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“In 1909 Carl Bosch perfected a process invented by Fritz Haber which used methane and 

steam to pull nitrogen out of the air and turn it into fer#lizer on an industrial scale, 

replacing the massive quan##es of bird poop that had previously been needed to return 

nitrogen to depleted soils. Those two chemists top the list of the 20th-century scien#sts who 

saved the greatest number of lives in history, with 2.7 billion.” 

- Stephen Pinker 

 

 

"It is the responsibility of scien#sts never to suppress knowledge, no ma.er how awkward 

that knowledge is, no ma.er how it may bother those in power; we are not smart enough 

to decide which pieces of knowledge are permissible and which are not." 

- Carl Sagan 

 

 

“Many individuals are doing what they can. But real success can only come if there is a 

change in our socie#es and in our economics and in our poli#cs.”  

- David A0enborough 
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Summary 
Ammonia can be used as a global energy carrier to connect the geographically divided 

landscape of renewable energy sources. Unfortunately, the current ammonia produc/on 

process of the century old fossil-fuel based Haber-Bosch process is not sustainable and is 

responsible for approximately 1.2% of the global anthropogenic CO2 emissions. The most 

pollu/ng part of the process is the hydrogen genera/on step by either coal gasifica/on or 

the more common steam methane reforming. The majority of the emissions can be cut 

down by replacing this step by water electrolysis o�en referred to as the electrified Haber-

Bosch. An alterna/ve technology for sustainable ammonia produc/on, which is s/ll in its 

infancy, is ammonia synthesis via the electrochemical reduc/on of nitrogen (NRR), requiring 

a proton source and electrons from renewable electricity. The following NRR approaches are 

prominently reported in the literature: (i) NRR in aqueous based electrolytes at ambient 

condi/ons (aqueous NRR), (ii) NRR at elevated temperatures with a solid oxide electrolyte, 

(iii) Li-mediated NRR in non-aqueous electrolytes at room temperature (Li-NRR). The main 

aim of this thesis is to iden/fy and understand which of the above-men/oned 

electrochemical ammonia routes are the most promising for future applica/on. 

Aqueous NRR is generally perceived to be a challenging reac/on because it competes with 

the hydrogen evolu/on reac/on, the difficult ac/va/on of N2, and the poor N2 mass 

transport in aqueous solu/ons due to its low solubility. Addi/onally, reported ammonia 

concentra/ons are in the parts per million range, which is of the same order of magnitude 

as ammonia from adven//ous sources. Small quan//es of nitrogen oxide (NOx) species 

were also observed during aqueous NRR experiments and can be electroreduced into 

ammonia at more posi/ve poten/als than N2. Both adven//ous NH3 and NOx are 

problema/c and can interfere with the genuine quan/fica/on of ammonia that could stem 

from N2 reduc/on.  

Fe- and Mo-based carbides were recently reported as ac/ve aqueous NRR electrocatalysts. 

Most of these literature reports did not include adequate control experiments to confirm 

NRR as the source of the observed NH3 unambiguously. This mo/vated us to cri/cally assess 

the NRR cataly/c ac/vity of the most promising Fe- and Mo-based carbides in Chapter 2. 

Herein, a strict experimental protocol was implemented to minimize the NH3 and NOx 

background levels to a bare minimum. This gives us the opportunity to iden/fy a promising 

NRR catalyst or label it as a false posi/ve. The successful synthesis of α-Mo2C decorated 

carbon nanosheets, α-Mo2C nanopar/cles, θ-Fe3C nanopar/cles, and χ-Fe5C2 nanopar/cles 

were confirmed by X-ray diffrac/on, scanning and transmission electron microscopy, X-ray 

photoelectron and Mössbauer spectroscopy. Mul/ple electrochemical techniques, such as 

cyclic voltammetry and chronoamperometry were applied, but there was no sign of NRR 

ac/vity. The quan/fied ammonia concentra/ons did not exceed the pre-es/mated 

background level, which suggests that the origin of ammonia stems from other sources. 
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These results are in contradic/on with earlier literature reports and indicate that Mo- and 

Fe-carbides are not ac/ve towards the NRR. This work emphasizes the importance of 

implemen/ng a strict experimental protocol to dis/nguish between an ac/ve catalyst and a 

false posi/ve result.  

Over recent years, the majority of the publica/ons in the aqueous NRR field implemented 

all recommended control experiments (including Ar blank tests and isotope labelled 15N2-

gas) and improved their experimental protocols. Yet, the reported reac/on selec/vi/es and 

ammonia produc/on rates are in most cases not reproducible. The main issue is that the 

efficacy of the purifica/on and cleaning procedures are o�en not reported or demonstrated. 

Addi/onally, it remains unclear how severe these impuri/es are and how they individually 

contribute to the overall ammonia background level. Moreover, the main source of all these 

impuri/es is poorly understood. Chapter 3 presents a systema/c impurity screening of 

commonly used lab materials and gases during aqueous NRR and non-aqueous Li-mediated 

NRR experiments. More importantly, the effec/veness of earlier proposed cleaning 

strategies is re-evaluated and further op/mized. It was found that 15N2 gas is contaminated 

and can only be purified with cer/fied gas filters, while the commonly adopted liquid 

scrubbers fail to eliminate impuri/es. The accumula/on of atmospheric NOx on ambient 

exposed lab materials is unavoidable and can be prevented by storing materials in 

gloveboxes or desiccators. To remove impuri/es that are already present, treatments with 

water, alkaline solu/ons, or heat can be considered. The proposed methods equip the 

experimentalist with specific guidelines and tools to perform more reliable NRR experiments. 

Li-mediated NRR in non-aqueous electrolytes has progressed tremendously in recent years, 

where many independent laboratories have irrevocably confirmed that ammonia is 

generated from ac/vated nitrogen gas. However, the current understanding of the reac/on 

mechanism and poten/als is limited because electrochemical measurements are o�en 

performed with quasi reference electrodes (QREs). The redox poten/als of these QREs such 

as a bare Ag or Pt wire, are poorly defined and unstable in non-aqueous Li-NRR 

environments. Par/ally delithiated lithium iron phospate (LFP) was recently iden/fied by 

other research groups as a versa/le reference electrode material for non-aqueous 

electrochemistry, and was adopted in Chapter 4 to inves/gate the rela/onship between the 

applied poten/al and the Li-NRR performance. Cyclic voltammetry was also performed with 

2 M LiTFSI under different reac/on condi/ons (Ar or N2 with or without EtOH) and did not 

show any peaks besides Li pla/ng and stripping, sugges/ng that both the N2 ac/va/on and 

protona/on steps are chemical by nature. With 2 M Li bis(trifluoromethanesulfonyl)imide 

(LiTFSI) dissolved in 0.1 M EtOH/THF and 20 bar of N2 pressure, the FENH3 remained below 

15% a�er chronoamperometry measurements at poten/als above -3.23 V vs. SHE and 

increased to 50% and remained constant at poten/als ≤ -3.43 V vs. SHE. The current 

response was unstable at poten/als more nega/ve than -4.03 V vs. SHE and resulted in a 

lower NH3 produc/on rate. The current stability was significantly improved by implemen/ng 

1 M LiTFSI, but at the cost of rela/vely lower Faradaic efficiencies and NH3 produc/on rates 



vii 
 

at more nega/ve poten/als. The solid electrolyte interphase in all three poten/al regimes 

were physically characterized post-mortem by X-ray photoelectron spectroscopy (XPS) to 

determine the chemical composi/on. The results indicate that SEIs are significantly enriched 

with LiF. The ra/o of inorganic/organic compounds changes with the poten/al but does not 

solely explain the trend between the applied poten/al and the Li-NRR performance. 

Changes in the morphology of the electrode surface structure were not inves/gated in the 

present study, but might give more insights into the rela/onship between applied poten/al 

and the performance parameters, which will be subject of a forthcoming study.  

Currently, there is a lack of knowledge in the electrochemical ammonia field regarding the 

process design, energy consump/on and techno-economic feasibility of a large scale 

electrochemical NH3 process plant, including upstream and downstream separa/on units, 

heat integra/on and storage. Chapter 5 presents comprehensive conceptual process models 

of direct and indirect NRR pathways at ambient and elevated temperatures, including Li-

mediated NRR at a small-scale ammonia produc/on plant with a capacity of 91 tonnes per 

day. These models were compared with steam methane reforming (SMR) Haber-Bosch as 

the best available technology and electrified Haber-Bosch as the benchmark for green 

ammonia produc/on. The levelized cost of ammonia (LCOA) of aqueous NRR at ambient 

condi/ons may only become comparable with SMR Haber-Bosch at very op/mis/c 

electrolyzer performance parameters (FE > 80% at j ≥ 0.3 A cm-2) and electricity prices (< 

$0.024 per kWh). When considering the LCOA, both high temperature NRR and Li-mediated 

NRR are not economically comparable with SMR Haber-Bosch within the tested variable 

ranges. High temperature NRR is very capital intensive due the requirement of a heat 

exchanger network, more auxiliary equipment, and an addi/onal water electrolyzer 

(considering the indirect route). For Li-mediated NRR, the high lithium pla/ng poten/als, 

ohmic losses and the requirement for a source of H2, limits its commercial compe//veness 

with SMR Haber-Bosch. This incen/vises the search for materials beyond lithium. For the 

considered systems, the electrified Haber-Bosch, especially with a flexible proton exchange 

membrane electrolyzer for H2 produc/on, remains the only compelling electrochemical 

route towards green ammonia.  
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SamenvaHng 
Ammoniak kan worden gebruikt als mondiale energiedrager en kan het geografisch 

verdeelde landschap van hernieuwbare energiebronnen met elkaar verbinden. Helaas is het 

huidige ammoniakproduc/eproces, het Haber-Bosch proces dat fossiele brandstoffen 

verbruikt, niet duurzaam. Hierdoor is de ammoniaksector verantwoordelijk voor ongeveer 

1.2% van de mondiale antropogene CO2-uitstoot. Het meest vervuilende gedeelte van het 

proces is de stap van waterstofproduc/e door steenkoolvergassing of stoomreforming van 

aardgas. De grootste emissiewinst kan worden behaald door deze stap te vervangen door 

waterelektrolyse, wat ook wel de elektrifica/e van het Haber-Bosch proces wordt genoemd. 

Een alterna/eve technologie voor duurzame ammoniakproduc/e, die nog in de 

kinderschoenen staat, is de ammoniaksynthese via de elektrochemische reduc/e van 

s/kstof (NRR). Hiervoor zijn een protonenbron en elektronen van hernieuwbare elektriciteit 

nodig. In de literatuur wordt NRR bij verschillende condi/es onderzocht, voornamelijk: (i) 

NRR in waterig elektrolyt bij omgevingstemperatuur (waterige NRR), (ii) NRR bij verhoogde 

temperaturen met een vaste stof elektrolyt gebaseerd op oxides, (iii) NRR via lithium in een 

organisch elektrolyt op kamertemperatuur (Li-NRR). Het hoofddoel van dit proefschri� is 

het iden/ficeren en begrijpen welke van de hierboven genoemde elektrochemische 

ammoniakroutes veelbelovend zijn voor toekoms/ge toepassingen. 

NRR in waterig elektrolyt wordt over het algemeen gezien als een uitdaging, omdat het 

concurreert met de waterstofproduc/ereac/e van waterelektrolyse terwijl N2 ac/va/e 

moeilijk is. Ook wordt het trage massatransport van N2 in waterige oplossingen door de lage 

oplosbaarheid gezien als een probleem. Bovendien zijn de via NRR verkregen 

gerapporteerde ammoniakconcentra/es in de literatuur in micro molariteit, wat in dezelfde 

marge ligt als sporen van ammoniakconcentra/es uit de omgeving. Kleine hoeveelheden 

s/kstofoxides (NOx) zijn ook waargenomen /jdens de NRR-experimenten en kunnen bij een 

elektrisch poten/aal, die posi/ever is dan voor N2, gereduceerd worden in ammoniak. Zowel 

externe NH3 als NOx zijn problema/sch en kunnen interfereren met de kwan/ficering van 

ammoniak door de NRR.  

Fe- en Mo-gebaseerde carbiden zijn onlangs gerapporteerd als ac/eve waterige NRR-

elektrokatalysatoren. Het overgrote deel van deze literatuurrapporten beva0en geen 

adequate beschrijving van uitgevoerde controle-experimenten. Daarom is het las/g om NRR 

als de bron van de geobserveerde NH3 vast te stellen. Dit mo/veerde ons om de kataly/sche 

ac/viteit van de meest veelbelovende Fe- en Mo-carbiden te reproduceren. De uitvoering 

hiervan, behaalde resultaten en discussie worden besproken in Hoofdstuk 2. Hierin is een 

strikt experimenteel protocol geïmplementeerd zodat het NH3 en NOx achtergrondniveau 

tot een absoluut minimum kan worden beperkt. Dit gee� ons de mogelijkheid om 

daadwerkelijk ac/eve NRR-katalysator te iden/ficeren of deze te bestempelen als een vals-

posi/ef resultaat. De succesvolle synthese van α-Mo2C gedecoreerde koolstofnanovellen, α-
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Mo2C nanodeeltjes, θ-Fe3C nanodeeltjes en χ-Fe5C2 nanodeeltjes werden beves/gd door 

röntgendiffrac/e, elektronenmicroscopie, röntgen foto-elektronenspectroscopie en 

Mössbauer-spectroscopie. Verschillende elektrochemische technieken zijn toegepast, zoals 

cyclovoltammetrie en chronoamperometrie, maar er bleek geen teken van NRR-ac/viteit te 

zijn. De gekwan/ficeerde ammoniakconcentra/es kwamen niet boven het 

achtergrondniveau uit, wat erop wijst dat de oorsprong van ammoniak uit andere bronnen 

voortkomt. Deze resultaten zijn in tegenspraak met eerdere literatuurrapporten en geven 

aan dat Mo- en Fe-carbiden niet ac/ef zijn voor NRR. Dit hoofdstuk benadrukt het belang 

van het implementeren van een strikt experimenteel protocol zodat onderscheid gemaakt 

kan worden tussen een ac/eve katalysator en een vals-posi/ef resultaat. 

De afgelopen jaren hee� het merendeel van de publica/es in het vakgebied van waterige 

NRR de aanbevolen controle-experimenten (Ar en 15N2-gas) en strengere experimentele 

protocollen geïmplementeerd. Toch zijn de gerapporteerde waarden wat betre� de 

reac/eselec/viteit en ammoniak produc/esnelheid niet reproduceerbaar. Het belangrijkste 

probleem is dat de effec/viteit van de gebruikte zuiverings- en reinigingsstappen niet 

worden gerapporteerd of getest. Bovendien blij� het onduidelijk hoe hoog de concentra/e 

van de s/ksto^oudende onzuiverheden zijn en hoe deze individueel bijdragen aan het 

algehele ammoniakachtergrondniveau. Tevens is het ongewis waar all deze onzuiverheden 

precies vandaan komen. Hoofdstuk 3 presenteert een systema/sche “screening” van 

laboratoriummaterialen en gassen op s/kstof onzuiverheden die men gebruikt /jdens 

waterige NRR en niet-waterige Li-NRR experimenten. Hierin wordt ook de effec/viteit van 

eerder voorgestelde schoonmaakstrategieën opnieuw geëvalueerd en geop/maliseerd. We 

hebben vastgesteld dat het 15N2-gas verontreinigd is en alleen kan worden gezuiverd met 

gecer/ficeerde (eventueel commerciële) gasfilters, omdat zelfgemaakte gaswassers niet 

adequaat genoeg zijn. De ophoping van atmosferische NOx en NH3 op 

laboratoriummaterialen die blootgesteld zijn aan de omgeving is onvermijdelijk en kan 

worden voorkomen door de materialen op te slaan in handschoenenkastjes of exsiccatoren. 

De materialen die al verontreinigd zijn, kunnen worden behandeld met water, alkalische 

oplossingen of warmte om s/kstof onzuiverheden te verwijderen. De ontwikkelde 

methoden besproken in dit hoofdstuk voorzien de experimentele onderzoeker van 

specifieke richtlijnen en hulpmiddelen om betrouwbaardere NRR-experimenten uit te 

voeren. 

Het Li-NRR vakgebied hee� de afgelopen jaren enorme vooruitgang geboekt, waarbij 

ona^ankelijke laboratoria onherroepelijk hebben vastgesteld dat ammoniak aboms/g is 

van geac/veerd s/kstofgas. Desalnie0emin wordt het reac/emechanisme niet volledig 

begrepen, omdat de elektrochemische experimenten vaak worden uitgevoerd met quasi-

referen/e-elektroden (QRE’en). De redoxpoten/alen van deze QRE’en, zoals een Ag- of Pt-

draad, zijn slecht gedefinieerd en onstabiel /jdens een Li-NRR experiment. 

