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Abstract
Ammonia  (NH3) is the second-most produced chemical with broad applications and vital for the chemical industry. 
However, the current Haber–Bosch synthesis is problematic with high energy consumption and carbon footprints. Elec-
trochemical nitrate reduction  (NO3RR) to produce  NH3 is a green, low-carbon and efficient alternative route to simulta-
neously benefit wastewater treatment, mild  NH3 production and global warming mitigation. Compared to noble metal 
catalysts or the nanosized counterparts, iron single-atom catalysts (Fe SACs) boast unique advantages to promote the 
 NO3RR because of the exceptional selectivity, inexpensiveness, high efficiency and good durability. Due to the rapid 
development of the emerging field, a timely Perspective with an emphasis on the recent advances in Fe SACs-catalyzed 
 NO3RR is currently lacking. The Perspective aims to give an account of the up-to-date progresses on Fe SACs-promoted 
 NO3RR for  NH3 production. The catalyst design, characterizations, mechanism studies, etc. will be illustrated, and lastly 
the challenges and outlook will be discussed to provide insights for future studies.

1 Introduction

Ammonia  (NH3) is one of the most prime substances in the chemical industry. With broad applications in various end-
use areas such as fertilizers, pharmaceuticals and precursors for fine organonitrogen chemicals, the global market size 
of  NH3 is estimated to be ~ US$ 76 billion in 2022 and expected to reach US$ 104 billion in the next 5 years. Moreover, 
 NH3 has been regarded as a promising carbon-free energy carrier for hydrogen because of its high hydrogen content 
(~ 18 wt%), good stability for transportation, well-established infrastructures, etc. which could play a critical role in the 
energy transit for shaping a sustainable future [1–3]. However, the current  NH3 production and utilization mode suffer 
from some major obstacles which has induced vital environmental issues. The large-scale  NH3 production in industry 
primarily relied on the Haber–Bosch process in the past century. The Haber–Bosch process is usually catalyzed by an iron 
(Fe)-based catalyst under rather harsh conditions (such as 400–500 °C, 15–30 MPa), which is energy-intensive with high 
carbon footprints. As estimated, the  NH3 synthesis process accounts for 1–2% of the world’s total energy consumption 
as well as ~ 1% of the global carbon dioxide  (CO2) emission. Hence, the current synthesis protocol is against the green 
chemistry principle and notably deteriorates the global warming and climate change. At downstream end, the anthro-
pogenic activities of using  NH3 as fertilizers and other chemicals have seriously disturbed the natural nitrogen cycle, 
releasing considerable amounts of nitrate into the environment. The nitrate is relatively stable and could accumulated 
in water systems to cause eutrophication and damage the aquatic ecosystems, in addition, to pose threats to the health 
human beings through drinking. Besides, the more toxic water pollutant nitrite could be generated from nitrate which 
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is a carcinogenic compound. As a result, nitrate removal in water treatment is of great importance to restore the balance 
of nitrogen cycle and protect the water systems.

Renewable approaches to produce organonitrogen compounds from biomass have been devised [4–20], while the 
 NO3RR which employs green electricity to upgrade nitrate as the water pollutants into  NH3 under mild conditions (nor-
mally ambient pressure and room temperature) without forming other harmful by-products is regarded as the most 
prominent alternative method to Haber–Bosch process and has drawn significant attentions [21–27]. Traditional nitrate 
removal adopts the denitrification pathway to generate non-harmful nitrogen gas  (N2) for environmental remediation 
[28]. In addition, the electrochemical nitrogen reduction (NRR) has been extensively explored as an alternative route for 
 NH3 production but the conversion is relatively challenging and the production rate is usually low due to the inactive-
ness of nitrogen gas (the triple bond energy of ~ 941 kJ/mol). The  NO3RR furnishes an exceptional solution to shoot two 
hawks with one arrow, which could simultaneously achieve nitrate removal for wastewater treatment and low-carbon 
 NH3 production in a more desirable manner (see Scheme 1). Converting nitrate to  NH3 rather than  N2 is less difficult and 
could upcycle the waste pollutant into a valuable chemical commodity. Nitrate is highly soluble in aqueous solutions 
and possesses much lower bond energies (~ 204 kJ/mol for N=O bond and ~ 176 kJ/mol for N–O bond), and thus serves 
as a more suitable and advantageous feedstock for practical large-scale  NH3 production. As a result, the  NO3RR technol-
ogy represents a green, mild and economic way to refresh the current  NH3 industry remarkably contributing to global 
warming mitigation and restore the nitrogen cycle for environmental protection.

