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Electrocatalytic nitrogen reduction reaction (eNRR) stands out as a promising approach for ammonia (NH3) synthesis, boasting substantial environmental benefits over the traditional Haber-Bosch process. However, eNRR still encounters fundamental constraints and persistent technical barriers that hinder its potential to supplant the Haber-Bosch process in industrial NH3 production. This technological gap necessitates holistic system optimization to bridge the performance disparities. This review systematically examines current advancements in eNRR, beginning with an analysis of fundamental mechanistic principles. We subsequently summarize the multi-faceted optimization framework encompassing reactor configuration engineering, rational catalyst design through advanced material engineering strategies, implementation of standardized NH3 quantification protocols, and integration of advanced characterization methodologies. Such synergistic optimizations aim to simultaneously enhance catalytic efficiency, operational durability, and energy conversion effectiveness in NH3 generation, ultimately facilitating the technological maturation of eNRR systems under realistic production conditions.
[bookmark: _Hlk195261911][bookmark: _Hlk195297871]1 Introduction
[bookmark: OLE_LINK4][bookmark: OLE_LINK2][bookmark: OLE_LINK1]Ammonia (NH3) is a crucial chemical primarily utilized as a precursor for fertilizers in contemporary times.1, 2 In recent years, NH3, as a zero-carbon energy vector, has also emerged as an outstanding hydrogen carrier because of its high hydrogen content and bulk density.3, 4 As a most significant strategy, biological nitrogen fixation through nitrogenase enzymes was the sole method of NH3 synthesis for billions of years, playing a crucial role in sustaining the natural nitrogen cycle.5 However, the environmental sensitivity and slow process depressed the practical application. Since the 1900s, the Haber-Bosch process has been employed to synthesize NH3 from nitrogen (N2) and hydrogen (H2). However, the nitrogen-nitrogen triple bond comprising two π-bonds and one σ-bond with an energy of 941.69 kJ/mol makes it difficult to rupture the nitrogen molecule.6, 7 Additionally, the considerable energy gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of 10.82 eV contributes to the molecule’s stability under ambient temperature and pressure conditions.8 Therefore, generation of the NH3 by the Haber-Bosch process is accessible at high temperatures and pressure, leading to substantial energy consumption, estimated at 1.5% of the global total energy output and 1-2% of global carbon dioxide (CO2) emissions.9
[bookmark: OLE_LINK3][bookmark: OLE_LINK7][bookmark: OLE_LINK5]The electrocatalytic nitrogen reduction reaction (eNRR) as a sustainable alternative provided a promising pathway for nitrogen reduction and NH3 synthesis under ambient conditions using water as a reactant. In particular, the high energy utilization rate and the utilization of clean electrical energy to initiate the reaction cut the CO2 emissions.10 In the past few years, there has been a rapid advancement in eNRR technology. Nonetheless, the NH3 yield and energy efficiency of the eNRR systems are relatively modest. Given the chemical inertness of N2 and the complex multielectron-multiproton redox sequence, it is urgent to develop highly efficient and selective electrocatalysts capable of generating key intermediates for N2 reduction and mitigating the high overpotential. Additionally, issues such as catalyst instability, deactivation, and decomposition during the reaction pose significant impediments to the progress of eNRR.11 This review provides a comprehensive summary of the current state of research in electrocatalytic nitrogen reduction for NH3 synthesis, potential optimization strategies for the eNRR system, and an outlook on the prospects of eNRR.
[bookmark: _Hlk195262064]2 Present status and challenges in eNRR
[bookmark: _Hlk198886272]Although reported as early as the 1960s, there has been a surge in NH3 synthesis by eNRR in recent years. The two most important criteria of the eNRR for the NH3 synthesis process, NH3 yield and Faraday efficiency, have been improved with continuous innovations in advanced cell systems, catalysts,  detection, and characterization technologies.12 According to the ARPA-E REFUEL program of the U.S. Department of Energy (DOE): a current density of 300 mA cm-2, an NH3 yield of 10-6 mol s-1 cm-2, a Faraday efficiency of 90%, an energy efficiency of 60% and a degradation rate of 0.3% for 1000 hours.13 However, up to now, the NH3 yield and Faraday efficiencies were below 4 × 10-10 mol s-1 cm-2 and 15%, respectively. The targets for electrochemical NH3 synthesis are very challenging.
[bookmark: OLE_LINK16][bookmark: _Hlk198889839]For current industrial requirements and practical applications, it is difficult to replace the Haber-Bosch process for NH3 production by eNRR due to its inferior NH3 yield and Faraday efficiency. Therefore, a series of formidable challenges should be confronted. On the one hand, the competition of the eNRR and the hydrogen evolution reaction (HER) is unavoidable in the eNRR process. Given the narrow potential window, it is necessary to develop an excellent eNRR catalyst for enhancing selectivity at more positive potentials.14 On the other hand, it is subject to considerable uncertainty in practical applications because of the low efficiency of the nitrogen reaction electrocatalyst and the low solubility of N2 in the aqueous environment.15 Therefore, some strategies were approached to improve the eNRR efficiency.
[bookmark: _Hlk195265361][bookmark: _Hlk195265375][bookmark: _Hlk195297911]3 Reaction Mechanisms of eNRR
[bookmark: OLE_LINK9]The following characteristics contribute to the inherent inactivity of N2 under ambient conditions: i) the remarkably high bond energy of the nitrogen-nitrogen triple bond, ii) the substantial energy gap between HOMO and LUMO, and iii) the heat-absorbing (ΔH0 = +37.6 kJ mol-1) for the reaction of the first H proton with N2.16-18 The eNRR process involves a complex multi-step electron-proton transfer processes, accompanied by the formation and consumption of the intermediates. The inherent thermodynamic barriers in these processes serve as the primary bottleneck in the reaction pathway. The following equations represent the generation of different eNRR intermediates and products with their corresponding equilibrium potentials (using the reversible hydrogen electrode as a reference):19
N2 + H+ + e- ↔ N2H, E0 = -3.2 V vs. RHE (1)
N2 + 2H+ + 2e- ↔ N2H2, E0 = -1.10 V vs. RHE (2)
N2 + 4H+ + 4e- ↔ N2H4, E0 = -0.36 V vs. RHE (3)
N2 + 4H2O + 6e- ↔ N2H4 + 4OH-, E0 = +0.55 V vs. RHE at pH = 14 (4)
N2 + 6H+ + 6e- ↔ 2NH3, E0 = -0.148 V vs. RHE (5)
N2 + 6H2O + 6e- ↔ 2NH3 + 6OH-, E0 = -0.763 V vs. SHE at pH = 14 (6)
[bookmark: _Hlk198863127][bookmark: _Hlk195803299][bookmark: OLE_LINK10][bookmark: OLE_LINK11]The negative redox potential for the formation of these intermediates indicates that the hydrogenation of N2 is thermodynamically unfavorable. Based on the equilibrium potential of the reaction, it can be concluded that the addition of the first hydrogen atom is the most difficult.12 Generally, The eNRR process typically involves three steps: i) the adsorption of N2 molecules on active sites of electrocatalyst; ii) the cleavage of N≡N triple bond and hydrogenation and iii) the desorption of the generated NH3.20 The cleavage of the N≡N and the hydrogenation of N2 predominantly occur on the surface of catalyst. Based on these, there are two main types of eNRR mechanisms: dissociative and associative mechanisms (Figure 1).19 For the dissociative pathway, the N≡N is broken before hydrogenation. In this pathway, the N≡N undergoes complete cleavage initially, followed by independent adsorption of the two nitrogen atoms on the catalyst surface and subsequent hydrogenation reactions. For the associative pathway, it can be categorized into distal and alternating pathways based on the way of nitrogen adsorption and hydrogenation. During the distal pathway, N2 molecules are adsorbed on the catalyst surface in an end-on manner. Hydrogenation of nitrogen atoms distant was approached on the catalyst surface first, while hydrogenation of nitrogen atoms near the catalyst surface occurs only after the release of the first NH3 molecule. In the alternating pathway, the hydrogenation of the two nitrogen atoms occurs in an alternating manner. The release of the first and second NH3 molecules occurs immediately after hydrogenation. In addition to the above eNRR mechanisms, there is a distinctive mechanism, the Mars-van Krevelen (MvK) mechanism, which occurs on the surface of the transition metal nitrides (TMNs). The surface layer of the TMNs can be reduced directly to NH3 and generate N-vacancies on the surface. These N-vacancies were then replenished by adsorbing N2 molecules.21 Furthermore, the eNRR process involves multiple intermediates. Nørskov's team performed density-functional theory calculations to estimate the free energy of intermediates in eNRR, confirming that the multiple reaction steps of eNRR are not isolated from each other. The catalytic pathway depends on the different metals in the catalyst and the catalysts with moderate N* binding energies exhibit excellent catalytic activity.22
