) as electrodes for the ERN.

The modification of Cu and Ni foam electrodes has been mainly reported using two
techniques: electrodeposition and solvothermal method. Electrodeposition, a well-established
electrochemical technique, which utilizes a metal precursor in solution along with a supporting
electrolyte and/or additives to control deposit characteristics. Electrodeposition is typically
employed on flat electrode surfaces due to the homogeneity of the formed deposit. However,
electrodeposition on 3D metal foam electrodes results in the formation of heterogeneous deposits
across the thickness of the foam due to mass transfer limitations of the reactant within its 3D
structure. In contrast, this synthetic approach facilitates in-sifu nucleation and growth of the
deposited active material, thereby providing an enhanced attachment to the foam substrate.
Another commonly reported technique for modifying foam electrodes is the solvothermal
approach, which involves crystal nucleation and growth under moderate to high temperature (100
— 1000 °C) and pressure (1 — 100 atm) conditions within a steel pressure vessel. In this case as

well, solvent, metal precursor concentration, additives, and reaction time play all a significant
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role in the synthesis. Moreover, the synthesized material is formed and deposited on the foam
electrode, as well as on the solution. A direct comparison between these two electrode
modification techniques has shown that electrodeposited materials exhibit higher mechanical and
chemical stability than those deposited by solvothermal methods [88,89]. However, the total
loading and distribution of the synthesized material by electrodeposition through the 3D structure
of the foam significantly vary, reaching a more homogeneous distribution by the solvothermal
deposition method. This fact may directly impact the type of reactor configuration selected for
ERN. The flow-by configuration is well-adapted for modified foam electrodes synthesized by
electrodeposition because only a narrow part of the total thickness of the foam electrode
participates directly in the ERN, which is the one mainly containing the added material. In
contrast, the flow-through configuration is well-adapted for more homogenous electrodes
synthesized by the solvothermal deposition method because the whole thickness of the foam

electrode participates in the ERN.

Figure 4a illustrates a typical experimental setup for electrodeposition on foam electrodes,
featuring a three-electrodes electrochemical cell comprising a reference electrode (e.g., Ag/AgCl,
saturated calomel electrode (SCE)), a counter electrode (e.g., Pt plate, dimensionless stable
anode), and a working electrode (e.g., Ni or Cu foam). As depicted in Figure 4a, different solution
compositions can be employed to obtain various modified materials, with electrodeposition times
typically within a few minutes for nanoparticles deposition. In particular, this example illustrates
the modification of Cu foam by adding Cu,O, Ni(OH),, SnO,, or Co(OH)x [90]. Figure 4b depicts
the hydrothermal approach for modifying Cu foam, involving a pre-treatment to oxidize the Cu
foam surface followed by a hydrothermal step using a solution of KMnQOy at 180 °C for 2.5 h.
Compared to electrodeposition, hydrothermal procedures of synthesis involve higher temperature
and longer reaction times, typically in the range of a few hours for superficial modification. Figure
4c shows a SEM image of Cu.m/Co(OH)x obtained by electrodeposition, exhibiting the
coexistence of Cu and Co(OH)x nanodomains on the electrode surface. Figure 4d presents a

transmission electron microscope image illustrating the solid-solid interface between MnO;
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447  particles obtained by hydrothermal treatment and previously generated CuO on the surface of Cu

448 foam.

449 In the subsequent sections, some selected studies on modified Cu and Ni foam electrodes are
450  addressed to demonstrate the lack of standardization reporting ERN performance at present and

451  some gaps in this research field are highlighted.

