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Abstract: Investigating the regulatory mechanism of electron spin in the electrocatalytic 

nitrogen reduction reaction (NRR) is of great significance for advancing the development of 

efficient electrocatalysts. As one of the most promising green technologies for ammonia 

production, electrochemical nitrogen fixation offers high Faradaic efficiency and favorable 

ammonia yield. However, its large-scale application is still hindered by the limited 

availability of catalysts with high activity, selectivity, and stability. As an intrinsic property 

of electrons, spin regulation during the reaction process can significantly enhance catalytic 

performance. This review first summarizes recent progress in electrocatalytic NRR, 

highlighting its advantages as a novel route for sustainable ammonia synthesis while 

addressing the current technical challenges. The generation conditions and influencing factors 

of electron spin are systematically discussed, followed by an overview of common spin 

regulation strategies, including internal structural tuning of materials and external physical 

field modulation. Representative studies are introduced to illustrate the application of spin 

effects in related scientific domains. By focusing on two key bottlenecks in the NRR 

process—namely, the activation of nitrogen molecules and the stabilization of reaction 

intermediates—this review further explores the potential of electron spin regulation to 

enhance catalytic activity and stability. Finally, the future development trends and application 

prospects of spin effects in electrocatalytic NRR are discussed. This work aims to deepen the 

understanding of spin regulation mechanisms and provide theoretical guidance for the 

rational design of next-generation high-performance electrocatalysts. 

Keywords: Electrocatalytic nitrogen reduction reaction, Electron spin regulation, Spin 

chemistry, Catalyst design, Faradaic efficiency 

1.  Introduction 

In the present era, many underdeveloped areas in China still use fossil fuels as the main part of the 

energy consumption structure, which increases the burden on environmental protection, and people 

urgently need to find green and environmentally friendly alternative fuels [1].  Ammonia is often seen 

as an alternative because of its high energy density and good hydrogen content. At the same time, 

novel nitrogen reduction reactions (NRR) are gaining popularity as a novel and environmentally 

friendly ammonia production process [2]. 
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Among the types of nitrogen reduction reaction, electrocatalytic nitrogen reduction reaction is 

different from the traditional H-B method, using a new catalyst, under mild conditions can achieve 

high efficiency catalysis [3].  It has the advantages of lower cost, larger chemical space and 

sustainable proton source. Only by finding a suitable high-efficiency electrocatalyst can the large-

scale production of NH3 in the electrochemical industry become possible [4]. 

In recent years, with regard to the development of electrocatalysts, researchers have proposed a 

series of strategies to improve their performance, so that the theoretical framework of the electronic 

structure of catalysts has been systematically optimized, and the study of electron spin for regulating 

the activity of catalysts has been further developed [5]. As a new field of modern chemistry, spin 

chemistry is a new field. It is related to the electron and nuclear spins and their behavior in chemical 

reactions. It is based on the basic principle that chemical reactions are only allowed for products 

whose total electron spin is the same as the spin state of the reagent, and in the reactions, often exhibit 

very high selectivity [6].  

In this paper, the research progress of electrocatalytic nitrogen reduction reaction (NRR) is 

summarized firstly, and then the regulation mode of electron spin effect in electrocatalytic reaction is 

systematically introduced. The potential and path of spin effect in improving the activity and stability 

of electrocatalyst are discussed. Finally, the possible development direction of the electron spin effect 

in the electrocatalytic nitrogen reduction reaction is proposed, which provides theoretical support for 

the research and development of new electrocatalysts. 

2. The research progress of electrocatalytic nitrogen reduction reaction (NRR) 

To date, the Haber–Bosch process remains the dominant industrial method for ammonia synthesis, 

but its high temperature (500 °C) and pressure (15–30 MPa) requirements result in significant energy 

consumption and CO₂ emissions. To address these issues, alternative ammonia production methods 

have emerged, with electrochemical nitrogen fixation considered one of the most promising. 

Although this approach faces challenges such as competing hydrogen evolution reaction (HER) and 

the low solubility of N₂, it remains a viable green strategy for sustainable ammonia synthesis [7]. 

