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Abstract 

The electrochemical synthesis of ammonia, in the literature often referred to as Electrochemical 

Nitrogen Reduction Reaction (ENRR), has gained attention as a milder alternative to the 

Haber-Bosch process, which requires high temperature and pressure. Recently, several 

breakthrough scientific papers were published showing a way to achieve nearly 100% 

selectivity of the ENRR over hydrogen reduction at very high production rates, which had been 

identified earlier as a main challenge. These results motivated the present study to benchmark 

the energy efficiencies of the most reliable ENRR studies against the Haber-Bosch process. 

ENRR studies historically suffered from reliability issues due to low ammonia production rates, 
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which were often within the range of ambient ammonia contamination, potentially leading to 

false positive measurements. Consequently, rigorous experimental protocols have been 

published in the last four years. Here we first reviewed the protocols and established a 

methodology and a reliability indicator to assess the reliability of the results. Then we used the 

indicator to evaluate the studies reported in the literature from January 2019 to Aug 2022. 

Finally, we discussed and calculated the energy efficiency of ENRR for works that were 

assessed as reliable and probably reliable with the indicator. We identified and discussed 

several promising systems and strategies enabling higher energy efficiency. The energy 

efficiency had a maximum of 41%, which is within the efficiency range of current Haber-Bosch 

plants. However, ENRR energy efficiencies must improve to get closer to the 56% some of the 

state-of-the art Haber-Bosch plants achieve.  

Introduction 

Green ammonia can be produced using a Haber-Bosch loop combined with a renewable-

energy-powered electrolyser as a source of green hydrogen. Hydrogen and dinitrogen separated 

from air are reacted to form green liquid anhydrous ammonia. Here “green” means ammonia 

is produced in a sustainable way. This process is energy efficient and proceeds at high pressures 

(150-300 bar) and high temperatures (350-520 oC).1 The Haber-Bosch process is highly 

optimized for large-scale production, where high capital costs are justified by large volumes of 

ammonia production during the plant lifetime. But the process is not suitable for small scales 

of production (< 1 ton/h) and cannot address all market needs.2 

Low temperature (room temperature) electrochemical synthesis of green ammonia appears as 

a promising alternative to the green Haber-Bosch process. The reaction is performed in an 

electrochemical reactor at lower temperatures and pressures3, without the need for costly 

components for heat recovery and for withstanding high pressures.4 Operating at lower 

temperatures and milder pressures could help reduce capital costs, making the process relevant 

for smaller scales.5 The electrochemical route has potential for decentralized production of 

ammonia6 e.g., in vertical farming or at remote locations where transport costs make up a 

significant share of the total ammonia cost. 
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There have been several breakthroughs in this field, where ENRR was engineered to occur at 

near to 100% selectivity, and this field is no longer challenged by selectivity issues, as it 

historically was.7 High selectivity of electrochemical synthesis of ammonia has been reported 

in both aqueous and non-aqueous media. Furthermore, new start-up companies intending to 

bring these technologies to the market have been established, and with these recent 

developments it is timely to assess electrochemical synthesis of ammonia for energy 

consumption and efficiency and benchmark it against the well-known Haber-Bosch Process. 

We also assess what were the most successful approaches these new technologies utilize. 

However, until very recently ENRR was challenged by selectivity where proton or water 

reduction to hydrogen occurred predominantly as a side reaction.8,9 Hydrogen evolution 

reaction (HER) is kinetically favoured, as it occurs in fewer steps than ENRR. Additionally, 

ENRR is often performed in aqueous media, where the solubility of N2 is only about 0.7 mM 

at room temperatures and atmospheric pressure, while the concentration of the competing 

reactant that is involved in HER, i.e. water, is around 55 M, tens of thousands times more. The 

rates of electrochemical ammonia production in aqueous media are therefore often very low. 

Because of low ENRR ammonia production rates, contamination can have a significant impact 

on an experimental result and lead to false positive measurements. For instance, ammonia was 

found present in the air, human breath, adsorbed within ion-exchange membranes as well as in 

nitrogen feed gas.10 The presence of oxidized forms of nitrogen (NOx), such as nitrate anions 

in catalyst materials, electrolytes for electrochemical cells, laboratory gloves and glassware 

and nitrogen oxides in nitrogen gas supplies or air, was also found problematic, because 

oxidized forms of N are more soluble in water and thermodynamically and kinetically easier 

to reduce to ammonia than dinitrogen, which highlights the need to properly clean the 

gases.6,11,12 Some recent results reveal that some metal nitrides undergo chemical 

decomposition to produce ammonium instead of catalysing ENRR, which is yet another way 

of having a false positive measurement.13 

To address the above-reported concerns, we first assessed published ENRR works for 

reliability before comparing them for energy consumption and efficiency. We used a 

methodology to assess the reliability of the articles  established from rigorous ENRR 

protocols,10 proposed by the research community to unambiguously confirm ENRR and 

stimulate the progress in the field.12,13 The protocols proposed at least three different control 

experiments: i) control argon electrolysis experiments, ii) open-circuit potential experiments 



   
 
 

4 
 
 

with N2 gas, and iii) 15N2 isotopic labelling experiments. If specific protocols did not follow 

these guidelines to confirm ENRR, some published research work can be hardly considered 

valid.10,12 We assessed the published works by introducing our own reliability indicator table, 

where we defined two criteria that determine the likelihood for the ENRR work to be a false 

positive. Reliability indicator helped us focus the discussion of this review on the most 

promising catalysts, electrolytes, membranes, and cell designs & conditions. We calculated 

energy efficiency of most promising approaches and benchmarked them against the Haber-

Bosch process. 