Lithiumijzerfosfaat (LFP) is onlangs geïden/ficeerd door andere onderzoeksgroepen als een 

veelzijdig referen/e-elektrodemateriaal voor elektrochemie in niet-waterige elektrolyten en 
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wordt in hoofdstuk 4 gebruikt om de rela/e tussen het poten/aal en de Li-NRR-presta/es 

te onderzoeken. Cyclovoltammetry werd ook uitgevoerd met 2 M Li 

bis(trifluormethaansulfonyl)imide (LiTFSI) onder verschillende reac/eomstandigheden (Ar 

of N2 met of zonder EtOH) en vertoonde alleen een piek associërend met Li+ reduc/e en 

oxida/e. Dit wijst erop dat zowel de N2 ac/va/e, als de protoneringsreac/e chemisch van 

aard zijn. Met 2 M LiTFSI opgelost in 0.1 M EtOH/THF en 20 bar N2-druk bleef de FENH3 onder 

de 15% na chronoamperometrie me/ngen bij een poten/aal boven -3.23 V vs. SHE, en steeg 

naar 50% en bleef constant bij poten/alen ≤ -3.43 V vs. SHE. De stroom werd onstabiel bij 

poten/alen nega/ever dan -4.03 V vs. SHE, wat resulteerde in een lagere NH3-

produc/esnelheid. De stabiliteit van de stroom verbetert aanzienlijk wanneer 1 M LiTFSI 

wordt geïmplementeerd, maar dit gaat ten koste van een rela/ef lagere Faradisch efficiën/e 

en NH3-produc/esnelheden bij nega/evere poten/alen. De grenslaag van het vaste stof 

elektrolyt (SEI) op de elektrode werden gekarakteriseerd post-mortem door röntgenfoto-

elektronenspectroscopie (XPS) om de chemische bestandsdelen te bepalen. De SEI’s waren 

allen aanzienlijk verrijkt met LiF. De verhouding anorganische/organische componenten 

nam licht toe als func/e van het poten/aal, maar dit is geen duidelijke verklaring voor de 

a^ankelijk van het poten/aal en de Li-NRR presta/es. Veranderingen in de morfologie van 

de oppervlaktestructuur van de elektrode is in de huidige studie niet onderzocht, maar kan 

inzichten geven in de rela/e tussen het poten/aal en de presta/es van het Li-NRR systeem. 

Dit wordt het onderwerp van een vervolgstudie.   

Momenteel bestaat er op het gebied van elektrochemische ammoniak een gebrek aan 

kennis over het procesontwerp, het energieverbruik en de techno-economische 

haalbaarheid van een grootschalige elektrochemische NH3 produc/efabriek, inclusief 

voorbehandeling- en de scheidingsstappen, warmte-integra/e en opslag. Hoofdstuk 5 

presenteert uitgebreide conceptuele procesmodellen van directe en indirecte NRR-

processen bij omgevingstemperatuur en verhoogde temperaturen, inclusief Li-NRR in een 

kleinschalige ammoniakfabriek met een capaciteit van 91 ton per dag. Deze modellen 

werden vergeleken met het Haber-Bosch proces gebaseerd op stoom reforming van aardgas 

(SMR) als de best beschikbare technologie en geëlektrificeerde Haber-Bosch als maatstaf 

voor de produc/e van groene ammoniak. De genivelleerde kosten van ammoniak (LCOA) 

van waterige NRR bij de omgevingstemperatuur kunnen alleen concurreren met SMR Haber-

Bosch bij zeer op/mis/sche investeringskosten van de elektrolyser (FENH3
 > 80% bij j ≥ 0.3 A 

cm-2) en elektriciteitsprijzen (< $0.024 per kWh). Zowel NRR bij hoge temperatuur als Li-

NRR zijn niet economisch rendabel binnen de aangenomen investeringskosten en 

energieprijzen. NRR bij hoge temperaturen is zeer kapitaalintensief vanwege de behoe�e 

aan een uitgebreid warmtewisselaarnetwerk, procesapparatuur en een extra 

waterelektrolyser (wat betre� de indirecte route). Voor Li-NRR, maken de hoge lithium 

reduc/e cel poten/alen, ohmse verliezen en een extra waterstof bron, het 

proceseconomisch onaantrekkelijk ten opzichte van SMR Haber-Bosch. Hierdoor moeten 

andere materialen geïden/ficeerd worden die bij een guns/ger poten/aal dan lithium, N2 

kunnen ac/veren. Voor de onderzochte processen is de geëlektrificeerde variant van het 
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Haber-Bosch proces met een flexibele proton-doorlaatbaar-membraan waterelektrolyzer 

tot nu toe de beste elektrochemische route voor de produc/e van groene ammoniak.  
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1 1.1 General Introduc/on 

Anthropogenic greenhouse gas (GHG) emissions have led to an unprecedented increase of 

the average global surface temperature by approximately 1.1°C between 1900-2020 (see 

Figure 1a).1 As a consequence, global warming leads to more weather and climate extremes 

in already observable forms, such as prolonged heat waves, heavy precipita/on, droughts 

and tropical cyclones. Therefore, GHG mi/ga/on strategies must be implemented to prevent 

further rise of the average global temperature. Unfortunately, the current climate 

agreements for 2030 between na/onal governments (announced in 2021) are not sufficient 

to keep the average global temperature below 1.5°C, but will likely exceed 2°C within the 

21st century.2 To prevent a scenario beyond 2°C and limit catastrophic climate events, GHG 

emission must be gradually reduced to net zero by 2050 (see Figure 1b).  

 

Figure 1. (a) Change in global surface temperature (b) Projected global GHG emissions over 2015-2050 
with the implementa/on of different policies. NDC stands for Na/onally Determined Contribu/ons. 
Reprinted from IPCC under the Crea/ve Commons CC BY-NC-ND license.1,2  

The main GHGs are carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O). Figure 2 

illustrates that the majority of the global emissions are related to the energy sector (73%) 

via the combus/on of fossil fuels for electricity genera/on, industrial and residen/al hea/ng, 

and transporta/on, emiHng staggering amounts of carbon dioxides (CO2). Specific 

manufacturing and chemical industries account for roughly 5% of the global emissions by 

forming CO2 as a by-product. The majority of CH4 emissions are fugi/ve (6%), which means 

that they are released during the extrac/on of oil and gas and pipeline leakage due to poor 

maintenance prac/ces on pipeline infrastructure.3 During the oil extrac/on process in 

remote areas, residual CH4 is vented or flared on-site when gas transporta/on is too costly.4 

N2O is mainly emi0ed by the agricultural sector through vola/liza/on of fer/lized soil and 

the decomposi/on of stored animal manure.5 Livestock, mainly ruminants, also emit CH4 

because of their diges/on system. This shows that each sector contributes differently to the 

global emissions, hence there will be no “one size fits all” solu/on, but a combina/on of 
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1 
mul/ple decarboniza/on strategies that has to be implemented in order to prevent global 

warming.  

 

Figure 2. Global GHG emissions by sector in 2016. Reprinted from Our World in Data under the 
Crea/ve Commons CC BY license.3 

1.1.1 Mi/ga/on Strategies for the Energy Sector 

The strategy for the decarboniza/on of the energy sector is divided into three main 

principles: (i) improvement in the energy efficiency, (ii) direct use of renewable energy  and 

(iii) indirect use of renewable energy.6 Renewable energy will be mainly in the form of 

electrical energy generated by power technologies based on hydro, wind (onshore and 

offshore), solar (photovoltaic and thermal), /de, biomass and geothermal.7 The availability, 

and feasibility of these technologies depend mainly on geographic space and loca/on. Table 

1 indicates that the current produc/on cost of electricity from onshore wind and solar PV 

decreased to an electricity price below $0.05 per kWh, which surpasses the cost fossil fuel-

based power genera/on.7,8 Renewable heat will be indirectly produced from renewable 

electricity. A suitable power-to-heat technology depends on the quality of the heat (supply 

temperature).9 
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Table 1. Total installed costs, capacity factor and levelized cost of electricity trends of different 
renewable energy technologies between 2010 and 2022. Reprinted from IRENA under the Crea/ve 
Commons CC BY license.7 

 

Low quality heat (≤80°C) is mainly used for commercial and residen/al buildings hea/ng, 

which is  done conven/onally by natural gas fired boilers, coal or biomass fired stoves.9,10 

Electric heat pumps are poised as promising renewable alterna/ves (if they are powered by 

renewable technologies) and can reach efficiencies above 100%.11 The main downside of 

the implementa/on of heat pumps is their high investment costs and the requirement of 

high insula/on levels, which can be challenging for old buildings (>40 years).  

Heat demand for the manufacturing industry is more than two-thirds of their total energy 

consump/on.12 Refineries and other chemical processes, such as dis/lla/on, reforming, 

cracking or reactors in opera/on require medium-to-high quality heat (80 – 1000°C).13 

Manufacturing industries, such as steel and glass use even temperatures above 1000°C. 

Conven/onally, this heat is supplied by high pressure steam from a methane-fed boiler or a 

natural gas fired furnace. Up to 350°C, electrically-driven boilers can subs/tute conven/onal 

steam boilers, reaching efficiencies between 95-99%.14 TNO indicates that electric boilers 

can be implemented on large scales with capaci/es beyond 70 MW. The duty of these boilers 

can be reduced if low-temperature surplus heat is upgraded to high quality process heat by 

renewable electricity driven industrial heat pumps with a coefficient of performance (COP) 

between 1.5-13.6 

For temperatures above 350°C, heat can in principle be supplied by gas fired or electric 

furnaces. A poten/al solu/on would be to replace the fossil feedstock with green fuels, such 

as biogas, H2 and carbon-based fuels, derived directly or indirectly from water electrolysis. 

However, the economics and energy efficiency of power-to-fuel-to-heat strategies must be 

carefully evaluated because it comprises several conversion steps, which typically involves 

energy losses and extra costs. Electric furnaces based on induc/on, conduc/on, resistance, 

arc or infrared hea/ng are examples of hea/ng types that can be tailer-made for a specific 

industrial process.15 Most types of electric furnaces and boilers are already mature 
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technologies, but heat from fossil resources remain cheaper. For now, electric furnaces are 

only implemented within very specific process steps when there is simply no cheaper 

alterna/ve, as in the steel and aluminium industries.15,16  

Most of the renewable energy sources for electricity genera/on are intermi0ent, which also 

affects the indirect produc/on of heat. Capacity factor (CF) is a performance indicator for 

the actual annually delivered power as a percentage of the maximum output. Table 1 shows 

the CF for each technology, wherein solar PV and onshore wind have rela/vely low CFs of 

17% and 37%, respec/vely. In order to establish a con/nuous flow of renewable energy, the 

energy mix has to be diversified. For instance, solar and wind can be combined with 

technologies that have a higher CF, such as biomass (77%) or geothermal (85%) to ensure a 

constant grid baseload, but this will be challenging. Therefore, energy storage technologies 

are necessary to stabilize the grid, and minimize the peak-valley demand ra/o to prevent 

fluctua/ons of electricity prices. 

1.1.2 Energy Storage Technologies 

Energy storage technologies are generally classified in electrochemical, chemical, 

mechanical and thermal based systems, wherein each technology is unique and suitable for 

specific applica/ons based on its costs, scalability, capacity, discharge rate and power ra/ng 

(see Figure 3).17 Pumped hydro storage is by far the most implemented storage technology 

and harvests the poten/al energy of water flowing from a high al/tude reservoir to a lower 

reservoir via a turbine. In case excess renewable energy is available, the water from the 

lower reservoir is pumped back. The power ra/ng can range between 1 MW up to 3 GW 

with an approximate cycle efficiency of 70-85%. Although s/ll in the development stage, 

compressed air energy storage (CAES) is another example of a mechanical storage system, 

wherein air is compressed into underground cavi/es in porous rock bed or salt caverns. The 

cycle efficiency is comparable with pumped hydro (70%). These storage technologies are 

however limited to a region’s specific geology.18,19  

Ba0eries store energy in the form of electrical charge inside porous electrodes, separated 

by an electrolyte that can be solid or liquid. Li-ion based ba0eries are most commonly 

implemented, in for instance; portable consumer electronics, hybrid and full electric 

vehicles. Dwindling manufacturing costs of Li-ion ba0eries have paved the way towards 

large scale sta/onary storage facili/es with capaci/es up to 250-750 MW for grid balancing, 

which have been proven to be economically a0rac/ve.20,21 Ba0ery systems are quite 

compact, flexible in terms of posi/oning and have a high cycling efficiency (energy efficiency 

~ 90%).  

Redox flow ba0eries are promising for large scale sta/onary storage. The main difference 

between a redox flow and a conven/onal ba0ery is that the charge is not stored in the 

electrodes, but in the electrolyte. Consequently, its gravimetric power (W kg-1) is almost two 

orders of magnitude lower than Li-ion ba0eries.22 However, the total energy capacity of the 
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1 redox flow ba0eries can be increased by upscaling the volume of the electrolyte storage 

tanks. This also induces an economic benefit because the manufacturing costs of larger 

volumetric storage tanks will be rela/vely cheaper than ba0ery electrodes. Unfortunately, 

the current market price of vanadium limits its economic poten/al. Alterna/ve redox 

couples based on Zn-Br2 or hybrid Fe-V flow ba0eries are much cheaper and could pave the 

way for commercial implementa/on.23 

  

 

Figure 3. A comparison between energy storage technologies based on capacity, discharge /me and 
power ra/ng. Reprinted (adapted) with permission from Baumann et al.24 Copyright 2024 Elsevier. 

Thermal energy storage systems can be based on electrically hea/ng a medium, with 

preferably a decent thermal conduc/vity and heat capacity, in an insulated environment. A 

Rankine cycle is o�en integrated to extract the heat for electricity genera/on.25 Water has 

good thermal proper/es, but is temperature limited. Therefore, molten salts or even metals 

up to their mel/ng point are used as a storage medium. Using specific phase change 

materials is also strategy to use their latent heat for thermal storage. Latent heat storage 

systems have a much higher energy density, which allows a more compact reservoir ideal 

for residen/al hea/ng.25 Thermal storage energy systems are generally considered cheap 

technologies that can be easily upscaled. The downside is that the cycle efficiency is with 

30-60% on the low side, mainly due to heat dissipa/on and losses in the Rankine cycle. 

Hydrides have been mainly explored for hydrogen storage, but can also be used for thermal 

energy storage purposes. These systems typically contain several different hydride species 

with high and low-enthalpies. Upon hea/ng by solar or surplus electricity, high-enthalpy 

hydrides (TiH2, MgH2, or MgFeH2) release H2, which are adsorbed and stored in low-enthalpy 

hydrides (Na3AlH6, LaNi5H6).26 This process can be reversed to re-obtain the heat. 
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The discussed energy storage technologies are all suited for stabilizing and balancing 

regional or domes/cated energy systems, ranging from hours-to-days for ba0eries and 

thermal energy storage, and days to weeks for pumped hydro and CAES. For seasonal 

storage, the conversion of renewable energy into chemical bonds, such as hydrogen or other 

high energy dense fuels, has been poised as one of the most prominent strategies. Water 

electrolysis is the backbone of this approach and requires electricity to split water into two 

separate product streams of hydrogen and oxygen. Hydrogen must be stored under high 

pressure due to its low volumetric energy density, but can be re-u/lized into electricity via 

a fuel cell.  

1.1.3 Water Electrolysis 

Water electrolysis is based on a two electrode system, separated by a membrane to prevent 

H2 and O2 mixing (Figure 4). The electrochemical poten/al is the main driving force and is 

1.23 V at standard condi/ons. Energy losses in the form of overpoten/als vary greatly among 

different cell configura/ons. Alkaline water electrolysis is considered as a mature technology 

and is commercially available, using mainly earth abundant electrode materials, such as 

nickel and iron to suppress the investment costs. Unfortunately, commercial alkaline water 

electrolyzers (AEL) are limited to current densi/es up to 0.2-0.4 A cm-2 due to energy 

losses.27 Acidic water electrolysis in a proton exchange membrane electrolyzer (PEMEL) are 

more energy efficient at current densi/es up to 2 A cm-2. Un/l now, only expensive materials, 

such as Pt and IrOx, show good performance and can resist corrosion in acidic electrolytes. 

Flexibility in power level is considered to be higher for PEMEL than for AEL, which is 

important for storage of variable renewable power levels. Hence there is a trade-off 

between the equipment and opera/onal costs to select the most op/mal electrolyzer 

configura/on.  

  

Figure 4. Schema/c overview of water electrolysis in (a) acidic and (b) alkaline electrolytes.  
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1 1.1.4 Ammonia as a Future Energy Carrier 

The renewable energy landscape will be geographically divided, with regions having an 

abundance of wind, solar or hydro. Therefore, there is a necessity for the global 

transporta/on of renewable energy over land and sea. The most probable scenario to 

accomplish this is to use high energy dense liquid fuels for global scale storage and 

transporta/on, that has to be produced on-site with renewable energy via either direct or 

indirect electrolysis based processes. Liquified H2 (LH2) derived from water electrolysis has 

been considered as a poten/al energy carrier, as it has one of the highest gravimetric energy 

densi/es (33.3 kWh kg-1) among liquid fuels.28 Addi/onally, it can be easily converted into 

gaseous H2 and further u/lized in a fuel cell. However, the significant energy costs associated 

with reaching the cryogenic -253 °C hydrogen liquefac/on temperature (30-40% of H2 LHV), 

along with addi/onal boil-off losses during transporta/on, may render LH2 unsuitable.29 

Hydrogen carriers, such as ar/ficial carbon-based fuels (formic acid and methanol), metal 

hydrides and NH3 are seen as promising alterna/ves. Among these, NH3 stands out due to 

its unique proper/es. For instance, NH3 contains significantly more H2 (17.65%) than MeOH 

(12.5%) and formic acid (4.4%).30,31 Although the liquid energy density of NH3 (15.6 MJ/L) 

and MeOH (15.97 MJ/L) are similar, the future costs of MeOH are presumed to be higher 

when CO2
 from direct air capture is used as a feed.4 Methanol is however an irreplacible base 

chemical in the chemical industry, and will serve other purposes within the energy market. 