Electrocatalytic nitrogen reduction enables ammonia production under mild conditions, representing 

a major advancement in green chemistry. However, the development of efficient catalysts that 

function effectively in such environments remains difficult [8]. In recent years, proton ceramic 

electrolysis cells (PCEC) have been evaluated for ammonia synthesis, and Vieri et al. have studied 

transition metal-based electrocatalysts, identifying key influencing factors [9]. Electrocatalysis is 

particularly attractive due to its combination of catalytic and electrochemical advantages, and unlike 

the Haber–Bosch process, it can proceed in aqueous electrolytes, ionic liquids, or solid electrolytes 

[10]. In aqueous systems, temperature and pressure significantly affect performance. Tranchida et al. 

showed that operating a pressurized H-cell at 5 bar and 75 °C in a water-based electrolyte yielded 

6.73 μg h⁻¹ cm⁻² of NH₃—over five times higher than under ambient conditions—demonstrating the 

benefits of moderate operating conditions [11]. Despite ongoing research, Faradaic efficiency and 

ammonia yield remain limited due to N₂–catalyst–H₂O competition and insufficient three-phase 

interfaces [2]. While Pt and other precious metals exhibit strong HER activity, their high cost 

motivates the search for more economical green alternatives [12]. Recent progress includes an anion 

exchange strategy using Ru/RuO₂ embedded in N/S Co porous carbon proposed by Samad et al. [13], 

and the identification of C₂N-based transition metal clusters (e.g., Mn₃-C₂N, Co₃-C₂N) by Xiao et al., 

which can suppress the potential favorable to HER [14].  
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3. Electron spin principle and regulation method 

3.1. The physical nature and production mechanism of spin 

 

Figure 1: (a)Tr-ESR spectra of 1 mM TCPP in estradiol glass (top)and 1 mM TCPP/ASG in 

toluene(bottom)at room temperature(296 K). The simulation results by using EasySpin in MATLAB 

areshown (red lines). (b) Decays of the ESR signal of 1 mM TCPP inestradiol glass at 327 mT(top) 

and TCPP/ASG in toluene at 327 mT(bottom)at room temperature. Single-exponential fitting results 

are also shown (red lines)[15]  

Table 1:  Zero-Field Splitting Parameters and Relative Zero Field Populations Derived from the 

Simulation of the Tr ESR Spectra of 1 mM TCPP in Estradiol Glass and 1 mM TCPP/ASG in Toluene 

Shown in Figure 1a [15] 

 |D|(MHz) |E|(MHz) Px Py Pz 

TCPP in 

estradiol glass 
1130 195 0.21 0.75 0.04 

TCPP/ASG in 

toluene 
1062 198 0.20 0.76 0.04 

 

Electron spin generation lies at the core of quantum materials and is influenced by various external 

conditions [15]. Transient non-equilibrium polarized electron spins can be generated via 

photoexcitation even at room temperature. Yabuki et al. investigated triplet electron spin polarization 

at the solid–liquid interface and found that although spin generation and transfer are feasible, the low 

cross-relaxation rate presents a major limitation. They utilized time-resolved electron spin resonance 

(Tr ESR) to analyze TCPP triplet spin polarization on ASG surfaces in toluene at 296 K. The ESR 

spectra showed typical porphyrin triplet features, with zero-field splitting parameters and polarization 

ratios comparable to those in estradiol glass (Table 1, Figure 1a). Notably, the spin-lattice relaxation 

time of the TCPP triplet on the ASG surface was 2.8 μs, longer than in solution but shorter than in 

estradiol glass (7.7 μs), indicating partial molecular mobility at the solid–liquid interface (Figure 1b). 

These results suggest that such interfaces can support the formation of highly polarized triplet states 

that interact with liquid-phase radicals through spin exchange.In addition to interfacial effects, 

external macroscopic conditions can significantly influence electron spin dynamics and lifetime [16]. 

