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Lithium-mediated nitrogen reduction to 
ammonia via the catalytic solid–electrolyte 
interphase

Wesley Chang1,2, Anukta Jain    1,2, Fateme Rezaie1 & Karthish Manthiram    1 

The lithium-mediated nitrogen reduction reaction (LiNRR) produces 
ammonia in ambient conditions. This electrochemical pathway is dependent 
on a catalytic solid–electrolyte interphase—a nanoscale passivation layer 
formed from reductive electrolyte decomposition on the surface of lithium 
metal. The catalytic solid–electrolyte interphase is a unique nanostructured 
environment that exists on reactive metal surfaces and intimately influences 
product selectivity. Here we explore recent progress made in the field of 
lithium-mediated nitrogen reduction to ammonia, especially in light of 
growing knowledge about the nature of the catalytic solid–electrolyte 
interphase. We systematically analyse the observed chemical species 
and reactions that occur within the solid–electrolyte interphase. We also 
summarize key developments in kinetic and transport models, as well as 
highlight the cathodic and complementary anodic reactions. Trends in 
ammonia selectivities and rates with varying electrolyte compositions,  
cell designs and operating conditions are extracted and used to articulate 
a path forward for continued development of lithium-mediated nitrogen 
reduction to ammonia.

Dinitrogen (N2) is an inert gas molecule under ambient conditions 
(25 °C, 1 bar) because of its strong covalent triple bond (bond dissocia-
tion energy of 960 kJ mol−1) and the absence of a permanent dipole1. 
For this reason, the conventional Haber–Bosch process for nitrogen 
fixation to produce ammonia requires temperatures of at least 400 °C 
and pressures of at least 200 bar (ref. 2). Biological nitrogen fixation 
to synthesize ammonia under ambient conditions occurs in the nitro-
genase enzyme, which polarizes the N2 molecule and breaks its triple 
bond through adenosine triphosphate (ATP) hydrolysis3,4. Inspired by 
nitrogenase, homogeneous molecular catalysts, which can coordinate 
nitrogen and turn it into a redox-active ligand, have been developed 
for ammonia synthesis at ambient conditions and with comparable 
selectivities5–7. However, the only process at ambient conditions by 
which N2 reduction to ammonia has been verified to occur at com-
mercially promising rates and efficiencies of almost 100% is through 
the heterogeneous, electrochemical lithium-mediated nitrogen 

reduction reaction (LiNRR)8,9. Lithium metal can dissociate nitrogen 
under ambient conditions, and its high enthalpy of hydration coupled 
with its small nucleus make it the strongest reducing agent of all met-
als (−3.04 V versus standard hydrogen electrode, SHE)10. Other alkali 
metals, with similarly negative reduction potentials, can dissociate 
nitrogen but do not form stable nitrides under ambient conditions11,12. 
Electrodeposition of lithium metal occurs in non-aqueous and aprotic 
electrolytes, which are thermodynamically unstable in the presence of 
lithium metal, but kinetically stable due to the formation of a surface 
passivation layer13. This surface film, called the solid–electrolyte inter-
phase (SEI), mitigates further reactions between the metallic lithium 
and the electrolyte, and has played a key role in the development of 
commercial lithium batteries. For example, the phenomenon of SEI 
formation on graphitic carbons led to the commercialization of the 
lithium-ion battery because of its ability to stabilize the electrode, 
despite operation at potentials outside the thermodynamically stable 
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In 2019, Lazouski and colleagues developed a strategy to pro-
duce ammonia under ambient conditions by flowing nitrogen gas 
through a two-compartment parallel-plate flow cell8. A combined 
transport-kinetic model was developed based on experimental results, 
describing the key mechanistic steps of the process8. The major con-
tributions of this work were to identify the transport of nitrogen as a 
rate-limiting step at high current densities, in addition to using 15N2 
isotopic labelling to verify the production of ammonia from nitro-
gen reduction. Andersen et al. also proposed a rigorous quantitative 
isotope measurement protocol to prevent false-positive results9. A 
major contribution of this work was addressing why isotope labelling 
experiments were insufficient to unambiguously confirm the origin 
of ammonia stemming from nitrogen reduction. According to the 
authors, recent studies utilizing isotope labelling lacked quantitative 
data and did not meet their protocol requirements, which included 
assessing the purity of 15N2 gas and ensuring the repeatability of quan-
titative 15N2 experiments. In 2020, Lazouski and colleagues devised a 
GDE cell to overcome the transport limitations of N2 gas in non-aqueous 
electrolytes23. A platinum on stainless-steel cloth (Pt/SSC) GDE was 
implemented for the hydrogen oxidation reaction (HOR) at the anode, 
overcoming the problem of undesired solvent and proton-donor oxida-
tion at the anode. An electrochemical Haber–Bosch reactor was also 
developed that coupled a water electrolyser (to supply hydrogen gas) 
to the four-compartment GDE cell, producing ammonia from N2 and 
H2 under ambient conditions. Between 2020 and 2022, other methods 
were developed, including a potential cycling strategy to improve sta-
bility, the use of porous copper electrodes to increase the electrochemi-
cal surface area, and a phosphonium-ion proton carrier to overcome 
the limitations of a sacrificial source of protons in this system24–26. 
Steady improvements in rates of up to 1 A cm−2, selectivities up to 99% 
at 15 bar, and energy efficiencies up to 14% have begun to improve the 
metrics associated with lithium-mediated ammonia synthesis25,27,28.