NH3 liquefac/on occurs at mild condi/ons, either by pressuriza/on up to 10 bar at room 

temperature, or refrigera/on up to -33°C at atmospheric pressure. This minimizes energy 

loss during transporta/on and storage. Already exis/ng NH3 infrastructure, including 

produc/on and storage facili/es, can accelerate the transi/on towards NH3 as a global 

energy vector. 

1.1.5 Ammonia Market 

NH3 ranks among the largest produced synthe/c chemicals in the world with an annual 

market size of ~180 Mt, total market capitaliza/on of around $76 billion USD and an 

expected annual growth of 3-5%.32,32 Figure 5 shows that the majority of NH3 (80%) is 

processed into N-based fer/lizers such as urea and ammonium nitrate, where the la0er is 

mainly used for the produc/on of explosives (5%). Other applica/ons are in the 

manufacturing of cleaning detergents, pharmaceu/cals, rubber and other polymers 

(15%).34,35  
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Figure 5. Sankey diagram of the global mass flow of ammonia and its deriva/ves in million tonnes per 
year. Reprinted (adapted) with permission from Lim et al.35 Copyright 2024 American Chemical Society. 

1.1.6 Current Ammonia Produc/on Process 

The vast majority of NH3 is produced by the thermochemical Haber-Bosch process following 

reac/on Equa/on 1. Nitrogen fixa/on is one of the most challenging reac/ons in the field of 

chemistry. The inert nature of the N2 molecule is related to the absence of a permanent 

dipole moment and its strong bond-dissocia/on energy (945 kJ mol-1). For Haber-Bosch 

synthesis, only a handful of transi/on metals such as Fe, Ru and Os are known to be ac/ve 

nitrogen catalysts at elevated temperatures (300-500 °C). Unfortunately, high opera/ng 

temperatures promote NH3 dissocia/on instead of forma/on. Hence, higher pressures (200-

300 atm) are used to shi� the equilibrium towards products, reaching NH3 conversions up 

to 15-20%.36,37 

N� � 3 H� → 2 NH	 
1� 

Due to these intensive process condi/ons, the ammonia sector consumes vast amounts of 

energy (~1% in the world), and requires substan/al capital investments, with costs reaching 

$USD billions for large scale plants (>2000 tNH3 per day) to minimize the investment costs.38 

The downside of these centralized plants are the increasing transporta/on costs, especially 

to remote areas. However, small scale plants do exist catering to local markets with regional 

price agreements.39  

The most energy efficient method for NH3 produc/on is steam methane reforming (SMR) 

for H2 feed produc/on coupled to the Haber-Bosch synthesis loop. An overview of the main 

process components are illustrated in Figure 6a. SMR Haber-Bosch has a significant carbon 

footprint as it releases 1.22 tCO2 per tNH3 alongside addi/onal emissions related to burning 

fuel, natural gas extrac/on and other losses.40 Approximately 1.2% of the anthropogenic CO2 

emissions are caused by the NH3 sector, necessita/ng a transi/on to greener produc/on 

alterna/ves meet the net-zero emissions goal in 2050.41 A significant cut on emissions can 

be accomplished if the SMR or coal gasifica/on plant is subs/tuted by greener alterna/ves, 
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1 such as water electrolysis (Figure 6b). This “electrified” version of the Haber-Bosch process, 

first implemented in 1928 (Rjukan, Norway), was discon/nued in the 1960’s when SMR 

became more compe//ve, is poised for a comeback.42 Mainly due to the decreasing costs 

for renewable electricity from onshore wind and solar photovoltaics.7 Moreover, the 

expected decline in manufacturing costs of AEL and PEMEL (decreasing 3.0% and 4.8% each 

year),43 further enhances the compe//veness for the electrified Haber-Bosch in the near 

future.40,44,45  

 

Figure 6. Schema/c process flow diagram of (a) the conven/onal SMR Haber-Bosch and (b) the 
electrified Haber-Bosch processes. The lines indicated in dark blue, light blue, yellow, grey and purple 
represent steam, air, process gas, electricity and ammonia. Reprinted from Smith et al. under the 
Crea/ve Commons CC BY license.40 

1.1.7 Electrochemical Ammonia Synthesis 

Alterna/ve technologies for sustainable NH3 produc/on are based on the electrochemical 

reduc/on of nitrogen (NRR) by protons from water (or another source) and electrons from 

renewable electricity. NRR can in theory operate at ambient condi/ons, thereby saving 

energy and costs on plant equipment, such as compressors and heat exchangers.46 Another 

promising approach is that NRR can be operated at elevated temperatures in a solid-oxide 

electrolyzer, harves/ng waste heat from the chemical industry to produce ammonia at 

higher energy efficiencies. Nitrogen reduc/on via electroplated lithium with ethanol as a 

proton source has recently been iden/fied as a new alterna/ve for electrochemical 

ammonia produc/on.  

The next sec/on highlights the current understanding of different approaches for 

electrochemical ammonia synthesis, discusses the research challenges and noteworthy 

achievements. The final part of this chapter presents the aim of this thesis, the main 

research ques/ons and the overall outlook of the forthcoming chapters. 
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1 1.2 Theory 

The following subsec/ons will discuss the theory of the electrochemical nitrogen reduc/on 

reac/on and relevant literature from the field. The theory sec/on is divided into the three 

different approaches; NRR in aqueous electrolytes at ambient condi/ons, high temperature 

NRR, and NRR via an ac/vate mediator in organic electrolytes.   

1.2.1 NRR in Aqueous Electrolytes at Ambient Condi/ons 

 

Figure 7. Schema/c overview of an H-cell with aqueous NRR and OER in acidic (le�) and alkaline (right) 
condi/ons. 

Electrochemical NRR in an aqueous based electrolyte has obtained significant research 

interest over the past two decades. Figure 7 shows a basic representa/on of a 

electrochemical cell in acidic and alkaline condi/ons, where NRR occurs at the cathode and 

water oxida/on (OER) at the anode. Both half-reac/ons of NRR and OER are pH dependent 

and are summarized in Equa/ons 2-5 with the overall reac/on and standard equilibrium 

poten/al in Equa/on 6.  

N� � 6 H� � 6 e� ↔ 2 NH	  
NRR, pH � 0�   E� � 0.057 V vs. RHE 
2� 

  3 H�O ↔ 1.5 O� � 6 H� � 6 e�  
OER, pH � 0�   E� � 1.229 V vs. RHE 
3� 

  N� � 6 H�O � 6 e� ↔ 2 NH	 � 6 OH�  
NRR, pH � 14�  E� � 0.057 V vs. RHE 
4� 

  6 OH� ↔ 1.5 O� � 3 H�O � 6 e�  
OER, pH � 14�  E� � 1.229 V vs. RHE 
5� 

 N� � 3 H�O ↔ 2 NH	 � 1.5 O�    E"#$� � 1.172 V 
6� 
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1 NRR requires six proton-coupled electron transfer steps and can react via either a 

dissocia/ve or associa/ve reac/on mechanism (Figure 8) depending on the metal and 

surface structure (flat or steps).37 

First-principles density func/onal theory is o�en employed to get an es/ma/on of the 

favourable mechanism and the rate determining step by calcula/ng and comparing the 

adsorp/on energies between the intermediates and the substrate. Theore/cal work 

men/ons that the Haber-Bosch reac/on (see Equa/on 1) follows a dissocia/ve pathway, 

where dinitrogen dissociates in two surface bounded nitrogen radicals *N that react 

independently with co-adsorbed protons and electrons un/l ammonia desorp/on occurs. 

N2 dissocia/on has the slowest kine/cs, but is not considered as a difficult reac/on step on 

for instance iron and ruthenium under the appropriate condi/ons.46 The same holds for H2 

dissocia/on as being a more facile reac/on step. The hydrogena/on reac/on of the *N 

species, thus forming *NH and *NH2 species requires the highest thermodynamic barrier 

because the N and H bonding on the catalyst surface is very strong and has to be overcome. 

Therefore, the Haber-Bosch reactor typically operates between 300 – 500 ᵒC to increase the 

N2 dissocia/on rate and ac/vate the hydrogena/on steps.  

 

Figure 8. Dissocia/ve (top) and associa/ve nitrogen ac/va/on mechanisms, where the middle 
represents the alterna/ng associa/ve and bo0om the distal associa/ve pathway. Reprinted (adapted) 
with permission from Van der Ham et al.36 Copyright 2024 Royal Society of Chemistry. 

In the associa/ve mechanism, dinitrogen is not dissociated, but cleaves as *N2 on the 

catalyst surface. Both the N atoms in adsorbed *N2 react with protons and electrons to form 

*N2H, *NHNH, *NHNH2, and *NH3 intermediates in the alterna/ng associa/ve mechanism. 

The distal pathway is similar, but releases NH3 a�er *NNH2 is formed leaving an *N on the 

surface, which is further hydrogenated into a second NH3 molecule. Theore/cal studies 

point out that the distal pathway is energe/cally more favourable over the alterna/ng 

Alterna�ng 

Distal 

Dissocia�ve 
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pathway because the *NNH2 and *N intermediates require a lower kine/c barrier then 

*NHNH and *NHNH2.36 As men/oned previously, the *N2 dissocia/on step (in the 

dissocia/ve mechanism) is very slow and requires a higher temperature to increase the 

reac/on rate. Therefore, catalyst materials that favour the dissocia/on mechanism are 

perhaps not suitable for NRR at ambient condi/ons. 

Side Reac/ons 

Diazene and hydrazine are important intermediates in the associa/ve reac/on mechanism 

and might be produced (Equa/on 7 and 8) as side products during NRR.36 Therefore, most 

experimental studies include quan/fica/on tests for hydrazine detec/on, but has un/l now 

not been observed.47 

N� � 4 H� � 4 e� ↔ N�H%
g�    E� � −0.33 V vs. RHE 
7� 

N� � 2 H� � 2 e� ↔ N�H�
g�    E� � −1.10 V vs. RHE 
8� 

The hydrogen evolu/on reac/on (HER) is the main parasi/c side reac/on because HER 

occurs at a similar standard equilibrium poten/al (E0 = 0 V vs. RHE) as NRR (E0 = 0.057 V vs. 

RHE). It is however expected that NRR has an addi/onal overpoten/al of at least 0.4 V to 

overcome all kine/c barriers of the intermediate reac/on steps.36,37,48 HER in both acidic and 

alkaline electrolyte follow either a Volmer-Heyrovsky or Volmer-Tafel mechanism (see Table 

2). This means that HER has only one intermediate, which indicates that the ac/va/on 

barrier in comparison to NRR is significantly lower. Therefore, in order to find an ac/ve 

catalyst for NRR, the material in ques/on should favour N over H adsorp/on. 

Table 2. Half-reac/ons and reac/on mechanisms of HER in acidic and alkaline electrolytes. 

Acidic condi/ons 

2 H� �  2 e� ↔ H� 

Volmer step 
Tafel step 
Heyrovsky step 

 H� �  e� → H)*+ 2,)*+ → H� H� � H)*+ � e� → H� 

Alkaline condi/ons  

2 H�O �  2 e� ↔ H� � 2 OH� 

Volmer step-water dissocia/on 
Tafel step 
Heyrovsky step 

2H�O � 2e� → 2H-./ � 2OH� 2H-./ → H� H�O � H-./ � e� → H� � OH� 

 

Norskov and coworkers have applied Density Func/onal Theory (DFT) calcula/ons on 

various transi/onal metals to find catalysts with the op/mum *N binding energy (binding 

neither too strong nor too weak) as a func/on of the limi/ng overpoten/al. Figure 9 

indicates that Fe, Rh, Ru, Ir, Co, Ni and to some extent Mo are close to the top of the volcano. 

However, most of these metals, especially the pla/num group metals (Rh, Ru, Ir) are known 
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1 to be excellent HER catalysts.49 This means that the adsorp/on strength of *H is more 

favourable over *N (as indicated in the grey area in Figure 9). The NRR ac/vity of these 

materials were also examined experimentally, but only quan/fied H2 as the main 

product.47,50 The volcano plot indicates that only a few materials (Sc, Y, Ti and Zr) have a 

higher affinity to N-binding. So far, no experimental studies have irrevocably confirmed that 

these materials are ac/ve towards nitrogen reduc/on to ammonia.  

The effect of pH on the NRR kine/cs is rarely discussed in literature. For HER in an alkaline 

electrolyte, the hydrogen intermediate (*H) comes from the dissocia/on of water, which 

introduces an addi/onal barrier. This explains why the HER ac/vity is roughly 2-3 orders of 

magnitude lower in alkaline media.51 The most ac/ve catalysts in alkaline condi/ons are Ir, 

Ru and Pt-based alloys, which are all supreme over Pt.52 This could indicate that NRR 

ac/va/on stands a be0er chance in alkaline environments, where new classes of materials 

may become interes/ng.48 

 

Figure 9. Volcano diagram of different transi/on metals with a flat (black) and step (red) configura/on 
for the NRR. Associa/ve mechanism is indicated as a do0ed line and the dissocia/ve as a flat line. The 
volcano plot indicates the minimum overpoten/al required to overcome the poten/al limi/ng step as 
a func/on of the *N binding strength. The metals in the grey indicate that adsorp/on of *H is more 
favorable than *N. This means that selec/vity issues towards the forma/on H2 can be expected. 
Reprinted (adapted) with permission from Skúlason et al.37 Copyright 2024 Royal Society of Chemistry. 

Impuri/es 

Most experiments are performed in a small electrochemical cell at current densi/es 

between 0.01-10 mA cm-2. As a consequence, the quan/fica/on range of ammonia 

concentra/ons are o�en in the parts per million (ppm) range, which is at similar levels as 

ammonia from external sources, such as the ambient air, lab ware, consumables, cell 
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1 
components, catalysts materials and feed gasses.47 This ques/ons rather ammonia is 

ar/ficially produced by nitrogen fixa/on or is coming from external sources.  

Different nitrogen oxide (NOx) species from external sources have also been labelled as 

poten/al impuri/es because they can be electroreduced into ammonia and are generally 

more labile than N2 as illustrated in Figure 10. For long, NOx has been (and s/ll is) an 

unforeseen contaminant in the research community, which doubts many old and recently 

published results.53 It is therefore essen/al to quan/fy the NOx concentra/on during or a�er 

an electrochemical experiment, which s/ll remains a rare prac/se.  

Extensive experimental protocols have been published to iden/fy or rule out any effects of 

impuri/es.47,54,55 The following three control experiments are advised as mandatory. At first, 

an argon blank test under electrochemical opera/on reveals poten/al impuri/es from the 

internal cell components, such as the electrolyte, membrane and cataly/c material. 

Secondly, an experiment run at open-circuit condi/ons while purging with reactant gas can 

iden/fy any labile species in the N2 feed. At last, isotope labelled 15N2-gas must be used to 

confirm a nitrogen ac/ve catalyst through the quan/fica/on 15NH3. Nuclear magne/c 

resonance spectroscopy is generally used to dis/nguish between 15NH3 and 14NH3. It is 

important to note that 15N2-gas is available at lower puri/es (99%) and contains ppm levels 

of 15NH3 or 15NOx species.56 Therefore, it is important to purify the gas by using a cer/fied 

gas filter prior introducing it into the cell.   

  

Figure 10. Different electrochemical synthesis routes towards NH3 via N2 and NOx species including 
their apparent standard equilibrium poten/als. Reprinted from Choi et al.53 under the Crea/ve 
Commons CC BY license. 

Mass Transport 

The solubility of nitrogen gas in aqueous solu/ons is considerably low and might be another 

reason why nitrogen ac/va/on at ambient condi/ons is challenging. Most fundamental 

electrochemical research is performed in a H-cell configura/on, whereby the mass transport 

is limited by the solubility of the reactants. Strategies to overcome this is by using different 

cell configura/ons based on gas-diffusion electrodes or high pressure cells.57,58 Another 
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1 approach is to switch towards organic based electrolytes with a higher nitrogen solubility, 

such as ionic liquids or fluorinated apro/c solvents.59,60 These strategies have been tried, but 

without success.61,62 

1.2.2 Nitrogen Reduc/on at Elevated Temperatures 

High temperature electrocatalysis can be beneficial to overcome the kine/c barrier for 
nitrogen ac/va/on. Nitrogen reduc/on at elevated temperatures is typically done in a solid 
oxide electrolysis cell (SOEC) with a solid ceramic electrolyte in the middle, an anode and 
cathode, forming together a membrane electrode assembly (MEA) (see Figure 11). The solid 
electrolyte has to be chemically and mechanically stable, electronically insula/ng and ionic 
conduc/ve at temperatures up to 650 °C. Proton conduc/ng perovskite, such as 
BaCe0.9Y0.1O3-δ (BCY), BaZr0.8Y0.2O3-δ (BZY) or composites (BaZr0.8Ce0.1Y0.1O3-δ) are the most 
promising for NRR.63,64 Proton transport occurs by the Gro0huss mechanism where proton 
hopping occurs via neighbouring free oxygen atoms in the perovskite. AgPd catalysts show 
the best ammonia produc/on rates (10-8-10-10 mol cm-2 s-1) and FE (50-80%) between a 
temperature range of 400-600 °C. Non-noble catalysts, such as Fe, Ni, FeMoN, CoMoN and 
VN show also promising produc/on rates (~10-9 mol cm-2 s-1), but have been inferior in terms 
of selec/vity towards NRR compared to AgPd.63-65 

 

 
Figure 11. Schema/c drawing of high temperature NRR in a proton conduc/ng solid oxide 
electrochemical cell with steam oxida/on (le�) and hydrogen oxida/on (right). 

