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nitrate reduction to ammonia by
non-noble metal single-atom catalysts: bridging
waste remediation and sustainable hydrogen
storage

Yongtao Xue,a Xiufang Heb and Jia Wei Chew *a

Ammonia plays a pivotal role in agriculture and industry, while being increasingly viewed as a carbon-free

hydrogen carrier. Over the past decade, electrochemical nitrate reduction to ammonia has emerged as

a promising green route, bridging waste remediation and effective hydrogen storage. In this context,

non-noble metal single-atom catalysts (SACs) are particularly attractive due to their tunable electronic

structure and high reaction selectivity. This review provides a timely and comprehensive overview of

electrochemical nitrate reduction to ammonia by non-noble metal SACs. In this review, the principles

and reactor configurations for electrochemical nitrate reduction are examined and then the synthesis

strategies and characterization techniques for non-noble metal SACs are critically summarized. Recent

advances in utilizing non-noble metal single-atom catalysts for electrochemical nitrate reduction to

ammonia are systematically assessed in terms of NH3 yield, Faraday efficiency, selectivity, and underlying

mechanisms. Finally, the persistent challenges and future perspectives are discussed, with the aim of

guiding the rational design of non-noble metal single-atom catalysts towards highly efficient

electrochemical nitrate reduction to ammonia.
1. Introduction

Ammonia (NH3) is an essential chemical product and indis-
pensable industrial feedstock globally, with extensive applica-
tions in agriculture and industry (e.g., nitrogen-containing
polymers and dyes). Notably, approximately 80% of ammonia
production is consumed as agricultural fertilizer.1,2 At present,
global nitrogen-based fertilizer production is estimated at 150
million tons and is projected to increase steadily at around
2.3%, primarily driven by population growth, rising food
demand, and food security.3 Beyond its agronomic importance,
NH3 is gaining interest as a promising zero-carbon energy
carrier for sustainable hydrogen storage, owing to its inherent
advantages, including a high hydrogen mass fraction (17.6%),
high energy density (4.25 kWh L−1), easy liquefaction (10 bar or
−33 °C), and well-established methods for storage and trans-
port.4,5 However, industrial NH3 synthesis remains mainly
reliant on the conventional Haber–Bosch process, which
requires harsh conditions of elevated temperatures (400–500 °
C) and high pressures (10–30 MPa).6 This energy-intensive
process consumes approximately 1–2% of the global energy
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supply and results in excessive CO2 emissions (420 Mt year−1),
corresponding to around 1.5% of total greenhouse gas emis-
sions.7,8 Therefore, amid escalating energy and climate pres-
sures, the development of sustainable, low-carbon and
environmentally benign alternatives for industrial NH3

production is both urgent and necessary.
To date, electrochemical methods have been widely explored

as promising alternatives for NH3 production since they can
offer efficient and cost-effective synthesis under mild operating
conditions.9 In particular, the utilization of nitrates as the
nitrogen source provides an attractive waste-to-value strategy
that simultaneously addresses nitrate-contaminated water
remediation and sustainable ammonia generation. This
approach is motivated by the fact that nitrate is a ubiquitous
water pollutant that can trigger eutrophication, pose risks to
human health (e.g., methemoglobinemia and thyroid dysfunc-
tion), and disrupt the balance of the natural N-cycle.10,11 As
illustrated in Fig. 1a, electrochemical nitrate reduction to
ammonia has therefore become an active and rapidly growing
research area. The challenge lies in the intrinsic complexity of
electrochemical nitrate reduction to ammonia, involving the
generation of multiple intermediates and byproducts (e.g.,
NO2

−, NO, and NH2OH). In addition, the competing hydrogen
evolution reaction (HER) inevitably occurs, which can signi-
cantly compromise Faraday and nitrate conversion efficien-
cies.12 Hence, the development of catalysts with high selectivity
J. Mater. Chem. A
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Fig. 1 The number of publications and citations on the different topics: (a) electrochemical nitrate reduction to ammonia and (b) electro-
chemical nitrate reduction to ammonia by non-noble metal single-atom catalysts. (c) Keywords, and (d) co-citation analysis on the topic of
electrochemical nitrate reduction to ammonia by non-noble metal single-atom catalysts through VOSviewer (the data were obtained from the
Web of Science on November 25, 2025).
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toward NH3 and excellent conversion efficiency is highly desir-
able for practical electrochemical nitrate reduction.

In response to this need, a variety of catalysts have been
investigated for electrochemical nitrate reduction to ammonia,
such as Cu7.2S4/CoS2 composites,13 IrNi alloy nanobranches,14

Cu9S5 sub-nanowires,15 Cu/Cu2O/Co3O4 heterostructures,16 Fe
single-atoms coupled with carbon-shell-coated FeP nano-
particles,17 and Ag single-atoms anchored on g-C3N4.18 Among
these catalysts, single-atom catalysts (SACs) have emerged as
particularly attractive candidates due to their nearly 100%metal
atom utilization, tunable electronic structures, and well-dened
active sites, which collectively enable superior catalytic perfor-
mance for electrocatalytic nitrate reduction.19,20 Given the
scarcity and high cost of noble metals (e.g., Pt and Pd),
increasing attention has been directed to non-noble metal SACs
(e.g., Fe- and Cu-based SACs). As a result, the development of
non-noble metal SACs for electrochemical nitrate reduction to
ammonia, together with the elucidation of the underlying
mechanisms, has attracted considerable research interest
(Fig. 1b). As shown in Fig. 1c, keyword analysis demonstrates
that current studies primarily focus on ammonia yield and
nitrate reduction efficiency, while co-citation analysis high-
lights the interdisciplinary nature of this eld, spanning
chemistry themes (e.g., Journal of the American Chemical Society),
materials themes (e.g., Advanced Materials), and environmental
J. Mater. Chem. A
themes (e.g., Applied Catalysis B: Environment and Energy). To
accelerate progress in non-noble metal SACs for electro-
chemical ammonia synthesis, a comprehensive and up-to-date
review is therefore essential to consolidate current under-
standing and provide guidance for future research directions.

In view of the growing interest in SACs and electrochemical
nitrate reduction, several reviews have surveyed related aspects,
such as electrochemical nitrate reduction by cobalt catalysts,21

noble- and non-noble metal-based catalysts for electrochemical
nitrate reduction,9 a broad overview of electrochemical nitrate
reduction,2 Fe SACs for electrochemical ammonia synthesis,3

and non-noble metal SACs for energy-conversion reactions.22

Nevertheless, a comprehensive review dedicated to the prepa-
ration and characterization of non-noble metal SACs and their
specic application and performance in electrochemical nitrate
reduction to ammonia remains lacking. In this review, the
fundamentals of electrochemical nitrate reduction to ammonia,
with an emphasis on reaction pathways, evaluationmetrics, and
reactor congurations, are introduced, followed by the
synthesis strategies and characterization techniques for non-
noble metal SACs. Subsequently, the performance and mecha-
nisms for electrochemical nitrate reduction to ammonia by
non-noble metal SACs are comprehensively overviewed. Finally,
the key challenges are discussed and future perspectives are
proposed.
This journal is © The Royal Society of Chemistry 2026
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2. Electrochemical nitrate reduction:
fundamentals and reactor
configurations

Electrochemical nitrate reduction to ammonia is intrinsically
complex because nitrogen can adopt a wide range of valence
states from −3 to +5. As a result, nitrate reduction involves
various electron transfer pathways and generation of different
intermediates, with N2 and NH3 being thermodynamically the
most favored products.23 Based on the overall stoichiometry,
NO3

− reduction to NH3 follows an eight-electron pathway (eqn
(1)), whereas NO3

− reduction to N2 only requires ve electrons
(eqn (2)). This lower electron demand makes N2 formation
kinetically competitive relative to NH3 during nitrate
reduction.24

NO3
− + 9H+ + 8e− / NH3 + 3H2O, E0 = −0.12 V vs. SHE (1)

2NO3
− + 12H+ + 10e− / N2 + 6H2O, E0 = 1.17 V vs. SHE (2)

Electrochemical nitrate reduction can generally be classied
into direct and indirect pathways. The indirect reaction can only
occur in the presence of high nitrate concentrations (>1 mol
L−1) and low pH levels, whereby nitrate does not participate in
electron transfer during the reduction.25 Because most reported
studies have been based on low nitrate conditions, direct
reaction mechanisms are considered the main pathways for
electrochemical nitrate reduction and are therefore emphasized
in this review. In a typical direct pathway, aqueous NO3

−

(NO3
−
(aqs)) rst adsorbs on the electrode surface to form

NO3
−
(ads) species (adsorbed state, eqn (3)), and then the N–O
Fig. 2 (a) The main mechanisms for electrochemical nitrate reduction to
(c) H-type cell, and (d) membrane electrode assembly (MEA)-based cell, r
electrolyte (PSE) reactor, reproduced with permission.36 Copyright 2024

This journal is © The Royal Society of Chemistry 2026
bond in NO3
−
(ads) is cleaved to form NO2

−
(ads) through electron

transfer (eqn (4)). The conversion of NO3
−
(ads) to NO2

−
(ads) step

is widely regarded as rate-limiting, because electron transfer
into the lowest unoccupiedmolecular orbital (LUMO) of NO3

