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Ammonia plays a pivotal role in various sectors such as global agriculture, chemical industries, and clean energy

systems. To align with the development of a low-carbon economy, it is crucial to adopt sustainable and

environmentally friendly production methods for ammonia. In this regard, electrochemical nitrogen reduction

reaction (eNRR) powered by renewable energies has emerged as a promising alternative for green ammonia

synthesis, effectively mitigating the detrimental impacts of fossil fuels in industrial processes. Despite

significant progress in eNRR research, challenges persist due to the inherent stability of nitrogen molecules

and the competition from hydrogen evolution reactions in aqueous solutions. This perspective explores the

mechanisms and current research surrounding eNRR, encompassing a wide range of catalysts, electrolytes,

and cell configurations, along with various ammonia test methods. Feasible strategies are proposed for

enhancing ammonia yield and synthesis efficiency through electrocatalyst design and device optimization.

Furthermore, the challenges and prospects are evaluated for future eNRR development, offering insights that

can drive advancements in electrochemical ammonia synthesis. By addressing the current status, challenges,

and perspectives of this field, this perspective aims to contribute to the application research of sustainable

and efficient ammonia production processes, supporting the transition towards a carbon-neutral future.
1. Introduction

Ammonia (NH3), as a crucial chemical raw material and energy
carrier, nds wide application in fertilizer synthesis, chemical
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production, fuel cells, and more.1,2 The predominant method
for industrial NH3 synthesis is the renowned Haber–Bosch
process, developed into a commercial technology by Nobel Prize
laureates Fritz Haber and Carl Bosch. This process involves
nitrogen reacting with hydrogen at high temperatures and
pressures in the presence of Fe-based catalysts, relying on coal
or natural gas for energy input.3,4 However, this method
consumes approximately 1–2% of global annual fossil energy
and results in a substantial increase of approximately 300
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million metric tons of CO2 emissions.5,6 With the growing
energy scarcity and environmental concerns, the need for green
and sustainable ammonia synthesis processes has become
urgent. Various routes for ammonia synthesis have been
explored, including the Haber–Bosch process, biocatalysis,
photocatalysis, and electrocatalysis. Although the natural
nitrogenase-driven NH3 formation is time-consuming, it serves
as a signicant pathway. Photocatalytic nitrogen xation offers
a carbon-free approach to ammonia synthesis, but its efficiency
and NH3 yield are limited by lighting conditions. In contrast,
the electrochemical nitrogen reduction reaction (eNRR) pow-
ered by renewable energy sources (such as solar, tidal, and
wind) holds promise for maximizing the utilization of clean and
volatile energy, with advancements in power grid technology.
Moreover, electrocatalysis has the advantage of surpassing
thermodynamic limits through potential adjustments, making
it appealing for achieving distributed, on-demand ammonia
synthesis under ambient conditions with simple and exible
electrochemical devices. Thus, eNRR emerges as a research
Yujie Liu received his B.S. degree
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frontier in the pursuit of green ammonia synthesis, offering
potential advantages and broad prospects.7

The eNRR involves the electrochemical conversion of N2 and
H2O molecules (N2 + 3H2O/ 2NH3 + 1.5O2) at the solid–liquid–
gas three-phase interface (catalyst-electrolyte-nitrogen) in
aqueous solutions. However, achieving the activation and
conversion of inert N2 to NH3 under ambient conditions presents
a signicant challenge due to the high cleavage energy of N^N
triple bonds (940 kJ mol−1), low water solubility of N2 molecules
(20 mg L−1), and the presence of competitive hydrogen evolution
reaction (HER). In recent years, extensive research has focused
on screening and developing nano-catalysts to enhance N2 acti-
vation. Concurrently, the faradaic efficiency (FE) of electro-
chemical nitrogen xation for ammonia synthesis has been
improved by investigating the microstructure and electronic
properties of nanomaterials, as well as the inuence of electro-
lytes. Furthermore, advancements in electrode assembly tech-
nology and the structural design of electrolyzers have been
pursued to increase the yield of electrochemical NH3 synthesis,
moving closer to practical goals. In this perspective, we provide
a brief introduction to the mechanism of nitrogen reduction and
comprehensively explore the progress made in the electro-
chemical synthesis of ammonia. This includes the rational
design of catalysts, electrolyte selection, optimization of elec-
trode assembly and electrolyzer structures, efficient anode reac-
tion compatibility, and mediator development. Finally, we
present a prospective outlook on future research areas to drive
the rapid development of electrochemical nitrogen xation for
sustainable ammonia synthesis.
2. Reaction mechanisms for eNRR

At present, the widely accepted pathways of N2 reduction to
ammonia include dissociative mechanism, associative
Zhen Zhou completed his B.S.
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mechanism, and Mars–van Krevelen (MVK) mechanism.8 As
shown in Fig. 1, N2 is rst dissociated into two N atoms and
adsorbed on the active sites, and then the N atoms are gradually
hydrogenated to form NH3 molecules in the process of disso-
ciative mechanism (Fig. 1a). The Haber–Bosch process generally
follows this dissociative mechanism, which consumes a large
amount of energy to break the N^N triple bond of the adsorbed
N2.9 Whereas, the breaking of N–N bond occurs aer the
hydrogenation in the associative mechanism. Depending on the
adsorption conguration of N2 and hydrogenation order of
two N atoms, the associative mechanism can proceed by distal,
alternating or enzymatic pathways. In the mode that N2 is xed
at the active site via end-on adsorption, hydrogenation prefer-
entially occurs on the N atom far from the surface in the distal
Fig. 1 Common reaction mechanisms for eNRR. (a) Dissociative mec
mechanism. (d) Enzymatic mechanism. (e) Mars–van Krevelen mechanis

18628 | J. Mater. Chem. A, 2023, 11, 18626–18645
pathway, and then the N–N bond breaks, with one NH3 mole-
cule forming and the remaining N atom progressively hydro-
genated to yield another NH3 (Fig. 1b). By contrast, the two N
atoms in the alternating pathway are hydrogenated alternately,
forming two NH3 molecules in succession aer the breaking of
the N–N bond (Fig. 1c). In the enzymatic pathway, N2 tends to
adsorb on the surface through a side-on model, and its hydro-
genation process is similar to that of the alternating pathway
(Fig. 1d). Besides that, transition metal nitrides, such as ZrN,
NbN, CrN, and VN, can trigger eNRR byMVKmechanism, where
the surface N atom can be directly hydrogenated into ammonia,
leaving a nitrogen vacancy on the surface that is subsequently
occupied by dissolved N2 molecules to achieve a catalytic cycle
(Fig. 1e).10 Generally, in the progress of hydrogenation of the
hanism. (b) Associative distal mechanism. (c) Associative alternating
m.

