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Abstract: Nitrate pollution in water bodies poses a significant threat to environmental sustainability and human health. Electrocat-
alytic nitrate reduction (NO3RR) has surfaced as a promising green approach for tackling this pollution while also recovering valu-
able nitrogen-containing products, with ammonia being a prime example. This review outlines recent advances in the nitrate elec-
troreduction reaction (NO3RR), covering reaction mechanisms, catalyst design, and electrochemical C-N coupling. The complex
reaction network of NOsRR is governed by key intermediates such as *NO, and *NO, whose identification and the dynamic evolu-
tion of catalyst structures under realistic conditions rely heavily on advanced in situ characterization techniques. Rational catalyst
design, including single-atom catalysts, alloy nanostructures, and defect-engineered materials, significantly enhances activity,
selectivity, and stability by optimizing the adsorption of key intermediates. Electrochemical C-N coupling further enables the sus-
tainable synthesis of high-value products including urea, amino acids, and oximes from nitrate and carbon sources, providing a
green alternative to traditional energy-intensive industrial routes. Finally, current challenges and future perspectives are dis-
cussed, emphasizing the need for deeper mechanistic understanding, advanced industrial reactors, and a broader product portfo-
lio. The integration of wastewater treatment, renewable energy utilization, and green chemical synthesis is expected to advance
the practical application of electrochemical nitrogen conversion technologies.
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extensive use of synthetic fertilizers and the continuous com-
bustion of fossil fuels[8] are increasingly disrupting this natu-
ral balance, jeopardizing the stability and health of air, land,

1. Introduction

Nitrate pollution in water bodies has emerged as a critical envi-

ronmental challenge, posing significant threats to human
health and ecosystems. Nitrate ions are widely present in sur-
face and groundwater sources, primarily originating from agri-
cultural runoff, industrial effluents, and wastewater treatment
plants[1,2]. Their accumulation can lead to water eutrophica-
tion, harmful algal blooms, and consequently, severe water qual-
ity degradation and ecological imbalance[3,4]. The nitrogen
cycle (N-cycle) plays a vital role in sustaining global ecosys-
tems by converting inert atmospheric nitrogen (N,) into
bioavailable forms and facilitating its continuous movement
across different environmental compartments[5-7]. This
dynamic process encompasses essential stages such as nitro-
gen fixation, nitrification, and denitrification. However, the
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and aquatic ecosystems[9-11].
Currentnitrateremoval primarily relies on conventional bio-
logical[12-15], physical[16-21], and chemical methods[22-26].
Biological denitrification[2,12,13,27] utilizes specific microor-
ganisms to convert nitrate into nitrogen gas or other nitrogen-
containing compounds under suitable conditions[28]. While
this approach offers advantages in terms of selectivity and
mild reaction conditions, it often faces challenges such as
sludge handling, pathogenic risks, and limited efficiency. Physi-
cal techniques[29], including reverse ion exchange and
reverse osmosis[30,31], mainly achieve nitrate separation
rather than complete removal, and the resulting waste
streamsrequireadditional treatment, increasing overall process-
ing costs. In contrast, chemical reduction methods, particu-
larly electrochemical nitrate reduction (NOsRR), have gar-
nered increasing attention due to their green electron-based
reductants, mild operating conditions, and enhanced safety.
NO;RR represents a highly promising strategy for green nitro-
gen removal and resource recovery. Its core advantages lie in
its ability to operate under mild reaction conditions (ambient
temperature and pressure), utilize electrons as clean reducing
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agents, and efficiently convert nitrate pollutants into high-
value-added products[32], rendering the entire process environ-
mentally benign. This technology can be directly integrated
with renewable energy sources such as solar and wind power
to drive the reaction, enabling the production of “green nitro-
gen-containing products” using “green electricity”, and offer-
ing new pathways for energy storage and conversion.
Through precise control of catalyst microstructure, electrolyte
composition, and working potential, side reactions such as the
hydrogen evolution reaction (HER)[33-37] and nitrogen genera-
tion reactions can be effectively suppressed, thereby enabling
the highly selective synthesis of desired nitrogen-containing
products. Furthermore, unlike the HER in conventional water
electrolysis, NOsRR avoids the mixing of anode oxygen
gas[38], thereby reducing explosion risks and enhancing indus-
trial safety.

Since its initial proposal in 1981, NO;3RR has been studied
fordecades[39-51], with understanding of its mechanisms, path-
ways, and applications becoming increasingly profound. It pro-
vides a revolutionary pathway for the efficient and environmen-
tally friendly synthesis of ammonia and other high-value-
added nitrogen-containing chemicals. This technology can
not only convert ubiquitous pollutants like nitrate in water
intovaluableammoniabutalsofurther synthesize crucial chemi-
cal products such as urea and amino acids through C-N cou-
pling[52-54], thereby holding the potential to reshape the tradi-
tional energy-intensive and high-emission industrial models
for nitrogen fertilizers and chemicals. The key to achieving this
goal lies in a deep understanding of the multi-step reaction
pathway from NO;~to NH; and its complex network of interme-
diates, and on this basis, the rational design of electrocata-
lysts with high activity, high selectivity, and high stability. In
recent years, precise control of catalyst electronic structure
and coordination environment through strategies such as sin-
gle-atom catalysts, alloying, and defect engineering has signifi-
cantly enhanced NOxRR performance while promoting in-
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Fig. 1. Schematic of selective electrochemical transformation of NO5-
into valuable chemicals. i) Catalytic atomic-level design, ii) Value-
added chemicals, iii) Reaction pathways, and iv) Ammonium fertiliz-
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depth research into reaction mechanisms. This review aims to
systematically summarize the reaction pathways of NOxRR, in
situ detection techniques for key intermediates, design strate-
gies for advanced catalysts, and recent progress in C-N cou-
pling for the synthesis of high-value products, with the goal of
providing a clear theoretical framework and technical perspec-
tive for the future development of this field (Figure 1).