− is
energetically unfavorable.26 As illustrated in Fig. 2a, under
acidic conditions, the NO2

−
(ads) can react rapidly with hydrogen

ions in the electrolyte to generate NO(ads) (eqn (5)), followed by
hydrogenation to NH2OH(ads) (eqn (6)), and nally NH3(ads) (eqn
(7)).27 Under neutral or alkaline conditions, atomic hydrogen
(H(ads)), which is produced from water through the Volmer
process (eqn (8)),28 is involved in nitrate reduction. Owing to the
strong reducing capacity (E0(H+/H) = −2.31 V vs. SHE), H(ads)

can effectively reduce the adsorbed intermediates (e.g.,
NO3

−
(ads), NO2

−
(ads), and NO(ads)) to generate N(ads) (eqn

(9)–(11)),29 before nally forming NH3(ads) (eqn (12)). It has also
been veried that NH3(ads) is the main product in this process,
because the formation of the N–H bond by H(ads) is more
favorable than the formation of the N–N bond.24 Furthermore,
electrochemical nitrate reduction typically involves one or
multiple pathways, strongly depending on reaction conditions,
including electrocatalytic electrocatalyst type, electrolyte
composition, and applied potential. Consequently, rational
optimization of operating conditions, together with mecha-
nistic understanding, is crucial for further improving nitrate-to-
ammonia conversion efficiency.

NO3(aqs)
− / NO3(ads)

− (3)

NO3(ads)
− + 2H+ + 2e− / NO2(ads)

− + H2O (4)

NO2(ads)
− + 2H+ + e− / NO(ads) + H2O (5)
ammonia; schematic illustrations of reactors: (b) single-chamber cell,
eproduced with permission.30 Copyright 2024, Elsevier. (e) Porous solid
, Springer Nature.
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NO(ads) + 3H+ + 3e− / NH2OH(ads) (6)

NH2OH(ads) + 2H+ + 2e− / NH3(aqs) + H2O (7)

H2O + e− / H(ads) + OH− (8)

NO3(ads)
− + 2H(ads) / NO2(ads)

− + H2O (9)

NO2(ads)
− + H(ads) / NO(ads) + OH− (10)

NO(ads) + 2H(ads) / N(ads) + H2O (11)

N(ads) + 3H(ads) / NH3(ads) (12)

In addition, electrochemical reactor conguration also plays an
important role in the electrochemical nitrate reduction process.
Commonly used reactors can be broadly classied into three
categories, namely, single-chamber cells (Fig. 2b), H-type cells
(Fig. 2c), and membrane electrode assembly (MEA)-based cells
(Fig. 2d).30 In the single-chamber cell, nitrate reduction occurs
at the cathode while the oxygen evolution reaction occurs at the
anode at an appropriate applied potential. Because the cathode
and anode are not separated, the produced NH3 is mixed with
the generated hydrogen and oxygen in the reactor. In addition,
since NH3 can be re-oxidized at the anode, the faradaic effi-
ciency for NH3 is reduced.31 Despite these limitations, single-
chamber cells offer practical advantages, including lower
internal resistance, simple conguration, and easy operation,
making them fast, convenient platforms for preliminary
performance testing. For more reliable quantication, H-type
cells are employed. In this conguration, the anode and
cathode are separated by a polymeric membrane (e.g., the
Naon membrane), which restricts the migration of anions to
the anode chamber, side reactions (e.g., re-oxidation), and
mixing of generated products, which collectively improve the
production efficiency of ammonia.32 An additional advantage is
the operational exibility, allowing two different wastewaters to
be treated simultaneously due to the separated chambers. For
instance, nitrate reduction to ammonia can occur in the
cathodic chamber while the anodic chamber is used for oxida-
tion and mineralization of organic pollutants, which can
signicantly reduce the energy demand for wastewater treat-
ment.33 However, H-type cells typically suffer from higher
internal resistance because of the distance between the anode
and cathode, which limits overall efficiency. To address this,
membrane electrode assembly (MEA)-based cells have been
explored. In an MEA conguration, the electrolytes (e.g., nitrate-
containing solution) are fed into the anodic and cathodic
chambers separately. The direct contact between the electrode
and electrolyte not only enhances the utilization of the active
sites on the electrode surface but also reduces transport resis-
tance. The generated products can be easily separated because
of the presence of an ionic exchange membrane, and long-term
electrolysis is enabled.34 For instance, Boppella et al.35 reported
an MEA system for nitrate-to-ammonia electrolysis delivering
a high NH3 yield of 5.7 mmol h−1 cm−2 with stable operation
over 100 h. Beyond these established designs, emerging reactor
concepts are being developed to further improve
J. Mater. Chem. A
electrochemical nitrate reduction efficiency. As illustrated in
Fig. 2e, Chen et al.36 developed a novel three-chamber porous
solid electrolyte reactor with cation shielding effects, which can
be applied for efficient nitrate reduction in the absence of
supporting electrolytes. This system exhibited excellent
ammonia faradaic efficiency (>90%) for high nitrate concen-
trations (2000 ppm), highlighting a promising design for the
concurrent production of NH3 and treatment of nitrate-
containing wastewater.
3. Single-atom catalysts: comparison
of synthesis strategies

Developing facile and scalable methods for the synthesis of
non-noble metal SACs with excellent catalytic performance is
essential for accelerating their practical deployment. However,
agglomeration during synthesis presents a major challenge due
to the high surface energy of single metal atoms. Consequently,
considerable effort has been devoted to innovating methods
that both generate atomically dispersed sites and stabilize them
on suitable supports. Generally, the synthesis strategies can be
classied into bottom-up and top-down approaches. In bottom-
up synthesis (e.g., the wet chemical method, atomic layer
deposition, and electrochemical deposition), mononuclear
metal precursors are dispersed or adsorbed onto the support to
form SACs.37 In contrast, top-down synthesis involves metal
nanoparticles or bulk metals as the main precursors, which are
oen treated at high temperatures (e.g., pyrolysis) or with
mechanical stresses (e.g., ball-milling) to isolate single atoms.38

In this section, the key principles, strengths and limitations of
various synthesis methods for non-noble metal SACs are
comprehensively summarized.
3.1 Wet chemical method

The wet chemical method has been widely used for the
synthesis of SACs, mainly due to the facile preparation steps
and high potential for large-scale production. Typically, this
strategy involves three main steps. First, the metal precursor is
immobilized onto the substrate through various methods such
as wet impregnation, deposition–precipitation, coprecipitation,
and ion exchange. Subsequently, the resulting products are
dried to remove the solvent and then calcined. Lastly, a reduc-
tion or activation step is applied for the formation of SACs.39 As
illustrated in Fig. 3a, Ni single-atoms dispersed on N-doped
carbon nanotubes (Ni-SACs/N-CNTs) were synthesized through
three main steps, involving preparation of Ni2+/g-C3N4 through
impregnation of Ni2+ cations into g-C3N4 solution, synthesis of
Ni nanoparticles/N-doped carbon nanotubes via pyrolysis, and
then the formation of Ni single-atom/N-doped carbon nano-
tubes through acid-leaching and reduction.40 Similarly, Zeng
et al.41 synthesized ruthenium and copper single atoms on
polymeric carbon nitride through a facile preassembly-
coprecipitation-pyrolysis strategy. For such methods, the
heteroatoms (e.g., N, S, and O) or defects in the substrates
generally serve as anchoring sites for the metal ions; thus, the
density and availability of these sites directly constrain the
This journal is © The Royal Society of Chemistry 2026
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Fig. 3 (a) Schematic illustration of the SAC preparation process through the wet chemical method, reproduced with permission.40 Copyright
2023, American Chemical Society. (b) Atomic layer deposition (ALD) method, reproduced with permission.47 Copyright 2019, Springer Nature. (c)
Electrodeposition method, reproduced with permission.50 Copyright 2023, Elsevier. (d) Pyrolysis method, reproduced with permission.54

Copyright 2022, American Chemical Society.
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loading of SACs. In addition, the high agglomeration tendency
of SACs at high metal loadings further limits the loading of
SACs. Therefore, the main disadvantage of the wet chemical
method for the synthesis of SACs is relatively low SAC loadings
(below 1 wt%) on the supporting materials.42 To increase single-
atom loading while retaining dispersion, it is therefore desir-
able to (i) engineer supports with a high density of strong
anchoring motifs, (ii) strengthen metal–support interactions,
and (iii) precisely control key synthesis parameters.
3.2 Atomic layer deposition method