With a comprehension of the mechanistic underpinnings of the eNRR, it can subsequently serve as the foundation for a
[image: ]
Figure 1. The possible reaction mechanism of eNRR includes the dissociative pathway, associative distal pathway, associative alternating pathway and MvK pathway.
comprehensive optimization of the electrocatalytic nitrogen reduction system across multiple dimensions, guided by diverse theoretical frameworks.
[bookmark: _Hlk195291515][bookmark: _Hlk195298020]4 Optimization of the eNRR system
[bookmark: _Hlk195298284][bookmark: _Hlk195298105][bookmark: OLE_LINK12][bookmark: OLE_LINK13]Despite the significant advancements for eNRR, the eNRR technology still exhibits a considerable disparity in NH3 yield, Faraday efficiency, current density, and stability compared to the requirements for industrial-scale applicability. In principle, the activity of the eNRR is determined by the intrinsic activity, coupled with the effective supply of electrons, protons, and N2 molecules. We summarized several possible optimizations of the eNRR system, especially for the selection and construction of the eNRR catalyst and optimizing the whole system, which holds the most promising developmental prospects.
[bookmark: _Hlk195298305]4.1 Cell system
4.1.1 Cell configuration and electrolyte
[bookmark: _Hlk198914396][bookmark: _Hlk199014134]Some of the strategies were approached to optimize the cell configuration and electrolyte, 1) stirring during electrochemical testing to prevent significant local changes in pH and N2 content and avoid adverse effects on mass transfer and improving the reaction rate; 2) excluding the influence of possible NH3 contamination of the electrolyte on the NH3 quantification test via the pretreatment; 3) developing the excellent electrolyte to enhance eNRR efficiency, i.e., introducing the Li ions into the electrolyte because of the strong interaction with N2 or substituting the aqueous solvent electrolyte with an organic solvent that has high N2 solubility and low proton supply;23-28 4) developing the different cell for eNRR, i.e., H-cells, single-compartment cells, half-cells, and flow cells. The H-cell configuration is most prevalent. The Schematic of the H-type cell is shown in Figure 2a.29 It could be optimized by clarifying the specific role of each operating parameter or exploring a more convenient and efficient anode compartmentalization strategy. Recently, the research and development of a novel system, known as the flow cell, has been undertaken. Fu et al. reported a continuous-flow electrolyzer with gas diffusion electrodes (with an effective area of 25 cm2), which integrates nitrogen reduction with hydrogen oxidation achieving notable Faraday efficiencies of up to 61 ± 1% and energy efficiencies of 13 ± 1% for NH3 synthesis at 1 bar and a current density of -6 mA cm-2.30 The gas diffusion electrode, utilizing stainless-steel cloth (SSC), is positioned between the gas flow field (5 cm × 5 cm) and the electrolyte chamber. This configuration allows the direct transportation of gaseous reactants to one side of the SSC electrode and the direct transport of the electrolyte to the other side (Figure 2b). Unfortunately, although high Faraday efficiencies were attained, the NH3 yields were comparatively lower due to the limited current density.
[bookmark: _Hlk195298360][bookmark: _Hlk195298343]4.1.2 Electrode
[bookmark: OLE_LINK14]For the optimization of electrodes, the following aspects can be taken into account, 1) avoiding the nitric acid during electrode pretreatment to prevent contamination; 2) the appropriate catalyst loading on the support, neither too high nor too low, to achieve high accuracy, reproducibility, and efficient catalyst utilization and avoid catalyst shedding; 3) calibrating the potential of the reference electrode to the reversible hydrogen electrode (RHE) without relying solely on calculations. The Ag/AgCl was employed as the reference electrode with different concentrations of KCl solutions. The reference electrode potential may change via improper use or contaminants leaching from the KCl filling solution. Therefore, it is necessary to calibrate the potential to the RHE scale instead of relying solely on calculations;31 4) the selected counter electrode with excellent stability, performance, and electrochemical inertness; 5) the proper electrode surface. Modulating the catalyst-electrolyte-gas interface through thin coatings or buffer layers helps optimize the local microenvironment, mass transfer, and surface charge distribution, which ultimately enhances the selectivity of eNRR.
[bookmark: _Hlk195298400][bookmark: _Hlk195298381]4.1.3 Ion-exchange membrane
[bookmark: OLE_LINK15][bookmark: OLE_LINK18][bookmark: OLE_LINK6]A typical setup for eNRR involves a two-compartment electrochemical cell that utilizes a proton-exchange membrane (PEM) to separate the cathode and anode compartments. The PEM plays a crucial role in transferring protons from the anode to the cathode compartment while preventing the diffusion of O2 and the decomposition of NH4+ products at the electrode surface in an aqueous acidic electrolyte. Nafion 211 and Nafion 117 are the most common membranes in these applications. Nevertheless, PEMs can accumulate and partially crossover NH4+ ions, leading to a gradual decrease in membrane conductivity.32, 33 Ren et al. concluded that the use of Nafion membranes in eNRR experiments may not be appropriate because ammonium can pass through the membranes, adsorbed or even interact with the membranes, which is not conducive to reliable and reproducible product quantification.34 Helga et al. reported the importance of Nafion membrane pretreatment for eNRR experiments. They found that NH3-contaminated gases in the ambient atmosphere can permeate into the Nafion membrane, influencing the results of eNRR. Since the concentration of NH3 pollutants varies in different regions of the world or the same region at different times, this difference is related to temperature, wind direction, fertilizer use, and accumulation. It was found that environmental NH3 produced significant aggregation in Nafion by the usual treatment methods.35 Therefore, they developed a pretreatment method capable of effectively eliminating the accumulated NH3 in the membrane and preserving it for several days. Firstly, Nafion was sonicated in 5% H2O2, ultrapure water, and 0.5 M H2SO4 at room temperature (RT) for 20 minutes, respectively. Then, Nafion was immersed in ultrapure water at 80 °C for at least 12 hours to achieve the maximum swelling and protonation. Immersing Nafion in the H2SO4 solution before using it provided excess proton channels, reversed cation exchange, and extracted NH4+ from Nafion into the solution, thereby fully protonating the membrane. The NH3 content of Nafion prepared using this method was measured several times (using one beaker or different beakers during pretreatment) and the resulting amounts were consistently below the detection limit (5 ng NH3). They also compared the improved
	Table 1: Variations in Nafion pretreatment test.[a]