This journal is © The Royal Society of Chemistry 2023
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association mechanism, the weak chemical bond between the
two N atoms leads to facile breakage. Therefore, the associative
mechanism and MVK mechanism may be more energy-saving
and thermodynamically favorable than dissociative mecha-
nisms during electrochemical N2 reduction, but possibly
resulting in different products (ammonia or hydrazine) based
on the adsorption properties of intermediates.
3. Current status of eNRR systems
3.1. Catalysts

To overcome the slow kinetics of N2 activation and the
competitive side reactions, four types of nanomaterials, i.e.,
noble-metal-based, non-noble-metal-based, atomically
dispersed metal, and metal-free electrocatalysts, have been
developed for eNRR. Fig. 2 and Table 1 show the eNRR perfor-
mances of these catalysts in terms of FE, NH3 yield and current
density.

It is commonly considered that the empty d orbital of tran-
sition metals can receive the lone pair in N2, while d-orbital
electrons feed back to the antibonding orbital of N2. This
“push and pull” action results in the catalytic activation of N2 by
hundreds of transition metal compounds.11,12 The noble-metal
electrocatalysts (red regions) exhibited good nitrogen activa-
tion ability with most of NH3 yield higher than 40 mg h−1

mgcat.
−1, but their FEs were normally lower than 20% and

current densities assigned to NH3 are not high due to the severe
HER. Pd-based catalysts have the higher FE of 40% but mild
Fig. 2 Summary about the experimental performances (NH3 yield, FE,
specific performances are shown in Table 1.

This journal is © The Royal Society of Chemistry 2023
current density resulting in low NH3 yield.13 For some precious
metals with poor HER performance, such as Ag and Au,14,15 the
FE of eNRR is up to 50–80%. Consequently, inhibiting HER on
noble metal surfaces is one of the major challenges for eNRR.
Additionally, the scant resources and high price increase the
economic cost; therefore, noble metals are prepared into
advanced nanostructures or atomically dispersed forms to
improve their utilization. In particular, carbon-supported Ru
active centers with K as the auxiliary agent showed high
potential in industrial ammonia synthesis, sparking the interest
of scientists in studying Ru-based catalysts.16 Subsequently, the
new carbon-supported Ru-based catalyst with Ce and Ba as the
accelerator was successfully applied to industrial ammonia
synthesis operating at a lower reaction pressure by increasing
the electron density of Ru nanoparticles.17 Moreover, consid-
ering the stability of carbon materials under continuous
industrial ammonia production, researchers further focus on
anchoring Ru on highly stable oxides such as Al2O3, CeO2, MgO,
perovskites and composite oxides to synthesize catalysts with
long-term stability and high activity. These industrial advances
provide the inspiration for the development of eNRR electro-
catalysts with improved economy.

Non-noble-metal-catalysts have the advantages of low costs
and abundant resources, and are expected to be substitutes for
precious metals in eNRR.95 The studies on non-noble-metal
catalysts mainly focus on metal elements, oxides, chalcogen-
ides, nitrides, carbides, phosphates, and their composites.
Particularly, inspired by natural nitrogen-xing enzymes, Mo-
and current density ascribed to NH3) of reported eNRR catalysts. The

J. Mater. Chem. A, 2023, 11, 18626–18645 | 18629
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based materials are highly anticipated eNRR catalysts. Addi-
tionally, the development of Mo-based catalysts used in indus-
trial ammonia synthesis, such as Co3Mo3N with Ce as the
accelerator with long-term activity,96 has also promoted the
research of Mo-based electrocatalysts. It has been reported that
Mo thin lms,30 MoS2,97 Mo2C,29 etc. can electrocatalyze N2

reduction to ammonia under ambient conditions. Besides, Fe-
based catalysts have been widely used in the Haber–Bosch
process for more than a century, mainly classied as Fe–Al–K,
Fe–Co, Fe–Co–Re and FeO catalysts. These catalysts are made
from Fe3O4 and Fe as raw materials by adding different
auxiliaries. Inspired by the above Fe-based catalysts, Fe is one of
the earliest elements used in electrocatalytic nitrogen reduction
processes. A variety of Fe-based catalysts, including Fe3O4,37 Mo-
doped FeP,31 Fe3S4,44 Fe3C@C,28 etc. are also popular catalysts
for eNRR. The blue regions in Fig. 2 show the eNRR perfor-
mance of non-noble metal-based catalysts. It can be observed
that some of them (such as MoS2/C3N4, FePc-Py-CNT, Fe3O4@-
rGO) have higher FE than noble metals, indicating the
enhanced inhibition of competitive HER. However, their
current densities are low because of the limited intrinsic acti-
vation ability for N2, resulting in low ammonia yield rates. For
some catalysts designed with specic active sites, such as CoPPi
with microower structures offered superior charge transfer
during NH3 synthesis with good stability, WSe2−x with rich Se-
vacancies suppressed H2 evolution and enhanced p-back-
donation ability, and GDY/Co2N with unique p-electronic
characters to optimally modify the Co–N surface bonding,
possess both high FEs (40–70%) and ammonia yield rates (>150
mg h−1 mgcat.

−1). It follows that the intrinsic activity of non-
noble metal-based catalysts for eNRR is expected to be further
enhanced on the basis of inhibiting HER, that is, maintaining
the high FE value at large current density.

To improve the interfacial catalytic efficiency, it is desirable
to downsize the particles to clusters or single atoms and
increase the low-coordinated or unsaturated atoms for func-
tional active sites.98 By embedding isolated atoms in substrates
with higher specic surface area, such as two-dimensional
materials (graphene, molybdenum disulde, etc.) and three-
dimensional porous carbon, the metal active sites possess
maximized atomic utilization efficiency and lower coordination
number, presenting excellent electrocatalytic eNRR
activity.63,68,70 According to the number of active sites, atomically
dispersed catalysts can be subdivided into single-atom catalysts
(SACs), dual single-atom catalysts (DSACs), and atomic clusters.
Most SACs have only a single active site, leading to difficulty in
breaking the linear scaling relationships of intermediates.99 In
addition, in order to maintain the dispersion of single atoms,
most reported catalysts have very low metal loading (generally
less than 1.5%), resulting in unsatisfactory nitrogen activation
capacity.100 As shown in the green regions in Fig. 2, the eNRR FE
and ammonia yield rate of SACs generally below 40% and 100 mg
h−1 mgcat.

−1, respectively. It is noteworthy that DSACs con-
structed with controllable coupling of different compositions
have strong synergistic effect between metal atoms, and
increased metal loadings, exhibiting outstanding eNRR
activity.101 The NH3 yield rate of Fe–Co71 and Fe–MoS2 72
18632 | J. Mater. Chem. A, 2023, 11, 18626–18645
bimetallic active site catalysts can even reach up to about 600 mg
h−1 mgcat.

−1. For some noble-metal atomic clusters, such as
d-AuNCs/MXene and Pd/HsGDY can induce high NH3 yield
(80–120 mg h−1 mgcat.