Atomic layer deposition (ALD) is a technique in which gaseous
precursors are deposited onto solid substrates. The synthesis of
SACs benets from the ability to precisely control the loading by
altering the number of ALD cycles.43 For instance, Wang et al.44

prepared Fe SACs/SiO2 with different Fe single-atom loading
amounts by varying the number of ALD deposition cycles.
Moreover, ALD enables advantages such as homogeneous
deposition layers and surface selectivity.45 As an example, Wang
et al.46 synthesized Co1Cu single-atom alloys (Co single atoms
were selectively coordinated to the oxygen vacancy sites on the
Cu2O(111) surface) via site-selective ALD. Beyond monometallic
SACs, ALD is also well-suited for the synthesis of two hetero
single-metal atoms. As illustrated in Fig. 3b, Pt–Ru dual-metal
dimers were sequentially deposited onto nitrogen-doped
carbon nanotubes through ALD.47 Despite these advantages,
several practical limitations hinder large-scale implementation
of ALD-derived SACs. ALD is generally time-consuming and
This journal is © The Royal Society of Chemistry 2026
requires relatively expensive equipment, high-cost precursors,
and ultrahigh vacuum conditions. The high dissociation
barriers of the metal precursors can lead to low metal loading
(typically lower than 2 wt%), while formation of nanoparticles
during synthesis may be unavoidable. To increase the metal
loading on the substrate while retaining atomic dispersion,
improving the dissolution of precursors and strengthening the
chemical binding between the precursors and substrates are
effective ways.48
3.3 Electrodeposition method

Electrodeposition, an electrochemical technique, is attractive
for the synthesis of SACs because it is facile, low-cost, and
typically conducted under mild conditions. In this approach,
dissolved metal ions are electrochemically reduced at the
cathode and subsequently deposited onto the substrate from
an electrolyte. The loading amount and density of active sites
of SACs can be accurately controlled by tailoring the synthetic
parameters, including applied potential, current density,
electrolyte composition, metal precursor concentration, and
deposition time.49 Notably, electrodeposited SACs are oen
located on the external surface of supporting materials, which
enhances atom utilization during catalysis. As shown in
Fig. 3c, Pt single atoms were deposited onto boron-nitride-
carbon using a standard three-electrode system, yielding
excellent oxygen reduction activity in fuel-cell tests.50 This
method has also been extended to the synthesis of non-noble
metal SACs. For instance, Zhao et al.51 prepared Cu single
J. Mater. Chem. A
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atoms/covalent organic frameworks through the electrodepo-
sition of Cu metal ions (0.1 mol L−1 CuSO4 and 0.5 mol L−1

H2SO4 solution as electrolyte) into a covalent organic frame-
work lm-covered electrode. Similarly, Xu et al.52 reported that
Cu single atoms were deposited in sulfur and nitrogen co-
doped graphite foam through underpotential deposition and
demonstrated that the Cu single-atom loading could be
modulated by tuning the deposition potential. Some limita-
tions of electrodeposition remain unresolved. The method
favors highly conductive supports, limiting the range of
compatible substrates. In addition, uniform deposition of
SACs is challenging, because of sensitivity to various operating
parameters (e.g., current and electrolyte), the lack of control of
which can lead to over-deposition and agglomeration of SACs
on the substrates, leading to poor catalytic performance.
3.4 Pyrolysis method

Pyrolysis is a facile, robust, and scalable method for the prep-
aration of SACs. Typically, suitable precursors are thermally
decomposed at a high temperature (e.g., 600–1000 °C) under
specic atmospheric conditions (e.g., Ar, H2, and NH3) to isolate
metal atoms and anchor them onto supporting materials.53 The
high temperatures promote direct doping or strong coordina-
tion of the metal atoms with the supporting material, resulting
in highly stable SACs. However, excessively high temperatures
may also promote the migration and agglomeration of isolated
metal atoms, leading to the formation of clusters or nano-
particles. Post-treatment (e.g., acid treatment) has been
employed to remove excess metal species and preserve isolated
single-atom sites. As an example, Li et al.54 synthesized Fe single
atom/N-doped porous nanobers through facile pyrolysis (800 °
C, N2 atmosphere), followed by HCl etching (Fig. 3d), demon-
strating that acid treatment effectively removed Fe particles and
uniformly dispersed Fe single atoms onto the supporting
materials. In addition, the pyrolysis parameters can be precisely
controlled to alleviate the agglomeration of prepared SACs. For
instance, Guo et al.55 prepared nitrogen-doped carbon-
supported Ni SACs through rapid pyrolysis (1000 °C, 90 s),
with the instantaneous high temperature resulting in rapid
decomposition of carbon-based precursors and vigorous
evolution of gases. Gases increase internal pressure, thereby
mitigating the agglomeration of Ni SACs and uniformly
distributing SACs onto the nitrogen-doped carbon. Further-
more, precursor type also plays a critical role in the synthesis of
SACs via pyrolysis. Recently, diverse precursors, including
metal–organic frameworks, polymers, and small molecules,
have been investigated for the preparation of SACs. For
instance, Fe SACs/carbon nitride with an ultrahigh Fe loading
(16 wt%) was prepared through a two-step pyrolysis strategy
using melamine, cyanuric acid, and ferric acetylacetonate as the
main precursors.56 Likewise, Ni SACs/N-rich carbon matrices
were obtained from zeolite imidazolate framework (ZIF)-8 via
pyrolysis.57 However, it should be noted that the high energy
consumption associated with the high temperature and the
agglomeration tendency of SACs restrict wider application of
this method.
J. Mater. Chem. A
3.5 Ball-milling method

Ball milling has emerged as an effective approach for SAC
synthesis because it is operationally simple, potentially enables
high metal loading, and offers advantages in environmental
compatibility (e.g., no requirement for solvent) and scalability.
During milling, mechanical forces break the chemical bonds of
precursors to form SACs.58 As illustrated in Fig. 4a, Cu SACs/N-
doped carbon was synthesized through a two-step ball-mill
process, resulting in an ultrahigh yield of SACs (around 4.2 g
catalyst for each pot (70 mL volume)) and thus underscoring the
potential for large-scale production.59 Tang et al.60 also observed
that Ni SACs were uniformly dispersed on g-C3N4 via ball-mill
synthesis and further emphasized that the uniformity of
active sites, rather than the loading amount of SACs, can be
decisive for photocatalytic performance. In addition, ball-
milling can be used as an effective complementary method to
prepare SACs with high performance. For instance, Liu et al.61

prepared Zn–Co-MOF via ball-milling, and then the Co SACs/
carbon were synthesized by using Zn–Co-MOF as a sacricial
template via pyrolysis (Fig. 4b). Similarly, Fe SACs/N-doped
carbon,62 Fe SACs/graphitic ake,63 and Ce SACs/nitrogen-
doped carbon64 were prepared through ball-milling-assisted
synthesis strategies. Aside from the advantages, it should be
noted that the structures of supporting materials may be
damaged during prolonged ball-milling. The reaction condi-
tions are also difficult to precisely control, resulting in relatively
low repeatability compared to other methods. More impor-
tantly, the substantial energy requirement of ball-milling limits
its industrial-scale implementation for the synthesis of SACs.
3.6 Other strategies

Photochemical routes provide efficient pathways for SAC
synthesis. In these methods, which can be implemented in
either liquid or solid phases, the metal precursors can be
reduced into single atoms under ultraviolet light irradiation.65

In liquid-phase photochemical synthesis, metal precursors are
frozen (e.g., using liquid nitrogen) into an ice matrix, which
inhibits the nucleation of products and promotes the formation
of SACs during ice-melting under irradiation. In contrast, solid-
phase photochemical synthesis can inhibit the agglomeration
of SACs and is attractive for large-scale production because it
can avoid post-processing steps such as washing and drying.53

As illustrated in Fig. 4c, Zhang et al.66 prepared Ni SACs/CdS (the
Ni loading amount was 2.85%) through a facile and rapid
photochemical method and demonstrated outstanding stability
and durability throughout the photocatalytic hydrogen evolu-
tion reaction (HER). Similarly, Zhao et al.67 anchored Co single
atoms onto an MXene substrate through ice-assisted photo-
chemical reduction.

Microwave-assisted synthesis, as a facile and environmen-
tally friendly technique, can also be applied for the synthesis of
SACs. Microwave-assisted preparation of SACs has some
inherent advantages, including less reaction time and low
agglomeration of SACs. For instance, Wen et al.68 prepared Ni
SACs/N-doped carbon by using Ni-ZIF-8 as the precursor
through facile microwave-assisted pyrolysis within 3 min
This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Schematic illustration of the SAC preparation: (a) ball-milling process, reproduced with permission.59 Copyright 2023, Springer Nature. (b)
Ball-milling assisted process, reproduced with permission.61 Copyright 2022, The Royal Society of Chemistry. (c) Photochemical method,
reproduced with permission.66 Copyright 2020, Elsevier. (d) Microwave-assisted process, reproduced with permission.68 Copyright 2024, Wiley-
VCH. (e) Microwave-induced plasma treatment process, reproduced with permission.72 Copyright 2021, Wiley-VCH.
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(Fig. 4d), demonstrating a fast and scalable synthesis method
for SACs. Similarly, Fe and Ni dual SACs on nitrogen porous
carbon materials were prepared through microwave-assisted
adsorption and subsequent pyrolysis, resulting in nano-
composites with a large specic surface area and abundant
active sites.69