2. Understanding the Electrocatalytic Reduction
of Nitrogen Oxides (NOxRR) in Wastewater

2.1. Reaction pathways

2.1.1. NOzRRroute

Through electrochemical reduction, nitrogenous wastes at dif-
ferent oxidation states — such as nitrate (+5), nitrite (+3), and
nitric oxide (+2) — can be converted to ammonia (-3), corre-
sponding to the NOsRR, NO,RR[55-57], and NORR[58-60] reac-
tion pathways, respectively. Although three distinct electro-
chemical routes exist for ammonia synthesis, once free nitrite
and nitric oxide are adsorbed to form *NO, and *NO, their subse-
quent intermediate evolution pathways converge with the
nitrate reduction route. Therefore, Figure 2 integrates the
three specific reaction pathways for the electrosynthesis of
ammonia from nitrate, nitrogen dioxide, and nitric oxide in
aqueous solution[61,62]. Before rational electrocatalyst design
can beachieved, the conversion pathways must be clearly delin-
eated to enable a molecular-level understanding of the reac-
tion steps (Figure 2). The electroreduction of nitrogen oxides
to ammonia is a proton-coupled electron transfer process[63],
where electrons act as the reductant and protons serve as the
hydrogenation agent. Nitrate reduction comprises three key
stages: (1) adsorption of nitrate (NO3;~ — *NO3); (2) reaction of
intermediates on the electrocatalyst surface (multi-step deoxy-
genation and hydrogenation); and (3) desorption of ammonia
(*NH; — NHs). The initial step is the adsorption of nitrate from
the electrolyte onto the electrode surface, with the adsorp-
tion energy of nitrate on different catalysts determining
whether the reaction proceeds spontaneously[64]. Further-
more, factors influencing the reaction rate include nitrate con-
centration, mass transport rate of reactants, and the number
of active sites on the catalyst surface[65,66]. Consequently, the
feasibility of NO3RR on various electrode surfaces is governed
by multiple variables. Some literature identifies the nitrate
adsorption step as the rate-determining step for the overall
reaction[67-69]. Following nitrate adsorption, *NO, is gener-
ated sequentially via a protonation step, a two-electron trans-
fer, and another protonation step — i.e., following an electro-
chemical-chemical-electrochemical (ECE) three-step mecha-
nism[70]. After this initial ECE sequence, the subsequent reduc-
tion pathway of nitrate coincides with that of nitrogen diox-
ide[71]. However, as *NO, is a key quasi-stable intermediate
prone to desorption from the catalyst surface forming free
NO,, the protonation direction of *NO, and its subsequent
deoxygenation process are critical for steering the reaction
towards the target product, ammonia. The next step involves
the reduction of NO, to adsorbed nitric oxide (NO) via direct
electron transfer and deoxygenation. The subsequent reac-
tion pathway of *NO is crucial, determining whether the final
product is ammonia, N,[72-74], or nitrous oxide[75]. The hydro-
genation of NO produces HNO. Nitrous oxide (N,O) can be
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Fig. 2. NO3RR and C-N coupling pathways.

formed through the dimerization of *NO with *HNO, followed
by further dehydration of *HN,O, and *H,N,0,[76]. For ammo-
nia formation, the reaction involves five proton-coupled steps
and five electron transfer steps. NO undergoes three consecu-
tive protonation steps to form hydroxylamine (NH,OH). In the
subsequent step, *NH,OH is deoxygenated to yield ammonia.
Theoretical calculations typically indicate a high energy bar-
rier for the first protonation step, thus the reaction from *NO
to *HNO is generally considered the rate-determining step. An
alternative pathway to ammonia from HNO involves altering
the sequence of protonation and deoxygenation — namely,
deoxygenation first to form *N, followed by three hydrogena-
tion steps to produce ammonia[77]. This pathway suggests
that these three nitrogenous reactants are not entirely indepen-
dent within the reaction network. Significant differences exist
in the solubility of different nitrogenous species in water dur-
ing electrochemical ammonia synthesis. Notably, nitric oxide
has the lowest solubility, while nitrogen dioxide has the high-
est. This disparity in solubility among reactants plays a critical
role in determining the overall process efficiency. Further-
more, the variety of nitrogen-containing intermediates gener-
ated during NO3RR offers the possibility of forming new chemi-
cal bonds with other small molecules, such as carbon dioxide,
driving the development of electrochemical C-N coupling tech-
nology[78-80]. This technology shows particular promise in
urea synthesis, potentially replacing the complex, multi-step
processes of traditional industry. However, the field currently
faces challenges such as low product selectivity, unclear reac-
tion mechanisms, and complex catalyst structure-activity rela-
tionships. Based on a summary of existing research data, *NO,,
*NO, *NH,, *CO, and *COOH have been identified as key inter-
mediates in the C-N coupling process. After the formation of
species containing both carbon and nitrogen (such as
*CO,NO,, *NOCON, and *NCONH,), the protonation steps of
these intermediates are generally considered the potential-
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determining steps for the overall process. Furthermore,
*NCON has been confirmed as a key precursor for the final gen-
eration of urea. Notably, when different reaction intermedi-
ates couple, other chemical species may be introduced into
the reaction. Although studies have successfully synthesized
some C-N coupling products, their Faradaic efficiencies are cur-
rently generally low. For instance, the reaction between
*NH,OH and *HCHO can yield methylamine, while the reac-
tion between *NH, and *CHO forms formamide. The existence
of these side reaction pathways further increases the complex-
ity of the product distribution.