	Method no.
	Method name
	Container
	Procedure[b]

	1
	short treatment
	Polypropylene
w/screw cap
	1. 80°C, 1 h, 5% H2O2
2. 80°C, 1 h, milliQ water

	2
	
	glass, Al foil
	3. 80°C, 1 h, 0.5 M H2SO4
4. 80°C, 1 h, milliQ water

	
	
	
	

	3
	long treatment (common practice)
	glass, Al foil
(flesh)
	1. 80°C, 1 h, 5%H2O2
2. 80°C, 1 h, milliQ water
3. 80°C, 1 h, 0.5 M H2SO4
4. 80°C, 1 h, milliQ water

	4
	
	glass, Al foil
(same)s
	

	
	
	
	

	5
	modified method
	glass, Al foil
(same)
	In the ultrasonic bath:
1. RT, 20 min, 5% H2O2
2. RT, 20 min, milliQ water
3. RT, 20 min, 0.5 M H2SO4
4. RT, 20 min, milliQ water
5. 80°C, ＞12 h, milliQ water
6. RT, Sonication in 0.05 M H2SO4 and Milli-Q water directly before use

	[a] Polypropylene beaker with a screw cap is used in Method 1 but glass beakers covered with Al foil are used in Methods 2–5. In Method 3 a fresh beaker is used in each step of the procedure, while Methods 4 and 5 use the same beaker in all steps. [b] RT = room temperature.



method with the conventional pretreatment method. In all tests performed using Method 5, no NH3 contamination was detected in the membranes after pretreatment. Therefore, proper handling of Nafion membranes is crucial in eNRR to ensure accurate and reproducible results. Further research is warranted to explore alternative membrane materials or develop strategies to mitigate the effects of NH3 contamination on Nafion membranes to advance the eNRR efficiency.
4.2 Selection and construction of eNRR catalyst
[bookmark: _Hlk198900522][bookmark: _Hlk199009012]As the core of the eNRR process, the selection and construction of catalysts are crucial for the activity and selectivity of the eNRR. In this section, we will introduce several strategies to construct excellent catalysts to optimize the eNRR system. The relevant performance of some state-of-the-art eNRR catalysts is listed in Table 2.
4.2.1 Vacancy engineering
[bookmark: OLE_LINK22][bookmark: OLE_LINK20][bookmark: OLE_LINK28][bookmark: OLE_LINK21]Based on the principle of eNRR, creating various defects is a promising approach for enhancing catalytic performance. Vacancy engineering, achieved through the introduction of anionic or cationic vacancies, can enhance electron trapping ability, adjust energy band structures, and modify reaction pathways.37 Specifically, vacancy engineering often employs simpler synthetic routes such as chemical reduction, plasma treatment, or defect-inducing methods, which are more appropriate for industrial-scale manufacturing. Oxygen atoms can be transformed into positively charged oxygen vacancies (VOs) through various physical and chemical methods, and electrons captured by VOs can be injected into the antibonding orbitals of N2, thus weakening the N≡N bond, lowering the reaction energy barrier, and inhibiting the HER.46, 47 In recent years, TiO2, as the most common semiconductor material, has been widely used in energy fields. It has been found that TiO2 has good electrocatalytic nitrogen fixation properties, but the weak electrical conductivity and charge-transporting ability
[image: ]
[bookmark: _Hlk198994070]Figure 2. (a) Schematic of an H-type cell.29 Copyright 2019, Royal Society of Chemistry. (b)Expanded view of the continuous-flow electrolyzer configurations. Nitrogen and hydrogen gases are directly fed into the GDE-electrolyte interface to react.30 Copyright 2023, Science. (c) Schematic Illustration of the Synthesis of Zn-Co3O4 from BMZIF; (d) Mechanism of the electrochemical NRR based on Zn-Co3O4.36 Copyright 2021. American Chemical Society.
[bookmark: OLE_LINK23]lower the eNRR efficiency.48, 49 Liu et al. developed an oxygen-rich vacancy BiVO4/TiO2 nanotubes (BiVO4/TNT) heterojunction composite as an eNRR catalyst. BiVO4/TNT heterojunction interface and VOs were used as active sites for N2 dynamic activation and proton transition. The synergistic effect of TiO2 and BiVO4 shortens the proton transfer path and reduces the overpotential of the reaction, resulting in a superior performance.50
In addition to TiO2, Co3O4 is another promising substrate for eNRR. Wen et al. developed VOs-rich Zn-doped Co3O4 nanopolyhedrons (Zn-Co3O4) by utilizing a low-temperature oxidation strategy with different Co/Zn ratios, based on ZIF-67 and ZIF-8 precursors (as shown in Figure 2c). Notably, Zn-Co3O4 
	Table 2: Comparison of catalytic activity over some state-of-the-art eNRR catalysts.
	

