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Lithium-Mediated Nitrogen Reduction for Ammonia
Synthesis: Reviewing the Gap between Continuous
Electrolytic Cells and Stepwise Processes through Galvanic
Li—N, Cells

Anna Mangini, Lucia Fagiolari, Annalisa Sacchetti, Alberto Garbujo, Pierdomenico Biasi,
and Federico Bella*

more easily transportable and safer than
H,.[2) This molecule is a promising al-
ternative to carbon-based fuels. However,
N, fixation still represents a huge chal-
lenge due to the stable triple bond of the
non-polar N, molecule, which requires

Electrochemical N, reduction reaction (E-NRR) has recently gained increasing
interest within the scientific community, due to the ongoing energy crisis and
pursuit of process sustainability. In this scenario, emerging lithium-mediated

(Li-m) strategies are obtaining promising Faradaic efficiency (FE) and NH,

production rate values. In this work, the Li-m scenarios are classified and
explained toward a more sustainable process. Continuous processes, with a
lithium salt and a proton donor in an electrolytic cell, are analyzed and
compared with stepwise pathways. Different parameters are summarized in

extreme conditions to promote the reduc-
tion kinetics.l*!

Operating under severe temperature
and pressure conditions (at least 450 °C

relation to the system stability, for which the importance of a tailored solid
electrolyte interphase (SEI) layer emerged. Among stepwise processes, the
thermochemical direct nitridation of lithium is discussed together with the

recently developed Galvanic Li—N, cell strategy.

1. Introduction

Ammonia, one of the top-3 chemicals produced worldwide,
is at the base of fertilizer synthesis and its production will
increase further with demographical growth.!!! The availability
of a distributed NH; production could ensure independence
on these essential goods, in particular for developing countries.
Moreover, the idea of using liquid NH; as a viable green energy
carrier has been gaining interest in recent years, since it is
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and 200 atm), the Haber-Bosch (HB)
process is responsible for ~1.44% of
the global greenhouse gas emissions:
~ 400 Mtons year™! of CO, released,
with a global average of 2.86 tons of
CO, emitted per ton of NH; produced,
reduced to 1.6 tons of CO, per ton
of NH; in the most efficient plants.l*
Currently, ~ 465 000 metric tons per day (MTD) of NHj are pro-
duced worldwide with an energy consumption of ~#10 kWh kg™!
in modern plants; the production scale is atleast 2000 MTD, but it
reaches 6000 MTD in the most efficient ones.[*] Moreover, the HB
process requires extra-pure reactants (i.e., N, and H,) in a very
precise proportion (1:3), and the N, production from air distilla-
tion (if air-fired secondary reforming is not used) is also energy-
demanding due to the refrigeration temperature of ~ —194 °C,
besides the gas compression steps. Even using “green” or “blue”
H,, the HB process requires huge centralized plants to reach the
highest energy efficiency (EE), which nowadays is ~#40%.1°! Thus,
to achieve independence from fossil energy sources, it is vital
to find a sustainable process carried out under mild conditions
and driven by abundant, even if discontinuous, renewable energy
sources.

In this scenario, the electrochemical N, reduction reaction (E-
NRR) is under investigation as a renewable energy-based process
for NH; production, representing a more sustainable approach
than the well-established HB process.[®) E-NRR has the advan-
tage of being displaceable and so adaptable to in situ produc-
tion of high-value products (like fertilizers), even in remote areas,
avoiding transport-related costs and emissions.’! In addition, E-
NRR strategies allow the delocalization of NH; production, since
the efficiency of the process is independent from the plant scale,
opening up the possibility of using renewable sources, i.e., wind
or sun, to feed the process.>]

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 1. a) SoA overview of different Li-m E-NRR technologies: a systemic and synthetic classification. b) The three steps of Li-m E-NRR occur in

discontinuous processes.

However, to become attractive as a scalable process, E-NRR
has to obtain economic competitiveness in the market. In the
REFUEL program of the Advanced Research Projects Agency—
Energy,[®! the US Department of Energy stated that the threshold
for the Faradaic efficiency (FE) at 300 mA cm=2 is 90% as the key
performance indicator (KPI) of the process. To move toward this
goal, the pivotal objective is the enhancement of selectivity. An-
other fundamental requirement from an industrialization view-
point is an electric current density at least of 5-10 mA cm™2 for
commercial NH; production.l®] It is correlated to the NH; pro-
duction rate, a parameter as important as the FE and that should
be more clearly considered in this research field.

Different steps must occur during the process: N, transport
and absorption at the cathode and subsequent N, activation, with
the triple bond cleavage, then the N, protonation to form NHj,
followed by NH, desorption and release. Generally, the achieve-
ment of KPIs is limited both by thermodynamic and kinetic fac-
tors, which favor competitive reactions, as will be discussed in the
following section. In traditional aqueous electrocatalytic cells, the
main competitive reaction is the H, evolution reaction (HER),!1!
which limits the FE: the average FE value of recent findings is ~
20% for stable and reproducible catalysts.]

The energy efficiency (EE) of the whole system, rarely evalu-
ated in the literature, should also be considered a valuable KPI
for E-NRR processes, even if a correct comparison is essential to
set proper and equal boundaries for the input and output calcula-
tion. At the current state of the art (SoA), it is hard to predict ade-
quate information, and numbers based on general assumptions
(instead of experimental data) could be misleading. An interest-
ing methodology for this calculation takes into consideration the
effective EE of the electrochemical reactor, calculated from the
FE, and the overpotential necessary to drive the reaction. For cost-
competitive NH; production, it has been calculated that the EE
should be >30%.11]

The stability in a long-term operating system represents a
milestone toward a sustainable scale-up, necessary also to reduce
the capital and maintenance costs.

Among the different electrochemical strategies developed
in the last few years by the E-NRR community, the lithium-
mediated (Li-m) approach has recently demonstrated promising
results.'>1314] Li-m E-NRR may be exploited both in continuous
processes, forming NH, in a single electrochemical cell, > and
in discontinuous processes, involving a series of steps in differ-
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ent operating conditions, among which a fast Li;N formation is
the main challenge!'”] (Figure 1a).

In the case of continuous processes, the Li-m strategy com-
bines lithium use with the presence of a proton donor source,
producing NH; in the same reactor and simultaneously as N,
is activated. Starting from the landscape of the more traditional
aqueous electrocatalytic cells for E-NRR, similar to CO, reduc-
tion cells and H, O-splitting cells, a few studies tested the addition
of lithium salt in the electrolyte.['#192] In the aqueous case, the
co-presence of Lit on the working electrode (WE) surface might
both inhibit HER, thanks to a steric and repulsion phenomenon,
and favorite N, activation.'®2"] However, the FE toward NH;, is
still far from 50%, and the production rate is very low. Recently,
different research groups have obtained promising results with
aprotic electrolytes, in which the controlled protons availability
reduces HER.[2122] Nevertheless, the organic electrolyte is eas-
ier to decompose at the operating potential. Key parameters that
should be addressed in this field are the optimization of the pro-
ton source and concentration, in combination with the electrolyte
reaction at the cathodic interface, and the study of N, and Li*
diffusion rate toward the electrode surface.?’] Lithium has been
tested in combination with both N, and H, and also in molten
salt solution; a short dissertation is proposed also for this tech-
nology, even if the selectivity toward NH, resulted in limited and
the technology is rarely further evaluated.**]

In the case of discontinuous processes, the different reaction
steps are separated in time or environment in order to enhance
the selectivity and control of the process. N, is fixed in Li, N with-
out proton presence, thanks to the excellent reductive power of
lithium, being completely exploited toward N,.}") Then, Li,N is
protonated exothermally and spontaneously into NH;, while Li*
has to be recovered and reduced into Li® (Figure 1b), which is
essential and represents the most energy-demanding step.!'’) In
the direct nitridation strategy, N, gas directly and spontaneously
reacts with metallic lithium, and the reaction is thermodynam-
ically favored even under mild conditions, but the kinetic is in-
sufficient for a mass-production process. The use of an electro-
chemical Li—N, Galvanic cell to reduce Li* could be an appeal-
ing solution to optimize lithium use and stabilize Li;N.[?! This
molecule is very reactive and environmental impurities have to
be controlled.?®] Recent studies on those cells could open up
new possibilities to boost the kinetics of N, fixation in compar-
ison with direct nitridation, other than to recover the process
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Table 1. Main issues of E-NRR processes and principal solutions.
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Main E-NRR issues

Principal solutions

Thermodynamic stability of N, triple bond
HER competition

Limited availability and mass transport of H* to the active site

Slow N, adsorption and activation kinetics, as well as NH; desorption
N, mass transport limitations

Components stability and sustainability: high maintenance costs

Detection limits: low product concentration, false positives

Infrastructure, equipment, and extremely pure reactant cost

Catalyst or mediator, such as lithium

Control the amounts of protons source or avoid it during E-NRR in a stepwise
process

Study on pK, of the proton donor/carrier, study on
hydrophobicity/hydrophilicity balance of the WE surface

High specific surface area catalyst, study on the protonating acidic species

Use of a three-phase system, by-passing N, low solubility, or increase pressure

Closed-loop process with stable elements, full recycle of precious elements
(lithium)

Straight protocol for testing (e.g., with constant gas volume) and analysis, final
check with "N, isotope labeling and NMR quantification

Cooperation between research groups, straight and shared test and detection
protocols

energy.[>?’l However, the reaction mechanism of Li;N forma-
tion should be still clarified and, even in this cell, the cathodic
interface should be optimized.[?!

In this review, the most significant achievements regarding
different Li-m NH; production methods are summarized, dis-
cussed, and compared. Their limits and pitfalls are also analyzed
to obtain an overall critical overview of the recent outcomes and
to outline future outlooks in this emerging research field.

Firstly, the main challenges in E-NRR are discussed to give
a general background of this field. The continuous Li-m strate-
gies are then illustrated and the aprotic systems are deepened.
The main parameters and KPIs are discussed in comparison to
the traditional aqueous systems. A sub-section will also summa-
rize works that approach the molten lithium salt strategy. Af-
terward, the multi-step discontinuous process is depicted with
examples of direct thermochemical reactions between N, and
metallic lithium, as well as the advantages and drawbacks of
Li—N, cells. Finally, the main strategies described are compared,
and an outlook on Li-m E-NRR scalability is given, closing with
suggestions on the more urgent further implementations.

2. E-NRR: A Brief Overview of the Main Process
Challenges

Besides thermodynamic issues, starting from N=N triple bond
stability and kinetic difficulties, as mentioned in the Introduc-
tion, other issues have to be tackled (Table 1).

The cell setup should be designed to guarantee the reactants’
mass transport toward the reaction site. E-NRR depends on the
co-presence of electrons, N,, and H* at the interface of the con-
ductive WE. N, is coming as a gas, ions are present in the lig-
uid electrolyte, and the electrons are exchanged at the solid WE
interface through charge transfer.[”) To ensure the three-phase
contact, the use of gas diffusion electrodes (GDEs) in flow cells
has recently emerged. The non-completely wettable WE interface
and the study of particular hydrophilic/hydrophobic surfaces pro-
mote the contact between active sites, liquid electrolyte, and the
N, gas diffusing from the gas chamber through the GDE mi-
crochannels, boosting the overall reaction.!?!] The specific surface
area exploitable for the reaction should be taken into considera-
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tion as a key parameter since it has to guarantee a high num-
ber of active sites.?!] The porosity and the morphology should be
controlled, as well as the gas permeability and mechanical and
electrochemical stability of the electrode. The main drawback of
systems with GDE is the low probability of obtaining the correct
co-presence of the three reactants at the solid-liquid—gas three-
phase boundary, e.g. due to bubbles coverage of active sites, and
stability issues such as flooding, also related to the salt-out and
electro-wetting of GDE (see Section 4.1).1331 To simplify the sys-
tem from a three to a two-phase reaction, there is the need to
dissolve N, in the liquid electrolyte. However, N, solubility is in-
sufficient in H,0, and N, availability also represents the main
limiting factor in organic solvents, even these latter are able to
solubilize N, atleast one order of magnitude higher than in aque-
ous systems.3?! It results that N, availability represents the main
limiting factor for the production rate. The main strategies to
overcome this issue are the application of high pressure (e.g.,
20 bar N,) in E-NRR batch systems,**! or the use of ionic lig-
uids (ILs) as electrolytes. However, the most commonly used and
already studied ILs for electrochemical processes present fluori-
nate anions, 34 which are characterized by uncompetitive cost,!*!
or azo-compounds, which could lead to interferences and misun-
derstandings in the correct NH; quantification and origin.*®]
The main practical challenge for researchers working on
this topic is an analytical issue, i.e., NH; quantification, since
the amount produced in cells is lower or comparable with
the detection limit for conventional NH, analytical detection
methodologies. In addition, the contaminations coming from
the environment, or from other nitrogenated components in the
reactor, may create severe ambiguity about the real NH; produc-
tion rate. The first studies in the E-NRR field used colorimetric
methods or ion chromatography (IC) to quantify NH,, but
impurities, in particular coming from the N, gas feed, were not
considered.’”] For this reason, when a pivotal Nature article was
published in 2019, stabilizing a standardized straight procedure
to assess the real NH, production,38] many outcomes in this field
were withdrawn or had to be revised. Afterward, many studies
discussed how the origin of NH; in these experiments could also
be identified as environmental contamination, e.g. impurities
coming from the N, feed gas, but also from washed electrodes,
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membranes, or even from the lithium salt purification process,
and from the reaction of other nitrogen-containing molecules,
easier to be hydrogenated.[**3%#0] The amount of NH; coming
from all these contamination sources could be of the same order
of magnitude or even exceed the expected NH, produced. So,
it has become clear that the E-NRR process is too susceptible to
false positives!*’l and it requires very precise assessment proce-
dures and gas purifications.*!) Among these, the cross-check of
electrochemical experiments with >N, isotope gas as a reactant
and the subsequent nuclear magnetic resonance (NMR) analysis
are needed to finally validate the obtained FE and NH; production
rate. In this experiment, only the amount of "'NH; detected is
accountable as the “true” reaction product, while any presence of
“NH, has to be assigned to impurities. Also, it is recommended
to repeat the isotope labeling at different steps of the experiment
to a better understanding of the process mechanism.[*?]

However, recently some research groups have justified the ab-
sence of 1N, -isotope cross-check asserting that the achievement
of NH, quantity of the order of milligrams could exclude contam-
ination influences.[*}] Even in this case, degradation processes
of azo-compounds used for example in the electrolyte should be
straightly controlled for the purpose of a correct comparison with
other studies, since these compounds could generate NH; that
will boost the overall yield.

Apart from these validation requirements, research groups
usually conduct E-NRR experiments using at least two detec-
tion techniques for routine verification of NH; production. The
most common ones are colorimetric reactions, UV-visible analy-
sis, and ionic chromatography analysis.