In this Review we highlight key themes across different electrolyte 
compositions, cell designs and cell operating parameters that drive 
ammonia selectivity and rates. We first discuss the common themes 
in SEI chemistry and structure, with respect to the different electro-
lyte salts, solvents and proton donors that have been reported. We 
discuss these themes in the context of lessons learned from electrolyte 
engineering of rechargeable batteries, finding commonalities in SEI 
structure and function, yet important differences between battery 
SEI and catalytic LiNRR SEI layers. We also touch on the various charac-
terization techniques used for elucidating the nanoscale structure of 
the SEI. Because the catalytic SEI is crucial for controlling the kinetics 
and transport of this system, we compare similarities and differences 
among the various kinetic and transport models developed in this field. 
After a review of the electrode and interfacial effects, we zoom out and 
focus on cell-level aspects. Several recent articles have summarized key 
advancements in electrocatalytic N2 reduction, including the genuine 
verification of N2 activation29–32. Common to all studies is the impor-
tance of accurate detection and quantification of ammonia species, 
which has been comprehensively summarized in other studies and will 
not be a focus here33–44. If proven beyond the academic research labora-
tory, LiNRR could enable modular and distributed ammonia generation 
at point of use, overcoming the use of high temperatures (350–500 °C) 
to improve the kinetics and high pressures (150 to 300 bar) to improve 
the thermodynamics in the conventional Haber–Bosch process2,45,46. 
However, substantial advances in our fundamental understanding and 
systems engineering are needed to increase the rate, selectivity and 
energy efficiency of the process before commercialization.

Nitrogen reduction within catalytic SEIs
The SEI formed from non-aqueous electrolyte decomposition on 
metallic lithium is a complex structure composed of both inorganic 
and organic compounds (Fig. 2). The existence of this SEI allows for 
electrochemical cell operation, despite lithium plating potentials being 

range of the electrolyte14. LiNRR leverages this half century of research 
and the development of rechargeable lithium-metal batteries, including 
non-aqueous electrolyte design, interphase engineering and related 
methods of characterization. There have been several reports using 
aqueous lithium-based electrolytes for ammonia synthesis, but, given 
the absence of lithium-metal deposition at relevant reductive potentials 
(below −3.04 V versus SHE), these results and proposed mechanisms 
require further verification15,16.

LiNRR for electrochemical ammonia synthesis is unique as a cata-
lytic process because N2 reduction and protonation are dependent 
on and occur within this SEI layer, which plays a key role in mediating 
catalysis. In this system, the electrochemical deposition of metallic 
lithium in the presence of nitrogen gas forms lithium nitride, which 
reacts with available protons to produce ammonia (Fig. 1a,b). These 
reactions can occur in two different types of electrochemical cells: 
batch cells and flow cells. A batch cell is a closed system in which all 
reactants are combined in a single-compartment cell, and the prod-
ucts remain inside this closed system. Examples of batch cells used in 
LiNRR are autoclaves, which can access elevated pressures, and glass 
cells, which operate under ambient conditions (Fig. 1c). A flow cell, on 
the other hand, is an open system where all or some of the reactants 
(electrolyte or gas) continuously flow through the cell. In the LiNRR 
field, flow cells include parallel-plate cells, which separate the anode 
and cathode in fixed geometries and in separate compartments, and 
in which nitrogen gas flows through the electrolyte, and gas diffusion 
electrode (GDE) cells, which incorporate defined flow paths for the 
gaseous reactant to contact the electrolyte through a porous medium 
(Fig. 1c). In LiNRR, the fraction of total charge passed that leads to 
ammonia production, as opposed to alternative outcomes such as SEI 
formation, excess lithium deposition or hydrogen evolution, is termed 
the ammonia Faradaic efficiency (FE).

The history of LiNRR starts in the 1930s with a pioneering report 
by Fichter et al. on stepwise lithium plating, nitridation and protoly-
sis in alcohol-based electrolytes at elevated pressures17. Within an 
autoclave-type electrolysis cell, an initial current of 0.5 A was applied 
to deposit lithium metal for 5 h. The lithium was electrodeposited in an 
electrolyte comprising lithium chloride in ethanol. Although negligible 
ammonia was quantified at atmospheric pressure, the FE increased by 
up to 10% at an extraordinarily high pressure of 1,000 bar. It was hypoth-
esized that the low ammonia selectivity could be due to the formation 
of a surface coating on the electrode, a half century before a more 
specific articulation of the nature of the SEI in lithium-metal batteries14.  
LiNRR was then revisited in the 1990s by Tsuneto and colleagues  
(Fig. 1d)18,19. They reported the first instance of using tetrahydrofuran 
(THF) as the electrolyte solvent in LiNRR. The experiments were carried 
out in a single-compartment autoclave cell, wherein lithium metal was 
plated onto a copper electrode using a 0.2 M lithium perchlorate, 1% 
ethanol in THF electrolyte. Nitrogen gas at 50 bar was used to produce 
ammonia with an FE of 48.7%. Further efforts to screen for different 
working-electrode metals, lithium salts and proton-donor additives 
were employed, with the most optimized set of experimental condi-
tions resulting in an FE of 59.8%. In 2017, McEnaney and colleagues 
developed a three-step strategy to separate the electrolysis, nitridation 
and protonation reactions to achieve 88.5% FE towards ammonia, albeit 
in a manner that involved solids handling, transfer between different 
vessels and high temperatures20. LiOH was first electrolysed at 450 °C, 
then the molten salt was exposed to nitrogen gas at temperatures of up 
to 100 °C. Finally, the lithium nitride was subjected to an exothermic 
reaction with water to produce ammonia. Unlike a continuous process, 
batch processes require additional separation and purification steps, as 
well as the need for a large lithium source, which may increase system 
cost and complexity. Several industry efforts were patented between 
2010 and 2015, claiming various iterations of electrochemical ammonia 
synthesis using materials including molten salt electrolytes at higher 
temperatures and lithium-ion conductive membranes21,22.
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Productively harnessing the SEI to encourage catalytic steps 
involved in LiNRR entails understanding and designing this reactive 
microstructural interphase, which is differentiated from the bulk 
metal electrode and the bulk liquid electrolyte, in strong contrast 
with conventional electrocatalysis on discrete surfaces at liquid–solid 
interfaces. The structure and function of the SEI layer depends on the 