Plasma-assisted methods represent another platform for
SAC synthesis, oen delivering highly dispersed and enriched
active sites compared to conventional heating methods.70 For
instance, Rao et al.71 prepared Fe SACs/carbon support through
plasma bombing, which enabled direct transformation of metal
precursors into isolated atomic sites. This strategy is promising
for the scalable production of SACs with different metals. As
shown in Fig. 4e, Ni SACs with nitrogen vacancies were
synthesized through microwave-induced plasma treatment,
which facilitated removal of nitrogen atoms, resulting in the
reconstruction of active sites.72

4. Characterization of non-noble
metal single-atom catalysts

Beyond synthesis strategies, advanced characterization tech-
niques also play a key role in the study of coordination envi-
ronments and atomic dispersion of the prepared non-noble
metal SACs. At present, existing characterization methods for
non-noble metal SACs can be mainly classied into two cate-
gories, namely, microscopy-based (e.g., scanning transmission
electron microscopy (STEM) and scanning tunneling micros-
copy (STM)) and spectroscopy-based (e.g., X-ray absorption
This journal is © The Royal Society of Chemistry 2026
spectroscopy (XAS), X-ray photoelectron spectroscopy (XPS), and
electron paramagnetic resonance (EPR)). In this section, the
advantages and limitations of various characterization methods
for non-noble metal SACs are discussed. It is important to
emphasize that no single technique is sufficient to denitively
characterize SACs. Because different methods probe distinct
spatial scales and possess inherent constraints, a combination
of complementary techniques is generally required to compre-
hensively identify isolated single atom sites and their local
coordination environments.
4.1 STEM

Conventional scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) are valuable for character-
izing size and morphology, but are generally regarded as
indirect or assistant methods due to the limited resolution.
Recently, high-angle annular dark-eld STEM (HAADF-STEM)
has been shown to directly visualize the morphology of SACs
at an atomic resolution (0.1 nm). In HAADF-STEM, differential
scattering of electrons on the detector causes atoms with high
and low atomic numbers to appear on the resulting images
respectively as bright and dark regions. Because metal sites
have much higher atomic numbers than supporting materials
(e.g., carbon materials), they can be discerned as bright
regions.73 For instance, Jiang et al.74 observed via SEM and TEM
that the prepared Cu SACs-nitrogen doped carbon demon-
strated a crimped sheet-like porous structure with abundant
folds (Fig. 5a and b), but these images could not conrm the
J. Mater. Chem. A
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Fig. 5 (a) SEM, (b) TEM, (c and d) HADDF-STEM image, and (e–g) corresponding elemental mapping of Cu SACs-nitrogen doped carbon,
reproduced with permission.74 Copyright 2023, Wiley-VCH.
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presence of SACs. In contrast, HAADF-STEM and corresponding
elemental mapping results (Fig. 5c–g) indicate Cu SACs as
bright spots (highlighted by red circles in Fig. 5c) and their
uniform dispersion on the nitrogen-doped carbon carriers.
However, it remains challenging to distinguish SACs through
HAADF-STEM if the substrate materials contain metal sites with
similar atomic numbers. In addition, HAADF-STEM is not
suitable for quantitative analysis of SACs since the observation
is typically limited to selected local regions rather than statis-
tically representative data of the entire sample.75
4.2 XAS

X-ray absorption spectroscopy (XAS) reveals the electronic
structure and local coordination environment of SACs. Under X-
ray irradiation, the inner electrons of the atom can be excited
into the continuum, with the resulting photoelectrons behaving
as waves backscattered from neighboring atoms. The interfer-
ence between the outgoing and backscattered waves, either in
phase or out of phase, leads to the characteristic oscillations
observed in XAS spectra, thereby providing ngerprint infor-
mation of the specied element.76 According to the relative
energy, XAS can be classied as X-ray absorption near-edge
structure (XANES, 30–50 eV) and extended X-ray absorption
ne structure (EXAFS, 50–1000 eV). XANES is highly sensitive to
the chemical state of the absorbing atom, including the oxida-
tion state and coordination species, while EXAFS provides
information on the bonding environment of SACs, such as the
coordination number and chemical bond length.77 EXAFS and
XANES are analyzed together to provide information about the
chemical environment for SACs, and inconsistencies in the
same sample indicate articial interference. Generally, EXAFS is
used to determine the coordination number and bond
distances, based on which XANES can be applied to investigate
valence states and electronic structures. However, the
J. Mater. Chem. A
distinguishing of light-atom scattering from metal–metal
contributions (such as M–N or M–C) is limited when these
features overlap in R space. To address this, WT-EXAFS provides
simultaneous resolution in both R and k space, which allows for
reliable differentiation of scattering paths from lighter neigh-
boring atoms and heavier metal atoms. As an example, Guo
et al.78 observed that the adsorption edge position of Co SACs/
carriers was 7717.5 eV, which is similar to the position of CoO
(7717.9 eV), suggesting that the oxidation state was +2 (Fig. 6a).
Fig. 6b shows that the characteristic peak of Co SACs (1.6 Å) was
ascribed to the rst shell of the Co–O band, and no character-
istic peaks of Co–Co were observed, suggesting the successful
preparation of Co SACs. The EXAFS tting results (Fig. 6c and d)
indicate that the average coordination number was 4 in Co
SACs. In addition, theWT-EXAFS (Fig. 6e) demonstrate that only
one peak was observed at a position of 1.6 Å−1, which is related
to the atomic Co–O coordination. No Co–Co bonds were
determined in Co SACs/carriers, suggesting the absence of Co
clusters and nanoparticles.

Although XAS is a very useful technique for the character-
ization of SACs, there are also some limitations. The relatively
low loading of SACs on the substrate results in weak XAS
signals, thereby requiring long acquisition times for signals or
high-brightness X-ray sources. In addition, XAS can only provide
average data for SACs, making it difficult to resolve local
structural heterogeneity or determine the specic position
distribution of single atoms.
4.3 XPS

X-ray Photoelectron Spectroscopy (XPS), an advanced tech-
nique, has been extensively used for investigating elemental
compositions and valence states of materials and for di-
stinguishing the SACs and metal oxides based on the difference
in electron states. As an example, Guo et al.79 observed Co SACs
This journal is © The Royal Society of Chemistry 2026
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Fig. 6 (a) Normalized XANES spectra, (b) first-shell fitting of EXAFS curves, (c) Co K-edge EXAFS (points) and the curve-fit (line) spectra, (d) EXAFS
fitting curves of Co SACs/carriers in R space, and (e) wavelet-transform plots of corresponding samples, reproduced with permission.78 Copyright
2024, Wiley-VCH.
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in I2@PFC-72-Co nanomaterials via XPS analysis, ascribing the
peaks at 400.4 eV and 399.5 eV in the high-resolution N 1s
spectrum to pyrrole C–N and N–Co, respectively (Fig. 7a). In
addition, the dual peaks at 777.2 eV and 780.6 eV along with the
satellite peak at 785.5 eV were assigned to Co 2p3/2, while the
main peak at 795.7 eV and the satellite peak at 801.1 eV were
associated with Co 2p1/2 (Fig. 7b). These results suggest the
formation of Co SACs in the composite materials. In Fig. 7c, the
energy space of Co 2p3/2 and Co 2p1/2 was 15.8 eV, revealing that
the valence state of Co was +2. In another study, the XPS survey
spectrum (Fig. 7d) conrmed the presence of C, N, O, and Fe
peaks in the prepared materials.80 In the high-resolution N 1s
spectrum (Fig. 7e), the peaks at 398.3 eV, 399.5 eV, 400.7 eV, and
403 eV were related to the pyridinic-N and Fe–N bond, pyrrolic-
N, graphite-N, and oxidized-like-N species, respectively. The
high-resolution Fe 2p spectrum (Fig. 7f) displayed two peaks at
712.32 eV and 725.65 eV, corresponding to Fe 2p3/2 and Fe 2p1/2,
respectively. Moreover, the distance between Fe 2p3/2 and Fe
2p1/2 was 13.3 eV, indicating the presence of Fe3+. In particular,
no peaks were observed for zero valent metallic Fe in Fig. 7f,
indicating the absence of metallic agglomeration and further
revealing the successful preparation of Fe SACs. Overall, XPS is
a facile and quick technique, making it a promising tool for the
characterization of SACs. Nevertheless, it also has some limi-
tations: low SAC loading leads to low signal intensity; charac-
terization focuses only on the surfaces; and the presence of
SACs cannot be directly conrmed.
This journal is © The Royal Society of Chemistry 2026
4.4 Other characterization techniques