As regards colorimetric methods, the most applied ones
are Nessler’s reagent (NR), the Berthelot reaction with salicy-
lates and cyanates, and the indophenol blue from phenol with
hypochlorite.[**] All of these methods present some drawbacks,
such as their sensitivity to pH range and to the stability tempo-
ral window of the photoreactive complexes formed. The NR also
presents lower reliability at pH different from that of its medium
and could also interact with cations different from NH,*, e.g. al-
kali metal ions, the presence of which as impurities in the sam-
ple is not often easily predictable.[*’! The other mentioned meth-
ods present lower precision and are suitable only for high pH
values.[*l An accurate quantification procedure with the salicy-
late method has been proposed by Giner-Sanz et al., but this
procedure is optimized for aqueous samples.[*’] In organic me-
dia, the NHj, should be separated as NH,Cl and the aprotic sol-
vent should be evaporated, leading to practical difficulties for sub-
ppm amounts.*’] Moreover, a further study from the same group
pointed out the interference of alkali metal salt on the colorimet-
ric chemicals.[*®]

IC analysis has been recently applied by a few groups also
in organic media. It presents many advantages, such as being
less time-consuming and presenting a theoretically higher sen-
sitivity, but a correct method and a suitable column have to be
carefully assessed to avoid interferences with the electrolyte salt
cations, the peaks of which could overlap the NH,* one. More-
over, the instrumental compatibility with aprotic solvents should
be verified.[*]

NMR is used by some groups for NH; quantification even
without the isotope verification, although the costs correlated to
this instrument would exclude it from routine analysis.!>’]

Adv. Energy Mater. 2024, 14, 2400076 2400076 (4 of 31)

www.advenergymat.de

Table 2. Comparison of metal nitrides that could be formed during elec-
trochemical NH; production processes. Adapted and reprinted with per-
mission from.[7]

Nitride Nitride formation Standard metal
energy [eV] reduction potential [V]
Li;N -1.84 -3.04
Na;N +0.68 -2.71
Ca;N, —40 -2.87
Mg;N, -4.55 -2.70
BesN, -6.0 -1.85
TiN -3.8 -1.63
ZrN 26 -1.45
arN -0.5 -0.74

Another possibility is that of NH;-selective sensors, but due to
stability issues, such as surface fouling, they need frequent re-
calibration and maintenance.>!]

For low NH; amount detected, quantifications are usually sup-
ported with chemical-physical characterizations of reaction inter-
mediate (as nitrogen-containing compounds present on the WE),
e.g. X-ray diffraction (XRD), scanning electron microscopy (SEM)
with energy-dispersive X-rays (EDX), or infrared spectroscopy
(IR) analysis (as Fourier transform IR) of the WE itself (some ex-
amples will be presented in Section 5.2.1). However, the gas pu-
rification or isotopic labeling remains essential to demonstrate
N, reduction and, due to the instability and sensitivity to air and
moisture of the possible intermediates, in operando characteri-
zation should be considered to correctly and in situ identify in-
termediates, besides exploring the reaction mechanism. For ex-
ample, XRD and IR measurements could be conducted in an ad
hoc setup, as for CO, electroreduction studies.[>>3°*%] The ap-
plication of in-line gas chromatography-mass spectrometry (GC-
MS), as well as differential electrochemical mass spectrometry,
has been recently applied; however, calibration should be prop-
erly assessed since substances with a mass close to that of NH,
could lead to ambiguous results.[>%57:>8]

The importance of reproducible results, as well as validated
with rigorous protocol, is truly high especially if the produced
NHj; is in the same range of possible impurities. With this aim,
each FE value will be reported in this review article with a special
symbol (i.e., FE¥) if it has been verified with an NMR quantifica-
tion of ’NH,.[38

3. Lithium Singularity in Spontaneous Nitridation

Lithium is able to form the most stable alkali-metal-nitride (Li; N)
and its formation is thermodynamically favored also under mild
conditions,'”] thanks to its outstanding reduction potential of
—3.04 V versus standard hydrogen electrode (SHE), as shown
in Table 2. The activation energy to form Li;N at ambient pres-
sure and temperature (15.5 k] mol~') is low in comparison with
both the N, triple bond cleavage energy (410 k] mol~') and with
N,H* formation enthalpy (AH? = 37.6 k] mol™!),® which is
considered the rate-limiting step.l* Finding a different pathway,
with N, cleavage and Li;N formation as intermediate, could en-
hance the production rate and circumvent the main inefficiencies
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of the aqueous process.[® Indeed, the Gibbs’ free-energy varia-
tion (AG), which indicates the spontaneity of a reaction, is much
lower for Li;N formation (AGy;3 = —154 k] mol™') than for NH,
(AGyys = —16.4 k] mol1).[161]

In 1993, the reactivity of this alkali metal was investigated for
NH, production in an aprotic electrolytic cell,[®?] after the former
dissertation by Fitcher et al. in 1930.16%]

Since the reaction between lithium and N, is spontaneous, the
electrical current passage in the electrochemical cell is not nec-
essary for this step, as mentioned in the introduction. For this
reason, some studies separated the nitridation step from the oth-
ers (lithium deposition and Li; N hydrolysis). Pure N, reacts very
fast with lithium surfaces; however, the reaction rate drastically
falls down after a few minutes due to the formation of a Li;N
layer.l%] McFarlane and Tompkins observed that the process be-
came pressure-dependent, suggesting that N, diffusion into the
solid layer is the limiting step. Otherwise, at higher temperatures,
the effect of pressure decreased, until the melting temperature
of lithium (i.e., 180.5 °C) was achieved.l>] In the liquid state, N,
diffusion was favored by lithium atoms motion and the reaction
was no more pressure-dependent. Finally, the reaction between
gaseous lithium and N, was generally excluded.®! Modeling of
metallic lithium by the density function theory (DFT) presents
particular difficulties since lithium presents fluid-like structural
fluctuations. Nevertheless, N, dissociation on the lithium body-
centered cubic lattice, (110) surface, was studied and confirmed
with metadynamics simulation between 300 and 500 K.[%!

Unoptimized lithium use could lead to an increase in the
costs for its recovery, limiting the EE of the whole closed-cycle
process.['7] Moreover, the use of metallic lithium will bring more
safety concerns and the system should be designed in a perfectly
sealed environment to avoid fast degradation with air and mois-
ture.

The Li—N, reaction in an electrochemical cell could, instead,
avoid the diffusion limiting step and optimize lithium exploita-
tion: Li* migrated to the cathodic side may react individually with
N, molecules, avoiding losses of unreacted lithium in the bulk
and obtaining a higher production rate.

It is necessary to mention that lithium is entering the critical
raw materials list: its abundance corresponds only to 1073% of
the lithosphere composition, three orders of magnitude inferior
to potassium.[*] Moreover, the lithium-based storage systems dif-
fusion and exploitation are increasing, mainly through lithium-
ion batteries (LIBs) and lithium metal batteries (LMBs) for elec-
tric vehicles. The development of Li-m E-NRR will use a closed
cycle in which lithium recovery is an essential aspect and elemen-
tal losses estimation is 2%, which could be further optimized.'”]
Furthermore, the broadly stressed literature on lithium systems
from LIBs and LMBs allows a better understanding of the reac-
tion mechanism in the electrochemical cell for E-NRR, as well as
the pros and cons of the mediated pathway. Once an efficient Li-m
process is well developed and comprehended, the substitution of
this element with other alkali metals (e.g., sodium or potassium)
could be considered to move forward to a more sustainable path.

4. Continuous Li-m Systems for E-NRR

In this section, the continuous strategies for Li-m NH, synthesis
are detailed. In particular, electrolytic cells for E-NRR applying
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lithium addition are illustrated, and the main process parame-
ters are discussed. After a short analysis of Li-m aqueous systems,
the advantages of aprotic systems are highlighted. Finally, electro-
chemical strategies with solvent-free molten salts solutions, but
operating at high temperatures, are discussed; a short digression
on similar thermochemical strategies completes the panorama of
Li-m NRR continuous processes.

As stated before, a focal point of this continuous technology
is the co-presence of N, with H* at the WE interface, necessary
for simultaneous N, activation and its protonation. Protons are
supplied either from the addition in the electrolyte of a sacrificial
proton donor or thanks to the coupling with H, O electrolysis and
a proton carrier that transports protons coming from the H, oxi-
dation reaction (HOR) at the anode. The relative ratio between the
three reactants is the fundamental parameter in order to obtain
high selectivity and satisfactory performances. Currently, the best
performances have been achieved with this approach, but some
issues have to be fixed before targeting a scalable process.

4.1. Electrolytic Cell Architectures

Electrochemical cell design is an indispensable aspect impacting
the process. The common architectures for E-NRR are based on
multi-compartment batch or in-flow cells (Figure 2), similar to
electrocatalytic H,O splitting and CO, reduction processes. In
batch cells, electrodes are immersed in an aqueous (Figure 2a-1)
or organic electrolyte and N, is insufflated near the WE, or alter-
natively, the whole cell could be pressurized in an autoclave to
obtain high N, saturation conditions. The homogeneous distri-
bution of the reactants is aided by continuous stirring.[21:3343.67]
As represented in Figure 2a-2, in the two compartments H-type
cell the anode and cathode are separated by a selective membrane
(e.g., protons-exchange membranes), allowing, in some cases,
even the co-presence of H,O and organic electrolyte in the same
cell (Figure 2a-3).[%8]

Finally, in the flow cell equipped with a GDE (Figure 2a-4,5),
the gas goes through the electrode and is in contact with the
bulk electrolyte at the electrode surface, forming a three-phase
boundary. The use of a GDE could be applied at the cathodic
side (Figure 2a-4), but also at the anodic (Figure 2a-5), and both
in aqueous and organic solvents. The latter is the case for a cell
with HOR at the anode as a proton supplier.[®”] The electrolyte is
usually recirculated in the flow cell to ensure a convective mass
transport of Li*, H*, and homogeneous reactivity on the WE.[®]

As the main advantage in comparison with a plain WE in a
batch cell, the in-flow architecture with GDE ensures the avail-
ability of N, at the interface, overcoming the mass transport lim-
itation of N, (Section 2), thus allowing the application of higher
current density without losing in FE. Even if the process perfor-
mances obtained in literature are not directly comparable due to
the substantial differences between the two systems (e.g., the an-
odic reaction), the in-flow cell with the continuous replenishment
of reactants opens to the scalability of the process.”’! However,
the electrochemical and mechanical stability of the electrode it-
selfis compromised due to competitive reactions: changes in wet-
tability properties of GDEs could lead to flooding and consequent
“salt-out”, i.e., electrolyte crossing into the gas chamber and de-
position on the back side of the WE, mining gas accessibility at
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Figure 2. a) Different E-NRR cell architectures. On the left, aqueous systems: 1) single compartment batch cell; 2) two compartments static cell with
a selective separator; 3) three compartments cell with GDE for the gas inlet in the cathodic compartment. On the right, cathodic compartments with
organic electrolyte in combination with aqueous electrolyte for the anodic compartment: 4) two compartments system with selective membrane; 5)
four compartments cell with two GDEs. b) 1) NH; production rate (Ryy3) and partial current density (Jyy3) measured at —1.19 V versus reversible
hydrogen electrode (RHE), highlighting the effect of salt cations, i.e), perchlorate salts containing Lit (grey), Na*t (red), and K* (blue). 2) Effect on FE.
Chronoamperometry (CA) tests were conducted at —1.19, —0.99, and —0.79 V versus RHE in H-shaped electrochemical cells with an electrolyte molarity

of 0.25 M. The best performances were achieved for Li* and dropped with increasing cation size. Adapted with permission from.

the interface, as observed in CO, reduction tests.l”!] Moreover, at
the high cell potential needed, carbonaceous GDEs are mined by
electro-wetting.”?l These issues are by-passed in the Li-m E-NRR
setup since the application of an aprotic solvent requires a dif-
ferent material as GDE (i.e., a stainless steel cloth) to avoid Li*
intercalation, and backpressure in the gas chamber contrasts the
flooding (Section 4.5.1).7073]

The use of a membrane electrode assembly, as in CO, electro-
catalytic reduction, is also under consideration to reduce solvent
degradation and overpotential, even if the NH; production rate
and FE are still limited in comparison with membrane-free
systems (i.e., 41 + 2 pg h™' cm™? and 9 + 1% FE* at the cell
voltage of 3.6 V).[4l

4.2. Li-m E-NRR in Aqueous Electrolytic Systems

In the last few years, a plurality of studies shared the ambition to
find a process that could produce NH; under ambient conditions
directly from H,O and N, and in a continuous electrocatalytic
cell.

Very briefly, the reactions occurring in the cell are H,O oxida-
tion at the anode, producing O, gas and H*, which migrate at
the cathode. There, these species combine (by different possible
mechanisms) with nitrogen atoms adsorbed on a catalyst, so that
N, is reduced to NH;, the latter remaining dissolved in the aque-
ous electrolyte. The reactions are:

Cathode side: 2N, + 12H,0 + 12e~ — 4NH, + 120H™ (1)

Adv. Energy Mater. 2024, 14, 2400076 2400076 (6 of 31)

[19]

Anode side: 120H™ = 30, + 6H,0 + 12¢" 2)

Overall reaction 2N, + 6H,0 — 4NH, + 30, (3)
with AG°y,; = 339.3 kJ mol~1.11%)

As mentioned in the introduction section, the presence of a
large amount of H* at the cathode produces H,, due to its very
similar onset potential to that E-NRR for each pure metal catalyst
and its lower overpotential than E-NRR, other than the thermo-
dynamically limitations of the N, H species to be fully protonated
into NH, and then desorbed as NH;.[”>] The use of a selective
catalyst and a designed electrolyte could, however, enhance FE
toward NH,. Most of the studies focus on the catalyst nature and
morphology; however, generally, FE remains under 10%, only a
few of them exceeded this value and with very low current den-
sity and/or not accompanied by proper straight gas purification
and results validation protocol.['#7677] Recently, outstanding per-
formance employing BiO, as a catalyst has been obtained, but
controversy is ongoing on this material.[7879-8]

It should be said that H, coming from E-NRR could anyway
be considered a value-added product, but process-related figures
of merit (e.g., cell costs and EE) are less competitive than those
already present in the market; the main issue here is that current
technologies are not optimized for reducing both H,O and N,,
thus in the E-NRR scientific community H, production is not
considered as an advantage.”’

A peculiar example is the process proposed by Hollevoet et al.,
in which purified N, for E-NRR is produced from the combustion
of the unwanted H, in the outlet stream with the O, present in

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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the air in-flow, consuming it before entering into the process. In
this way, they would operate with humid N, without any air sep-
aration step. The main limitation of the scale-up was evaluated
to be the current density, which was still far from 5-10 mA cm~2,
i.e., the value suggested for commercial NH; production.[!