−1).
Nonetheless, with increasing the surface free energy, the

atomically dispersed metals are easily aggregated during elec-
trocatalysis, which poses a challenge to the long-term durability
of these catalysts for eNRR. Metal-free catalysts with poor HER
activity also have been applied to eNRR, and heteroatom-doped
carbon materials are the hotspot. However, their nitrogen xing
ability is weak with low FE and small current density due to the
outermost electrons of the nonmetallic elements are in the s or
p orbitals. Interestingly, B with the semi-metallic properties
exhibits reactive lone pair electrons and empty orbitals,
enabling it to generate sp3 hybridization and form a B–N back-
donation p-bond, which is similar to the interaction of N2 with
the d orbital electrons of metals.102 Black phosphorous with
abundant unpaired electrons shows outstanding nitrogen
reduction performance. Hence, it is also necessary to regulate
the orbital and electronic properties of the catalyst in space and
energy to facilitate the activation of N2.

Overall, the currently developed nitrogen reduction catalysts
are rich and cost-effective materials. However, note that most
stability tests of the catalysts reported above were maintained in
a few hours (<60 h), which is far from the commercial goal.
Learning from the boosting strategy in industrial ammonia
synthesis catalysts, the suitable additives and carriers may
further improve the long-term operation and reduce the
economic cost of the eNRR electrodes.
3.2. Electrolytes

At present, the electrolytes used for electrocatalytic nitrogen
reduction are usually aqueous solutions and non-aqueous
protic solvents. In aqueous solutions, acidic (such as 0.1 M/
0.01 M HCl solution), neutral (such as 0.1 M Na2SO4 solution,
0.1 M phosphate buffer saline solution), or alkaline (such as
0.1 M KOH solution) electrolytes are selected for eNRR accord-
ing to various catalysts and application purpose. Specically,
acidic electrolytes are suitable for precious metals catalysts and
non-metal catalysts that can maintain structural stability
without corrosion during electrocatalysis. For alkaline and
neutral electrolytes, the FE of eNRR in these two systems may be
higher than that in acidic systems due to the lack of direct
proton sources for competitive HER. However, it should be
emphasized that the buffer solution is recommended to keep
the pH value stable in the neutral electrocatalysis, and the
current density is generally low in the neutral electrolyte
because of the large resistance of the solution. In non-aqueous
protic solvents, it can promote nitrogen solubility and inhibit
hydrogen evolution. Some ionic liquids,103–105 tetrahydrofuran
(THF),106–109 dimethyl sulfoxide (DMSO), etc., have been devel-
oped to provide a more favorable reaction environment to
suppress HER and achieve high selectivity for eNRR. However,
the poor ion conductivity and insufficient proton supply limit
the ammonia yield. In addition, most of these non-aqueous
protic solvents are organic products, leading to the inevitable
This journal is © The Royal Society of Chemistry 2023
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introduction of NH3 or nitrogenous substances in their
production process and generating trace residues in these
solvent products. Therefore, pretreatment is required to elimi-
nate contamination. In the process of laboratory research, the
appropriate reference electrode and ammonia collection
method should be selected to match the pH value of the elec-
trolyte to ensure the accuracy of the experimental results in
either electrolyte.
3.3. Electrolytic cells

Fig. 3 shows ve types of electrolytic cells used in the research of
electrochemical eNRR, which are single-chamber cells, H-type
cells, back-to-back cells, polymer electrolyte membrane (PEM)-
type cells, and electrochemical ow cells.68,110 The single-
chamber and H-type cells are lled with liquid electrolytes,
and the direct contact between the catalyst and electrolyte leads
to the formation of gas–liquid–solid three-phase interface,
resulting in serious competitive HER and insufficient supply of
N2 in the cathode. They are widely applied in current laboratory
research due to the simple device and easy operation, which
focus on designing advanced catalysts with excellent inhibition
of HER, and screening suitable electrolytes. Back-to-back cells
and PEM cells are structurally conducive to inhibiting hydrogen
evolution because their cathodes are both solid–gas electro-
chemical reactions. In a back-to-back cell, the two porous
electrodes, which are composed of gas diffusion layer (GDL) and
catalysts, respectively, are oen separated by proton or cation
exchange membrane. In this electrocatalytic process, the N2 is
supplied to the cathode as feedstock, but the proton source is
Fig. 3 Schematic illustrations of different electrochemical reaction cells f
type cell. (c) A back-to-back cell. (d) A PEM-type cell. (e) An electrochem
reference electrode, and CE = counter electrode).

This journal is © The Royal Society of Chemistry 2023
limited. In contrast to the back-to-back cell, PEM-type cells have
better ion conductivity because the electrolyte is lled in the
anode. During the PEM cell operation, protons can be generated
by hydrolysis in the liquid chamber, and transferred to the solid
cathode to catalyze the conversion of N2 to NH3. In particular,
Fig. 3e reveals a ow cell similar in structure to the single-
chamber cell, containing a owing electrolyte lled in two
chambers, the cathodic GDL, the proton exchange membrane,
and the anode either with a GDL or not.110 Introduction of the
owing electrolyte is benecial to promote mass transfer and
control reaction environment.
3.4. Determination methods

The quantitative detection method of electro-synthetic
ammonia should be characterized by high sensitivity, high
selectivity, and high precision due to the low ammonia output
of eNRR. There are several quantitative methods used in current
ammonia detection, including ion chromatography, spectro-
photometry, uorescence, ammonia gas-sensing electrodes,
and nuclear magnetic resonance spectroscopy (NMR). Ion
chromatography has the advantages of time saving, good
reproducibility, and high sensitivity, but it is expensive and
requires complex instruments. Spectrophotometry is widely
used in the detection of ammonia because of its facile operation
and high sensitivity of 10−1 mg mL−1 which includes Nessler's
reagent method, indophenol blue method, salicylate method.111

In the former two methods, the potassiummercuric iodide, and
hypochlorite and phenol react with ammonia under alkaline
conditions to form colored compounds, which are strongly
or eNRR under ambient conditions. (a) A single-chamber cell. (b) An H-
ical flow cell (GDL = gas diffusion layer, WE = working electrode, RE =

J. Mater. Chem. A, 2023, 11, 18626–18645 | 18633
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absorbed at the wavelength of 420 nm and 660 nm, respectively.
The salicylate method is a modication of the indophenol blue
method in which the safer sodium salicylate is used instead of
phenol to react with ammonia, and the product is usually per-
formed colorimetrically at a wavelength of 640 nm. Unlike
spectrophotometry based on the absorption spectrum gener-
ated by the electron transition within a molecule, the uores-
cence is the luminescence phenomenon when molecules
absorb light into excited states and return to the ground state.
Specically, ammonia with o-phthaldialdehyde and sulte
results in a strongly uorescent compound with maximum
excitation and emission wavelengths at 362.5 and 423.0 nm,
respectively. Compared with the former, the uorescence
method has higher sensitivity, better selectivity, but limited
application scope.