outside the thermodynamically stable voltage window of the electro-
lytes used14,47,48. The SEI on graphitic carbons and metallic lithium kineti-
cally enabled reversible lithium-ion intercalation and metal deposition, 
respectively, despite the associated thermodynamic challenge49–51. For 
those interested in the interplay of SEIs and lithium-battery electrolyte 
chemistry, we refer the reader to several exhaustive publications49,52,53.
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Fig. 1 | Overview and history of LiNRR. a, Schematic of the LiNRR cycle, where 
(sol.) indicates a solution, (s) indicates a solid and (g) a gas. b, Schematic of the 
cathode and anode reactions. c, LiNRR is conducted in a single-compartment 
batch cell, a parallel-plate flow cell or a GDE flow cell (with flow of electrolyte, 
gas or both). d, Ammonia FEs in published data under optimized conditions for 
LiNRR. Colour indicates the type of cell (batch cell, parallel-plate flow cell, GDE 

flow cell) and marker size indicates the relative nitrogen pressure (bar). Text 
labels indicate key advancements made along with references8,9,17–19,23–28,61–63,73,97,98. 
All data are taken from the cited literature and their respective supplementary 
information. Data-processing scripts were written in Python and are hosted, 
open source, on GitHub99.
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choice of electrolyte. The stable electrolyte salts for lithium electro-
chemistry initially used included lithium perchlorate (LiClO4), lithium 
tetrafluoroborate (LiBF4) and lithium hexafluoroarsenate (LiAsF6), with 
THF and propylene carbonate (PC) solvents. However, the poisonous 
nature of LiAsF6, explosive risk of LiClO4 and poor conductivity of 
LiBF4 led to the eventual use of different salts, including lithium hex-
afluorophosphate (LiPF6), lithium bis(fluorosulfonyl)imide (LiFSI), 
lithium bis(trifluoromethane)sulfonimide (LiTFSI, also abbreviated 
as LiNTf2) and lithium difluoro(oxalato)borate (LiDFOB)54,55. Out of 
these working electrolyte salts, LiNRR studies have primarily used 
LiClO4, LiBF4 and LiNTf2.

Inorganic constituents of the SEI
In LiNRR, the presence of nitrogen and protons leads to a distinct SEI 
structure and chemistry compared to the conventional electrolytes 
used in lithium-ion and lithium-metal batteries. The lattice spacings 
of the polycrystalline inorganic regions formed in the SEI with LiBF4 
electrolyte salt in THF, with and without ethanol, are consistent with 
the presence of LiOH and LiF compounds, as determined by X-ray pho-
toelectron spectroscopy (XPS) and cryogenic transmission electron 
microscopy (cryo-TEM)56. Li and colleagues speculated that the low 
lithium surface mobility and the electronically insulating properties 
of LiF may deter excess lithium plating in favour of lithium nitrida-
tion and thus favour subsequent ammonia production25. These results 
echo the initial characterization studies on LiBF4-based electrolytes 
for lithium-metal batteries. Using XPS, Kanamura and colleagues 
found that the SEI formed in the presence of LiBF4 in THF to consist 
of LiF and other organic compounds57. They speculated that this 
LiF-containing SEI layer might have a porosity that varied over time due 
to reactions with Li2CO3 or LiOH, as evidenced by changing resistance 

measurements. Furthermore, modern characterization techniques 
have found that electrolytes that improve battery performance are rich 
in LiF from anion reduction58,59. Before adaptation for LiNRR electrode 
characterization, cryo-TEM was used to reveal inorganic crystalline 
grains dispersed throughout an amorphous layer in battery SEIs60. 
Therefore, an SEI with LiF as an inorganic species is observed not only 
in lithium-metal battery electrolytes (LiBF4 in THF)57, but also in the 
electrolytes used for LiNRR (LiBF4 in THF with ethanol)56. Replacing 
LiBF4 salt with LiNTf2 in THF and ethanol also results in a LiF-containing 
SEI, as characterized by XPS and X-ray diffraction (XRD)27. Further-
more, LiNTf2 in THF and ethanol generally results in even higher rates 
and selectivities than when LiBF4 is used as the electrolyte salt (Fig. 3).

Although lithium fluoride-containing SEIs have been widely 
observed and point to shared SEI characteristics between lithium 
batteries and LiNRR, lithium fluoride in the SEI is neither sufficient nor 
necessary for ammonia synthesis. This can be established by examin-
ing the fluoride-free systems that have been investigated for LiNRR, 
which perform reasonably well, as well as fluoride-containing systems, 
which do not perform well for LiNRR. In their seminal study, Fichter 
and colleagues used LiCl and LiBr in pure ethanol, a system that did 
not contain any fluoride, and were the first to establish that LiNRR is 
feasible17. Tsuneto and colleagues used non-fluorinated LiClO4 salt with 
THF and ethanol and obtained over 50% FE, albeit at a high pressure of 
50 bar (refs. 18,19). Since then, many other studies have used LiClO4 as 
the electrolyte salt for LiNRR and have reported high production rates 
and FEs for ammonia25,61–65. XPS characterization describes the resulting 
SEI as rich in inorganic chloride species from perchlorate salt decom-
position62. An optimal salt concentration of 0.6 M was observed, which 
is speculated to result from competition between increasing favour-
able inorganic SEI species and decreasing nitrogen-gas solubility and 
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Fig. 2 | Reaction network governing LiNRR conducted in THF with LiBF4 and 
ethanol. Orange arrows denote the proton cycle, green arrows the nitrogen 
cycle, and grey arrows the lithium cycle. Relevant literature references have 
been included next to their appropriate reactions in the figure. The citations 
refer to studies in which these reactions were observed, and include electrolyte 

solvent (THF) oxidation reactions, the parasitic hydrogen evolution reaction, 
SEI-forming reactions from electrolyte salt reduction, SEI-forming reactions 
from electrolyte solvent breakdown, reactions with trace moisture or oxygen 
contaminants, and reactions involving nitrogen.
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diffusion62. In addition, LiPF6, which does form a LiF-abundant SEI, does 
not produce substantial amounts of ammonia. Hence, although lithium 
fluoride is observed in many of the SEIs that perform favourably for 
LiNRR, its presence does not guarantee that ammonia is synthesized.