The presence of solvated alkali metal ions, as a salt in the elec-
trolyte, has been found to constitute a steric barrier to H* at the
cathode,”®! enhancing selectivity toward N, molecules reduction.
Thanks to the previously discussed behavior of lithium toward
N,, also in aqueous system the presence of lithium in the elec-
trolyte or in the WE surface presents a destabilizing and catalytic
effect on N, chemisorption, as DFT studies confirmed.[206581]

Guha et al. tested a concentrated lithium salt (i.e., LiClO, 5 M)
in a three-compartment aqueous electrolytic cell and demon-
strated the onset potential dependence on salt concentration.!?’]
A higher concentration of lithium salt involves a higher amount
of H,0 molecules to solvate ions, as explained in the “H,O-in-
salt” concept electrolyte already developed for LIBs, 82l suppress-
ing HER on the WE surface. Therefore, by increasing the salt con-
centration from 0.1 to 5 M, they were able to carry out E-NRR ata
higher potential ("1 V instead of ~1.15 V vs. Ag/AgCl) with cop-
per as WE, thus overcoming the onset potential of HER ("1.1 V
vs. Ag/AgCl).?"l They observed an increase in the current den-
sity addressed to the reaction, from 0.07 to ~0.3 mA cm~2 (i.e.,
considering the geometric surface area). This observation could
be correlated to the improved conductivity of the electrolyte and
the higher availability of reactants.?%] With this setup, the best
result obtained was quite good for an aqueous system, with a FE
of 12% and an NH; production rate of 12 + 2 pg h™" cm,,,~2.1%°!
The same authors repeated the tests with gold as WE material
and observed how the WE nature is another critical parameter for
performances: gold, usually a benchmark for reduction processes
in electrolytic cells, further enhanced HER instead of E-NRR.[?]
Moreover, DFT calculations showed that neither copper nor gold
should present high activity with N, since the binding energy of
these metals with N, is negative (e.g., AE., y, = —0.23 eV) and
the N, triple bond could not be broken in this setup in absence
of lithium, which is supposed to elongate the N, bond distance
from 1.12 to 2.91 A. The tests have shown undoubted advantages
with respect to experiments carried out with NaClO,, which did
not show any NH, production under the same conditions. "]

Similar results have been achieved by Zhao et al.®3] and by
Song et al.l"! with LiClO, 0.1 and 0.25 M, respectively. In the
first case, the high FE achieved (12.5%) supported the authors’
hypothesis that the C-O functional group of the oxidized car-
bon nanotubes (i.e., the active material at the WE) may be crit-
ical for the reaction, with a strong absorption energy toward N,
molecules of —0.32 eV, calculated by DFT. At —0.4 V versus RHE
in a two-compartments cell, an NH; yield of 32.33 ygh~' mg_,~!
was reported.®3] A favorable interaction between N, and Lit as-
sociated with oxygen atoms-rich catalysts was also suggested by
Wang’s group.®* Song et al. achieved an FE of 11% at —1.19 V
versus RHE and a production rate of 97 + 7 ug h™! cm=2, with en-
couraging stability for ~ 100 h. They also calculated the system
EE, equal to 5.25%. In this case, the authors supposed that the
key factor of the system is the nanospike-shaped working elec-
trode, able to enhance the electric field and current on the active
sites and promote E-NRR."”! As shown in Figure 2b, when com-
paring different alkali metal perchlorate salts, the performances
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dropped while increasing the cation size, confirming that lithium
presence is a key factor. A possible explanation was the HER sup-
pression thanks to the local pH rising at the surface: the pH un-
avoidably changes during an E-NRR experiment, and the effects
on the systems, such as NH; migration to the anode, are not yet
deeply evaluated.!!*#]

Liu et al. obtained comparable performances combining MoS,
nanosheets catalyst with 0.1 m Li, SO, electrolyte, with NH; yield
rate of 26.8 ug h™! cm™2 and FE* of 10% at —0.2 V versus RHE.
They demonstrated tenfold increasing performance in compar-
ison with NaSO, 0.1 M, thanks to Li-S interaction, proven both
experimentally and through DFT calculations.!'®] The combina-
tion of iron and molybdenum as catalysts and a lithium salt has
been considered too, both by DFT study and experimentally, ob-
taining an FE of 27% at —0.05 V versus RHE.[3¢]

Most of the reported experiments with lithium salt presented
performances with superior respect to other aqueous E-NRR sys-
tems.

Lithium has been tested even as dispersed active sites in the
catalyst: Gu et al. suggested the synergic catalyst composed of
LiFeO, onto reduced graphene oxide. This active material, in
combination with an electrolyte based on Na,SO, 0.1 M, gave
an NH; yield of 8.1 uyg h™! cm™ and an FE of 16.4% at —0.3 V
versus RHE.[¥’] Similar results were obtained with a LiMo,0,
catalyst,[®® but in that case, results were not validated by isotopic
labeling. Since the mentioned results do not outperform the av-
erage figures of merit of non-lithium metal catalysts, it is not
possible to claim lithium as a key element in (electro)catalysts;
conversely, its presence in the electrolyte is decisive.

To summarize, the advantages of lithium as the salt cation
in comparison to other alkali metal cations have been proven
in aqueous media for the Li-m E-NRR, but it seems insuffi-
cient to enhance the selectivity toward NH; due to HER and
the direct protonation of lithium. Even the combination with
particular morphology or oxidized cathodic material appeared
determinant.'®#3] Up to date, the use of a continuous electrolytic
cell with aprotic solvent is more extensively evaluated for Li-m
technologies. In the future, if a scalable effective technology is
developed for HER suppression, the aqueous environment could
be evaluated again for an even more sustainable process.

4.3. Li-m E-NRR in Aprotic Electrolytic Systems: Fundamentals

All these findings have led the Li-m E-NRR research to move from
an aqueous environment to aprotic solvents, nowadays widely
studied in the LIBs field.[?°] As mentioned in Section 4.1, Fitcher
was the first to check the possibility of performing Li-m E-NRR
in 1930.1°] Tsuneto et al. experimentally investigated the pro-
cess for the first time in 1993 in a pressurized electrolytic cell
with a lithium salt, different metallic working electrodes, and
H,0 or EtOH as proton donors, establishing LiClO, 0.2 M and
EtOH 1 vol% in tetrahydrofuran (THF) as the best electrolyte
formulation.[®?] Sakata et al. 1994 carried out their experiments,
and EtOH 0.18 M (or 2-propanol) in THF was observed as the best
proton donor.'>] From these results, EtOH has been selected as
a standard source of protons for NH,. In recent years, Ander-
sen et al. were able to reproduce Tsuneto’s work and performed
Li-m E-NRR in the same aprotic system with a controlled gas
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Figure 3. a) Li-m E-NRR possible different mechanisms. The elliptical circles highlight the electrochemically driven steps. From the left: M1) with both
chemical N, splitting and protonation; M2) with both electrochemical N, splitting and protonation; M3) the mix of the previous two models, with
chemical N, splitting and electrochemical protonation; M4) vice versa, i.e), combination of electrochemical N, splitting and subsequent chemical
protonation. Adapted and reprinted with permission from.[°'l b) Illustration of the mechanism of Li-m E-NRR, in which four dominant phenomena
seem to occur: i) electrodeposition of Lit, i) chemical N, splitting and NH; synthesis, iii) chemical H, evolution, and iv) passivation of metallic lithium

via reaction with electrolyte) Adapted and reprinted with permission from.[>]

purification protocol and verified the outcome through NH; iso-
tope labeling;!??! in parallel, mechanism understanding was pro-
vided by Lazouski et al.['®! The development of the HB process
in 1911 slowed down the research on the topic,® but nowa-
days the climate crisis urgency has made the electrochemical sys-
tem based on THF and “lithium cycling” be in vogue again. In
these studies, the term “cycling” has been used since lithium,
applied in a consistent amount to fix N,, assists its reaction
with protons, and then it is recovered at the end of the reaction.
Nearly constant availability of this mediator is maintained in the
system.

4.4. Li-m E-NRR in Aprotic Electrolytic Systems: Mechanism and
Parameters

The exact reaction pathway is still unclear and under study. Up to
date, two main hypotheses have been supported as reliable (i.e.,
M1 and M2 in Figure 3a), but also different combinations of the

Adv. Energy Mater. 2024, 14, 2400076 2400076 (8 of 31)

proposed reaction steps are under evaluation (i.e., M3 and M4
in Figure 3a).°l In all cases, the fast and unique kinetic of the
chemical lithium nitridation holds the intrinsic advantage of the
Li-m pathway.[2%]

In the first mechanism (i.e., M1 in Figure 3a), Li* species
are electrochemically reduced at the cathode into lithium metal
(lithium deposition or plating), then lithium fixes N, to form Li; N
(nitridation). The latter is predicted to be the rate-determining
step, and it is followed by fast Li;N protonation into NHj;,
closing the lithium cycling.[®?! In this case, only lithium plat-
ing is an electrochemical reaction, and N, activation and pro-
tonation are chemical reactions that do not require electrical
current. N, reduction is aided by the presence of lithium, de-
posited on the WE, and “storing” the electrons of the imposed
current necessary for N, reduction. The reaction steps are ex-
emplified for the case in which EtOH is applied as a proton
donor:>?]

Lit+e” > Li AG =293 kJmol™* (4)

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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6Li+ N, - 2Li;N AG = —135 k] mol™ (5)

Li,N + 3EtOH —

NH, + 3Li* + 3EtO" AG = 760 kJ mol™" (6)

The second step (eq. 5) competes with direct lithium protonol-
ysis:

Li + 2HA - Li* + 2A" + H, (7)

A schematic representation of M1 on the WE is reported in
Figure 3b.

In the second mechanism (i.e., M2 in Figure 3a), an associa-
tive pathway is proposed to occur on the lithium surface. In this
case, after the electrochemical Li* deposition at the cathode, N, is
chemisorbed on lithium or on Li,N, H, species formed on the WE
interface. After the triple bond elongation, H* protonates N, with
a coupled proton-electron transfer assisted by the electrolytic cell,
in a completely electrochemical process, similar to the most com-
mon mechanism described for aqueous systems. Finally, NH, is
formed and released, leaving lithium active sites free and closing
the local lithium cycle.[!) Even in this case, N, fixation competes
with lithium protonolysis, but is still uncertain if the formation of
lithium-based secondary products could itself be beneficial for E-
NRR, forming some species able to activate N,, suchasa Li,N, H,
layer, and able to open up a pathway with a chemical-looping re-
action.

Differently, M3 hypothesizes a combination of chemical N,
fixation on the Li/Li,N, H, species on the cathode and an elec-
trochemical protonation of adsorbed nitrogen atoms.??] Finally,
M4, with electrochemical Li;N formation, is the mechanism
proposed for Li—N, batteries, in which this product of interest
should be formed before lithium plating, at a higher potential,
and its protonation happens in a subsequent step, chemically.
This process will be deepened in Section 5.2.

The fully electrochemical mechanism (M2) has been put un-
der discussion by Cai et al.: they tested Li* deposition both under
N, or argon atmosphere, then insufflated N, in the electrolyte
without any applied current, and NH; was formed in both cases.
Moreover, the electrical current variation from N, to argon dur-
ing Li* deposition was negligible, and the final NH; amount pro-
duced was similar.®" Even in the absence of EtOH during Li*
plating, but flowing consecutively with both N, and EtOH under
open circuit rest conditions, NH; was produced. On this basis,
this study refuted the necessity of applied current for N, splitting
on lithium in the cell.®!] As explained in Section 2, the reaction
of lithium nitridation as well as its protonation is, indeed, spon-
taneous.

It can be concluded that the only step that is well recognized as
electrochemically driven in the electrolytic aprotic system is the
lithium plating on the cathode. The current density influence on
the selectivity is crucial for an efficient and stable process, and the
mechanism should be deeply indagated. Moreover, it is probable
that, with different parameter settings, the favorite mechanism
between M1-4 would change.®3! The kinetic rate-limiting step is
hard to identify since it is hidden by other limiting factors, such
as the mass transport limitations of the reactants on the active
site.
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The ratio between the three reactants necessary for NH; pro-
duction on the WE interphase is evidently crucial for each mech-
anism. N,, protons, and Li* on the WE active sites have to main-
tain an equilibrium in this complex system to guarantee the de-
sired reaction to happen with a high selectivity and to maintain
the system stable.

Reactant ratio boundaries have been first proposed by Ander-
sen et al., who calculated them employing a kinetic-transport
model, as shown in Figure 4a.??] The ratio between N, and pro-
ton concentration, r(N,/H"), should follow the stoichiometry of
NH,; to develop this molecule at the interface, so the protons’
amount in the electrolyte needs to be maintained as high as
r(N,/H*) > 1/6, as outlined by the dashed green line in Figure 4a.

As explained in Section 2, N, is usually the main mass trans-
port limited reactant on the WE surface. As a consequence, the
proton amount should follow a trade-off strategy;[®! a thresh-
old for the optimum amount of protons, for high performances,
should thus be defined. A high amount guarantees easily avail-
able protons accelerating the reaction rate, but, on the other
hand, protons might also react directly with lithium, causing the
mediator depletion or the formation of competing products such
as LiH, H,, and LiOH, lowering the FE.[9294]

Moreover, the amount of freshly plated lithium, as well as the
one of active lithium at the WE, are also evidently critical to op-
timize FE. Despite the high reactivity of lithium being a desired
quality for N, fixation, the plated lithium at the interface leads
to the formation of sub-products due to the interaction with the
other components of the system. Indeed, at the severe voltage
needed for lithium plating, the decomposition of the organic elec-
trolyte at the interface is unavoidable and driven by the polariza-
tion of the cell. Even if a high current is necessary to increase
the NH; production rate, excessive lithium deposition could lead
to electrolyte destabilization, with the consequence of FE fading
and electrolyte depletion in secondary difficult-to-predict organic
sub-product.l!]

Moreover, in aprotic system the reactive interfaces of elec-
trodes are passivated by a spontaneous reaction of the electrode
with the electrolyte, forming an unavoidable layer called solid
electrolyte interphase (SEI). This layer has been widely proven
as essential for metallic lithium passivation from secondary reac-
tions in LIBs.[! Tt could represent a beneficial protective element
that ensures stability and controls reactant transport, but also a
resistive detrimental factor. This layer is more and more emerg-
ing as a key element for reaction boosting: the reaction rate is
strongly influenced by its permeability by each reactant and by
the catalytic effect of the species it is formed.[*®! Even with a min-
imal amount of a different reactant or additive, it may change
its composition, thickness, resistivity, porosity, and durability.l’]
The SEI layer composition in LIBs is tailored principally by vary-
ing the chemistry of the electrolyte. As in the battery sector, the
Li* solvation shell should be tailored to be easily reduced on the
WE, thus forming a stable inorganic passivating layer, that will
avoid further degradation of the electrolyte (i.e., the so-called for-
mation step).[*®]

The nature of the proton donor itself determines the for-
mation of different interfacial species on the WE and reaction
pathways.[®*] Recent studies showed that EtOH is essential not
only as a proton carrier but is specially required to ensure the
formation of a SEI layer able to be easily penetrated by N,.[%
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Figure 4. a) Heatmap of the predicted FE as a function of the N, over lithium ratio (x-axis) and proton over Li* (y-axis) diffusion rates: 1) FE during
constant lithium deposition; 2) FE during electrolysis test with “cycling protocol”, with current application alternated to rest period) The dashed green
line indicates the boundary between regimes of N, transport limitations (upper left) and H* transport limitations (lower right). Adapted and reprinted
with permission from.[22] b) Factors and parameters affecting the E-NRR process.

In the next section, the limitations, parameters, and corre-
lated phenomena are described in detail for each of the reac-
tants, i.e., N,, Li (including Li* and electrons), and H*. It is
necessary to mention that, differently from aqueous systems,
each component of the cell plays a key role in the aprotic sys-
tem, and so each of them will be analyzed as well. The sol-
vent, the proton donor or carrier, the anion, and even small
amounts of impurities could greatly influence the FE, since they
could lead to a different reaction pathway, and could modify
the composition or morphology of the SEI layer on the WE
surface.