One of the problems of opera/ng at high temperatures is the loss of produced ammonia 
due to ammonia decomposi/on, which is circumvented in the Haber-Bosch reactor by 
increasing the pressure. Another issue is that SOEC is in prac/se not compa/ble with steam 
oxida/on because it breaks down the anode materials. Steam oxida/on requires a minimum 
cell voltage of 1.2 V, which also accelerates degrada/on of all SOEC components. This means 
that hydrogen must be used as a feed stock, which is from an energy efficiency and 
commercial point of view most likely not desirable.  
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1 1.2.3 Nitrogen Reduc/on via a Mediated Ac/vator 

An alterna/ve approach towards electrochemical ammonia synthesis is based on nitrogen 

ac/va/on through a reac/ve mediator, such as metallic reduced lithium or calcium. The 

working principle is outlined in Figure 12 and deviates from a classical electrocataly/c 

approach as was discussed in sec/on 1.2.1 and 1.2.2, but has more similari/es to Li-ion 

ba0eries. During opera/on, Li-ions in an organic based electrolyte are electroplated to Li 

metal on a substrate by applying a nega/ve reduc/on poten/al (< -3 V vs. SHE). N2 gas 

dissolved in the solu/on reacts spontaneously with Li metal to form a lithium nitride (Li3N). 

Ethanol acts as a proton donor and reacts with Li3N to form NH3. The Li3N hydrogena/on 

steps seems to be chemical in nature, wherein Li pla/ng is the only electrochemical step 

(Equa/on 9-11).66 However, it is unclear what exactly happens with the Li metal and 

ethoxide a�er the NRR. If Li pla/ng is the only electrochemical step, then Li metal dissolu/on 

(into Li+) in the form of a cyclic mechanism seems evident. Otherwise, a significant amount 

of isolated patches of “dead” Li metal would accumulate on the electrode, resul/ng in a 

thick visible surface layer, which is not always observed in the literature.67 There is evidence 

that EtOH/EtO- is opera/ng as a proton shu0le, wherein EtO- is re-protonated at the anode 

via solvent or hydrogen oxida/on.68,69 Another possibility is that the Li3N protona/on steps 

are electrochemical by nature, wherein an ini/al deposited Li layer func/ons as an 

electrocatalyst (see Equa/ons 12-14).  

 

Figure 12. Schema/c of a typical Li-NRR electrochemical cell with hydrogen oxida/on at anode.  
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1 Cycling mechanism 

Li� � e� ↔ Li� 
9� 

6 Li� � N� → 2 Li	N 
10� 

Li	N � 3 EtOH → NH	 � 3 Li� � 3 EtO� 
11� 

 

Electrochemical mechanism 

Li	N � EtOH � e� → LiNH � EtO� 
12� 

Li	NH � EtOH � e� → LiNH� � EtO� 
13� 

Li	NH� � EtOH � e� → Li� � NH	 � EtO� 
14� 

All these reac/ons occur in a solid electrolyte interphase (SEI), which is combina/on of 

organic and inorganic lithium compounds affiliated with the species in the organic 

electrolyte. The SEI is formed naturally when there is freshly plated Li metal on the electrode. 

The SEI func/ons as a protec/ve layer between the electrolyte and Li metal, but also controls 

the diffusive mass transport of the proton shu0le and nitrogen gas to the surface of the Li 

metal.67 The la0er is important for the selec/vity of the reac/on. The composi/on of the SEI 

can be altered by addi/ves, Li-salt anions, electrolyte concentra/ons and organic solvents. 

Recently, it was found that high concentra/ons of fluorine based electrolytes (2M LiBF4 and 

2M LiTFSI) could form a compact and uniform SEI layer of predominantly LiF. As a result, FE 

and NH3 rate above 95% and 200 nmol s-1 cm-2 were obtained by two independent 

studies.70,71 Besides the SEI, the concentra/on of the proton shu0le and dissolved nitrogen 

in the electrolyte plays also an important role in reaching high selec/vity’s. The op/mum 

EtOH concentra/on for a three electrode autoclave cell is 0.1 M in THF, wherein the reac/on 

rate is H+ limited below and N2 limited above 0.1 M EtOH in THF.68,71 During the la0er, the 

forma/on of H2 by ethanol hydrolysis will be one of the side reac/ons. Other side reac/ons 

are most likely related to the forma/on of the SEI or growth of “dead” lithium.68,73-75 Other 

proton donors, such as alcohols with lower and higher alkane chains, phenols and 

phosphonium were examined previously. The exact correla/on between the proton donor 

type and the Li-NRR performance remains disputed. It seems that the diffusion constant, 

the pKa and the thickness of the SEI by proton donor decomposi/on all have an effect on 

the performance. 74,75 Some claim that EtOH remain the most prominent proton donor, 

while others find PrOH, BuOH,73 or PhOH more suitable for Li-NRR.  

Most experiments are performed in a small batch-type three electrode autoclave cell with 

ethanol as a sacrificial proton donor, which is simply not scalable. Chorkendorff and 

coworkers developed a con/nuous flow cell with two compartments for the N2 and H2 feed 

and a third for the electrolyte.69 N2 and H2 gases are fed into the electrolyte through stainless 

steel mesh gas diffusion electrodes based on the ini/al work of Lazouski et al.76 Although 
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1 
the system runs at a low current density (-4 mA cm-2), the flow cell is already selec/ve 

reaching a Faradaic efficiency of 61%.  

For a long /me is has been thought that only Li can ac/vate N2, un/l Ca has been 

experimentally iden/fied as another mediator.77 DFT calcula/ons show that the N2 

dissocia/on barrier on metallic Ca is low and can occur at room temperature following a 

similar mechanism as Li.77,78 Stable Ca pla/ng was only achieved using Ca(BH4)2 and 

Ca[B(hfip)4]2, while not with Ca(ClO4)2 and Ca(BF4)2. This indicates that Ca-NRR is more 

sensi/ve towards the composi/on of the electrolyte, with in par/cular the anion species.  

Albeit exci/ng to observe progress in the NRR mediated field, there are many things s/ll 

unknown. The exact reac/on mechanism is poorly understood, although it is somewhat 

accepted that nitrogen dissocia/on by the mediator is a chemical reac/on by nature. 

Perhaps the poten/al dependency as a func/on of the selec/vity and reac/on rate can give 

some mechanis/c insights. However, a pseudo reference electrode is commonly applied, 

which is not reliable for a poten/al screening. This also limits the determina/on of the actual 

energy efficiency of a Li-NRR system.  

1.3 Research Ques/ons and Thesis Outline  

Based on the previous discussion of the current challenges in the field, the following 

research ques/ons were contrived and addressed throughout this thesis: 

- Is there a catalyst that is electrochemically ac/ve towards the NRR in an aqueous 

based electrolyte at ambient condi/ons?  

- How reliable are previous literature reports without performing the necessary 

control experiments? 

- What is the main source of origin of encountered NH3 and NOx impuri/es? 

- What are the best methods to limit the effect of N impuri/es during NRR 

experiments? 

- Is the performance of the Li-mediated NRR affected by different applied poten/als? 

- What is the energy efficiency of a Li-NRR electrolyzer? 

- Will the electrochemical synthesis of ammonia be economically compe//ve with 

the electrified or methane-fed Haber-Bosch synthesis? 

The main aim of this thesis is to iden/fy and understand which of the electrochemical 

ammonia approaches as discussed in sec/on 1.2 are the most promising for future 

applica/on. Transi/on metal carbides were earlier reported as promising NRR catalysts in 

aqueous electrolytes. The ac/vity of these materials is revisited in Chapter 2, wherein a strict 

experimental protocol was implemented to limit the effect of impuri/es during the 

electrochemical measurements. Regarding the material synthesis, nanopar/cles of 

molybdenum and iron carbides were prepared by earlier developed carburiza/on methods 

and further verified by physical characteriza/on methods, such as X-ray diffrac/on, X-ray 
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1 photoelectron spectroscopy, Mössbauer spectroscopy and electron microscopy. Chapter 3 

is en/rely dedicated to the iden/fica/on and elimina/on of external sources of NH3 and NOx. 

Commonly used cell components, lab ware, solvents, salts and feed gases are screened to 

obtain insights into which sources are most severe. Addi/onally, the efficacy of several 

cleaning strategies is also revised to improve the current protocols. Li-NRR is discussed in 

Chapter 4, where an in-house made three electrode autoclave cell is used to study the effect 

of poten/al on the selec/vity and NH3 produc/on rate at 20 bar N2 pressure. The SEIs are 

physically characterized by X-ray photoelectron spectroscopy to obtain informa/on about 

the composi/on. Chapter 5 discusses a comprehensive techno-economic model, wherein 

conceptual process designs of different NRR pathways are developed and their economic 

feasibility compared with the electrified and methane fed Haber-Bosch process. The main 

conclusions and recommenda/ons of this thesis are summarized in Chapter 6. 

 

  

 



 

21 
 

1 1.4 References 

1 Masson-Delmo0e, V. et al. Climate Change 2021: The Physical Science Basis. 
Contribu/on of Working Group I to the Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change. (2021). 

2 Lee, H. et al. IPCC, 2023: Climate Change 2023: Synthesis Report, Summary for 
Policymakers. Contribu/on of Working Groups I, II and III to the Sixth Assessment 
Report of the Intergovernmental Panel on Climate Change [Core Wri/ng Team, H. Lee 
and J. Romero (eds.)]. IPCC, Geneva, Switzerland.  (2023).  

3 Ritchie, H. Sector by sector: where do global greenhouse gas emissions come from? , 
<h0ps://ourworldindata.org/ghg-emissions-by-sector> (2020). 

4 Interna/onal Energy Agency. Gas Flaring, <h0ps://www.iea.org/energy-
system/fossil-fuels/gas-flaring> (2023). 

5 Huijsmans, J. F. & Schils, R. L.    (Interna/onal Fer/liser Society). 
6 Schlosser, F. et al. Large-scale heat pumps: Applica/ons, performance, economic 

feasibility and industrial integra/on. Renewable and Sustainable Energy Reviews 133, 
110219 (2020).  

7 Interna/onal Rewenable Energy Agency (IRENA). Renewable power genera/on costs 
in 2022. (2022). 

8 Interna/onal Rewenable Energy Agency (IRENA). Future of Solar Photovoltaic: 
Deployment, investment, technology, grid intergra/on and socio-economic aspects 
(A global Energy Transforma/on: paper). (2019). 

9 van Leeuwen, R. P., De Wit, J. & Smit, G. J. M. Review of urban energy transi/on in 
the Netherlands and the role of smart energy management. Energy conversion and 

management 150, 941-948 (2017).  
10 Lowes, R., Woodman, B. & Fitch-Roy, O. Policy change, power and the development 

of Great Britain's Renewable Heat Incen/ve. Energy Policy 131, 410-421 (2019).  
11 Philibert, I. E. A.-C. Renewable Energy for Industry: From green energy to green 

materials and fuels. (2017). 
12 Zuberi, M. J. S., Hasanbeigi, A. & Morrow, W. Electrifica/on of industrial boilers in the 

USA: poten/als, challenges, and policy implica/ons. Energy Efficiency 15, 70 (2022).  
13 Marc Marsidi, Luuk Beurskens & Uslu, A. The role of renewable heat technologies in 

industry - a review of Dutch sectoral industry roadmaps. (2018). 
14 Marsidi, M. Technology Factsheet - Electric Industrial Boiler, <h0ps://energy.nl/wp-

content/uploads/electric-industrial-boiler-7.pdf> (2018). 
15 Schüwer, D. & Schneider, C. Electrifica/on of industrial process heat: long-term 

applica/ons, poten/als and impacts.  (2018).  
16 Lee, B. & Sohn, I. Review of innova/ve energy savings technology for the electric arc 

furnace. Jom 66, 1581-1594 (2014).  
17 Gür, T. M. Review of electrical energy storage technologies, materials and systems: 

challenges and prospects for large-scale grid storage. Energy & Environmental 

Science 11, 2696-2767 (2018).  
18 Valera-Medina, A. & Banares-Alcantara, R. Techno-economic challenges of green 

ammonia as an energy vector.  (Academic Press, 2020). 



 

22 
 

1 19 Wu, S., Salmon, N., Li, M. M.-J., Bañares-Alcántara, R. & Tsang, S. C. E. Energy 
decarboniza/on via green H2 or NH3? ACS Energy Le.ers 7, 1021-1033 (2022).  

20 InnoEnergy. Fast-growing grid scale sta#onary ba.ery storage, 
<h0ps://www.eba250.com/fast-growing-grid-scale-sta/onary-ba0ery-storage/> 
(2021). 

21 Maisch, M.     (pv magazine, 2018). 
22 Dunn, B., Kamath, H. & Tarascon, J.-M. Electrical energy storage for the grid: a ba0ery 

of choices. Science 334, 928-935 (2011).  
23 Sco0, A. in Chemical & Engineering News Vol. 101   (ACS, 2023). 
24 Baumann, M., Weil, M., Peters, J. F., Chibeles-Mar/ns, N. & Moniz, A. B. A review of 

mul/-criteria decision making approaches for evalua/ng energy storage systems for 
grid applica/ons. Renewable and Sustainable Energy Reviews 107, 516-534 (2019).  

25 Luo, X., Wang, J., Dooner, M. & Clarke, J. Overview of current development in 
electrical energy storage technologies and the applica/on poten/al in power system 
opera/on. Applied energy 137, 511-536 (2015).  

26 Wang, Q., Guo, J. & Chen, P. The power of hydrides. Joule 4, 705-709 (2020).  
27 Bu0ler, A. & Spliethoff, H. Current status of water electrolysis for energy storage, grid 

balancing and sector coupling via power-to-gas and power-to-liquids: A review. 
Renewable and Sustainable Energy Reviews 82, 2440-2454 (2018). 
h0ps://doi.org:10.1016/j.rser.2017.09.003 

28 Sartbaeva, A., Kuznetsov, V., Wells, S. A. & Edwards, P. Hydrogen nexus in a 
sustainable energy future. Energy & Environmental Science 1, 79-85 (2008).  

29 Cha0erjee, S. Limita/ons of Ammonia as a Hydrogen Energy Carrier for the 
Transporta/on Sector.  (2021). h0ps://doi.org:10.1021/acsenergyle0.1c02189 

30 Energy, U. D. o. Alterna#ve Fuels Data Center - Fuel Proper#es Comparison, 
<h0ps://afdc.energy.gov/fuels/proper/es?fuels=ME> ( 

31 Eppinger, J. r. & Huang, K.-W. Formic acid as a hydrogen energy carrier. ACS Energy 

Le.ers 2, 188-195 (2017).  
32 Food and Agriculture Organiza/on of the United Na/ons. World Fer/lizer Trends and 

Outlook to 2022. (2019). 
33 IMARC. Ammonia Market: Global Industry Trends, Share, Size, Growth, Opportunity 

and Forecast 2023-2028. (2022). 
34 Interna/onal Energy Agency. Ammonia Technology Roadmap - Towards more 

sustainable nitrogen fer/liser produc/on (2021). 
35 Lim, J., Fernández, C. A., Lee, S. W. & Hatzell, M. C. Ammonia and nitric acid demands 

for fer/lizer use in 2050. ACS Energy Le.ers 6, 3676-3685 (2021).  
36 Van Der Ham, C. J. M., Koper, M. T. M. & He0erscheid, D. G. H. Challenges in reduc/on 

of dinitrogen by proton and electron transfer. Chemical Society Reviews 43, 5183-
5191 (2014). h0ps://doi.org:10.1039/c4cs00085d 

37 Skúlason, E. et al. A theore/cal evalua/on of possible transi/on metal electro-
catalysts for N2 reduc/on. Physical Chemistry Chemical Physics 14, 1235-1245 (2012). 
h0ps://doi.org:10.1039/c1cp22271f 

38 Soloveichik, G. Electrochemical synthesis of ammonia as a poten/al alterna/ve to the 
Haber–Bosch process. Nature Catalysis 2, 377-380 (2019).  



 

23 
 

1 
39 Brown, T. The capital intensity of small-scale ammonia plants, 

<h0ps://www.ammoniaenergy.org/ar/cles/the-capital-intensity-of-small-scale-
ammonia-plants/> (2018). 