The fact that there is not a clear connection between lithium hal-
ide content in the SEI and ammonia selectivity may originate from 
the effects of other inorganic compounds in the SEI. For example, 
the decomposition of LiBF4 to LiF necessarily involves the genera-
tion of additional products containing boron, such as LixBOFy, which 
has been extensively documented in lithium-metal battery research 
but not analysed in LiNRR studies66. In LiNTf2 salt-based electrolytes, 
reduced inorganic S–O species were detected by XPS, and in LiClO4 
salt-based electrolytes, inorganic chloride species were detected in the 
SEI by XPS27. The effects of these S–O and chloride species on lithium 
deposition, nitridation and protonation are not yet understood, fur-
ther emphasizing that LiF is just one part of a more complex set of SEI 
constituents. Furthermore, the Li3N intermediate is rarely detected by 
either XPS or cryo-TEM, and is thought to be a short-lived species in the 
SEI56. Westhead and colleagues also detected no nitrogen-containing 
species in N 1s XPS, and only observed three nitrogen-containing spe-
cies in time-of-flight secondary ion mass spectrometry (ToF-SIMS), 
namely NH−, NO− and CN− (Fig. 2)62.

Organic constituents of the SEI
Beyond the crystalline inorganic components of the SEI discussed 
above, there are several amorphous organic constituents of the SEI 
resulting from solvent decomposition. XPS and cryo-TEM reveal that, 
in the absence of ethanol, THF-breakdown products, such as lithium 
butoxide and other polyTHF compounds, are prevalent in the SEI56. Fol-
lowing the addition of ethanol, the oxygen–carbon ratio in surface spe-
cies increases and the O 1s C–O intensity widens, implying an increase 
in ethanol-breakdown products, which are organic species with shorter 
carbon chains and more diverse oxygen-containing compounds such 
as lithium ethoxide56. These ethanol-rich breakdown products were 
also detected by 1H NMR spectroscopy when samples were prepared 
by dissolving solid lithium deposits in D2O and CDCl3 solvents (Fig. 2)67.  

In previous literature on THF-based battery electrolytes, Aurbach and 
colleagues used Fourier-transform infrared spectroscopy and gas chro-
matography (GC) to also observe the presence of lithium butoxide in 
the SEI68. Aside from insoluble solid products, there are also soluble 
organic decomposition products within the electrolyte; these are 
detected by GC coupled with mass spectrometry (GC-MS). Examples 
include (2,5 or 2,3)-dihydrofuran, but-(2 or 3)-enal, 4-hydroxybutanal 
or tetrahydrofuran-2-ol, and succinaldehyde, albeit at concentrations 
less than 100 ppm (ref. 64).

Effects of additives on the SEI
Several studies have investigated the effects of adding trace concentra-
tions of water and oxygen to the electrolyte. This alters the relative ratios 
of inorganic oxides and fluorides in the SEI. Li and colleagues found 
that 0.8 mol% oxygen content maximizes the ammonia FE (Fig. 1d).  
They attributed this result to decreased electrolyte decomposition 
by-products, as measured by GC-MS and NMR spectroscopy, while 
maintaining the availability of H+ and N2 at the lithium surface61,67. 
The FE increases proportionately with the partial pressure of oxygen 
gas (peak behaviour is observed between 0.5 and 0.8 mol% O2 in N2 at 
20 bar, and between 1.2 and 1.6 mol% O2 in N2 at 10 bar) and decreases 
with higher O2 content, which was attributed to an increase in H2O in 
the electrolyte and a subsequent oxygen reduction reaction (ORR) at 
the cathode. It was speculated that the increase in Li2O content forms 
a more homogeneous and uniform SEI, which may slow Li+ diffusion 
and lead to more uniform plating, as has been reported previously 
for non-aqueous lithium–air batteries69. Additionally, the increase in 
oxide content was also attributed to a decreased rate of electrolyte 
degradation, which was observed by monitoring the working-electrode 
potential and calculating the time taken for it to change by 1 V during 
chronopotentiometry with potential cycling. In a similar vein, Spry 
and colleagues attribute ammonia FE improvements to trace concen-
trations (40 mM) of water leading to Li2O formation in the SEI70. The 
attribution of trace water effects on Li2O in this case, but on LiF in other 
cases, is another indicator that the effect of individual SEI components 
on LiNRR is poorly understood.
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same data as shown in Fig. 1d) and their respective supplementary information. 
Data-processing scripts were written in Python and are hosted, open source,  
on GitHub99.
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Proton donor and bulk electrolyte property effects on the SEI
The availability of protons in LiNRR is a double-edged sword. A suf-
ficient ethanol concentration is required to drive protonation of Li3N, 
but ethanol also reacts with lithium metal to form lithium ethoxide 
and hydrogen gas71,72. A wide range of other proton-donor classes were 
tested, including linear and branched aliphatic alcohols, ether alcohols 
and unsaturated alcohols, with the linear aliphatic alcohols such as 
ethanol and butanol presenting the highest FEs (Fig. 1d)73. Ethanol 
has been used as the proton-donor source and the proton carrier in 
the vast majority of LiNRR studies. The impact of this proton donor 
on the SEI was studied by Steinberg and colleagues, who discovered 
that, although it may appear that the reaction of lithium and nitrogen 
to form lithium nitride does not involve ethanol, the presence of the 
proton donor is necessary for lithium nitridation56. If ethanol is removed 
from the electrolyte while keeping all other components constant, 
lithium metal accumulates on the surface rather than lithium nitride, 
with a thin, conformal and passivating SEI that is rich in BF4

