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ELECTROLYSIS OF AMMONIA TOWARDS SUSTAINABILITY
LA ELECTROLISIS DEL AMONIACO HACIA LA SOSTENIBILIDAD

Gerardine G. Botte'

ABSTRACT

Advancing sustainable and clean energy technology is crucial in addressing the current energy and environmental crisis.
Hydrogen has garnered significant attention as an energy carrier due to its abundance, high energy density, and zero carbon
emissions. Given the challenges associated with hydrogen storage and transportation, the electrolysis of ammonia presents
significant potential for renewable energy. This process offers a promising solution that meets both energy supply needs and
environmental protection goals, as it serves as a carbon-free fuel with high hydrogen content. However, ammonia electrolysis
comprises of sluggish ammonia oxidation reaction (AOR), and understanding the complex mechanisms and intermediates
involved in AOR is necessary. The development of sustainable, low-cost, and efficient catalysts for AOR plays an important role in
accelerating the reaction kinetics and boosting the performance of the AOR process. This review summarizes the state of the art
on AOR mechanisms, catalysts for AOR including platinum (Pt), Pt-based alloys, and transition-metal-based catalysts, along with
their performance using various strategies. Finally, perspectives and opportunities for future development of the ammonia

electrolysis technology are discussed.
RESUMEN

El avance de las tecnologias energéticas sostenibles y limpias es crucial para abordar la actual crisis energética y medioambiental.
El hidrégeno ha atraido una gran atencion como portador de energia debido a su abundancia, alta densidad energética y cero
emisiones de carbono. Dadas las dificultades que plantean el almacenamiento y el transporte del hidrégeno, la electrdlisis del
amoniaco presenta un importante potencial para las energias renovables. Este proceso ofrece una solucién prometedora que
satisface tanto las necesidades de suministro de energia como los objetivos de proteccion del medioambiente, ya que sirve como
combustible libre de carbono con un alto contenido de hidrégeno. Sin embargo, la electrélisis del amoniaco comprende una lenta
reaccion de oxidacién del amoniaco (ROA), por lo que es necesario comprender los complejos mecanismos y etapas intermedias
que intervienen en la ROA. El desarrollo de catalizadores sostenibles, de bajo costo y eficientes para la ROA, desempefia un papel
importante en la aceleracion de la cinética de la reaccion y en el aumento del rendimiento del proceso de ROA. Esta revision resume
el «estado actual» de los mecanismos de ROA, los catalizadores para ROA que incluyen platino (Pt), aleaciones a base de Pty
catalizadores a base de metales de transicion, junto con su rendimiento mediante diversas estrategias. Por tltimo, se discuten las

perspectivas y oportunidades de desarrollo futuro de la tecnologia de electrélisis del amoniaco.
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1. Introduction

Rapid growth in the world’s population leads to energy
shortages, and while fossil fuels are major energy sources for
transportation, industrialization, and domestic purposes,
they lead to the production of harmful pollutants like CO,
CO,, SO,, and NO,, which harm the environment [1]. So, it
is important to explore renewable energy sources that enable

cost-effective and efficient transportation with higher
efficiency. Hydrogen (H,) is a promising carbon-free fuel with
very high energy density per weight, but significant challenges
related to H, storage, and transportation continue to hinder
its widespread adoption in energy markets [2]. To overcome
these challenges H, has been transported and stored through

chemical compounds including hydrocarbons, alcohols, or
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ammonia [3,4]. Among these, ammonia (NHj,) is a promising
candidate for transporting and storing H,, due to its notable
energy density [5]. Also, NH; is the second largest chemical
produced in the world after sulfuric acid, and it is convenient to
transport due to its lower ignition energy [6]. Electrochemical
water splitting is a mature technology to produce green H,
from water [7]. In comparison to electrochemical water
splitting, NH; electrolysis, a process first described by Botte’s
research group [3,8-12], offers a promising approach to
generate H, at ambient temperature [3,13]. Moreover, while
water splitting requires a thermodynamic voltage of 1.23 V
to split water into H, and O,, the voltage required to produce
H, and N, from NH; electrolysis is 0.059 V, making this
process more efficient and leading to high theoretical energy
efficiency [3,8]. The decomposition of ammonia presents
an appealing application for H, production, essentially
reversing the Haber-Bosch process. The electrochemical NH;
electrolysis reaction consists of two half-cell reactions: the
anodic ammonia oxidation reaction (AOR) and the cathodic
hydrogen evolution reaction (HER) described in Eqgs. 1 and
2, respectively for an overall reaction that consists in the
dissociation of ammonia to hydrogen and nitrogen, according
to Eq. 3 [3,8].

Anode 2NH,,,) + 60H — N, + 6H,0 + 6e” Eq. (1)
(E°=-0.77 V vs. standard hydrogen electrode (SHE))

Cthode 6H,0 + 6¢'— 3H,,, + 60H" Eq. (2)
(E°=-0.83 Vvs. SHE)
Overall Reaction 2NH;,)—> N, . 3H, () Eq. (3)

(E° . =0.059V)

cell

Additionally, the global usage of NH; has remarkably
increased due to its applications as fertilizer, antimicrobial
agent, precursor to nitrogenous compounds, disinfection
reagent, etc. [14]. As a result, a high concentration of NH,
has been released into the environment through landfilling
leachate, volatilization to air, industrial wastewater, and
farmland drainage, posing threats to aquatic life, climate
change (due to ammonia’s natural conversion to nitrous
oxide), eutrophication of receiving water and affecting
drinking water disinfection [15]. Therefore, the removal
or decomposition of NH, from municipal, concentrated
animal feeding operations, and industrial wastewater has
gained significant interest in the last few decades. NH, can be
decomposed or removed using various techniques including
[16,17],
physical processes (ion exchange, membrane separation,
air stripping) [18,19] (breakpoint,
chlorination) [17], and electrolysis [8,13,15,20]. Among these,
electrolysis of ammonia is a promising method not only to

microbial processes (biological denitrification)

chemical processes

cogenerate H, but it also has numerous advantages such as
mild operating conditions (temperature and pressure), low
chemical usage, rapid pollution removal (ammonia and
nitrate), and compatibility with renewable energy [21,22].
For example, Diaz and Botte demonstrated the use of the
ammonia electrolysis technology for the deammonification
of synthetic swine water (containing ions such as Mg, Ca*,
PO,?, and SO,?, which can be found in swine wastewater)
with concentrations of ammonia as high as ~1,600 ppm [20].
The authors implemented a nine-cell ammonia electrolyzer
stack, and reported ammonia conversions above 80% with
specific energy consumption for the removal of ammonia
under 3 kW-h kg" of NH,, without considering the energy
that can be obtained from the H, produced [21,23]. This
energy consumption for the removal of ammonia is the
lowest reported in the literature when compared to biological
and chemical process that consumed between 4.5 to 50
kWh per kg of ammonia removed [24]. Consequently, NH,
electrolysis holds considerable merits and extensive potential
for treating wastewater. More recently Hariri and Botte
demonstrated electrocatalysts combination (Ptlr, CuNi) and
a cell configuration that enables the simultaneous removal of
both ammonia and nitrate from wastewater with hydrogen
cogeneration [22].

Implementing NH; electrolysis method Kkills two birds
in one stone more efficient H, production and addressing
wastewater problems (minimizing environmental impact
air, water, and land). Herein, this review aims at giving
a thorough analysis of current developments in NH,
electrolysis for H, production. First the NH; electrolysis
mechanism and recent breakthroughs in electrocatalysts
for NH, electrolysis are examined. In last, perspectives and
opportunities toward the development of the ammonia
electrolysis technology are discussed.