Methods 

A method to assess the reliability of ENRR works 

Herein we evaluated the reliability of ENRR reports published from January 2019 to August 

2022. The most reliable works were evaluated in terms of energy efficiency. We evaluated each 

study in terms of two criteria: experimental controls and ammonia production rate. The outputs 

of this step allowed us to establish a reliability indicator table and calculate a reliability 

indicator to assess how likely the result was a false positive. 

Experimental controls are a necessity to confirm the ENRR and to advance the state of the art 

of the ENRR field. We reviewed ENRR experimental protocols (SI section 1) to identify the 

requirements needed to unambiguously confirm the ENRR. 

Based on the review of experimental protocols, the claim that ammonia stems from ENRR was 

very likely if: i) the amount of ammonia produced with 14N2 is quantitatively reproducible with 

the 15N2 experiments, ii) the gases have been adequately cleaned, and iii) the experiments were 

performed at least in triplicate and shown to be repeatable. 

The production rate is a measure of the reliability of results. If the rates were low, it would 

have been difficult to discern between the ammonia stemming from contamination and actual 

production.14 However, if ammonia production rates were high, the amount of produced 

ammonia would have been much higher than the contamination levels, which indicates a more 

reliable result. 

The methodology we used to assess the reliability of ENRR articles was based on these 

requirements, as depicted in Fig. 1. 
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Figure 1 – Experimental protocol requirements to avoid false positive results and deliver reliable outputs: this flowchart is 

used to assess the articles and determine their reliability.  

 

The experimental controls scoring.  To evaluate the works based on the experimental control 

criterion, we have adopted the scale presented in Table 1, where the highest number defines 

the most reliable experiment. Here we put more weight on those experiments that cleaned gases 

and repeated the experiments than those that did not, as there is a smaller chance that the 

ammonia stemmed from a contamination of purified gas. For this purpose, we used a sigmoid-

shaped function to score the intervals, as shown in Table 1. Here the plateau was at 25, for 

works that performed multiple 3 15N2 experiments with cleaned gases. 

 
Table 1 – Sigmoid-shaped scored confidence intervals of different types of experiments performed in ENRR works. 

Experimental control Scale 

No 15N2 experiment 1 

Qualitative 15N2 experiment, without gas cleaning or repeating the 

experiment 
2 

Quantitative 15N2 experiment, without gas cleaning or repeating the 

experiment 
3 
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Quantitative 15N2 experiment, with gas cleaning, but without repeating 

the experiment 
10 

Quantitative 15N2 experiment, with gas cleaning and repeating the 

experiment 
25 

 

Ammonia production rate (𝑱𝑱𝑵𝑵𝑵𝑵𝟑𝟑) scoring. The minimum acceptable practical ammonia 

production rate for electrochemical ammonia synthesis was 100 nmol s-1 cm-2.15 In our 

evaluation of this criterion, we used the scale presented in Table 2. The scales are derived from 

Choi et al.'s work14  where ammonia production rates are divided in 4 tiers. The scoring of the 

intervals follows a quasi-logarithmic scale covering more than 3 order of magnitudes, and it 

plateaus at 10. Here, the lowest production rate level (below 0.1 nmol s-1 cm-2) has the lowest 

score of 1, while the highest has a score of 10. If production rates are higher than 100 nmol s-1 

cm-2 ENRR works would be considered competitive with the Haber-Bosch process and 

therefore we score it high. 

 
Table 2 – Quasi-logarithmic shaped scored intervals of ammonia production rate reported in various ENRR works. 

Ammonia production rate Scale 

Ammonia production rate < 0.1 nmol s-1 cm-2 1 

0.1 < Ammonia production rate < 10 nmol s-1 cm-2 2 

10 < Ammonia production rate < 100 nmol s-1 cm-2 4 

Ammonia production rate > 100 nmol s-1 cm-2 10 

 

To determine the reliability of the process, we multiplied the scale values from Table 1 and 

Table 2 to calculate a new value, that we named the reliability indicator. The reliability 

indicator is presented as a matrix in Table 3.  We defined three levels of confidence based on 

reliability indicator: red, yellow, and green, representing "not reliable", "probably reliable", 

and "reliable", respectively. The boundaries were carefully chosen as 10 and 25 to divide the 

articles into three levels of reliability. More specifically, we assign a high weight for a well-

performed 15N2 experimental control. For example, the first boundary index, 10, is the product 

of "quantitative 15N2 experiment, with gas cleaning, but without repeating the experiment" and 

an unlikely practical production rate (𝐽𝐽𝑁𝑁𝑁𝑁3< 0.1), which means even with a very low production 
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rate and no repeatability, the result is probably reliable.  The next boundary index is 25 because 

it results from a highly reliable 15N2 experimental control that did the gas cleaning and repeated 

the experiments, however reporting a low production rate (𝐽𝐽𝑁𝑁𝑁𝑁3< 0.1). Finally, we score 250 

for a work with practically relevant production rate and highly reliable 15N2 experimental 

control, that considered the gas cleaning and repeated the experiments. 