2.2. Insitu detection and identification of reactive
intermediate

The nitrate electroreduction reaction (NOsRR) is a multi-step
proton-electron coupled transfer process that generates vari-
ous nitrogen-containing intermediates. Therefore, accurately
identifying the reaction intermediates and the true active
species of the catalyst is a core prerequisite for clarifying the
reaction mechanism. To achieve this goal, researchers com-
monly employ advanced in-situ characterization techniques to
monitor the dynamic changes on the catalyst surface in real
time during the reaction and capture the existence evidence
of key intermediates [76]. In situ differential electrochemical
mass spectrometry, for example, is a powerful tool for determin-
ing the molecular weights of volatile intermediates and prod-
ucts formed in NO3RR. In situ Fourier transform infrared spec-
troscopy enables the identification of surface-adsorbed func-
tional groups and intermediates: the nitrate anion exhibits a
characteristic peak at approximately 1390 cm cm-’, while the
appearance of peaks at 1250 cm~' (*NO,), 1191 cm cm™!
(*NH,0H), 1480 cm cm~' (NH,*), and 1610 cm~! (H-O-H stretch-
ing of water) serves as critical evidence for mapping the reac-
tion pathway. Notably, positive and negative peaks in the spec-
tra reflect the formation and consumption of active intermedi-
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ates, respectively. In addition, in situ Raman spectroscopy is
extensively utilized for intermediate discrimination, with dis-
tinct peaks at ~1050 cm~! (nitrate), ~1200 cm~! (*NO,), and
~1140 cm~' (ammonia) enabling clear identification of these
species. This technique also facilitates the monitoring of struc-
turalevolution of catalysts throughout the electroreduction pro-
cess. For the characterization of active sites, analyzing struc-
tural parameters such as chemical bonding configurations, ele-
mental valences, and coordination numbers is essential to
reveal the intrinsic nature of active centers. In this regard, in
situ X-ray absorption spectroscopy stands out for its ability to
precisely identify catalyst active sites, making it indispensable
for investigating reaction-induced reconstruction phenom-
ena. Collectively, the comprehensive information obtained
from these in situ characterization approaches is pivotal for
identifying reaction intermediates and active species, thereby
laying a solid scientific foundation for the rational design of
high-performance NO3RR catalysts.

3. Advances in Catalyst Design

3.1. Single-atom

As “rising stars”, single-atom materials with high atom utiliza-
tion have garnered significant attention in the fields of electro-
catalysis and industrial catalysis[81-83]. The properties of a
material are not only closely related to its type but also inti-
mately connected to its geometric dimensions. As metal size
decreases, the energy of electrons becomes quantized, and elec-
trons are spatially confined within the dimensions of the
nanoparticle, with energy bands situated between those of
the corresponding metal atoms/molecules and bulk metallic
materials. When the size is reduced to clusters, quantum
effects are enhanced, orbital overlap occurs between adjacent
atoms, and the energy band structure becomes fully dis-
cretized. When metals are present as individual atoms, no
metal-metal bonds exist, causing the electronic properties of
single metal atoms to deviate completely from those of bulk
atoms. Due to the heterogeneous nature of the support, sin-
gle atoms can be modulated and controlled oniit. A clear under-
standing of the structure of Single-Atom Catalysts (SACs) is
key to comprehending single-atom catalysis and designing
more efficient SACs. The general workflow for determining
whether a synthesized catalyst is an SAC. First, it is necessary
to confirm via XRD analysis whether the introduced metal
atoms or complexes on the support exhibit characteristic diffrac-
tion peaks. Subsequently, electron microscopy techniques
such as backscattered SEM, HR-TEM, and HAADF-STEM can be
employed to verify the presence of nanoparticles, sub-nanopar-
ticles, or clusters. Among these methods, HAADF-STEM pro-
vides high-quality imaging maps, allowing the identification
of individual metal atoms from dispersed bright spots[84].
Finally, XANES analysis is used to determine whether the
metal is in a metallic state. If the answers to all the above ques-
tions are “no”, it indicates that the metal atoms introduced
onto the support are atomically dispersed[83].

Wu et al.[85] demonstrated that by dispersing isolated sin-
gle transition metal (TM) atoms onto a support, the lack of adja-
cent active sites can block the N-N coupling pathway towards
N, gas formation. Specifically, the metalis dispersed in the nitro-
gen-doped carbon support (M-N, structure) in a single-atom
(8 447w | Sci@pen
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form. The lowest energy pathway is -NO* — HNO* — N* —
NH* — NH,* — NH 3. The isolated active sites can effectively
inhibit N-N coupling and prevent the formation of N,, thereby
enhancing the selectivity of ammonia. Inspired by the Fe
active sites in Haber-Bosch catalysts (iron-based compounds)
and nitrogenase (primarily containing the Fe-Mo cofactor),
they prepared a Fe single-atom catalyst (Fe SAC) using a TM-
assisted carbonization method with SiO, powder as a hard tem-
plate (Figures 3a and 3b). They reported outstanding activity
and selectivity of the Fe single-atom sites in reducing NO3~ to
NHj;, achieving a maximum Faradaic efficiency for ammonia of
~75% (Figure 3¢) and a yield rate as high as ~20,000 pug h-' mg
cat™! (0.46 mmol h-' cm~2) (Figure 3d). This marked the first
application of a single-atom catalyst for nitrate reduction.
Single-atom doped catalysts (SADCs), where dopant
atoms substitutionally replace original atoms at the atomic
level, haveattracted widespread attention. Their catalytic perfor-
mance can be precisely regulated through two primary strate-
gies: i) by creating new active sites through the introduction of
single-atom dopants, or ii) by modifying the electronic struc-
ture of the original active sites. Zinc oxide (ZnO) is an ideal cata-
lyst support with a moderate hydrogen evolution potential,
making it suitable for providing active hydrogen during the con-
version of *NO; to NH3. However, ZnO exhibits weak adsorp-
tion of *NO3 and consequently poor NO5RR performance. Intro-
ducing heterogeneous active sites that enhance the binding
energy for *NO; adsorption is a promising strategy to improve
the NO3RR activity of ZnO (Figures 3e and 3f). In general, Cu-
based catalysts exhibit moderate NO3;~ adsorption capacity
and high intrinsic activity for NO;RR. However, bare copper
nanoparticles are prone to agglomeration due to their high sur-
face energy, leading to structural instability and rapid decay of
catalytic activity. To address this, Chen et al.[86] proposed
anchoring atomically dispersed Cu sites on a ZnO support. The
resulting Cu;/Zn0O catalyst achieved a remarkably high NH;
Faradaic efficiency (FE) of 96.8% at —0.7 V, compared to only
51.3% for pristine ZnO. Furthermore, the NH; FE of Cu;/ZnO
remained above 85% across a wide potential window from
—0.4Vto —1.0V, enabling a high partial current density of 0.94
A cm~2at —1.0 V. Owing to this high partial current density, the
NH; production rate of Cu;/ZnO reached 78.6 mg h-' cm-2,
approximately 2.7 times that of ZnO (29.3 mg h-' cm~2). A cop-
per SAC with a tetra-nitrogen coordination (Cu-N,;) can
achieve an FE for NH; of up to 90%. However, its activity at
industry-relevant current densities of 100 mA cm~2 remained
unsatisfactory. Huang et al.[87] addressed this by precisely tun-
ing the electronic structure of Cu in a Cu-N-C matrix using
boron (B) to modulate both the first and second coordination
shells (Figure 3g). DFT calculations revealed that the number
and position of B atoms can continuously adjust the elec-
tronic structure of Cu. Introducing two B atoms into the sec-
ond coordination shell of Cu-N,4 resulted in a Cu-N4B, configura-
tion with an optimal adsorption strength for the NO intermedi-
ate, thereby lowering the energy barrier for NO;~RR (Figure
3h), while simultaneously minimizing the water dissociation bar-
rier to facilitate proton transfer. The experimentally synthe-
sized Cu-N4B, catalyst exhibited superior performance in
NO;RR, attributed to its tunable adsorption strengths for NO
and H,0, which accelerate proton-coupled electron transfer.
Single-atom catalysts anchor isolated metal atoms on suit-
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of *NO intermediates.[86]