Scanning tunneling microscopy (STM) is another powerful
technique for investigating the electronic properties and
morphology of SACs. Via quantum tunneling, STM can achieve
atomic-scale resolution on conductive surfaces and can map the
local electronic density of states of SACs, providing insights into
the interactions between substrates and SACs.81 As an example,
Deng et al.82 observed that the Fe center appeared as a bright
spot, and the neighboring C and N atoms also appeared brighter
than the carbon atoms situated further away in Fe–N4/graphene
(FeN4/GN-2.7; Fig. 7g). The STM simulation results (Fig. 7h)
conrmed that the Fe center was embedded in the graphene
lattice and signicantly modied the density states of adjacent
atoms. As discussed previously, TEM has limitations in di-
stinguishing two metal atoms, whereas STM can identify
different metal atoms due to the topographical and electronic
differences between two metals, resulting in the single metal site
appearing as bright protrusions or dark depressions on the
substrate.83 For instance, Giannakakis et al.84 proved that Rh
atoms were present on the Cu(111) surface through STM imaging
(Fig. 7i) and the corresponding simulated STM image (Fig. 7j).
However, the broader application of STM for the characterization
of SACs is limited due to the stringent requirements including
highly conductive materials and smooth surfaces and ultra-high
vacuum conditions, which oen do not represent the conditions
of actual catalytic reactions.85 Therefore, STM is usually regarded
J. Mater. Chem. A
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Fig. 7 (a) High-resolution N 1s and (b and c) Co 2p XPS spectra of I2@PFC-72-Co (iodine/PFC-72-Co hydrogen-bonded cobalt porphyrin
framework), reproduced with permission.79 Copyright 2024, Wiley-VCH. (d) XPS survey spectrum and high-resolution (e) N 1s and (f) Fe 2p XPS
spectra of FeSAC-N-C (Fe SAC-nitrogen-doped carbon nanosheets), reproduced with permission.80 Copyright 2023, American Chemical Society.
(g and h) Experimental and simulated STM images of FeN4/GN-2.7, reproduced with permission.82 Copyright 2015, American Association for the
Advancement of Science. (i and j) Experimental and simulated STM images of Rh atoms in Cu (111), reproduced with permission.84 Copyright
2021, American Association for the Advancement of Science. (k) EPR spectra of Fe SACs/nitrogen-doped carbon support, reproduced with
permission.88 Copyright 2023, Wiley-VCH. (l) EPR spectra of FeSA-NSC, reproduced with permission.89 Copyright 2022, Wiley-VCH. (m) Fe
Mössbauer spectra of Fe SACs with the co-coordination of N and O (Fe–N/O–C) and Fe SACs with the co-coordination of N (Fe–N–C),
reproduced with permission.91 Copyright 2024, Wiley-VCH.
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as a complementary technique rather than standalone evidence
for conrming SACs.

Electron paramagnetic resonance (EPR) is a highly sensitive
technique that can provide valuable information on SACs,
J. Mater. Chem. A
including the electronic and local coordination environment,
metal oxidation state, and interactions between SACs and sup-
porting materials.86 Notably, EPR requires sufficient magnetic
response from the samples and is thus usually used in
This journal is © The Royal Society of Chemistry 2026
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combination with other characterization techniques. EPR can
also be carried out under relatively high temperature (#873 K)
and pressure (#20 bar) conditions.87 As shown in Fig. 7k, the g
value was calculated to be 2.10, corresponding to the coor-
dinatively unsaturated Fe SACs/nitrogen-doped carbon
support.88 In another study, Li et al.89 observed that the g values
of Fe SACs/sulfur-and-nitrogen-codoped carbon matrix (FeSA-
NSC) were 2.005 and 2.026 at room temperature and 120 K,
respectively (Fig. 7l), which was attributed to the unpaired
electron in the eg orbital of Fe SACs. The EPR results, combined
with the XAS and XPS results, conrmed the successful prepa-
ration of Fe SACs and the +1 valence of Fe.

Mössbauer spectroscopy is another powerful technique for
elucidating the chemical state, spin state, and coordination
environments of materials through recoilless nuclear resonance
emission and absorption of g-rays. It is particularly useful for
the characterization of materials containing Fe90 and can also
be applied to distinguish Fe SACs and Fe-based oxides. As
illustrated in Fig. 7m, the absence of a-Fe and g-Fe character-
istic peaks in both Fe–N/O–C and Fe–N–C suggests that the pure
metal phase was absent in the samples.91 The Mössbauer
spectra of prepared materials were tted with two doublets,
named D1 and D2, which were assigned to Fe(II)N4 (low spin)
and Fe(II)N4 (medium spin), respectively. In addition, the D1
peak area increased and the D2 peak area decreased in Fe–N–C
relative to Fe–N/O–C, indicating that the coordinated O atom
resulted in the transition of Fe SACs from a low spin state to
a medium spin state.

At present, in situ techniques are essential for investigating
the underlying mechanisms of SACs during reactions. It would
be highly valuable to monitor the electronic structures, coor-
dination environments, and valence states of SACs in real-time.
These in situ techniques (e.g., TEM, XAS, XPS, and X-ray
diffraction (XRD)) have been comprehensively summarized
and discussed in different research areas, such as photo-
catalysis,92 the oxygen evolution reaction,93 batteries,94 nitrate
electroreduction,95 and electrochemical CO2 reduction.96

However, in situ characterization of SACs remains challenging
due to various inherent limitations of each technique (as di-
scussed above). The integration of multiple characterization
techniques and the combination of theoretical calculations
(e.g., density functional theory (DFT)) are promising to investi-
gate the properties of SACs.
5. Electrochemical nitrate reduction
by non-noble metal single atoms

The properties of non-noble metal single atoms play key roles in
electrochemical nitrate reduction. In this section, the perfor-
mance of electrochemical nitrate reduction by different non-
noble metal single atoms (e.g. Fe, Cu, Ni, and Co) is evaluated
in terms of key performance parameters, including NH3 yield,
faradaic efficiency, selectivity, stability, and economic and
environmental indicators. In addition, the inuences of oper-
ation conditions, including electrolyte type, overpotential,
temperature, and current density, are critically examined.
This journal is © The Royal Society of Chemistry 2026
5.1 Fe single atoms

Among the various candidates, Fe-based single atoms have been
widely explored for electrochemical nitrate reduction because of
their excellent catalytic properties. As an example, Wu et al.97

prepared Fe SACs (Fe–N4) with a high faradaic efficiency of 75%
and NH3 yield of 7.83 mg h−1 cm−2 for electrochemical
ammonia production. In another example, Li et al.98 observed
that the prepared Fe SACs coordinated with nitrogen of carbon
materials (Fe-PPy SACs and Fe–N4), displaying a high NH3 yield
of 2.75mg h−1 cm−2 with nearly 100% faradaic efficiency during
the electrosynthesis of ammonia from nitrate. DFT calculations
elucidated that NO3

− preferentially adsorbed on the Fe SACs via
an end-on conguration through a single O atom, whereas
adsorption on Fe nanoparticles occurred via a side-on mode
through two O atoms (Fig. 8a and b). The partial density of
states of Fe-PPy SACs and Fe nanoparticles indicates that the
adsorbed NO3

− on Fe-PPy SACs was more active due to the
obvious hybridization between O p and Fe d and signicant
overlap of electron densities in antibonding orbitals (Fig. 8c).
The Gibbs free energy diagram suggests that NH3 generation
involved a nine-step pathway, and the free energy difference
(DG) of NO3

− adsorption on Fe SACs was more negative than
that of H2O adsorption (Fig. 8d), indicating that almost all the
active sites of Fe SACs were occupied by NO3

−. Additionally, the
DG of *H desorption (rate-limiting step for the HER) by Fe-PPy
SACs was higher than that for Fe nanoparticles (1.42 eV > 0.81
eV), suggesting that Fe SACs promoted the formation of NH3

while suppressing the HER.
Furthermore, the coordination environments of SACs are

decisive factors in electrochemical nitrate reduction, as they can
change the electronic structures of materials and further affect
the catalytic performance. For instance, Liu et al.99 synthesized
different Fe-based SACs, including OH–Fe–N4, Fe–N3, and Fe–
N4, at different pyrolysis temperatures of 800 °C, 900 °C, and
1000 °C, respectively. Fe1/NC-900 (Fe–N3) displayed the highest
NH3 yield and faradaic efficiency (Fig. 8e–f), which was mainly
attributed to the abundant lone pair electrons and the
enhanced charge transfer and reduced energy barrier during
the nitrate reduction process. In addition, Fe1/NC-900 displayed
the highest NH3 yield at −0.9 V vs. RHE, while the faradaic
efficiency was decreased compared to −0.7 V vs. RHE, which is
related to the complete reaction of the HER. Xu et al.100 also
reported that the Fe SACs coordinated with nitrogen and
phosphorus on hollow carbon exhibited an outstanding NH3

production yield and faradaic efficiency for electrocatalytic
nitrate reduction. In Fig. 8g, synchrotron radiation Fourier
transform infrared (SR-FTIR) spectra demonstrate that the peak
intensity of NO3

− increased with applied potential, indicating
the continuous reduction of NO3

−. Fig. 8h proves that the key
intermediates, including s(N–H), *NH4

+, and *–O2N, were
generated during NH3 production. The experimental results
and DFT calculations prove that P atoms break the local charge
symmetry of Fe SACs and further promote the adsorption of
nitrate and key reactions for nitrate reduction. Additionally,
Zhang et al.101 proved that Fe SACs with FeN2O2 coordination
displayed higher electrochemical nitrate reduction efficiency
J. Mater. Chem. A
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Fig. 8 (a) DFT calculations of NO3
− adsorption by Fe-PPy SACs and (b) Fe nanoparticles, (c) the partial density of states of Fe-PPy SACs and Fe

nanoparticles, and (d) Gibbs free-energy of nitrate reduction and water dissociation, reproduced with permission.98 Copyright 2021, The Royal
Society of Chemistry. (e) Faradaic efficiency and (f) NH3 production yield of Fe SACs at different potentials, reproduced with permission.99