21



CulCu,0 Cu/Ni(OH),

X

10 mM CuSO, 10 mM NiSO,.6H,0
E =-0.6 V vs Ag/AgCI E =-1.0 V vs Ag/AgCl
t=120s t=180s
Cu/SnO, Cu/Co(OH),

X X

5mM SnCI,/0.5 MH,S0, 10 mM CoSO,.6H,0

E =-0.7 V vs Ag/AgCl 0.5 M H,BO,
t=120s 0.1 M Na,SO,
E =-1.2 V vs Ag/AgCI
t=180s
K i

UYL 257, 40 min
-+ NaOH, (NH,),SO,

.) .‘/"

452

453 Figure 4. (a) Sketch of experimental conditions considering electrolyte, applied potential,

454  and time for electrodeposition of bimetallic electrodes using Cu foam as self-standing active
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material [90]. (b) Sketch of Cu foam modification with Cu(OH), and hydrothermal procedure to
obtain CuO@MnO,/CF [91]. (¢) Scanning electron microscopy image of Cu/Co(OH)x prepared
by electrodeposition [90]. (d) High resolution transmission electron microscopy images of

CuO@MnO,/CF [91].
3.1. Modified copper foam as an active material for ERN

Copper and copper-based materials are well-recognized catalysts in ERN for facilitating the
conversion of NOs™ to NO,. Cu foam is a self-standing electrode material classified as type i)
active material, which plays both roles as an active catalyst and support material. Thus, Cu foam
partially contributes to the ERN electrocatalytic response in Cusam/M modified materials acting
as electrocatalysts for ERN. Cerron-Calle et al. reported the electrochemical behavior of bare Cu
foam in the presence of a NaNOs solution at different concentrations to identify the characteristic
reduction peaks associated with the mechanistic steps in ERN [38]. As presented in Figure 5a, the
oxidation (O1) and reduction (R1 & R2) peaks associated with Cu surface modifications taking
place at the electrode surface do not increase in current when the NO;™ concentration in solution
increases. Meanwhile, the cathodic current displayed at more negative potential than -0.15 V vs
RHE increases with the concentration of NO; in the solution. Furthermore, Figure 5b
demonstrates by linear sweep voltammetry the separated contributions from NO;™ reduction to
NO; (at -0.4 V vs RHE) and the further reduction of NO, to NH3 (at -1.0 V vs RHE), according

to Equations (8) and (9), respectively.

Ryo;: NO3aas) + H20 + 27 = NOj(qq5) + 20H" (®)

Ryos: NO3(aas) + 5H,0 + 6~ - NHy + 70H™ 9)
The electrochemical characterization of pristine Cu foam underscores its potential to
reduce NOj;™ to NHj; directly in Cu foam without any additional modification. However, the main
drawbacks of Cu-based materials for ERN are NO,  accumulation and low kinetic constants. To
mitigate NO,  accumulation, modifying Cu foam with additional active materials to react
synergistically in both reactions, Equations (8) and (9), have been extensively explored. Table 3