40 Smith, C., Hill, A. K. & Torrente-Murciano, L. Current and future role of Haber-Bosch 
ammonia in a carbon-free energy landscape. Energy and Environmental Science 13, 
331-344 (2020). h0ps://doi.org:10.1039/c9ee02873k 

41 Arias, P. et al. Climate Change 2021: the physical science basis. Contribu/on of 
Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on 
Climate Change; technical summary.  (2021).  

42 Smolinka, T., Bergmann, H., Garche, J. & Kusnezoff, M. in Electrochemical power 

sources: fundamentals, systems, and applica#ons     83-164 (Elsevier, 2022). 
43 Glenk, G. & Reichelstein, S. Economics of conver/ng renewable power to hydrogen. 

Nature Energy 4, 216-222 (2019).  
44 Michael Nayak-Luke, R. & Bañ ares-Alcá ntara, R. Techno-economic viability of 

islanded green ammonia as a carbon-free energy vector and as a subs/tute for 
conven/onal produc/on †. Cite this: Energy Environ. Sci 13, 2957-2957 (2020). 
h0ps://doi.org:10.1039/d0ee01707h 

45 Cesaro, Z., Ives, M., Nayak-Luke, R., Mason, M. & Bañares-Alcántara, R. Ammonia to 
power: Forecas/ng the levelized cost of electricity from green ammonia in large-scale 
power plants. Applied Energy 282, 116009-116009 (2021). 
h0ps://doi.org:10.1016/J.APENERGY.2020.116009 

46 Rod, T. H., LogadoHr, A. & Nørskov, J. K. Ammonia synthesis at low temperatures. The 

Journal of Chemical Physics 112, 5343-5347 (2000).  
47 Andersen, S. Z. et al. A rigorous electrochemical ammonia synthesis protocol with 

quan/ta/ve isotope measurements. Nature 570, 504-508 (2019). 
h0ps://doi.org:10.1038/s41586-019-1260-x 

48 Dražević, E. & Skúlason, E. Are There Any Overlooked Catalysts for Electrochemical 
NH3 Synthesis—New Insights from Analysis of Thermochemical Data. iScience 23, 
101803-101803 (2020). h0ps://doi.org:10.1016/j.isci.2020.101803 

49 Seh, Z. W. et al. Combining theory and experiment in electrocatalysis: Insights into 
materials design. Science 355, eaad4998 (2017).  

50 Suryanto, B. H. R. et al. MoS 2 Polymorphic Engineering Enhances Selec/vity in the 
Electrochemical Reduc/on of Nitrogen to Ammonia. ACS Energy Le.ers 4, 430-435 
(2019). h0ps://doi.org:10.1021/acsenergyle0.8b02257 

51 Zheng, Y., Jiao, Y., Vasileff, A. & Qiao, S. Z. The hydrogen evolu/on reac/on in alkaline 
solu/on: from theory, single crystal models, to prac/cal electrocatalysts. 
Angewandte Chemie Interna#onal Edi#on 57, 7568-7579 (2018).  

52 McCrum, I. T. & Koper, M. T. The role of adsorbed hydroxide in hydrogen evolu/on 
reac/on kine/cs on modified pla/num. Nature Energy 5, 891-899 (2020).  

53 Choi, J. et al. Iden/fica/on and elimina/on of false posi/ves in electrochemical 
nitrogen reduc/on studies. Nature Communica#ons 11, 1-10 (2020). 
h0ps://doi.org:10.1038/s41467-020-19130-z 

54 Greenlee, L. F., Renner, J. N. & Foster, S. L. The Use of Controls for Consistent and 
Accurate Measurements of Electrocataly/c Ammonia Synthesis from Dinitrogen. ACS 

Catalysis 8, 7820-7827 (2018). h0ps://doi.org:10.1021/acscatal.8b02120 



 

24 
 

1 55 Du, H. L., Gengenbach, T. R., Hodge0s, R., Macfarlane, D. R. & Simonov, A. N. Cri/cal 
Assessment of the Electrocataly/c Ac/vity of Vanadium and Niobium Nitrides toward 
Dinitrogen Reduc/on to Ammonia. ACS Sustainable Chemistry and Engineering 7, 
6839-6850 (2019). h0ps://doi.org:10.1021/acssuschemeng.8b06163 

56 Dabundo, R. et al. The Contamina/on of Commercial 15N2 Gas Stocks with 15N–
Labeled Nitrate and Ammonium and Consequences for Nitrogen Fixa/on 
Measurements. PLOS ONE 9, e110335-e110335 (2014). 
h0ps://doi.org:10.1371/JOURNAL.PONE.0110335 

57 Kolen, M., Ripepi, D., Smith, W. A., Burdyny, T. & Mulder, F. M. Overcoming nitrogen 
reduc/on to ammonia detec/on challenges: the case for leapfrogging to gas diffusion 
electrode playorms. ACS catalysis 12, 5726-5735 (2022).  

58 Wang, Y. et al. Highly selec/ve NH3 synthesis from N2 on electron-rich Bi0 in a 
pressurized electrolyzer. Proceedings of the Na#onal Academy of Sciences 120, 
e2305604120 (2023).  

59 Zhou, F. et al. Electro-synthesis of ammonia from nitrogen at ambient temperature 
and pressure in ionic liquids. Energy and Environmental Science 10, 2516-2520 (2017). 
h0ps://doi.org:10.1039/c7ee02716h 

60 Kang, C. S. M., Zhang, X. & Macfarlane, D. R. High Nitrogen Gas Solubility and 
Physicochemical Proper/es of [C4mpyr][eFAP]-Fluorinated Solvent Mixtures. Journal 

of Physical Chemistry C 123, 21376-21385 (2019). 
h0ps://doi.org:10.1021/acs.jpcc.9b06000 

61 Hodge0s, R. Y., Du, H. L., MacFarlane, D. R. & Simonov, A. N. Electrochemically 
Induced Genera/on of Extraneous Nitrite and Ammonia in Organic Electrolyte 
Solu/ons During Nitrogen Reduc/on Experiments. ChemElectroChem 2, 1-10 (2021). 
h0ps://doi.org:10.1002/celc.202100251 

62 Kolen, M. et al. Combinatorial Screening of Bimetallic Electrocatalysts for Nitrogen 
Reduc/on to Ammonia Using a High-Throughput Gas Diffusion Electrode Cell Design. 
Journal of The Electrochemical Society 169, 124506 (2022).  

63 Kyriakou, V., Garagounis, I., Vasileiou, E., Vourros, A. & Stoukides, M. Progress in the 
Electrochemical Synthesis of Ammonia. Catalysis Today 286, 2-13 (2017). 
h0ps://doi.org:10.1016/j.ca0od.2016.06.014 

64 Fernandez, C. A. et al. Opportuni/es for intermediate temperature renewable 
ammonia electrosynthesis. Journal of Materials Chemistry A 8, 15591-15606 (2020). 
h0ps://doi.org:10.1039/d0ta03753b 

65 Kyriakou, V., Garagounis, I., Vourros, A., Vasileiou, E. & Stoukides, M. An 
Electrochemical Haber-Bosch Process. Joule 4, 142-158 (2020). 
h0ps://doi.org:10.1016/j.joule.2019.10.006 

66 Bjarke Valbæk Mygind, J. et al. Is Ethanol Essen/al for the Lithium-Mediated Nitrogen 
Reduc/on Reac/on? ChemSusChem 16, e202301011 (2023).  

67 Andersen, S. Z. et al. Increasing stability, efficiency, and fundamental understanding 
of lithium-mediated electrochemical nitrogen reduc/on. Energy & Environmental 

Science 13, 4291-4300 (2020). h0ps://doi.org:10.1039/d0ee02246b 
68 Du, H.-L. et al. The chemistry of proton carriers in high-performance lithium-

mediated ammonia electrosynthesis. Energy & Environmental Science 16, 1082-1090 
(2023).  



 

25 
 

1 
69 Fu, X. et al. Con/nuous-flow electrosynthesis of ammonia by nitrogen reduc/on and 

hydrogen oxida/on. Science 379, 707-712 (2023).  
70 Du, H.-L. et al. Electroreduc/on of nitrogen at almost 100% current-to-ammonia 

efficiency. Nature 609, 722-727 (2022). h0ps://doi.org:10.1038/s41586-022-05108-
y 

71 Li, S. et al. Electrosynthesis of ammonia with high selec/vity and high rates via 
engineering of the solid-electrolyte interphase Electrosynthesis of ammonia with 
high selec/vity and high rates via engineering. Joule 6, 2083-2101 (2022). 
h0ps://doi.org:10.1016/j.joule.2022.07.009 

72 Lazouski, N., Schiffer, Z. J., Williams, K. & Manthiram, K. Understanding Con/nuous 
Lithium-Mediated Electrochemical Nitrogen Reduc/on. Joule 3, 1127-1139 (2019). 
h0ps://doi.org:10.1016/j.joule.2019.02.003 

73 Lazouski, N. et al. Proton Donors Induce a Differen/al Transport Effect for Selec/vity 
toward Ammonia in Lithium-Mediated Nitrogen Reduc/on. ACS Catalysis (2022). 
h0ps://doi.org:10.1021/ACSCATAL.2C00389 

74 McShane, E. J. et al. Quan/fying Influence of the Solid-Electrolyte Interphase in 
Ammonia Electrosynthesis. ACS Energy Le.ers 8, 4024-4032 (2023).  

75 Chorkendorff, I. et al. Phenol as Proton Shu0le and Buffer for Lithium-mediated 
Ammonia Electrosynthesis.  (2023).  

76 Lazouski, N., Chung, M., Williams, K., Gala, M. L. & Manthiram, K. Nonaqueous gas 
diffusion electrodes for rapid ammonia synthesis from nitrogen and water. Nature 

Catalysis (2020). h0ps://doi.org:10.1038/s41929-020-0455-8 
77 Fu, X. et al. Calcium-mediated nitrogen reduc/on for electrochemical ammonia 

synthesis. Nature Materials, 1-7 (2023).  
78 Tort, R. et al. Searching for the Rules of Electrochemical Nitrogen Fixa/on. ACS 

Catalysis 13, 14513-14522 (2023).  

 

 

 



 

26 
 

1 



 

This chapter has been published in: ACS Catalysis, 2023, 13, 3, 1649-1661. 
 

 

2 
Revisi/ng the Electrochemical 

Nitrogen Reduc/on on 

Molybdenum and Iron Carbides: 

Promising Catalysts or False 

Posi/ves? 



 
 

28 
 

2 

Abstract 

The electrochemical dinitrogen reduc/on reac/on (NRR) has recently gained much interest 

as it can poten/ally produce ammonia from renewable intermi0ent electricity and replace 

the Haber−Bosch process. Previous literature studies report Fe- and Mo-carbides as 

promising electrocatalysts for the NRR with ac/vi/es higher than other metals. However, 

recent understanding of extraneous ammonia and nitrogen oxide contamina/ons have 

challenged previously published results. Here, we cri/cally assess the NRR performance of 

several Fe- and Mo-carbides reported as promising by implemen/ng a strict experimental 

protocol to minimize the effect of impuri/es. The successful synthesis of α-Mo2C decorated 

carbon nanosheets, α-Mo2C nanopar/cles, θ-Fe3C nanopar/cles, and χ-Fe5C2 nanopar/cles 

was confirmed by X-ray diffrac/on, scanning and transmission electron microscopy, and X-

ray photoelectron and Mössbauer spectroscopy. A�er performing NRR 

chronoamperometric tests with the synthesized materials, the ammonia concentra/ons 

varied between 37 and 124 ppb and are in close proximity with the es/mated ammonia 

background level. Notwithstanding the imprac/cality of these extremely low ammonia 

yields, the observed ammonia did not originate from the electrochemical nitrogen reduc/on 

but from unavoidable extraneous ammonia and NOx impuri/es. These findings are in 

contradic/on with earlier literature studies and show that these carbide materials are not 

ac/ve for the NRR under the employed condi/ons. This further emphasizes the importance 

of a strict protocol in order to dis/nguish between a promising NRR catalyst and a false 

posi/ve. 
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2.1 Introduc/on 

The ac/va/on of diatomic nitrogen has been one of the greatest challenges in nitrogen-
related chemistry.1,2 This is inherently related to the inert nature of the nitrogen molecule 
due to its high bond-dissocia/on energy, absence of a dipole moment, and low proton and 

electron affinity.3 Despite the inert nature, diazotrophic microorganisms successfully fixate 

nitrogen and play a key role in enriching the soil.4 However, due to the growing world 

popula/on and the high demand for food, addi/onal nitrogen containing nutrients in the 

form of ar/ficial ammonia-based fer/lizers must be provided to the soil. The majority of the 

ammonia produced worldwide is synthesized by the Haber−Bosch process (H-B), wherein 

energy intensive reac/on condi/ons (T = 300−500 °C, P = 150−300 bar) are needed to 

ac/vate dinitrogen.2 The ammonia industry consumes approximately 1% of the global 

energy demand and emits roughly 0.75% of the anthropogenic CO2 emissions (assuming 1.9 

tCO2
 tNH3

-1  ),5,6 which is mo/va/ng the search for more energy efficient and sustainable 

alterna/ves. 

The electrochemical nitrogen reduc/on reac/on (NRR), wherein dinitrogen, water, and 

electrons from renewable sources react to form ammonia, has recently gained significant 

scien/fic interest and has been proposed as a poten/al replacement for the fossil fuel-based 

H-B.7,8 NRR systems at high (>500 °C) and intermediate (100−500 °C) temperatures have 

proven to be successful in terms of faradaic efficiency (FE≥75%) and NH3 yield (≥4.5 nmol 

s−1 cm−2).9 Nevertheless, the present high temperature NRR systems tend to have a low 

energy efficiency compared to H-B.10,11 Therefore, it would be beneficial to perform the NRR 

under ambient condi/ons. Significant FEs have been reported with iron electrocatalysts in 

ionic liquids and organic electrolytes by suppressing the parasi/c hydrogen evolu/on 

reac/on (HER).12,13 However, the use of organic electrolytes is likely to be less economically 

feasible compared to aqueous electrolytes due to complex scalability, safety issues, high 

costs, and intense energy requirements.8,14 Unfortunately, the kine/cs under ambient 

condi/ons in aqueous electrolytes are sluggish and many a0empts in examining transi/on 

metals, such as Au, Fe, Mo, Ru, Rh, and Re, as poten/al electrocatalysts for the NRR have 

resulted in low FEs (<1%) and ammonia yields (<0.1 nmol s−1 cm−2).15,16 

The ac/ve site of the nitrogenase enzyme, the biologic pathway for nitrogen fixa/on, is the 

FeMo-cofactor. The FeMo-cofactor contains a six iron atomic trigonal prism with a carbon-

centered posi/on. Each iron is bound to three sulfur atoms, with an addi/onal iron and 

molybdenum in apical posi/ons.2,17 A0empts to mimic the FeMo-cofactor ini/ated 

inves/ga/on into Fe- and Mo-based heterogeneous NRR catalysts, such as carbides and 

sulfides. Both Mo2C and MoS2 show noble metal like proper/es, due to similar d-band 

configura/ons as Pt.18 Therefore, they can act as cheap and robust cataly/c subs/tutes for 

many applica/ons, including water electrolysis, water gas shi� reac/on, and ammonia 

decomposi/on.19 Despite the fact that these materials are good HER catalysts, several 

density func/onal theory studies have predicted favorable nitrogen binding energies.19−21 
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Experimental results are somewhat dis/nct; nitrogen reduc/on experiments with 

amorphous 2H-MoS2 and metallic 1 T-MoS2 did not produce quan//es of ammonia 

exceeding the background level,12,21 while other studies report reasonable FEs and ammonia 

yields using FeS2, Mo2C, and Fe3C, thereby labeling these materials as promising NRR 

catalysts.22−24 

The electrochemical NRR field is plagued by ques/onable results, mainly due to the large 

impact of extraneous ammonia sources on experiments performed on a small scale. 

Ammonia stemming for other sources can erroneously be assigned to ammonia synthesized 

by the NRR, which can lead to false posi/ves. Ammonia impuri/es can be minimized by a 

proper experiment design and can be iden/fied by applying the right control experiments, 

such as argon and open-circuit blank tests and ul/mately 15N2-labeled experiments. Recently, 

nitrogen oxides have been iden/fied as another source of contamina/on, as these species 

are more easily reduced to ammonia than dinitrogen in the NRR.25 The majority of the 

recently published studies have applied blank tests, but performing quan/ta/ve 15N2-

labeled experiments and monitoring nitrogen oxide species are done sporadically.25 As a 

consequence, a handful of research groups have tried to reproduce electrocatalysts ini/ally 

labeled as promising, such as Fe, Bi, Au, VN, CoMo, Mo2N, and MoS2,16,21,26−30 but discovered 

that the quan/fied ammonia must originate from sources other than the NRR. Here, we 

cri/cally assess the electrocataly/c NRR ac/vity of molybdenum and iron carbides, where 

more than 10 independent literature reports claim to observe superior or excellent cataly/c 

performance.23,24,31−38 In the present work, α-Mo2C nanodots from Cheng et al. (reported as 

the most promising carbide catalyst) are reproduced and compared with α-Mo2C 

nanopar/cles as a benchmark.23 Addi/onally, nanostructured θ-Fe3C and χ-Fe5C2 are 

synthesized and examined for their NRR ac/vity. A key aspect of this work is the 

implementa/on of a strict protocol, which is designed to minimize the level of extraneous 

contamina/on,15,25 allowing genuine quan/fica/on of ammonia produced by the NRR. 
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2.2 Experimental Sec/on 

2.2.1 Materials  

Materials and chemicals were purchased from Sigma Aldrich, if not indicated otherwise. 