Copyright 2023, Elsevier. (g) SR-FTIR spectra at different potentials, and (h) time-dependent SR-FTIR spectra at a potential of −0.4 V vs. RHE,
reproduced with permission.100 Copyright 2023, Wiley-VCH.
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compared to Fe SACs with FeN4 coordination, which was mainly
attributed to the FeN2O2 structure presenting higher conduc-
tivity and excellent NH3 selectivity and reducing rate-limiting
steps and inhibiting the formation of some byproducts (e.g.,
NO2

−).
In addition to carbon-rich materials, another class of novel

materials, namely, MXenes, has also been applied for the
immobilization of Fe SACs. Generally, MXenes are prepared by
etching MAX ceramics, and the formula is Mn+1AXn, where M is
an early transition metal element and A and X refer to an
element of group IIIA-VA and C and/or N, respectively. MXenes,
as two-dimensional materials, have attracted considerable
attention due to their layered structure, high conductivity, and
adjustable surface properties.102 Ren et al.103 observed that Fe
SACs/Ti3C2Tx MXene demonstrated a higher NH3 faradaic effi-
ciency and selectivity (83%, 99%) compared with Fe
nanoparticles/MXene (69%, 81%) and MXene (33%, 52%)
during electrocatalytic nitrate to ammonia conversion. They
also proved that the high performance of Fe SACs/Ti3C2Tx

MXene was related to the inhibition of the HER and reduced
activation energy for the rate-limiting steps. Moreover, metal
oxides have also been considered as supports for SACs. For
instance, Murphy et al.104 reported that the synthesized Fe2O3

nanoparticles/Fe–N–C (Fe SACs-N-C) composite demonstrated
a high NH3 yield of 9 mmol h−1 cm−2 and an excellent faradaic
efficiency of around 100% (at −1.2 V vs. RHE) for electro-
chemical nitrate reduction. In addition to the high performance
of Fe–N–C, it was also proven that the pre-reduction activation
step (−1.5 V vs. RHE for 90 s) was crucial to produce NH3 due to
J. Mater. Chem. A
the reduction of Fe3+(Fe2O3) to the highly active Fe0. Wang
et al.105 also prepared Fe SAC doped TiO2 composites with an
excellent faradaic efficiency of 92.3% and ammonia yield of
137 mg h−1 mgcat

−1. They observed that the Fe SAC doping
introduced abundant oxygen vacancies in the composites,
which promoted active sites for the adsorption and reduction of
nitrate. The synergistic effects between oxygen vacancies and Fe
SACs resulted in high electrocatalytic nitrate reduction
efficiency.
5.2 Cu single atoms

Inspired by Cu-containing nitrate reductases in nature, Cu SACs
have been extensively studied for electrochemical nitrate
reduction to ammonia due to their outstanding catalytic
performance, high stability, and superior selectivity.106 For
instance, Zhao et al.107 prepared Cu SACs exhibiting a high NH3

production efficiency of 2.6 mg cm−1 h−1 and high faradaic
efficiency (87%) and selectivity (94%) for electrochemical
nitrate reduction. The experimental results and DFT calcula-
tions reveal that the CuN4 active sites promoted the adsorption
and activation of nitrate, resulting in the selective production of
NH3 with a downhill free energy pathway. Yin et al.108 also
observed that Cu SACs demonstrated a higher NH3 reduction
and faradaic efficiency compared with the prepared Mn SACs,
Ni SACs, and Mo SACs. This is mainly due to the hybridization
between Cu SACs and O being greater compared with that of
other prepared SACs, leading to faster electron transfer between
nitrate and Cu SACs. The CuN4 coordination environments
This journal is © The Royal Society of Chemistry 2026
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could also inhibit the side reactions (e.g., generation of N2 and
N2O) and enhance the production of NH3.

In order to further improve NH3 production efficiency during
electrochemical nitrate reduction, the combination of Cu SACs
with other catalysts has been reported to be an effective strategy.
As an example, Zuo et al.109 prepared porous N-doped/Cu SACs/
La-based nanoparticles (p-CNCuLa-m) through systematic
enhancements, including ultraviolet irradiation, conned
synthesis, and microwave treatment. As illustrated in Fig. 9a–d,
the broad peaks at around 280 cm−1 and 693.4 cm−1 were
assigned to La–O (La-ONx) and Cu–O (Cu-ONx), respectively.
Also, p-CNCuLa-m demonstrated a stronger La–O peak and
weaker Cu–O peak compared to p-CNCuLa (without microwave
treatment), indicating that more La-based atoms were exposed
on the surface aer microwave irradiation. Mechanistic analysis
proves that Cu SACs exhibited excellent electroactivity for the
reduction of nitrate, and La-based nanoparticles as proton
donors improved electron transfer efficiency. Synergies between
Cu SACs and La-based clusters reduced the energy barriers and
promoted the production of NH3. In another study, Liu et al.110

prepared Cu SACs with adjacent Co3O4 nanosheets, resulting in
excellent electroreduction efficiency of nitrate (114 mg h−1

cm−2). They also developed a Raman cell for in situ detection of
the intermediates during electroreduction (Fig. 9e), with the
Fig. 9 (a and b) In situ Raman spectra of electrochemical nitrate red
permission.109 Copyright 2025, Wiley-VCH. (e) Schematic diagram of the d
Cu SACs, reproducedwith permission.110 Copyright 2024, Springer Nature
dissociation by Cu-pyridinic-N4 and Cu-pyrrolic-N4, reproduced with per
structures and Cu0 nanoparticles, reproduced with permission.113 Copyr

This journal is © The Royal Society of Chemistry 2026
distance between the laser and electrode surface adjustable
mechanically. As shown in Fig. 9f–g, based on the peak at
around 810 cm−1 ascribed to the NO2

− intermediate, Cu SACs/
Co3O4 demonstrated a lower NO2

− intensity compared to Cu
SACs, indicating that Co3O4 could regulate the adsorption of
NO2

− to further boost the electroreduction of nitrate to NH3.
As discussed above, the coordination environments of SACs

play key roles in the electrochemical reduction of nitrate by
modulating the electronic structure of the active sites and thus
governing catalytic performance. This was further conrmed by
Cu SACs in the electrocatalytic production of NH3. As shown in
Fig. 9h, Liu et al.111 proved that Cu-pyridinic-N4 could signi-
cantly reduce the energy barriers for converting *NO to *NHO
(0.51 eV to 0.07 eV) and inhibit the HER compared to Cu-
pyrrolic-N4 for the electroreduction of nitrate, resulting in an
excellent Faraday efficiency of 94% and NH3 production effi-
ciency (130 mg h−1 mgcat

−1). Cheng et al.112 also reported that
Cu-cis-N2O2 (two N atoms on the same side) displayed higher
NH3 production efficiency compared with Cu-trans-N2O2 (two N
atoms on the opposite side) and Cu–N4, which was mainly
because Cu-cis-N2O2 with low coordination symmetry provided
more active sites for the adsorption of nitrate and reduced the
energy barrier for the generation of the key intermediate
(*ONH). As another example, Yang et al.113 observed via
uction by p-CNCuLa and (c and d) p-CNCuLa-m, reproduced with
esigned Raman cell. In situ Raman spectra of (f) Cu SACs/Co3O4 and (g)
. (h) Gibbs free energy diagram of electroreduction of nitrate and water
mission.111 Copyright 2024, Elsevier. (i) Transformation betweenCu–N4

ight 2022, American Chemical Society.
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operando XAS analysis that the synthesized Cu–N4 structures
were subsequently transformed into Cu–N3 and Cu0 nano-
particles when the applied potential changed from 0 V to −1 V
vs. RHE (Fig. 9i). They also proved that the Cu0 nanoparticles
were active sites for the electrochemical nitrate reduction and
the transitions between Cu–N4 structures and Cu0 nanoparticles
were driven by applied potential and oxidation environments.
Interesting studies have also been reported for boosting NH3

production during electrochemical nitrate reduction. For
instance, Xu et al.114 synthesized an ultrasmall and uniform Cu
SACs/Ce-UiO-66 catalyst (4 nm) through the conned effects of
Ce-UiO-66 to prevent excessive aggregation of Cu SACs. The size
effects and host–guest interactions between Cu SACs and Ce-
UiO-66 promoted nitrate activation and reduced energy
barriers, resulting in an outstanding NH3 production efficiency
(55 mg h−1 mgCu

−1).
5.3 Ni single atoms

Ni SACs are also popular for electrochemical reduction of nitrate
due to their relatively high catalytic performance and selectivity.
For instance, Ajmal et al.115 reported that the synthesized Ni SACs/
boron, nitrogen-doped graphene demonstrated a high NH3

production rate of 168 mg h−1 cm−2 and faradaic efficiency of 95%.
Fig. 10a and b show the high catalytic efficiency at different nitrate
concentrations (50–1000 mM) and excellent durability aer ve
cycles, which was related to the superior catalytic activities of Ni
SACs and the improved nitrate adsorption by boron doping. In
addition, the combination of nanoparticles with Ni SACs has been
reported to further improve the efficiency of electrochemical
nitrate reduction. Zhao et al.116 proved that the high nitrate
Fig. 10 (a) Faradaic efficiency and NH3 yield rate at various NO3
− con

nitrogen-doped graphene, reproduced with permission.115 Copyright 2
catalyst synthesis process, reproduced with permission.120 Copyright 202
illustration of the electrochemical nitrate reduction process by Zr-Ti
Schematic illustration of the Cu–Ni dual single-atom catalyst preparation