2. Ammonia Electrolysis

2.1 The process

Ammonia, a carbon-free hydrogen-containing fuel with a
weight percentage of 17.6% can be stored at ambient pressure
and temperatures [25]. On the other hand, NH; is a common
pollutant found in continental water due to excessive use in
agriculture as fertilizer and in industrial wastewater [26].
Ammonia electrolysis is a promising way to generate H,
(e.g., on demand from ammonia, see Section 2.2) and is also
important in terms of environmental impact to eliminate
NH; from wastewater. It offers a cost-effective and low-energy
consumption alternative compared to conventional methods.
However, further techno-economic studies and life-cycle
analysis are needed to validate its feasibility.
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The
consists of two half-cell reactions [3]: the
cathodic hydrogen evolution reaction (HER,
Eq.2) and the anodic ammonia oxidation
reaction (AOR, Eq.1). The schematic of the
electrochemical cell is shown in Figure 1. In
alkaline conditions, NH, is oxidized by OH
as an oxidant and subsequently participates
in AOR. According to the thermodynamics
potential  (0.059V), hydrogen can be
produced with an energy consumption
of 1.55 kWh per kg of H, via ammonia
electrolysis, which is 95% lower than the
theoretical energy consumption for water
electrolysis, 33 kWh per kg of H,. Despite the
favorable thermodynamics of the process, the
ammonia electrolysis faces challenges with
the electrocatalysis of the AOR.

ammonia  electrolysis  process

2.2 The mechanisms of ammonia
oxidation reaction

Figure 1. NH, electrolysis cell. Ammonia electrolysis in alkaline media requires

As depicted in equations (1) to (3), the six-
electron transfer in an alkaline electrolyte for
AOR is a more complicated reaction. There
are two proposed mechanisms for AOR and two different
perspectives regarding N, generation. Initially,
and Salomon in 1963 demonstrated that NH, undergoes
continuous dehydrogenation and forms adsorbed N, using

Oswin

platinum (Pt) black electrode [27]. By employing Langmuir
isotherm and Temkin isotherm models, they inferred that the
dehydrogenation of NH,, 4, to NH,4, (Eq. 5) governs the rate-
determining step at low current densities. This mechanism
is known as the Oswin-Salomon (O-S) mechanism, with the
AOR being the subsequent step in this mechanism.

NH, + OH" > NH, . + H,O + ¢ Eq. (@)
NH,,,.+ OH > NH,,,+ H,0 + ¢ Eq. (5
NH,,+ OH > NH_ + H,O + ¢ Eq. (6)
2N,,.> N, Eq. (7)

However, the most widely accepted mechanism for AOR
in alkaline electrolyte on Pt surface was proposed by Geri-
scher and Mauerer in 1970 (G-M mechanism) [28]. G-M
mechanism involves a complex multistep process, including
the continuous dehydrogenation of NH, and the formation of
several adsorbed intermediates on the electrode surface [28].

NHj > NHiq Eq. (8)
NH,,,, + OH > NH, 4+ H,O + ¢~ Eq. (9)
NH,,,, + OH > NH,,+ H,O + e Eq. (10)
NH, s + NH, 4> NyH o 4 Eq. (11)
N,H,, .45 + (x+y)OH™ > N, + (x+y)H,0 + (x+y) e Eq. (12)
2N,y > N+ H,O + ¢ Eq. (13)

Where x=1 or 2 and y=1 or 2.

thermodynamic potential of 0.059 V. Hydrogen can be produced with a theoretical low
energy consumption, 1.55 kW per kg of H,,.

Gerischer and Mauerer indicated that the only path to
a continuous N, production involves the recombination of
NH, .4, and NH, ,4;according to Egs. 11 and 12. The complete
dehydrogenation to N4 species would lead to complete
surface blockage/poisoning of the electrocatalyst, due to the
strong binding energy of this adsorbate with the catalyst.
Based on the above mechanisms, combined AOR reaction
mechanisms are shown in Figure 2.

The G-M mechanism has been confirmed using insitu
experimental methods such as surface-enhanced Raman
spectroscopy (SERS) [30,31], differential electrochemical
microscopy (DEMS) [32, 33], and rotating ring disk electrode
(RRDE) [34] on Pt electrodes, providing direct proof for the
formation of intermediates and the presence of atomic N as
the catalyst poison. Diaz and Botte developed a microkinetic
model for the oxidation of ammonia in alkaline media
in a polycrystalline Pt electrode implementing mathematical
modeling with modeling discrimination techniques [35].
The model proved the mechanism proposed by Gerischer
and Mauerer. The authors identified that the catalytic
dimerization of adsorbed amine-NH, to form hydrazine
is the rate determining step [35]. One aspect that was not
addressed in the model by Diaz and Botte, or in the G-M
mechanism is the binding energy of the reactant OH ions to
the electrocatalyst, which compete for active sites with NH,,
more details are described in Section 2.3.2. The different
experimental techniques used to reveal AOR mechanisms are
summarized in Table 1.
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Figure 2. Schematic diagram of possible AOR mechanisms based on previous reports. The combination of Oswin and Salomon mechanism

and Gerischer and Mauerer mechanism [29].

2.3 Electrocatalysts forammonia oxidation reaction

The catalyst for NH; electrolysis can be predicated from the
Sabatier analysis, which suggest that the electrode material
with a moderate bond strength exhibits high catalytic activity
[39]. In the early 1890s, Elbs and Schonherr discovered the
generation of N, during the electrolysis of ammonium
sulfate reaction [40]. This work opened new ways to study
the ammonia oxidation reaction, and since then, many
researchers have been investigating AOR. Inspired by Elbs
and Schonherr, Muller and Spitzer (1905) demonstrated the
effect of anode material on AOR process and its products
(N,, NO;” and NO,) [41]. They showed for the first time that
a Pt electrode can generate N, by AOR in alkaline electrolyte.
Subsequently, Katan and Galiotto used Pt black catalyst as an
anode in 6.9 M KOH + 3 M NH, and showed average current

Table 1. Experimental techniques for AOR mechanisms

efficiency of N, production is around 90% [42]. Building on
these studies, Despic et al. in 1966 investigated the kinetics of
AOR on Pt-plated Raney nickel anode in alkaline electrolyte
using a galvanostatic method [43]. They found that pristine
Raney nickel does not exhibit catalytic activity for AOR
and suggested non-noble metals are inactive in AOR. Later,
Mckee et al. prepared a noble metal platinum-iridium (Ptlr)
alloy using a wet chemical method and observed that the PtIr
alloy exhibited higher catalytic activity than Pt alone as an
anode [44].

After these groundbreaking studies, Botte et al. developed
a technology for the on-board production of high-purity H,
based on NH, electrocatalysis [9,3]. The authors demonstrated
that the ammonia electrolysis process can use energy from a
hydrogen fuel cell, while still leading to a net energy in the

Measurement Technique Features Ref.
Applicable for determining the adsorbates formed in the
SERS . ; [30]
electrochemical surface reaction.
DEMS, mass spectroscopic cyclic voltammetry (MSCV) Useful for investigating electrochemical reactions involving (32,33,36]
the formation of volatile and gaseous species.
In situ Fourier transform infrared (FTIR), Attenuated total L . . .
reflectance Fourier transform infrared (ATR-FTIR) Useful for in situ observation of electrochemical reactions. [37,38]
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system. This on-board concept is a paradigm change to solve
thehydrogen transportation and storage problems, as it enables
on demand production of hydrogen from ammonia at low
temperatures, avoiding hydrogen storage. The net energy of
the system (ammonia electrolysis/proton exchange membrane
hydrogen fuel cell) is a function of the electrocatalysts used
and the hydrogen production rate. In early work, Vitse et al.
demonstrated net energy of up to 20 kW per kg of H, from
the system at low hydrogen production rates [3]. Botte et al.
also envisioned the use of the ammonia electrolysis process to
remove NH; pollutants from wastewater and recover energy,

for example, combining with a hydrogen fuel cell [9].