presents some selected examples of recent studies utilizing modified Cu foam electrodes,
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including experimental conditions and key performance parameters for activity and selectivity
evaluation. Additionally, Table 3 includes the ERN electrolysis results obtained by pristine Cu
foam electrodes under identical experimental conditions in each case. This allows to evaluate the
real impact of the modification incorporated into the electrode by subtracting the participation of
the bare Cu foam electrode. In particular, only modified Cu foam materials where several
consecutive cycles of electrolysis were performed to evaluate the catalyst stability are highlighted
in Table 3. For example, Cufam/Pt [38] and Cugan/Co(OH) [17] electrocatalysts are compared
under galvanostatic conditions with the bare Cu foam and provide a superior NO3™ conversion,
ammonia selectivity (Snus) and faradaic efficiency (FEnusz) 21-22%, as shown in Table 3.
Alternatively, Changhui Zhou et al. described the modification of Cu foam by generating
Cu(OH), nanowires on its surface, thereby increasing the surface area available for adsorption
and conversion of NO3™ to NO;™ [92]. In addition to this, to boost the NH3 generation, Pd sites
were incorporated as atomic hydrogen sources to achieve further reduction beyond NO,". Figure
Sc illustrates the synergetic impact of these two combined modifications on the NO3™ conversion
profile during ERN, since neither the increase in surface area produced by Cu(OH), nanowires,
nor the presence of Pd on bare Cu foam electrodes, provide the nitrate removal efficiency reached
by Cufam/Cu(OH),/Pd electrodes. It is proposed that the incorporation of Pd sites consume the
NO; produced by Cu sites, freeing up sites and accelerating the overall reaction [92]. This is
clearly highlighted in Table 3, where NOs™ conversion by potentiostatic electrolysis reaches 100%
and Snis 98.8% on Cufoam/Cu(OH),/Pd electrodes, meanwhile bare Cu foam gets blocked by the
rate-limiting step reaction, Equation (8), at 60% NO3™ conversion and 27% Snus. Moreover, this
study proposes the complete removal of N from the solution by generating active chlorine species
during electrolysis by adding NaCl in solution and using an undivided cell. This approach
converts NO3™ into NH; and then in N, by homogeneous reaction of NH3; and active chlorine
species [15]. The approach of exploiting chemical conversion of NH3 to N, has been also explored
by other studies shown in Table 3 [93,94]. In another recent study, Wenyang Fu et. al. evaluated
the selectivity of ERN on Cu foam modified with electrodeposited CoO in a high conductivity
solution (0.4 M Na;SO4) containig 40 mM of NOj;™ [95]. The results of the corresponding
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522

potentiostatic electrolysis are shown in Table 3 and demonstrate a net enhanced performance on
Curoam/CoO electrodes with respect to bare Cu foam. The modified electrodes display 87.6% NO3
conversion, 97.3% Snus and 96.7% FEnus. Moreover, the same modification based on CoO
electrodeposition is applied on Cu and Ni foams to compare them. Figure 5d compares the
evolution of Sxus during ERN for bare Cu foam, Cuf.m/Co0O, as well as Nigam/CoO electrodes,
being clearly demonstrated in this case that the synergetic effect produced by combining CoO
with Cu foam is much more relevant than the one displayed by CoO with Ni foam [95]. The
CUfoan/CuO@MnO; [91] and Cusoam/CusP [96] electrocatalysts have been also evaluated for ERN
by potentiostatic electrolysis exhibiting in both cases an enhanced performance in comparison

with Cu foam.
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Figure 5. (a) Cyclic voltammetry at 10 mV s™' of Cu foam at different NaNO; concentration: 5,
10, 20, and 50 mmol L. (b) Linear sweep voltammetry at 10 mV s of Cu foam in presence of
0.1 mol L' Na,SO; support electrolyte and with the presence of 10 mmol L™ of NaNO; or NaNO,

[38]. (c) NO3s-N concentration evolution during ERN electrolysis on different Cu foam modified
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523  materials. Experimental conditions: 50 mg L' NOs™ at -1.2 V vs Ag/AgCl for 60 min [92]. (d)
524  NH; selectivity evolution during ERN electrolysis on Cu and Ni foam modified electrodes.
525  Experimental conditions: 0.4 mol L™' Na;SOs, 0.04 mol L™ NO5 at -1.2 V vs Ag/AgCl for 35 min

526 [95].
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527  Table 3. Some selected examples of modified Cu foam electrodes for ERN applications.