Catalyst design and development is key to achieve efficient and selective  NO3RR for  NH3 production. So far, metal-free 
carbon-based catalysts, the diverse noble and non-noble metal species (Pd, Pt, Ru, Ti, Ni, Fe, Cu, etc.) as nanoparticles 
(NPs) or SACs and their bimetallic or trimetallic counterparts have been reported to promote the reaction. The non-noble 
iron-based catalysts have been long-standing employed for industrial catalytic processes including the Haber–Bosch 
reaction, which boast principal merits among the reported metal species for  NO3RR due to the abundance (the second 
most abundant metal element in the Earth’s crust), broad availability, low price, nontoxicity and high catalytic perfor-
mance. Nonetheless, the Fe NPs catalysts suffer from major problems including the surface oxidation (deactivation) 
and the lack of selectivity towards  NH3  (N2 is often a noticeable side product). Fe SACs possess outstanding merits to 
overcome these obstacles. The concept of SACs was officially coined by Zhang’s group in 2011 [29–31], which denotes as 
atomically-dispersed metal atoms on a support with 100% exposure of the active sites (100% atom efficiency) [32]. Lack-
ing the neighboring Fe atoms would suppress the N–N coupling reaction and prevent the formation of  N2 by-product. 

Scheme 1  The overview of  NO3RR for simultaneous wastewater treatment and global warming mitigation to produce  NH3. The municipal 
wastewater will be employed as the feedstock and undergo  NO3RR with green electricity for  NH3 production to achieve the closed nitrogen 
cycle
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Hence, Fe SACs could lead to a very high  NH3 selectivity. The Fe SACs are often stabilized by the strong metal-support 
interactions (SMSI) by coordinating with heteroatoms such as N, O, etc. The Fe SACs originally possess high valence state 
and thus oxidation is not a concern herein. The high valence and exclusive quantum confinement effect have maximized 
the surface free energy of the Fe sites endowing them with a high catalytic activity.

With these salient features, Fe SACs have emerged as new catalyst materials for efficient  NO3RR in the past 3 years. 
Most of the Fe sites were anchored on carbon-based support due to their high conductivity, tunable surface groups, 
porosity, cheap price and stability. The rational design of the Fe SACs is fundamental to achieve the high  NH3 produc-
tion rate, high FE, outstanding stability and low overpotential. The coordination environment of Fe SACs with special 
electronic and chemical states will significantly affect the reaction barriers, kinetics and pathways. The finely-tuning of 
the coordination atoms (the number and species) is one of the key strategies for the development of Fe SACs for  NO3RR. 
Besides, the Fe loading is also a primary factor that high loading of Fe SACs usually leads to better electrochemical per-
formance due to the presence of ample active sites. In addition, the properties of the support such as the pore structure, 
graphitization degree, surface functional groups, electron transfer ability, etc. are highly related to the catalytic activity. 
Various synthetic procedures have been devised to design Fe single atom sites with different coordination patterns and 
to result in carbon-based supports with distinct characters. So far, there are many excellent reviews on electrocatalytic 
 NO3RR but a timely Perspective with an emphasis on the Fe SACs has not yet been reported. This perspective gives a 
brief account on the recent advances in Fe SACs-catalyzed  NO3RR, which is mainly progressed in the past 3 years. The 
preparation methods, catalyst design tactics, characterization tools, electrochemical performances as well as the reac-
tion mechanisms will be illustrated. The challenges, future directions for rational catalyst design and opportunities are 
outlooked, with the expectation to provide a timely summary to shed some light on the emerging and propitious field 
of Fe SACs-catalyzed  NO3RR.