− and THF 
decomposition products forming on the surface of the lithium, as 
observed by cryo-TEM. It is likely that this SEI is preventing access of 
nitrogen to the underlying lithium metal. In contrast, once the proton 
donor is added, cryo-TEM reveals that this passivating SEI gives way 
to a porous and fractured SEI. Several reasons for this have been sug-
gested. The reaction of ethanol with lithium metal to form hydrogen 
gas could result in a physical attack on the SEI, reducing its mechanical 
stability. The formation of ethoxide via the same reaction could also 
lead to a more permeable SEI to nitrogen gas, as the SEI could swell in 
the presence of increased organic products in the electrolyte and thus 
bring dissolved nitrogen closer to the surface lithium. Furthermore, 
ethanol and ethanol-derived products could chemically react with 
the SEI and improve lithium–nitrogen reactivity56. As well as alcoholic 
proton donors, an ionic liquid-phosphonium proton carrier (phospho-
nium tris(pentafluoroethyl)trifluorophosphate salt) was introduced 
by Zhou74 and Suryanto26 and colleagues as an effective proton carrier 
with high nitrogen solubility. However, the SEI composition of these 
ionic liquid species has not been characterized.

LiNRR reactions are complex, and the native SEI could be altered 
by the cell disassembly steps necessitated by ex situ techniques such 
as XPS and cryo-TEM. Thus, the use of in situ techniques, such as NMR 
spectroscopy75 and an electrochemical quartz-crystal microbalance76, 
to measure changes in the SEI during electrochemical testing may 
help to understand open questions surrounding the SEI in LiNRR. For 
example, Blair and colleagues used synchrotron neutron reflectometry 
to measure the changing lithium layer in situ, and found that switching 
back to open-circuit voltage (OCV) reduces the thickness of the lithium 
layer77. This implies that corrosion processes that consume lithium 
metal, such as solvent decomposition and ammonia production, may 
occur during OCV. This was also observed in the potential cycling 
protocol developed by Andersen and others24. All LiNRR studies with 
reported FEs towards ammonia have used THF—a cyclic ether—as the 
solvent. Other classes of solvent, such as carbonates or linear ethers, 
have not demonstrated ammonia production, and the reasons remain 
unknown. A better understanding of how solvent identity and structure 
impacts catalytic SEI chemistry may be informative78–80.

Kinetic and transport models
Theoretical models have played an important role in deconvoluting the 
complex structure and dynamic nature of the catalytic SEI, bringing 
meaning to many of the experimental results described above.

Transport models
A key role of the SEI is to deliver nitrogen and protons to the metallic 
lithium surface, and to mitigate unfavourable side reactions. In this 
vein, controlling the transport of competing species, not just through 
the SEI but through the electrolyte beyond it, is key to Faradaically 
selective LiNRR. Based on the observation of a plateau in partial current 

for ammonia with increasing overall current density, Lazouski and 
colleagues hypothesized that nitrogen transport to the electrode 
may be rate-limiting8,18,24. The limiting current density for nitrogen 
reduction in this system (11.6 ± 8.0 mA cm−2) was calculated using val-
ues for nitrogen diffusivity and solubility in THF78,81. Additionally, the 
thickness of the boundary layer formed at the SEI (50 ± 15 µm) was 
estimated from a limiting current-density analysis on ferrocenium 
hexafluorophosphate reduction82,83. These parameters were used to 
predict a transport-limited current density for ammonia. Accord-
ingly, a transport model was developed that suggests that fast mass 
transport of nitrogen is critical to obtaining high ammonia FEs, and 
the partial current density towards ammonia (1.3 ± 0.3 mA cm−2) is 
only one-third of the predicted transport-limited current density 
(3.9 ± 0.9 mA cm−2)84. Based on this model, Lazouski and colleagues 
proposed that decreasing the boundary-layer thickness for nitrogen 
diffusion could increase this partial current density23. The use of SSC as 
the GDE in these non-aqueous electrolyte systems achieves this purpose 
by creating a thin electrolyte layer that is in intimate contact with the 
catalyst surface and through which the nitrogen gas must now diffuse 
instead of through the entire bulk electrolyte. Electrolyte penetration 
and flooding into the GDE is prevented by establishing a positive pres-
sure gradient across the SSC with the use of a water column attached 
to the outlet of the gas compartment in the three-compartment cell 
set-up. This pressure gradient across the SSC can be tuned to change 
the direction of gas flow—either through the electrode to saturate the 
electrolyte (defined as the Laplace pressure), or past the electrode. An 
increased partial current density for ammonia (8.8 ± 1.4 mA cm−2) at an 
FE of 35.6 ± 6% was obtained; an even higher FE of up to 47.5 ± 4% could 
be obtained when the FE was optimized for partial current density. 
Visualization of the ammonia selectivity and the rates for all published 
data indicate that GDE cells (Fig. 3, green) show markedly improved 
rates and selectivities compared with their parallel-plate cell counter-
parts, which use planar electrodes (Fig. 3, red) at identical pressures.

In addition to considering the transport of nitrogen to the elec-
trode surface, one can also consider the rates of diffusion of Li+ and 
H+ from the bulk solution to the surface of the lithium metal. An ideal 
ratio of nitrogen to proton molar flux through the electrolyte and SEI 
was determined by Andersen and colleagues to be 1:6 based on the spe-
cies balance under steady-state conditions24. The model suggests that 
these diffusion rates should not be substantially lower than the rate of 
lithium deposition if high FEs for ammonia are to be obtained24. If the 
rate of lithium deposition results in excess lithium plating beyond the 
achievable rates for nitridation and protonation, a subsequent OCV rest 
period may allow the excess lithium metal to undergo the necessary 
thermochemical steps for ammonia production (Fig. 1a). In this vein, 
Andersen and colleagues developed a transient potential cycling pro-
tocol involving short deposition pulses of 1 min at −2 mA cm−2 followed 
by a subsequent OCV rest step lasting between 3 and 8 min (ref. 24).  
Continued ammonia production during OCV was verified using 
electron-ionization mass spectrometry42.