Table 3 - Reliability indicator matrix – In this matrix, two intervals (10 and 25) were used to divide the reliability indicator into 

three levels: reliable, probably reliable, and not reliable.  If the reliability indicator value is less than 10 the work falls within 

a “not reliable” interval and is marked with red colour. If the reliability indicator was between 10 and 25 the work falls within 

a “probably reliable” and is marked with yellow colour, and finally if the reliability indicator was greater than 25 the work 

falls within a “reliable” interval and is marked with green colour. 

Reliability indicator 

Ammonia production rate (nmol s-1 cm-2) 

JNH3< 0.1 

0.1 

<JNH3 

<10 

10 < 

JNH3< 

100 

JNH3>100 

15N2 experimental controls Scale 1 2 4 10 

No 15N2 experiment 1 1 2 4 10 

Qualitative 15N2 experiment, without gas 

cleaning or repeating the experiment 
2 2 4 8 20 

Quantitative 15N2 experiment, without gas 

cleaning or repeating the experiment 
3 3 6 12 30 

Quantitative 15N2 experiment, with gas 

cleaning, but without repeating the experiment 
10 10 20 40 100 

Quantitative 15N2 experiment, with gas 

cleaning and repeating the experiment 
25 25 50 100 250 

  

Method to calculate the energy efficiency of ENRR works 

Energy efficiency of ENNR. The energy efficiency of the ammonia synthesis process can be 

expressed as a power to fuel efficiency (𝜂𝜂𝐿𝐿𝑁𝑁𝐿𝐿 ), which can be defined as: 

 𝜂𝜂𝐿𝐿𝑁𝑁𝐿𝐿 = 𝐿𝐿𝑁𝑁𝐿𝐿
∆𝑁𝑁𝑅𝑅

       (1) 
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where 𝐿𝐿𝐿𝐿𝐿𝐿 is the lower heating value of ammonia (kJ/mol) and ∆𝐿𝐿𝑅𝑅 is the molar enthalpy of 

the reaction where fuel is synthesized (kJ/mol). In case of green ammonia, ∆𝐿𝐿𝑅𝑅 refers to the 

chemical reaction 
1
2
 N2(g) + 

3
2
 H2O(l) ↔ NH3(g) + 

3
4
 O2(g), where ∆𝐿𝐿𝑅𝑅= 383 kJ/mol, which is 

calculated from the products and reactants standard enthalpy of formation,16 as H2 in green 

ammonia synthesis comes from water. The lower heating value (LHV) is the amount of energy 

released from burning 1 mol of fuel without recovery the latent heat of condensation of steam. 

LHV of ammonia is 317 kJ/mol17 and by using Eq. (1) we can calculate, in case of green 

ammonia synthesis from water as a source of hydrogen, the maximum attainable 

thermodynamic energy efficiency as 𝜂𝜂𝐿𝐿𝑁𝑁𝐿𝐿= 82.77%. Practically, energy efficiency is calculated 

by dividing the LHV by the total energy input needed to synthesize ammonia, which includes 

the energy losses. 

We calculated the energy needed to run the nitrogen electrolyser and used it as total energy 

input, meaning all energy efficiencies are overestimated. Electrical energy input to power up 

the nitrogen electrolyser is related to the working full cell voltage of an electrolyser, Ecell, which 

is defined as Eq. (2). 

𝐸𝐸cell = 𝐸𝐸ENRR − 𝐸𝐸anode      (2) 

where Eanode is the practically relevant potential at which water, hydrogen, or ethanol 

(depending on what is the source of the protons) gets oxidized. Eq. (2) does not contain any 

ohmic parasitic resistance (e.g. contact resistances, membrane resistance), and thus can be 

considered a lower limit for the operating voltage of a working device. Eanode is normally not 

reported; however, water oxidation potentials at different pH are readily available in the 

literature. For aqueous systems, we surveyed eight works and found the water oxidation 

potential (mean ± standard deviation) to be 1.6 ± 0.17 V vs. RHE (section 2, Table S1). For 

ethanol-based systems 0.4 V vs. RHE is used.18 EENRR is the potential at which N2 gets reduced 

to ammonia in a particular electrolyte, which is reported in ENRR works. Ecell calculated in Eq. 

(2) includes all the overpotentials and thus energy losses associated with the electrodes. The 

total electrical work used to power the electrolyser is given by Eq. (3): 

𝑊𝑊(NH3) = −𝑛𝑛𝑁𝑁𝑛𝑛𝑛𝑛cell
𝑛𝑛.𝑛𝑛.