Nowadays, the computational approach is widely used to
screen the efficient catalysts for NH; electrocatalysis, which can
be classified into three major groups Pt-based electrocatalyst,
Pt-based alloys, and non-Pt-based electrocatalysts.

2.3.1 Pt-based electrocatalyst

There has been significant research on catalysts for
ammonia electrolysis with Pt remaining the most efficient

catalyst for enhancing the kinetics of AOR. Detailed analyses
have explored the effects of operating conditions such as
pH, electrolyte composition, and temperature on Pt’s AOR
performance. Zhou and Cheng investigated the impact of
various operating conditions, including ammonia and KOH
concentrations, electrolyte temperature, potential sweep rate,
and cyclic number on Pt electrode performance in alkaline
conditions [45]. They observed increased oxidation peak
current density with Pt electrode, along with a shift in peaks
to lower potential values as the KOH concentration increased
(Figure 3a). Higher alkalinity was found to decrease the
overpotential required for AOR. This agrees with the finding
reported by Diaz and Botte, that the AOR is first order with
respect to ammonia and hydroxyl ions concentration [35].
Additionally, an increase in electrolyte temperature led to an
increase in anodic current peak with peak shifting observed
at lower potentials due to enhanced NH, diffusion or
kinetically promoted electrooxidation (Figure 3b). Lee and

coworkers electrodeposited Pt on carbon paper and investigated
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Figure 3. CV curves of Pt measured in (a) 1 M KOH solutions with the various concentrations of ammonia (1 - no ammonia; 2 - 0.001 M;
3-0.01M;4-0.1M;5-1M), (b)in0.1 M ammonia + 1 M KOH solution at various temperatures [45]. Copyright 2020, Elsevier. (c) CVs
of 46.8% Pt/C in 0.05 mol L™' NH, with various pH [46]. Copyright 2016, Wiley-VCH. TEM results for the Pt nanoparticle catalyst (d) before
ADT in the absence of 100 mM NH, (e) after ADT in the presence of 100 mM NH,. (f) Quasi-stable operation potential window, derived by
considering the potential ranges that trigger AOR catalysis, Pt dissolution/redeposition, and adsorbate removal. (g) Durability test results of the
Pt-catalyzed AOR with the potential protocol for the alternating CA at 0.77 and 0.12 V vs. RHE for 3s at each potential [48]. Copyright 2020,
American Chemical Society. (h) Schematic diagram of the in-operando GC measurement using a three-electrode system [50]. Copyright 2021,

The Royal Society of Chemistry.
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AOR performance at different pH levels ranging from 7.09
to 14 [46]. As shown in Figure 3¢ cyclic voltammetry (CVs)
of Pt electrode in 50 mM NH, at various pH electrolyte, the
peak current density increases as pH increases and excellent
performance is observed at pH 14. They further evaluated the
performance of electrodeposited Pt for H, generation using
NH, electrolysis in a zero-gap cell consisting of membrane
electrode assembly (MEA). The authors confirmed generation
of pure H, at a high Faradaic efficiency of over 80% with less
energy consumption when compared to water electrolysis.

Marin¢i¢ and Leitz investigated the AOR for waste-water
treatment [47]. They tested various electrocatalysts, including
platinized Pt, platinized Ti, graphite, Ti, and Ta. Among these,
platinized Pt exhibited the most effective AOR for wastewater
treatment, demonstrating the highest current density of
11.2 mA cm” on a rotating electrode and 2.20 mA cm” on
a stationary electrode. Liu et al. prepared and compared
the performance of various morphologies including flower,
prickly sphere, cauliflower shape of Pt catalyst for AOR [48].
By controlling the scan rate of CVs hierarchical, Pt catalysts
of various shapes were prepared. The AOR performance of Pt
spherical particles is much higher compared to other shapes
because of the high specific active surface area (SSA) and high
electrocatalytic activity per unit SSA.

One of the critical challenges in using a Pt electrode
for AOR is its low stability under specific potentials due to
poisoning effects. To enhance the stability of Pt, Kim and co-
workers demonstrated the durability of Pt using a quasi-stable
operation potential window [49]. Initially, Pt nanoparticles
were immersed in an electrolyte containing NH, (0.05 mol
L' KOH + 0.1 mol L NH,) after accelerated degradation test
(ADTs) in a potential range of 0.5 - 1.2 V vs. RHE. The Pt
dissolution rate was faster than its redeposition, and the Pt
nanoparticle size decreased after ADT in the range of 0.5 -
1.2V vs. RHE (see Figure 3d, and e). NH; oxidation occurs
in the potential range of 0.6 - 0.8V vs. RHE using Pt catalyst,
while Pt dissolution occurs at potential higher than 0.9 V.
Potentials below 0.2 V are required to remove adsorbates,
which causes the poisoning of the Pt surface (Figure 3f).

Yang et al. investigated electrodeposited Pt catalysts in
an NH,; electrocatalytic cell [50]. The electrodeposited Pt
nanoparticles exhibited enhanced AOR activity, maintaining
stable dehydration of NHj(aq) (0.65 V @ 50 mA cm?).
Also, quantitative gas chromatography measurements were
utilized to analyze the composition of gas products generated
in NH; electrolysis (Figure 3h). Both H, and N, gases were
simultaneously produced, with an average Faradaic efficiency
of 93% observed for up to 100 minutes. Moreover, there
was a 60% reduction in energy consumption (1.76 W h Ly,
with AOR-1) compared to water electrolysis (4.43 W h Ly,

with OER™). Botte and group prepared a series of carbon-
supported nanoparticles, including Pt/C, Ir/C, and Rh/C,
using a modified polyol method and investigated their
AOR performance [51]. Among them, Pt/C exhibited
high catalytic activity, while Ir/C and Rh/C showed lower
potential for AOR.

Another important aspect to consider in improving
the kinetics of AOR is facet engineering. By adjusting the
surface energy of material facets, the adsorption/desorption
of reactants can be influenced. Therefore, controlling the
facets of materials has been widely recognized as an effective
strategy for enhancing the electrochemical performance
of AOR. Vidal-Iglesias etal. conducted a study on single
crystal Pt and observed that Pt (100) exhibited exclusive
activity, while Pt (110) and Pt (111) were inhibited [52]. The
same group also investigated the effect of two- dimensional
domains on AOR using Pt steeped surfaces, including (100)
terraces with either (111) and (110) steps [53]. They found that
the AOR performance was largely dependent on the width of
(100) terrace.

Sun etal. synthesized high-quality Pt nanocubes predominantly
featuring (100) facets using the hydrothermal method and
utilized them as a bifunctional catalyst for NH; electrolysis
[54]. The AOR performance of the prepared Pt nanocubes
with dominant (100) facets was assessed using CV in 0.1
M NH,OH + 1 M KOH and compared with commercial Pt
nanoparticles. Both Pt samples exhibited AOR activity starting
at 0.5 Viyp and the highest current density was observed
0.7 Vipye- The Pt nanocubes with (100) facets demonstrated
a high current density of 51 mA cm?;g,, whereas the
commercial Pt nanoparticles exhibited a peak current density
of 2.6 mA cm’.s, (Figure 4a). Additionally, a bifunctional
electrocatalyst in NH, electrolysis cell was constructed using
Pt nanocubes as the anode and cathode, requiring only 0.68
V for H, generation.