As resumed in Figure 4b, the main factors correlated to the
three principal reactants and influencing stability and KPIs could
be summarized as follows:

® N2 transportlimitations to the WE, depending on the different
cell architectures.

e Lithium plating protocol is related to lithium deposition rate,
and so to the electric current density, which directly deter-
mines the system polarization and the SEI layer formation.

® The amount and chemistry of a sacrificial proton donor or car-
rier correlated to parasitic reactions such as HER and elec-
trolyte decomposition.['%]

® The electrolyte chemistry, in terms of solvent and anion na-
ture, lithium salt concentration, impurities, and their different
combination in the SEI layer.
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Each of these species is related to the other and determines the
overall cell performance.

4.5. Li-m E-NRR in Aprotic Electrolytic Systems: Cell Components
4.5.1. N, Transport to the WE in Different Architectures

The majority of the Li-m THF-based systems are single or two-
compartment H-type cells with continuously stirred liquid elec-
trolytes, saturated with N, (Section 4.1).12133101 The gas can be
both bubbled at ambient pressure or, to have sufficient N, dis-
solution in the electrolyte, autoclaved cells (up to 20 bar) have
also been explored.l'>?2] Chronopotentiometry (CP) tests with
1.1 mA cm=2 at 3.8 V versus Ag/AgCl, in a two-compartment
cell with LiClO, 0.5 m in THF, revealed that lithium reaction
with N, on a molybdenum WE under 10 bar of N, is still limited
by N,.[16]

The alternative is the in-flow architecture with GDE WE, in
which the three-phase contact should guarantee higher N, trans-
port to the active site and consequently higher NH, yield. This
structure is still rarely considered in the literature, but it is in-
teresting for coupling E-NRR with HOR at the anode for con-
tinuous protons feeding into the system.[*”] Lazouski et al. stud-
ied the flow cell architecture in combination with different N,
pressure values in the WE chamber. In that study, the behavior
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Figure 5. a) “Potential cycling” methodology: the imposition of the electric current (2.0 mA cm~2) necessary for lithium plating is alternated to a rest step
(i.e.), 0.0 mA cm2). The graph represents the imposed electric current (red line), the measured WE and counter electrode (CE) potential versus Li*/Li
(blue and green lines), and the total charge accumulated in the system (black line). Adapted and reprinted with permission from.[?2] b) Phosphonium
shuttle effect mechanism proposed in.['92] The [P](eFAP~) complex is able to transport a proton from the anode of the electrolytic cell, where HOR
happens and H, is oxidized into H*, which reacts with the phosphonium cation forming the ylide, subsequently migrated to the cathode, where H* is
essential to protonate Li;N into NH; and Li*. Adapted and reprinted with permission from.[102]

and wettability of different materials were analyzed and stain-
less steel (SS) was observed to guarantee greater free specific
areas for tri-phase co-presence in comparison to carbon fiber
supports.!”3]

4.5.2. Current Density and Li Deposition Protocol

The amount of plated lithium depends on the current density. In-
deed, lithium deposition requires the simultaneous presence on
the WE surface of Li* from the electrolyte and electrons from the
WE. The ionic transport is correlated to the viscosity, the solvation
of Li* in the electrolyte, and the presence of eventual separators
(influencing the ion transport number).*®! Conversely, the elec-
trons’ presence is correlated to current densities and electrode re-
sistivity. As previously explained, high current density is required
to satisfy industrial-scale requirements. On the other hand, if the
current density is not correctly proportioned with the N, activa-
tion kinetics, an increasing number of electrons at the WE inter-
face could destabilize the process. Indeed, an exceeding lithium
plating rate will increase thickness and inhomogeneity of the
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lithium layer on the WE and its reactivity with other elements in
competitive reactions. Hence, the overlapping of many irregular
or dendritic lithium multi-layers may prevent its complete utiliza-
tion, lowering the FE. Moreover, the WE polarization could gener-
ate a potential value at the interface higher than expected, which
could exceed the electrolyte stability window.[?] It has been exper-
imentally observed that a disproportionally high lithium plating
rate on a molybdenum WE leads to the formation of a multi-layer
structure and a thicker SEI layer in a single compartment cell
employing LiClO, 0.3 m and EtOH 1 vol% as electrolyte and at
10 bar of N,.[22] To bypass this issue, a specific testing protocol
alternating the high voltage periods of deposition with rest peri-
ods was designed for this system, called “potential cycling”. With
this “potential cycling” protocol, authors were able to increase the
EE up t0 6.9 + 0.5% and the FE* up to 37 + 1%.[22] The CP time
was set as short as is necessary to prevent the WE drifting due to
polarization (Figure 5a).1?2! When switching to resting, the WE
potential immediately turns to just above 0 V versus Li*/Li and,
after a short time, the WE increased more, suggesting the disso-
lution of deposited lithium species. At this point, another lithium
deposition pulse is applied. The alternated CP/rest periods allow
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lithium at the cathode to react with N, in the rest phase, prevent-
ing accumulation and maximizing the exploitation of the “reser-
voir” of deposited lithium. Due to this “lithium storage” effect,
the authors named the system a “pseudo-battery”. The stability
was observed to increase after 125 h with a total FE of 21%.[2?]

4.5.3. Protons Sources

Amount and Chemistry of the Proton Donor: As explained in
Section 4.4, a trade-off is needed to find the optimal proton con-
centration or the reaction would be proton-limited. At the same
time, HER should also be suppressed.] The impact of pro-
tons concentration on the system stability was observed exper-
imentally: lithium plating is notably reduced and overcome by
HER and SEI layer thickening if EtOH amount exceeds 5 vol%
in THF in a stirred batch electrolytic cell. The surface passiva-
tion, assessed by electrochemical impedance spectroscopy tech-
nique, increased in correlation with the EtOH amount: at high
EtOH amounts, the internal resistivity increased, as well as with-
out EtOH, indicating the formation of species in the SEI layer
being not suitable for the process.®?) Moreover, without EtOH,
the WE surface after test was observed flatter and covered by a
less penetrable SEI layer, supposed to inhibit lithium nitridation,
as studied by cryo-electron microscopy.'®*! The degradation of
EtOH during the SEI layer formation could indeed inhibit the
THF polymerization.”! On the other side, an excess of organic
components in the SEI layer could mine its mechanical stability.
An unstable even if porous SEI could prevent long-term opera-
tion of the process, due to continuous electrolyte degradation at
the interface.

It is necessary to mention that the reaction intermediate Li;N
is very unstable, and its protonation rate should be carefully as-
sessed for an efficient E-NRR system. The thermodynamic study
suggested operating at low EtOH concentration to favor a stable
Li, N layer with respect to LiH. A DFT model of the Li,N surface
layer suggested that the stability of the compound is correlated
to the vacancies in the crystalline structure of deposited lithium,
which could stabilize Li; N and guarantee its correct and fast pro-
tonation by available H* in the electrolyte.[®?] At the same time,
if the vacancies on plated lithium surface diffuse into the lithium
bulk, they could destabilize the Li;N structure. Eventually, HER
and lithium dissolution could predominate over NH; formation
in this competitive environment. Therefore, a very fast proton
transport could reasonably lead to lower selectivity. This consid-
eration is coherent with the phenomena occurring with the ni-
trogenase enzyme, which works in an anaerobic environment
where the proton transport is slow, obtaining a FE of 75% (an
isotope test was not presented, but the authors claimed to have
performed it for previous studies in the same laboratory).[? In a
batch cell, a compromise of 1 vol% EtOH was mainly applied,®?
but the optimal value decreases to 0.25 vol% in presence of HOR
at the anode in flow cells.[%]

Even if EtOH showed appropriate properties for Li-m E-NRR,
the depletion, and shortage of this molecule, both if it is used
as a proton donor or as a carrier, should be assessed for a stable
continuous process. Moreover, its cost and fossil fuel origin have
to be considered, and a more sustainable proton carrier should
be studied for a circular system.['¢]
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The more profitable sacrificial proton donor toward N, pro-
tonation has been predicted with artificial intelligence and ma-
chine learning. The ability to donate a proton was calculated start-
ing from thermodynamic laws, then a classification model was
studied to categorize different organic molecules for their donat-
ing ability.[1% To achieve this goal, the hydrogen-bonding donat-
ing and accepting properties of many compounds were predicted
from the solvatochromic Kamlet-Taft parameters.!'] The study
was compared with experimental tests in a two-compartments
cell with an SS-flooded cathode in LiBF, 1 M in THF.['%I Lin.
ear aliphatic alcohols emerged as the best species able to ensure
an active surface and a stable SEI layer; in particular, 2-propanol
resulted in the best option from the model, followed by EtOH, 1-
butanol, and aliphatic poly-alcohols. The optimal concentration
was confirmed to be ~ 0.1 M (~0.6 vol%) for EtOH and between
0.1and 0.6 M for other proton donors.['%] Interestingly, Lazousky
et al. observed that the presence of the proton donor from the be-
ginning of the experiment, as well as the order of addition of the
reactants in the process, are factors determining the FE. Tests as-
sessed in single-compartment THF-based electrochemical cells
achieved higher performances only in co-presence of all the reac-
tants (N,, Li*, and the proton donor) from the beginning.!'%! This
observation disagrees with the idea of differentiating the three re-
action steps in a discontinuous process (lithium deposition, then
N, flow, following the proton donor addition), described in Sec-
tion 5. As mentioned before, the reaction is still uncertain and
the system is very complex; the variation of each parameter could
lead to very different results, bringing alternative pathways.

Electrolytic Cell Symbiosis: H,O Splitting + E-NRR with HOR:
To avoid the consumption of a sacrificial organic compound act-
ing as a proton donor, researchers are moving to the combination
of HOR at the anode with a proton carrier in the electrolyte.l”?]
Moreover, this option avoids THF oxidation, polymerization, and
consumption. However, even in this case, a proton source is re-
quired in the cell, not resolving the pure H, feed need, which
could be ensured by a more traditional H,O-splitting electrolytic
cell.[73]

The carrier should be able to transport H* from the anode,
where the just oxidized H* is bounded, to the cathode, where
the proton is released for E-NRR, allowing the so-called “shut-
tle effect”. An interesting proton carrier is a phosphonium salt
with the phosphonium tris(pentafluoroethyl)trifluorophosphate
(eFAP~) anion, which is also able to increase N, solubility
(Figure 5b). This ylide enabled high NH, production rates (32.5
+ 0.6 ug h™! ecm™2) and a FE* of 69 + 1% in 20 h of experiment
under 0.5 bar H, and 19.5 bar N,, and ensured stable continuous
process up to 3 days.[1%2]

In comparison with EtOH or proton donors in general, the pro-
ton carrier methodology was demonstrated to enhance the stabil-
ity of the cell. The addition of a proton acceptor (the carrier) could,
moreover, stabilize protons in the system as in a buffer solution,
obtaining a more stable chemical potential.’*l Even EtOH could
be applied as a proton carrier instead of as a sacrificial proton
source, maintaining its crucial role in the SEI layer formation.[!
Moreover, a carrier such as the phosphonium salt seems to be
unable to lead to a very high FE due to the formation of an unfa-
vorable resistive SEI layer, confirming the importance of organic
short-chain components in this layer.®®] With an SS GDE in a
three-compartment cell, and LiBF, 1 M and EtOH 0.11 m in THF
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electrolyte, an NH; partial current density of 8.8 + 1.4 mA cm™

and an FE of 35 + 6% were obtained.l”>! The EE was suggested
to be theoretically optimized at 26% thanks to the resultant min-
imized overpotentials of Li-m E-NRR cells.[*]

HOR was assessed in combination with lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI) and dried THF
on a highly dispersed Pt/C-supported catalyst, but the low
potential needed for E-NRR has been observed to deteriorate the
catalyst for HOR at the anode and even in this case the process
should be optimized.['®] Other catalysts for HOR are under
evaluation, such as Pt/Au, with promising results. On the other
hand, platinum presence, besides enhancing the overall process
cost, would require the absence of sulfur-containing compounds
or impurities, or the catalyst would be deactivated.[®’]

H, O should be the most preferable proton source, but, even in
low amounts (hundreds ppm), it has been demonstrated to have
mainly negative effect in the aprotic system, as will be illustrated
in the next paragraph, due to promotion of organic electrolyte
degradation.['®]

The two approaches (i.e., aqueous and aprotic) were also tested
in a two-compartment cell, in which the two different electrolytes
(i-e., aqueous and aprotic) were separated by a cation exchange
membrane.[®®! On one side, a lithium salt was used for E-NRR on
the cathodic WE in the aprotic solvent environment (LiClO, 0.1 M
in ethylenediamine). The consumed reactants as H* were regen-
erated in an aqueous environment, using H, O as a proton donor,
without organic solvent decomposition. In this case, the O, evo-
lution reaction could be the rate-limiting step and other acidic
solutions should be chosen (e.g., H,SO, 0.05 m).[°] A NH, pro-
duction of 2.2 ug h™! cm~2 was obtained at a cell voltage of 1.8 V.
Ethylenediamine has been chosen for its stability toward reduc-
tion, but its degradation could still develop false positive results,
even at the anodic side because of solvent crossover through the
membrane. These membranes, moreover, present high cost and
maintenance needs.

4.5.4. Electrolyte Components Stability and Influence on the SEI
Layer Composition

The nature and relative amount of lithium salt and solvent in the
electrolyte are crucial for the SEI layer composition, as well as
explained for the current density. Indeed, the chemistry of the
layer, organic or inorganic, determines its stability, porosity, and
thickness.

Lithium salt with fluorinated anion emerged as a key com-
ponent, able to form a stable, inorganic, LiF-enriched SEI layer,
which is in line with previous studies on LIBs.[1%.107]

With LiTFSI 2 M in dried THF, under 15 bar N,, Du et al. have
recently reported an outstanding result, i.e., an FE* of 99 + 2%
(even if the isotopic experiments led to a value close to 85%). Even
ifthe NH, production rate was slightly low at the beginning of the
experiment, at the steady state a yield rate of 92 + 12 uygh~! cm—
was achieved. It is worth noticing that the area of the nickel wire
applied as WE for this result was extremely small (0.15 cm?).(%%]
Since the lithium salt is imide-based, the salt degradation could
be related to nitrogenated compound formation, leading to NH,
formation misunderstandings. However, the authors argued that
results were confirmed by NMR measurements checking " NH,
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from a mixture of N, + N, in an asserted approximated ra-
tio of 1:2 viv at 15 bar.[*¥] With the same salt (i.e., LiTFSI), but
at 1 M concentration, the formation of LiF in a stable and porous
SEI layer was observed after repetitions of CA alternating with the
rest step. This technique was performed in a particular coiled WE
cell setup, obtaining an FE &~ 60% (an isotopic test was carried out
for a former study with the same setup, but with a different area).
However, in this case, the obtained NH, production rate was re-
ally low, ~1 pg h™! cm~2.11%] They suggested a less dendritic and
more controlled lithium plating occurrence, thanks to a reduced
diffusion rate of Li* through the inorganic and compact SEI layer,
avoiding the non-desired electrolyte decomposition with the ex-
cess of deposited lithium.['%! Tt should be recalled that sulfur-
containing salts could be armful for HOR catalysts in a continu-
ous process with a proton carrier coupled with H,O splitting.