Electrode PPI Area (cm?) Experimental Conditions NOs conversion (%)  Snuz (%)  FEnwz (%) Sza:(;l:/ty Ref
(1)
Ac=2.25 [Na;S04] =12.5 mM [NO3] =2.1 mM
Cu foam 110 Arrm 1.2 m? j= 40 mA cm= 55 55.3 11 ;
Time=2h [38]
CUjoam/Pt 110 Ag=2.25 Q=648C 94 84.0 22 5 cycles
Undivided cell
Cu foam - Ac=4.0 [Na;504] = 50 mM [NOs] = 2.1 mM 2.6 - = 5 cycles
[NaCl] =70 mM
E=-1.4V vs Ag/AgCl [93]
Cusoam/Cu nanobelt - Ac=4.0 T s2 [k =100 - - 5 cycles
Undivided cell
Cu foam - Ac=4.0 [Na;504] = 50 mM [NO3] = 3.6 mM 61.8 20 12.9 -
E=-1.2VvsAg/AgCl
Time=5h [96]
CUfoam/CusP - Ac=4.0 Q=900C 97.7 82.7 26.2 8 cycles
Undivided cell
CUfoam/CUO - Ac=2.0 [K2504] = 50 mM [NO37] = 14.3 mM 91.4 84.8 83.1 -
E=-1.3V vsSCE
As=2.0 Time=2h [51]
CUfoam/CUO@MNO, > " _ 99.4 96.7 94.9 5 cycles
Aecsa = 465.2 Divided cell
- Ac=6.0 [Na;S04] =50 mM [NOs]=0.8 mM
Cu foam =100 [NaCl] = 0.1 M 60 27.0
A= 60 E=-1.2Vvs Ag/AgCl [92]
CUfoam/Cu(OH),/Pd =100 e Time =0.75 h =100 98.8 4 cycles
Undivided cell
Ac=6.0 [Na;S04] = 0.4 M [NO3s] =40 mM
Cu foam ST E= 15 Vivs A AaCl 33.9 67.1 72.4 o
Ac=6.0 Time =0.58 h
Cufoam/Co0 - A eop = 245 Undivided cell 87.6 97.3 96.7 10 cycles
Cu foam - Ag=12.0 [Na,S04] = 50 mM [NOs] = 7.15 mM 243 - - - [94]
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j=25mAcm?
Time=15h

Cusoam/Fe - Ac=12.0 Q=1620C 98.6 - - 8 cycles
Undivided cell
Ag =4.5 [Na;S04] =12.5 mM [NO3] =2.1 mM
. 8 11
Cu foam 110 *Accon= 1.7 m? j=20 mA cm?2 55.3 6
Ac =45 Time=2h [17]
CUfoam/Co(OH)y 110 e Q=648C 98.7 81 21 5 cycles

* = 2
Aecsa=1.2m Undivided cells

528  *ECSA calculated using the specific capacitance 40 pF cm™

529  **ECSA calculated using the specific capacitance 60 pF cm™

530
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3.2. Modified nickel foam as active material for ERN

Electrodes based on Ni foam materials represent another type of metal-based 3D electrodes
(type ii), primarily serving as support material or inactive current collector. Unlike Cu foam
materials, Ni materials lack significant electrocatalytic activity for ERN. Consequently, the ERN
performance of bare Ni foam electrodes is seldom reported in the literature. As studied by
Xiangdong Tan et al., [97], Figure 6a and Figure 6b depict the CV of bare Ni foam evaluating the
electrochemical response of this material in the absence and the presence of NOjs", respectively.
There is not a significant difference in current density when comparing both CV, which
demonstrates the low electrocatalytic activity of Ni foam for ERN. Thus, the role for Ni foam is
to serve as a scaffold material and facilitate the evaluation of other electrocatalytic materials on
its surface [97]. Figure 6c¢ illustrates the electrocatalytic behavior of various modified Ni foam
electrodes (Nifam/M). In particular, Nigm/Cu and Nifam/Cu-Ni electrodes significantly improved
kinetics for ERN. This is attributed to the intrinsic activity of these electrodeposited materials and
not to the Ni foam itself [97]. This study also studies the complete removal of N from the solution
by generating active chlorine species during electrolysis by adding NaCl in solution and using an
undivided cell. This approach significantly improves the N, selectivity and has been also explored
by other studies shown in Table 4. In particular, Jianan Gao et al., [86] obtained 100% N,
selectivity in the presence of 2500 mg L' CI" in solution. Some selected examples of recent studies
utilizing modified Ni foam electrodes are presented in Table 4, including experimental conditions
and key performance parameters for activity and selectivity evaluation. In particular, modified Ni
foam materials where several consecutive cycles of electrolysis were performed to evaluate the
catalyst stability are highlighted in Table 4. For example, a recent study by Cerron-Calle et al.
evaluated electrodeposition of Cu and Co sites separately or combined on Ni foam as a strategy
to obtain modified Ni.m/M electrodes exhibiting a relevant effect on ERN activity and selectivity
in several cases. Figure 6d showcases the electrolysis results on Nif.m/Cu,O/Co(OH)y electrode,
highlighting the high NOs™ conversion and NH3 production achieved [39], which are almost