able supports, maximizing atomic utilization and often exhibit-
ing superior activity and selectivity compared to nanoparticle
catalysts. Strong metal-support interactions enable precise reg-
ulation of reaction pathways and suppression of side reac-
tions. However, under practical electrochemical conditions,
the stability of SACs remains a key challenge. During long-
term electrolysis and at high current densities, isolated metal
atoms may undergo migration and aggregation, while metal
leaching induced by potential fluctuations and local pH
changes can further compromise catalyst durability. In addi-
tion, dynamic structural evolution of the metal-support inter-
face, including changesin coordination environmentand oxida-
tion state, may alter catalytic performance over time, highlight-
ing the necessity of rational support design and operando char-
acterization to ensure long-term stability.

3.2. Alloy

Transition metal (TM)-based electrocatalysts, with their par-
tially filled d-orbitals capable of effectively activating NOx
species and facilitating the hydrogenation process for ammo-
nia synthesis, still underperform compared to noble metal-
based catalysts. To address these limitations, constructing
alloy hollow nanostructures has emerged as an effective strat-
egy in both noble and transition metal catalysts for achieving
high-activity, low-overpotential nitrate reduction (NO3RR)[88].
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For instance, ruthenium-cobalt alloy hollow nanododecahe-
dra (Ru,Co, HNDs) have been demonstrated to significantly
enhance ammonia synthesis performance via a unique reac-
tion mechanism, with Ru,5Cogs exhibiting the most superior cat-
alytic activity[89]. As illustrated in Figure 4a, a “three-step relay
mechanism” was proposed: firstly, metallic cobalt sponta-
neously undergoes a redox reaction with nitrate ions to form
nitrite ions and Co(OH),, bypassing the rate-determining step
of electrochemical reduction. Subsequently, Co(OH), is electro-
chemically reduced, regenerating metallic cobalt. Simultane-
ously, nitrite ions are electrocatalytically reduced to ammonia
by active hydrogen provided by ruthenium. By synergistically
combining chemicaland electrochemical reduction, this mecha-
nism successfully elevates the reaction's onset potential to
+0.4 V vs. RHE, approaching the theoretical value. To gain
deeper insight into the origin of the high performance,
researchers conducted a systematic investigation combining
in situ electrochemical Raman spectroscopy (Figures 4b and
4c), X-ray absorption fine structure (XAFS) (Figures 4d and 4e),
and theoretical calculations. The in situ electrochemical charac-
terization confirmed the formation of Co(OH), and its reduc-
tion/regeneration at positive potentials, revealing the
dynamic cycling of the cobalt valence state during the reac-
tion. Theoretical calculations further indicated that this relay
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ent catalysts at —0.6 Vg for 1 h. (g) In-situ Raman and (h), (i) In-situ DEMS spectra for Felr-modified cathode under the NO;RR conditions. [90]

mechanism enables efficient N-O bond cleavage via the chemi-
cal pathway, with a significantly lower reaction energy barrier
compared to the purely electrochemical path, thereby explain-
ing the efficient ammonia production at low overpotentials.
This study provides new mechanistic insights and a material
platform for designing high-efficiency nitrate reduction cata-
lysts.

Research demonstrates that the bimetallic iridium-iron
(Felr) alloy[90] is a highly efficient electrocatalyst capable of
optimizing the balance between nitrate reduction and active
hydrogen (*¥*H) generation in neutral media. This study pro-
poses a “synergistic optimization mechanism”: first, the
unique electronic structure of the Felr alloy promotes the effi-
cient adsorption and activation of nitrate (NO5") on the cata-
lyst surface. Subsequently, Ir sites effectively facilitate water dis-
sociation, providing a sustained and abundant supply of *H.
Meanwhile, electron rearrangement and orbital hybridization
between Fe and Ir optimize the adsorption energy of key inter-
mediates (e.g., *NO, *NHO) while suppressing the coupling of
*H into the hydrogen evolution reaction (HER), thereby effec-
tively directing *H toward the sequential hydrogenation steps
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of nitrate and its intermediates. By synergistically integrating
efficient nitrate activation with controlled *H generation, this
mechanism successfully elevates the reaction onset potential
to -0.05 V vs. RHE and achieves a remarkably high ammonia
Faradaic efficiency of 97.3% with a production rate of 11.67
mg h=' cm~2 at -0.6 V (Figure 4f). To gain deeper insight into
the origin of the superior performance, the researchers con-
ducted a systematic investigation combining in situ electro-
chemical Raman spectroscopy (Figure 4g), differential electro-
chemical mass spectrometry (DEMS) (Figures 4h, 4i), and den-
sity functional theory (DFT) calculations. In situ characteriza-
tion confirmedtheformationand consumption of nitrogen-con-
taining intermediates (e.g., *NH, *NH,) during the reaction and
monitored the real-time generation of NH;. Theoretical calcula-
tions further revealed that the moderate d-band center of the
Felralloy, its strong NO;~ adsorption capability, and its appropri-
ate regulation of *H generation collectively lower the energy
barrier of the nitrate reduction pathway-particularly via the
*NHO route-while effectively suppressing the competitive
HER. This explains the efficient and highly selective ammonia
synthesis at low overpotentials. The study provides new mecha-
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nistic insights and a material paradigm for designing high-per-
formance nitrate reduction catalysts suitable for neutral
media.