Kinetic models
Nitrogen and proton transport through the SEI is essential for LiNRR, 
but one must also consider the kinetic parameters that govern the 
reaction rates of the lithium deposition, nitridation and protona-
tion reactions. To model these reactions, kinetic models assume 
a constant surface concentration of metallic lithium, by invoking a 
quasi-steady-state approximation8,24,73. Lazouski and colleagues pro-
posed a kinetic model that identified lithium nitridation to generate 
ammonia, and lithium protonation to generate hydrogen, as the two 
main rate-limiting reactions that govern selectivity towards ammonia 
versus hydrogen. The rate constants of these thermochemical reac-
tions are assumed to be independent of the operating electrochemical 
conditions. The kinetic model showed that nitridation, which leads 
to ammonia, is first order in nitrogen, and protonation, which leads 
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to hydrogen, is first order in ethanol concentration, based on experi-
mental results. However, the orders with respect to lithium differ for 
the two reactions8,73. Nitridation has a higher order dependence on 
lithium compared to protonation, and the peak behaviour in FE is attrib-
uted to increased competition by direct lithium protonation at high 
proton-donor concentrations (>0.1 M). This causes a reduction in the 
amount of lithium available for nitridation and thus for subsequent 
ammonia synthesis. This kinetic model was coupled to the transport 
model8 described above to account for nitrogen depletion effects. 
The assumptions made in this kinetic model, however, cannot accu-
rately determine the distribution of FE towards other reactions, such 
as electrolyte decomposition and excess lithium plating, nor capture 
the influence of the SEI on interfacial kinetics.

According to the kinetic model proposed by Andersen and col-
leagues, nitrogen dissociation on metallic lithium at the cathode is 
assumed to be a kinetically facile and irreversible reaction at room tem-
perature, with a low calculated effective activation-energy barrier20,24. 
Singh and colleagues proposed a microkinetic model to predict the 
nitrogen reduction activity and selectivity for a range of proton-donor 
concentrations in non-aqueous electrolytes, showing that the low 
proton activity leads to reasonable ammonia selectivities over those 
of aqueous electrolytes, but without considering SEI effects85. Further 
development of a microkinetic model could account for a more diverse 
array of variables known to affect the relevant activation energies, 
reaction rates and species transport, such as proton-donor identity, 
electrolyte conductivity and acid dissociation constants.

Although still rudimentary, these kinetic and transport models lay 
the foundational groundwork for future models that can more accu-
rately account for the effect of the SEI on ammonia synthesis, because 
the relationship between nanoscale SEI features and mesoscale SEI 
properties is still unclear. In many cases, more robust experimental 
methods will be needed for more accurate measurements. For example, 
experimental confirmation of these theoretical models across diverse 
reactors also requires accurate ohmic overpotential corrections (iR 
compensation). iR compensation is typically done with reference to 
a platinum pseudo-reference electrode, though a true non-aqueous 
reference electrode may be more reliable for accurate measurements 
of equilibrium potentials and lithium-ion activity coefficients. Accurate 
experimental measurements that verify robust theoretical models will 
aid the further development of LiNRR for ammonia synthesis.

Anodic reactions
Although we have focused so far on cathodic nitrogen reduction to 
ammonia, achieving stable, sustainable and continuous ammonia  
synthesis also necessitates development of the anodic reaction.

Electrolyte oxidative decomposition
An ideal anode would generate the protons that are ultimately con-
sumed at the cathode through either hydrogen or water oxidation, but 
electrolyte oxidative decomposition may also occur. Therefore, the 
stability of the electrolyte components, including the solvent, salt and 
proton carrier at the anode, is important for the continuous viability of 
ammonia production73. Kim and colleagues used a lithium-ion conduct-
ing glass ceramic (LISICON) structure to separate an aqueous anodic 
electrolyte from the non-aqueous catholyte; this avoids THF solvent 
oxidation and decomposition on a platinum counter electrode. They 
also demonstrated a membrane-free approach by using an immiscible 
aqueous/organic hybrid electrolyte, but the production of ammonia is 
not continuous, as nitridation takes place separately from lithium depo-
sition86. These results are encouraging as they allude to the possibility of 
LiNRR operating within an aqueous environment, resolving the oxida-
tive decomposition of THF-based electrolytes. It has been hypothesized 
that tertiary alcohols such as 2,2-diphenylpropan-2-ol could make for 
better proton carriers than traditional primary and secondary alcohols, 
because they cannot be oxidized to carbonyl-containing compounds 

at the anode73. Another important consideration is the solubility of 
the deprotonated form of the proton carrier in the electrolyte. Linear 
aliphatic alcohol proton donors and carriers result in precipitated 
alkoxides at the cathode, which are sparingly soluble in traditional 
non-aqueous electrolyte solvents and thus cannot be completely recy-
cled73. The most common non-aqueous electrolyte solvent in LiNRR is 
THF, which undergoes a ring-opening polymerization reaction upon 
oxidation. The major decomposition products of the electrolyte from 
THF oxidation have been characterized at the counter electrode64. 
Unlike ethanol, longer-alkyl-chain alcohols (such as isopropanol) and 
phosphonium-based proton shuttles tend to be more stable and react 
less with oxidized THF, as evidenced by 1H NMR spectroscopy87. Sazinas 
and colleagues, along with many other studies, also measured a high 
counter-electrode overpotential (greater than 2 V versus platinum) 
attributed to both THF and ethanol oxidation67.