identical to the results displayed by Cura.m/Pt electrode under identical experimental conditions
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for ERN [38]. This is clearly pointed out by comparing their corresponding results reported in
Tables 3 and 4. In particular, the FExn3 22% and the NO3™ conversion >90% are equivalent in both
cases, only a slightly higher Snxuz 94% on Nifam/Cu0O/Co(OH)x electrode (Table 4) than on
Curoam/Pt electrode (Snus 84%, Table 3) is reported. Thus, it is demonstrated that type iii) modified
electrode materials either based on Ni or Cu foam allow both to increase the ERN activity and
direct its selectivity towards NH3 production in the same magnitude. Moreover, Table 4 includes
other types of Nisam/M electrocatalysts such as those based on the pyrolysis of MOF [98], as well
as those based on the addition of non-metallic elements such as P (Nifam/NiCoP [99] and
Nifoam/CoP nanowire array [100], S (Nifam/NiC0,Ss [101]) or B (Nigam/Ni-BOx [102]). The
presence of a non-metallic element in addition to metals in the ERN electrocatalyst is
demonstrated to produce a significant enhancement in NOs™ conversion, Sxuz and FEnus as is

shown in Table 4.
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Figure 6. Cyclic voltammetry of Ni foam at different scan rate in (a) absence and (b) presence of

100 mg L' NO3™-N in solution. (c) Pseudo-first order kinetic constants for ERN on different Ni
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573  foam-based electrodes [97]. (d) NOs-N conversion and products evolution during ERN
574  electrolysis using Nifuan/Cu,0/Co(OH)y. Experimental conditions: 30 mg L™ NO;-N and 12.5

575  mM Na,SO, solution at 40 mA cm™ for 120 min [39].

576
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577  Table 4. Some selected examples of modified Ni foam electrodes for ERN applications.

NOs™ conversion Stabilit
Electrode PPI Area (cm?) Experimental Conditions 3 Snns (%) FEnnz (%) v Ref
(%) >90%
[Na;S04] =50 mM [NOs] =3.6 mM
Nifoam/P-doped-Co;0 Ac=8 £=-13VvssCE 98 78 31.4 10 cycl [86]
Hoam/ - COPEA-E0s5 ) **Accon = 1008 Time=2h ' cycles
Undivided cell
Ni foam 110 As=2.25 9.6 95.8 2
*AECSA= 1913 ’ ’
[Na,SO4] =12.5 mM [NO5] =2.1 mM
Ac=2.0 . 4
Nifoam/Cu20 110 ¢ j=40mAcm? 28.4 49.5 4 -
*AECSA= 4838 - _
Time=2h [39]
Ac = 2.0 Q=648C
Nifoam/Co(OH)x 110 *Accon = 2813 Undivided cell 86.7 87.5 20 6 cycles
. Ac=2.0
Nifoam/Cu20/Co(OH)x 110 *AEC(:A I 90.3 94 22 6 cycles
Ni MnO,-Oxygen
Hoam/MnO2-Oxyg 110 Ac=8 15.9 34.5 62.2 ;
vacancy
[Na;S04] =50 mM [NO3] =1.6 mM
E=-0.85V vs Ag/AgCl
Nitoarm/Pd 110 Ac=8 5V vs Ag/Ag 53.3 85 69.7 - [103]
Time=6h
Divided continuous-flow cell
Ni MnO,-Oxygen
Hoam/MnO2-Oxyg 110 Ac=8 90.6 87.6 69.6 ;
vacancy-Pd
Na,S04] =0.1 M [NO3] =3.6 mM
Nifoam/Fe@Fe203 5 *Aecsa= 6.5 (NSOl [NO-1 86.1 93 - - (98]