Martinez-Rodriguez et al. synthesized ubic Pt nanoparticles
through a water-in-oil microemulsion method with the addition
of a surface modifier [55]. By adjusting the concentration of
HCI in the water phase of the icroemulsion, they achieved
controlled shaping of the nanoparticles, with the optimum
condition being 25% HCI. The resulting Pt nanocubes,
with nanoparticle size ranging from 12-14 nm exhibited
six (100) faces, as confirmed by TEM (Figure 4b) and CV
measurements. Evaluation of the electrocatalytic activity for
AOR revealed that the optimum Pt catalyst prepared with
25% HCl showed 6 times greater performance compared to the
catalyst prepared with 0% HCI (Figures 4 c-e).

Elanbawy et al. investigated AOR activity of catalysts based
on two mechanisms: i) the O-S (N+N) mechanism and ii)
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Figure 4. (a) ESCA-Pt normalized CV curves of Pt-NCs and Pt-NPs-JM in 1 M KOH solution containing 0.1 M NH,OH at 5 mVs™ [54].
Copyright 2020, Elsevier. (b) TEM image of platinum nanoparticles prepared by water-in-oil microemulsion in the presence of 25% HCI in
the aqueous phase, (c) CV curves for AOR with platinum nanoparticles prepared by water-in-oil microemulsion in the presence of different
amounts of HCL. The inset shows the current density of the main peak versus the amount of HCI, (d) Normalized current density for Pt(2, ;,1,1)
single crystals ((100) terraces with (111) steps) and platinum nanoparticles prepared with different amounts of HCl in the aqueous phase of
the microemulsion: test solution, 0.2 M NaOH + 0.1 M NH;; scan rate, 10 mV s™, (e) Atomic representation of stepped Pt surfaces with (100)
terraces and (111) steps [55]. Copyright 2014, American Chemical Society. (f) Highest calculated activation energy barrier (in eV) for non-
Faradaic steps to be overcome by the operating mechanisms of ammonia electro-oxidation at 0.4 V, (g) Comparison of the activities estimated
by Sabatier analysis for N + N mechanism and G-S mechanism at 0 V [56]. Copyright 2021, Elsevier.

the G-M mechanism, by applying Sabatier Mechanism [56].
They examined the AOR reaction on the (100) facet of eight
FCC metals, including Au, Ag, Cu, Pt, Pd, Ni, Ir and Rh.
Calculations of *N adsorption strength revealed that Ag, Au,
and Cu bind N weakly compared to Pt. This weak binding
makes it difficult for Ag, Au, and Cu to form NH_4, and N,
intermediate species, resulting in low AOR performance.
On the other hand, Rh and Ru exhibit strong bond strength
towards *N but are prone to poisoning rather than N,

formation. Pt demonstrates moderate adsorption bond

strength for *N, rendering it a promising catalyst for AOR.
Figure 4f displays the list of highest activation barrier of non-
faradaic steps, limiting the operating mechanism, calculated
on (111) and (100) metallic surfaces at 0.4 V. Only Pt (100)
is active through N+N mechanism, while other remaining
surfaces are active through the G-M mechanism.

The one-dimensional volcano plot derived from the free
energy of *N as descriptor (Figure 4g) further confirms Pt
(100) as the most active surface, followed by Ir (100), consistent
with previous studies. In addition to the above, many
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researchers have utilized first principles Density Functional
Theory (DFT) studies to comprehend the electrochemical
processes occurring at the Pt (100)/alkaline solution interface
[57,58]. These studies aim to explore mechanistic details on
the metal surface.

Apart from Pt, several other metals have been tried as
electrocatalyst for AOR. De Vooys etal. measured the AOR
performance of several metal electrodes including Pt, Pd,
Rh, Ru, Ir, Cu, Ag and Au, in alkaline conditions [59]. It
was observed that the activity of the electrode materials
in selectively oxidizing NH; to N, was related to the nature
of species at surface, i.e. NH_4, or NH, 4, present on the
electrode surface. The electrode was active when NH_,, or
NH,,4, were present, and deactivated when Nads was present.
The strength of Nads observed was Ru > Rh > Pd > Ir > Pt
>> Au, Ag, Cu. This trend follows the theoretical calculations
of the binding energy of atomic nitrogen and the Sabatier
principle. Metal electrodes with low diffusion of Nads have
a low dehydrogenation ability such as Cu, Ag, and Au which
are inactive in selective oxidation to N, since active NH,
intermediates NH,, 4 or NH,;, are not formed. Herron etal.
studied AOR on model close-packed surfaces of Ag, Au, Cu,
Pd, Nj, Ir, Co, Rh, Ru, Os and Re using density functional
theory (DFT) [60]. The results support the G-M mechanism.
Specifically, Pt and Ir require a minimum energy pathway
that involves dimerization of adsorbed NH, species into
hydrazine, which consequently deprotonates to form N,, this
process was demonstrated in Diaz and Botte’s microkinetic
model [35].

2.3.2 Pt-based alloys

Alloys are an important class of heterogeneous catalysts
known for their significantly enhanced catalytic stability,
activity, and selectivity compared to single-metal counterparts
[61]. The controlled synthesis of nanocrystal alloys has proven
to be an effective method in various electrochemical reactions,
includingwater splitting, nitrogen reduction,and CO,reduction,
aimed at enhancing electrocatalytic activity [62]. Pt is widely
recognized as the most active catalyst for ammonia oxidation
among noble metals. Nevertheless, it must address catalytic
deactivation due to strong N, 4, adsorption, known as surface
poisoning. Typically, when Pt is alloyed with other metals,
several effects occur, including the surface segregation of one
element, a decrease in the Pt-Pt bond distance, and alterations
in the electronic structure of Pt, leading to an increase in Pt
d-electron vacancies [63]. These effects may contribute to the
enhancement of Pt’s electrocatalytic activity.

To date, Ir has been one of the most extensively studied
elements for alloying with Pt for AOR [64]. It is well
known that Pt can generate high current density, while Ir

can reduce overpotential. Therefore, Ptlr alloy can enhance
reaction rate and lower onset potential. Zhou etal. prepared
Pt-Ir supported N-doped reduced graphene oxide (N-rGO)
electrocatalysts (Pt-Ir/N- rGO) using thermal annealing and
potentiodynamic co-electrodeposition [65]. The prepared
Pt-Ir/N- rGO exhibited enhanced activity towards AOR and
inhibition of anode poisoning. The main reason for improved
inhibition of anode poisoning is the insertion of the Ir active
component. McKee etal. prepared unsupported Pt-Ir alloy
powder using a modified Adams procedure and deposited
supported Pt-Ir alloy on boron carbide and graphite
substrates via thermal decomposition [44]. They observed
that both the unsupported Pt-Ir alloy powder and supported
Pt-Ir alloy were significantly more active than pure Pt, and
the open-circuit voltage and polarization generally improved
with increasing Ir content. The anode voltage on Pt-Ir alloys
was 100-120 mV lower than that on pure Pt up to a current
density of 300 mA cm™.