2  The mechanistic aspects

The  NO3RR to convert nitrate into  NH3 requires the transfer of nine protons along with eight electrons. The equations 
of the overall reaction (Equation 1) and the elementary steps (Equations 2–9) were shown in Fig. 1. The active adsorbed 
hydrogen is regarded as a key intermediate for  NO3RR, which is derived from water upon adsorption and reduction 
on the electrode surface. The nitrate and adsorbed hydrogen species would react and steadily produce  NH4

+ through 
multiple intermediates such as  NO2

*,  NO*,  N*,  NH*,  NH2
*, etc. Note that  NH3 and  N2 are both the most thermodynami-

cally stable forms of the reduced products, and the avoidance of  N2 formation is necessary to maintain a high selectivity 

Fig. 1  The equations of the 
overall reaction and the 
elementary steps for  NO3RR 
(Reprinted with permission 
from Ref. [21]. Copyright 2023 
the Royal Society of Chem-
istry)
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to  NH3 in  NO3RR. Except for  N2, other minor side products such as nitrite and hydrazine could also be produced during 
the  NO3RR to lower down the  NH3 selectivity. Another side reaction that often affects the product selectivity is the HER 
which happened at high overpotential to consume the active hydrogen species and compete with the  NH3 formation, 
resulting in declined Faradaic efficiency (FE). Overall, the  NO3RR involves complexes processes with multiple transporta-
tion of protons and electrons, and thus the acceleration of the reaction kinetics and the suppression of side reactions are 
the pivotal tasks for enhanced  NO3RR performance. The  NO3RR efficiency and selectivity is highly relied on the catalyst 
materials, and the rational designs and developments of heterogeneous catalysts for  NO3RR is paramount to boost the 
reaction rate, mitigate the overpotential, increase the FE and  NH3 selectivity.

3  Catalyst design of Fe SACs for  NO3RR

To improve the catalytic performance of Fe SACs, the preparation of carbon support, the parameter variation, the design 
of dual-metal catalysts and the computer-aided method have been so far employed for the rational design of Fe SACs 
(see Scheme 2). Table 1 has summarized the recent works of Fe SACs-catalyzed  NO3RR to compare the catalyst species, 
performance and stability.

Characterizations of the Fe SACs are very important, especially the unique techniques to reveal the single atom nature 
of the as-synthesized catalysts. Generally, the transmission electron microscopy (TEM), X-ray diffraction (XRD) and X-ray 
photoelectron spectroscopy (XPS) are first employed to demonstrate the high dispersion of the catalysts. Normally, 
the clusters or NPs will be absent on TEM images and the corresponding signals will be negligible on XRD to indicate 
the single atom nature. The high valence of Fe signal should be observed on XPS since the Fe SACs is usually positively 
charged. Next, advanced techniques such as the aberration-corrected high-angle-annular-dark-field scanning transmis-
sion electron microscopy (AC-HAADF-STEM) is adopted to directly display the images of SACs at an atomic level. Besides, 
the X-ray absorption spectroscopy (XAS) is adopted to gain further information on the coordination environment of Fe 
SACs. The X-ray absorption near edge spectroscopy (XANES) discloses the valence states, geometry information, etc., 
and the extended X-ray absorption fine structure (EXAFS) reveals the coordination atoms and numbers, etc. These are 
the most common characterization methods for SACs analysis.

Pioneering studies of Fe SACs-catalyzed  NO3RR have been reported in 2021. Siahrostami and Wang’s group have syn-
thesized carbon-supported Fe SACs by pyrolysis which exhibited high selectivity and activity to convert nitrate into 
 NH3 under ambient environment [33]. The maximal FE was ~ 75% at − 0.66 V with the highest  NH3 production rate of 
~ 20 mg/h/mgcat. (0.46 mmol/h/cm2) at − 0.85 V. The Fe SACs maintained stable performances after 20 cycle numbers. 
The Fe SACs were prepared by a transition metal-assisted carbonization method with mixed precursors of  FeCl3 and 
o-phenylenediamine and  SiO2 powders as the hard templates. Following the pyrolysis, etching with both strong base 