      (3) 

where W(NH3) is the electrical work (kJ/mol), n is number of moles of ammonia, N is the 

number of electrons transferred per molecule of ammonia (which is 3), F represents Faraday’s 
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constant, and F.E. is Faraday efficiency. For aqueous systems the energy efficiency can be 

approximated as:  

𝜂𝜂aq = 𝐿𝐿𝑁𝑁𝐿𝐿
𝑊𝑊(NH3)

                                                                                                                          (4) 

Here W(NH3) in Eq. (4) is a proxy for the total energy input, since it does not account for heat 

(entropy) input (low at 25 oC), energy used to separate nitrogen from air, compress the gases 

and energy needed to separate clean liquid and anhydrous ammonia from the process. Of all 

the above-mentioned additional energy inputs, we anticipate the separation of pure ammonia 

being the largest omitted contribution affecting the energy efficiency. However, by using Eq. 

(4) we still get a practically relevant information in how the process stands against Haber-

Bosch as energy input in Eq. (4) is the largest (around 80%) 

For anhydrous systems we recognise the relevance of Eq. (4) for reporting energy efficiency 

of a given setup. However, when comparing aqueous and non-aqueous systems one needs to 

account for the energy input to produce the proton and electron source. Anhydrous systems are 

usually fuelled by hydrogen or ethanol, so the energy used to produce these chemicals should 

be considered when comparing the energy efficiency. For hydrogen as proton and electron 

source, energy consumption can be calculated as energy used by alkaline electrolyser, where 

electrical work can be calculated with Eq. (5). 

𝑊𝑊(H2) = −𝑛𝑛𝑁𝑁(H2)𝑛𝑛𝑛𝑛electrolyser
𝑛𝑛.𝑛𝑛.

    (5)  

Where N(H2) = 3 electrons (3/2 H2 react with 1/2 N2 to from 1 mol NH3), and Eelectrolyser is 

operating voltage of an alkaline electrolyser on a system level. Based on this equation, the 

energy needed to produce hydrogen is 707.56 kJ/mol NH3 (see SI, section 4.1). The energy 

contribution from ethanol is estimated as 927.38 kJ/mol NH3 (see SI, section 4.2). 

For non-aqueous systems that used hydrogen gas or ethanol as a proton and electron source, 

the energy efficiency was calculated as described in Eq. (6) for H2 and ethanol in Eq. (7). 

𝜂𝜂non−aq(H2) = 𝐿𝐿𝑁𝑁𝐿𝐿
𝑊𝑊(NH3)+𝑊𝑊(H2)       (6) 

𝜂𝜂non−aq(EtOH) = 𝐿𝐿𝑁𝑁𝐿𝐿
𝑊𝑊(NH3)+34×𝐿𝐿𝑁𝑁𝐿𝐿EtOH

       (7) 

Here Eq. (3) was used to calculate W(NH3) and an estimate of Eanode in non-aqueous media was 

needed. In anhydrous systems where hydrogen was used at the anode, Eanode was set to 0.05 V 

vs. RHE.19 For ethanol-based systems 0.4 V vs. RHE was used.18 The real cell potential would 
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be to some extent larger in a fully assembled electrochemical cell.4 More reliable estimates for 

the electrical energy losses in a working device, need information from scaled up 

electrochemical stacks, which are not available as of today due to the TRL of this novel 

technology. In any case, the use of Eqs. (3)-(7) allows for a fair comparison of different ENNR 

systems as well as a preliminary benchmarking against Haber-Bosh. 

Energy efficiency of conventional Haber-Bosch plants ranges from 36 to 62% depending on 

the age of the plant and the technology provider.20 The energy efficiency of the green Haber-

Bosch process that couples the hydrogen production from water electrolysis with the 

thermocatalytic step used in the Haber-Bosch process is reported as 56%.16 We assumed ENRR 

must be run at least in this range of energy efficiencies to be competitive with Haber-Bosch. It 

is probably not realistic to expect energy efficiencies much higher than 60% in any ammonia-

producing process, as the energy most intensive step in the Haber-Bosch process, which 

accounts for more than 90% of the energy use, is the hydrogen production where it proved very 

challenging to bring the energy cost down. Indeed, hydrogen production always occurs with 

inherent energy losses, whether it is produced by electrolysis or steam reforming of methane 

or coal.21 

To evaluate energy efficiency, we used the intervals presented in Table 4. If a probably 

reliable/reliable ENRR work had 𝜂𝜂 < 20%, the work was not considered practically relevant, 

because less than 1 out of 5 Joules of total used energy goes in ammonia production. In such 

cases, most of the energy is used to generate heat or produce by-product hydrogen. If 20% <

𝜂𝜂 < 35%, the process was considered practically relevant in some applications where low 

capital cost might be more important than higher energy costs. The ENRR works in this range 

were identified promising, nonetheless they still need improvement. If the energy efficiency is 

in the range of 35% < 𝜂𝜂  < 60%, which was identified as the current range of efficiencies of 

Haber-Bosch ammonia plants, it was marked practically relevant. Finally, energy efficiencies 

higher than 60% were highly relevant and a future target not only for ENRR but also Haber-

Bosch. 
Table 4 – Classification of ENRR energy efficiency: the practically relevant of ENRR are classified into four different levels in 
terms of the energy efficiency 

ENRR energy efficiency Practically relevant level 

𝜂𝜂 < 20% 
not practically relevant but still depends to 

target market  
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20% < 𝜂𝜂 < 35% probably practical relevant  

35% < 𝜂𝜂  < 60% practically relevant  

𝜂𝜂 > 60% highly relevant and future target 

 

Results and discussion 

The literature review included aqueous ENRR and non-aqueous ENRR works that performed 
15N2 experiments (Fig 1). We focused on identifying what seem to be promising research 

directions and to identify promising synergies between catalysts, cell designs, operating 

conditions and electrolyte. We then benchmarked the energy efficiency of these works against 

Haber-Bosch ammonia plants.  