Moran et al. compared the AOR performance of Pt and
Pt-Ir alloys [66]. The bimetallic Pt-Ir was prepared using
electrodeposition method with an atomic composition 70:30.
Differential electrochemical mass spectroscopy showed
lower onset potential for Pt-Ir than Pt catalyst. N, is the
main product generated during the AOR for both prepared
Pt and Pt-Ir alloys, but the yield rate is higher for PtIr alloy.
Additionally, the Pt-Ir alloys exhibit lower surface poisoning
with increasing ammonia concentration.

Miura and coworkers synthesized various binary Pt-Me
(Me = Ir, Ru and Ni) alloys on glassy carbon substrate using
thermal decomposition method and investigated AOR activity
in alkaline media [67]. Using CV and chronoamperometry,
AOR performance was measured for all prepared Pt-Me
catalyst. The onset potential was approximately 0.1 V lower
on Pt -Ir, and Pt, -Ru, compared to Pt (Figure 5 (a-c)).
While Pt,-Ni, did not lower the starting potential of AOR.
The origin of enhanced activity for Pt, -Ir, and Pt,_-Ir, might
be due to the co-operative effect between Pt and Ir and Ru.

Siddharth et al. decorated Ir on Pt nanocubes on carbon
substrate (Ir-decorated Pt NCs/C) using a wet chemical
method [68]. They found that adding a trace amount of Ir
(less than 2%) could more than double the AOR activity of
Pt nanocubes. As shown in Figure 5d, both Ir-decorated
Pt NCs/C and Pt/NCs displayed pre-peaks at 0.30 Vipyg,
indicating NH; adsorption. However, the current density of
Ir-decorated Pt NCs/C began at a much lower onset potential
of 0.43 Vyy compared to Pt NCs/C, which started at 0.55
Vre- Additionally, Ir-decorated Pt NCs/C exhibited a current
density of 1.26 mA c¢m™, which was twice as high as that of Pt
NCs/C, confirming that Ir decoration on Pt not only reduces
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overpotential but also enhances AOR kinetics. To further
investigate the role of Ir, DFT calculations were conducted.
Theoretical calculations as shown in Figure 5e demonstrate
that the presence of Ir on the Pt nanocube surface could
enhance the reaction kinetics during AOR by reducing the
energy barrier in the rate determining step and promoting
strong adsorption intermediate. Additionally, the authors
studied Ir and Ni(OH), decorated Pt nanocubes performance,

which also significantly improved AOR durability.

Bonnin et al. conducted an intriguing study to determine
the optimal substrate for the anode electrode in ammonia
electrolysis [8]. They selected two substrates, both electroplated
with Pt-Ir, Raney nickel and carbon fibers for AOR. Their
findings suggested that carbon fibers were superior substrates
for the electrolysis of ammonia at low concentrations (Figure 6a),
as surface blockage for the AOR was reduced. It is feasible
that the AOR on the Raney nickel substrate was affected
by hydroxyl ions adsorption which has a strong affinity for
nickel. Daramola and Botte reported that OH- ions also have

a strong adsorption on Pt (111) clusters, therefore, ammonia
must compete with the adsorption of the OH- ions in the
electrocatalyst for the AOR [69]. The ground state adsorption
energies in kJ/mol on a Pt (111) cluster with 20 atoms were
calculated as -71, -152, -248, -325, -24, and -156 for NH,
(reactant), NH, (intermediate of reaction), NH (intermediate
of reaction), N (intermediate of reaction), H,O (product),
and OH (reactant), respectively. The adsorption energies
for OH' are as high as the NH, intermediate and % of the N
intermediate, which indicates that the electrode architecture
should also be designed to balance the strong adsorption of
the OH reactant with NH,.

Botte’s research group performed the electrolysis of
ammonia atlow concentrations with electrodes containing Pt-
Ir-Rh and Pt-Ir on carbon fibers [8]. The ammonia electrolysis
process demonstrated a 91.49 + 0.01% conversion of ammonia
and a Faradaic efficiency (at a current density of 25 mA cm™
and 25 °C) of 91.81 + 0.13% using Pt-Ir-Rh catalyst on a carbon
fiber substrate with a loading of 5 mg cm™. This work implies
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that AOR at low concentrations and at a current density of
25 mA cm? closely follows Faraday’s law, indicating ammonia
conversion to hydrogen and nitrogen. The same research group
made significant advancements in the field of NH; electrolysis
by investigating the feasibility of an NH; electrolysis cell for
H, production [25]. The NH, electrolysis cell utilized carbon
fiber paper electrodes supported by Ti foil and deposited
with Pt-Ir. The prepared Pt-Ir electrode was employed in
sandwich-configured NHj, electrolysis setup. A hydrophilic
membrane was used to separate H,, and the generated H, was
fed to a 4W polymer electrolyte membrane fuel cell (PEMFC)
(Figure 6b). Figure 6¢ illustrates a schematic of an on-board
hydrogen storage system using ammonia electrolysis. The H,
produced from NH; theoretically consumes 95% less energy
than water electrolysis. Boggs and Botte also demonstrated
the on-demand production of hydrogen from ammonia
electrolysis to operate a PEMFC, a net electrical energy
of 9.7+1.1Whg"' H, while maintaining H, production
equivalent to consumption in the PEMFC [25].

Several researchers fabricated Pt-Ir metal alloys and

extensively investigated them as AOR electrocatalysts [70-72].
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In addition to Ir to alloy with, several other metals have
been tested as potential electrocatalysts for AOR. Table 2
presents the performance comparison of different Pt- based
electrocatalysts for AOR. Ginger and Moser prepared Pt-Ru
and Pt-Rh bimetallic alloys using the electrodeposition
method [73]. The results suggest that as the atomic ratio of
Ru:Pt in the electroplating solution increase, the activity
of the electrodeposited alloy increases rapidly for AOR,
with the optimal condition occurring at a Ru:Pt ratio of 2:8.
Similar observations were also recorded for Pt-Rh alloy.
Assumpgéo et al. prepared PtRh/C using the borohydride
reduction approach [74]. They studied various Pt:Rh ratios,
including 50:50, 70:30, and 90:10. As the concentration of
Rh increased, the onset potential decreased. However, the
peak current density of PtRh/C significantly decreased when
Rh concentration exceeded 10%, due to the high adsorption

energy of atomic *N on Rh.

Chen and coworkers
and composition regulation strategy to enhance the
performance of NH, electrolysis using Pt,Ru-NCs [75]. The

optimal Pt,Ru-NCs composition with (100) plane exhibited

employed a crystal plane
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outstanding activity and durability for AOR and HER in
alkaline electrolyte compared to Pt-NCs. To understand
electrochemical activity and durability of Pt;Ru-NCs, DFT
calculations were conducted (Figure 7a). The Gibbs free
energy change (AG) of *NH, and *NH on Pt,Ru-NCs (100)
plane was found to be lower than that of Pt (100), indicating
a more stable operation. Moreover, Pt Ru-NCs were utilized
as anode and cathode electrodes in an ammonia electrolysis
cell. The Pt,_Ru-NCs required a much lower voltage (0.72 V
@10 mA cm”) as a bifunctional electrocatalyst compared to
Pt-NCs (1.74 V @10 mA cm™) (Figure 7b).