An experimental comparison of lithium salts with different
anions (i.e., BF,”, PF,~, and ClO,"), keeping constant the other
system parameters, indicated BF,~ as the best anion for Li-m E-
NRR.[*] Even if the bulk electrolyte conductivity was higher for
LiClO,, the FE was doubled with the fluorinated salt, reaching
values of 71% =+ 3% (isotopically verified in a formed study with
the same setup) and the EE of 7.7%. PF,~ salt registered a FE
of ~ 45% + 3%. With BF,”, air-free X-ray photoelectron spec-
troscopy (XPS) was carried out on used WE and proved the pres-
ence of a LiF layer on the highly porous copper WE deposited on
an SS mesh with H, bubble template (HBT) method. The system
proved to be quite stable after the high current CP for 20 min,
reaching -2 V versus Li*/Li at the WE. With the other tested an-
ions, THF oxidation and electrolyte degradation were observed,
since the color visibly darkened and the viscosity of the medium
increased.[**]

With LiBF, 2 m in THF + EtOH 1 vol%, an NH, produc-
tion as high as 153.28 pg h™! cm™2 at a commercially relevant
current density of 1 A cm™,,, was registered in a single com-
partment batch cell at 20 bar N,. The FE was increased to 95 +
3% at a current density of -0.1 A cm™,, in line with the pre-
viously discussed correlation of high current density with sec-
ondary reactions.I*}] Moreover, they observed the formation of
NH;-containing compounds in the SEI layer itself and found
NH; in the gas phase, easier to be separated.[}] For complete-
ness, with LiClO, 2 M in a batch cell, a notable NH; production
rate of 28 + 4 ug h™! cm~2 was reported, but the FE remained
around only 15% (formerly checked with isotopic study under dif-
ferent experimental conditions) in combination also with a cur-
rent density as high as 100 mA cm=2.12!] The formation of the
SEI layer was studied in operando via time-resolved neutron re-
flectometry with an electrolyte based on LiClO, 0.2 M in THF and
EtOH 1 vol%. A double SEI layer was observed during the “poten-
tial cycling” protocol, made of carbonaceous-organic molecules
and insulating products, such as oxidized Li-THF or Li-EtOH
compounds in an inner layer. The thickness of the SEI layer was
observed to disappear within 2 h of rest status./'!]

As it is possible to note from these results, the salt concentra-
tion is another key factor impacting the SEI layer. Du et al.3]
studied the optimal salt concentration (LiTFSI 1.5 M) to obtain
a stable LiF-composed SEI layer onto the nickel WE, leading to
the stability of the system for 4 days. They suggested that the salt
amount should be a compromise between high ion concentra-
tions, correlated to Li* availability for E-NRR and SEI layer at the
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8 w f e &33&& 3 & & that the optimal amount of H,O is 35.9 mwm, still a very low
s amount. With an electrolyte made of LiClO, 0.8 m in THF
% » s heeE s & 3 3 with EtOH 1 vol%, this amount should allow a more perme-
< | = £ 00225 2 5 % able SEI layer thanks to Li,O addition, bringing to an FE of
& ==3==3=* © = = 27.9 + 2.5%.111]
§ o Traces of O, have proved to be beneficial for the system.[¢7112]
o 2% |geggge=ngsg w9 The THF solvent degradation products obtained with a variable
[ S —— . .
g | & O, content, from 0% and 3%, were characterized with NMR and
S GC-MS. The optimal amount was concluded to be O, 0.8 mol%
o “ . . . .
" g at 20 bar total pressure; this concentration caused a limited num-
2|8 | s = = ber of THF sub-products, the main of which was poly-THF.I®] At
(S - gadaRaITs = = = the same O, concentration, a FE of 78.0 + 1-3% and an EE of
Adv. Energy Mater. 2024, 14, 2400076 2400076 (14 of 31) © 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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11.7 + 0.5% (calculated without considering compression en-
ergy) were obtained from “potential cycling” experiments in a
single batch cell pressurized at 20 bar, with LiClO, 0.3 m in THF,
EtOH 1.0 vol%, and a molybdenum WE;?] isotopic tests were
carried out for a former study in the same laboratory. At 10 bar,
the optimal O, amount doubled. Authors suggested, also in these
cases, the formation of a more favorable SEI layer, more defective
and penetrable. The competition of lithium deposition with the
O, reduction reaction could lead to delayed Li* transport and a
more controlled lithium monolayer, keeping an optimal ratio be-
tween H*, N,, and plated lithium. Moreover, the WE drifting is
retarded and the system stabilized.!?’]

These findings could also lower the cost of N, separation from
the air, increasing the competitivity of E-NRR process with re-
spect to the HB one.

Since, as discussed, all elements contribute to the SEI layer
composition and affect the process performance, for each modi-
fication of a single factor the optimal amount of the other param-
eter could be modified.*]

4.6. Li-m E-NRR in Aprotic Electrolytic Systems: Final
Comparison

As described above, each element of the system influences the
complete E-NRR process. Table 3 lists the THF-based experi-
ments discussed in the previous sections, and some correlations
are extrapolated from a direct comparison of experiments in
batch cells and with EtOH as the proton donor, i.e., a setup in
which the majority of electrolytes have been screened toward the
achievement of higher FE and NH; production rate. From these
findings, the verification of the optimal components and amount
should be assessed every time the setup is changed. In particu-
lar, the EtOH optimal amount is different in the emerging flow
cell system with GDE and the proton carrier, able to guarantee
a more stable process and couplable with the H,O splitting and
the HOR at the anode.l®]

The influence of proton donor amount and lithium salt con-
centration in the electrolyte on the overall performance is illus-
trated in Figure 6a,b, where the area corresponds to each specific
figure of merit value, as in the title of the graph (FE on the left,
NH, production rate on the right).

Even if a clear trend of the figures of merit is not evident,
it is possible to observe that higher performances have been
mainly achieved with a higher molarity of lithium salt in the elec-
trolyte (i.e., 2 M), particularly if the salt presents a fluorinated an-
ion. As discussed previously, this element, if well equilibrated
with the EtOH amount, could ensure higher stability thanks
to the LiF-containing SEI layer, able to control the protonation
rate.

Other interesting observations are coming from the perfor-
mance dependence on electrochemical fundamental parameters,
such as the electric current density and the applied potential, plot-
ted in Figure 6¢,d. It is possible to distinguish a clear classifica-
tion in two main groups, i.e., the LiClO, salt systems and the fluo-
rinated salt ones. The plot again highlights that better results can
be achieved using fluorine-based compounds. The application of
these salts stabilizes the process and allows higher current den-
sity to be applied, opening up the opportunity of scaling up the
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process. When fluorinated salts were used, the NH, production
rate obtained at high current densities showed an opposite trend
in comparison with the FE. As previously discussed, the applica-
tion of higher currents favors secondary reactions, thus lowering
the FE.

In the electrolytic aprotic systems, some factors not yet dis-
cussed in this review should be deepened, such as the electrode
chemistry. The reference electrode itself is quite a big deal in or-
ganic electrolytes since it is not possible to establish a universal
scale of potentials like it has been done for RHE, due to changes
in solvents or salts, which vary the measured potential. Platinum
stability in the system is also still uncertain. A few groups are
raising concerns on these aspects and should be deepened in
the future to avoid misunderstandings. An electrode made of
LiFePO, has been proposed as a more stable reference.[''>11*] The
CE should not participate in the reaction, being inert; for exam-
ple, if iridium is used, NH; oxidation has to be considered as well
(see Section 4.5.3). Different metals have been studied as WE, but
the variation of the FE observed due to this factor was inferior to
that obtained from the previously listed factors’ variation. In this
Li-m strategy, the WE material is supposed to be inert, guaran-
teeing the highest specific surface area possible to make E-NRR
happen on plated lithium.

For this reason, the addition of a catalyst is also rarely con-
sidered. A material able to accelerate electron charge transfer at
the interface could improve the kinetics and overall performance.
As a matter of fact, previous results highlight the reduction of
the gap between the E-NRR and lithium deposition kinetics as a
main issue in this system. However, at the current stage of the
research, the evaluation of other catalysts in combination with
this mediator would just add complication to a system not yet
explored enough, and for now this is not the main focus, but it
could be probably developed as a future implementation of the
system. A gold catalyst over a carbon paper support with LiClO,
0.2 M in THF was observed to reduce the E-NRR overpotential
from —1.75 to —1.08 V versus Li*/Li, in contrast to what happens
in aqueous systems;[?] those results were also confirmed by DFT
calculations of the adsorption energy. Besides, authors employed
in situ XRD to study the Li;N amount on the cathodic surface,
and they observed how it notably increased, while lithium inter-
calation on the carbonaceous support was avoided, and blocked
by the surface layer. This unnecessary electrochemical reaction
would decrease the FE, which was registered as high as 34.0%
and with an NH; yield of 50 pg h™! cm=2.152]

The growing argumentation in the literature on the reaction
mechanism and on the effectively active species at the interface
highlights that a key matter to be addressed at this point of the re-
search is how the potential/current application (and what value)
is beneficial to increase FE, EE, and production rate, without min-
ing the stability of the whole system. Indeed, if the current would
not be addressed entirely to lithium plating or to N, reduction (in
the case this undergoes a chemical reaction), it could be related to
the unwanted degradation reaction of the electrolyte and forma-
tion/decomposition on the SEI layer. An increase of the current
density toward a scale-up system (as mentioned, industrialization
requires at least 10 mA cm™) could bring with it uncertainty on
system optimization.[°"]

In conclusion, even if many variables have been changed be-
tween different studies, such as the architecture itself, and it is
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Figure 6. Effect of lithium salt type and molarity, as well as of EtOH concentration in the electrolyte, on the a) NH; production rate and b) FE of the
process. Effect of applied potential and current density on the ¢) NH; production rate and d) FE of the process. The area of each circle is proportioned
to the specific value of each figure of merit. The numbers indicated in each circle correspond to the bibliographic references.

not possible to observe a clear trend or to precisely select a sin-
gle parameter or condition able to drastically increase the perfor-
mance, there are some factors that emerged as the most influent
parameters:

® SEI layer composition: its stability under high current or volt-
age could be mainly determined by the fluorinated anions and
EtOH presence, which are able to form a quite stable layer, but
still penetrable from N2 and protons, also controlling the Li+
plating on the WE.

e Lithium plating protocol in correlation to the SEI layer stabil-
ity: the relative ratio of reactants, in combination with the po-
tential application (or current) driving force, determines the
selectivity toward the E-NRR and NH3 production.

Indeed, excluding structural factors, i.e., the reactor type (cor-
related to N, pressure influence and availability in the cell) and
the geometric surface areas (that mathematically influence the
yield), the electrolyte formulation emerged as the highly impact-
ful factor on the stability and durability of the process. To engi-
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neer the SEI layer in a tailored deposit with specific characteris-
tics, i.e., both stability and reactants ratio regulation, the chem-
istry and degradation mechanism of the electrolyte species in
the cell should be deepened. The wide literature available from
LIBs and LMBs could be taken as an inspiration.[”! Even if flu-
orine presence in the SEI layer led to its increased mechanical
and chemical stability (as in LIBs), N, affinity as well as Li* and
H* diffusion restrains appeared more dependent on the organic-
oxidized components.”! In future studies, the design of a bifunc-
tion layer obtained from the decomposition of both the salt anion
and a proper proton donor/shuttle should be further investigated
in dedicated studies. Results obtained from different combina-
tions of relative amounts or subsequent additions of electrolyte
components seem to hide correlations between these variables:
this research could be fastened by the application of the statisti-
cal method of the design of experiment (DOE). This method is a
powerful tool to plan an experimental campaign that, with a re-
stricted number of experiments in comparison with one-factor-
at-time, allows to prediction of the behavior of a system under
the variation of established factors. Moreover, the results could be
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statistically analyzed to gain an understanding of process trends
and system optimization.!'"’]

4.7. Molten Lithium Salt Systems

In the molten lithium salt strategy for Li-m NH; production,
the N, gas flows into a bath containing different molten salts
and, with the simultaneous addition of H, or H,O vapor, NH,
is formed and recovered as the main gas emitted from the
reactor.') The spontaneous separation of NH; from the solu-
tion drives the equilibrium toward NH; production. These tech-
niques could be applied for chemical or electrochemical N, re-
duction processes at ~ 400 °C but at a lower pressure than that
used for the HB process. Nevertheless, the poor ionic conduc-
tivity of the solvent has been found to limit the kinetics of this
pathway.[!]

The co-presence of lithium, H*, and N, could generate differ-
ent intermediates, depending on process conditions. LiH, one of
these possible intermediates, is often claimed as an unwanted but
unavoidable sub-product of the molten salt methods since its for-
mation is favored above 100 °C. However, it is also considered a
strong reducing agent able to assist N, fixation.l"!¥] The reaction
of LiH with N, has been experimented with via the “chemical
looping” of two semi-reaction steps, demonstrated with MS and
XRD analysis, "% as reported below:

4LiH + N, — 2Li,NH + H, 8)
2Li,NH + 4H, — 2NH, + 4LiH 9)

Lithium imide (Li,NH) product presents a favorable pathway
since it quickly splits into LiH and NH;, even at 250-300 °C.[}2"]

Even in a liquid phase, lithium behavior appeared unique in
comparison with other alkali metals. Li,NH behavior has been
predicted thanks to an innovative modeling method developed
by Parrinello’s research group, which combines DFT with ma-
chine learning to evaluate the dynamic of the reaction on a much
larger scale and for a wider time scale than DFT studies: at 700 K,
the crystal was hypothesized to be in a superionic condition, in
which the Li* inside the crystalline structure are able to rapidly
diffuse between different vacancies, like in a liquid, maintaining
the same charge order and the minimum of potential energy.'?!]
The incoming molecules, such as N,, are rapidly able to destabi-
lize the Li,NH surface, entering a “fluctuating”, but stable inter-
mediate state. Indeed, this melt can stabilize a labile intermedi-
ate such as Li;N in the reaction medium. On the other hand, the
hydrogenation step may deteriorate the melt, forming LiH and
depleting the mediator and, under specific conditions, may lead
to the re-formation of Li,NH or LiNH,.['’®] However, the main ir-
reversibility has been suggested to be the agglomeration of the in-
termediate products of Li,NH particles, which leads to a cascade
effect with sluggish kinetics, slower H, diffusion, and a plateau
of the figures of merit.['"! The addition of ball-milled cobalt par-
ticles allowed a longer cyclability and durability of the system.[118]

Molten lithium was also tested in alloys: the ability of tin and
group-14 metals (e.g., silicon, germanium) to maintain lithium
dissociation properties toward N, was investigated by DSC and
XRD.[122123] Lithium is supposed to dissociate N, in a more con-
trolled way thanks to the stabilization by the transition metal.
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This phenomenon of a chemical shift called the Knight's shift,
should reduce the nuclear magnetic resonance of lithium (in
similarity with intercalated lithium),['?*l maintaining lithium’s
high mobility. Li,Sn, has been proven as reversible during NH,
production.['’]