Successful approaches for achieving the high selectivity of the ENRR  

Using the methodology outlined above we filtered out the results that have a high risk of being 

false positives (Section 3, SI). Having focused only on probably reliable and reliable works, 

we observe the selectivity of the electrochemical reaction measured through Faradaic 

efficiency spans from 5 to 99%, depending on the catalyst, electrolyte and the solvent (see Fig 

2). Until recently, the major problem associated with ENRR was very low selectivity toward 

NH3, where most of the electrons and protons were involved in HER thereby producing 

hydrogen instead of ammonia. The selectivity challenge has been solved for both non-aqueous 

and aqueous media, which both demonstrate high selectivity (Fig 2).  

However, high selectivity of the reaction and high production rates was so far demonstrated 

only in non-aqueous, water-free, highly concentrated electrolytes with low proton 

concentration and a catalyst that strongly binds nitrogen. The non-aqueous media-based reports 

are presented in SI, Table S3. All non-aqueous media reports are based on lithium-mediated 

electrochemical nitrogen reduction reaction (Li-ENRR). Non-aqueous works are found in the 

right side of the plot (Fig 2), demonstrating much higher ammonia production rates than 

aqueous works, even if the Faradaic efficiency is in the same range of the aqueous works. This 

is in some part because the pressures of N2 (up to 20 bar) are much higher than in aqueous 

works (mostly atmospheric pressure) and in some part attributed to the fact that N2 solubility 

in aqueous solutions is lower than in non–aqueous electrolytes, such as ionic liquids.22 Higher 

N2 solubility in electrolytes results in larger adsorption of N2 at active catalyst sites.22   

Back in 2017, Singh et al.9 predicted that the selectivity challenge might be solved by reducing 
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the proton concentration and using a catalyst that strongly binds nitrogen. They observed that 

NH3 formation rate is zeroth order in the proton and electron concentration, while the H2 

formation rate is first order in both. Therefore, they concluded that a strategy for increasing the 

NH3 selectivity could be to lower the accessibility of electrons, protons, or both. This would 

slow HER while the ammonia synthesis rate would be kept nearly the same. Based on this 

analysis, they proposed possible approaches to improve NH3 selectivity might be in: i) 

decreasing the proton concentration in the electrolyte; ii) increasing the barrier for proton to 

transfer to catalyst surface in order to limit the proton transfer rate; iii) creating a thin insulating 

layer electrons must tunnel through or using photoabsorbers to supply a low flow of electrons 

in order to limit the electron transfer rate.9 Indeed all successful works achieved high selectivity 

using one of the strategies explained above. Andersen et al.23  demonstrated a stable operation 

of Li-ENRR with a potential cycling strategy, which enabled stable operation over several days. 

The Faradaic efficiency increased from 20% without cycling strategy to 37% with cycling 

strategy but not at a high yield rate (below 1 nmol s-1 cm-2), at 10 bar pressure nitrogen. Cycling 

strategy essentially reduces the amount of protons adsorbed at the catalyst surface when the 

potential is not applied. Suryanto and coworkers3 also implemented Li-ENRR for a reasonable 

time frame. They mentioned that one factor limiting the performance and longevity of the Li-

ENRR system is the chemical nature of the proton source participating in reaction, which is 

mostly ethanol, and it is used as a sacrificial material somewhat implying there is an optimal 

acidity of the electrolyte. Indeed, this has been known earlier both on a theoretical and 

experimental level.24 Therefore, they introduced a phosphonium salt as a genuine recycling 

proton shuttle that was electrochemically stable as there was a minimal tendency for it to be 

oxidised or reduced at the electrodes and has an optimal acidity constant (pKa around 4). They 

pressurized their cell to 19.5 bar of nitrogen, and this enabled a high ammonia production rate 

at 69% Faradaic efficiency in 20-hour experiments. Furthermore, Li et al.25 showed that adding 

a small amount of oxygen to the feed gas had a positive effect on the process that significantly 

improved the Faradaic efficiency up to 78% at 0.6 to 0.8 mole % oxygen in 20 bar of nitrogen 

and improved the stability of the system. 

Cai et al.26 applied the strategy of keeping deposited lithium fresh by increasing electrolysis 

current to increase ammonia yield rate and Faradaic efficiency up to 39.5%. They demonstrated 

that Li-ENRR began with electrochemical deposition of lithium, followed by two chemical 

reactions of dinitrogen splitting and protonation. So, the only dominant electrochemical 
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process was lithium plating; therefore, the generation speed of new lithium could be easily 

tuned by current. They also mentioned that fresh lithium could be obtained by retarding 

metallic lithium's passivation, which resulted from reaction between metallic lithium and 

electrolyte. 