Compared to binary alloys, ternary alloys have garnered
significant scrutiny for their potential to enhance the
performance of electrocatalysts. Li etal. synthesized
PtIrNi alloy nanoparticles dispersed on a binary composite
comprising porous silicon dioxide (SiO,) and carboxyl-
functionalized carbon nanotubes (PtIrNi/SiO,-CNT-COOH)
using sonochemical- assisted synthesis method [2]. PtIrNI
alloy nanoparticles, with abundant OH,y provided by
porous SiO, and CNT improving electrical conductivity,
demonstrated remarkable catalytic AOR activity. The PtIrNi/
Si0,-CNT-COOH exhibited a low onset potential of 0.40 V vs.
RHE and a high peak current density of 124.0 A g" at room

temperature. DFT calculations (Figure 7c) further confirm

that the improved performance results from a reduced
thermodynamic barrier for the dehydrogenation of *NH,
to *NH. The Figure 7d illustrates the d-orbital density
of states projected on the bridge site of model system. At the
surface, Ir atoms exhibit a higher d-band center compared to
Pt atoms (-1.97 vs. -2.25 eV), resulting in fewer occupied
antibonding states and stronger adsorption energies,
especially for *NH. Introducing Ni to the surface further
shifts the group d-orbital density of states upwards in energy
(-1.97 to -1.87 V), thereby enhancing the adsorption of *NH

intermediates for improved AOR activity [2].

Jiang introduced Zn into Pt and Ptlr electrodes using
the electrodeposition method [85]. The electrochemical
results obtained using CV reveal that PtZn and PtlrZn
are more active towards AOR compared to pristine Pt
and Ptlr electrodes. PtIrZn demonstrates the lowest onset
potential of 0.3 V vs. RHE and a high current density of 4.3
x 10 A cm”. Wu and coworkers synthesized ternary PtIrZn
nanoparticles (~2.3 nm) dispersed on a binary composite
consisting of CeO, and zeolitic imidazole framework (ZIF-8)
(PtIrZn-CeO,-ZIF-8) using a sonochemical method [87]. The
PtIrZn catalyst, benefiting from highly OH, 4, from CeO, and
uniform particle dispersibility from ZIF-8, exhibited superior
AORperformanceinalkaline media. Results from rotating disk
electrode experiments revealed that PtIrZn with a molar ratio

Table 2. Performance comparison of Pt-based electrocatalysts for AOR

Catalysts Electrolyte Condition (mV s-1) Onset Potential Peak Potential
PtNC/C 1 M KOH + 0.1 M NH, 10 0.48 V vs. RHE 0.68V [76]
Pt-Zn nanocube 0.1 MKOH + 0.1 MN H, 50 0.45V vs. RHE 0.7V [77]
PtxRu nanocube 1MKOH+0.1 MNH, 50 0.5V vs. RHE 0.68V [75]
Pt-NCs 1 M KOH + 0.1 M NH,.H,0 50 0.45V vs. RHE 0.67V [78]

0.4 M NaClO, + 0.02 M
Ir-Co/C NH,H,0 50 0.418 V vs. SCE 0.86 V [79]
Igg?_iggigﬁ 1 MKOH + 0.1 M NH, 5 0.4V vs. RHE 0.7V [2]
PtIrCu 1 M KOH + 0.1 M NH, 20 0.35 Vvs. RHE 0.65V [80]
PtRh/C 1 M KOH + 1 M NH,OH 20 0.6~0.5 Vvs. RHE 021V [74]
Pt modified Ni particles IMKOH+01MN 10 0.45 V vs. RHE 0.69V [81]
Pt/It/MWCNT 0.1 MKOH + 0.1 M NH, 50 0.36 V vs. RHE 0.74V [82]
IrRh/C 1 M KOH +2 M N H,0H 20 0.43 V vs. Hg/HgO 032V 83]
Au@Pt NPs I MNaOH +0.05 M 20 0.4V vs. RHE 0.68 [84]
NH,.H,0

PtlrZn 0.5M KOH + 0.1 M NH,OH 100 0.3 Vvs. RHE - [85]
Pt,Pd, 1 M KOH + 0.5 M NH,0H 30 0.49 V vs. RHE 0.65V [86]
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Copyright 2021, The Royal Society of Chemistry.

of 1:1:0.6 demonstrated superior AOR activity and stability
in alkaline electrolytes. DFT calculations suggested that the
insertion of Zn into the Ptlr alloy modulates the electronic
structure to facilitate the dehydrogenation step of adsorbed
NH.. Figure 7(e,f) illustrates the free energy diagram depicting
the initial steps of NH; oxidation at 0 V. In comparison to
the Pt-Ir bridge site on Pt,Ir,(100), the presence of a low
concentration of zinc (which is preferred at the surface due
to its strong interaction with *OH) only slightly stabilizes the
*NH, and *NH intermediates, resulting in a reduction of the
limiting potential by approximately 0.03 V. DFT calculations
indicate that the incorporation of Zn into Ptlr promotes
stronger *NH; adsorption compared to *H adsorption, which

is kinetically favorable for the AOR process.

The other strategy to enhance AOR performance is by
using support for catalyst loading. It is known that AOR
performance could be affected by the adsorption of OH group
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near the catalyst surface. Metal oxides can be promising
candidates for OH adsorption to improvement in AOR
performance. Eguchi’s group prepared SnO,-modified Pt
catalysts as an anode in practical proton exchange membrane
fuel cells (PEMFCs) [88]. SnO,-modified Pt exhibited an
open circuit voltage of 0.4 V and a higher current density
compared to Pt/C anode at 50 °C. This suggests that SnO,
modification led to an improvement in AOR performance.
The same group investigated the AOR activity of rare earth
oxide (RO)-modified Pt catalysts in alkaline electrolyte,
including CeO,, Y,0,, La,0,, and Sm,0; [89]. The amount
of OH,4 species on the electrode surface affects the AOR
performance. Electrochemical measurements revealed that
RO additives improved the supply capacity of OH,4to reactive
Pt sites. Among ROs, CeO, exhibits the highest AOR charge
due to its promotion of OH species supply to Pt, facilitating
active NH, oxidation (Figure 8a). To assess the viability of
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CeO,-modified Pt electrocatalyst at 60 °C of anion exchange
membrane fuel cells in 1 M KOH+ 0.1 M NH,, the study found
that the CeO,-modified catalyst increased NH, oxidation
peak current density by almost 1.5 times (Figure 8b). This
underscores the significance of enhancing the adsorption of
OH,, species as a pivotal strategy for developing highly active
catalysts for AOR.

Atanassov and coworkers synthesized Pt nanoparticles
supported on NiO and MnO, using the sacrificial support
method [90]. Electrochemical results showed that the Pt/
NiO exhibited the highest current density and the lowest
onset potential for AOR (Figure 8c), with the order of onset
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potentials being E ., (Pt/NiO) < E ¢ (Pt/MnO,) < E_
(Pt/C). The increased current density of Pt/NiO is ascribed
to the electronic metal-support interaction between Pt and
NiO, as evidenced by ex-situ SRPES studies. Additionally, the
NiO support contributes to the enhanced performance by
providing an additional supply of OH™ to the reactive sites.