In ammonia gas-sensing electrode method, aqueous
ammonium chloride solution is usually used as an intra-
electrode solution, which is separated from the sample solu-
tion by a hydrophobic gas permeable membrane. The ammo-
nium salt is converted to NH3 by adding a strong alkali solution
to the sample solution. The generated NH3 then diffuses across
the membrane, changing the pH of the inner solution. The pH
value is proportional to the ammonia concentration in the
sample solution. The ammonia gas-sensing electrode is conve-
nient and efficient, but it is sensitive to high concentration of
dissolved metal ions in the electrolyte.112 NMR is another
effective mean to quantitatively test the concentration of
ammonia products. More importantly, it can be combined with
isotope tracer experiments to qualitatively determine the
nitrogen source in the products. It is strongly recommended to
explore the source of N by NMR detection of isotopically labeled
15N2 products when the yield is below hundreds of orders of
magnitude (mg h−1 mgcat.

−1).
Additionally, various rigorous control experiments should be

performed to eliminating the interference of potential
ammonia nitrogen pollution sources, such as gas feedstocks,
reaction devices, and electrode materials. For the reliability and
accuracy of the results, at least two detection means should be
achieved to take their average value, and the main experimental
results should be repeated for more than three times.110 In
addition, it is recommended that the NH3 yield is normalized
both by the mass of the electrocatalyst and the geometric area of
the electrode as descriptors for the eNRR performance.113

4. Designing efficient catalysts

Computations can be used to design catalysts reasonably and
predict their catalytic performance theoretically because modi-
fying the microstructure of the surface/interface of catalysts is
a sensible way to realize the high-efficiency activation of N2. It
has proven that the catalytic performance can be adjusted by
the introduction of defect engineering, morphological engi-
neering, and interface engineering, as well as the synergistic
effect among several strategies. Compared with time-
consuming trial-and-error experiments, theoretical calculation
based on the Density Functional Theory (DFT) can rapidly
predict the properties and guide the structural optimization of
18634 | J. Mater. Chem. A, 2023, 11, 18626–18645
catalysts. In addition, machine learning (ML) methods enable
high-throughput catalyst screening, providing a very convenient
path for the design and construction of efficient eNRR catalysts.
In this section, we will discuss the synergic development of
theoretical calculation, machine learning and structural regu-
lation strategies to screen and construct highly efficient eNRR
electrodes (Fig. 4).
4.1. High-throughput computations

The traditional method of trial and error was oen used in the
selection of catalysts, resulting in many disadvantages, such as
low efficiency, high cost, long cycle, and low return. In recent
years, high-throughput computations based on a large amount
of data come lucrative in order to overcome the shortcomings of
traditional trial and error methods. Through the high
throughput calculation of the electronic structure, structural
defects, and reactant interface of the catalyst, researchers can
identify most promising candidates for experimental validation,
reducing the time and cost needed for catalyst development.
Furthermore, high-throughput computations can provide
insights into the underlying mechanisms of catalytic processes,
facilitating the design of novel catalysts with improved perfor-
mance. For example, computational simulations can provide
information on the reaction pathway, reaction kinetics, and the
selectivity of the catalyst, promoting the optimization of the
catalytic performance of the material. ML techniques can
accelerate the discovery and screening of electrocatalysts, which
could efficiently navigate the huge materials' space of electro-
catalysts.114,115 Key reaction data, such as the adsorption and
reaction energy, can be rapidly predicted with ML models
trained by big data, which greatly facilitate the high-throughput
screening and rational design of advanced catalysts.116

Nørskov group have theoretically calculated the free energies
of the adsorption and further reduction of N and H atoms on
transition metal surfaces in acidic electrolytes.117 It could be
seen that most metals preferred to bind H atoms compared to N
atoms. Mo, Fe, Rh, W, Ru, and Ir metals were located at the top
of the volcano plot by dissociative mechanism, indicating
higher eNRR activity. However, the adsorption capacity of these
metals to H atoms was higher than that of N atoms, resulting in
a lower selectivity of eNRR. Only the early transition metal
surfaces including Ti, Zr, Y, and Sc had a stronger adsorption
ability to N atoms than to H atoms, indicating their intrinsic
inhibition of the HER process. The volcano plot provides
a useful tool for predicting the activity of a catalyst based on its
binding energies of adsorption and further reduction of N and
H atoms.

Similarly, it was calculated that the initial potential of eNRR
generated by associative mechanism on nanoclusters was
higher than that HER.118 The optimal catalysts were Mo and Fe
nanoclusters, which located at the top of the volcano plot. For
transition metal single-atom catalysts, catalysts containing Mo
single atoms had the highest activity because of the moderate
adsorption energy for *N2H.119 Further, NiN, RhN, PdN and PtN
had low initial potentials in nitrides that have been proved by
most theoretical calculations for nitrogen reduction by the MVK
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Schematic overview of theoretical calculation, machine learning, and defect, morphology, and interface engineering for efficient eNRR
electrocatalysts.
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mechanism.120 Additionally, the nitrogen reduction capacity of
the oxide (110) crystal planes of 11 rutile structures was
assessed, and IrO2 was the best catalyst for eNRR but the strong
hydrogen adsorption capacity may poison the surface, while
ReO2 and TaO2 had stronger adsorption energy for *NNH than
*H.121 These studies demonstrate the potential for optimizing
eNRR by selecting appropriate materials and structures, and the
efficiency and selectivity of eNRR can be increased, contributing
to the development of sustainable methods for nitrogen xation
and fertilizer production.

In general, high-throughput screening involves both theo-
retical computations and ML. DFT calculations are widely
regarded as a powerful tool for screening catalysts with superb
activity and selectivity for eNRR by estimating the ability of the
catalyst to adsorb nitrogen and bind key reaction intermedi-
ates.8,122 While the ML based on the neural network potential of
various key intermediates adsorbed by materials can be used to
study the catalytic reactionmechanism in detail, screen relevant
catalysts from a large number of candidate materials, and guide
the progress of experimental synthesis.116 The two methods
provide theoretical guidance for target catalysts as well as
guiding each other. At the same time, the regulated catalyst
expands back to the database of theoretical calculation and ML.
This journal is © The Royal Society of Chemistry 2023
Combining experimental data with computational simulations
allows for the validation and renement of theoretical models
and provides more comprehensive understanding of the reac-
tion mechanism and the catalyst's properties. Therefore, the
synergy between experimental and theoretical research is
crucial for advancing the eld of eNRR catalysis.112,123 Under-
standing the underlying concepts from above aspects can
optimize the design of catalysts and ultimately enhance their
efficiency in ammonia production.
4.2. Defect engineering

Defects engineering refers to the introduction of defects on the
surface of catalysts to adjust the electronic structure and
enhance their catalytic activity. Defects can increase the number
of active sites in the catalyst surface and improve the adsorption
and activation of nitrogen. To date, a large number of defective
nanomaterials (vacancies, amorphous phases, doping, etc.)
have been prepared, showing great potential for eNRR.