Scheme 2  The different strate-
gies for the design of Fe SACs 
(including the preparation 
method, parameter varia-
tion, dual-metal method and 
computer-aided method)
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and acid to remove any formed NPs and the  SiO2 templates, and a second pyrolysis treatment to lessen the inactive Fe 
sites after etching have been conducted (see Fig. 2a). Obvious NPs were negligible in the TEM image (see Fig. 2b), and 
the AC-MAADF-STEM together with EDS and EELS (see Fig. 2c–e) suggested the atomically dispersed Fe atoms on the 
interconnected, porous vesicle-like carbon support. The BET surface area was determined to be ~ 286  m2/g with the 
mesopore size distribution centered at 18.3 nm. The Fe loading was about 1.5 wt% by ICP-OES analysis. The EELS on the 
single Fe site suggests the Fe-N-C coordination structure, which was further verified by XPS and XAS. The Fe single atoms 
were in high valence states and Fe–Fe bond was negligible. Fe-N4 coordination environment was suggested by the fit-
ting analyses. The Co and Ni SACs were synthesized for comparison and Fe SACs displayed much superior  NH3 yield rate 
(almost four-time to those using Co and Ni SACs). The DFT calculations implies that the Fe SAC site was intrinsically more 
active than the Fe NPs, Co and Ni SAC site with lower thermodynamic barriers. The possible rate-determining steps of 
 NO3RR on Fe SACs were calculated to be the reduction reactions of the  NO* and  HNO* species, which were different from 
those on Fe NPs. The study has pointed out the great potential of carbon-supported Fe SACs in  NO3RR.

Li et al. devised a polymer-hydrogel strategy to prepare N-coordinated Fe SACs on carbon support using the ferric 
acetylacetone and polypyrrole hydrogel precursors through adsorption and calcination [34]. About 100% FE after − 0.3 
V and ~ 510 mg/h/mgFe (0.16 mmol/h/cm2)  NH3 production rate at − 0.7 V were achieved under alkaline conditions. The 
durability tests revealed only a minor fluctuation within 10 cycles. The sheet-like porous morphology of the carbon sup-
port was observed on SEM images, and the HAADF-STEM images suggested the single-atom nature of the Fe sites with a 

Fig. 2  a Schematic illustration for Fe SACs synthesis; b TEM image; c AC-MAADF-STEM image; d EDS mapping image; e EELS point spectrum; 
f XRD pattern; g  N2 adsorption–desorption isotherms (Reprinted with permission from Ref. [33]. Copyright 2021 the Springer Nature)
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good loading of about 2.4 wt% (by ICP-MS). XPS analysis shows the  Fe2+ oxidation states which was confirmed by XAS, and 
Fe-N4 coordination structure was deduced based on the fitting results. The SI-SECM, which serves as an in-situ technique 
to accurately measure the amount of charge passed to a starting catalyst layer and give insights into the kinetic behaviors, 
has been adopted to study the reaction mechanisms. The reaction rates of nitrate binding to Fe(II)-Nx and Fe(0)-Nx model 
were 0.057 and 1.24  s−1, whereas such catalytic activity was not observed for Fe NPs regardless of the delay time. Besides, 
the Fe-N sites would not induce the water dissociation as the side reaction. The experimental results also pointed out 
a nearly 12-time higher reaction rate of Fe single atoms compared to that of the bulk Fe surface. According to the DFT 
calculations, the single Fe atom adsorbed the  NO3

− in the way of the end-on mode whereas the Fe NPs bonded to two 
O atoms due to the existing adjacent Fe atoms (see Fig. 3a, b). The partial density of states (PDOS) of Fe-PPy SACs and 
Fe NPs suggested that the  NO3

− activation was more beneficial on the Fe-PPy SACs (see Fig. 3c). The Gibbs free energy 
(see Fig. 3d) of  NO3

− adsorption on Fe PPy SACs was more negative than the value of water adsorption which indicates 
that the NO3RR is more favorable than the HER side reaction. The study put forward a novel polymer-hydrogel strategy 
to synthesize Fe SACs for  NO3RR which demonstrates the significance of preparation method to improve the reaction.