J. Mater. Chem. A
reduction efficiency by Ni SACs/Ni nanoparticles/boron, carbon,
nitrogen matrix was related to the excellent catalytic performance
of Ni SACs andNi nanoparticles, while the boron, carbon, nitrogen
matrix also reduced the energy barriers to produce NH3. In
a similar study, Xi et al.117 conrmed that Ni nanoparticles could
not only regulate the electron-decient state of Ni SACs and enrich
the nitrate near the catalysts but also promote the formation of
NO*

3 to further improve the electrochemical nitrate reduction
efficiency. Moreover, single-atom alloys (SAAs), which are dened
as metal atoms atomically dispersed on the surface of another
metal host, have emerged as promising candidates for heteroge-
neous catalysis.118 SAAs typically display properties of both alloys
and SACs, with well-dened active sites, unique electronic struc-
tures, and ultrahigh atom utilization of SAAs leading to excellent
catalytic performance.119 There have been interesting reports on
the application of SAAs for electrochemical nitrate reduction. For
instance, Cai et al.120 synthesized a Ni SAC-alloyed Cu catalyst
through in situ electrochemical reduction (Fig. 10c), and the
resulting catalysts demonstrated an excellent faradaic efficiency of
near 100% and NH3 production rate of 327 mmol h−1 cm−2 for
electrochemical nitrate conversion. They also observed that the Ni
SAC-alloyed Cu catalyst regulated nitrate reduction by improving
the interaction between Ni SACs and intermediates (e.g., NOOH*),
which reduced the potential of the reaction and contributed to the
ultrahigh efficiency of electrochemical nitrate reduction.
5.4 Other non-noble metal single atoms

Other non-noble metal SACs, including Mn-, Zn- and Bi-based
systems, have been investigated for electrochemical nitrate
reduction. Although these SACs are not as widely used as Fe, Cu,
centrations, and (b) consecutive recycling test of Ni SACs/boron and
024, Wiley-VCH. (c) Schematic illustration of the Ni SAC-alloyed Cu
2, Elsevier. (d) EPR spectra of the prepared catalysts, and (e) schematic
ON, reproduced with permission.123 Copyright 2024, Wiley-VCH. (f)
process, reproduced with permission.127 Copyright 2023, Wiley-VCH.

This journal is © The Royal Society of Chemistry 2026
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and Ni SACs, excellent electrochemical nitrate reduction effi-
ciencies have been reported. As an example, Zhang et al.121 re-
ported that the synthesized Mn SACs exhibited outstanding
electrochemical nitrate reduction performance with an NH3

yield of 1476 mg h−1 cm−2 and a faradaic efficiency of 89%. They
also proved that Mn-(O–C2)4 as predominant active sites not
only improved adsorption and activation efficiency of nitrate
but also restricted the HER, resulting in high generation effi-
ciency and selectivity of NH3. As another example, Zhao et al.122

prepared Zn SACs/N-doped carbon through a combined
dissolution-vaporization-pyrolysis process. The catalysts ach-
ieved a high nitrate conversion efficiency of 97% and a high
faradaic efficiency of 95%, which were related to the reduced
energy barriers for the rate-determining step during electro-
chemical nitrate reduction. In addition, Yang et al.123 prepared
Zr SACs/N-doped TiO2−x(Zr–TiON) with abundant oxygen
vacancies for efficient electrochemical nitrate reduction to
ammonia. As shown in Fig. 10d, both Zr–TiON and TiON di-
splayed strong *H signals, indicating that nitrogen doping was
benecial for hydrolysis dissociation and further enhanced the
generation of active hydrogen. Fig. 10e shows that Zr SACs and
surrounding oxygen atoms served as Lewis acidic and Lewis
basic sites, respectively, facilitating the adsorption and activa-
tion of nitrate and *H, thus improving electrochemical nitrate
reduction activity. In addition, Bi-based catalysts have been
demonstrated to be promising candidates for electrochemical
nitrate reduction due to the relatively low catalytic performance
in the HER.124 For instance, Zhang et al.125 observed that the
prepared Bi SACs (BiN2C2) displayed a remarkable faradaic
efficiency of 89% and NH3 yield rate of 1.38 mg h−1 mgcat

−1

during electrochemical nitrate reduction to ammonia, which
were attributed to the abundant active site (BiN2C2) and low
charge of Bi centers being conducive to stabilizing the hydro-
genated intermediates.

Recently, dual single-atom catalysts have been reported to
demonstrate some advantages compared to SACs, such as
optimizing reaction thermodynamics, enhancing reaction
kinetics, and regulating electronic interactions.126 Different
dual single-atom catalysts have also been explored for electro-
chemical nitrate reduction. As illustrated in Fig. 10f, Wang
et al.127 prepared Cu–Ni dual single-atom catalysts/N-doped
carbon through pyrolysis. The high NH3 faradaic efficiency of
97% during electrochemical nitrate reduction was tied to the
Cu–Ni dual active sites. Specically, the strong orbital hybrid-
izations accelerated the electron transfer between catalysts and
nitrate, and dual single-atom active sites reduced rate-limiting
step barriers and inhibited side reactions (e.g., the HER and
N2 generation). As another example, Wan et al.128 observed that
Fe–Mo dual single-atom catalysts exhibited a high NH3 yield of
13.56 mg cm−2 h−1 and a faradaic efficiency of 94%. They also
proved that Mo active sites were responsible for the conversion
of nitrate to nitrite, while Fe active sites further catalyzed nitrite
to ammonia, with the synergistic effects improving electro-
chemical nitrate reduction performance.

Furthermore, various non-noble metal single atom-based
catalysts have been prepared for efficient nitrate reduction, as
detailed in Table 1. Most of the prepared non-noble metal single
This journal is © The Royal Society of Chemistry 2026
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atoms demonstrated outstanding NH3 production yield and
Faraday efficiency, suggesting that non-noble metal single
atoms are promising candidates for electrochemical ammonia
synthesis and sustainable hydrogen storage.
5.5 Functional catalyst design and in situ techniques

The stability of SACs plays a crucial role, which depends not
only on the inherent tendency of isolated atoms to migrate and
aggregate, but also on the strength of their interaction with the
support. As an example, Xu et al.100 observed that the abundant
defects in Fe–N/PC (Fe SACs coordinated with nitrogen and
phosphorus on a hollow carbon polyhedron) provided
anchoring sites for stable loading of Fe SACs, resulting in
excellent catalyst stability, as evidenced by recycling experi-
ments showing that the NH3 yield rate and Faraday efficiencies
uctuated slightly in each cycle but essentially remained stable.
In addition, heteroatom doping can alter the electronic struc-
ture of the support and further enhance the interactions with
SACs. For instance, Li et al.140 reported that an S, N-codoped
carbon basal plane could modify the coordination environ-
ment between Fe SACs and supports, create numerous defects,
optimize the electronic structure of the metal atom center, and
enhance the interactions between Fe SACs and the S,N-codoped
carbon basal plane. These effects are crucial for improving the
electrochemical nitrate reduction performance and enhancing
the stability of SACs in the Fe SACs/S,N-codoped carbon basal
plane system. Therefore, defect engineering and heteroatom
doping of the support represent key strategies for improving the
Fig. 11 (a) Operando Bi L3-edge XANES, (b) EXAFS spectra of Bi1Pd in NO
and (c) operando Pd K-edge EXAFS spectra of Bi1Pd from OCP to −0
Schematic illustration of an attenuated total reflection (ATR) cell, and (e a
Copyright 2024, Tsinghua University Press.

This journal is © The Royal Society of Chemistry 2026
long-term durability of SACs in electrochemical nitrate reduc-
tion processes.

Furthermore, the coordination environment, supporting
effects, atomic distribution, and reaction conditions also affect
the electrochemical nitrate reduction performance. Based on
the above discussion, the design principles of functional SACs
are summarized. The selection of central metal atoms is crucial
since it is closely linked to the electronic structure and catalytic
performance. In addition, the conventional type of coordinating
atom (M–N4) of SACs can be changed by introducing hetero-
atoms to break the symmetric coordination structure, and
thereby the electronic structure of the central site is optimized
through the construction of an asymmetric active center,
resulting in the improvement of the catalytic performance.141

The support of SACs must satisfy several key requirements,
including strong interactions between the metal atom and the
support, precise control of the loading amount of SACs to
prevent migration and aggregation, and enhancing the utiliza-
tion efficiency of metal atoms during catalytic reactions.142 In
addition, the HER can be suppressed through the enhancement
of the adsorption and activation efficiency of nitrate, which can
be further regulated through the modulation of the electronic
structure and active sites of SACs. However, it's worth noting
that the reaction characteristics of different metal atoms
described above are not universally applicable, as there may be
differences between different systems. Electrochemical nitrate
reduction by SACs involves the interplay of various factors such
as the properties of SACs (e.g., the type of metal atom, the
3
−-containing electrolyte from open circuit potential (OCP) to −0.6 V,

.6 V, reproduced with permission.133 Copyright 2023, Wiley-VCH. (d)
nd f) in-situ ATR-SEIRAS of Fe SAC/NC, reproduced with permission.135
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loading amount, the coordination environment, and atomic
distribution), the support materials, and reaction conditions
(e.g., electrolyte, potential, and nitrate concentration).