Hydrogen oxidation reaction
An efficient hydrogen oxidation reaction (HOR) on the anode avoids 
electrolyte decomposition reactions such as THF polymerization and 
ethanol oxidation23. Therefore, molecular hydrogen as the proton source 
is preferred in LiNRR. Lazouski and colleagues first used a GDE at the 
anode to feed hydrogen gas into the cell, providing a sustainable source 
of protons for ammonia generation. By combining LiNRR and HOR 
into an electrochemical Haber–Bosch reactor, ammonia was produced 
from nitrogen and hydrogen under ambient conditions. This was then 
coupled with a commercial water-splitting electrolysis cell to produce 
ammonia from an overall reaction including only renewable reactants23. 
It was also observed that ~80% of the labile, alcoholic protons present 
in ethanol went to ammonia production, despite hydrogen evolution 
occurring at the cathode, thus demonstrating high proton utilization 
and the regeneration of the proton carrier via HOR at the anode. Alter-
natively, a lithium-ion conductive solid electrolyte may allow for water 
splitting as the anodic reaction88. Krempl and colleagues performed 
cyclic voltammetry studies on a platinum electrode under argon and 
hydrogen atmospheres to demonstrate that proton-generating anodic 
reactions such as electrolyte or hydrogen oxidation can lead to continu-
ous acidification of the electrolyte over time, because these protons 
react with the electrolyte salt or solvent instead of recombining with the 
deprotonated ethoxide89. This is substantiated by the observation that 
most of the ammonia generated is in the liquid phase as protonated NH4

+,  
even though gaseous NH3 is a volatile compound. This leads to parasitic 
side reactions with electrolyte components, which could negatively 
impact SEI formation, structure and reactivity. Using a buffered electro-
lyte with a stable proton acceptor that can recombine with these newly 
generated protons may prevent this acidification89.

Suitable HOR electrocatalysts
Lazouski and colleagues devised an SSC electrodeposited with platinum 
as a GDE at the anode to oxidize hydrogen with almost 100% FE and 
a current density of 25 mA cm−2—an order of magnitude higher than 
with a flooded platinum foil23. Hodgetts and colleagues conducted 
a study on suitable HOR electrocatalysts, using LiNTf2 in THF as the 
electrolyte90. Various carbon-supported metal anodes, including 
Pt/C, Ni/C, Ru/C, Pd/C, Ir/C, Au/C and PtRu/C, were tested. The results 
revealed that HOR exhibits low activity in THF due to the rapid poison-
ing of the catalyst surface and blocking of active sites by irreversible 
electrolyte-oxidation reactions. Of the tested carbon-supported metal 
catalysts, PtRu/C exhibited the highest HOR activity, suggesting that 
Pt alloys may promote hydrogen oxidation in organic solvents, but 
the exact mechanism is not yet understood. Inspired by these studies, 
Fu and colleagues introduced a PtAu bimetallic alloy as a HOR elec-
trocatalyst, which showed higher activity and longer stability in THF 
as compared to the conventional Pt anode surface (Fig. 1d)28. This is 
attributed to the increased Pt oxidation potential in the alloy, and the 
suppression of oxidized species adsorption by Au. They also confirmed 
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that hydrogen oxidation can continuously supply protons for ammonia 
synthesis and verified the recyclability of EtOH as a proton carrier by 
employing operando MS of deuterium (D2) oxidation. Enabling a con-
tinuous supply of protons in GDE flow cells, as opposed to batch cells, 
holds promise for facilitating scalability. HOR catalysts that decrease 
the anodic overpotential and mitigate oxidative decomposition of the 
electrolyte show encouraging promise towards developing a LiNRR 
cell optimized on both the cathodic and anodic sides.

Cell design and operating conditions
Cathodic and anodic reactions aside, the design and operating environ-
ment of the cell also play important roles in efficient and stable LiNRR.

Batch cells—autoclaves and glass cells
One example of a batch cell is an autoclave, a sealed vessel that can be 
pressurized and which has high volume-to-surface area ratios. Autoclave 
cells are common in thermocatalysis, but can also be used for electroca-
talysis using electrical feedthroughs. High pressures of over 50 bar can 
be attained with ease, although fixed electrode designs are more difficult 
to engineer in an autoclave. Autoclave cells have resulted in the highest 
rates and selectivities achieved so far (Fig. 3) because of their ability to 
operate at these elevated pressures, thus overcoming the transport 
limitation of nitrogen in non-aqueous solvents. For example, using 
autoclave cells held at 15 bar, Du and colleagues achieved nearly 100% 
FE with a 2 M LiNTf2 electrolyte salt (Fig. 1d)27. In another study, Li and 
colleagues used a single-compartment glass cell placed inside an auto-
clave, with 0.2 cm2 to 1 cm2 geometric area stainless-steel mesh pieces 
with porous copper deposited on them as the working electrodes25. 
This autoclave cell design was also used by them in their study of trace 
oxygen content and its effect on the SEI, with the working and counter 
electrodes placed ~0.5 cm apart, and with surface areas of ~1.8 cm2. These 
are approximate values, because the electrodes are dangling in an open 
container, and the electrode gap is much larger than in an optimized 
two-compartment parallel-plate flow cell61. Another type of batch cell 
is a glass cell, where high pressures cannot be achieved. Westhead and 
colleagues conducted LiNRR using a simple glass cell as typically used 
for laboratory electrochemistry, with electrodes ~1 cm apart and with 
an electrolyte volume of ~11–15 ml (ref. 62). Glass and autoclave cells 
are simple to use for initial electrochemical testing but are unlikely to 
be industrially relevant cell designs, as scaling up production in these 
batch reactors is challenging due to the substantial interelectrode gap.