For instance, boron-doped graphene nanoribbons provide a tunable platform for localized magnetic 

states. Boto et al. studied the correlation between spin relaxation time and dopant location in graphene 

nanofragments. By combining magnetic Redfield theory and computational modeling, they 

demonstrated that certain configurations exhibit relaxation times on the millisecond scale. Further 

analysis revealed that spin decoherence is mainly driven by fluctuations in spin–orbit coupling, while 

thermal motion enhances hyperfine interactions. These findings highlight a strong interconnection 
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among relaxation time, spin–orbit effects, and magnetic coherence, offering promising directions for 

designing organic spintronic materials with long-lived spin states. 

3.2.  Spin regulation methods 

With the gradual development and application of electrocatalyst, people have gradually realized its 

internal working principle. Electron spin is beginning to receive more and more attention from 

researchers, and the structure of electron spin systems has practical implications for many 

applications, including dynamic nuclear polarization (DNP), enhanced nuclear magnetic resonance 

(NMR), generation of electron spin qubits for quantum information science (QIS), and production of 

electron spin qubits. And the quantitative study of paramagnetic systems by electron paramagnetic 

resonance (EPR)[17].  Therefore, in order to understand the unique role of electron spin in 

electrocatalysts, it is necessary to have a preliminary understanding of the spin regulation methods. 

 

Figure 2: (a)Simulated EPR spectra of hyperfine coupled with spin S = 1/2 open-shell matter (local 

axisymmetric) and nuclear spin I = 3/2 in an octahedral environment[18] (b) Electron spin resonance 

in a scanning tunneling microscope with a vectormagnet[19]. (c) Schematic drawing of the inclusion 

of Y2@C79N inside the cavity of MOF-177. Temperature-dependent ESR spectra of 

Y2@C79N⊂MOF 177 single crystal,(d) Y2@C79NinCS2 solution (e) and Y2@C79N powders (f) 

at temperatures of 293, 253, 213, 173, and 133 K [20] 

First of all, understand the specific environment of the electron spin, and it can be determined 

according to specific circumstances. For example, in EPR, the "fingerprint" of a particular unpaired 

electron spin environment takes the form of a g tensor, which depends on the oxidation state, 

coordination geometry, and spin-orbit coupling properties of the paramagnetic substance under 

consideration. Figure.2a shows a simulated EPR spectrum corresponding to an octahedral 

environment with spin S = 1/2 open-shell matter (local axisymmetrical) and a hyperfine coupled to a 

nuclear spin I = 3/2 [18].  This shows that the width of the EPR signal line is affected by the interaction 

with the spin of the adjacent electron. 

The generation of spin polarization is closely related to the magnetic properties of substances. In 

recent years, the combination of electron spin resonance (ESR) and scanning tunneling microscopy 

(STM) has proven to be a technique for detecting the magnetic properties of individual atoms on a 

surface and achieving energy resolution for observing submicroelectron volts [19].  Willke et al. 

performed a single-atom ESR on a single Fe atom (Figure.2b) adsorbed to magnesium oxide (MgO) 

by using a two-dimensional vector magnetic field (Bz ext =6T, B∥ext =5T) and the local field of the 
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magnetic STM tip in a commercially available STM. Show how the ESR amplitude can be greatly 

increased by optimizing the magnetic field, in particular revealing the enhanced signal under larger 

in-plane magnetic fields. This strongly demonstrates that ESR properties can be adjusted by 

combining vector magnets and pinhead fields, and provides a possible scheme for eventually 

achieving single-atom ESR with only pinhead fields. 

It has also been found that the spin direction or state can be affected from the simplest external 

conditions, such as temperature, the physical state of matter, and so on[20]. Feng et al reported a solid 

spin system based on paramagnetic metal fullerenes by embedding paramagnetic metal fullerenes 

Y2@C79N(Figure 2c) into a cage hole in a metal-organic framework (MOF-177). However, when 

temperature dependent ESR spectroscopy was performed to detect the host-guest complex in different 

existing forms such as single crystal, solution, powder, etc., it was found that no matter what kind of 

physical state existed, when the temperature was from 299K to 253 K, Y2@C79N⊂MOF-177 begins 

to show an obvious anisotropic ESR peak from the original state, that is, the intensity of the ESR line 

increases particularly at a high field (Figure.2d, e, f). It can also be seen from many of the figures that 

the object behaves differently in the temperature-dependent ESR spectral image due to the different 

physical state. This shows that different physical states of the same substance will lead to changes in 

spin. The anisotropy shown in Y2@C79N can be attributed to changes in the interaction between spin 

angular momentum and orbital angular momentum at low temperatures. 

