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Abstract 

Recently, lithium-mediated nitrogen reduction reaction (Li-NRR) in nonaqueous electrolytes has 

proven to be an environmentally sustainable and feasible route for ammonia electrosynthesis, 

revealing tremendous economic and social advantages over the industrial Haber-Bosch process 

which consumes enormous fossil fuels and generates massive carbon dioxide emissions, and direct 

electrocatalytic nitrogen reduction reaction (NRR) which suffers from sluggish kinetics and poor 

faradaic efficiencies. However, reaction mechanisms of Li-NRR and the role of solid electrolyte 

interface (SEI) layer in activating N2 remain unclear, impeding its further development. Here, 

using electronic structure theory, we propose a nitridation-coupled reduction mechanism and a 

nitrogen cycling reduction mechanism on lithium and lithium nitride surfaces, which are major 

components of SEI in experimental characterization. Our work reveals divergent pathways in Li-

NRR from conventional direct electrocatalytic NRR, highlights the role of surface reconstruction 

in improving reactivity, and sheds light on enhancing efficiency of ammonia electrosynthesis. 
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Ammonia is an important feedstock for agricultural, pharmaceutical, and chemical industries.1 

Fertilizers manufactured from ammonia have been feeding approximately 44% of the world’s 

population over the past century.2 In addition, ammonia is crucial to produce bioenergy and 

biofuels,2 and has been recognized as a replacement for carbon-based fuels due to its large 

hydrogen content and high energy density. Ammonia is predominantly produced through the 

energy-intensive Haber–Bosch process, which reacts nitrogen and hydrogen gas at high 

temperatures (300–500 °C) and pressures (100–300 atm) in the presence of iron- or ruthenium-

based catalysts.3 Unfortunately, this process consumes enormous unsustainable fossil fuels and 

generates massive carbon dioxide emissions, and thus is not environmentally sustainable.  

Tremendous efforts have been devoted to developing alternative methods for ammonia 

synthesis under milder or ambient conditions, including electrocatalysis, photocatalysis, enzyme 

catalysis, nitrogenase mimics, plasma-driven transformations, and chemical looping.4 Among 

these approaches, the renewable energy-powered electrochemical synthesis offers the potential for 

on-site production using small-scale devices and eliminates the need for high temperatures or 

flammable and toxic solvents. Generally, the electrocatalytic reduction of N2 to NH3 can be 

realized through two routes: direct electrocatalytic reduction in aqueous solutions and redox-

mediated electroreduction in nonaqueous electrolytes. Unfortunately, a recent paper assessed a 

wide range of experimental studies on ammonia electrosynthesis, including 127 direct and 16 

redox-mediated nitrogen reduction reaction (NRR) routes, and concluded that nearly none of the 

direct electrocatalytic NRR route generates ammonia due to the competitive hydrogen evolution 

reaction (HER), and that the reported measurable activities erroneously result from contamination 

by ammonia or nitrogen-containing compounds.5 Instead, lithium-mediated nitrogen reduction 

reaction (Li-NRR) in nonaqueous electrolytes has been validated to produce ammonia with 

reasonable reaction rates and faradaic efficiencies through rigorous experimental protocols.6-16  

Divergent from conventional electrocatalytic NRR in which N2 and proton sources directly 

react on the cathode surface, Li-NRR is catalyzed on a solid electrolyte interphase (SEI) layer 

formed on the cathode, composing of metallic lithium and its passivation layer derived from the 

nonaqueous electrolytes.17 In addition, ethanol has been used as the proton donor to avoid HER 

prevalent in aqueous routes by limiting the availability of proton sources.6-9,11,18 Recently, 

significant progress has been made in this area to improve efficiencies of ammonia electrosynthesis. 
8,9,11-16,19-24 For example, Lazouski and Manthiram used a platinum-coated stainless steel cloth 
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paired with hydrogen oxidation, achieving a faradaic efficiency of 35 ± 6% with an ammonia 

partial current density of 8.8 ± 1.4 mA cm-2.9 Suryanto and MacFarlane demonstrated an ammonia 

production rate of 53 ± 1 nmol/s1cm2 at a faradaic efficiency of 69 ± 1% when introducing 

phosphonium salt as a proton shuttle.14 Du and Simonov reported an ammonia yield rates of 150 

± 20 nmol/s1cm2 and a current-to-ammonia efficiency that is close to 100% by using optimal 

electrolytes with optimized concentration.15 Fu and Chorkendorff designed a continuous-flow 

reactor coupled with hydrogen oxidation reaction on PtAu anode catalyst, achieving a faradaic 

efficiency of up to 61 ± 1% and an energy efficiency of 13 ± 1% for ammonia generation.16  