	Catalyst
	NH3 Yield
	FE
	Stability
	Ref

	Co0.05W0.95C
	32.49 µg h-1 cm-2@-192 mV
	89%@-0.5 
	5 cycles with no attenuation (1h for 1 cycle)
	[38]

	B-Mo-MoxSy
	5.83 µg h-1 cm-2@-0.15 V
	78%@-0.15 V
	120 h with no attenuation
	[39]

	Bi QDs
	257.31 µg h-1mg-1@-0.5 V
	62.52%@-0.5 V
	10 cycles with no attenuation (3h for 1cycle)
	[40]

	FePc-O-CP
	59.72 µg h-1 mg-1@-0.2 V
	13.76%@-0.2 V
	5 cycles with no attenuation (2h for 1 cycle)
	[41]

	Ti-Bi2WO6
	23.14 µg h-1 mg-1@-0.2 V
	11.44%@-0.2 V
	24 h test with NRR performance index decreasing slightly
	[42]

	VO-BiFeO3
	89.3 µg h-1 mg-1@-0.4 V
	13.5%@-0.4 V
	40 h test with the current density remaining essentially unchanged
	[43]

	Cu-CA
	286 µg h−1 mg−1@-0.85 V
	18.25%@-0.85 V
	10 h experiment with negligible decay
	[44]

	Fe, F-WS2
	91.46µg h−1 mg−1@-0.25 V
	22.42%@-0.25 V
	5 cycles with ignorable variation
	[45]

	
	