A breakthrough in Faradaic efficiency of up to 100% was recently achieved by Du and 

coworkers.7 They investigated the role of electrolytes in Li-ENRR and presented a high 

Faradaic efficiency, approaching 100% at 15 bar nitrogen pressure. In this work, the electrolyte 

was high concentration imide-based lithium salt, making a compact ionic layering in the 

electrode-electrolyte interface. Several experiments were conducted to determine the optimum 

electrolyte type and concentration, as well as potential. LiNTf2 was determined to be the best 

electrolyte among LiOTf, LiClO4 and LiBF4, and FSI-, with 2 M concentration at -0.55 V vs 

Li0/+ app. 

 
Figure 2- Reliability distribution of reviewed studies in terms of Faradaic efficiency – the green articles are reliable works, the 
yellow articles are probably reliable, and the red articles are non-reliable, assessed using the methodology depicted in Fig 1 
and specified in Table 3. 3,4,10, 7,23,25–145 

The fully reliable aqueous works with Faradaic efficiency above 20% are summarized in Table 

1. In terms of the reactor design, all four highly efficient and reliable aqueous media-based 

ENRR were conducted in a membrane-separated two-compartment cell under ambient 

conditions, in which the membrane mainly was proton exchange (Nafion 211,29,141 Celgard,121 
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Nafion 117106). The working electrode mainly was a carbon paper29,121 or a carbon cloth141 

deposited with catalyst or fabricated by immobilizing the catalyst to a glassy carbon disc106. 

Indeed, gas diffusion electrodes (GDEs) can be used to overcome the diffusion limitations of 

gaseous reactants in electrochemical reactions, enabling intimate contact between the gas, 

electrolyte, and catalyst. With GDEs, the distance that gas must travel through the electrolyte 

to react at the catalyst surface is minimised, and the diffusion rate is increased compared to 

flooded electrodes in electrolytes. In non-aqueous works only Lazouski and coworkers4 used 

stainless steel cloth-based (SSCs) support as cathode and anode support to overcome hydrogen 

and nitrogen gas diffusion limitation, respectively. They electrodeposited platinum onto the 

SSCs to be used as anode, as stainless steel is a poor hydrogen oxidation catalyst, and lithium 

metal was plated in situ onto SSC substrate applied as cathode. Despite the high Faradaic 

efficiency of 47.5 at ambient conditions with these metal cloth-based supports, the cell potential 

was high 20-30 V, and the system was only stable for a short time. High voltages mainly arise 

from a very large electrical resistance of the non-aqueous electrolyte. 

 
Table 1-Reliable aqueous media ENRR articles with high Faradaic efficiency (more than 20%)- All these works have a well 

performed 15N2 experimental control that did the gas cleaning and repeated the experiments  

No. Catalyst Electrolyte FE% Production rate 
(nmol s-1 cm-2) 

Experimental 
control scale 

Ammonia 
production 
rate scale 

Reliability 
indicator Ref. 

1 B-COF/NC 0.1 M KOH 45 0.21 25 2 50 29 

2 
Fe-

SAs/LCC/GC 
(Fe-O bond) 

0.1 M KOH 51.0 2.51 25 2 50 106 

3 B-COF/GO 10 M LiCl 71 0.95 25 2 50 121 

4 WeSe2-x 12 m 
LiClO4 62.5  0.59 25 2 50 141 

 

 

In terms of the catalyst three of these four aqueous ENRR are metal-free catalysts (numbers 

1, 3, and 4 in Table 1). 

In two of them, which were performed by Yan et al. group, the covalent organic framework-

based materials (COF-based) were used as electrocatalyst.29,121 Covalent organic frameworks 

are extended crystalline organic materials with unique architectures, high surface areas, and 

tuneable pore sizes.146 On the other hand, their relatively low conductivity, which yields low 

charge carrier mobility,146 could account for their high FE in ENRR; according to Singh et al. 
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discussion,9 limiting electron accessibility can improve NH3 selectivity by surpassing the HER. 

Also, Zhao et al.146 mentioned that for COF-based HER catalysts, the so far presented 

electrocatalytic performances are still lower than those for Pt-based systems and many other 

non-noble metal HER catalysts due to their poor conductivity. Furthermore, boron-rich 

covalent organic frameworks featuring strong Lewis acidity greatly promote the N2 (as a weak 

Lewis base) adsorption.29,147 DFT calculations combined with experiments performed by Yan 

et al. group demonstrated that electrochemical excitation of boron-rich COFs could facilitate 

the N2 accessibility to catalyst (Eex-COF/NC) and achieve efficient ENRR. The electrolyte 

they used was 0.1 M KOH with a pH of 13, which this alkaline solvent with very few proton 

donors provides a situation to limit the access to protons and, consequently, suppress HER. 

Their work led to an efficient ENRR with high Faradaic efficiency of 45.43%.29 In another 

work by Yan et al. group,121 covalent organic frameworks with abundant boron sites were 

uniformly grown on graphene oxide nanosheet substrate to achieve great exposure of active 

sites (B-COF/GO). They also applied salting-out effect in a highly concentrated pH-neutral 

electrolyte solution, which not only reduces proton accessibility but also water activity, which 

could be beneficial for the selectivity of ENRR according to Singh et al.9. Indeed, highly 

concentrated LiCl (12 M) was suggested by molecular dynamic (MD) simulation and verified 

by various in situ characterization, and finally confirmed by experiments results leading to a 

very high Faradaic efficiency of 71%.121 

The third article that applied metal-free catalyst to implement ENRR was by Shen et al.141. 