Ultrapure water (Millipore Milli-Q IQ 7000) was used for catalyst synthesis, electrolyte 

prepara/on, and cleaning procedures. Concentrated sulfuric acid (95−98 wt % H2SO4, trace 

metal purity) was used for glassware acid cleaning and diluted for other purposes. High 

purity N2, Ar, and H2 (99.999%, Linde) were used for electrochemical experiments and 

material synthesis. 

2.2.2 Molybdenum and Iron Carbide Synthesis 

Mo2C Nanodot-Decorated Carbon Nanosheets. Mo2C nanodots (Mo2C NS) were synthesized 

by a molten-salt synthesis procedure as reported in detail elsewhere.23 In short, a mixture 

of 1 mL of water and 4 mL of ethanol (96%, VWR) was mixed in a beaker and con/nuously 

heated and s/rred on a hotplate. Once the mixture reached 70 °C, 0.4 g of 

bis(acetylacetonato)dioxomolybdenum(VI) and 0.14 g of sucrose (99.5%) were added. A�er 

the mixture turned green, an excess amount of sodium chloride (99.5%) was added un/l a 

green crystalline slurry was formed. The slurry was directly transferred to a ceramic boat 

and placed inside a tubular furnace (Blue, Lenton), where the specimen was heated to its 

carburiza/on temperature under an Ar atmosphere (Tcarb = 800 °C, hea/ng rate = 5 °C min−1), 

kept constant at this temperature for 2 h and the furnace cooled down to room temperature 

naturally. The resul/ng black catalyst/salt mixture was excessively rinsed with ultrapure 

water to remove the sodium chloride. The residue was filtrated (Durapore 100 nm, Merck) 

and dried in an oven at 80 °C overnight. 

α-Mo2C Nanopar/cles. Gómez-Marín and Ticianelli reported a procedure for the synthesis 

of porous Mo2C nanopar/cles (Mo2C NP) that was replicated here.39 In a typical procedure, 

0.15 g of Vulcan VC-72 (Cabot) was mixed with 0.51 g of MoO3 (99.9%) in a beaker containing 

30 mL of ethanol. The dispersion was heated to 60 °C overnight while con/nuously s/rring 

to evaporate the ethanol completely. The powder was transferred to a ceramic boat for 

carburiza/on inside a tubular furnace under 10 vol % H2:Ar. The precursor was heated to 

725 °C for 30 min with a slow hea/ng rate (1 °C min−1) and cooled down to room 

temperature. 

Mesoporous Fe3C. A combined hard-templa/ng and carburiza/on method developed by 

Kraupner and coworkers was used to create a mesoporous Fe3C structure with a high surface 

area.40 In brief, 0.5 g of FeCl3 (99.9%) was dissolved in 1 g of 40 wt% SiO2 in H2O (Ludox AS40) 

in a borosilicate test tube. Addi/onally, 0.728 g of 4.5-dicyanoimidazole (99%) was added 

and s/rred through the suspension and sonicated for 30 min to achieve a homogeneous 

yellow-colored thick slurry paste. The paste was transferred to a ceramic boat and 
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carburized inside a tubular furnace at 700 °C (hea/ng rate 2 °C min−1) for 2 h under an Ar 

atmosphere and cooled down to room temperature. 

χ-Fe5C2 Nanopar/cles. The principle of thermal decomposi/on of Fe(CO)5 is a common used 

strategy to synthesize iron carbides and is discussed in detail elsewhere.41 A mixture of 0.2 

g of polyvinylpyrrolidone (PVP, 40000 g mol-1 ) and 1 mL of Fe(CO)5 (99.99%) was inserted in 

a homemade air-/ght reactor consis/ng of Swagelock tubes and adapters (Figure A1). The 

reactor was purged with Ar at a flowrate of 20 mL min−1 for approximately 10 min to remove 

residual oxygen, and immediately a�erward, all Swagelock adapters were closed. The 

reactor was posi/oned inside a muffle furnace programmed with Tcarb at 300 °C (hea/ng rate 

2.3 °C min−1) for a dura/on of 24 h. 

2.2.3 Characteriza/on  

X-ray Diffrac/on (XRD). Samples were deposited on a Si510 zero background wafer and 

posi/oned inside a Bruker D8 Advance diffractometer in Bragg-Brentano geometry 

equipped with a graphite monochromator, a Vantec posi/on sensi/ve detector, a variable 

divergence slit, and a 5 mm height sca0er screen. Co Kα radia/on (λ = 0.1789 nm) was used 

to avoid incident beam fluorescence effects on the Fe carbides. During each acquisi/on, 

steps with a size of 0.038° and 5 s per step were measured over a 10-110° 2θ range. Bruker 

DiffracSuite.EVA v6.0 was used to subtract the background, correct small displacements, and 

strip the Kα2 contribu/on from the pa0erns to enable crystallite size (DXRD) es/ma/on with 

the Scherrer equa/on (Equa/on 1), where λ is the wavelength, and κ the shape factor taken 

as 1. Peak shapes were assumed Gaussian, and the full width at half maximum, in this case 

β, was addi/onally corrected for instrumental line broadening effects.  

DXRD= 
κλ

βcosθ

1� 

Mössbauer spectroscopy. Transmission 57Fe Mössbauer spectra were collected at room 

temperature with a conven/onal constant-accelera/on spectrometer with a 57Co(Rh) source. 

Velocity calibra/on was carried out using an α-Fe foil. The Mössbauer spectra were fi0ed 

using the Mosswinn 4.0 program.42  

X-ray Photoelectron Spectroscopy (XPS). A Thermo Scien/fic Kα spectrometer with a 

monochroma/c Al Kα excita/on source was used to acquire X-ray photoemission 

spectroscopy (XPS) spectra. The base pressure inside the analysis chamber was about 2 x 

109 mbar. HR-XPS spectra were recorded using a 400 μm spot size, 0.1 eV step size, and 50 

eV pass energy (200 eV for survey). All spectra were charge corrected to the C 1s 

adven//ous carbon (284.8 eV). Sub-surface layers were measured with a depth-profile by 

argon ion etching (1000 eV) in between XPS measurements. The obtained XPS spectra were 

deconvoluted with CasaXPS v2.3 so�ware.
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Induc/vely Coupled Plasma Atomic Emission Spectroscopy (ICP-OES). The materials were 

dispersed in 35 vol% HNO3 overnight to dissolve the carbides. The samples were further 

diluted with 3 vol% HNO3 with an amount depending on the expected metal content. All 

ICP-OES measurements were performed on a SPECTRO ARCOS measured against an external 

calibra/on, with a typical detec/on limit of 10 ppb. 

Scanning Electron Microscopy (SEM). Prior to analysis, the aluminum cylindrical sample 

holder was washed in isopropanol in an ultrasonic bath for approximately 2 min. An 

isopropanol based catalyst ink was drop-casted on the sample holder and posi/oned in a 25 

mm working distance. The SEM measurements were executed on a Jeol JSM 6500F 

instrument at an accelera/on voltage of 15 kV, coupled with an energy dispersed X-ray 

analysis detector (Ultradry, Thermo Scien/fic). 

Transmission Electron Microscopy (TEM). A dispersion of catalyst and isopropanol was drop-

casted on a TEM grid with a holey carbon film on a copper 400 mesh (EM-resolu/ons). All 

materials were analyzed with a JEOL JEM1400plus TEM at a 120 kV accelera/on voltage 

using a single-/lt specimen holder. The TEM was equipped with a TVIPS TemCam-F416R high 

resolu/on camera based on a custom designed CMOS architecture. ImageJ was used to 

es/mate the par/cle size distribu/on. 

2.2.4 Electrochemical Measurements  

A Biologic VSP-300 poten/ostat in combina/on with EC-Lab so�ware was used for all 

electrochemical measurements. The uncompensated resistance (Ru) of the system (the 

resistance between the reference electrode (RE) and working electrode (WE)) was measured 

before each cyclic voltammetry (CV) and chronoamperometry (CA) measurement. Ru was 

determined with poten/osta/c electrochemical impedance spectroscopy at open-circuit 

poten/al, with a frequency range between 200 kHz and 0.1 Hz. The distance between the 

origin and the first line intersec/on on the ZReal-axes within the Nyquist plot represents Ru 

and was extracted by manual data fiHng. Subsequently, the EC-Lab build-in IR compensa/on 

allowed 85% Ru compensa/on without adding to much distor/on to the CV and CA results. 

Only for the CA experiments, the other 15% Ru was compensated a�er the measurement by 

using Equa/on 2. 

 V100% = V85% − 
345�67% 
2� 

A polyether ether ketone (PEEK) three-electrode cell design adapted from the Jaramillo 

group was used for all electrochemical experiments.43 It consisted of two separate 

compartments that accommodate 5 mL of electrolyte and 3 mL of gas headspace. An 

addi/onal plate was added to the overall cell design (Figure A2), which fixated the WE. A 

leak-free Ag/AgCl micro reference electrode (Innova/ve Instruments, LF-1-45) was used for 

poten/al control, wherein all poten/als were recalculated versus the reversible hydrogen 

electrode scale following Equa/on 3. 
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ERHE = EAg/AgCl + EAg/AgCl
0  + 0.059*pH 
3� 

A Pt foil (50 x 50 x 0.025 mm, 99.99%, Mateck) func/oned as the anode and was rinsed with 

water and flame annealed before each experiment. A fresh sheet of membrane (Celgard 

3401) was used for every run, thereby preven/ng accumula/on of NH3. The WE was 

prepared by drop-cas/ng 3 droplets of 10 μL of a freshly prepared catalyst ink (2 mgcat mL-1, 

950 μL 2-propanol (98%, VWR) and 50 μL of Nafion 117-containing solu/on (5 wt%)) on a 

carbon paper disk (1 cm2, Toray carbon paper, Aesar) with a loading of 0.06 mg cm-2 and 

stored under vacuum once prepared. The WE was soaked in a fresh 1 M KOH (99.95%), 0.1 

M KOH, 0.5 M Li2SO4 or 0.05 M H2SO4 solu/on before it was fixated in the cell by a glassy 

carbon plate (25 x 25 x 1 mm, HTW). The back of the glassy carbon was taped with a Cu strip 

(AT528, 10 mm width, RS Components) and connected to the poten/ostat wires. The 

catholyte was saturated by purging N2 or Ar for 30 min before each experiment. A�er cyclic 

voltammetry and chronoamperometric measurements, aliquots of both catholyte and 

anolyte were collected with a syringe and transferred to several test tubes for further 

quan/fica/on. 

2.2.5 Minimizing Effects of Impuri/es  

Feed gas contamina/on in the form of NH3 and NOx in both high purity Ar and N2 have been 

reported previously.15,25 In order to remove residual contaminants, a cer/fied commercial 

gas filter (Entegris GPUS35FHX) was installed upstream of the electrochemical cell (see 

Figure A3). The cell components were always acid cleaned with 10 vol% H2SO4 for at least 1 

h and rinsed with ultrapure water prior to each experiment. Syringes, needles, pipet /ps, 

and sample tubes were also excessively washed with ultrapure water and dried under Ar 

flow before use. A microporous membrane (Celgard 3401) with a gas repellent coa/ng was 

selected as a more suitable separator compared to the more commonly used Nafion 

membrane to avoid accumula/on of ammonia contamina/ons as was reported 

previously.15,44,45 A downstream acidified liquid trap is o�en used to measure vola/le 

ammonia that could poten/ally be present in the effluent gas. As NH3 dissolves very well in 

aqueous electrolytes (∼500 g L-1), this suggests that low concentra/ons of NH3 readily 

dissolves in the used electrolyte. This means that an acid trap is o�en redundant and can 

poten/ally be an extra source of contamina/on.15 Therefore, we did not incorporate a 

downstream acidified trap in the experimental design. 

Precursors and catalysts containing nitrogen species are poten/al sources of impuri/es and 

should be avoided.28,30 The selec/on criteria for our catalyst synthesis procedures was 

mainly mo/vated by minimizing the use of N-containing precursors. The Mo2C nanopar/cles 

and Mo2C nanodots do not contain N-based materials for the prepara/on, while the use of 

N−C compounds was unavoidable for the synthesis of iron carbide nanomaterials. The la0er 

mo/vated us to use a catalyst loading of 0.06 mg cm−2 to minimize the effects of the N−C 

precursor during the electrochemical experiments. We used a method adopted from Chen 

et al. to monitor impuri/es in our materials,26 such as catalyst powders, membranes, carbon 
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paper, and Pt foil. Strategies to effec/vely remove impuri/es will be discussed in a future 

study.46 

Li-salts are notorious for containing trace levels of NOx−species as was previously reported 

by Li et al.47 Therefore, Li2SO4 is suspected of having these labile N-species and the suggested 

thermal annealing step was implemented to remove trace impuri/es. For the annealing step, 

the as received Li2SO4 (99.5%) was transferred to a tubular furnace and thermally annealed 

at 800 °C for 4 h in Ar with a hea/ng rate of 10 °C min−1 before preparing a solu/on. 

2.2.6 Ammonia and Nitrite Quan/fica/on  

Ammonia was quan/fied by the Berthelot reac/on.48 In a rou/ne analysis, a volume of 1.33 

mL of either 1 M KOH, 0.1 M KOH, 0.5 M Li2SO4, or 0.05 M H2SO4 was neutralized with dilute 

concentra/ons of H2SO4 or KOH. Then, phenol nitroprusside and alkaline hypochlorite (0.2 

wt % sodium hypochlorite in an alkaline solu/on) were both added in an amount equal to 

25 vol % of the neutralized solu/on. The mixture was s/rred thoroughly on a vortex shaker. 

A�er 30 min of incuba/on /me, the solu/on color and its intensity differed from light green 

to dark blue with increasing NH3 content. The samples were transferred to PMMA cuve0es 

(10 × 10 × 30 mm) for further analysis with the UV−Vis spectrophotometer (Hach DR6000). 

For construc/ng a calibra/on line, a series of six different concentra/ons of NH4Cl (99.99%) 

in 1 M KOH, 0.1 M KOH, 0.5 M Li2SO4, and 0.05 M H2SO4 were prepared with respec/ve 

concentra/ons of 0.01, 0.05, 0.1, 0.5, 1, and 2 ppm. The fi0ed calibra/on lines shown in 

Figure A4 were reproducible and resulted in the following linear rela/onships: A1MKOH  = 

0.5642 CNH3
 - 0.0045 with R2

 = 0.9997, A0.1MKOH  = 0.7279 CNH3
 - 0.001 with R2

 = 0.9999, 

A0.5MLi2SO4
= 0.7992CNH3

- 0.0033 with R2
 = 0.9997, A0.05MH2SO4

= 0.6613CNH3
- 0.00405 with R2

 

= 0.9997. 

The concentra/on of NO2
- was quan/fied by the photometric Griess test. A commercially 

available Griess reagent mixture was used with a detec/on range between 0.007 and 3.28 

ppm NO2
-
 (Spectroquant, Merck). Typically, a sample of 2 mL of 0.1 M KOH was neutralized 

with 168 μL of 0.5 M H2SO4. Subsequently, 30 mg of the Griess reagents were added and 

mixed with the solu/on with an incuba/on /me of 10 min. Five different concentra/ons of 

0.02, 0.05, 0.1, 0.5, 1 ppm KNO2 in 0.1 M KOH were prepared to construct a calibra/on line 

with a perfect linear fit: A = 0.8071CNO2
-  - 0.0001  and R2 = 1 (Figure A5). The UV-Vis 

spectroscopic measurements to detect ammonia and NO2
- were always performed versus a 

blank 0.1 M KOH electrolyte stock solu/on, to exclude the influence of electrolyte 

background contamina/ons. 
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2.3 Results and Discussion 

2.3.1 Material Characteriza/on 

The X-ray diffrac/on pa0erns of Mo2C NS, Mo2C NP, Fe3C and Fe5C2 are shown in Figure 1. 

The Mo2C samples (Figure 1a) show three sharp peaks at 40.2, 44.3, and 46.1° that are 

iden/cal to the reference spectrum of α-Mo2C (PDF 04-003-0962). Three other peak 

features at 30.3, 43.2, and 63.0° suggest the existence of MoO2 (PDF 04-013-3645) in the 

Mo2C NS sample. This is most likely related to an incomplete carbothermal reduc/on of the 

molybdenum oxide precursor, which was not observed for the Mo2C NP. The ″hill-like″ peak 

between 20 and 25° is typical for amorphous carbon and reflects its dominant presence in 

the Mo2C NS, Fe3C, and Fe5C2 samples.49 The peaks between 45 and 60° in Figure 1b 

correspond to orthorhombic iron carbide (θ-Fe3C, PDF 00-035-0772). The forma/on of 

other Fe oxida/on states, such as reduced Fe (53.3°), Fe3O4 (41.3, 35, 74.2°), and Fe2O3 (38.6°) 

are inevitable by-products of the carburiza/on process.41,50 Also, small frac/ons of Fe3O4 

(41.4° and 74°) were iden/fied in Figure 1c a�er the thermal decomposi/on of Fe(CO)5,41 

while the mul/plet between 49 and 55° is very typical for χ-Fe5C2 (PDF 01-080-4102). The 

average crystallite size was calculated with the Scherrer equa/on (Equa/on 1) and 

summarized in Table A1.  