Among many vacancy defects, oxygen vacancies (OVs) are
prevalent due to their relatively low formation energy, which
boost the catalytic activity of eNRR by exposing unsaturated
metal sites and increasing nitrogen capture for electrocatalytic
reaction.110 CeO2 has been widely used as an electrocatalytic
J. Mater. Chem. A, 2023, 11, 18626–18645 | 18635
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nitrogen reduction catalyst due to its excellent properties, such
as its large number of OVs, easy Ce3+/Ce4+ redox cycles, and
good chemical stability.124,125 In addition to OVs, nitrogen
vacancies (NVs) can also be used effectively for eNRR due to
their unique N2 adsorption properties and HER suppression
activity.126,127 As shown in Fig. 1e, VN, ZrN, NbN and CrN can be
employed to produce ammonia via MVK mechanism. The N
atoms on the surface of the metal nitride are hydrogenated into
NH3 molecules and desorbed on the surface of the catalyst to
form a NV, adsorbing the nitrogen molecules dissolved in the
electrolyte. The surface NV may be replenished by nitrogen
atoms in the bulk phase of the nitride or prone to inactivation
upon the adsorption of an N2 molecule, resulting in poor
stability. Based on the results of electrochemical experiments
and theoretical calculations, it has been proved that NVs on 2D
metal nitrides are stable by virtue of the high valence state of
metal atoms and 2D connement effect.126,127 Additionally, it is
potentially achievable that favorable N2 adsorption and activa-
tion on NV-enriched metal-free catalysts.52,128–130 Similarly, S
vacancies, Se vacancies, etc. are also expected to afford
remarkable catalytic properties for eNRR by exposing extra
unsaturated metal sites for N2 adsorption and activation.48,131

Therefore, the vacancies can effectively activate N2 and facilitate
electron transfer during eNRR, enhancing NH3 yield and FE.

Structural optimization of catalysts through amorphous
engineering will expose rich active sites and induce new defective
sites to enhance electrocatalytic activity.132–134 The amorphous
Bi4V2O11/CeO2 contains high-valence Bi defects and enriched
OVs, reducing the reaction energy barrier, with a 3-fold increase
in NH3 yield compared with crystalline Bi4V2O11/CeO2.133 Heter-
oatomic doping usually leads to local charge redistribution,
which can not only activate the dopant or neighboring atoms to
become active sites, but also promote the charge transfer from
the active site to the adsorbed reactant, thereby accelerating the
ammonia electrosynthesis even at very low doping levels.95 It has
been certied that introducing metal elements into the materials
can effectively adjust the electronic structure and generate
additional unsaturated metal sites to improve eNRR perfor-
mance, especially the formation of a heterojunction between
carbon materials and metal catalysts can signicantly enhance
the catalytic performance of eNRR electrocatalysts.95,135 In addi-
tion, nonmetallic doped carbon materials have good catalytic
activity for nitrogen xation by promoting the N2 adsorption and
N^N bond elongation, boosting the electron transfer and
creating more defective/active sites.73,92 Particularly, high-
efficiency ammonia electrosynthesis is achieved via a two-step
method, that is, N2 is oxidized to NOx

− assisted by plasma-
assisted defects, and then NOx

− is highly selective converted to
NH3 by electrocatalytic reduction.136–139
4.3. Morphological engineering

Optimization of catalyst morphology, size, strain engineering,
etc. can also dramatically enhance the electrochemical
nitrogen xation. Generally, the morphology regulation
makes a large specic surface area for the catalyst, which
remarkably increases the density of catalytic active sites and
18636 | J. Mater. Chem. A, 2023, 11, 18626–18645
thus facilitates the catalytic reactions. Hollow Au nanocages
had a 3-fold improvement in FE compared with solid Au nano-
cubs, indicating that the improved reaction rates due to
increased surface area and connement effects.140 By regu-
lating the size of the eNRR electrocatalyst, low coordination
sites can be generated in the originally densely packed sites,
which affects the bond formation strength of the reaction
intermediate and thus the selectivity and activity of the
catalyst.134,141 Under the condition of the same quality of Au
anchored on a bisubstrate of CeOx and RGO (namely Au/
CeOx–RGO), Au/CeOx–RGO with good dispersion and small
particle size showed that the NH3 yield was 4 times higher
than that of Au/CeOx with larger Au NPs particles and less
dispersion.142 Moreover, this strategy can lessen the use of
reactive metals, thereby reducing the production cost.
Particularly, it is believed that the evolution from nano-
particles and clusters to single atoms maximizes the electro-
catalytic efficiency and utilization of noble metals, resulting
in higher NH3 yield and FE.143

In recent years, strain engineering techniques have been
used to adjust the atomic distance and electron interaction of
catalysts and then improve the intrinsic activity of catalysts. The
delocalization and band broadening of 6p electrons in a Bi
lattice matrix caused by strain compression engineering,
promote the chemical affinity of intermediates and the activity
and selectivity of NO3

− conversion to NH3.144 Oppositely, the
oxygen-induced tension eld designed in Rh nanoclusters could
inhibit HER and effectively reduce the energy barrier of hydro-
genation of intermediates during the transition from nitrate to
ammonia.145 Similarly, controlling the strain to modulate the
electronic structure of transition metal oxides will enhance
binding strength with the reaction intermediate and facilitate
the electrocatalytic eNRR.
4.4. Interface engineering

Interface engineering is also a feasible approach to improve the
catalytic activity of electrocatalysts by exposing more active sites
at the interface and accelerating electron transport at the
interface.146 The strong modulation ability for the chemical
adsorption of reaction intermediates on the surface of the
catalyst effectively accelerates the kinetic process of nitrogen
reduction through the synergistic mechanism.147

The metal (derivative)-metal oxide interface has a strong
interface interaction and plays a crucial role in improving
catalytic activity. Regulating metal oxide interface is also
a feasible and effective method to solve dynamic problems in
eNRR. The electronic interactions of metal and metal oxide
elevate the d-state electron center, enabling strong back-
bonding for N2 molecules and improving the selectivity and
activity of eNRR.148,149 Combining of metal (derivative) catalysts
and carbon-based materials to form ne interface engineering
has been demonstrated as an effective method to improve the
performance of eNRR. Especially, combining graphitic mate-
rials and transition metal nanoparticles or other compounds
has received more attention in the eld of catalysis because of
the unique d–p/d–p interactions.49,147,150
This journal is © The Royal Society of Chemistry 2023
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Through reasonable design of intermetallic compounds, the
active sites with strong stability were implanted in the lattice
frame to modify the N2 activated charge states.151 Recently,
intermetallic compounds have been widely used in the eld of
electrocatalytic nitrogen reduction.152–156 Binary alloys with
lower formation energies for the *N–N transition state gener-
ated a higher turnover frequency, i.e., the activity of Mo2/Ag was
even higher than that of the Ru catalyst under industrial
conditions by using DFT calculations and microkinetic
modeling.157 Further, both experiments and calculations
showed that the apparent activation energy of N2 on the ternary
intermetallic compounds La-TM-Si (TM = Co, Fe, and Mn) was
signicantly lower than that of conventional Ru catalysts,
indicating that the specic electronic structure and atomic
conguration of intermetallic compound catalysts greatly
promoted the dissociation of N2.158