[bookmark: OLE_LINK25]also exhibits high electrochemical stability because Zn doping in Co3O4 introduces additional VOs as Lewis acid sites, enhancing the chemisorption and activation of Lewis bases-N2. Zn doping modulates the electronic structure of the Co site, making it 
[bookmark: OLE_LINK24]electron-rich and thereby enabling the catalyst to provide optimized adsorption energy for N2 and intermediates. Additionally, Zn doping effectively accelerates the electron transfer process of eNRR. Moreover, the porous structure of the MOF-derived catalyst facilitates the diffusion of both gas and electrolyte (Figure 2d).36
[bookmark: OLE_LINK26][bookmark: OLE_LINK27]Among the electrocatalysts for eNRR, perovskite oxides have been proven to the great potential for eNRR due to their cost-effectiveness, favourable physicochemical properties, tunable composition, and environmentally friendly nature, i.e., LaCoO3, LaCrO3, LaFeO3, and La2Ti2O7.51-54 However, their eNRR performance still falls short of commercial NH3 synthesis requirements. Recent studies have demonstrated that the eNRR activity of perovskite oxides can be effectively enhanced through oxygen vacancy engineering.55, 56 The b-site cations and adjacent VOs as unsaturated active centres enhanced the adsorption and activation of N2 molecules. However, the current methods for preparing VOs in perovskite oxides often involve annealing in special atmospheres (5% H2/Ar), which makes it challenging to rationalize VOs, not to mention the instability of most perovskite oxides under these conditions. Consequently, these methods are not suitable for developing highly active perovskite oxides for eNRR. Therefore, it is essential to establish a straightforward and reliable approach for generating VOs in perovskite oxides to maximize their eNRR activity. Furthermore, a-site defects in the perovskite lattice can automatically generate tunable VOs, thereby modifying their physical and chemical properties, i.e., Chu et.al present a general strategy for enhancing eNRR activity by modulating the VOs induced by a-site defects in perovskite oxides with tunable VOs proportional to the La-site defects (LaxFeO3-δ, x=1, 0.95, and 0.9). La0.95FeO3-δ and La0.9FeO3-δ exhibit significantly higher eNRR activities than LaFeO3-δ, which positively correlate with the deficiency in La-site content and the abundance of VOs. La0.9FeO3-δ demonstrates the highest activity, confirming that the improved eNRR activity primarily arises from the favourable generation of VOs, which enhances the adsorption and activation of reactive species and optimizes the reaction pathway.57
[bookmark: OLE_LINK29][bookmark: _Hlk198914557]Nitrogen vacancies are also commonly introduced in anionic vacancy engineering. Zhao et al. employed a structural tuning strategy to prepare highly efficient eNRR electrocatalysts of two-dimensional (2D) C3N4-NV with a large specific surface area and enriched nitrogen vacancies. As shown in Figure 3a-c, density functional theory (DFT) calculations demonstrate that the nitrogen vacancies in 2D C3N4-NV can effectively enrich and transfer electrons to the 2p* orbitals of N2, thereby enhancing the interaction between 2D C3N4-NV and N2. Moreover, the nitrogen vacancies, serving as efficient catalytic active sites, can adsorb and activate N2 and reduce the Gibbs free energy in the eNRR process. Additionally, the increased specific surface area exposes more active sites with good stability, resulting in improved activity for eNRR.58
[bookmark: OLE_LINK31][bookmark: OLE_LINK30]Achieving accurate quantitative preparation and effective positional control through conventional anion vacancy methods is challenging for metal cation vacancies due to their higher formation energies. As a result, there are few studies on the relationship between the structure and activity of eNRR catalysts for cation vacancies. Yang et al. developed an outstanding cation vacancy eNRR catalyst by embedding abundant Mo vacancies into an N-doped hierarchical porous carbon framework to prepare MoN nanocrystals. During the chemical etching of SiO2 templates, cationic Mo vacancies formed on the surfaces of the MoN nanocrystals because of the stronger electronegativity of O than N. The 15N2 isotopic experiments confirmed that the eNRR process follows the MvK mechanism, and the impressive eNRR performance was attributed to the Mo vacancies on the MoN surface. These vacancies modulate the electronic properties of MoN, shift the rate-determining step (RDS) of eNRR, and significantly reduce the reaction barrier.59 Although the vacancies hold excellent eNRR efficiency, achieving precise control over vacancy density and distribution remains challenging.
4.2.2 Surface Modification Engineering
[bookmark: OLE_LINK33][bookmark: _Hlk195734783]Optimizing the surface of nanostructures is a promising strategy to enhance the adsorption between the catalysts and the reactants and inhibit the rapid deactivation of the catalysts, thus significantly improving their catalytic performance.60, 61 Liu et al. presented an interfacial active site strategy to enhance the eNRR performance of gold nanowires (Au NWs) by surface modification with oxygen-enriched tannic acid (TA). The resulting TA-Au NWs demonstrated high NH3 yields and Faraday efficiencies in N2-saturated 0.1 M Na2SO4 electrolytes with excellent electrochemical durability. This is attributed to the one-dimensional (1D) active structure of Au and the surface modification with oxygen-rich TA. The ultrafine 1D structure 
[image: ]
Figure 3. (a) Differential charge density on 2D C3N4 and 2D C3N4-NV. The values of iso-surface are 0.0001 eÅ-3 and 0.003 eÅ-3, respectively. (b) Density of states of the absorbed *N2 on 2D C3N4 and 2D C3N4-NV. (c) Gibbs free energy of 2D C3N4 and 2D C3N4-NV for NRR.58 Copyright 2021, Elsevier. (d) Schematic illustration for MoS2-CP and C8-MoS2-CP electrocatalysts. (e) The optimized atomic configuration of MoS2-CP and C8-MoS2-CP electrocatalysts after adsorbed N (purple, yellow, brown, gray, and pink spheres represent Mo, S, C, N, and H), (f) the Gibbs free energy profile of NRR on MoS2-CP and C8-MoS2-CP electrocatalysts.63 Copyright 2022, Springer Nature.
[bookmark: _Hlk198915987]offers massive active sites for adsorption and activation of N2 in the eNRR process. Moreover, the oxygen-rich TA coating provides a wealth of interfacial sites for reactant adsorption, thereby enhancing the number of collisions between reactants and the catalyst's active sites and boosting the kinetic rate of eNRR.62
Additionally, the standard reduction potential of N2 is very close to the HER, and the massive hydrogen protons on the catalyst surface lead to favorable HER in the aqueous medium. And the low solubility of N2 results in an insufficient amount of N2 in aqueous solution, making adsorption and activation on the catalyst surface challenging.60 Therefore, it is challenging to enhance eNRR activity solely through thermodynamic manipulation. To overcome this obstacle, increasing the concentration of N2 on the catalyst surface and HER inhibition provide promising strategies to improve NH3 yield and Faraday efficiency. 
[bookmark: OLE_LINK35]Mo in nitrogen-fixing enzymes plays a crucial role in nitrogen fixation. MoS2 electrocatalysts are theoretically and experimentally active as eNRR catalysts under ambient conditions. Therefore, rationally constructing hydrophobic interfaces by growing alkyl thiol-modified MoS2 nanoflowers on carbon paper (CP, Cx-MoS2-CP) achieves HER inhibition and superior eNRR selectivity (Figure 3d and 3e). The contact angles showed that the modified catalyst exhibited hydrophobicity, which greatly facilitated the inhibition of competitive HER and the adsorption and activation of N2. In addition, the DFT further confirmed that this modification greatly inhibited the HER. As shown in Figure 3f, a comparison of the free energy between MoS2-CP and C8-MoS2-CP reveals that the adsorption energy of the MoS2-CP is smaller, indicating a greater favourability for N2 adsorption. The RDS for the MoS2-CP electrocatalyst is identified as the last deamidation of *NH3→NH3, with an energy barrier of 0.87 eV. However, for the C8-MoS2-CP electrocatalyst, the RDS is the N2→N2* process with an energy barrier of 1.08 eV. Meanwhile, the second NH3 removal in the C8-MoS2-CP electrocatalyst occurs spontaneously. In Figure 3e, a comparison of H+ adsorption energies between the two samples indicates that the C8-MoS2-CP electrocatalyst has a more positive H+ adsorption energy of 0.7 eV than the MoS2-CP (-0.1 eV), suggesting that the C8-MoS2-CP electrocatalyst exhibits weak H+ adsorption in an aqueous solution and contributes to the inhibition of HER.63
4.2.3 Heteroatom Doping
Introducing foreign atoms through heteroatom doping can create unique coordination environments and electronic structures, which is advantageous for increasing the eNRR active sites and reducing the energy barriers of the RDS.37 Consequently, heteroatom doping has garnered significant attention as a highly effective strategy for enhancing the activity of electrocatalysts. 