The influence of Fe coordination environment has been investigated by several studies. Li’s group has adjusted the 
coordination environment of Fe sites and prepared N-doped and S,N-codoped carbon materials (Fe-CN and Fe-CNS) [35]. 
The  NH4Cl and urea were used as the N precursors and thiourea was supplemented as the S precursor for the codoped 
materials through the pyrolysis of pyromellitic dianhydride. The highest FE for  NH3 was obtained of ~ 78.4% at a low 
potential of − 0.57 V, and the maximal nitrate removal ability was 7822 mg N/gFe. Based on the TEM, HAADF-TEM and EELS 

Fig. 3  The optimized charge 
density difference of a the 
Fe-PPy SACs and b Fe NPs; 
c PDOS of Fe d and O p of 
 NO3

−-bonded to the Fe-PPy 
SACs and Fe NPs; d Gibbs free 
energy diagram of NO3RR to 
NH3 and water dissociation 
(the top right) (Reprinted with 
permission from Ref. [34]. 
Copyright 2021 the Royal 
Society of Chemistry)
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analyses, the single atom states of Fe was substantiated, and Fe-N coordination was inferred for both Fe-CN and Fe-CNS. 
The Fe loading was about 2.1 wt% and 2.0 wt% for Fe-CN and Fe-CNS SACs by ICP-OES. As shown in Fig. 4, the XANES 
spectra of Fe-CN and Fe-CNS both displayed relatively high valence rather than the metallic state. Only Fe-N bonds were 
identified in the  k2-weighted EXAFS spectra without the formation of Fe–Fe bond or Fe-S bond. It is deduced that the S 
atom was bonded to the N atoms nearby the Fe single atoms (see Fig. 4e). The 57Fe Mössbauer spectroscopy also indicates 
the absence of Fe–Fe bonds which was in agreement with the XAS data. The S co-doping brought about increased surface 
detects and affected the length of Fe-N bond, which induced asymmetric charge distribution and thus more prone to 
anchor metal atoms and modulate the surrounding environment. The Fe-CNS displayed superior catalytic activity to the 
Fe-CN, and uniquely tuned the product selectivity to  NH3 or  N2 at different potentials. The DFT simulation results show 
that the energy barriers for  N* to  N2

* and to  NH* on Fe-CNS were about − 0.14 and 2.78 eV and therefor the  NH3 path is 
more thermodynamically favorable. Xu et al. introduced P as a second coordinating heteroatom to Fe SAC and fabricated 
Fe-N/P-C structure [36]. The P atoms have interrupted the symmetric local charge of Fe SACs and promoted the surface 
adsorption of nitrate and other key intermediates to boost the  NO3RR efficiency. The Fe-N/P-C catalyst could achieve a 
high FE of 90.3% at − 0.4 V with  NH3 production rate of 18.0 mg/h/mgcat at − 0.8 V. The operando SR-FTIR analyses and 
DFT calculations have been utilized to reveal the reaction pathway and the crucial role of the asymmetric configuration 
has been proved. These works have contributed to the fundamental understanding of heteroatom doping (such as S, P, 
etc.) in the carbon materials for Fe SACs synthesis.