The fi0ed Mössbauer spectrum of the Fe3C sample (Figure 2a) shows a sextuplet with an 

isomer shi� (IS) of 0.19 mm s−1, and a hyperfine field of 20.8 T. θ-Fe3C is iden/fied as the 

major spectral contributor (67%).51 Addi/onally, a metallic Fe sextuplet (IS = −0.004 mm s−1, 

33 T) was clearly observed and is in agreement with the sharp peak at 53.3° in the Fe3C 

diffractogram. A doublet indicates a quadrupole peak spliHng, which means the absence of 

magne/c field spin coupling. This indicates the presence of (super)paramagne/c Fe3+ 

nanostructures. It is difficult to allocate the specific Fe3+ phase, as mul/ple subdoublets can 

be superimposed in one doublet.52 However, the low intensity XRD peaks of Fe2O3 suggests 

that the doublet contains mostly nanostructured Fe3O4. The presumably low quan//es of 

Fe2O3 are covered by a sextet (IS = 0.31 mm s−1, 49.3 T); therefore, it is unlikely that Fe2O3 

has a spectral contribu/on in the doublet. Three sextuplets (IS = 0.27, 0.21, and 0.16 mm s−1 

with Bhyp = 21.7, 18.1, and 10.3 T) covered 78% of the spectral area in Figure 2b, which were 

a0ributed to the three iron laHce sites in the Fe5C2 crystal structure.53,54 Fe3O4 has a small 

spectral contribu/on located in the outer spectrum with an octahedral (IS = 0.28 mm s−1, 

49.1 T) and a tetrahedral site (IS = 0.71 mm s−1, 46 T).55 Fe2O3 was not iden/fied in the Fe5C2 

diffractrogram, which again suggests that the doublet is nanostructured Fe3O4. In conclusion, 

the Mössbauer data confirms the synthesis of the intended Fe3C and Fe5C2 compounds with 

limited amounts of iron and iron oxide species. The remainder of the Mössbauer data is 

summarized in Table A2. 
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Figure 1. X-ray diffrac/ons pa0erns of (a) Mo2C NS (green) and Mo2C NP (blue) with the α-Mo2C (PDF 
04-003-0962, black) and MoO2 (PDF 04-013-3645, gray) reference pa0erns. The pa0erns in (b) and (c) 
represent Fe3C (purple) and Fe5C2 (red) with the corresponding θ-Fe3C (PDF 00-035-0772, black) and 
χ-Fe5C2 (PDF 01-080-4102, black) reference pa0erns. 

Mössbauer spectroscopy and XRD give informa/on about the bulk phase of the material. 

XPS is surface sensi/ve and gives informa/on regarding the surface phase and composi/on. 

The Mo2C XPS survey scans (Figure A6a,b) contain peaks of Mo 3d, Mo 3p, C 1s and O 1s, 

from which the high-resolu/on scans of the Mo 3d photoelectrons (Figure 3a,b) were 

deconvoluted to iden/fy different Mo oxida/on states. The Mo 3d orbital has a spin−orbit 

Mo 3d5/2-Mo 3d3/2 doublet with a 3/2 peak intensity ra/o that is separated by a binding 

energy of 3.15 eV. The full width at half-maximum (FWHM) was kept constant for each 

doublet during the deconvolu/on process. It is o�en ambiguous to assign an oxida/on state 

to Mo2C; therefore, it is o�en denoted in an aggregated term as Mo0−3+.56 The presence of 
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Mo2C surface bonded species was confirmed by the small Mo 3d5/2 peaks at 229.3 and 228.2 

eV for both Mo2C NS and Mo2C NP, respec/vely.34,57 Other peaks at binding energies 232.5 

and 235.5 eV for both Mo carbide materials are iden/fied as MoO3 and must be solely 

present in the thin surface layers as MoO3 was not iden/fied in the diffractograms. These 

spontaneously formed metal oxide surface layers are inevitable due to exposure to ambient 

air. Post-mortem XPS analyses confirmed that the majority of the surface layer was 

Mo2C.23,58 This suggests that the Mo-oxide species are reduced during electrochemical 

reduc/on. Moreover, it is expected that the trans-passive Mo-oxide layers are not stable in 

alkaline condi/ons and form soluble MoO4
2-

 even at moderate reduc/on poten/als.59,60  

 

Figure 2. Room temperature transmission 57Fe Mössbauer spectra in the (a) prepared Fe3C sample 
with a large intensity sextet (purple) iden/fied as θ-Fe3C and (b) synthesized Fe5C2 powder with three 
intense sextets of χ-Fe5C2 (I maroon, II red, III salmon). 

The Fe 2p3/2 peak was used to iden/fy different Fe oxida/on states. The broad peak between 

714 and 709 eV contains a complex convolu/on of mul/ple subpentuplets of     Fe2O4 , Fe3O4, 

and FeOOH species, which all overlap in this region. We fi0ed one pentuplet as a general 

Fe-oxide term as indicated in Figure 3c,d by taking XPS reference data such as FWHM, 

rela/ve peak area, and binding energies from Biesinger et al.61
 For iron carbide, the majority 

of the surface is covered with a thin Fe-oxide layer. According to the Pourbaix diagram for 

Fe, this oxide-layer is reduced by applying mild reduc/on poten/als.62
 The presence of a 

single peak at 708.4 eV for Fe3C and 708.6 eV for Fe5C2 is iden/fied as the Fe carbide phase. 
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Only Fe5C2 has an addi/onal sharp metallic Fe peak at 707.2 eV. The low signal-to-noise ra/o 

for the Fe5C2 Fe 2p spectra indicates a low Fe quan/ty (<1 at%), which is also reflected in a 

low intensity Fe oxide peak in the O 1s spectra (Figure A7e). From a depth profiling test 

(Figure A8), it becomes clear that the Fe 2p signal increases with a longer etching /me, while 

the intensi/es of the O 1s and N 1s spectra decreases. This indicates that the top surface 

layer is covered with adven//ous species due to atmospheric exposure. 

 

 

 

 

 

 

 

 

 

 

Figure 3. X-ray photoelectron spectroscopy Mo 3d and Fe 2p spectra with deconvoluted peaks in (a) 
Mo2C NS (green) and (b) Mo2C NP (blue), (c) orthorhombic Fe3C (purple), and (d) Fe5C2 (red). 

The elemental Mo and Fe content in all metal carbides were analyzed by ICP-OES and are 

summarized in Table A3. The ICP-OES results revealed that the bulk concentra/ons of Mo 

and Fe are significantly higher with respect to the surface concentra/ons es/mated by XPS. 

This suggests that the surface adsorp/on of advantageous species by air exposure is not 

only observed for Fe5C2 but also for the other metal carbides. 

The Mo2C NS are clearly visible in Figure 4a,e and confirm a successful synthesis. TEM 

imaging (Figure A9a) reveals that a rela/vely large propor/on of the sample consists of 

undecorated carbon nanosheets. This explains why the majority of the surface composi/on, 

analyzed by XPS, is predominantly carbon (Table A4). The existence of Mo2C nanodots (<20 

nm), as proposed by Wang and coworkers, was not observed in our TEM analysis.23 Despite 

the magnifica/on limita/ons of the low-resolu/on TEM, dis/nguished nano-par/cles up to 

5−10 nm were detectable in other metal carbide samples, indica/ng that Mo2C nanodots of 

the order 10−20 nm should be visible. In Figure 4e and Figure A9b, regions with a higher 

contrast indicate a layer of aggregated Mo2C, with an average crystallite size (DXRD) of 35 nm. 
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The SEM−EDX results (Figures A10 and A11) support this observa/on and show that the 

carbon sheet is indeed covered with a nanocrystalline layer of Mo2C. 

 

Figure 4. Scanning and transmission electron micrographs of (a, e) Mo2C NS, (b, f) Mo2C NP on a carbon 
support, (c, g) Fe3C, and (d, h) Fe5C2. 
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The successful synthesis of Mo2C NP on a carbon support was confirmed by TEM (Figure 4f 

and Figure A12). The par/cle size, DTEM, was distributed between 10 and 50 nm, which is in 

agreement with the average crystallite size (DXRD = 21 nm). The SEM images in Figure 4b and 

Figure A13 show a mesoporous morphology with a large surface area. The overall Mo2C 

surface distribu/on is homogeneous as was confirmed by the SEM−EDX mapping (Figure 

A14). The carbon precursor in combina/on with the inert SiO2 nanopar/cles s/mulates the 

spherical growth of nanosized Fe3C par/cles and prevents it from forming larger aggregates. 

Most Fe3C par/cles were between 40 and 60 nm. The Fe3C sample contained nanosized 

hollow features as visible in Figure 4c,g and confirmed the successful removal of SiO2 during 

the 1 M KOH treatment. The absence of the SiO2 nanopar/cles a�er the treatment was 

further supported by Fourier transform infrared spectroscopy (Figure A15).  

Small and isolated Fe5C2 spherical nanopar/cles with a narrow size distribu/on are observed 

in Figure 4d and Figure A16 (DTEM is 5−35 nm and DXRD is 11 nm). This highlights that PVP 

successfully stabilizes the nanopar/cles from agglomera/on during the carbothermal 

reduc/on of Fe(CO)5. The material has a microporous structure (Figure A17b) with a high 

surface area because of the polymeric nature of the support. In contrast to the low Fe 

content measured in the first ∼10 nm thick surface layer, well distributed and significant Fe 

concentra/ons were detected in the bulk surface layers (∼1 μm) by SEM−EDX mapping 

(Figure A18), which supports the XPS depth profiling and ICP-OES results (Figure A8). 

2.3.2 Electrochemical Characteriza/on 

The current-poten/al (I−V) rela/onship of each material was inves/gated by execu/ng 

mul/ple CV cycles at a scan rate of 20 mV·s−1 in a N2 presaturated electrolyte to es/mate 

the onset poten/al and an expected poten/al window for the NRR. A possible pH 

dependency on the Mo2C ac/vity of the NRR was inves/gated by execu/ng CV in 0.05 M 

H2SO4 (pH = 1), 0.5 M Li2SO4 (pH = 8.3), 0.1 M KOH (pH 13), and 1 M KOH (pH 14). The stability 

of Fe-carbides in acidic-to-neutral condi/ons is low as the material tends to dissolve.63 

Therefore, we decided to only use 0.1 M and 1 M KOH for the evalua/on of the Fe-carbides. 

Mo2C is generally stable in both acidic and alkaline environments, allowing CV 

measurements in all electrolytes.58,64 The uncompensated resistance (Ru), measured with 

open-circuit electrochemical impedance spectroscopy was consistent for each material 

tested and ranged between 25 and 30 Ω for 0.1 M KOH, 3 and 4 Ω for 1 M KOH, 12 and 13 Ω 

for 0.5 M Li2SO4, and 24 Ω for 0.05 M H2SO4 (Figure A19). These quan//es for Ru are below 

the acceptable range of the Ru compensator used for all electrochemical measurements. 
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Figure 5. Cyclic voltammograms (6th cycle) at 20 mV·s−1 for Mo2C NS (green), Mo2C NP (blue), Fe3C 

(purple), Fe5C2 (red), and carbon paper (black) in (a) 0.1 M KOH, (b) 1 M KOH, (c) 0.5 M Li2SO4, and 

0.05 M H2SO4. The gray do0ed line at −0.345 V vs. RHE represents the theore/cally es/mated onset 

poten/al for the NRR. 

Figure 5 shows that all metal carbide I−V rela/onships in acidic, neutral, and alkaline 

condi/ons display an increase in with open-circuit electrochemical impedance spectroscopy 

was consistent for each material tested and ranged between 25 and 30 Ω for 0.1 M KOH, 3 

and 4 Ω for 1 M KOH, 12 and 13 Ω for 0.5 M Li2SO4, and 24 Ω for 0.05 M H2SO4 (Figure A19). 

These quan//es for Ru are below the acceptable range of the Ru compensator used for all 

electrochemical measurements. Figure 5 shows that all metal carbide I−V rela/onships in 

acidic, neutral, and alkaline condi/ons display an increase in current density at increasingly 

more nega/ve poten/als, characteris/c for an HER I−V profile. Other dis/nc/ve reduc/on 

peaks that might be iden/fied as the NRR were not observed in the voltammetry 

measurements. In addi/on to this, there was no indica/on of a metal oxide reduc/on peak 
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within the examined poten/al window, which suggests that the metal oxide surface layer is 

removed immediately. Mo2C NP reaches higher current densi/es compared to Mo2C NS at 

all pH values, which could be explained by a larger electrochemical surface area due to the 

mesoporous structure of Mo2C NP. Another explana/on might be the higher Mo2C loading 

content in Mo2C NP, since the ICP-OES analysis resulted in a higher concentra/on of 

elemental Mo in Mo2C NP. 

The onset poten/al is used to indicate the minimum ac/va/on poten/al of a redox reac/on 

in cyclic voltammograms.65 A theore/cal approxima/on of the NRR onset poten/al in 

alkaline media can be calculated using the equilibrium poten/al and the ac/va/on 

overpoten/al. First-principles density func/onal theory calcula/ons suggest that the 

minimum overpoten/al for the NRR is approximately −0.4 V, due to scaling rela/onships 

between intermediates.2,66 The NRR equilibrium poten/al was calculated by equilibrium 

thermodynamics and is 0.054 V vs. RHE, which results in a minimum required onset 

poten/al (Eonset, NRR) of −0.35 V vs. RHE. Here, we es/mated the experimental onset for 

different pH values by ploHng the first deriva/ve of the voltammogram (dj/dE) versus the 

applied poten/al (Figure A20). The li�-off point where the slope of the dj/dE curve starts to 

increase is set as the Eonset. 

For 0.1 M and 1 M KOH, we do not see clear evidence for an alkaline pH effect for Mo2C 

materials as both Mo2C NP and NS have a similar I−V curve at both KOH concentra/ons. The 

onset poten/al for Mo2C NP of −0.11 V vs. RHE is similar for both electrolytes and is in 

agreement with earlier observa/ons.64 Moreover, the onset poten/als for Fe3C and Fe5C2 

are also similar and varied between −0.22 and −0.23 V vs. RHE for both 0.1 M and 1 M KOH. 

The I−V rela/onship in Figure 5c for Mo2C in 0.5 M Li2SO4 is remarkably different showing a 

more nega/ve onset poten/al of −0.28 V vs. RHE and −0.32 V vs. RHE for Mo2C NP and NS, 

respec/vely. As a consequence, the ac/va/on overpoten/al at −10 mA·cm−2 for Mo2C NP is 

−0.25 V lower than in alkaline condi/ons, which can be related to the low availability of 

either protons or hydroxide ions. At acidic condi/ons (pH = 1), Mo2C NP displays a similar 

I−V rela/onship with respect to alkaline condi/ons, which highlights the unique proper/es 

of Mo2C showing similar cataly/c ac/vity in both acidic and alkaline condi/ons.64 However, 

the onset poten/al is slightly more nega/ve (−0.17 V vs. RHE), indica/ng that the catalyst is 

more ac/ve in alkaline condi/ons. 

Eonset for Mo2C is above the theore/cally es/mated threshold in both acidic and alkaline pH, 

where the current density Eonset,NRR is roughly −4 mA·cm−2 for Mo2C NP. From this analysis, it 

is unlikely that the NRR is a dominant contributor to the I−V profile of Mo2C because the 

HER kine/cs are more facile in these condi/ons. Interes/ngly, Eonset for Mo2C in 0.5 M Li2SO4 

is below Eonset,NRR and suggests that opera/ng at near-neutral condi/ons might be ideal for 

the NRR. It is important to note that Cheng and coworkers reported high NH3 yields with 

Mo2C NS using the same electrolyte.23 For Fe3C and Fe5C2, the majority of the I−V profile 

exceeds Eonset,NRR, sugges/ng that both iron carbides might be promising catalysts for the 

NRR. 
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The NRR ac/vity of the metal carbides was qualita/vely screened by measuring the 

ammonia concentra/on a�er execu/ng 40 scans of cyclic voltammetry with a scan rate of 

20 mV s−1. The results are summarized in Figure A21 and show that NH3 concentra/ons for 

Mo2C in acidic-neutral pH is close to the detec/on limit <30 ppb, while levels up to 100 ppb 

were observed in alkaline condi/ons. Opera/ng at alkaline condi/ons is therefore more 

beneficial for studying the NRR, and subsequently, the main electrochemical experiments 

herein were performed in alkaline condi/ons. 