As discussed in the characterization section, in situ tech-
niques play a key role in the comprehensive investigation of the
involved mechanisms. Therefore, this section provides
a detailed discussion of the application of operando XAS and in
situ FTIR during electrochemical nitrate reduction by non-noble
metal single atoms. As illustrated in Fig. 11a–c, Chen et al.133

performed operando XAS for the investigation of electronic
structures and valence states of Bi SAC alloyed Pd metallenes
(Bi1Pd). As shown in Fig. 11a, the adsorption edge of Bi L3-edge
spectra shied to a higher energy position with more negative
potential, resulting in the increase of the Bi valence state, which
may be attributed to electron transfer from Bi to NO3

− and
related intermediates. As shown in Fig. 11b, the new Bi–O/Bi–N
peak at 1.52 Å at a more negative potential was correlated with
the interaction between Bi and NO3

−/intermediates. The elon-
gated Bi–Pd bond also conrmed the distortion of the Bi–Pd
bond conguration, suggesting the favorable adsorption of
NO3

−/intermediates. Similarly, the increased intensity of the
Pd–O/Pd–N bond and elongated Pd–Pd/Pd–Bi bond was also
observed in Fig. 11c. These operando XAS results conrmed that
both Bi and Pd sites are active for the electrochemical nitrate
reduction process. In another study, Cheng et al.135 investigated
the intermediates formed using an Fe SACs/nitrogen-carbon
nanonetwork (Fe SAC/NC) through in-situ ATR-surface-
enhanced infrared absorption spectroscopy (ATR-SEIRAS)
(Fig. 11d–f). As shown in Fig. 11e, three peaks at 1266 cm−1,
1112 cm−1, and 1454 cm−1 were ascribed to the intermediates of
*NH2, *NH, and NH4

+, respectively. Two upward absorption
bands emerge at 1373 cm−1 and 1361 cm−1, related to the N–O
symmetric and asymmetric stretching vibrations of NO3

−,
respectively (Fig. 11f). These results suggest the continuous
conversion of NO3

− and generation of intermediates during the
electrochemical nitrate reduction process. In conclusion, more
research should focus on in situ techniques to investigate the
underlying mechanisms during electrochemical nitrate
reduction.

6 Conclusions and perspectives

Electrochemical nitrate reduction to ammonia has emerged as
a promising strategy to simultaneously achieve nitrate-
containing wastewater treatment and production of high
value products. To this end, single-atom catalysts (SACs) play
important roles for electrocatalysis due to their superior atom-
utilization efficiency and ultrahigh catalytic performance. The
present review focuses on non-noble metal SACs for electro-
chemical nitrate reduction to ammonia. Different synthesis
methods (e.g., wet chemical methods, atomic layer deposition,
electrodeposition, pyrolysis, and ball-milling) for non-noble
metal single-atom catalysts are comprehensively summarized.
Subsequently, advanced characterization techniques including
STEM, XAS, and XPS are discussed to identify the structures and
properties of non-noble metal SACs. Then the performance (e.g.,
NH3 yield and faradaic efficiency) and mechanisms of
J. Mater. Chem. A
electrochemical nitrate reduction by various non-noble metal
SACs (e.g., Fe SACs, Cu SACs, and Ni SACs) are examined.
Finally, the existing challenges and future perspectives of
electrochemical nitrate reduction by non-noble metal single-
atom catalysts are presented as follows.

(1) Although different methods for synthesizing non-noble
metal SACs have been developed, most involve complicated
processes and/or require high energy consumption, making it
challenging to prepare non-noble metal SACs efficiently on
a large scale. In addition, the stability of non-noble metal SACs
needs to be further improved since they are easily inactivated by
migration and aggregation. The properties of supports,
including type, surface functional group, surface charge, and
specic surface area, can also signicantly affect the perfor-
mance of non-noble metal SACs. To complicate this, the struc-
tures and coordination environments of non-noble metal SACs
can only be characterized using specialized techniques (Section
4). In summary, while non-noble metal SACs as emerging and
promising catalysts present excellent catalytic performance, key
issues persist to hamper their widespread implementation,
such as complex synthesis, low metal loading, low stability, and
low reproducibility. More research focusing on these aspects is
needed.

(2) The conversion of NO3
−
(ads) to NO2

−
(ads) is widely regar-

ded as the rate-limiting step during the electrochemical nitrate
reduction process, and the binding states of intermediates can
signicantly affect the nal products and catalytic performance.
In this regard, the strong adsorption of nitrate by non-noble
metal SACs is predominant due to its role in initializing the
NO3

−
(ads) to NO2

−
(ads) reaction. In addition, the stabilization of

intermediates (e.g., NO2
−) by non-noble metal SACs also plays

a key role in the improvement of NH3 production efficiency and
selectivity, which is mainly due to the release of intermediates
into electrolytes further restricting the generation and selection
for NH3. The strong adsorption of nitrate and intermediates by
non-noble metal SACs can be achieved through functional
modication, such as constructing more active sites through
defect engineering or heteroatom doping, and the regulation of
coordination environments and electronic structures of non-
noble metal SACs.

(3) During electrochemical nitrate reduction, various opera-
tion parameters, including type, temperature and pH of elec-
trolyte, loading amount of catalysts, applied potential, and
concentration of nitrate, play predominant roles in efficient
nitrate conversion. At present, most of the research focuses on
the improvement of NH3 yield, faradaic efficiency, and selec-
tivity through the optimization of various operation parameters.
However, the optimized conditions can also signicantly affect
some other properties of catalysts. For instance, reaction
temperature and solution pH can affect the stability and life-
time of the catalysts. Also, the loading of catalysts and nitrate
concentration are also closely tied to ecological and environ-
mental effects. In addition, long reaction time and high applied
potential can also lead to higher overall costs. Therefore,
electrochemical nitrate reduction performance of non-noble
metal SACs should be comprehensively evaluated from all
This journal is © The Royal Society of Chemistry 2026
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pertinent angles (e.g., NH3 yield, faradaic efficiency, selectivity,
ecological and environmental effects, and overall costs).

(4) The mechanisms underlying electrochemical nitrate
reduction by non-noble metal SACs remain incompletely
understood. DFT calculations could simulate electrochemical
nitrate reduction through calculating the free energy of reaction
steps and adsorption energy of intermediates. However,
electrochemical nitrate reduction involves multiple intermedi-
ates (e.g., N2, NO, and H2), and slight adjustments of operating
conditions can signicantly change the performance, making it
challenging for DFT to accurately predict electrochemical
nitrate reduction by non-noble metal SACs. To address this,
advanced in situ characterization techniques can be applied to
identify changes in the electrodes, generation of products, and
reaction pathways in real time, which can provide valuable
insights into the involved mechanisms. However, in situ char-
acterization techniques for electrochemical nitrate reduction by
non-noble metal SACs are still in the infant stage, and more
research should be devoted to such techniques. The combina-
tion of DFT calculations and in situ characterization techniques
is crucial to fully understand the underlying mechanisms.

(5) At present, most of the research focuses on articial
wastewater, while practical nitrate-containing wastewater typi-
cally contains various ions and organic pollutants. Hence,
additional side reactions may inhibit nitrate conversion effi-
ciency. For instance, organic pollutants in wastewater can be
oxidized or reduced and can compete for the active sites of
electrodes and free electrons, compromising nitrate reduction
efficiency. The presence of ions and organic pollutants can also
affect the conductivity of solutions, and high applied potential
is required in cases of high resistance. In addition, the detection
and identication of nal products are challenging due to the
complex compositions of real nitrate-containing wastewater.
Investigations using real wastewater would make the results
more useful for eventual deployment.

(6) Currently, electrochemical nitrate reduction by non-noble
metal SACs is mostly carried out at the lab-scale using synthe-
sized nitrate-containing wastewater. Translating such results to
real-world industrial scales poses a major challenge. In general,
H-type cells with ion-exchange membranes are widely used for
this reaction, but scaling up would involve extremely high costs
and operational difficulties in the refreshing of electrolyte,
collection of products, and modication exibility. Although
single cells may solve the above issues, they are not suitable for
product collection and precise analysis. In this regard, ow cells
are promising due to suitability for scale-up and continuous
operation and high reaction rate and NH3 yield. Therefore, in
view of large-scale implementation, it is necessary to explore
and develop novel reactors tailored for electrochemical nitrate
reduction, maximize NH3 yield and faradaic efficiency, and
reduce the overall costs and environmental impact.
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