Fan et al.[91] developed an ultrathin rhodium-copper
nanoalloy with an unconventional hexagonal (2H) phase (2H-
RhCu) for highly efficient electrocatalytic nitrate reduction to
ammonia (NO3RR). As shown in Figure 5a, compared to the con-
ventional face-centered cubic (fcc) structure, 2H-RhCu exhibits
asignificant difference in the adsorption energy of the key inter-
mediate *NO (E.ds(NO)). The adsorption energy on its (002),
crystal plane (—3.12 eV) is much more negative than that on
the (111)f plane of the fcc structure (—2.72 eV), indicating a
stronger substrate activation capability. 2H-RhCu achieves an
exceptional ammonia Faradaic efficiency (FE) of 94.8% and a
high production rate of 4936.8 mg h-' g-! at an ultra-low poten-
tial of —0.3 V (vs. RHE) in a K*-containing electrolyte (Figures
5b and 5c). To elucidate the underlying mechanism for this per-
formance enhancement and the cation effect, in situ infrared
spectroscopy (ATR-FTIR) was combined with density func-
tional theory (DFT) calculations. As shown in Figures 5d and
5e, in the K*-based electrolyte, the *NO intermediate adopts a
unique bridge adsorption configuration (NOb,, 1553 cm™),
whereas only on-top adsorption (NO,, ) is observed in the

Environmental Chemistry and Safety doi: 10.26599/ECS.2026.9600021

Na*-based electrolyte. Concurrently, no signal for the NH,OH
intermediate is detected in the K* environment. These results
indicate that the Kt*-induced interfacial microenvironment
steers the reaction pathway. DFT calculations further con-
firmed (Figures 5f and 5g) that in the presence of K*, the reac-
tion preferentially proceeds via the NOH intermediate path-
way rather than the *HNO pathway, featuring a lower energy
barrier and thus faster hydrogenation kinetics. Furthermore, a
rechargeable zinc-nitrate/methanol hybrid flow cell (Zn-
NOsRR/MOR FC) was designed (Figures 5h and 5i). This study
reveals how a dual “crystal phase-interface” engineering strat-
egy can modulate intermediate adsorption behavior and reac-
tion pathways, providing a new paradigm for designing
nitrate reduction catalysts with high selectivity and low overpo-
tential.

In summary, alloying has been proven to be an effective
strategy for enhancing the nitrate reduction reaction (NO3RR)
rate. By alloying different metals, lattice parameters can be
altered and valence electrons rearranged, thereby signifi-
cantly improving reaction efficiency and profoundly impact-
ing electrocatalytic activity, selectivity, and stability. However,
this strategy has not yet achieved breakthroughs in the
broader field of nitrogen oxide reduction reactions (NOxRR),
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and the reasons behind the excellent performance of alloy cata-
lysts require further in-depth investigation.

3.3. Defect engineering

Surface defects, such as vacancy and interstitial defects, can
modulate crystal structure and electronic properties, create
highly efficient electrocatalytic active sites, and exert synergis-
tic promotional effects, providing an important pathway for
enhancing electrocatalytic reaction kinetics[92-96]. In one
study, TiO,_, nanotubes rich in oxygen vacancies were success-
fully synthesized via electrochemical anodization followed by
high-temperature reduction in a hydrogen atmosphere (Fig-
ure 6a) and applied to the nitrate reduction reaction[97]. As
shown in Figure 6b, electron paramagnetic resonance (EPR)

spectroscopy analysis revealed a distinct signal atg=2.002, con-
firming the presence of numerous oxygen vacancy structures.
Compared to unmodified TiO,, the TiO,, catalyst demon-
strated superior overall performance in nitrate reduction,
achieving a Faradaic efficiency and reaction selectivity for
ammonia of 85.0% and 87.1%, respectively, along with a high
nitrate-to-nitrogen conversion rate of 95.2%. Monitoring the
reaction process using differential electrochemical mass spec-
trometry (DEMS) identified NO as a key intermediate. Further
Gibbs free energy calculations elucidated the critical role of oxy-
gen vacancies. Compared to the TiO, (101) surface with only a
single vacancy, the (101) crystal facet with a double vacancy
structure effectively suppressed side reaction pathways,
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Fig. 6. (a) Schematic illustration for TiO,_, synthesis. (b) EPR spectra of TiO, and TiO,., nanotubes. [97] (c) Schematic diagram of preparation pro-
cess of cation-vacancy-enriched Ni@Ni, ,P@N-CNFs catalysts. (d) NH; yield rates and (e) FEyyz of Ni@N-CNFs, Ni@Ni,_,P@N-CNFs-1, Ni@Ni,_,P@N-
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XANES in the electrolyte of 0.1 M KOH and 0.1 M KNO;s (inset: enlarged XANES spectra). (h) In situ EPR spectra of electrolyte using Ni@N-CNFs and
Ni@Ni,_P@N-CNFs-2 as electrocatalysts at —0.2 V versus RHE. (i) FTIR spectra of electrocatalytic NO5~ reduction over Ni@Ni, ,P@N-CNFs-2. [93]
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thereby enhancing reaction selectivity. Integrating DEMS and
theoretical calculation results, it was inferred that oxygen vacan-
ciesactastrapping sites for oxygen atoms from nitrate, weaken-
ing the N-O bond strength and inhibiting the formation of
byproducts. Consequently, the TiO,,, catalyst exhibited higher
Faradaic efficiency and ammonia selectivity in the nitrate reduc-
tionreaction, significantlyimproving the overall catalytic perfor-
mance.