However, HER is dominant with the high concentration of
electrons or protons near the active site.159 Thus, reducing the
concentration of electrons or protons near the catalyst will
theoretically signicantly improve the selectivity of the reaction.
Considering that electron concentration is difficult to control,
the catalyst surface will be coated with a layer of a hydrophobic
protective layer, which can dynamically slow down the diffusion
process of protons to the catalyst surface and improve the
selectivity of the reaction, such as bilayer hydrophobic carbon-
ized bacterial cellulose layer39 and self-assembly of hexyl
mercaptan hydrophobic monolayer.160 Homoplastically, an N2-
microextractor (consisting of polymer framework and THF
extractant)161 has the high solubility for N2 and continuously
feeds N2 into the catalyst, greatly restraining the occurrence of
HER and increasing the FE (80.1%) of eNRR.
5. Optimization of the cell system

It remains a great challenge to achieve applicable ammonia
yield by electrochemical synthesis only relying on the modi-
cation of eNRR catalysts. The overall optimization from the
perspective of electrochemical reaction engineering can further
improve the efficiency of ammonia synthesis, in which several
aspects need to be considered comprehensively (Fig. 5).
5.1. Improvement of cell structures

The electrocatalytic reaction cells provide a stable working
environment for eNRR, and their structure directly determines
the connection mode of the anode/cathode chambers and the
arrangement of electrodes. Therefore, it is necessary to reason-
ably design the structure of electrolytic cells in the practical
application environment. According to the ve types of electro-
lytic cells in Fig. 3, the PEM cell has improved proton supply
compared with the back-to-back type, but the proton transfer rate
is limited by the lack of electrolytes in the cathode chamber. For
reference to the characteristics of H-type electrolytic cells, adding
a gas diffusion chamber and regulating the volume of the
cathode chamber lled with electrolytes, that is, ne-tuned PEM-
type cells with separated gas chamber and liquid cathode
chamber, is a promising device. Theoretically, both nitrogen and
This journal is © The Royal Society of Chemistry 2023
proton supply can be taken into account in the designed cell,
with the advantages of N2 adsorption and activation at the gas–
solid interface maintained. Herein, it is necessary to emphasize
the inuence of distance regulation between electrode and
membrane (d1 and d2 in Fig. 5a) on proton transport and input
voltage, as well as the different requirements of hydrophilicity on
both sides of the gas diffused electrode (GDE).

The GDE is structurally composed of a GDL, a microporous
layer (ML), and a catalyst layer (CL). The gas diffusion side is
required to meet high hydrophobicity to promote nitrogen
diffusion at the gas–solid interface and maintain the separation
of the gas chamber and the liquid cathode chamber. However,
the catalyst side that contacts the electrolyte needs a certain
hydrophilicity to ensure proton transport, and it can be
considered to introduce proton transfer groups (such as –SO3H)
into the catalyst composition. To strengthen the interface
process at the electrode, a bionic strategy has been used to
construct “Janus” electrodes by using gas-philic ultra-thin
porous Bi5O7I nanotubes and hydrophilic carbon spheres,
which could effectively improve the N2 concentration on the
catalyst surface, weaken the hydrogen evolution process,
promote the release of reaction products, and accelerate the
electrocatalytic N2 xation process.162 However, the non-
aqueous electrolytes can penetrate into the carbon ber,
ooding the GDL and hindering gas diffusion. To address this
problem, stainless steel mesh is oen used to replace the
carbon ber skeleton, while a certain pressure is applied in the
gas chamber to maintain the three-phase interface, promoting
efficient electrochemical nitrogen xation reaction.163 More-
over, increasing pressure suitably or optimizing temperature
can signicantly enhance the adsorption and activation of N2 at
the gas–solid interface.

Actually, an external eld (such as plasma,164 electricity,
light, magnetism) can be added to activate N2 prior to the inlet,
further solving the chemical inertness of N2 and boosting the
kinetics of eNRR.
5.2. Mediator development

In fact, it is a great challenge to electrochemical reduce nitrogen
to ammonia by providing H+/e− pairs at sufficient overpotentials
without generating the by-product of H2. A possible approach to
avoid the hydrogen evolution is to decouple nitrogen xation and
protonation by producing mediators (such as transition-metal
compounds, metal-free substances, and enzymes) as a bridge
between the two separate steps. In particular, some alkali metal-
mediated systems, such as Li–N2,107,165 Al–N2,166 and Mg–N2

167

systems have also been reported. Among them, lithium has been
the widely investigated mediator for the electroreduction of N2 to
NH3, where the highly active Li metal reacts with N2 to form
lithium nitride (Li3N) intermedia, and the subsequent facile
protonation of Li3N produces NH3 in protonic solvents. In this
approach, Li metal can be obtained by electroplating in the Li+

electrolyte, and the Li salts are regenerated with the formation of
Li-mediated NH3 molecules, forming a cyclic process. One hand,
it is found that the FE of NH3 is proportional to the pressure of N2

via dynamic transport model. On the other hand, the
J. Mater. Chem. A, 2023, 11, 18626–18645 | 18637
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Fig. 5 Schematic diagram of optimization strategies for the reaction cell in (a) aqueous and (b) non-aqueous solutions to improve electro-
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performance of Li-mediated N2 reduction (LiNR) can be regu-
lated by the proton carrier concentration. Taking EtOH as an
example, when the concentration is lower than 0.1 M, the FE of
NH3 decreases due to the insufficient supply of H+ by EtOH.
However, the reaction between metal Li and EtOH becomes
intense at higher concentrations, resulting in a weaker selectivity
of LiNR. Currently, the LiNR to NH3 has been developed to
continuous-ow electrosynthesis in non-aqueous electrolytes
containing Li salts and proton donors. As shown in Fig. 5b, the
Li-mediated ow cell is typically operated in a single electrolytic
chamber because of the poor ion conduction in non-aqueous
electrolytes. During electrocatalysis, the Li salts are reduced to
Li metal without the formation of H2 under super negative
potential, and Li metal reacts with interfacial N2 to form Li3N
that is protonated instantaneously by the proton carrier. An
important factor affecting the FE in the LiNR system is the solid
electrolyte interface (SEI) that forms during Li electrodeposi-
tion.168 It has been proven that a small amount of O2 can act as
accelerators to improve both the FE and stability of the LiNR
18638 | J. Mater. Chem. A, 2023, 11, 18626–18645
system by slowing the Li+ diffusion in the SEI layer and reducing
the electron consumption caused by Li deposition.169 Besides
that, in some LiNR studies, a sacricial solvent (such as ethanol)
was used as a proton source, facing challenges in scaling up
production in batch reactors. By contrast, LiNR paired with
hydrogen oxidation reaction (HOR) on the anode can convert
a sacricial solvent to a proton shuttle and lower the input
voltage to boost the energy efficiency of ammonia production.109

Under this operational mode, stringent demands are placed on
the electrocatalytic selectivity of the anode, requiring materials
with highHOR activity whilemaintaining resistance to ammonia
oxidation in organic electrolytes. Following the example of the
LiNR system, other metal mediators, such as low-
electronegativity Zn, are currently being extensively investigated.
5.3. Electrolyte optimization

Electrolytes are the main place for ion transfer in electro-
catalytic reactions. In the eNRR electrocatalysis based on
This journal is © The Royal Society of Chemistry 2023
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aqueous electrolytes, the pH value, composition, viscosity, and
other parameters of the electrolytes have great inuence on the
FE and yield of ammonia production.