Parallel-plate flow cells
Parallel-plate flow cells are electrochemical cells with fixed electrode 
geometries, typically planar foils, that can have individual compart-
ments for the catholyte and the anolyte, or only one compartment for 
the entire electrolyte. These cells also contain fixed inlets and outlets 
for gas and electrolyte flow. As a result of these fixed geometries, less 
electrolyte volume is used per electrode area compared to autoclave and 
glass cells. In developing continuous LiNRR, Lazouski and colleagues 
used a two-compartment parallel-plate cell with a copper-foil cathode 
and platinum-foil anode separated by a polyethylene based Daramic 
separator8. O-rings were used to compress and seal the cell, which had 
inlet and outlet ports for the transfer of feed gas. This parallel-plate 
flow cell design was adapted from the CO2 electrocatalysis literature91. 
As an alternative to O-rings, gaskets can also be used to ensure effective 
sealing92. For LiNRR, all cell materials should be inert with respect to 
organic solvents such as THF. This type of cell reduces electrolyte resist-
ance compared to batch cells, where resistance is directly related to the 
interelectrode distance. This reduction in resistance facilitates the use 
of higher currents and lower concentrations of supporting electrolyte93.

GDE flow cells
Although the high rates and selectivities achieved in autoclave cells 
have not been achieved in parallel-plate flow cells, improvements in 

cell design have increased the transport-limited current density. As 
has been the case in the CO2-reduction literature, GDEs increase the 
rate of transport of gas to the electrode surface, but also increase sys-
tem design complexity23,28,94. In LiNRR, a stable triple-phase boundary 
in GDEs is critical to delivering nitrogen-gas molecules close to the 
lithium-metal surface. There are several ways to construct GDEs for 
LiNRR. In one, SSC is used as the GDE substrate23. Unlike a conventional 
carbon-based GDE (for example, carbon cloth/paper), a steel cloth is 
required for non-aqueous electrolytes, which would otherwise wet 
the carbon cloth, thus creating a flooded electrode. Lazouski and col-
leagues used SSC, which has a less favourable surface interaction with 
the non-aqueous electrolyte compared to carbon cloth/paper, allowing 
for effective contacting of gas-phase nitrogen with liquid-phase elec-
trolyte throughout the SSC. Application of a pressure gradient further 
helps in preventing electrolyte flooding, leading to enhanced ammonia 
production rates23. Incorporation of steel-mesh GDEs enhances the 
ammonia partial current density from 1.3 mA cm−2 in flooded electrodes 
to 8.8 mA cm−2 under rate-optimized conditions, as discussed already23. 
Fu and colleagues developed a continuous flow cell with both gas and 
electrolyte flow capabilities28. The combination of an applied pressure 
gradient across a stainless-steel mesh GDE, along with electrolyte flow 
using a syringe pump, leads to optimized FEs of 61% at an ammonia 
partial current density of 3.66 mA cm−2, stable over 700 C of charge 
passed28. Fu and colleagues also observed an impact of GDE mesh size 
on selectivity, with a 30 µm pore size mesh leading to higher ammonia 
selectivity than a 5 µm pore size mesh28.

Cell operating conditions and engineering
The cell types described all operate under a wide range of cell operating 
conditions. A major limiting factor found for parallel-plate flow cells is 
their poor nitrogen transport, which autoclave cells and gas diffusion 
flow cells have been shown to overcome. Pressure is an important oper-
ating condition that also impacts nitrogen transport. For example, high 
FEs are obtained at pressures of 20 bar or higher (Fig. 3), because the par-
tial pressure of nitrogen gas dissolved in the electrolyte is higher27. Aside 
from the operating conditions, cell geometry may also play a factor in 
reaction selectivity and energy efficiency. Cell designs that decrease the 
electrode gap can lower the measured overpotential, increasing the cell 
energy efficiency. Energy efficiency is defined as the fraction of total 
voltage-driven energy input that is contained in the produced ammo-
nia. Finally, pressure, temperature and overpotential may all impact 
SEI chemistry, but the effect of changing these operating conditions 
on the nanoscale SEI remains unexplored. With these factors in mind, 
commercial LiNRR cells should balance manufacturing complexity 
with reaction selectivity to reach acceptable economies of scale95,96.

Future outlook of LiNRR
In this Review we highlight recent developments made in LiNRR, with 
a focus on the catalytic lithium SEI, kinetic and transport models, 
accompanying anodic reactions, and cell design considerations. The 
catalytic SEI is a complex and reactive microstructural environment 
that we are just beginning to understand. Spectroscopic and chemi-
cally selective techniques have revealed the atomic-scale structure 
and chemical components of the catalytic SEI. These studies have set 
the foundation for dynamic measurements during electrochemical 
testing and can help answer important questions. For example, how 
does the catalytic SEI form, and how does its chemistry and structure 
change as a function of current density, electrolyte chemistry and 
time? The development of new in situ characterization methods with 
sufficient spatial and temporal range will also help answer these ques-
tions. Aside from the interfacial characterization of the catalytic SEI, 
the bulk physical properties of nitrogen in lithium electrolytes remain 
poorly understood. Quantification of bulk nitrogen transport proper-
ties, such as visualization of boundary-layer thicknesses, would help 
to develop a better understanding of these electrochemical systems 
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operating under gaseous flow. In parallel, refinement of kinetic and 
transport models supported by theoretical calculations (using density 
functional theory, molecular dynamics simulations and so on) will help 
to accurately capture the chemical and electrochemical complexity 
of LiNRR. These fundamental studies set the stage for new electrode 
designs and cell geometries that could further enhance the ammonia 
FE. Although the lithium-mediated route is one of the few proven viable 
pathways for ammonia production at reasonable rates and ambient 
conditions, it faces an intrinsic energy-efficiency limit of ~28% due to 
the ~3 V driving force needed for lithium reduction. Further strategies 
grounded in basic science are needed to improve this energy efficiency 
to approach that of the conventional Haber–Bosch process, which 
has increased from 36% to 62% over the course of a century of process 
development. As the world moves towards global decarbonization 
through electrification, the development and optimization of elec-
trochemical cells producing ammonia near ambient conditions would 
facilitate carbon-free fertilizer production as an alternative to today’s 
carbon-intensive Haber–Bosch process.
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