Substantial research has confirmed that active hydrogen
atoms (H) play a key role in the nitrate reduction reaction
(NOsRR) by effectively facilitating the hydrogenation of interme-
diates and the cleavage of N-O bonds, thereby enhancing reac-
tion efficiency. Among various metal catalysts, nickel (Ni)-
based materials have been extensively studied due to their
excellent H generation capability. However, excessively strong
H* adsorption can readily trigger the hydrogen evolution reac-
tion (HER), competing with NOsRR. Therefore, precise regula-
tion of H* adsorption/desorption behavior is a crucial strategy
for improving NO3RR selectivity and activity. Recently, a study
successfully constructed a Ni@Ni,_,P[93] composite structure
rich in cation vacancies within hollow N-doped carbon
nanofibers via a precise electrodeposition process (Figure 6¢).
Spherical aberration-corrected electron microscopy and EPR
analysis jointly confirmed the existence and tunable concentra-
tion of Nivacancies. This optimized catalyst exhibited outstand-
ing NO;RR performance at a potential of —0.2 V (vs. RHE), with
an NH; production rate significantly surpassing that of refer-
ence samples and a high maintained Faradaic efficiency (Fig-
ures 6d and 6e). To further investigate the origin of the perfor-
mance enhancement, the study combined in situ electrochemi-
cal spectroscopy with theoretical calculations. The results indi-
cated significant surface reconstruction of the catalyst during
the reaction, generating amorphous Ni(OH), species (Figures
6f and 6g), which play a critical role in providing and stabiliz-
ing H. DFT calculations further revealed (Figures 6h and 6i)
that the introduction of Ni vacancies effectively optimized the
adsorption strength of H, making it more readily available for
hydrogenation steps of NOx intermediates rather than combin-
ing into H,. Simultaneously, the reconstructed Ni(OH),/Ni,_P
interface significantly reduced the free energy barrier for the
NO, hydrogenation step, thereby accelerating the reaction
kinetics. This study, from the perspective of “vacancy-induced
reconstruction” and “*H behavior regulation,” deepens the
understanding of the dynamic evolution of active sites and
thereaction mechanism during NO;RR, providing anew theoret-
ical basis and material strategy for designing highly efficient
and selective nitrate reduction catalysts.

In short, the enhanced NO3RR performance of defect-engi-
neered catalysts originates from the synergistic regulation of
electronic structure, active sites, and reaction kinetics by oxy-
gen and cation vacancies. Specifically, both types of vacancies
create defect energy levels in the catalyst band gap, up-shift-
ing the d-band center of adjacent atoms to strengthen nitrate
adsorption and N-O bond activation. For oxygen vacancies,
they act as Lewis acid sites to selectively trap oxygen atoms
from nitrate intermediates, weakening N-O bond strength and
suppressing N-N coupling. For cation vacancies, the reduced
coordination number of surrounding atoms optimizes the
adsorption strength of *H, diverting active hydrogen from HER
tonitrate hydrogenation while constructingreconstructedinter-
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faces (e.g., Ni(OH),/Ni,.P) to accelerate reaction kinetics [95].
This vacancy-induced modulation of "electronic state-adsorp-
tion energy-reaction pathway" collectively lowers the energy
barrier of rate-determining steps, thereby boosting activity,
selectivity, and stability.

4. Synthesis of C-N Coupling High-Value Products

4.1. Hydroxylamine and Oximes

Hydroxylamine (NH,OH) acts as an important intermediate dur-
ing nitrogen reduction, capable of reacting with aldehydes or
ketones via nucleophilic addition to generate oximes (R=CH-
NOH)[98-100]. These oxime compounds have broad applica-
tions in producing caprolactam (the key feedstock for nylon-
6), agrochemicals, and pharmaceuticals. With the continued
expansion of the chemical industry, market demand for hydrox-
ylamine and oximes continues to rise. Traditionally, hydroxy-
lamine is produced via hydrolysis of oximes, a process that
involves complex steps and requires hydrogen peroxide,
strong acids, and costly ammonia-based reagents-posing chal-
lenges to green and sustainable development.

In recent years, the electrocatalytic conversion of NO5~ to
hydroxylamine, which then reacts with aldehydes or ketones
to yield oximes, has gained attention as a sustainable and eco-
friendly syntheticapproach.Chenetal.[101] combined theoreti-
cal simulations and experiments to identify Fe-based catalysts
with excellent NH,OH adsorption properties. During electroly-
sis, the generated NH,0OH underwent C-N coupling with ben-
zaldehyde, achieving a benzaldoxime yield of 98.7% (Figure
7a). The research further demonstrated that pH plays a crucial
role in directing product selectivity: under acidic conditions,
benzyl alcohol was predominantly formed, while alkaline envi-
ronments favored the production of benzaldehyde and its
oxime derivative (Figure 7b). A mechanistic pathway was pro-
posed, with NH,OH generation and its condensation with alde-
hyde to form a C=N bond as the key step (Figure 7c).Beyond
nitrate, Wang et al.[102] reported a strategy for co-reducing
NO, and ketones to synthesize oximes, followed by reaction
with benzyl bromide to form oxime ethers. They employed elec-
trospun Mg-based MOF-derived catalysts (MgO-SCM system,
Figure 7d) that achieved a 94% yield and 97% product purity.
The MgO nanofiber catalyst (Figure 7e) effectively suppressed
the hydrogen evolution reaction, promoted NH,OH formation,
and guided its selective coupling with aldehydes to form C=N
bonds, avoiding over-reduction to amines or alcohols. This
method is green, safe, and broadly applicable to various sub-
strates, offering a sustainable solution for NO, conversion. Wu
etal.[103] further developed an electrochemical method to syn-
thesize cyclohexanone oxime (CYC-oxime), a precursor to capro-
lactam (CPL), directly from NO, and cyclohexanone (CYC) (Fig-
ures 7f and 7g). This offers a safer and greener route com-
pared to the conventional CPL production process, which typi-
cally requires severe conditions such as high temperatures, ele-
vated pressures, and strong oxidizing agents.

4.2. Amino Acids

Amino acids serve as essential components in the foundation
of allliving organisms and have widespread applications in agri-
culture, biodegradable plastics, and pharmaceuticals[104-
106].Industrially,aminoacids are mainly produced viafermenta-
tion, whichistime-consuming, involves complexseparation pro-
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Fig. 7. (a) Diagram depicting a green CPL synthesis route via direct electrocatalytic conversion of NO, and cyclohexanone (CYC) into cyclohex-
anone oxime. (b) Schematics illustrating two representative NO,RR pathways on model electrocatalysts. (c) lllustration of the preparation pro-
cess for MgO-SCM.[101] (d) SEM image of the synthesized MgO-SCM. (e) Schematic showing different metals (Pd, Ag, Cu, Ni, Co, Fe) for electro-
chemical oxime production from NO, and aldehydes.[102] (f) Product profiles for NO;~ and Ph-CHO co-reduction on a Cu electrode in various pH
electrolytes. (g) Diagram highlighting an ideal ARR route that favors C-N bond formation.[103]

cesses, and primarily yields L-type amino acids. While D-type
amino acids, which are of higher value, typically require chemi-
cal synthesis using highly toxic cyanides. Hence, developing
green, efficient, and sustainable strategies for amino acid syn-
thesis is of great significance.