This strategy was tested in an E-NRR process in combination
with an alkali-metal halide melt.'?] Lithium molten salt mix-
ture of the alkali-metal halides LiCl/KCl and LiCl/KCl/CsCl was
tested in 2002 by Murakami et al. 116117 N, was fluxed into the
melt, reduced on nickel cathode into N,~, which was stabilized
at ambient pressure by LiCl, then easily hydrogenated in imide
NH?", amide NH,~, and then NH;, by the addition of H,. Gaseous
NH, was released from the melt at 400 °C. The FE measured by
GC-MS analysis was quite remarkable, as high as 73% at a ca-
thodic potential of 0.4 V versus Li*/Li, but Li;N 0.2% mol of was
added to the melt in order to favor N, reduction into N*>= and
could lead to NH; production. NH,CI was also formed but was
hard to separate.l''®17] These studies are considered to be over-
simplified by Mcpherson et al.? They tested again the same sys-
tem and obtained an exaggerated FE (higher than 100%) and NH,
yield, even without further N, flow or current in the cell. With LiH
as the initializing agent instead of Li;N, the FE* was only 5%.
Moreover, the intermediate products, such as Li,NH and LiNH,
were accumulated in the melt and could lead to instability in the
cell, causing an anodic-cathodic “inversion” of the potential.l'1”]

Tang et al. tested a bi-phase system at ambient pressure
with two immiscible solutions, combining lithium alloying and
halides strategy. The lighter solution was molten LiCl/KCl, in
which H, is bubbled and gaseous NHj is produced, thanks to
Li;N, coming from the lithium-tin liquid alloy set below. Indeed,
in the solution below, Li; N was continuously produced due to the
reaction of N, gas bubbling and the LiH residue, sinking from the
above melt as a byproduct and converted at the alloy-salt interface
of the two solutions by tin alloying.[?%! The process was stable for
81 h with an average NH; yield rate of 90 ug h='. However, the
process required ~ 500 °C and pure flow of H, and N,, since
0, and H,O0 impurities could slow down and create irreversible
products such as Li,0.[12¢]

The melting strategy is also evaluated for other aspects of the
whole E-NRR process, thanks to the not-so-high lithium melting
temperature and the higher mobility of lithium in this phase. The
third step (Li* recovery with subsequent lithium metal replenish-
ment) could be done in electrochemical reactors with LiCl/KCl
molten salts, as nowadays they are applied for industrial lithium
metal production via LiCl electrolysis at 3.6 V versus SHE at
427 °C.1V]

Sodium or potassium hydroxides have also been considered
as molten media for E-NRR. A process efficiency of 35% was
obtained from air and steam at 200 °C and ambient pressure,
thanks to the electrolysis process in a molten solution of NaOH
and KOH 1:1 with nano-Fe, O, particles, while a current density
of 2mA cm~2 with 10 cm? electrodes was achieved. This solution
presented a eutectic composition, which allowed the temperature
needed for the formation of the melt to be lowered;!'?”] however,
the publication was then retracted since NO, ~ traces were present
in the Fe, O, particles.[?#]

In conclusion, since 1977 the use of a mixture of different
nitrogen-containing lithium salts has been studied, and the
formation of Li;N and NH; was proved.['”) However, the high
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temperature needed, in combination with the low selectivity
registered toward NH;, implies that this strategy leads to mas-
sive consumption of lithium-containing species in secondary
products. Indeed, recently the molten salts appear not appealing
as the promising results in Li-m E-NRR strategy in organic
solvents. The equilibrium should be better understood to find
the best temperature and process conditions to move the re-
actions toward N, fixation.[130.131132] Moreover, the profitability
of using an azo compound for NH; production is arguable.
Different Li,N,H, compounds formed in the lithium salt baths
as Li,NH are nowadays more often evaluated as an H, carrier
solution.[*>"**] The study of reactions of Li,N H, compounds
could be interesting in the Li-m E-NRR field to better understand
the intermediates and the phenomena of the N, fixation with
lithium in the presence of protons, as well as the reactivity of
amides of other alkali metals, e.g. KNH, and Ba(NH,),.l'*"]

5. Stepwise Processes

In this section, the discontinuous processes are illustrated. “Step-
wise” indicates that the three reaction steps listed in Equa-
tions 4-6 (i.e., lithium reduction, nitridation, and Li; N hydrolyza-
tion in NH;) are conducted in a different environment and/or
time. The whole process is inevitably discontinuous, since the re-
action conditions change in each step, in order to maximize the
selectivity toward the product of interest of each step (e.g., Li;N,
NH,;, and metallic lithium). They are subdivided according to the
nitridation step reaction type, whatever thermochemical or elec-
trochemical Li;N formation. In the case of the thermochemical
lithium nitridation processes, the rate-limiting step is the ther-
mochemical direct reaction between lithium and N,. Li;N could
be formed electrochemically in Galvanic Li—N, cells, an inter-
esting device recently proposed in the energy storage field, that
opens promising possibilities to enhance the kinetics, energy ef-
ficiency, and selectivity of the nitridation step.[***! Some examples
are reported and compared in the following sections.

The main advantage of the stepwise pathways is that Li;N is
hydrolyzed with H,O in a second step, without the need for an
organic proton donor to be consumed, neither H,O splitting +
HOR integration. The energetic and economic benefits of direct
H, O protonation are detailed in Section 6.

After Li;N hydrolyzation, LiOH is the residual by-product,
from which lithium recovery is mandatory and it represents the
most energy-requiring step. Anyway, it is possible to electrify this
process using an electrochemical cell to reduce Li* into metallic
lithium, closing the cycle.

5.1. Direct Lithium Nitridation

The thermochemical direct reaction of lithium with N, gas flow
avoids problems of N, mass transport limitation in an electrolyte
medium, as well as circumvents selectivity issues. Indeed, none
HER, nor electrochemical degradation reactions limit the FE,
and Li;N is spontaneously and exothermically formed in a con-
trolled reactor even under mild conditions.['”>?] However, the ni-
tridation of lithium bulk is sensibly decelerated (Section 3) and,
even if the production rate could be boosted at high tempera-
tures or pressure, the utilization of the alkali metal could result
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incomplete.[* Anyway, the use of copper particles rolled with
metallic lithium showed impressive quick Li;N formation in the
direct nitridation process in a study by Zang et al.[!*”] Similarly
to the HB one, this step needs pure N, gas as the feed, to avoid
the formation of a thick passivation layer on lithium surface by
impurities or Li;N conversion in unwanted species. Impurities
will drastically slow down the reaction and decrease the EE, as
observed by differential scanning calorimetry (DSC) and XRD
analysis.[2¢]

Since lithium utilization is not optimized by this strategy,
many studies on direct thermochemical nitridation evaluated
also the step of Li* reduction into lithium metal in an electro-
chemical cell. The electric current, in this scenario, is applied
with the aim of lithium recovery, and the FE should be calcu-
lated for the whole process.[133139140] Experimental tests focused
on the passage of Li* from an aqueous solution to an aprotic en-
vironment, where Li* is reduced into a metallic layer. Due to the
exceptional reduction potential of Li*, this electrolysis has to be
protected from H,O by an aprotic environment.

To achieve this condition, and take inspiration from the LMB-
air field, the use of a glass ceramic membrane called LISICON,
selective for Li*, was proposed by Kim et al.l'*] They used a two-
compartment electrolytic cell with H,O and polycarbonate (PC)
electrolytes, containing Li,SO, 1 M and LiClO, 1 M, respectively.
The whole process for NH; production presents three steps: i)
lithium plating is studied on a nickel cathode; ii) lithium nitrida-
tion takes place at 220 °C for a maximum of 2 h; iii) Li,N protona-
tion is performed in H,SO,. This compound allows (NH,),SO,
to be directly obtained as the product. Li* remaining in the aque-
ous chamber of the electrochemical cell is then applied in the
third step and deposited as lithium metal in the aprotic cham-
ber, closing the cycle, with a final FE of 52.3%.(1%] The SEI layer
formation onto deposited lithium was observed as the main lim-
iting factor for the FE of the system. To overcome this problem,
the use of CsClO, as an additive for the PC electrolyte was as-
sessed. Lithium deposition presented in this case a more regular
structure and the unstable and thick SEI layer rich in lithium-
organic compounds was avoided.*?] Since the LISICON mem-
brane presents problems of high cost and scarce durability, an al-
ternative membrane-free approach was also investigated, exploit-
ing the properties of the immiscibility of H,O and PC. Such a
separation resulted even more enhanced thanks to the addition
of 1 wt% of highly hydrophobic poly(methyl methacrylate) in the
PC electrolyte, partially avoiding Li* losses in H,O and unwanted
LiOH formation in the system. In this case, the overall FE* raised
to 57.2% and the production rate reached 0.74 pg h=! cm=2.1141
Li* could also be recovered with the use of solid selective poly-
meric electrolytes, as already proposed by some groups active in
lithium recycling projects.!1*1]

A particular and intriguing process is the stepwise solution
based on N, and H,O proposed by McEaney et al.['’] The lithium
recovery was operated by the LiOH electrolysis in a molten
lithium salt proton-free environment, followed by direct lithium
nitridation and Li;N hydrolyzation into NH,. The whole pro-
cess took place in a three-area rotation reactor, as shown in
Figure 7a.l'"”] This lithium cycling strategy is closed with NH; and
H, 0O separation from residual LiOH through evaporation at 120
°C. An initial FE of 88.5% was achieved from the whole process,
confirmed with an isotopically labeled test.
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Figure 7. a) Conceptual design of the stepwise cyclic device proposed by McEaney et al.['’] The roll in the middle acts as a segmented working electrode:
in step one, molten lithium, refurnished by LiOH insertion, is plated on the roll. The plated lithium is then exposed to N, gas thanks to the roll rotation
and a thin film of Li;N is obtained in step 2. The rotation of the roll in the third section, where H,O is added, gives hydrolysis into NH; production.
Finally, the same roll surface returned to step 1 as a fresh electrode surface to continue the cycle) b) Phase diagram obtained at 300 K, pH 0, and a
Li* ion concentration of 107° m. The diagram shows the relative thermodynamic behavior of lithium, nitrogen, oxygen, and hydrogen species with the

proposed lithium cycle steps superimposed) Adapted and reprinted with permission from.l'7]

To evaluate the process parameters, a phase diagram, re-
ported in Figure 7b, was obtained at 300 K, pH 0, and a Li*
ion concentration of 107° M. The diagram illustrates the se-
lectivity dependence on the system variables. They defined the
proton donors as “thermodynamic sinks” for lithium reduction
due to their predominant activity to HER and sub-products with
lithium. Indeed, they suggest operating lithium reduction in the
absence of protons to critically enhance the selectivity toward
NH,.

They applied an electrochemical cell for lithium recovery with
a molten salt solution as electrolyte, similar to molten salt baths
for NH, continuous production (Section 4.7): a molten salt mix-
ture of LiCl/KCl at the cathodic compartment and LiOH/LiCl at
the anodic one. Recovered Li* migrated from the anode to the
cathode. At the anode, O, and H,O evolved. To ensure isolation
and prevent unwanted or reverse reactions of the alkali metal, a
porous alumina layer was placed between the two compartments.
They set a temperature of 450 °C and a cell potential of -3.3 V ver-
sus SHE or lower, not very far from the thermodynamic one (i.e.,
~2.8 V vs. SHE at 427 °C).[7]

They calculated the efficiency of lithium recovery as high as
98% and a lithium-plated layer of 1 mm thick was obtained, from
which a near complete nitridation occurred after only 12 h at 22
°C. This strategy, even if not anymore considered in recent pa-
pers, suggests how the simplification of the system could reach
easily competitivity with the HB counterpart avoiding protons
and organic solvent degradations during the lithium nitridation
step.

The mentioned technology for Li* recovery and reduction can
be applied also for a stepwise process in which the nitridation
step is operated in Li—N, Galvanic cell for Li;N production. Af-
ter the cathode, where nitrogen-containing species are accumu-
lated, is protonated, the sub-product obtained from the cathode
washing, containing both NH; and LiOH, can be treated as in the
detailed strategy of this Section.

Adv. Energy Mater. 2024, 14, 2400076 2400076 (19 of 31)

5.2. Li—N, Cells for Li;N and NH; Production

Stimulated by the increasing attentiveness to metal-gas batteries,
research groups are now starting to turn their attention toward
Li—N, devices. Deepening knowledge about the electrochemical
reaction between lithium and N, in a completely aprotic envi-
ronment could open, indeed, new possibilities both for energy
storage and NH; production.[?>142]

With Li—N, cells, the Li-m E-NRR process has to be rethought
from scratch. Indeed, in this case, it is no longer an electrolytic
cell, but it is a Galvanic cell: the electric energy should be pro-
duced from lithium oxidation into ions at the anode and the si-
multaneous desired N, reduction into Li;N. Li* migrate from the
anode to the cathode, where they arrive in contact with N,, fed
as gas through the GDE, and Li;N is accumulated on the cath-
ode surface. This reaction is spontaneous and the chemical en-
ergy conversion into electric energy during the discharge of the
cell could be further exploited. The next step is the protonation
of the intermediate product (i.e., Li;N) accumulated on the cath-
ode, fluxing H,0 (or H,O vapor) in the system, or moving the
cathode in a second reactor for batch hydrolyzation. Then, LIOH
has to be recirculated, as described in Section 5.1, closing the
cycle.

The reaction between lithium and N, in the electrochemical
device has been under study for several years in the energy stor-
age field, especially that of Li-air batteries. Theoretical calcula-
tions suggested that Li—N, batteries could reach an energy den-
sity comparable to that of rechargeable Li-SO, and Li-CO, batter-
ies, as high as 1248 Wh kg1, even if lower than Li-air (i.e., Li—O,)
counterparts.[?®) However, to obtain the theoretical capacity and
apply this technology in the energy storage field, it is necessary
that the Li;N product is reversible. This issue represents a crucial
drawback for Li—N, batteries, but for the E-NRR it is not neces-
sary, since the obtained Li; N is then recovered and/or hydrolyzed
into NH;.

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 8. a) Li—N, schematic cell structure) On the left, a) representation of the cell components: metallic lithium is oxidized into Li*, which migrates
to the cathode, where the porous carbonaceous layer of the GDE reacts with electrons and N, gas, forming Li; N, which is then hydrolyzed into NH;. Li*
are released, reduced, and re-circulated into a new anode for the cell. b) The cell architecture adopted by Ma et al. Adapted and reprinted with permission
from.128] ¢) Galvanostatic discharge profile of Li-gas cells composed of a lithium metal anode, a glass fiber separator with LiCF;SO; 1 m in TEGDME,
and a carbon cloth GDE cathode) Scan rate applied of 0.05 mA cm~2 and cutoff potential of 0.08 V versus Li* /Li. The red curve corresponds to the
test performed fluxing argon inside the cell, while the black one is in the presence of N, flow in the saturated cell. Under N,, an additional plateau was
registered at ~ 1V versus Li*/Li. Adapted and reprinted with permission from.[28] d) SEM micrographs of tested nitrogen-doped carbon added with
Mo, C nanoparticles: 1) The cathode after the galvanostatic discharge in a Li—N, cell with LiCF;SO; 1 m in TEGDME, until 0.8 V versus Li*/Li, at a
current density of 50 mA g~1, with a cutoff capacity of 0.5 mAh; 2) The small particles deposited disappeared after the galvanostatic charge at the same

conditions until 4.5 V versus Li*/Li, suggesting Li;N formation and reversibility. Adapted and reprinted with permission from.[14]

In a Li—N, cell, the direct reaction between N, and lithium
anode should be prevented: as for Li—O, batteries, the gas
cross-over through the separator could be a detrimental factor
and would result in misunderstandings in the NH; production
field."*}] Indeed, the metallic lithium at the anode may sponta-
neously form Li;N and this uncontrolled product could lead to
misunderstandings, in particular, if any proton donor is present
and would be able to form NH; reacting with anodic Li;N. Even if
the technology is in its infancy, this stepwise electrochemical con-
trolled system is promising to achieve high stability, long-lasting,
and efficient NH, synthesis from N, and H,0.12%28.144]

5.2.1. Li—N, Cells: Architectures and Reactions

In 2017, Ma et al. were the first to investigate a Li—N, system
and demonstrated a proof of concept of a rechargeable cell form-
ing Li;N at the cathode at ambient temperature and pressure.!?®]
N, fixation in the cell was performed with a CA of 5 h at 1.08 V
versus Li*/Li, a potential higher than that of lithium plating.
Authors claimed a FE of 64% and 81%, respectively, without
and with the addition of ruthenium nanoparticles as catalyst

Adv. Energy Mater. 2024, 14, 2400076 2400076 (20 of 31)

on the carbon paper GDE.I?] At that time, the isotopic label-
ing experiment was not yet commonly carried out to confirm
the results. Figure 8a,b shows a schematic representation of this
device.