3.3. Application of spin regulation 

It is well established that chemical reactions are primarily governed by two fundamental parameters: 

the energy of reactants (including free energy and activation energy) and angular momentum, 

particularly electron spin. The conservation of total angular momentum is a widely accepted principle, 

leading to spin selectivity in chemical reactions—only reactants with spin states matching those of 

the products are chemically active. Thus, electron spin regulation plays a vital role in chemical 

reactions, either directly participating or functioning via catalytic pathways [21]. In spin-catalyzed 

reactions, magnetic field effects and changes in angular momentum can significantly influence 

reaction rates [22].  Hughes et al. demonstrated that applying a magnetic field affects the catalytic 

behavior of high- and low-spin Co (II) complexes differently. In the oxidation of 2,6-dimethylphenol 

to 2,6-dimethyl-1,4-benzoquinone, the relative reaction rates varied depending on the spin state of 

the Co (II) complex (Figure.1). The spin multiplicity of transition metal ions alters net angular 

momentum changes, determining whether the magnetic field accelerates or inhibits the reaction. 

These results provide a new approach to studying spin effects at catalytic sites and suggest that the 

differences between high- and low-spin Co (II) catalysts can be interpreted via magnetodynamic 

theory. Beyond fundamental research, electron spin also finds application in detection technologies, 

such as electron spin resonance (ESR) and electron spin echo modulation (ESEM) spectroscopy. For 

instance, in zeolite systems involving Ag⁺ exchange, ESR helps characterize the local environment 

of silver atoms, which is critical for understanding their catalytic role. ESEM further complements 

ESR by resolving weak hyperfine and quadrupole interactions that conventional ESR cannot 

detect[23].  These techniques enhance spin-resolved detection efficiency while reducing the labor and 

cost of future measurements. 

4. Regulation mechanism of electron spin in NRR 

With the further study of electron spin, we have a clearer understanding of its role in the 

electrocatalysis process. Therefore, applying the mechanism of electron spin regulation in catalytic 

NRR can help us make more progress in producing more efficient and environmentally friendly green 
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electrocatalytic nitrogen reduction catalysts. Therefore, it is necessary to study the regulation 

mechanism of spin in NRR. 

4.1. Limiting factors of NRR development 

Electrochemical nitrogen fixation, conducted under mild conditions and powered by clean, renewable 

energy sources such as wind and hydropower, is considered a promising alternative to the traditional 

Haber–Bosch process. Unlike its conventional counterpart, it eliminates greenhouse gas emissions. 

However, limited catalytic efficiency remains a key bottleneck. Although precious metal-based 

electrocatalysts have shown potential in ammonia synthesis, their high cost and low Faradaic 

efficiency hinder large-scale application. Density functional theory has identified iron-based surfaces 

as viable candidates, and emerging materials—including single-atom catalysts, metal oxides, and 

porous composites—have begun to fill the gap in high-performance NRR systems. Despite these 

advancements, two fundamental challenges persist. First, the nonpolar nature and strong N≡N triple 

bond of nitrogen demand catalysts with high activity and stability to enable efficient activation under 

mild conditions. Second, the competing hydrogen evolution reaction (HER) on catalyst surfaces 

reduces ammonia yield and Faradaic efficiency by consuming shared protons and electrons [24]. 

Lowering the intrinsic activation barrier of N₂ remains difficult, and HER competition is primarily 

attributed to water serving as a proton donor in the NRR system. To address these issues, several 

strategies have been proposed. These include increasing alkali metal ion concentrations to restrict 

proton/electron mobility, constructing hydrophobic interfacial layers, and optimizing temperature and 

pressure to thermodynamically suppress HER. Additionally, rational catalyst design—particularly 

atomically dispersed systems with intrinsic HER-inhibiting characteristics—has emerged as a 

promising direction [25]. These approaches currently guide the development of electrocatalysts 

toward more efficient and selective nitrogen reduction. 