Combining catalyst and electrolyte engineering in this work led to a highly efficient 

electrochemical nitrogen reduction system with a promising Faradaic efficiency of 62.5%. The 

catalyst that was used in this work was WSe2-x nanosheet which was obtained from WSe2 

nanosheet annealed under a mixed Ar/H2 atmosphere to create enriched Se vacancies verified 

by extensive characterizations. The free energy diagram of ENRR and HER on WSe2 and 

WSe2-x displayed that WSe2-x exhibited a strong tendency for H2O dissociation, which favoured 

the HER and retarded the ENRR; therefore, they adopted an electrolyte engineering strategy to 

suppress the HER by using water-in-salt electrolyte (WISE). To assess the role of electrolyte, 

they performed ENRR with WSe2-x catalyst in two different electrolytes, diluted electrolyte 

(DE) 0.5 m LiClO4 and WISE 12 m LiClO4. The linear sweep voltammetry (LSV) curves of 

WSe2-x in Ar and N2 saturated DE and WISE showed that the current density difference 

between Ar and N2 in WISE was larger than that in DE, which indicated that HER could be 
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suppressed in WISE. Qualitative experiments also proved this by reaching high Faradaic 

efficiency of 62.5% in WISE compared to 11.8% in DE. Furthermore, the important role of 

catalyst engineering was experimentally proved by performing ENRR with WSe2 in WISE, 

exhibiting 21.3% Faradaic efficiency, about three times lower than WSe2-x. 

Besides these three metal-free-based catalyst ENRR works, a metal-based catalyst ENRR 

work106 showed an efficient reduction of nitrogen to ammonia with a high Faradaic efficiency 

of 51%. According to Skúlason and coworkers,148 Fe, Mo, Ru, and Rh, placed on top of the 

volcano plot, are the most active metals in ENRR. However, these surfaces are probably 

saturated by H adatoms instead of N, resulting in pronounced competing HER and ENRR 

efficiency. Structural modification and catalyst engineering could help to increase the NH3 

selectivity of these metals. Since specific activity per metal atom increases with downsizing 

metal particles, the size of a metal catalyst is a key factor determining the catalytic 

performance. It is possible to achieve the ultimate specific activity with single-atom catalysts 

(SACs), which contain atomically dispersed metal atoms in support materials.149 Choi and 

coworkers149 conducted DFT calculations on several SACs for ENRR. Specifically, they found 

that SACs exhibit a more positive free energy change of H adsorption (ΔG(*H)) than most 

metal surfaces, suggesting that HER can be suppressed and the ENRR selectivity could be 

dramatically improved. Based on their discussion, the efficient reduction of nitrogen to 

ammonia via a high Faradaic efficiency of 51% of Zhang et al.106 could result from applying 

Fe-based SAC as electrocatalyst. In their work, a coordination of Fe-(O-C2)4 as active sites 

supported on nitrogen-free lignocellulose-derived carbon was used as electrocatalyst, 

immobilized on a glassy carbon electrode. In the ENRR experiment, 0.1 M KOH at 12.7 pH as 

electrolyte helped NH3 selectivity with more suppression of HER. 

Tables S2 and S3 show that a small fraction of works performed experimental controls in 

accordance with protocols (with experimental control scale number 25). Our evaluation made 

us realize that researchers should consider experimental protocols very seriously if they wish 

to stimulate progress and advance the state of the art of the field. The assessment of reliability 

of 117 articles reporting ENRR in aqueous media resulted with 34 publications being probably 

reliable and rated yellow, as presented in Table S1, and 9 publications rated green. The situation 

is much better for non-aqueous works, Table S2. Nevertheless, only 40% of ENRR works 

published during the last three and half years were assessed probably reliable or reliable (Fig. 

2). This number would be much smaller if we divided reliable/probably reliable results with 

https://pubs.rsc.org/en/results?searchtext=Author%3AEgill%20Sk%C3%BAlason
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the total number of the works found in the literature (e.g. including those that did not perform 
15N2 experiments).   

Energy efficiency of ENRR benchmarked against the Haber-Bosch Process 

We further evaluated 52 reliable and probably reliable (aqueous + non-aqueous) works and 

compared them by energy efficiency, by relating the low heating value of ammonia and total 

electrical energy input to produce ammonia using ENRR. We state again the present analysis 

does not involve the energy cost to separate out clean, liquid anhydrous ammonia from 

water/organic solvent and to purify/compress the reaction gases. 

Our analysis, as presented in Tables S4 and S5 and Fig 3, showed that the reliable/probably 

reliable ENRR reports have a maximum energy efficiency of 41%, which is comparable to 

current Haber-Bosch ammonia plants, with two of them practically relevant, as shown in Table 

2, which are both aqueous media-based. Less than 20 percent of the reliable/probably reliable 

ENRR reports had energy efficiency between 20-35%. The others had less than 20% energy 

efficiency and need more improvements to be comparable with the Haber-Bosch process.  
 