Inspired by electrocatalytic oxime synthesis, Wu et al.[70]
reported a groundbreaking strategy in 2023 for synthesizing
amino acids via electrocatalytic coupling of NO;~ with a-keto
acids. This stepwise cascade method involving electrochemi-
cal and chemical processes allowed for the mild-condition con-
version of biomass-based pyruvic acid and nitrate waste into
valuable alanine. Using a Pd-Cu nanobead wire (PdCu NBW) cat-
alyst, at —0.3 V vs. RHE, the reaction achieved a 54.8% alanine
yield and over 95% nitrate conversion (Figures 8a and 8b). The
bimetallic structure provided strong synergy: Cu efficiently acti-
vated NO;~ and facilitated its spontaneous redox conversion
to NO,~, while Pd catalyzed the hydrogenation of nitrogenous
intermediates, promoting oxime reduction to alanine. Liao et
al.[107] designed a bimetallic Cu-Bi catalyst derived from MOF
precursors (Cu/Bi-C@CF) to enable the selective synthesis of
glycine from NOs~ and glyoxylic acid (GA) in a single reaction
system. Bi incorporation modulated the electronic structure of
Cu, enhancing NH,OH generation and providing active sites
for oxime hydrogenation. A Faradaic efficiency of 65.9% and
glycine selectivity of 89% were obtained (Figure 8c). The forma-
tion of a C=N intermediate (GA oxime) at 1548 cm~! was veri-
fied by in situ FTIR, with its signal becoming stronger at higher
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potentials (Figure 8d).

Notably, the approach exhibits broad applicability,
enabling the selective and efficient synthesis of various amino
acids-including alanine, 2-aminobutyric acid, leucine, aspartic
acid, and glutamic acid-under comparable reaction condi-
tions (Figure 8e). Even when nitrite (NO,") replaced nitrate as
the nitrogen source, glycine FE remained as high as 51.6%.
This MOF-based approach has also been extended to Ga and
Sn systems, which exhibited excellent catalytic performance.
Liu et al.[108] further improved glycine synthesis by transform-
ing Bi,05-Bi composites into lattice-expanded metallic Bi (e-Bi)
via in situ electrochemical reconstruction. Using GA and
NH,OH as substrates, they achieved a glycine FE of 91.3%, con-
firming GA oxime as a key intermediate (Figure 8g). Other nitro-
gen sources such as NO and NH; were also viable, demonstrat-
ing the method’s versatility and adaptability. For example,
Xian et al.[109] were the first to utilize atomically dispersed Fe
on N-doped carbon (AD-Fe/NC) as a catalyst for transforming
NO into essential amino acids, with valine being among the
products obtained. In parallel, Teng et al.[110] put forward a
sequential “electrochemical-chemical cascade” route, reduc-
ing nitrate to ammonia and hydrolyzing waste polylactic acid
(PLA) into lactic acid, which were then coupled to produce ala-
nine.Thisstrategy synergisticallyaddressed both nitrogen pollu-
tion and plastic waste (Figure 8h).

4.3. Urea Synthesis
Urearepresents avital nitrogen-based fertilizer crucial for world-
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Fig. 8. (a) Diagram illustrating the ambient-condition, renewable energy-driven tandem electrochemical-chemical-electrochemical process for

coupling biomass-derived pyruvic acid (PA) with nitrate waste to produce alanine. (b) Proposed mechanism for this coupling reaction.[70] (c) Com-

parison of FE for various products obtained from glycine electrosynthesis over Cu/Bi-C@CF and other reference catalysts under identical condi-

tions. (d) Potential-dependent ATR-FTIR spectra collected in situ during glycine formation from NO5~ using Cu/Bi-C@CF. (e) Chemical structures

of targeted amino acids, along with corresponding yield rates and FEs achieved via electrochemical synthesis employing different nitrogen

sources: (i) NOs, (i) NO,~, (iii) NO, and (iv) NO,.[107] (f) Schematic showing the synthesis route for atomically dispersed Fe on nitrogen-doped car-
bon (AD-Fe/NC).[109] (g) "H-NMR spectra showing product distributions under various electrolyte conditions.[108] (h) Illustration of the

ammonolysis of polylactic acid (PLA) into alanine.[110]

wide agricultural output. Conventional industrial synthesis via
the Bosch-Meiser process operates under harsh conditions
(150-200°C, 150-250 bar)[111-115], leading to significant
energy consumptionand carbonemissions.Electrocatalyticcon-
version of CO, and NO5~ to urea at ambient conditions using
renewable electricity has emerged as an environmentally
benign alternative. However, this approach currently faces chal-
lenges including inefficient C-N bond formation and compet-
ing side reactions, necessitating the design of highly selective
and active catalysts.

Inspired by the mechanism of natural nitrate reductases,
which feature high-valent Mo active centers, Zhao et al.[116]
designed a CuWO, bimetallic catalyst incorporating high-
valent W centers. In this system, Cu sites promote CO, reduc-
tion to CO intermediates, while W sites stabilize NO3;~-derived
NO,™ intermediates. These active centers are alternately
arranged within the crystal structure (Figure 9a), synergisti-
cally facilitating C-N coupling. Operating at -0.2 V (vs. RHE),
the system produced urea at a rate of 98.5 + 3.2 ug-h-'-mg-!
with a corresponding Faradaic efficiency of 70.1 + 2.4%. Con-
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trol experiments using various carbon and nitrogen sources con-
firmed CO and NO,~ as key intermediates in the reaction path-
way (Figure 9b).