Along with metal oxide supports, molybdenum carbide
(MoC) also produces a large amount of *OH from water
dissociation. Bayati et al. investigated the synergistic effect
between Pt nanoparticles and MoC encapsulated in doped
graphene (DG-MoC) referred to as Pt-DG- MoC [91].
DG-MoC exhibited significant synergistic effects on Pt
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Table 3. Performance comparison of non-Pt-based electrocatalysts for AOR

Condition , Peak NH;
Catalysts Electrolyte (mvsh Onset Potential Potential removal
. 0.5 mol L"NaOH + 55
Ni, ,Cu,, LHs . 25 0.4 Vvs. Ag/AgCl 08V 84% after 24 h [98]
3mol L NH,CI
-1
Ni, Cu,, 0.1 mol L KOH +1
" 10 1.4 Vvs. RHE 78% [100]
hydroxide/ oxyhydroxide mmol L' NH, -
NiCo 0.1 mol L' Na SO, + 50
N 10 - - 60% [104]
oxyhydroxide/ Ni foam mmol L NH,
o 100 mmol L NaNO, +
NiO-TiO, . 100 0.4 Vvs. Ag/AgCl 0.9 93% [107]
200 mmol L' NH,
600 ppm NH, + 10 mmol
CNSs-Ni ,1 100 1.3V vs. RHE 1.6V - [108]
L' K,SO,
) 0.05 mol L' NH,OH +
Ni Cu,_ (OH), N 50 1.31V vs. RHE - - [97]
0.1 mol L NaOH
0.01 mol L Na,SO, + 98.5% at
Ni/NiOOH 10 1.31V vs. RHE 1.0V [110]
50 ppm NH, 1.5mA cm?

nanoparticles for AOR. Electrochemical results suggest Pt-
DG-MoC demonstrated high catalytic activity. The enhanced
performance was ascribed to the presence of numerous OH

groups on MoC at the interface with Pt nanoparticles.

2.3.3 Non-Pt-based electrocatalysts

To enable the widespread application of AOR across
various fields, it’s essential to address practical constraints
like the high cost and rapid deactivation associated with
Pt-based noble metal electrocatalysts. Overcoming these
limitations demands the pursuit of new electrocatalysts that
offer both high activity and long-lasting stability while being
economically viable. The catalytic activity of Ni in urea
decomposition has been established in previous studies [92-
94]. Additionally, Ni offers various advantages, including
low cost, and high earth abundance, ease of modification,
stable properties, making it a promising alternative to
Pt-based catalysts for electrochemical reactions. As a
result, many researchers extensively investigated Ni-based
electrocatalysts for AOR, a summary of their performance

is provided in Table 3.

Medford et al. conducted DFT calculations and revealed
that the theoretical onset potential of Ni for AOR is 0.33 V
vs. RHE, which is comparable to Pt (0.28 V vs. RHE) [39].
Previous studieshave indicated that pristine Ni was inherently
inactive for AOR in alkaline solutions due to the formation of
the nickel oxide (NiO) layer, which decreased the adsorption
of NH, based on the valence-bond orbit theory [95]. This

observation is consistent with initial research utilizing Raney

Ni as the electrode. The inactivity of Ni is attributed to its
oxidation potential being similar to that of NH; [43].

Shih et al. studied AOR for selective conversion to N, over
nickel foam in alkaline electrolyte [96]. The conversion of NH,
to gaseous N, took place within a potential range of 0.6-0.8 V
vs. Hg/HgO. At higher potentials above 0.8 V vs. Hg/HgO,
the selectivity gradually shifted towards nitrite and nitrate.
Additionally, NO,"-N was identified as the predominant
byproduct of the complete oxidation of NH,™N at higher
overpotentials. The same group prepared N(OH),/NiOOH
and utilized in situ techniques to investigate the impact of
temperature, pH, and current density on the efficiency of
the AOR. Results from voltammetry analysis revealed the
formal potential of the Ni(OH),/NiOOH transition to be
+0.6 V (vs. Hg/HgO, pH 11), where the current profile was
enhanced by electron transfers from NH; in the electrolyte.
At a constant currentdensityof 1.5mA cm?, the NH, removal
rate was 98.5%, and NO;™ being the major product generated.

Furthermore, Cu is recognized as the most suitable
material for alloying with Ni. According to first-principles
studies, Cu exhibits the highest theoretical AOR activity
among the transition metals [39]. As discussed earlier, the
active catalyst in Ni-based is hydroxide for AOR. Taking
this into consideration, many researchers explored NiCu-
based catalysts for AOR [97,98]. Yang etal. investigated the
morphologies and AOR performance in alkaline electrolyte
[97]. They prepared NiCu layered double hydroxide (LDH)
(NiCu LDH) with nanotyres, nanoflowers, and nanonets
morphologies using a one-step solvothermal method (Figure
9a). Among all as-prepared NiCu LDH variants, nanotyres
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exhibited high catalytic activity with stability due to their
structural superiority and unique hydroxyl-rich interface.

Tao and coworkers fabricated NiCu LDH nanowires
directly on carbon paper (Figure 9b) usingthe hydrothermal
method followed by electrochemical activation [98]. The
prepared NiCu LDH exhibited excellent activity towards
AOR compared to Ni(OH),. The enhanced activity may
be attributed to the abundance of active sites and synergy
between Ni and Cu. They also prepared and evaluated the
performance of Cr, Mn, Fe, Co, and Zn as dopants in Ni for
AOR. Among these, NiCu is shown as the best activity. The
same group prepared bimetallic NiCu on carbon paper using
the electrodeposition method and studied its NH, electrolysis
activity [99]. They investigated NiCu/carbon paper at different
pH values. As shown in Figure 9c at pH 8, they observed 10%
NH, removal efficiency, while at pH 10, 58% ammonia
removal efficiency was observed. At pH 12, they observed
an initial NH, removal rate for 5 h, which later stabilized.

However, after NH, electrolysis the major product produced
was NO;".

Many reports on NiCu-based catalysts for AOR have been
published; however, the specific roles of Cu and Ni, as well
as the reaction pathway, have not been fully discovered. Jiang
etal. investigated the role of Cu sites in NiCu hydroxide/
oxyhydroxide for AOR [100]. They synthesized NiCu
oxyhydroxide with nanoislands of Cu(OH), on NiOOH.
The electrochemical analysis suggests that NiOOH has
high conductivity for electron transfer, facilitating electron
transfer to Cu(OH),. In short, the significant catalytic
activity of NiCu primarily arises from Ni(III), while Cu (II)
may alter the intermediate oxidation pathway to enhance
selectivity. The AOR results suggest that NiCu oxyhydroxide
high selective ammonia to NO,~ oxidation (Figure 9d).

The synergistic effects of NiCu in enhancing AOR activity
and achieving high selectivity towards NO,” and NO,™ have
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been extensively discussed in previous studies [96-100], but
investigations on NH; conversion into N, are scarce. Nagita
etal. prepared thin films of MnO,, with intercalated Ni and
Cu ions (NiCu/MnO,) on carbon paper [101]. The prepared
NiCu/MnO, catalyzed AOR in an alkaline solution. As shown
in Figure 10 (a-c) the NiCu/MnO, exhibits the highest current
density compared to Ni/MnO, and Cu/MnO,. The NiCu/
MnO, also achieves a higher Faradic efficiency of 97.4% for
N, selectivity at a lower potential of 0.6 V vs. Hg/HgO (Figure
10d). At this potential Cu ions located between the MnO, layers
were unable to directly oxidize NH,. However, they accelerate

the oxidation of Ni ions.