Though Li-NRR represents the most promising ammonia generation technology, these 

redox-mediated routes usually operate at high potentials,9,14,19,25 which increases the energy cost 

considerably, making the commercialization target challenging.26 Therefore, further efforts in both 

fundamental understanding and systematic engineering are critical to enhance the reaction rate, 

selectivity, and energy efficiency. Essentially,  elucidating Li-NRR reaction pathways can fill in 

fundamental gaps in understanding the chemistry of such process.13,27 Though it is generally 

accepted that the redox mediator, Li+, is first reduced to metallic lithium on cathode surface, and 

then activates N2 via a series of proton-coupled electron transfer (PCET) steps to produce 

ammonia,16-18 yet how metallic lithium catalyzes N2 activation and reduction remains unclear. 

Here, to fill this fundamental gap, we performed density functional theory (DFT) calculations to 

understand reaction mechanisms of N2 activation and reduction to ammonia on lithium and lithium 

nitride surfaces, which are characterized as major components of SEI formed on cathode using 

multiple experimental techniques, including X-ray photoelectron spectroscopy (XPS), X-ray 

diffraction (XRD), and cryogenic transmission electron microscopy (cryo-TEM).8,9,15,16,28,29  We 

discovered a nitridation-coupled reduction mechanism on lithium and a nitrogen-cycling reduction 

mechanism on lithium nitride surface, divergent from the traditional N2 associative and 

dissociative mechanisms proposed for direct electrocatalytic NRR (Figure 1).30  
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Figure 1. DFT-proposed Li-NRR pathways of (a) nitridation-coupled reduction mechanism on 
Li(110), and (b) nitrogen-cycling reduction mechanism on Li3N(001). Black, red, and blue arrows 
indicate nitrogen adsorption, reduction, and nitridation steps, respectively. Atoms are colored as 
follows: lithium in green, nitrogen in blue or orange, carbon in dark gray, oxygen in red, and 
hydrogen in light gray. Empty blue spheres on Li3N(001) indicate nitrogen vacancies created by 
nitrogen reduction. For clarification, nitrogen atoms are colored in either blue or orange to 
distinguish their original sources from Li3N(001) or N2 in part (b). 
 

Nitridation-coupled reduction mechanism on Li(110). We performed periodic DFT 

calculations with Perdew-Burke-Ernzerhof31 exchange-correlation functional and Grimme’s D3 

van der Waals correction32,33 (DFT-PBE-D3) to determine the reaction pathways and reaction 

energies of Li-NRR (see Supporting Information or SI Method section for computational details). 

To simulate the lithium surface, we used Li(110) as it is the most stable lithium facet (SI Figure 

S1).34 We started from N2 associative mechanism on Li(110), in which PCET steps happen prior 

to the cleavage of the N-N bond. Before optimizing the minimum energy paths, we screened all 

possible adsorption sites for all intermediates and used the most favorable adsorption sites in our 

mechanistic analysis (SI Table S1). Surprisingly, we observed that the N-N bond breaks after two 

successive PCET steps, forming a *NH2 (adsorbed NH2; * refers to an adsorption site) and a #N 

(nitride; # refers to a nitridation site), different from the traditional N2 associative path, in which 

N-N bond cleavage is concurrent after three PCET steps with the release of the first NH3 molecule 

formed (Figure 1a).  

 More precisely, our nitridation-coupled reduction mechanism on Li(110) reveals that N2 

is firstly adsorbed onto the surface, forming an end-on *N2 with an adsorption energy of -0.33 eV 

https://doi.org/10.26434/chemrxiv-2024-hzssh ORCID: https://orcid.org/0000-0002-5003-9355 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-hzssh
https://orcid.org/0000-0002-5003-9355
https://creativecommons.org/licenses/by-nc-nd/4.0/


 5 

(Figure 2). Subsequently, *N2 is reduced to *N2H with a reaction energy of -1.58 eV, indicating 

that the first PCET step is thermodynamically favorable. Afterwards, *N2H undergoes the second 

PCET, as well as the N-N bond cleavage, forming a *NH2 adsorbed on the surface with the other 