4.2. Influence of spin states on active sites 

In order to improve the performance of electrocatalytic nitrogen reduction reaction (NRR), the local 

environment for N2 adsorption of efficient nanocatellites was improved by promoting N2 adsorption 

and selecting suitable catalysts to provide favorable active sites, so as to achieve atomic-level accurate 

regulation of electronic properties[26]. 

 

Figure 3: Gibbs free energy for electrocatalytic nitrogen reduction on Cr2CO2 surfaces with (a) NM, 

(b) FM, (c) Inter-AFM, and (d) In-AFM magnetic states[27] 
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As for the optimization of the performance of electrocatalytic NRR, it is also through magnetic 

regulation to change the coordination environment to achieve the regulation of polarization intensity 

and spin state, and improve the activity of the reaction. Solving the low adsorbability of N2 at the 

active site on the catalyst and the high bond energy of N≡N triple bond are the key problems to 

improve the performance of the catalyst[27].  In the study of Li et al., they explored the activation 

degree of Cr2CO2 in different magnetic states to reveal the different eNRR activity between different 

magnetic states, and carried out a detailed analysis of the charge, orbit and spin of N2. Figure.3 shows 

the Gibbs free energy barrier used to reduce N2 molecules on the surface of Cr2CO2 with different 

magnetic orders. While the increase of the potential barrier is an important factor in protonation 

hydrogenation and the generation of N2. For Cr2CO2 in the NM state, the decisive step of the distal 

mechanism is the first protonation process of N2 with a limiting potential of 0.52 V(Figure.3a), and 

in the subsequent reaction process, the limiting potential is only 0.26 V. In the FM and in-AFM 

magnetic states, N2 reduction on the surface of Cr2CO2 requires a higher limiting potential (Figure.3b, 

c). However, in the Inter-AFM magnetic sequence, the eNRR activity of Cr2CO2 was very high, and 

the limiting potential of the enzyme mechanism was only 0.18V. Comparing the limiting potential of 

N2 reduction on Cr2CO2 surface with different magnetic sequences, it can be found that the magnetic 

sequence has a significant effect on N2 molecular activation. 

 

Figure 4: (a) Adsorption energy of N2 and H+ for selective screening. (b) Calculated potential vs. 

SHE for HER (U*H) and NRR (U*NNH) for selectivity screening [27] 

However, in the first progenation process from *N2 to *NNH under acidic conditions, due to the 

adsorption competition between H at the reaction site and N2, the exposed Cr at the active site may 

participate more in HER reaction, which is unfavorable to the NRR process. By comparing the 

potential of the first protonation (U*NNH) on N2, the protonation of hydrogen at the Cr atomic site 

(U*H) and the adsorption energies of N2 and H. It was found that in terms of adsorption energy, N2 

was more likely to be adsorbed on Cr2CO2 than H (except N2 would be adsorbed on NM-level 

Cr2CO2), indicating that the catalytic site on the surface of Cr2CO2 was not poisoned by H (Figure.4a). 

In addition, by comparing UL (NRR) and UL (HER), it was found that the NRR selection of Cr2CO2 

catalysts with NM, Inter-AFM and in-AFM magnetic states was superior to HER (Figure.4b). The 

proposal of this study indicates that the problem of less effective active sites caused by the 

competition between N2 and HER with low adsorbability can be fundamentally solved by changing 

the magnetic order of matter electrons, and provides a new idea for the development of catalysts. 
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4.3. The effect of spin regulation on catalytic stability 

 

 

Figure 5: (a)NH3 and N2H4 generation rates of stripped BiTeI at different potentials and the 

corresponding NRR Faraday efficiency. The blue bar chart shows the NH3 production rate of the bare 