Fig. 4  a XANES spectra of Cu-CN, Cu foil and CuO at the Cu K-edge and b the corresponding  k2-weighted EXAFS spectra; c XANES spectra of 
Fe-CN, Fe-CNS, Fe foil, and  Fe2O3 at the Fe K-edge and d the corresponding  k2-weighted EXAFS spectra; e fitted configurations of  CuN4 and 
 FeN4S2 in Cu-CN and Fe-CNS; f 57Fe Mössbauer spectra of Fe-CN SACs; g WT-EXAFS analysis of  Fe2O3, Fe Foil, Fe-CN, and Fe-CNS. (Reprinted 
with permission from Ref. [35]. Copyright 2021 the National Academy of Sciences)
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Zhang et al. synthesized 2D MOF materials with nut-like morphology and pyrolyzed them into carbon-based Fe SACs 
[37]. Based on HAADF-STEM, XPS, XAS, etc., the isolated Fe SACs with  FeN2O2 coordination structure have been identified. 
Excellent FE of about 92% at − 0.68 V and  NH3 production rate of ~ 46 mg/h/mgcat (about 9.2 mg/h/cm2) at − 0.88 V have 
been achieved in neutral electrolytes. The mechanistic studies using in-situ Ramen and DFT calculations suggested that 
the N,O-doping would tune the Fe d-band and alter the adsorption energy of intermediates. The  FeN2O2 showed better 
conductivity and  NH3 selectivity than the  FeN4 coordination. In addition, the  FeN2O2 configuration could promote the 
conversion of  HNO* to  N* and thus the selective and efficient production of  NH3. Liu et al. fabricated Fe SACs with dif-
ferent coordination structures by thermal modulation (see Fig. 5). The feedstocks of  FeCl3, alanine and melamine were 
thoroughly mixed and ball milled, which then underwent a two-stage pyrolysis and carbonization treatment under inert 
atmosphere [38]. Combined with various characterizations, the Fe coordination environments were resolved as OH-Fe-
N4, Fe-N3, and Fe-N4 respectively for the materials pyrolyzing at 800, 900 and 1000 °C. The unique Fe-N3 configuration 
exhibited the best catalytic performance, which realized the optimal FE of ~ 86% at − 0.7 V and the highest  NH3 yield rate 
of 18.8 mg/h/mgcat. at − 0.9 V. The mechanisms have been investigated by the operando ATR-SEIRAS and DFT calculations. 
The work addressed the influences of different Fe coordination patterns with N and O on  NO3RR to  NH3.

The engineering of carbon materials as the support could also considerably affect the catalytic performance. Wang 
et al. utilized the harmful algae biomass as the feedstock to synthesize the carbon-supported Fe SACs to catalyze the 
 NO3RR [39]. The catalyst materials were simply obtained by pyrolyzing algae and Fe precursor with KOH activation at 800 
°C. A variety of characterizations have been conducted to confirm the atomically-dispersed structure and the electronic 
states. Under optimal conditions, the highest  NH3 production rate was ~ 20 mg/h/mgcat (~ 165 mg/h/cm2) and the FE was 
87.3%. The catalyst maintained good stability after continuous operation of beyond 50 h. Based on the experimental and 
DFT calculation results (see Fig. 6), the Fe-N4 site has diminished the energy barriers and enhanced  NO3RR performance. 
Besides, the downstream coupling of  NH3 with  CO2 to produce urea has been demonstrated and the carbon footprint 
mitigation potentials of the proposed method has been analyzed. This study utilized waste biomass resources for mate-
rial synthesis which created extra values on sustainability and environmental protection.

Song et al. prepared Fe SACs on g-C3N4 support by one-step pyrolysis method [40], which demonstrated an excellent 
nitrogen removal ability of 9857.5 mg N/gFe and a high FE of 77.3% at − 0.65 V. The catalyst could effectively promote 
 NO3RR at a low  NO3

− concentration of 50 mg/L, which offers an idea on support design for low concentration nitrate 
reduction to facilitate the practical application to use wastewater as the feedstock. Ren et al. reported the synthesis of 
Fe SACs on MXene nanosheets as a nanohybrid filter by vacuum filtration onto PTFE membrane, and the  NO3RR was 
conducted in a flow-through configuration in neutral conditions [41]. The single atom nature of Fe (1.7 wt% loading) was 
verified by different characterizations. The highest nitrogen removal rate was 97.2% with the  NH3 selectivity of 99.2%, 
and the highest FE of ~ 83%. The FE could keep beyond 80% after 10 h continuous operation. The DFT calculations sug-
gest that the Fe SACs on MXene notably inhibited the HER side reaction and mitigated the energy barrier of the limiting 
step of converting NO* to HNO* compared to the Fe NPs on MXene (see Fig. 7). Very recently, Genoux et al. have first 
reported a new crystalline carbon nitride material with a general formula of  C6N9H2Fe0.4Li1.2Cl (abbreviated as PTI/FeCl2), 
in which the Fe sites were all with the same chemical environment [42]. The material was obtained by reacting PTI/LiCl 
with a low-melting  FeCl2/KCl flux and then anaerobic rinsing with methanol. The Fe (in the oxidation state of + 2) was 

Fig. 5  Schematic of the synthesis process for  Fe1/NC-X (Reprinted with permission from Ref. [37]. Copyright 2023 the Elsevier)
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atomically dispersed with  FeCl2N2 coordination environment. The material could promote  NO3RR with  NH3 production 
rate of 0.1 mmol/h/cm2 and a FE of ~ 80% at − 0.8 V. The above works show the considerable effect of carbon species as 
support for Fe SACs and the rational selection or preparation of the carbon materials is important.