Table 2- ENRR articles with a practically relevant rated energy efficiency (more than 35%)- These two works among all 
aqueous and non- aqueous based media ENRR works are energy efficient ENRR, which both are aqueous based media 

No. Catalyst Electrolyte FE% Potential 
(V vs RHE) 

Production 
rate (nmol s-1 

cm-2) 

Reliability 
indicator 

Energy 
efficiency Ref. 

1 FeSA/CNx 0.1 M KOH 57 0 0.12 20 39.02 35 

2 B-COF/GO 10 M LiCl 71 -0.3 0.95 50 40.92 121 

 

 

The first practically relevant article in Table 2 is a probably reliable work with a reliability 

indicator of 20. Despite this promising efficiency, the purity of 15N2 gas employed in this work 

was not reported. However, it is mentioned in the article that the N2 feed gas was pure without 

stating any method of purification. They repeated the 15N2 experiment and reported standard 

deviation of calculated data.35 The second one is one of the four reliable aqueous based-media 

ENRR works with high Faradaic efficiency explained from different points of view in the 

discussion above.121 Both practically relevant works in terms of the energy efficiency in Table 

2 are coming from the same research group. 

As shown in Fig 3 and Table S5, the energy efficiency of non-aqueous media works, despite 

their high reliability and high production rates, were less than 20%, with a maximum of 15.1%.  
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This was due to the high energy use to produce proton/electron sources (hydrogen/ethanol) but 

also due to the high cell potentials needed to keep Li-mediated ENRR running. In the SI 

(Section 6) we calculated the practical maximum energy efficiency for ammonia production 

from H2 as a proton/electron source using lithium mediated ENRR as an approach. We obtained 

24.2% based on LHV, by considering that waste heat cannot be recovered efficiently at such 

low temperatures. Approximately one third of the energy cost in Li-mediated ENRR goes to 

the production of proton/electron source and two thirds to the electrochemical reactor. In 

Haber-Bosch process the loop and the reactor consume very little energy, below 10%, while 

the largest energy consumption is on the side of hydrogen (proton/electron source) production. 

The high cell potential in Li-mediated ENRR was needed because Li seems to be consumed 

during the ENRR and needs to be constantly regenerated. Li is the most reductive metal and 

needs very negative potentials to be reduced/regenerated (-3.04 V vs. standard hydrogen 

electrode), which sets the minimum theoretical cell potential of Li regeneration at 3.04 V, not 

including any energy losses. Overall, the results in Fig 2 showed electrochemical synthesis of 

ammonia advanced significantly during the last few years, however improvements are needed 

in terms of energy efficiency. 

 
Figure 3- Energy efficiency of reviewed studies 3,4,7,10,23,25,26,28–30,35,37,40–42,45,46,55–58,60,71,72,79,85–

87,89,92,96,98,100,102,103,106,107,112,115,120,121,123,125,126,130,131,133,134,140–143,145 – There are four intervals between the lines: below 20% 

line is interval 1 which the articles are not practically relevant, between line one and two (20-35%) is interval 2 that is probably 
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practically relevant, between line two and three (35-60%) represent interval 3 that are practically relevant, and above 60% is 

interval 4 that is goal for all processes including Haber-Bosch (H-B). The fourth line is the thermodynamic efficiency of green 

ammonia synthesis calculated based on the low heating value of ammonia. Colour codes are adopted from previous section, 

where yellow is probably reliable and green reliable ENRR work. 

Conclusions 

The evaluation of the non-aqueous works revealed that the most promising approach to achieve 

high selectivity and production rates of ammonia in electrochemical ammonia synthesis was: 

i) using electroplated Li metal at the cathode; ii) non-aqueous electrolyte with an optimal Li 

salt and proton concentration and iii) higher operating pressure of nitrogen (up to 20 bar). 

Successful approaches in aqueous media involved highly selective catalyst materials, 

electrolytes with low concentrations of protons or lower activity of water using water-in-salt 

electrolytes and use of two compartment reactors separated by a membrane that favours the 

adsorption of nitrogen. 

The evaluation of works in terms of their energy efficiency, reveals there are aqueous ENRR 

works that can achieve energy efficiency of up to 41%, and get ammonia dissolved in water, 

which makes them practically relevant and in Haber-Bosch range. But these energy efficiencies 

are lower than of state-of-art green ammonia plants (56%), which produce clean liquid 

ammonia. The energy efficiency of reliable non-aqueous works is less than 20% and here the 

product is ammonia dissolved in organic solvent.  Lower energy efficiency is mainly related to 

very high cell potentials that are needed to constantly regenerate lithium metal, which 

ultimately increase the energy consumption of the electrochemical reactor. Thus, higher energy 

efficiencies must be achieved using catalysts beyond lithium. 

Finally, during the last three and half years, in this rapidly advancing field, an admirable 40% 

of published works that performed 15N2 experiments were assessed reliable or probably 

reliable, according to our strict methodology. Other works were assessed non-reliable due to 

the low quality of control experiments and this needs to be improved in the future to help 

advance the state of the art faster. 
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