The effect of pH value on the eNRR performance of catalysts
has been investigated in recent studies.170–172 The change of pH
has little inuence on ammonia production rate, but the FE
increases signicantly with increasing the pH value. The main
reason is that HER is blocked by low proton concentration in an
alkaline environment, resulting in higher FE of N2 reduction
than that in an acidic medium. In the Haber–Bosch process,
potassium oxide as an auxiliary agent can donate electrons to
weaken the N^N bond and promote the desorption of ammonia
from the catalyst surface.173 Inspired by this, alkali metal ions,
i.e., lithium174 and potassium175,176 were added into the aqueous
solution to restrain the HER, stabilize the reaction intermediate,
and improve the reaction selectivity. Studies have shown that
a high FE of 66% and an order of magnitude improvement of
ammonia yield of 3400 mg h−1 mgcat.

−1 could be achieved by
stabilizing key intermediates (*NNH) with potassium ions and
regulating proton transfer to increase selectivity in an aqueous
electrolyte under ambient conditions.175 In addition, the proton
transfer process can be affected by adjusting the concentration of
electrolytes. It has been proved that a high concentration of LiCl
solute ions exhibited a strong affinity for surrounding water
molecules, limiting the role of water as a proton source and
solvent.174 This result effectively inhibits the hydrogen evolution
and promotes the N2 enrichment at the reaction interface, which
increases the selectivity (FE of 71± 1.9%) and the activity (a yield
of 58.14 mg h−1 mgcat.

−1) of eNRR.
For the LiNR system, the moderate polar aprotic solvents,

such as THF with high N2 solubility (6 mmol L−1, 25 °C), are
widely used as electrolytes.177 The hydrogen evolution is inhibi-
ted in the organic electrolytes, but additional proton donors are
essential for the formation of ammonia. However, the commonly
used small molecular solvents are oxidized at the anode, which
as sacricial agents cannot sustainably provide protons. In
addition to the mentioned strategy that couples HOR in the
anode, some studies have been performed to optimize the
composition of electrolytes. Notably, a proton carrier [P6,6,6,14]

+

with higher chemical stability, electrochemical stability and
thermal stability has been introduced in the LiNR system, which
could operate as a reversible deprotonation process, so as to
sustainably transport protons between the cathode and anode.165

Meanwhile, the electrolytes containing [P6,6,6,14]
+ have increased

N2 solubility, and the LiNR system with [P6,6,6,14]
+ can achieve an

ammonia production rate of 53 ± 1 nmol s−1 cm−2 and a FE of
69% ± 1% under 0.5 bar hydrogen and 19.5 bar nitrogen.
Inspired by the inherent differences in the proton-supplying
capacity of alcohol and water, an alcohol–water electrolyte
system was developed to regulate local proton concentrations
and microenvironments at the electrode–electrolyte interface,
where water availability and dissociation processes were greatly
limited, inhibiting HER within a wide electrochemical
window.178 Particularly, in the methanol-containing electrolyte
system, FE reached a record of 75.9 ± 4.1% and NH3 yield was
262.5 ± 7.3 mg h−1 mgcat.

−1 for eNRR.
This journal is © The Royal Society of Chemistry 2023
5.4. High value-added products at anode

Similar to industrial electrolytic hydrogen production, the
efficiency of eNRR to ammonia synthesis is also affected by the
reaction kinetics of the counter electrode (the anode), which is
a common feature of electrosynthesis. In aqueous electrolytes,
the anodic reactions of electrochemical ammonia synthesis
and water splitting are slow-kinetic oxygen evolution reactions
with four-electron transfer process. The electrolytic voltage of
the electrolytic cell is mainly determined by the rate-limiting
oxygen evolution reaction (OER), and the value of oxidation
products (O2) is of little signicance.179 Recently, several
effective measures have been developed to replace oxidation of
water with more thermodynamically favorable electro-
oxidation reactions of small molecules (hydrazine, alcohol,
urea, primary amine, etc.) to improve the efficiency of water
splitting for hydrogen production.180–183 Similarly, the energy
saving strategy of eNRR to NH3 can also be realized by coupling
more energetically favorable oxidation reactions and obtaining
high value-added products at the anode, which is expected to
improve the energy efficiency of ammonia synthesis and
increase economic benets. Some of these reactions, such as
sodium gluconate oxidation reaction,184 5-hydrox-
ymethylfurfural oxidation,27 and glycerol oxidation reaction185

have been successfully demonstrated to reduce the overall
electrolytic voltage with high ammonia yield. Moreover, the
multifunctional catalytic activity of the electrocatalyst will also
reduce the cost and time. A ruthenium(III) polyethyleneimine
(Ru(III)-PEI) difunctional catalyst supported on carboxyl-
modied carbon nanotubes (Ru(III)-PEI@MWCNTs) could
induce both high FE of 30.93% for eNRR in the cathode and
excellent FE of 94% for 2,5-furandicarboxylic acid production
in the anode, with the cell voltage of 220 mV lower than that
coupling with OER.27 Also, OER was replaced with the reaction
of oxidizing sodium gluconate to gluconic acid, the voltage
required by the system was reduced to 400 mV without
affecting on the eNRR activity.184 These proposals provide
a promising pathway to obtain both NH3 and valuable organic
chemicals with high efficiency and economic benet.
6. Conclusion and perspective

In conclusion, the unremitting efforts of academic researchers,
from quantication of ammonia products and precise charac-
terization of nitrogen sources to design and preparation of
catalysts, optimization of electrolytic cell structure, and devel-
opment of new nitrogen reduction systems, are briey
summarized and discussed in this perspective. Despite the
considerable progress of eNRR, challenges remain to reach the
practical targets for ammonia yield and electrosynthesis effi-
ciency. It is far away from the U.S. Department of Energy targets
that electrochemical synthesis techniques should achieve the
current density >300 mA cm−2, faradaic efficiency >90%, and
the full cell energy efficiency >60%.186 To achieve practical
application of electrochemical ammonia synthesis, it is neces-
sary to optimize the device on the basis of in-depth study on the
catalytic mechanism and structure–activity relationship.
J. Mater. Chem. A, 2023, 11, 18626–18645 | 18639
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6.1. Energy efficiency needs to be improved

Most current studies in the eld primarily focus on enhancing
the FE of nitrogen reduction and the yield of ammonia through
catalyst design, electrolyte selection, and electrode optimiza-
tion. However, these studies oen overlook the power cost and
energy efficiency aspects. Although alternative anode reactions
can generate high-value chemicals and offer attractive
economic advantages, electro-oxidation processes of organic
compounds are typically more complex, involving multi-
electron processes compared with the four-electron OER.
These oxidation reactions generally exhibit low thermodynamic
potential but suffer from sluggish kinetic processes. Conse-
quently, improving the ammonia yield at low overpotential is
limited in this system, and the high resistance of the organic
matter at the anode becomes a signicant concern. Further-
more, only a few estimations have been made regarding the
energy efficiency of ammonia synthesis.