Fabricating dual-atom catalysts by coordinating the Fe with a second atomically-dispersed metal species would add 
on new possibilities on structure engineering and overcome the limited linear scaling relations of one specific site to 
promote multi-electron transfer. The Fe-Cu dual-metal catalysts have been reported by Zhang et al. [43]. To form well-
dispersed metal–metal dimer sites, the carbon support (denoted as holey nitrogen-doped graphene, HNG) was obtained 
from GO through nitric acid oxidation, urea hydrothermal and annealing treatments (see Fig. 8). Then, the Fe and Cu 
precursors were added with the carbon support for pyrolysis treatment to obtain the Fe-Cu/HNG. The HAADF-STEM 
images have clearly revealed the diatomic pair structure of the as-synthesized catalysts with a distance of ~ 2.3 Å which 
was similar with the bond length of Fe-Cu by simulation. The EDX and EELS confirmed the coexistence of the Fe and 
Cu elements. The carbon support was relatively mesoporous with a high surface area of 858  m2/g, and only the peaks 
assigned to the carbon support were observed on XRD. The XPS analysis unraveled the potential electron transfer from 

Fig. 6  The DFT calculation results of Fe-N-BC. a Gibbs free energy diagram of  NO3RR occurring on Fe-N-BC surface (upper) and the change 
in Gibbs free energy between the steps on different surfaces (lower); b the reaction energies of  H2 formation and PDS energy barriers over 
N-BC and Fe-N-BC; c differential charge density plot of  NO3

− adsorbed on the surface; d PDOS of Fe-N-BC and N-BC with  NO3
− adsorbed 

(Reprinted with permission from Ref. [39]. Copyright 2023 the Elsevier)
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Fe to Cu in the dual-atom catalysts. Based on the XAF results, the dominant Fe-N or Cu-N sites and the minor portion of 
Fe-Cu sites were identified. The Cu and Fe atoms were in oxidized states and electron transfer from Fe to Cu was substanti-
ated which was in agreement with XPS. The Fe-Cu/HNG catalysts could promote  NO3RR at relatively low overpotentials, 
with a high FE of 92.5% at − 0.3 V and  NH3 production rate of 1.1 mmol/h/mg at − 0.5 V. The DFT calculations implies that 

Fig. 7  a Gibbs free energy 
diagrams of nitrate reduction 
to  NH3 and  H2 evolution reac-
tion (the top right) over FeSA/
MXene and FeNP/MXene; 
b proposed mechanism for 
electrocatalytic reduction of 
nitrate on the FeSA/MXene 
and FeNP/MXene filters 
(Reprinted with permission 
from Ref. [41]. Copyright 
2023 the American Chemical 
Society)

Fig. 8  Schematic illustration of the synthesis of Fe-Cu/HNG and the electrochemical reduction (Reprinted with permission from Ref. [43]. 
Copyright 2023 the Springer Nature)
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the Fe-Cu sites could intensely interact with the  NO3
− to boost the adsorption and discharge, and also weaken the N–O 

bonds to decrease the overall reaction barriers.
Apart from the above works, computational studies on the catalyst design and selection for  NO3RR have also been 

reported. Huang et al. employed DFT calculations to screen Fe-based MOFs with the salophen unit [44], and the computa-
tional analysis pointed out that the  FeN2O2 with the inherent semi-enclosed structure would be more catalytically active 
than the commonly-reported  FeN4 coordination structure. The  FeN2O2 geometry boasted smaller energy gap between 
unoccupied  dz