[bookmark: OLE_LINK34]In particular, nonmetallic 2D materials, i.e., S-doped graphene, B4C nanosheets, and boron nanosheets, are progressively emerging as promising electrocatalysts in eNRR.64-66 Hexagonal boron nitride (h-BN) nanosheets, similar to other well-known 2D materials, possess exceptional properties such as remarkable mechanical strength, high thermal conductivity, and excellent chemical stability.67, 68 However, pristine h-BNs exhibit poor activity in eNRR due to their wide bandgap.68 Heteroatom doping can narrow the bandgap of h-BN and significantly enhance its conductivity.69 Ma et al. prepared a carbon-doped boron nitride (C-BN) nanosheet under mild conditions, proving to be an efficient metal-free eNRR electrocatalyst with good electrochemical durability. C-BN significantly improves electronic conductivity, accelerating electron transfer and enhancing the eNRR performance compared to pristine h-BN. The C and B atoms in C-BN act as the double active sites, activating the N2 molecule and reducing the energy barriers of the potential-determining step (Figure 4a and 4b).70
[bookmark: _Hlk198914708]Metal atom doping can effectively optimize the valence electron density, energy band center, and spin density, promoting eNRR effectively and weakening HER. Wei et al. prepared Fe-doped Ni2P and demonstrated that Fe doping optimized the electronic configurations of the active sites of Ni and Fe, enhancing N2 adsorption and weakening the N≡N bond.71 Wang et al. found that Co doping in β-Mo2C increased the electron density of Mo near the Fermi energy level, resulting in a decrease in the strength of the Mo-H binding energy.72 The charge transfer between heteroatoms and transition metal atoms also contributes to the enhancement of eNRR catalytic activity. Guo et al. developed a promising strategy for enhancing eNRR through a bismuth-doped lanthanum ferrite perovskite, La0.9Bi0.1FeO3-δ (LBiF), as a potential cathodic 
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Figure 4. The calculated Gibbs free energy diagrams and corresponding geometrical structures along alternating and distal pathways catalyzed by (a) h-BN and (b) CBN. (color code: grey, C; pink, B; blue, N; white, H).70 Copyright 2022, Elsevier. (c, d) In situ FITR and (e, f) Raman spectra of Rh1/MnO2 in WISE and DE during the NRR electrolysis (0–60 min) at -0.4 V.74 Copyright 2022, Elsevier.
catalyst. The Bi doping in LBiF effectively mitigates the HER by favoring the binding of Bi to N over H. This selective interaction hinders the HER pathway. Simultaneously, the introduction of Bi generates novel Bi3+/Bi2+/Bi0 redox electron pairs, facilitating the formation of efficient electron transfer channels and improving the electrical conductivity as well as the eNRR activity.73
4.2.4 Single-Atom Catalysts
[bookmark: _Hlk198915190][bookmark: OLE_LINK36][bookmark: _Hlk199013819]Single-atom catalysts (SACs) with isolated single atoms dispersed on a carrier (mainly isolated metal atoms are doped onto the carrier) have attracted significant attention due to their unique geometrical structure and electronic properties, which allow for an increase in the number of active sites and intrinsic activity.75 The excellent properties of SACs have been successfully demonstrated in eNRR of the maximized atom utilization efficiency and enhanced selectivity towards target products.76-79 Additionally, SACs exhibit favorable "electronic effects" that achieve stronger binding of nitrogen molecules.80 Many theoretical studies in recent years have focused on the screening of effective SACs and the exploration of the eNRR mechanism by combining metal centers with different supports.81, 82 Furthermore, the coordination environment of the metal centers can be controlled to modulate the catalytic performance of eNRR. Shen et al. reported a highly active and selective eNRR catalytic system in water-in-salt electrolytes (WISE) using Rh SAC. The MnO2 (Rh1/MnO2) supported monoatomic Rh catalyst prepared in 9 M K2SO4 showed an NH3 yield of 271.8 μg h-1 mg-1 with a Faraday efficiency of 73.3%, which is much higher than that prepared in dilute electrolyte. The operando characterization, as well as theoretical calculations, showed that WISE caused Rh1/MnO2 to inhibit HER, increased N2 enrichment on the catalyst surface, and enhanced N2 activation and hydrogenation at the active Rh sites (Figure 4c-f).74 Therefore, SACS are favorable for the eNRR process. However, the synthesis of SACs typically requires precise control over metal loading and coordination environments to prevent aggregation, often involving complex procedures such as high-temperature pyrolysis or impregnation, limiting large-scale production due to energy-intensive steps and stringent conditions. 
4.2.5 Metallic nanoclusters
Metal nanoclusters (NCs) have received increasing attention due to their high catalytic activity because of their ultra-small size, abundant surface sites, and discrete electronic energy levels.83, 84 NCs have well-defined compositions and structures, which provide the opportunity to identify active sites and reveal the catalytic reaction mechanisms at the atomic level.85 Recently, Lu et al. and Yang et al. immobilized Au4Pt2 and Au25 NCs on defective graphene and S-doped graphene, respectively. In the presence of functional graphene, the electrochemical stability and eNRR activity of carbon nanotubes were improved.86, 87
[image: ]
Figure 5. (a) Au 4f and (b) Mo 3d XPS spectra of Au25 and Au25-Cys-Mo catalyst.88 Copyright 2021, Wiley-VCH. (c) In situ FTIR spectra of Ag4Ni2 NCs at -0.2 V. (d) The optimized configuration of Ag4Ni2 NCs with N2 adsorption. (e) The Gibbs free energy path of NRR reaction on Ag4Ni2 and Au4Ni2 NCs.89. Copyright 2022, Wiley-VCH.
In addition, the decoration of metal nanoclusters is a promising strategy to improve their eNRR performance. Tan et al. designed and prepared Cys-M decorated Au25 clusters (Cys for cysteine, M for Mo6+, Fe3+, Co2+, and Ni2+ cations) via the thiol
[bookmark: OLE_LINK37]bridging for the highly efficient electrocatalytic synthesis of NH3 under ambient conditions, exhibiting the best eNRR performance in 0.1 M HCl solution. As shown in Figure 5a and 5b, the X-ray photoelectron spectroscopy (XPS) showed that Mo and Au were tightly connected with sulfur as an electron bridge, and electronically modulated Mo acted as an active site for activating nitrogen.88
[bookmark: _Hlk198915339][bookmark: OLE_LINK38]Optimizing the composition and structure has also received increasing attention. The M4Ni2 NCs (M = Au, Ag) synthesized by Han enhanced the eNRR activity due to the introduction of Ni. The Ag4Ni2 NCs exhibited the best eNRR activity at -0.2 V vs. RHE, attributed to the high N2 chemisorption capacity and low RDS energy barrier of Ag4Ni2 NCs. Meanwhile, the partial stripping of ligands from NCs during electrocatalysis provides exposed active sites and induces charge remodelling. Based on the precise composition and structure, in situ Fourier transform infrared spectroscopy and ab initial calculations were performed to gain insight into the eNRR mechanism at the atomic level (Figure 5d and 5e). As shown in Figure 5c, the peaks observed at 1320, 1475, and 1582 cm-1 correspond to characteristic absorptions associated with -NH2- wagging, H-N-H bending, and NH4+ or NH3 molecules, respectively, confirming the formation of *N2Hy intermediates (1≤y≤4) on the surface of Ag4Ni2 nanoclusters (* represents adsorbates).89
4.2.6 Metal-organic framework materials
[bookmark: OLE_LINK40][bookmark: OLE_LINK42][bookmark: OLE_LINK41][bookmark: _Hlk198915533][bookmark: _Hlk198915560]Metal-organic frameworks (MOFs) and their derivatives have a wide range of applications in the eNRR due to their strong enrichment ability, easy modulation, clear pores, precise structure, and abundant unsaturated ligands and active sites.90-92 For instance, the thiol (-SH) group in MOFs can confer their unique properties for encapsulating Au nanoparticles (NPs).93 In addition, -SH groups couple and produce disulfide S-S bonds, serving as high-density sulfur sites for immobilization of Au NPs.94 A unique MOFs crystal matrix with a disulfide trimer unit was fabricated using a combination of dynamic covalent and coordination chemistry with high porosity and good stability (Figure 6a), used as a carrier for encapsulating well-dispersed Au NPs with a size of 1.9 ± 0.4 nm. After surface modification of Au@MOF with organosilicon, the hydrophobically treated Au@MOF (HT Au@MOF) composites exhibited excellent eNRR performance, further demonstrating the favorable role of functional group-containing MOFs in modulating the active Au sites and the great role of hydrophobic coatings in inhibiting the competitive HER (Figure 6b-d).95
Due to the synergistic effect of organic ligands and metals, bimetallic MOFs often exhibit distinct intrinsic properties such as photoelectric properties and stability. Incorporating heterogeneous metal units into the pristine MOFs enhances conductivity, modulates electronic configuration, harnesses active centers, and generates additional active sites. Chen et al. synthesized MoFe-PC (phosphorus-doped carbon) microspheres as low-cost catalysts for eNRR through one-step 