E=-1.35V vs Ag/AgCl
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Time=10h

Nitoam/Co-Fe@Fe,0; *Agcsa= 37.75 Undivided cell 96.7 99 85.2 8 cycles
. _ [Na;$04] = 50 mM [NOs7] = 3.6 mM
Nifoam/NiCo Ac=5 j=2mAcm? 82 73.4 43.5 -
Time=5h [99]
Nitoam/NiCoP As=5 Q=180C 97.7 95.4 57.7 6 cycles
Divided cell
Nifoam/.Co(OH)z As=15 28 26.9 ) )
nanowire array *Agcsp =17
[Na;S04] =0.2 M [NO3] =7.14 mM
Nifoam/C0304 Ac=1.5 E=-0.7Vvs RHE
13.9 88.1 - - 100
nanowire array *Agcsa=5 Time=3h [100]
Undivided cell
Ni CoP i Ac=1.5
itoam/CoP nanowire ¢ 97.9 99.4 97 10 cycles
array *AECSA =857
. . AG =2 _ R
Nifoam/NiC0204 A e 5005 [KOH] = 1.0 M [NOs] = 3.6 mM 60.5 76.9
ECSA = 2J4 E=-1.4Vvs Ag/AgCl [101]
Ac=2 Time=2h
Nitoam/NiC02S4 Accor = 1006.25 Divided cell 89.6 92.1 45.4 8 cycles
Ni foam *AG - 009 [Na;S04] = 0.1 M [NO37] = 500 mM - 49 -
Aecsa = 1.0 E=-0.9V vs RHE -
Ac = 0.09 Time=0.5h
Nitoam/Ni-BOy N Undivided cell - 94 30 cycles
Agcsa = 1.7

578  *ECSA calculated using the specific capacitance 40 uF cm™

579  **ECSA calculated using the specific capacitance 60 pF cm™

580
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The literature on metal-3D foam electrodes for ERN is extensive, but comparing different
electrode materials remains challenging due to the lack of normalization of experimental
conditions, reported parameters, and operation methods. Nevertheless, comparing the selected

results shown in Tables 3 and 4 allows us to identify five keypoints to be improved in the future.

(1) The PPI metric is only reported in 30 % of the studies considered. This suggests that
either only one value is commonly reported for this parameter or its importance is often
overlooked. However, it is crucial to note that various PP/ values ranging from 5 to 130 are
available in the commercially available foams. As previously discussed, PP/ plays a pivotal role
in mass transfer at the electrode surface, making it crucial for controlling the interfacial pH.
Therefore, by considering PPI as a fixed parameter, the benchmarking process is limited to a very

few number of studies.

(2) The electrode area, whether geometrical or ECSA, is essential for a comprehensive
comparison among the array of electrocatalysts prepared. However, according to the studies
considered, geometric 2D area (W x L) is commonly used for reporting performance, overlooking
the true effects of 3D structures. Consequently, parameters such as areal density (cm® g') or
specific surface area (SSA, cm? cm™) are often neglected. Similarly, ECSA, crucial for intrastudy
benchmarking of electrocatalysts and providing insight into modified material and their intrinsic
activity (as suggested in Figure 1), is not consistently reported. A more meticulous
electrochemical interstudy benchmarking of electrocatalysts requires the estimation of ECSA for
a better understanding of the electrochemical system, which is urgently needed. Therefore,
reporting both geometric area and ECSA should be promoted as a good practice to enhance the

benchmarking of electrocatalysts both within and across studies.