As architecture, they adopted a commercial in-flow cell from
EL-Cell GmbH designed for testing Li-gas batteries; it is a one-
compartment SS cell with a gas inlet for GDE cathodes on the
top and a closed bottom for metallic lithium anode. The elec-
trolyte, spread on the fiberglass separator, was LiCF;SO; 1 M in
tetraethyleneglycoldimethylether (TEGDME). TEGDME was pre-
viously studied for other Li-gas batteries due to its low volatility
and high ionic conductivity, as well as relative stability to lithium
metal. However, it presents some safety issues concerning fer-
tility, and several groups are working to replace it.'**] The car-
bon cloth was applied as GDE, chosen as a good compromise
between a conductive network and a high surface support for
catalysts and products developed in a three-phase system (see
Section 5.2.4 for details on GDE characteristics required for this
cell architecture).[?® The plateau in the discharge potential profile
(Figure 8c) suggested a reaction with N, at ~ 1V versus Li* /Li. To
investigate the electrochemical reaction between N, and Li*, CV
tests were performed at a very low scan rate (0.05 mV s~!) under
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argon or N, flow; an additional peak was registered only in the
presence of N,, while a more intense peak registered with both
gasses was referred to the unavoidable intercalation reaction of
Li* into the graphitic cathode.?®] This last phenomenon is sup-
ported by a shift in the XRD pattern, referable to a distancing
of graphite crystalline planes.[?*] Li;N production was supported
by the XRD pattern, FTIR spectra, and SEM analysis of the cy-
cled cathode. SEM images showed dispersed particles that van-
ished after the charge step, suggesting the reversibility of Li;N.
EDX spectrometry elemental mappings showed a uniform distri-
bution of nitrogen on the cathodic surface.?®]

Therefore, the process inside the cell was formulated as fol-
lows:

6Li + N, 2 2Li;N (10)

Despite this promising proof of concept, some issues were
pointed out for this technology: the anode is unstable due to both
the dendrite growth during lithium plating/stripping, a well-
known issue in LMBs,[16%7] and due to the N, gas cross-over
through the separator. The decomposition of the electrolyte at the
cathode interface is even in this system a crucial factor, covering
with the SEI layer the active sites, as observed with XPS analysis.
The potential window applied is wider than that in LMBs and
the electrolyte formulation should be optimized for this system,
even if the potential applied is higher than in the electrolytic cell
of Section 4.

The study by Wang et al. proposed a similar Li—N, system as a
storage device with N-doped carbon added with Mo, C nanoparti-
cles as the cathode."*] Mo, C has been widely tested as a catalyst
for E-NRR, its activity was confirmed also by the DFT study.['8]
For the cathodic carbonaceous support, the nitrogen-doped car-
bon proved good electrical conductivity, with a favorable mor-
phology with both macro-channels and mesopores, suitable for
storage of high amounts of the desired discharge product, i.e.,
Li,N.['*] The presence of nitrogen atoms in the cathodic mate-
rial could increase misunderstanding for the NH, production;
the product quantification was not even assessed in this case,
since the main focus of that work remained the effective Li;N
reversibility. N, reduction was suggested by the CV from an ad-
ditional reduction peak at = 1.5 V versus Li*/Li, absent in argon-
saturated cells. They supported the presence of Li;N particles!!*]
with SEM (Figure 8d) and EDX analysis. However, the intensity
of the peaks referred to Li; N was weakly recognizable by XRD, in
comparison with the instrument noise.[*]

The reversibility of Li—N, battery has been analyzed in-depth
by Zhang et al., with the main focus on the application as an
energy-storage system.!?’] Tests were performed in a glove box
filled with high-purity N, on an open coin cell setup. The cath-
ode, made of graphene nanosheets, was coupled with LiClO,
1 M in TEGDME. The formation and decomposition of nitrogen-
containing compounds during discharge and charge, respec-
tively, were verified with EDX, XPS, and SEM analyses: nano-
metric agglomeration and dissolution of particles present at the
cathode were confirmed but with a very low relative increase (of
1% on the atomic amount of nitrogen). Li; N presence was further
verified indirectly, thanks to the measurement of NH; obtained
from its protonation, by a portable NH;-analyzer: during the first
discharge, an NH; amount of 0.37 ppm was measured, increased
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at 0.74 ppm after the 5% discharge.1?’] The presence of NH,* was
assessed by 'H NMR after 50 h of discharge at 100 mAh g,
coherently with the NR colorimetric test. 'H NMR spectra and
XRD pattern revealed the presence of another main product, i.e.,
LiOH. The unwanted degradation of Li; N with the traces of H,O
and O, was suggested as follows:

Li+ N, + H,0 — LiOH + nitrogen containing compounds (11)
Li + N, + oxygen containing substance — Li,N, O, (12)

The metallic lithium anode was also studied; lithium was ex-
posed to the glove box atmosphere filled with N,, and the spon-
taneous Li;N formation rate was studied along with its stabil-
ity. SEM analysis at different times showed that the lithium
surface became more and more porous. Li;N was observed
on the lithium surface, but then it was found to be sponta-
neously covered by LiOH, as confirmed by XPS. The detection of
lithium/nitrogen/oxygen compounds on the surface confirmed
that the Li,N formed at the cathode could, upon time, be sponta-
neously converted by impurities.[?]

Lithium surface was studied after cycling: SEM analyses re-
vealed a flat and smooth surface, with large crevices filled with
both Li;N and LiOH, after only 10 cycles. This inorganic pas-
sivation layer on the anode was observed to be beneficial and
able to suppress dendrite growth. Moreover, the carbon corro-
sion promoted by the cell polarization was speculated, as similar
to what occurs in Li—O, batteries (more detail in Section 5.2.4).
At the cathode, the formation of Li,CO, was observed in the SEI
layer, resulting in poor cyclability and efficiencies.[’! In conclu-
sion, this work suggested that Li—N, batteries could be recharge-
able rather than reversible due to the formation of by-products
consisting of lithium/nitrogen/oxygen compounds and LiOH,
Li, 0, and Li,CO;. Despite these being crucial limiting factors for
Li—N, as storage devices, the concept of a Li—N, cell for NH,
synthesis could still be interesting. The reversibility is not fun-
damental for E-NRR: in this scenario, Li;N has to be protonated,
but the setup should be optimized toward this different aim, and
specific studies are encouraged.!®”]

5.2.2. Catalysts for Li—N, Cells

The kinetics of Li;N formation could be a limiting factor for E-
NRR, together with Li;N instability. Li;N accumulation at the
cathode was supposed to slow down the kinetics, increase overpo-
tential, and block redox species at the cathode.[**®! To solve these
issues and increase the production rate, different catalysts have
been proposed, such as two-dimensional metal-embedded poly-
phthalocyanines (MPPcs).['°] MPPcs were tested with a compu-
tational screening of the E-NRR interaction on two-dimensional
metal-organic framework structures composed of macrocyclic
ligand framework (able to provide stability to the adsorbed re-
actant) and different metal centers with tunable oxidation states
(scandium, titanium, vanadium, manganese, iron, yttrium, zir-
conium, niobium, molybdenum, ruthenium).'>*! Some of the
studied metal centers have been already tested toward NH, for-
mation (e.g., molybdenum,®!] iron,[’? and a combination of
ironmolybdenum),'>3] but in this case, the study focused on Li;N
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formation for Li—N, battery. The simulation results showed dif-
ferent absorption and reaction mechanisms on the metal centers.
For example, iron, titanium, and scandium presented promising
low charge and discharge overpotential (close to zero), but still
negative adsorption-free energy.>" Ti,C was theoretically vali-
dated for Li—N, batteries.[*]

Highly available and low-cost SnO, particles have already been
studied for LIBs, supercapacitors, and Li—O, batteries,1°>15¢] has
been proposed in combination with iron and enriched with O, va-
cancies for N, absorption and activation.['”] The discharge pro-
file obtained in a Li—N, cell with SnO, particles on nitrogen-
doped carbon nanosheets (SnO,@NC)!®!l showed a reaction
plateau at ~ 1.3 V versus Li*/Li, absent in the discharge curve
of the same architecture tested in argon, suggesting that lithium
nitridation reaction occurred. Ex situ analysis with XRD, time-
of-flight secondary ion MS, XPS, and FTIR suggested the effec-
tive Li; N formation and decomposition. LIOH was also detected,
which could be formed both during the analysis preparation and
acquisition or due to Li;N reaction with impurities.

Yang et al. suggested the combination of two previously dis-
cussed catalysts (i.e., ruthenium and molybdenum) dispersed in
sequence on nitrogen-doped carbon nanotubes by atomic layer
deposition.['5®] This material can modify the electronic structure
and promote electronic transfer: Mo>* passes to the more stable
Mo?* after the discharge, indicating an electron-rich state of the
catalyst, able to donate electrons toward N, adsorption, activation,
and reduction. CV of this material in a coin cell with LITFSI 1 M
in TEGDME showed a reduction peak above 1.5 V versus Li*/Li
under an N, atmosphere. SEM, EDX, XPS, and FTIR analysis ev-
idenced Li; N presence, but the formation of Li,CO, could not be
excluded: this secondary product would limit FE in a real case
NH, production perspective./'>8]

Ruthenium nanoparticles have been tested as a catalyst also
by Ma et al. in a Li—N, cell fed both by N, and saturated H,O
vapor simultaneously during discharge, to continuously produce
NH,.[2] The proposed reactions occurring in this system are:

www.advenergymat.de

pg.[?I Moreover, control tests should be assessed to exclude NH,
spontaneously obtained from the direct reaction of the metal-
lic lithium anode with N, and H,0. NH, was detected only for
18 h until pore blocking due to LiOH formation and electrolyte
decomposition caused complete system degradation and arrest-
ment.

5.2.3. Beyond Li—N, Cells: Different Architectures and Cations

Many types of metal-gas batteries are under development and
researchers are looking for new lithium-free strategies to be ex-
ploited in E-NRR studies based on metal anodes, for example,
adopting sodium or aluminum.[*>>160161] An extended literature
on Zn-air and Zn-N, batteries is under development and gain-
ing interest as another possibility to combine energy storage and
NH, production systems.[162163164] The FE values are generally
limited since these systems are aqueous-based and require other
tricks to reduce HER.[1*4]

A proof-of-concept of a Na-N, battery opened the applicability
of cheaper and more abundant metals for mediated E-NRR step-
wise approaches.['%] Ge et al. demonstrated Na, N formation dur-
ing the discharge of a cell with a sodium metal anode, NaCF;SO,
1 M in TEGDME electrolyte, and a nano-scale wire-like a-MnO,
catalyst on a carbon cloth cathode. The device showed good re-
sults both as the energy storage system and NH, production: an
FE 0f 26% was calculated from UV-vis with NR analysis, but with-
out carrying out isotopic labeling and NMR. The CV under N,
presented a peculiar peak at 2 V versus Nat/Na, associated with
Na; N formation and not relatable to intercalation, also present in
argon at a lower potential.l1%]

Recently, the application of a safer and more abundant metal
(i.e., aluminum) has been considered and the research field on
Al-air batteries is quickly growing. Al-gas devices are mainly
aqueous-based,!'®1%] and have also been assessed for NH,
production.®!l An interesting result of an AL-N, cell for E-NRR

During cell discharge: Anode: 6Li — 6Li* + 6e” (13)
Cathode: 6Li* + N, + 6H,0 + 66~ — 6LiOH + 2NH, (14)
Complete cell: 6Li+ 6H,0, + N, — 6LiOH + ZNHS(g)EO = 2.23VvsLi*/Li (15)
During cell charge: Anode: 4Li" + 4e” — 4Li (16)
Cathode: 4LiOH — 4Li* + 4e” + 2H,0+ O, (17)
Complete cell: 4LiOH — 4Li+2H,0 + O, (18)

Interestingly, the equilibrium potential of the proposed dis-
charge reaction is higher than Li;N electrochemical formation
equilibrium potential: the presence of H,0 could allow the for-
mation of new reaction intermediates and NH, at a cell poten-
tial less deteriorating for the electrolyte. The reported FE was
4.2% at 0.1 mA cm~2, but the NH, yield was in a total of some

Adv. Energy Mater. 2024, 14, 2400076 2400076 (22 of 31)

was accomplished with an aluminum anode in an aprotic envi-
ronment, with the IL AICl/1-butyl-3-methylimidazolium chloride
(1:3 w:w) as electrolyte, at a theoretical cell voltage of -1.66 V
versus RHE.I®!l The Gibbs’ free energy of AIN is asserted as
even lower than the one of Li;N, suggesting a more sponta-
neous reaction, but also a more unstable product.'®!l With a
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graphene/Pd catalyst and a GDE architecture, the cell produced
27.1 mg g, ~'h™! of NH; and an FE* of 51.2%, ten-folds the
results of the same catalyst in an aqueous system.['1] After a deep
discharge to 0.25 V versus RHE, the product at the cathode is
soaked into NaOH 0.1 M to give the reaction:

AIN + NaOH + 2H,0 2 NaAlO, + NH, + H,0 (19)

The CV demonstrated the presence of an electrochemical in-
teraction at reductive potential only in the presence of N, (at
1.46 and 0.79 V versus AI**/Al). XRD, XPS, SEM, and high-
resolution transmission electron microscopy showed AIN pres-
ence. The main drawback of the formation of AIN is its high resis-
tivity, which limits the interaction between the cathode and fresh
reactants.[161]

The possibility of exploiting different metals from lithium
opens new scalable E-NRR possibilities. The production of NH,
combined with abundant alkali salt could avoid the reduction step
(from cation to element) for the adopted metal, as well as permit-
ting a cheaper electrification of commodities obtained from NHj,
as fertilizers. However, these technologies are at the beginning of
their technical assessment and materials exploration; even if they
seem promising, the starting point of the well-known lithium
metal systems should not be skipped for a fundamental under-
standing of the E-NRR process.