Recently, Chen and colleagues reported that boron-doped
NiCu oxide catalysts can catalyze NH; to N, [102]. Gas-
chromatography confirmed the generation of N, during
electrolysis, and ultraviolet-visible spectroscopy (UV-vis)
detected NO,- byproducts. Alongside Ni and Cu, cobalt (Co)
has been explored as a potential candidate for achieving high
N, selectivity as it strongly bonds to N and weakly bonds to
hydrazine, a possible intermediate for N, formation. Shih
etal. deposited NiCo oxide on Ni foam (NiCo/Ni) using the
chemical precipitation method [104]. The prepared NiCo/Ni,
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used as an anode for AOR, exhibited the best performance
in NH, removal at 60% and 40% N, selectivity. When NiCo/
Ni coupled with Cu/Ni as cathode further improvement was
observed, with around 90% selective N, conversion. He etal.
prepared nickel cobalt nitride nanosheets to enhance the
performance of AOR [103]. The optimized nickel cobalt nitride
(NiCo,N) exhibited a substantially lower onset potential for
AOR and achieved over 90% Faradaic efficiency (Figure 10e).
DFT calculations unveiled that the moderate nitrogen binding
strength, attained through the d-band contraction in NiCo,N
nanosheets, is responsible for the optimized performance.
This characteristic favors crucial reaction steps in AOR, such
as the generation of the NH," cation radical, as well as the
adsorption of NH, and desorption of the final *N, species.
Similarly, Cu,O wire-in-Ni(OH), plate [105], Co, S co-doping
NiCu [106], NiO-TiO, [107], CNT-Ni [108], and core-shell
NiCu@NiCuOOH [109] electrocatalysts were successfully
prepared and tested for AOR.

Transition metal-based catalysts have been investigated
extensively for their potential in electrochemical AOR.
To enhance their performance in these reactions, several

strategies have been explored, such as alloying with other
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elements, morphology control, utilization of support
materials, and surface modification. These catalysts exhibit
AOR activity and achieve high selectivity towards NO,™ and
NO,™ species. However, studies focusing on the conversion of
NH, into N, are relatively scarce. Despite their promising
catalytic properties, transition metal-based catalysts often
exhibit limited activity in facilitating the conversion of
ammonia to nitrogen species, highlighting the need for
further research to optimize their efficiency in this specific

reaction pathway.

3. Perspectives and opportunities

The design and development of NH, electrolysis systems
are essential for the hydrogen economy, as NH; serves as
a carbon-free H, carrier that is low-cost, has high energy
density, and benefits from a mature transport and storage
infrastructure. Furthermore, ammonia electrolysis enables
the opportunity for on-demand production of hydrogen
to operate PEM fuel cells in an integrated system with net
energy production. In addition, NH3-rich wastewater, green
NH,;, can be implemented to produce green H, energy.
Tremendous efforts have been made in developing catalysts
for selective conversion of NH; to N, in NH, electrolysis,
which is of great significance. This article summarizes
research efforts on different catalysts, including Pt, Pt-based
alloys, and transition metals, for the AOR. Several strategies
have been introduced to enhance the performance of oxidizing
NH, to N,. While substantial research advancements have
been achieved, numerous significant challenges persist and
demand meticulous design and analysis:

i) Innovativeapproachesareneededto create well-defined
catalytic sites. As discussed in the above sections,
current strategies for developing electrocatalysts for
AOR typically prioritize overall efficiency. However,
a critical challenge remains in constructing tailored
site structures at catalytic interfaces to precisely
catalyze the oxidation of ammonia through optimized
pathways. When *N and *NO, intermediates are
generated during ammonia oxidation, their high
adsorption energy can poison catalytic sites, resulting
in lower AOR performance. Therefore, there is an
urgent need for strategies to control the interaction
between catalytic sites and *N/*NO, species. In the
critical step of nitrogen production, the coupling
between *N species necessitates synergistic effects
from multi-centered catalytic sites. Constructing
multi-site structures or increasing the loading density
of active sites on catalytic interfaces could offer
promising solutions for activating and bringing
*N species closer together, thereby accelerating
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iii)

N-N coupling and consequently enhancing AOR
performance. Along with AOR catalyst explained in
the above sections, including alloys, heterostructures,
numerous emerging and potential catalyst materials
are expected to possess catalytic active sites capable
of efficiently catalyzing AOR [111]. These materials
included metal-organic framework (MOF)-derived
catalysts, single-atom catalysts, dual-atom catalysts,

and high-entropy alloys.

During electrolysis reaction conditions, over time the
dynamics of the catalyst changes. Therefore, ex-situ
or stationary characterizations may not accurately
reflect the actual catalytic centers for AOR. Hence, it
is strongly recommended to utilize advanced in situ
characterization techniques (e.g., in situ Fourier-
transform infrared spectroscopy and in situ Raman
spectroscopy, and in situ XAS) along with time-evolved
measurements of catalyst surface and structures. These
in situ assessments can greatly enhance the depth of
understanding, considering the potential structural
alterations and variations in reaction mechanisms
under diverse conditions such as applied potentials, gas

and electrolyte compositions, and reaction durations.

The advancement in theoretical calculations such
as First-principles Calculations and Finite Element
Modeling, along with sophisticated operando
characterizations, have facilitated the establishment
of structural-activity relationships. This progress
enables more accurate and comprehensive
predictions of electrocatalytic processes, identifying
the optimal structure and microenvironment of the

catalytic interface.

Utilizing artificial intelligence (AI) technology to
automatically adjust complex catalytic pathways,
various intermediates, variable electrocatalyst
structures, and regulatory parameters can expedite
catalyst development significantly. Integrating high
throughput experimentation with AI techniques
has already been successful in accelerating the
discovery of electrocatalysts for CO, reduction and
H, evolution [112-114]. Machine learning, a powerful
strategy within AI, leverages multiple algorithms to
navigate the catalyst search space by identifying
correlations in vast datasets and expediting
calculations of target properties, thereby facilitating
high-throughput screening. Yet, the conventional
machine-learning to

approach high-throughput

catalyst screening relies on experimental catalysis
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data, which can be challenging to acquire in novel
catalytic systems like molecular catalysts for AOR
electrocatalysts. Integrating machine learning with
quantum mechanical modeling to generate extensive
datasets can significantly advance catalyst screening
methodologies.

v) Scaling of the ammonia electrolysis cell is crucial for its
widespread industrial adoption. Although numerous
ammonia oxidation reaction electrocatalysts have
been developed and studied for their electrochemical
performance in laboratory-scale electrochemical cells,
there is a lack of studies focused on the development
of NH, electrolysis devices. As a result, NH; electrolysis
devices are still at a low Technology Readiness Level
(TRL). This calls for the intelligent design of efficient
AOR catalysts with long-term durability to advance
the NH; electrolysis technology and elevate its TRL
for industrial deployment. Additionally, methods
used for producing electrocatalysts and electrodes
should be easily scalable and conducive to large-scale
manufacturing processes. Implementing scalable

manufacturing technologies, such as spray pyrolysis,
electrodeposition, and roll-to-roll processing, can
facilitate the efficient and cost-effective production of
electrocatalysts and electrodes. Moreover, ensuring
the adherence of the catalyst to the electrodes
through robust deposition methods is essential to
guarantee reliable and stable operation of the ammonia
electrolysis cell at industrial scales.

In summary, efforts to advance the ammonia electrolysis
technology are essential in addressing the pressing need for
sustainable energy solutions. Developing efficient, stable,
and scalable ammonia electrolysis process is crucial for
green hydrogen production with reduced environmental
impact. Understanding and refining design principles for
electrocatalysts are pivotal in enhancing their capabilities
for ammonia electrolysis. Integrating these advancements
with renewable energy sources will drive the adoption of
ammonia electrolysis, facilitating the production of hydrogen
while mitigating environmental concerns. Continuous
exploration and innovation in this multidisciplinary field,
alongside insights from other material design principles, will
catalyze significant advancements in ammonia electrolysis
technology, ushering in a new era of sustainable energy
production and utilization.
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