(3) Variations in experimental conditions such as initial NOs concentration and
electrolyte composition make it difficult to compare different studies, despite most studies
providing NO;™ conversion and NHj selectivity evaluation. For instance, Cu foam (Table 3, [95])
exhibits a NO3™ conversion of 33.9 % and a NH3 selectivity of 67.1 %, while Nig.m/Pd (Table 4,

[103]) shows 53.3 % and 85%, respectively. Based solely on conversion values, Niam/Pd appears
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to exhibit higher activity, potentially leading to an increased NHs production. However, such
comparisons are inaccurate without considering the initial NO3™ concentration. Using the reported
initial conditions (40 mM NOj for Cu foam and 1.6 mM NOj" for Nig.m/Pd), Cu foam generates
approximately 127 mg NH3-N L' and Nigan/Pd 10.14 mg NH;-N L. This highlights the
challenge of benchmarking electrodes using these parameters, which involves considering the
initial NOj3™ concentration and subsequent calculations to enable direct comparison. Furthermore,
the absence of standardized conditions results in a chaotic range of conditions, with initial NOs
concentrations varying from 1 to 40 mM for Cu-based electrodes (Table 3) and from 2 to 500 mM

for Ni-based electrodes (Table 4).

(4) Similarly to the wide range of initial NOs™ concentrations, electrochemical conditions
are not standardized across studies. Under potentiostatic conditions, reported potentials in
electrolysis correspond to those determined during the evaluation of intrinsic activity. However,
key parameters such as supporting electrolytes, initial pH, and electrolysis time are often different.
A subset of studies performs electrolysis under galvanostatic conditions, employing current
densities ranging from 2 to 40 mA cm?, but without considering a benchmark and constant
number of coulombs circulated during the electrolysis to facilitate subsequent results comparison.
Notably, comparing results from Tables 3 and 4 reveals some trends; for example, disparities in
FEnus arise when comparing constant potential electrolysis (mostly FExuz >70%) with constant
current electrolysis (mostly FExuz <30%). The main reason for these disparities lies in the
competitive hydrogen evolution reaction (HER), which occurs at a similar potential to ERN. HER
can be modulated by controlling the applied potential, whereas this control is absent in constant
current electrolysis. Consequently, the quantification of H, gas produced during ERN electrolysis
represents a significant gap in most ERN studies, which is typically overlooked. Comparison
across operation methods is incorrect as it will not illustrate the competitiveness of
electrocatalysts under identical conditions. Furthermore, the reader should note that real upscale

applications generally operate under galvanostatic conditions in large electrochemically

35



634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

engineered systems beyond the lab bench (which would correspond to the studies that report the

lower FEnn3 values in literature).

(5) The most commonly used benchmarking parameter for ERN in the literature, NH;
yield (mmol NH; g h™' or mmol NH; cm? h'), directly incorporates NH; production
normalized by catalyst mass or area, and time. However, the disparities between geometrical and
ECSA areas introduce additional errors in reporting NHj3 yield. This parameter introduces another
source of confusion since at high initial NO3™ concentrations, NH3 yield produced on a poor
electrocatalyst may appear higher than that obtained using an optimal electrode, but treating a
lower initial NO3™ concentration. Therefore, there is an urgent need to incorporate additional
parameters, which consider the initial NOs™ concentration to avoid misunderstandings and
facilitate benchmarking, as well as evaluate the overpotential and, thus, the energy required to
produce NH3. We have recently proposed NHj generation efficiency (Equation (10)) [90], which

combines both concepts, selectivity and conversion.

. . . CNH3 exp
NH; generation ef ficiency (%) = ——— X 100 (10)

CNH3,theo

where Cyp, exp is the NH3; concentration experimentally obtained from electrolysis in
mmol L™ and C NHs heo 1S the theoretical NH3 concentration in mmol L ! if the entire initial amount

of NOs™ is converted to NH; by ERN.