5.2.4. Pros and Cons of Li—N, Cell for Stepwise Processes and Future
Outlooks for this Technology

The main advantage of this technology is the formation of ni-
trogen species separately from their protonation, allowing this
step of the NH; production process to be coupled with direct
H, O protonation during the cathode washing step. In compar-
ison with continuous electrolytic cells, this Galvanic cell is not
dependent on an H, feed, nor on proton donor/shuttle presence
in the cell, saving their production energy, as detailed in Sec-
tion 6.12] Moreover, it presents higher efficiency of lithium ex-
ploitation in comparison with direct nitridation, since only the
Li* transported at the cathode will react with nitrogen, avoiding
recycling a not negligible amount of unreactive bulky lithium
particles.[136]

The Li;N formation with a Galvanic cell, intrinsically operat-
ing at positive potentials and in which the chemical energy of
a spontaneous reaction is converted into electric current, allows
for recovery of the spontaneous exothermic reaction energy of
this intermediate as electric energy, highly efficient and recently
more and more preferred, representing an energy-saving strat-
egy.

Moving from this technology toward different cations, such as
Al* or Zn™, already largely proposed in literature and discussed
in Section 5.2.3, could also save the energy consumption of the
reduction of the mediator and in some cases, as for K*, could
be integrated into a further process of NH;-derived chemicals as
fertilizer.!161:162]

However, some questions about this technology should still
find a clear answer. First of all, the evidence of an electrochemi-
cal reaction between Li* and N,, usually supported by CV with a
negligible difference between tests conducted in argon or N, at-
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mosphere (Section 5.2.1), is misleading, and further work is nec-
essary toward the understanding of the reaction mechanism. The
anode of lithium metal could itself spontaneously react with N,
forming Li;N and then NH,, bringing to an incorrect quantifica-
tion of the N, activated at the WE even with isotopic labeling.!?]
It should be replaced with another anodic material, inert with
N,, but able to refurnish cations in the electrolyte; LIBs could be
inspirational for this aim, as well as industrially interesting oxi-
dation reactions.

Moreover, as detailed in Section 5.2.2, a catalyst might be
needed to increase the N, activation kinetics, as well as the
current density and consequently the production rate. Indeed,
the NH; production rate is rarely evaluated for this setup but is
in general inferior to continuous electrochemical strategies.[?:1>8]
To carefully compare NH, yield with other strategies, the proto-
nation step should also be detailed and deepened. The feasibil-
ity of the cathode washing directly into the cell has not yet been
carefully assessed, a mobile component integrated in the process
could be considered.[”]

The GDE in this architecture should present high electronic
conductivity and mechanical and electrochemical stability. More-
over, to ensure a sufficient Li, N accumulation in the porous struc-
ture, it needs a high specific surface area.'*’l The pore volume
should be tailored accordingly: a modulated morphology could
improve the overall performance, hosting a suitable amount of
the discharge product, and maintaining channels for the gas per-
meation, as suggested in LMBs.[1*¢] The deposited Li;N could
slow interfacial electron transfers due to its low electronic con-
ductivity (1072 S cm™"), but the high ionic conductivity (107 S
cm™!) is suitable for Li* migration.l'®”] Instabilities such as flood-
ing, as well as the composition of the SEI layer, should be deep-
ened as for electrolytic cells (Section 4.6), but in this case, the
Li;N formation is expected at a cell potential higher of ~ 1 V in
comparison with the lithium plating, meaning a lower cell po-
tential difference and less polarization of the electrodes, leading
to a moderate electrolyte species depletion.!?! For this device, it
should be easier to obtain a stable SEI layer on the WE, consider-
ing also the less reactive interface in comparison with the freshly
plated lithium. Studies on similar Li—O, batteries could be a
starting point to improve the GDE stability."*®! The application
of solid or gel polymer electrolyte could be a solution for a stable
device, opening also to a direct protonation and washing of the
cathode.['#7:169]

Future insight could be obtained by studying the reaction
mechanism at the WE interface with in operando techniques,
as suggested in Section 2. Revealing the role of Li* with re-
spect to the catalyst and N, is fundamental toward the under-
standing of the real intermediates of the reaction in this complex
system.

6. Final Comparison Between Major Continuous
and Discontinuous Strategies

In this review, different strategies employing lithium as a medi-
ator for E-NRR have been described and analyzed. It is emerging
how the third element in the period table presents a unique ther-
modynamic ability toward N, fixation. Moreover, the translation
of NH, synthesis into an electrochemical process exploiting re-
newable energy is recognized as a profitable (to obtain an easier
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Figure 9. Classification of different Li-m E-NRR technologies with selections of the most promising systems (within the green circles) from the less
emerging strategy nowadays in literature (red line). As explanation of the selection, a brief overview of main characteristics of each class is reported in

the panels below.

and faster control of reaction parameters) and sustainable (with
respect to the HB process) strategy in the ongoing ecological tran-
sition.

The high variability among the different systems discussed
in this review does not allow a direct comparison of different
operating conditions and parameters in relation to the process
performance. However, the more promising and nowadays stud-
ied pathways are resumed and compared in this Section. A gen-
eral outlook in this early research stage is considered useful
to consciously move in this manifold panorama, to get more
knowledge about the Li-m E-NRR mechanisms and avoiding
to verticalize attempts in direction of only one main objective,
e.g. high FEs, at the expense of other important parameters,
such as production rate, stability, feasibility, and costs of reac-
tor architectures. Figure 9 shows the amended version of the
initially shown scheme on the different Li-m E-NRR pathways,
with the addition of a first distinction among less attractive
and promising solutions, outlining pros and cons for each of
them.

Figure 10 shows a visual qualitative comparison of the se-
lected main Li-m E-NRR strategies. In the circular diagrams in
Figure 10a, the main figures of merit (i.e., FE, NH; production
rate, stability, scalability, and low cost) are resumed. From these
charts, it is possible to observe what are the main characteristics
of each technology, its strengths and limitations. Figure 10b
compares different strategies within a four-variable framework:
each quadrant represents one figure of merit related to yield
or scalability. The center of the diagram represents the optimal
process, in which each figure of merit is maximized. Low values
are placed in the external corners. The strategies are set in the
framework at a distance from the center qualitatively propor-
tional to the medium of each figure of merit, better expressed
for each quadrant in Figure 10c.

From the framework, it is possible to observe that the most
studied electrolytic cells reached nowadays the highest NH; pro-
duction rate and FE, also confirmed in multiple works with iso-
topic labeling quantification and/or with NH, yield far above im-
purities. However, this strategy still presents some technologi-
cal drawbacks that have to be solved to lead to a long-term pro-
cess competitive with the HB one. For this reason, the outstand-
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ing results recently obtained in the continuous aprotic Li-m E-
NRR field should be considered as a starting point and not as a
final outcome. The electrolyte degradation due to secondary re-
actions and the consequent Li* depletion still limit its scalabil-
ity. The combination of HOR reaction and a second symbiotic
H,O-splitting cell could partially solve this problem, but it will
enhance the complexity of the process and imply a higher capital
cost. The SEI layer composition and stability, directly correlated to
electrolyte depletion, emerged as key factors in this system (Sec-
tion 4.6).14393100.170]

On the other hand, the deepening of stepwise strategies opens
up new interesting insights into highly selective processes. The
separation of each reaction allows drawbacks for each step to be
stressed, analyzed, and optimized. The understanding of mech-
anisms and kinetics allows the exploitation of each reactant. N,
reduction in the absence of protons could increase Li;N selectiv-
ity. The operation of lithium reduction in a separate step, without
protons neither N,, could avoid energy losses, e.g. in an unstable
SEI layer formation. The main issue of a stepwise process could
be the lower NH, production rate. In this panorama, Li—N, Gal-
vanic cell appeared promising for an electrocatalytic N, fixation
into Li; N with optimized lithium amount, enhancing kinetics in
comparison with the direct lithium nitridation. Moreover, the di-
rect hydrolyzation of Li;N into NH; is interesting to gain inde-
pendence from unstable fossil fuel-derived proton donors or car-
riers. From an energetic and economic point of view, an economic
analysis has been proposed for the Li-m E-NRR technology based
on the three steps illustrated in Section 5.1; McEaney et al. inves-
tigated these aspects, with lithium recovery operated through the
molten salt solution. They calculated a minimum electricity cost
of ~ 14 kWh kg, ™" with this process, which results compara-
ble to the HB process (%10 kWh kgy,;;7'), and is recalled that this
new strategy presents advantages as to be easier delocalized and
fed by renewables.!'”] This value is an estimation for the energy
cost of LiOH electrolysis at 3 V, excluding considerations of addi-
tional costs such as N, separation from air, NH, separations from
the liquid aqueous output, and overpotentials in the electrochem-
ical step. A more comprehensive and conservative calculation has
been reported by Allen et al., who suggested an overall energy cost
of 22 kWh kg, ;5! when using H, O as a proton source.
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Figure 10. Qualitative resume of the main characteristics of Li-m E-NRR strategies, weighted and normalized for each approach. a) Circular diagrams for
each of the main proposed methods (i.e), THF-based electrolytic cells, THF and H, O splitting cells for HOR, working in symbiosis, Li—N, devices, direct
nitridation strategies). b) Overall comparison of the main methods for Li-m E-NRR in a four-variables framework. The considered figures of merit are
NH; production rate (blue), FE (violet), stability (orange), scalability, and low cost (green). The center of the diagram represents the optimal solution,
the grey circles guide the comparison among the different strategies, represented by the same symbols as in panel (a) (i.e), red pentagon for electrolytic
batch cell, yellow rhombus for electrolytic cell for E-NRR combined with HOR, green circle for discontinuous process with Li—N, cell, pink triangle
for discontinuous process with direct nitridation). The strategies are set in the quadrant of each figure of merit that could best represent the main
characteristic of the method) c) Comparison of the different strategies for each figure of merit: from outside to inside (with the ideal maximization of

the characteristic at the middle of the figure).

This result highlighted the convenience of a direct protona-
tion with H,O over the combination of both electrochemical
H, generation and E-NRR, which present a total energy de-
mand of 26 kWh kgy; L.[YY The H, production would emit
an average amount of more than 0.4 t.q,/ty;, as proposed
by Smith et al.l'”?l The H, generation cost should be consid-
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ered to avoid a translation of CO, emissions from the steam
reforming combined with direct thermochemical reaction at
high pressure in HB, to H, electrochemical generation com-
bined to E-NRR. Indeed, the H, feed is more convenient in
comparison with the addition of a sacrificial organic molecule
as a proton donor in the electrolyte in continuous aprotic
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Li-m E-NRR electrolytic cells, but the H, production from fos-
sil fuels presents nowadays higher competitiveness, and elec-
trolyzers require precious and/or not abundant metals to reach
high efficiency, even if new classes of materials are under
development.!'73174]

The combination of economic study with cradle-to-gate life
cycle assessment (LCA) could indicate a direction to decision-
makers toward a more sustainable process. Gomez et al. as-
sessed a preliminary economic study combined with LCA for
a stepwise system, simulating mass and energy flows with
the Aspen Plus process simulator.!3] Their process included
N, separation from air by cryogenic distillation, an electro-
chemical reactor for lithium recovery from LiOH oxidation in
H,0 and O,, and a second electrochemical reactor for NH,
formation, in which two reactions alternately occurred at the
cathode:

6Li* + N, + 66~ — 2Li;N (20)
2Li;N + 6H,0 — 6LiOH + 2NH, (21)

The LCA boundaries started from LiOH brine extraction, and
the system was assessed for a yearly base capacity of ~50 x
10% metric tons of NH;. They supported the economic viabil-
ity of this Li-m E-NRR process fed with a cheap and renew-
able electricity source, suggesting also an energy saving of 23%
compared to systems using a proton-conducting membrane and
Li-m pathway with the proton donor in the same reactor of
lithium nitridation step.[*®) This study concluded with an op-
timistic outlook: Despite the high estimated energy consump-
tion of lithium reduction and extraction, the significant bene-
fits of this Li-m E-NRR process were argued from different as-
pects. Indeed, this process could be powered without carbon
emissions, adaptable to small decentralized plants, and with
reduced transport costs, enabling competitivity with the HB
process.[130]

In conclusion, in comparison with Li-m E-NRR continuous
systems, the stepwise technology could be promising for a more
durable and simplified process for NH; production from N,
and H,0. The combination of the discontinuous strategy with
a Galvanic Li—N, cell is intriguing: this strategy presents a
smaller potential window, and consequent electrode polariza-
tion, in comparison with the electrolytic cell of continuous strat-
egy, and potentially lower energy consumption. It may increase
kinetics and lithium exploitation in comparison with direct
nitridation.

7. Conclusion and Future Outlook for Li-m E-NRR

A driving question in this research field should remain the fol-
lowing: are these newly proposed NH, production processes sus-
tainable?

The NH;-production electrification, as already stated in the
Introduction, could break the wall of highly available and dis-
tributed small plants with lower capex cost and coupled with re-
newables, that will ensure fertilizer availability to highly popu-
lated and developing countries, bringing advantages to the 11"
sustainable development goal (i.e., food availability), and ensure
more independence in politics instability period. A LCA of the
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whole process should be conducted in parallel with technical ad-
vancements, to ensure that there will not be a mere shifting of
emissions and environmental impact from HB to Li-m E-NRR.
Warnings should be maintained for the environmental and safety
risks of each component of the process, even more, if the man-
agement of the process is given to not highly specialized op-
erators. H,O-protonated systems such as Li—N, cells would be
preferable for this purpose, as discussed in Section 6, even if the
performances obtained in preliminary studies are still far from a
competitive production. Future research should focus on a series
of priorities, here reported.

® Face the ambiguity of very low total productions, critically re-
vising the reproducibility and validating with a straight proto-
col the obtained results; if necessary, scaling the setup even in
a preliminary study could be a solution to obtain reliable value.

® Sources of misunderstandings, such as NOx from N2 feed and
lithium metal anode in Li—N2 cells, should be eliminated and
avoided. The choice of an anodic reaction should be carefully
assessed since it should be feasible and convenient at an in-
dustrial scale.

® The production rate should be considered by the scientific
community at least as important as the FE, and sufficient in-
formation should be provided to correctly compare this figure
of merit in different works.

® The EE assessment needs uniform boundaries for a proper
comparable calculation, and should also consider the proton
source, as well as lithium/Li+, production costs.

o The stability is a mandatory factor that should be discussed
and addressed, in particular for the more established strategy
(e.g., the SEI layer tailoring is essential for a more durable NH3
production in continuous electrolytic cells and should be deep-
ened, also with tools such as DOE).

® For each approach, the choice of a stable reference electrode
in aprotic media, such as LiFePO4, should be addressed to bet-
ter understand the reaction mechanism and compare properly
different electrolytes, setups, and conditions.'”’]

® The understanding of the complex interfacial phenomena in
these electrochemical devices should be addressed with ade-
quate analytical techniques, e.g. with in situ and in operando
analysis due to species instability.[%96:103.175.176]

The last point is essential to address the stability challenge
and requires a fair sharing of knowledge and collaboration. The
general outlook provided by this review suggests the interdis-
ciplinarity of this research field: it presents similitudes both
with CO, reduction systems and LIBs/LMBs. Collaborations and
alliances among different experts, combined with innovative an-
alytical techniques and statistical methods such as DOE, could
fasten Li-m E-NRR study toward interesting results in the near fu-
ture. The production of NH, and other nitrogen-containing mass
commodities is nowadays a growing interest, and all the difficul-
ties described should not be enough to give up with E-NRR. For
these reasons, both continuous aprotic technologies and the NH,
production conducted in a stepwise strategy should be deepened
toward a stable, scalable, and sustainable process, able to com-
pete against the HB counterpart.
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