Traditional Cu-based catalysts often suffer from insuffi-
cient *H supply, which hinders NH, formation and leads to accu-
mulation of undesired byproducts such as NO,~ and NHs. To
overcome this bottleneck, Zhang et al.[20] proposed the con-
cept of an “active hydrogen pump”. They constructed a
CuszMo,04 catalyst in which Mo sites efficiently dissociate
water (H,O — *H + OH") to supply active hydrogen, while Cu
sites modulate hydrogen adsorption and migration (Figure
9¢). The sustained *H supply promotes deep hydrogenation of
NO;~ to NH, and accelerates the reduction of CO, to *CO,
thereby driving C-N coupling to form urea (Figure 9d). Elec-
tron spin resonance (DMPO) experiments showed that Mo facili-
tates *H formation, while Cu enhances NO5~ to NO,~ conver-
sion. This synergy significantly improved urea production. In a
flow cell utilizing a gas diffusion electrode (GDE), the catalyst
achieved a urea production rate of 177 mmol-h--g-" with a
Faradaic efficiency of 40%, which is twice the value observed
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Fig. 9. (@) Conceptual diagram illustrating the design approach for bioinspired CuWO, catalysts featuring alternating bimetallic active sites to
enhance electrocatalytic urea production. (b) Control experiments using different nitrogen and carbon sources to help infer the mechanistic path-
ways of urea formation.[116] (c) Quasi in situ EPR analysis of electrolyte solutions after 10 min electrolysis using CuzMo,0,, CuO and MoO; at —0.8
V versus RHE with DMPO employed as a spin trap for active hydrogen species (*H). (d) Mechanistic diagram of urea electrosynthesis driven by a
catalyst with “active hydrogen pump” characteristics. (€) Comparison of urea production rates and Faradaic efficiencies using CuzMo0,0, in both
H-type and flow cells at -0.8 V vs. RHE.[20] (f) Calculated Gibbs free energy for the formation of *CO(NH,), from CONH, on TiO, and Cu-TiO, sin-
gle-atom catalyst (SAC). (g) the Faradaic efficiency of different reaction products.[117] (h) Formation mechanism of surface frustrated Lewis pairs
(SFLPs) in Bi-Ov-In sites during the co-electroreduction of NO3;~ and CO, for selective urea production. (i) EPR spectra comparisons of three
indium-based catalysts.[118]

in traditional H-type cells (Figure 9e). Moving beyond stan-  thesis and biological fermentation, it offers distinct system-
dard electrocatalytic approaches, Zhang et al.[117] intro- level advantages. Conventional processes often rely on harsh
duced a photoelectrochemical method by immobilizing sin-  conditions, multistep separations, or hazardous reagents,
gle Cu atoms on TiO,, creating Cu-Ti dual-metal active sites ~ Whereas electrocatalytic approaches operate under mild condi-
with an atomic spacing of approximately 2 A. This configura-  tions, directly utilize nitrate or NOx pollutants, and are compati-
tion minimized the transport distance between CO and NH, ble with renewable electricity. When integrated with waste-
species and significantly decreased the energy barrier for C-N  Wwater treatment and renewable energy systems, electrocat-
bond formation (Figure 9f). When operated under light irradia- ~ alytic C¢-N coupling may partially offset operational costs
tion and a -0.5 V applied potential, the system reached a urea while enabling the synthesis of non-natural amino acids and tai-
Faradaic efficiency of 68%(Figure 9g). Additionally, oxygen lored n.itrogen—containing.intermediates. F'urther improve-
vacancies have proven beneficial in urea electrosynthesis by sta- ~ Ments in catalyst durability, current density, and reactor
bilizing intermediates and modulating the reaction pathway. ~ design are essential for economic viability.

Li et al.[118] doped Bi into In,0; to create asymmetric oxygen 5. Outlook

vacancy centers (Bi-O,-In, Figure 9i). Here, Bi facilitated NO5- . . o
reduction to NH,, while the oxygen vacancy stabilized the NH, Despite the promising prospects of electrocatalytic nitrate
intermediate and altered the electronic structure to enable ~ reduction and C"N cqupI!ng reactions, further ad.v.ancv.ement
direct coupling with CO, without requiring full CO,RR (Figure of these technologies is still hindered by several critical issues,

9h), offering a novel approach to efficient urea synthesis. Whlle.also. bringing new dgveIopment.oppf)rtunltl‘es.
First, in terms of reaction mechanism, it remains urgent to

combine advanced in situ and operando characterization meth-
AlthoughelectrocatalyticC-N couplingtowardhigh-valueprod-  ods with theoretical simulations to clarify the real structure of
ucts remains at a proof-of-concept stage and is currently less  active sites and their dynamic changes under realistic reaction
cost-competitive than established routes such as chemical syn-  conditions. Especiallyimportantis to reveal the formation, trans-

4.4. Economic considerations.
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fer, and consumption of H* species, as well as how they regu-
late product selectivity.

Second, for catalyst design, future studies should aim to
construct catalysts with multiple synergistic active centers.
Through the rational combination of single-atom engineering,
alloying, and defect modulation, the adsorption strength of
key intermediates such as *NO, *NH,, *CO can be precisely regu-
lated. This will help break through the rate-determining steps
and inhibit competitive side reactions at the same time.

Third, at the device and system level, it is necessary to accel-
erate the transformation from conventional H-type cells to
more practical configurations, including membrane electrode
assemblies and flow cells, so as to achieve high current den-
sity and long-term stability. In addition, matching with renew-
able energy sources such as solar and wind power through intel-
ligent energy management will help realize highly efficient
and flexible electrochemical conversion systems.

Finally, from the perspective of integrated development,
research should go beyond the traditional goal of ammonia pro-
duction and focus more on the construction of complex C-N
bonds for the direct electrosynthesis of high-value chemicals
like urea, amino acids, and pharmaceutical intermediates.
More significantly, electrocatalytic nitrogen transformation
should be regarded as a key component of an environment-
energy-chemical integrated system rather than an indepen-
dent reaction. By coupling wastewater treatment, renewable
electricity utilization, energy storage, and green chemical syn-
thesis, nitrogen pollution control can be upgraded to a value-
added production process, laying a solid foundation for the
establishment of a sustainable carbon-neutral technology sys-
tem.
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