Concerning the overpotential evaluation in NO;™ conversion, we propose to adapt the
parameter of energy efficiency (Equation (11)), which is commonly used to evaluate

electrochemical CO; reduction performance [104,105].
NH; energy efficiency (%) = (Ev/E) x FEnu3 (1D

where E7 is the thermodynamic potential in volts required for the electrocatalytic
reduction of NO;3™ to NHj3 in aqueous solution, whereas E and FEyy;3 represent the experimental

cathode potential applied in volts and the NH3 Faradaic Efficiency (%), respectively.
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4. Conclusions and outlook

The ERN systems have emerged as a promising approach for resource recovery, particularly
in NH; production. Rational electrode design has guided researchers through various
configurations, with metal-based 3D electrodes showing considerable potential in material design.
Specifically, self-standing Cu and Ni foam electrodes have been extensively studied for their roles
as electrocatalytic active and support materials, respectively. This review addresses two critical
parameters characterizing foam electrodes often overlooked in ERN literature: pore per inch (PPI)
and electrochemically active surface area (ECSA), as well as proposes two additional engineering
figures of merit for benchmarking ERN by encompassing selectivity and conversion and

evaluating overpotential contribution.

The importance of PP/ is revalued, emphasizing its significant role in reactants and products
mass transfer, and suggesting its crucial relevance in evaluating water matrices to prevent
inorganic and organic scaling. However, the lack of studies using full reactors (flow-through or
flow-by) conceals the benefits of 3D metal foam for ERN. Additionally, the indirect measurement
of ECSA is promoted, with main steps provided for reliable calculations. Techniques such as
cyclic voltammetry or electrochemical impedance spectroscopy can be utilized to estimate ECSA,
with consistency across studies recommended for proper evaluation of modified Cu and Ni foam

electrodes (Cugam/M and Nifoam/M).

At present, benchmarking electrocatalysts for ERN presents more challenges than certainties.
Despite ERN's potential as a resource recovery approach, the lack of specific trends and variety
among studies creates a complex scenario where comparability is limited. Significant advances
have been made in electrocatalyst design, but some reference values have not been identified yet.
The current lack of standardization in reporting PPI, ECSA, experimental conditions, and key
performance metrics hinders meaningful comparisons across ERN studies. This variability limits
a broader understanding of the ERN and obscures the identification of optimal electrode materials
and operating parameters. Reviewing Cugp.m/M and Niw.m/M studies reveals nuances based on

various aspects, prompting reconsideration of the composition of the solution to be treated and
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the need to set reference concentrations for both reactant and supporting electrolyte, as well as
using a constant amount of circulated charge to compare different electrolysis properly.
Morphological and structural analysis of the electrode before and after ERN electrolysis is notably
absent in the literature. Similarly, accelerated life tests for these 3D foam electrodes are rarely

considered.

From this perspective, several key research directions are essential and require future
development. Reactor configurations designed to optimize 3D foam electrodes and strategies to
suppress the competitive HER could significantly improve ERN efficiency. Exploring
electrocatalytic materials that selectively inhibit HER without impacting ERN could be a
promising research direction, particularly relevant in galvanostatic electrolysis. Additionally,
investigations in electrode stability under realistic water conditions by accelerated tests,

considering potential issues like inorganic scaling, are crucial for practical applications.

The benchmarking of 3D electrodes for ERN represents a significant challenge, as highlighted
by the nuances and gaps identified in this review. It is evident that the current state of research
lacks characterization protocols and standardized reporting practices, which hinders effective
comparison of electrode performance across studies. By addressing these challenges, we should
be able to accelerate the development of highly efficient, selective, and scalable ERN systems,
propelling this technology, still under development, from a low technology readiness level (TRL)
towards a widespread water treatment technology. While significant advances have been made in
understanding the fundamental principles of ERN and exploring novel electrodes configurations,

there remains a need for practical implementation and field testing under real-world conditions.
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