2 and occupied  dyz electron states to boost the adsorption and activation of the key NO* intermediate. 
Shu et al. utilized the spin-polarized first-principle calculations to investigate the synergistic effects of dual-metal sites 
for  NO3RR which could guide future studies on catalyst development for the reaction [45]. More than 20 dual-atom can-
didates have been scrutinized, of which the FeMo/g-CN and CrMo/g-CN displayed the best performances with lower 
overpotentials (− 0.34 V and − 0.39 V respectively). The dual-metal synergy could be ascribed to the coupling of the metal 
dimer d orbitals with the antibonding orbital of  NO3

−. In addition, the dual-metal sites on the support have considerably 
declined the bandgap of the support for potential photocatalytic conversion.

4  Conclusions and future remarks

The  NO3RR furnishes a “one-stone, two-birds” solution for wastewater treatment and green  NH3 production to fight 
against global warming. As an emerging field, constant and intensive efforts are anticipated to push the advances of 
the technology towards future industrialization. For the practical uses of the  NO3RR, the selection of the catalyst mate-
rial is unambiguously principal. Compared to the noble metal catalysts and the Fe NPs, the carbon-based Fe SACs boast 
exceptional merits in regards of the price, selectivity, durability and efficiency. Due to the unique quantum confinement 
effect and the high valence of Fe SACs, the surface free energy of the Fe atoms has been maximized to promote the 
adsorption and activation of the substrate with maximal atom efficiency. The strong SMSI could enable high durability 
of the Fe SACs. Because of these special advantages, carbon-based Fe SACs are one of the most promising candidate 
cataysts for  NO3RR to  NH3. The rational design of Fe SACs including the carbon support design, the coordination envi-
ronment adjustment (different geometry), the preparation parameter optimizations and so on are of vital importance 
for improved catalytic performances.

The major challenges in Fe SACs preparation are normally that the FE and  NH3 production rate were not quite high 
currently which required further catalyst engineering to improve. Besides, the durability needs to be enhanced to even-
tually be suitable for industrial uses. To boost the FE and  NH3 production rate, future directions could be the preparation 
of high loading Fe SACs on carbon support. The loading amount was usually low to obtain atomically dispersed Fe SACs 
but it will reduce the amounts of overall active sites. The development of high loading Fe SACs could offer more surface 
active sites to promote the reaction within a short period of time and high production rate. Besides, the construction 
of hierarchical porous carbon supports is favorable to improve the mass and electron transfer to enable fast kinetics for 
 NO3RR. To achieve good stability, the SMSI effect should be elaborately utilized to prevent the aggregation or leaching 
of the Fe SAC species. The different influences of coordination species (N, O, P, S, etc.) and geometry  (FeN3,  FeN4,  FeN2O2, 
etc.) are required to be investigated in detail with more systematic characterizations to elucidate the structure-activity 
relationships and identify the key structural factors.

In terms of sustainability, the preparation process of the carbon-supported Fe SACs could be further modified. One 
future direction could be the utilization of waste biomass feedstocks for the preparation of carbon support materials. 
There are various technologies available to obtain porous carbon materials from biomass such as cellulose, woody waste, 
oceanic waste, etc. Waste biomass-derived carbon materials are satisfactory candidates to fabricate Fe SACs which may 
mitigate the capital costs and the carbon footprints. The advanced technologies for carbon material production from 
biomass could be systematically studied to unveil the key structure parameters of the carbon support to affect the cata-
lytic performance. Meanwhile, the demonstrations of  NO3RR coupling with green electricity should be achieved to justify 
the low carbon emission of the process. Apart from electrochemical reduction, new catalytic materials may be devised 
and fabricated to perform photoelectrochemical or photocatalytic reduction of nitrate to produce  NH3. The incorpora-
tion of these technologies could directly utilize solar energy to prompt the reaction with a more satisfactory mitigation 
on carbon emission. Lastly, to realize wastewater treatment and  NH3 production at the same time, the catalytic systems 
should be versatile and robust to get rid of the influences of the complex contaminants in wastewater streams, as well 
as to effectively reduce the nitrate pollutant at a relatively low concentration.
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