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Figure 6. (a) Illustration of the electrocatalytic NRR by HT Au@MOF composite, Digital photos for (b) Au@MOF and (c) HT Au@MOF samples (inset: contact angle images), (d) NH3 yield and Faraday efficiency at different potentials.95 Copyright 2022, Elsevier. (e) Schematic diagram of the preparation procedure of Cu3(HITP)2@h-BN heterojunction. (f) SEM of the Cu3(HITP)2@h-BN heterojunction. (g) The NH3 yield and Faraday efficiency for Cu3(HITP)2@h-BN. (h) The calculation of density of states (DOS) of Cu3(HITP)2@h-BN, active centers after N2 and *NNH adsorption of Cu3(HITP)2@h-BN.96 Copyright 2023, Wiley-VCH.
pyrolysis-phosphatization of bimetallic MOFs precursors. The MoFe-PC catalysts inherit the multi-component active sites from the MOFs precursors, benefiting from a porous structure. The Mo and Fe oxides, along with the phosphorus site in the PC, exhibited excellent activity in the eNRR, synergistically improving the eNRR performance on Mo and Fe sites in the oxides and the P site in the PC.97 Thus, MOFs and their derivatives serve as highly tunable eNRR catalysts, utilizing its structural precision, abundance of active sites and other series of advantages to enhance activity and selectivity.
4.2.7 Heterojunction catalysts
Heterojunction catalysts refer to the interface composed of two or more different materials with distinct energy gaps, crystal structures, and carrier mobilities. At the interface, the mismatched lattice structure and atomic arrangement of the materials lead to the formation of unique structures. Yang et al. created a hollow-shell structured Fe3C/Fe3O4 heterojunction on a carbon framework (Fe3C/Fe3O4@C). The Fe3C triggers the formation of VOs in the Fe3O4 component, confirming the crucial role of surface VOs in enhancing both N2 activation and eNRR activity during electrocatalysis. The synergistic effect between VOs and the heterojunction optimizes the adsorption strengths of N2 and NxHy intermediates, thereby improving the catalytic activity of eNRR.98
h-BN is widely recognized as an excellent electrocatalyst for eNRR due to its weak hydrogen adsorption, electron-deficient structure, and abundance of valence electrons.99 The heterostructures can enhance the eNRR activity because the formation of heterostructures increases the number of dual active sites, reduces the work function, improves the reaction kinetics, and enhances the Faraday efficiency.100 Liu et al. successfully constructed n-n heterojunctions of Cu3(HITP)2 and h-BN (Cu3(HITP)2@h-BN), presenting an excellent electrocatalyst for eNRR. The heterojunction modulates the bandgap energy and density of states near the Fermi energy level, effectively promoting electron transfer. The charge-rich region at the interface of the two-component heterojunction facilitates the adsorption and activation of N2 molecules, leading to a strong electronic coupling. The resulting Cu3(HITP)2@h-BN heterostructure possesses a reduced work function and dual active sites (Cu-N and B-N), facilitating charge transfer between the catalyst surface and reaction intermediates.96 These findings collectively demonstrate that heterojunction catalysts enhance eNRR performance through designing electronic modulation, active sites, and optimized adsorption energetics, offering a versatile strategy for eNRR.
4.3 Detection and advanced characterization technology
The characterization of eNRR involves various techniques, including electrochemical testing, NH3 detection, and activity indicators. NH3 detection is essential for assessing eNRR performance. The most common methods include the indophenol blue method and Nessler’s reagent method, 1H NMR spectrometry, ion chromatography-mass spectrometry (MS), and titrimetric methods. Generally, more than two of the aforementioned methods for NH3 quantification in eNRR allow for accurate results through systematic comparison and analysis to lower the influence of possible NH3 contamination from background sources and non-electrochemical nitrogen reduction. Suryanto et al. proposed a recommended experimental protocol that includes key procedures such as gas purification, open-circuit control measurements, argon-control electrochemical measurements, and 15N2 reduction experiments to demonstrate the occurrence of the eNRR process. The 15N2 experiment constitutes an indispensable component of the testing system, since environmental NH3 contamination is inherently unavoidable, and exogenous nitrogen sources, NOx, which can be readily reduced to NH3, may significantly compromise the accuracy of eNRR measurements. Consequently, even though sustained NH3 generation is observed, the products cannot be unequivocally attributed to the eNRR process. Quantitative verification through 15N2 reduction experiments provides definitive proof that the produced NH3 originates exclusively from the N2 source, thereby effectively solving the problem mentioned above.101
Additionally, the development of advanced characterization methods is essential for distinguishing the active sites and understanding the reaction mechanism, i.e., XPS and X-ray absorption fine structure (XAFS) for valence state, and Raman spectroscopy for identifying intermediates and reaction pathway. Inductively coupled plasma mass spectrometry (ICP-MS) is effective in studying electrocatalyst stability.
[bookmark: _Hlk198862622]In addition to the characterization methods mentioned above, surface-enhanced Raman Spectroscopy (SERS) is an emerging characterization technology that combines the advantages of Raman spectroscopy and the surface enhancement effects of nanomaterials. This technique holds great potential for detecting and quantifying key intermediates and products in eNRR. Nazemi et al. utilized SERS to identify eNRR-related intermediates at the electrode-electrolyte interface, providing insight into the eNRR mechanism of Pd-Ag NPs.102 Moreover, Electron Energy Loss Spectroscopy (EELS) is a technique used in transmission electron microscopy (TEM) to study the physical and chemical properties of the electrocatalysts and catalytic reactions, including active sites and surface-adsorbed species. Ma et al. have recently investigated the change of the chromium nitride porous microspheres (CrN NCs) in the eNRR process using TEM EELS and energy dispersive X-ray energy spectroscopy (EDX) analyses, revealing that the structure of the CrN NCs after eNRR consisted of oxygen-rich cores and nitrogen-rich shells (as shown in Figures 7e and 7f).103 In conclusion, the application of advanced characterization methods facilitates a deep understanding of the eNRR mechanism and superior catalyst development and design.
5 Conclusion and outlook
eNRR has emerged as an effective NH3 synthesis technology, achieving rapid progress in recent years. Compared with H-B processes, eNRR utilizes clean, renewable energy to drive the reaction. This offers a promising alternative for addressing global energy challenges while enabling efficient energy storage through NH3 synthesis. However, eNRR still faces several formidable challenges. These include the competition between eNRR and HER, the low solubility of N2 in an aqueous environment, and the suboptimal performance of the electrocatalysts. In addition to the optimizations mentioned before, more strategies could be approached for eNRR. The following aspects could be accessible to realize the long-term development of eNRR. And others may be the issues to be addressed.
1. A better understanding of the mechanism of eNRR. As the active core of the eNRR system, catalytic processes for the different electrocatalysts follow distinct reaction mechanisms because of the diverse structure/elements of the electrocatalysts in the complex and diverse chemical environments. Therefore, subsequent mechanism research could focus on investigating the effects of valence state, electronic structure, and chemical composition of catalysts on the performance of eNRR, monitoring the changes of the reaction intermediates through various in situ characterizations combined with theoretical calculations for further mechanism insights. Moreover, machine learning methods have emerged as transformative tools for accelerating catalyst development. Constructing multiscale models incorporating electronic 
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[bookmark: _Hlk198994245]Figure 7. (a) Operando SERS using Pd-Ag NPs in N2-saturated 0.5 M LiClO4 (aq.) solution at the scan rate of 2.5 mV s-1 with 532 nm laser. (b) Operando SERS using Pd-Ag NPs in Ar-saturated 0.5 M LiClO4 (aq.) solution at the scan rate of 2.5 mV s-1 with 532 nm laser. (c) and (d) Low and high Raman shift of SERS spectra in N2-saturated electrolyte. 102 Copyright 2020, American Chemical Society. (e) TEM EDX mapping for CrN NCs after stability test for NRR. The panel at the bottom right depicts the illustration of N and O distributions in an NC. Note the formation of a nitrogen-rich surface layer of the agglomerated NCs. (f) STEM EEL spectrum of CrN NCs after stability test for eNRR. XS stands for cross-section.103 Copyright 2020, Royal Society of Chemistry.