GC electrode for comparison.(b) Long term chronoamperometry graph of exfoliated BiTeI electrode 

over the period of 24 h indicating good stability.(c) HR-TEM image of exfoliated BiTeI nanosheets 

after the 24 h stability test.(d-f) the corresponding elemental maps of bismuth, tellurium, and iodine 

of exfoliated BiTeI nanosheets after the 24 h stability test.[28] 

Among many new electrocatalysts, it is found that semiconductor metal-based 2D materials such as 

bismuth nanosheets can be used as catalysts with good performance. Antonatos et al. performed 

catalytic NRR tests on BiTeI sheets in the same electrolyte of H cells at potentials of -0.3 and -0.6 V 

(before the reduction peak) and -0.9 V (after the reduction peak), and compared the NRR performance 

with bare GC electrodes. It was found that the highest ammonia yield was achieved at −0.5 V, as 

shown in Figure 5a, with a production rate of 1.04 ± 0.05 μgh-1 cm-2, corresponding to a Faraday 

efficiency of 1.67 ± 0.10%, and a turnover frequency of 96.3h-1. At the same time, the stability of 

the material in the NRR was tested within 24 hours, where the potential remained stable at -0.5V and 

the electrolyte was changed in a short period of time without changing the electrode or membrane. 

No significant loss of current density was recorded within 1 day (Figure.5b). Moreover, the measured 

HR-TEM images of BiTeI nanosheets showed that the nanosheets still maintained the original 

hexagonal structure (Figure.5c) and the ideal distribution of elements throughout the material 

(Figure.5d), indicating that the BiTeI nanosheets had high stability in nitrogen electrocatalytic 

reduction. 

The reason why BiTeI nanosheets show high stability and high catalytic efficiency in the 

electrocatalytic nitrogen reduction reaction is that bismuth atoms in BITEI nanosheets can cause 

strong spin-orbit interaction (SOI), and the structures that usually lack inversion symmetry tend to 

show strong SOI. BiTeI has a large Rashba splitting, and its inversion asymmetry induces SOI, which 

leads to spin splitting of electronic states. This phenomenon is called the Rashba effect, and it causes 

bands with opposite spin polarization to shift in the opposite direction along the momentum kR, and 

also depends on the size of the atom. The present study explains how to achieve high stability of 
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electrocatalysts in the electrocatalytic nitrogen reduction reaction from the perspective of spin effect, 

and provides theoretical guidance for the design of high stability catalysts[28]. 

5. Summary and outlook 

Spin chemistry is an important frontier in catalysis, offering a pathway to enhance electrocatalyst 

performance by leveraging spin-regulated reaction mechanisms. In electrocatalytic nitrogen reduction 

reaction (NRR), regulating the spin state of catalysts or modifying the adsorption behavior of active 

sites can optimize the reaction pathway and accelerate the development of efficient, green ammonia 

synthesis processes. This review outlines recent theoretical and experimental advances in spin-

regulated NRR, including novel electrocatalysts and anion exchange strategies based on heteroatom-

doped porous carbon. It further summarizes electron spin generation mechanisms, regulation 

strategies, and influencing factors. The g-tensor is recognized as a critical parameter reflecting spin-

specific environments. Applications of spin effects are also discussed in reaction mechanism studies 

and detection technologies such as ESR and ESEM. The role of electron spin in electrochemical 

nitrogen fixation is reviewed from two key perspectives: 

(1) Regulating active sites in NRR. Due to the inertness and high bond energy of nonpolar N₂ 

molecules, identifying effective active sites remains a major bottleneck in industrial NRR. Spin 

regulation, particularly through the application of external magnetic fields, can alter the surface 

electronic states of catalysts and enhance N₂ adsorption. This strategy facilitates the development of 

multi-site catalysts with improved selectivity and more precise binding between the reactants and the 

active sites. 

(2) Expanding to other reactions. As an intrinsic electron property, spin also affects reactions such 

as HER, ORR, and CO₂RR. Understanding spin regulation mechanisms across systems could provide 

broader insight into reaction kinetics and catalyst design. 

Although spin-regulation research is still in its early stages, it shows strong potential for advancing 

both fundamental understanding and practical applications in electrocatalysis. 
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