N diffusing into the subsurface layer in a nitridation process (Figure 2). This N-N bond breaking 

step is energetically favorable with a very negative reaction energy of -2.09 eV, indicating that 

lithium surfaces are extremely reactive in activating N-N bond. After that, the *NH2 is further 

reduced to form a NH3 molecule released from the surface with a positive reaction energy of 1.33 

eV, indicating that the last PCET step towards formation of NH3 is the rate-limiting step in the 

overall Li-NRR pathway. In contrast, previous studies proposed that either the first or second 

reduction step, i.e., *N2 ® *N2H or *N2H ® *N2H2, is potential rate-limiting step for N2 

associative pathway on metallic surfaces.35-38  

  

  
 
Figure 2. (a) Side (top) and top (bottom) views of structures and (b) corresponding energetics 
along the pathway of the proposed nitridation-coupled reduction mechanism of N2 to NH3 on 
Li(110). Atoms are colored as follows: lithium in green, nitrogen in blue, and hydrogen in light 
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gray. Spheres representing lithium atoms in the two topmost layers are scaled down to show the 
nitridated nitrogen atoms in the subsurface layer. Black, red, and blue lines in (b) indicate nitrogen 
adsorption, reduction, and nitridation steps, respectively. 

 

We next studied whether the formed #N in the Li(110) subsurface layer can be reduced to 

form a second NH3 molecule (Figure 2).  Our simulation indicates that the #N can be reduced to a 

*NH with a reaction energy of -0.70 eV, in which the #N moves from the Li(110) subsurface layer 

to surface layer upon protonation. *NH is then reduced to *NH2 with a reaction energy of -0.11eV. 

Finally, *NH2 is reduced to form a NH3 molecule with a positive reaction energy of 1.33 eV, 

consistent with the energy required by the last PCET step of forming the first NH3 molecule, 

confirming again that the protonation of *NH2 is the rate-limiting step of Li-NRR.  

In addition to the N2 associative mechanism described above, we also studied the 

possibility of N2 dissociative mechanism on Li(110), in which N-N bond breaking happens first 

before any PCET step. We observed that accompanied by the N-N cleavage, two #N forms in the 

subsurface layer with a very favorable reaction energy of -2.74 eV (Figure 2). After that, each #N 

proceeds through three PCET steps to form a NH3 molecule (vide supra). Here, the N2 dissociative 

step is simply chemical, rather than electrochemical, reaction since no electron transfer. That is to 

say, the energetics will not change with the applied potential, whereas PCET steps, including the 

first step of N2 associative mechanism, can be affected by the applied potential and therefore 

potentially could be more favorable. Thus, the overall Li-NRR pathway on Li(110) could 

potentially involve both N2 associative and dissociative mechanisms: N2 ® *N2 ® *N2H ® *NH2 

+ #N ® NH3 + #N or N2 ® *N2 ® #N + #N and #N ® *NH ® *NH2 ® NH3. However, the 

nitridation-coupled reduction mechanism proposed here for Li-NRR significantly differ from those 

reported previously on metallic surfaces35-38 because (1) nitridation happens along with reduction 

and the formed #N can be reduced to NH3 as a short-lived intermediate, (2) all steps are 

energetically favorable except for the last PCET step of *NH2 reduction towards formation and 

desorption of NH3, i.e., *NH2 ® NH3 (1.33 eV), which is believed to be the rate-limiting step, (3) 

N-N bond cleavage has very negative reaction energies in both dissociative and associative 

mechanisms, i.e., *N2 ® #N + #N (-2.74 eV) and *N2H ® *NH2 + #N (-2.09 eV), (4) N-N bond 

breaks after two successive PCET steps in the associative mechanism, not after three PCET steps 

upon the formation of NH3, (5) lithium surface reconstruction plays a vital role to accommodate 

nitrogen activation, reduction, and nitridation in Li-NRR.  
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Nitrogen-cycling reduction mechanism on Li3N(001). We next determined the reaction 

pathway of NRR on lithium nitride surface, which is another major inorganic component of SEI 

from experimental characterization,8,15,29 at the DFT-PBE-D3 level of theory. We selected 

Li3N(001) surface as it is the most stable facet (SI Figure S2).39 Divergent from the nitridation-

coupled reduction mechanism on Li(110), we proposed a nitrogen-cycling reduction mechanism 

on Li3N(001) (Figure 1b and 3), in which reduction occurs at a lattice N site, †N († refers to a lattice 

site), not at the adsorbed N2. We predicted that †N is first reduced to †NH with a very negative 

reaction energy of -2.28 eV (Figure 3). †NH is then reduced to †NH2 with a favorable reaction 

energy of -0.79 eV, followed by the third PCET step leading to formation and desorption of NH3 

on/from the surface with a reaction energy of 1.28 eV. Consistent with the reaction mechanism on 