structure parameters, adsorption energy datasets, and reaction kinetics enable the intelligent extraction of catalytic activity descriptors and predictive performance evaluation. Such a data-driven paradigm significantly reduces material development cycles and offers novel pathways for elucidating structure-activity relationships and uncovering fundamental reaction mechanisms.104
2. Advanced characterization technology. Nowadays, more in-situ and operando characterizations are applied in the eNRR process to monitor changes at the active site and their interactions with reactants or intermediates, and various advanced characterization techniques can provide insights into reaction mechanisms and catalytic pathways. 
3. Optimized eNRR cell system. Most eNRR experiments are now dominated by H-cells. The flow cell has many advantages compared with the traditional electrolytic cell. Introducing the cathode gas diffusion electrode can improve the mass transfer of reactants and products, and increase the current density and Faraday efficiency.105 However, the flow cell device is complicated to operate. Therefore, developing a novel cell system is accessible accelerate the eNRR process.
[bookmark: _Hlk199076997][bookmark: _Hlk199077077][bookmark: _Hlk199077093]4. New materials and preparation methods. As the core of the eNRR process, more novel materials and synthesis methods of catalysts should be developed based on the strategies mentioned in the text or other construction methods. The different fabrication strategies should be approached to optimize the catalysts, including improving atom utilization, enhancing N2 adsorption, inhibiting hydrogen precipitation by hydrophobic treatment, etc. Among the various strategies, vacancy engineering and single-atom catalysts demonstrate superior developmental potential among these strategies owing to their distinctive characteristics, such as their advantages in controllable synthesis.
[bookmark: OLE_LINK43]5. Economic viability of eNRR. Economic viability of eNRR constitutes a pivotal determinant in assessing its potential to supplant the conventional H-B process. A critical evaluation factor revolves around the equilibrium between energy input and NH3 output. Although the eNRR operated under ambient conditions reduces the energy demands, its current efficiency metrics remain inferior to established industrial benchmarks. Future research will focus on high activity at low overpotentials, improving catalyst selectivity and optimizing reactor design to improve energy conversion efficiency as well as integration with industrial application requirements.
6. Scalability Hurdles. It presents significant challenges for eNRR in terms of membrane durability, catalyst recycling, and so on. PEMs are prone to degradation and NH4+ crossover, reducing the system's longevity and reproducibility. Alternative membrane materials or advanced pretreatment methods are needed to address these issues. Additionally, catalyst stability is another concern. Many high-performance catalysts degrade or deactivate under prolonged operation, necessitating efficient recycling or regeneration strategies. Furthermore, large-scale reactor designs such as flow cells should overcome mass transfer limitations and ensure uniform catalyst utilization. Addressing these scalability hurdles will require interdisciplinary efforts to transition eNRR from lab-scale breakthroughs to industrial-scale application.
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  Electrocatalytic Nitrogen Reduction: Mechanisms, System - Level  Optimization, and Future Perspectives     Zichao Chen , a   Xueyao Meng, a   Guanze Su, a   Ning Wang, a   Li l i Zhang, a   Hao Wan, a   Renzhi Ma, d   Wei  Ma *a , b   and Zhen Zhou *a ,c   Electrocatalytic nitrogen reduction reaction (eNRR) stands out as a promising approach for ammonia   ( NH 3 )   synthesis,  boasting substantial environmental benefits over the traditional Haber - Bosch process. However, eNRR still encounters  fundamental constraints and persistent technical barriers that hinder its potential to supplant the Haber - Bosch process in  indu strial  NH 3   production. This technological gap necessitates holistic system optimization to bridge the performance  disparities. This review systematicall y examines current advancements in eNRR, beginning with  an  analysis  of  fundamental  mechanistic principles. We subsequently  summarize   the multi - faceted optimization framework encompassing reactor  configuration engineering, rational catalyst design through advanced material engineering strategies, implementation of  standardized  NH 3   quantification protocols, and integration of advanced characterization methodologies. Such synergistic  optimizations aim to simultaneously enhance catalytic efficiency, operational   durability, and energy conversion  effectiveness in  NH 3   generation, ultimately facilitating the technological maturation of eNRR systems under realistic  production conditions. 1  Introduction   Ammonia (NH 3 ) is a crucial chemical primarily utilized as a  precursor for fertilizers in contemporary times. 1, 2   In recent  years,  NH 3 , as a zero - carbon energy vector, has also emerged as  an outstanding hydrogen carrier  because of its high hydrogen  content and bulk density. 3, 4   As a most significant strategy,  biological nitrogen fixation through nitrogenase enzymes was  the sole method of NH 3   synthesis for billions of years, playing a  crucial role in sustaining the natural nitrogen cycle. 5   However,  the environmental sensitivity and slow process depressed the  practical application.  Since the 1900s, the Haber - Bosch process  has been employed to synthesize NH 3   from nitrogen (N 2 ) and  hydrogen (H 2 ) .   However, the nitrogen - nitrogen   triple bond  comprising two π - bonds and one σ - bond with an energy of  941.69 kJ/mol makes it difficult to rupture the nitrogen  molecule. 6, 7   Additionally, the considerable energy gap between  the highest occupied molecular orbital (HOMO) and the lowest  unoccupied molecular orbital (LUMO) of 10.82 eV contributes  to the molecule’s stability under ambient temperature and  pressure conditions. 8   Therefore, generation of the NH 3   by the  Haber - Bosch process is accessible at high temperatures and  pressure, leading to s ubstantial energy consumption, estimated  at 1.5% of the global total energy output and 1 - 2% of global  carbon dioxide (CO 2 ) emissions. 9   The electrocatalytic nitrogen reduction reaction (eNRR) as a  sustainable alternative provided a promising pathway for  nitrogen reduction and NH 3   synthesis under ambient conditions  using water as a reactant. In particular, the  high   energy  utilization rate and the utilization of clean electrical energy to  initiate the reaction cut the CO 2   emissions. 10   In the past few  years, there has been a rapid advancement in eNRR technology.  Nonetheless, the  NH 3   yield and energy efficiency of the  eNRR   systems are relativel y modest. Given the chemical inertness of  N 2   and the complex multielectron - multiproton redox sequence,  it is urgent to develop highly efficient and selective  electrocatalysts capable of generating key intermediates for N 2   reduction and mitigating the high overpotential. Additionally,  issues such as catalyst instability, deactivation, and  decomposition during the reaction pose significant  impediments to the progress of eNRR. 1 1   This review provides a  comprehensive summary of the current state of research in  electrocatalytic nitrogen reduction for  NH 3   s ynthesis, potential  optimization strategies for the eNRR system, and  an  outlook on  the prospects of eNRR .   2  Present status and challenges in eNRR   Although reported as early as the 1960s, there has been a surge  in  NH 3   synthesis by eNRR  in  recent   years . The two most  important criteria of the eNRR for the  NH 3   synthesis process,  NH 3   yield and Faraday efficiency, have been improved with  continuous innovations in  advanced   cell systems, catalysts,   detection ,   and characterization technologies. 1 2   According to the  ARPA - E REFUEL program of the U.S. Department of Energy  (DOE): a current density of 300 mA cm - 2 , an NH 3   yield of 10 - 6   mol  s - 1   cm - 2 , a Faraday effici ency of 90%, an energy efficiency of 60%  and a degradation rate of 0.3% for 1000 hours. 1 3   However, up  to  now, the NH 3   yield   and  Faraday efficiencies   were   below 4 ×  10 - 10   mol s - 1   cm - 2   and  15% , respectively . The targets for  electrochemical  NH 3   synthesis are very challenging.   For current industrial requirements and practical applications,  it is difficult to replace the Haber - Bosch process for  NH 3   production by eNRR due to its inferior  NH 3   yield and Faraday  efficiency.  T herefore, a   series of formidable challenges should  be confronted. On the one hand, the competition  of   the eNRR 
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