For the Li-mediated system, the FE can be markedly
increased, but the reduction of Li+ requires additional energy,
resulting in more energy consumption in the whole process. It
has been reported that the power consumption of eNRR systems
coupled with OER was about 10.5 MW h per tonne with at least
2.0 V of the overall cell.5 Though the Li-mediated system
coupled with a continuous ow electrolytic cell and anodic
hydrogen oxidation achieved a high FE of up to 61 ± 1%, its
energy efficiency was only 13%.109 Therefore, it is encouraged to
estimate the energy efficiency in various eNRR systems in future
studies to stimulate rapid development of green ammonia
synthesis.
6.2. Screening electrocatalysts with high selectivity and
stability

Electrocatalysts play a crucial role in achieving efficient nitrogen
xation. Currently, the development of catalysts heavily relies on
chemical experience and intuition, which involves a time-
consuming trial-and-error process within a vast materials
space. This poses a signicant challenge for the efficient
screening of advanced catalysts. To address this, key descriptors
based on adsorptive free energy of intermediates, calculated on
basis of DFT, have been widely used to rapidly predict the
nitrogen reduction activity of catalysts. However, certain
approximate calculations are limited to specic surfaces, and the
scaling relationships oen restrict catalyst performance, leading
to inconsistent predictions when compared with experimental
studies. This limitation hampers their broad application, high-
lighting the need to break the scaling relationships for the
discovery of promising electrocatalysts.

Additionally, machine learning holds promise in optimizing
the collection and analysis of high-dimensional data, uncover-
ing hidden statistical patterns that can aid in the selection of
efficient electrocatalysts from a large pool of candidate mate-
rials. This, in turn, can guide advancements in catalyst design,
experimental synthesis, and more. However, constructing
a comprehensive “big data” framework through high-
performance computing and conducting thorough analyses of
experimental results present attractive yet challenging
18640 | J. Mater. Chem. A, 2023, 11, 18626–18645
engineering goals. Moreover, establishing universal machine
learning models applicable to different eNRR systems is an
inevitable requirement for future development.

6.3. Combining in situ techniques with advanced
calculations to clarify electrocatalytic mechanisms

Understanding the electrocatalytic mechanism is crucial for
guiding the design of electrolytic cells, electrolytes, and cata-
lysts. In recent years, with advancements in science and tech-
nology, various in situ characterization techniques have
emerged. These techniques, such as in situ infrared spectros-
copy, in situ Raman, differential electrochemical mass spec-
trometry (DEMS), in situ XRD, in situ synchrotron radiation,
quasi-in situ XPS, and Operando XAS, have been utilized to
monitor reaction intermediates and dynamic changes in cata-
lysts. They provide valuable insights into reaction mechanisms
and help identify active sites. However, several challenges
remain.

For instance, in situ infrared monitoring of nitrogen-
containing intermediates is not ideal due to the inuence of
electrolytes. Additionally, current theoretical calculations
primarily focus on the thermodynamic aspects of eNRR mech-
anism, neglecting kinetic factors. Moreover, theoretical calcu-
lations oen serve the purpose of validating eld monitoring
analyses or eNRR performance testing, rather than making
predictions for macroscopic experiments that may not be con-
ducted. It is essential to develop computational models that
incorporate time-dependent changes, employing molecular
dynamics simulations to accurately capture the dynamic cata-
lytic mechanism. Furthermore, advanced computational
methods, such as the solvation model, should be developed to
better mimic real experimental conditions, surpassing the
limitations of traditional computational hydrogen electrode
models. To enhance prediction accuracy, the optimized model
must consider the three-phase interface of gas, catalyst, and
electrolyte.

The design of theoretical models should be integrated with
experimental conditions to bridge the gap between theoretical
predictions and experimental monitoring in real electro-
chemical environments. This will lead to a more comprehensive
understanding of electrocatalytic processes.

6.4. Advanced membrane technology

Currently, Naon membrane with peruorosulfonic acid as the
main component is the usually used proton exchange
membrane in eNRR cells.187 The hydrated protons in the solvent
can move between the sulfonic roots of the branch chain to
achieve proton conduction. Unfortunately, it has demonstrated
that ammonia, like hydrating protons, could pass through
Naon membranes, transfer between the anode chamber and
cathode chamber, and cause corrosion to the membrane,
resulting in measurement errors in ammonia quantization and
short operating cycles of the device in practical applications.188

Meanwhile, there are also some common characteristics with
the current commercial water splitting. The ionic conductivity
of the Naon membrane is lower in an alkaline environment
This journal is © The Royal Society of Chemistry 2023
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than that in an acidic medium, and also the price of proton
exchange membrane is generally high. The development of low-
cost, controllable structure and simple preparation process of
non-uoride anion exchange membranes is expected to solve
the above problems. However, in the alkaline system, quater-
nary amine groups on the traditional quaternary amine anionic
conduction membrane will bring Hoffmann elimination and
nucleophilic substitution, resulting in poor stability of the
membrane.189 If a new type of high-stability anion exchange
membrane with appropriate proton and electron transport is
exploited to replace the existing commercial membrane, it is
believed to be of great signicance for the continuous produc-
tion of high-yield ammonia. In addition, with the development
of nitrogen reduction research, the operation time of electro-
lytic devices tends to be extended under the condition of high
current, and a lot of waste heat is generated. With water elec-
trolysis devices, the efficient use of waste heat to boost energy
efficiency is a challenging but attractive study. In this regard,
nitrogen reduction devices driven by heat and electricity, such
membrane reactor,190,191 may be a promising but less focused
technology for ammonia synthesis.

In conclusion, electrochemical nitrogen reduction holds
great potential for clean and environmentally friendly ammonia
production with renewable electric energy. This approach offers
the prospect of reducing global energy consumption and
addressing impending food and environmental crises. Though
the electrocatalytic synthesis of ammonia still faces challenges
compared with the well-established Haber–Bosch process,
signicant progress has been made through ongoing research
efforts. Moving forward, it is crucial to delve deeper into the
reaction mechanism, develop catalysts with high performance
and energy efficiency, optimize electrocatalytic cells, and
explore innovative membrane technologies. These areas of
exploration are key to realizing the industrial application of
electrochemical ammonia synthesis under ambient conditions.
By addressing these challenges and making advancements in
these areas, we can pave the way for a sustainable and efficient
method of ammonia production, contributing to a cleaner and
more sustainable future.
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