Li(110), the last PCET step towards NH3 generation is the potential rate-limiting step on Li3N(001). 
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Figure 3. (a) Side (top) and top (bottom) views of structures along the reduction steps, (b) top 
views of structures along the activation steps, and (c) energetics of the proposed nitrogen-cycling 
reduction mechanism on Li3N(001). Atoms are colored as follows: lithium in green, nitrogen in 
blue or orange, and hydrogen in light gray. Lattice nitrogen atoms participated in the reduction 
reaction, as well as nitrogen atoms from N2, are colored in orange for visualization purpose. 
Transparent orange spheres represent surface nitrogen vacancies. Black, red, and blue lines in (b) 
indicate nitrogen adsorption, reduction, and nitridation steps, respectively. 
 

Apparently, surface nitrogen vacancies are created upon the release of the NH3 molecule 

in the above lattice nitrogen participation mechanism. We next examined the possibility of N2 

activation via reversible formation of surface N vacancies. We observed three possible pathways 

for N2 activation: (1) *N2 ® †N + †N, in which *N2 undergoes dissociative adsorption to fill two 

surface N vacancies, forming two †N with a reaction energy of -0.40 eV, (2) *N2 ® †N + *N, in 

which one dissociated N fills one N vacancy, while the other dissociated N adsorbs on a †N, 

forming a *N2 with a reaction energy of -0.50 eV, and (3) *N2 ® *N + *N, in which both 

dissociated N atoms adsorb on two lattice N sites (†N) with a reaction energy of -1.42 eV (Figure 

3). All N2 activation steps are energetically favorable, and their favorability highly depends on the 

availabilities of N vacancy sites and thus the accessibility of proton sources to produce NH3. 

Overall, the nitrogen-cycling reduction mechanism of NRR on Li3N(100) proceeds via †N 

® †NH ® †NH2 ® NH3 and *N2 ® †N + †N or *N2 ® †N + *N or *N2 ® *N + *N, in which 

reversible formation of surface N vacancies is critical for nitrogen reduction towards NH3 

generation. Similar to the energetics on Li(110), all steps are favorable except for the last PCET 

step of †NH2 ® NH3, which is believed to be the rate-limiting step with a positive reaction energy 

of 1.28 eV. It is noteworthy that we observed significant surface reconstructions throughout the 

entire reaction pathway due to the formation of surface N vacancies sites, which provide active 

sites for nitrogen activation and reduction and thus are crucial to the overall catalytic performance.  

In addition to thermodynamic analysis, kinetics modeling is essential for a more 

comprehensive understanding of the proposed nitridation-coupled reduction mechanism on 

lithium surface and the nitrogen-cycling reduction mechanism on lithium nitride surface. Here, we 

highlight that due to significant surface reconstructions, it is extremely challenging to locate the 

transition states and thus determine the energy barriers using conventional methodologies, such as 

climbing-image nudged elastic band (CI-NEB) method.40,41 Specifically, the challenge is to 

simulate the realistic electrochemical condition of Li-NRR, including the amorphous and 
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dynamically evolved SEI layer, the applied potentials, the nonaqueous electrolytes, and surface 

reconstructions. Recently, Ludwig and Nørskov successfully obtained the reaction barrier of N2 

dissociation on lithium surface using a combination of DFT-based metadynamics and CI-NEB.42 

Following this success, we are currently simulating reaction barriers of the full Li-NRR 

mechanisms on both lithium and lithium nitride surfaces using metadynamics and benchmarking 

different explicit solvation models to consider the effects of electrolytes. Ultimately, this will allow 

us to complete the full mechanistic picture of lithium-mediated ammonia electrosynthesis.  

In summary, we applied electronic structure theory to determine the reaction mechanisms 

of Li-NRR on two representative surfaces, lithium and lithium nitride, as major inorganic 

components of SEI. We find a new nitridation-coupled reduction mechanism on lithium surface in 

which nitridation plays an important role for nitrogen activation, as well as a new nitrogen-cycling 

reduction mechanism on lithium nitride surface in which nitrogen lattice participation via 

reversible formation of surface nitrogen vacancies is critical. We demonstrate that the Li-NRR 

mechanisms switch from the generally proposed nitrogen associative and dissociative mechanisms 

on metallic surfaces to these new ones with significant surface reconstructions. This provides new 

fundamental understanding into the design of catalysts for ammonia electrosynthesis.  
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