To ul/mately verify Mo- and Fe-carbides as conceivable NRR catalysts, a series of 2 h 

chronoamperometry (CA) measurements were performed at five different poten/als in a 

N2-saturated 0.1 M KOH electrolyte. The current densi/es for the metal carbides are stable 

in alkaline condi/ons as illustrated in Figure A22. As a comparison, two addi/onal CA 

measurements in Ar-saturated electrolytes were performed with Mo2C, which gave slightly 

higher current densi/es for two poten/als. The difference in current density is however 

rather small and can be caused by slight varia/ons in the experiments. This observa/on was 

also made elsewhere,28 ques/oning the reliability of N2 vs. Ar voltammetry and CA 

experiments as an ini/al indicator for successful dinitrogen reduc/on. 

2.3.3 NRR Measurements 

CA measurements were used to further assess the ac/vity toward the NRR. A�er each CA, 

aliquots of both catholyte and anolyte were taken from the cell for further quan/fica/on of 

NH3 and NO2
−. The amount of quan/fied NH3 a�er each experiment varied between 37 and 

123 ppb with no par/cular trend linking ammonia concentra/on and applied poten/al over 

/me. A 2 h open circuit poten/al (OCV) test with a N2-saturated electrolyte was used to 

obtain insights on the amount of impuri/es coming from either the feed gas stream or 

surface adsorbed species inside the cell. The OCV results for Mo2C reveal a similar NH3 

concentra/on as obtained with the chronoamperometry experiments. The impact of feed 

gas impuri/es can be excluded due to the installed cer/fied gas filter (<100 ppt) in front of 

the cell. It is more likely that adsorbed NH3 in the cell components is released during the 

OCV experiments and inevitably during the NRR measurements. Long term CA experiments 

with an Ar-saturated electrolyte are useful to study the possible release of N-impuri/es from 

the catalyst and other cell components exposed to the electrolyte under electrochemical 

condi/ons. For Mo2C, three CA experiments with Ar-saturated electrolyte at −0.20, −0.31, 

and −0.44 V vs. RHE resulted in a somewhat lower NH3 content (80, 53, and 60 ppb) 

compared to experiments with N2-saturated electrolytes. Again, it is deemed unlikely that 

purified Ar (and N2) introduces feed gas impuri/es. Therefore, this observa/on suggests that 

the Ar gas flowing through the electrolyte stripped a small part of the dissolved NH3 from 

the electrolyte. Nevertheless, both the N2 OCV and Ar CA experiments indicate that the 

majority of the quan/fied NH3 is not from the NRR but originates from contamina/ons. 

Addi/onal control experiments with 15N2-labeled gas were not performed since the 

observed NH3 concentra/ons were below or approxima/ng the background level. 
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Small quan//es of NO2
− were detected a�er all CA experiments, sugges/ng that a part of 

the quan/fied NH3 poten/ally stems from NOx reduc/on. Jiao and coworkers observed that 

the electrochemical reduc/on of NOx forms mul/ple N-products, such as ammonia, 

hydroxylamine, N2, and N2O depending on the transi/on metal.67 Pt is more selec/ve toward 

NH3, which was also supported by Koper and coworkers who made a similar observa/on for 

NO3−electroreduc/on on Pt.68 Mo2C has similar noble metal-like proper/es as pla/num;69 

therefore, it is reasonable to assume that NOx species are reduced to ammonia at the 

inves/gated poten/als. Fe3C is also an efficient nitrate reduc/on electrocatalyst, where a 

previous study reported faradaic efficiencies (FE) higher than 90% to NH3 at moderate 

reduc/on poten/als.70 

 

Figure 6. NH3 concentra/on measured from the electrolyte a�er two hour CA experiments in 0.1 M 

KOH. (a) Mo2C NS (green, spherical) and Mo2C NP in N2 (blue, rectangular) and Ar (open rectangular). 

(b) Fe3C (purple, spherical) and Fe5C2 (red, rectangular). The data points with the error bars were done 

in duplicates. 

Despite the thorough cleaning efforts for every part of the cell, a well-established 

background level of both NH3 and NO2
− was always observed a�er each experiment. We 

decided to analyze the removal efficiencies of our cleaning methods (elaborated in the 

cap/on of Figure A23) and found that NH3 was sufficiently removed by simply rinsing with 

water. Surprisingly, significant quan//es of released NO2
− were detected that originated 

from the Celgard 3401 membrane, carbon paper, and Pt foil. This is a valuable observa/on, 

as two previous studies advised subs/tu/ng the Nafion membrane with a microporous 

Celgard membrane to reduce NH3 contamina/ons.15,45 Our results indicate that NO2
− is not 

only a surface adsorbed species but is also present in the inner membrane and carbon paper 

structure and is problema/c to remove. Generally, the amount of released NO2
− depends 

mainly on the exposed surface area, meaning that it can be lowered significantly by 

op/mizing the cell design. Inves/ga/ng the origin of the observed NOx impuri/es is out of 

the scope of the present work and will be addressed in an upcoming study.46 
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2.3.4 Literature Comparison 

Previous studies using Mo- and Fe-carbides as NRR electrocatalysts are shown in a 

compara/ve overview (Figure 7a), including our own observa/ons. It becomes clear that 

both our Fe3C and Fe5C2 quan/fied NH3 yields are within the NH3 background level. The 

Mo2C catalysts exceed this threshold slightly, but with a significant NOx background, it 

becomes unlikely that any nitrogen reduc/on to NH3 occurred. The study of Cheng and 

coworkers outperformed our Mo2C NS, observing a 240 /mes higher NH3 yield.23 This 

mo/vated us to execute a direct comparison by increasing the catalyst loading to 3 mg·cm−2 

and using 0.5 M Li2SO4. The chronoamperometry measurements were comparable, but our 

NH3 concentra/ons were below 100 ppb and close to the earlier defined background level 

as displayed in Figure 6. This is addi/onal proof that Mo2C cannot be perceived as a 

promising NRR catalyst. 

The majority of the earlier published literature observed orders of magnitude higher yields 

and FEs compared to this work. Firstly, all the literature studies shown in the overview did 

not quan/fy or consider NOx as an influen/al factor on their measured NH3 content. 

Secondly, the impuri/es in the feed gas stream were not removed by the installment of a 

cer/fied gas filter. This is especially important when performing 15N2-isotope labeled 

experiments as traces of 15N-labeled impuri/es (15NH3 and 15NOx) have been iden/fied in 

several 15N2-gas bo0les.15,25,71,72 Before using Li-based electrolytes for NRR experiments, Li-

salts must be thermally annealed at 800 °C under inert condi/ons to remove trace levels (>1 

ppm) of NOx
− impuri/es.47 We followed this procedure, while others, including Cheng et al., 

did not consider this extraneous source of impuri/es, and this might be one of the main 

factors contribu/ng to their high NH3 yields.23,31,36 As final point, the Nafion membrane 

commonly applied in these studies is known for the uptake and release of NH3 during 

electrochemical experiments.15 Subs/tu/ng the Nafion membrane with another membrane 

is not straighyorward as we detected a significant amount of NO2
− in the microporous 

membranes (Celgard 3401), but selec/ng a suitable treatment method is advised.73 

Control experiments become even more essen/al when catalysts have a high N-content, 

such as metal nitrides, N-doped supports, or le�over NOx/NH3 traces from the catalyst 

synthesis. Evidence was found that for catalysts with a high N content, such as VN and Nb4N5, 

the decomposi/on of the N atomic laHce in acidic media released significant amounts of 

NH4
+ during the ini/al stages of the electrochemical experiment.28 Similar observa/ons were 

also reported for Mo2N.30 Addi/onally, several commercially available metal oxide powders, 

such as Fe2O3 and Bi2O3, released a large amount of NOx impuri/es. This eventually led to 

the retrac/on of a study, as it was proven that the origin of observed NH3 was from NOx 

reduc/on and not the NRR.26,74 Therefore, we decided to analyze the N-content of all four 

materials by XPS and UV−Vis spectroscopy (method described in the SI). The N 1s spectra of 

Mo2C could not be iden/fied because of overlapping peak features with the Mo 3p orbital. 

Nevertheless, the absence of N KLL Auger peaks in both Mo2C NS and NP XPS surveys (Figure 

A6a,b) indicate that the N-content might be negligible. Figure A7c,f shows two dis/nct N 1s 
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peaks for Fe3C (398.3 and 399.9 eV) and Fe5C2 (398.9 and 400.1 eV), sugges/ng pyridinic 

N−C and pyrrolic N−C bonds from the precursor (4.5-dicyanoimidazole and PVP).75 

Nevertheless, the samples were exposed to air before XPS analysis, indica/ng that the peaks 

could be also from adven//ous N species, such as −NH2, which have similar binding 

energies.75−77 It is therefore challenging to assign these peaks to a specific N func/onal group. 

From the spectrophotometric analysis (Figure A25), directly performed a�er the material 

synthesis, it becomes clear that NH3 impuri/es from an uniden/fiable source were present 

in all catalysts (Mo2C NS = 8.9 μmolNH3
 gcat−1, Mo2C NP = 16.5 μmolNH3

 gcat−1, Fe3C = 21.9 

μmolNH3
  gcat−1, Fe5C2 = 4.5 μmolNH3

  gcat−1). This effect was suppressed by using a low 

catalyst loading (0.06 mg) for each experiment. In the case of the most contaminated sample, 

the expected release of NH3 from 0.06 mg Fe3C is limited to a negligible 1.3 nmol. 

Nevertheless, the NRR measurements performed with 3 mg Mo2C NS did not result in an 

increase in the NH3 concentra/on. It remains unlikely that impuri/es in the catalyst resulted 

in excep/onally high NH3 yield reported by Cheng et al.23 This suggests that other factors 

lead to their posi/ve result. 

The NH3 par/al current density, jNH3
, is a useful performance indicator, wherein cases with  

jNH3
 smaller than 100 μA cm−1 are too low to be promising. From a back-of-the-envelope 

calcula/on, we es/mated that the NH3 concentra/on at jNH3
= 100 μA cm−1 is in the 1 ppm 

order of magnitude range assuming typical parameters, such as AWE = 1 cm2, Vcatholyte = 20 

mL, and tCP = 1 h. These levels of NH3 can easily be reached when the earlier men/oned 

sources of contamina/on are not iden/fied or even considered. This has implica/ons on the 

reliability and usefulness of repor/ng the FE, wherein the focus should be ini/ally on jNH3
 or 

the NH3 yield rate. From Figure 7b, it becomes clear that most literature studies did not 

exceed 100 μA cm−1, while a FE > 20% was reported (see Table A4). Therefore, we suggest 

that future publica/ons explicitly report the NH3 par/al current density as the main catalyst 

performance indicator. 

Interes/ngly, the role of metal carbides is also under debate for hydrazine oxida/on.78 

Fe−N−C catalysts are common used catalysts for this reac/on and contain iron carbides 

because of the high temperature pyrolysis required for the synthesis. Early studies claimed 

that Fe3C plays an ac/ve role in the reac/on,79,80 while a recent study revealed the true role 

of Fe3C by execu/ng a rigorous comparison study between Fe−N−C materials with different 

amounts of Fe3C.78 This approach led to the conclusion that Fe3C is mostly inac/ve for 

hydrazine oxida/on, and should be removed by nonoxidizing acid solu/ons. This is yet 

another example of how a rigorous and well-designed experimental procedure can aid in 

clarifying the ac/vity of electrocatalysts for reac/ons in the nitrogen cycle. 
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Figure 7. Literature overview of recently published NRR studies using Mo- and Fe-carbides as 

electrocatalysts differen/ated by either high N-source in the support or used during synthesis (square) 

and free of N-source (triangular). The symbols are filled in case of quan/ta/ve 15N2-labeled 

experiments and half-filled if analyzed qualita/vely. Our own results are included as Mo2C NS* (green), 

Mo2C NP* (blue), Fe3C* (purple), and Fe5C2* (red). (a) Faradaic efficiency vs. NH3 yield with thick line 

(gray) indicates the es/mated NH3 background level and the do0ed line presents a hypothe/cal 

background level including the measured NO2
− from Figure A24. (b) Faradaic efficiency versus the jNH3

. 

More details regarding the literature studies included in the figure can be found in Table A4. 
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2.4 Conclusion 

Nanostructured molybdenum carbide and iron carbide were reported earlier as promising 

electrochemical nitrogen reduc/on catalysts. In this study, the NRR ac/vity of both 

molybdenum and iron carbide materials were reassessed with the implementa/on of a strict 

experimental protocol that allowed us to reduce the effects of extraneous impuri/es to a 

bare minimum and iden/fy false posi/ves. The successful synthesis of nanostructured Mo2C, 

Fe3C, and Fe5C2 was confirmed by X-ray diffrac/on, scanning and transmission electron 

microscopy, and X-ray photoelectron and Mössbauer spectroscopy. The current−poten/al 

rela/onship of the metal carbides is characteris/c for the HER, where the current increases 

with increasing nega/ve overpoten/al. Moreover, specific reduc/on peaks that could be 

related to the NRR were not iden/fied. NH3 quan/fica/on was done a�er 40 scans of cyclic 

voltammetry, where we indeed measured NH3 (50−100 ppb) for both Mo2C and Fe5C2 in 

alkaline condi/ons. To further assess the NRR cataly/c ac/vity of molybdenum and iron 

carbides, we performed a series of 2 h chronoamperometry measurements at different 

poten/als in N2-saturated 0.1 M KOH. For Mo2C NP and NS, the NH3 concentra/on was 

between 41 and 124 ppb, exceeding the NH3 background level (84−88 ppb) for poten/als at 

−0.2, −0.31, and −0.46 V vs. RHE. We no/ced that the yield earlier reported by Cheng et al. 

was considerable higher than measured with our Mo2C NS.23 A direct comparison by 

performing chronoamperometry experiments with an increased loading (3 mg cm−2) and 

0.5M Li2SO4 did not result in elevated NH3 concentra/ons. This is addi/onal proof that Mo2C 

cannot be conceived as a promising NRR catalyst. The NOx content a�er the NRR, Ar, and 

OCV blank tests revealed NO2
− concentra/ons in the same order of magnitude (55−122 ppb). 

This implies that NH3 arises from NO2
− reduc/on and not from the NRR. These NO2

− 

impuri/es originated from the Celgard membrane, since we found that the membrane, even 

a�er rinsing excessively with water, released a considerable amount of NO2
− impuri/es (109 

± 31 ppb). This emphasizes the importance of NOx monitoring, which is o�en overlooked in 

the literature and might result in a false posi/ve. The quan/fied NH3 from the iron carbide 

catalysts did not exceed the NH3 background level, indica/ng that these materials are not 

ac/ve for the NRR. With our experimental approach, we succeeded in establishing a 

minimized and reproducible background level that allowed us to cri/cally assess promising 

NRR catalysts. We believe that our methods and detailed analysis will equip researchers 

entering the field with clear guidelines to perform NRR experiments in a more reliable 

manner. 
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Appendix A 

Appendix Figures 

Figure A1. Homemade gas-/ght reac/on chamber from Swagelock stainless steel tubes and adapters 
for the synthesis of χ-Fe5C2. Polyvinylpyrrolidone was mixed with iron(0) pentacarbonyl in the reac/on 
zone as indicated. A�er the thermal-decomposi/on process, the reactor was depressurized and the 
sample was collected from the bo0om part of the reactor.  
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Figure A2. (top) Photograph of the PEEK cell body adapted from the Jaramillo group and its 
components.1 (bo0om) The assembled cell connected to the poten/ostat.  
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Figure A3. Photograph of the experimental setup including enumerated labels (bo0om) and an 
explanatory schema/c (top).  
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Figure A4. (a) UV-Vis spectra of 0 – 2 ppm NH3 concentra/ons in 0.1 M KOH with a maximum 
absorbance at 633 nm, and is also representa/ve for other pH. (b) NH3 calibra/on lines for 0.05 M 
H2SO4, 0.5 M Li2SO4, 0.1 M KOH and 1 M KOH, where 0.1 M KOH is performed in duplicates. 

 

Figure A5. (a) UV-Vis spectra of 0 – 1 ppm NO2
- concentra/ons in 0.1 M KOH with a maximum 

absorbance at 544 nm. (b) NO2
- calibra/on line in 0.1 M KOH done in duplicates. 
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Figure A6. XPS survey of (a) Mo2C NS, (b) Mo2C NP, (c) Fe3C and (d) Fe5C2 with peak alloca/on including 
auger peaks. The peaks were iden/fied by the CasaXPS v2.3 database and ref 2. 
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Figure A7. XPS spectra (a,d) C 1s, (b,e) O 1s, (c,f) N 1s of Fe3C (purple) and Fe5C2 (red). Similar 

features as for the Mo2C spectra, such as the absence of a clear carbide peak between 283-

284 eV in the C 1s spectra and the iden/fica/on of a Fe-oxide peak in the O 1s spectra due 

to air exposure. Two addi/onal peaks in (a) at 292.8 eV and 295.5 eV were iden/fied as K 

2p1/2 and K 2p3/2, which are residual from the KOH wash.  

 

Figure A8. XPS depth profiling of Fe5C2 by in situ Ar+
 etching.  
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Figure A9. Transmission electron micrographs of various Mo2C NS at different magnifica/ons.  

 

 

 

Figure A10. Scanning electron micrographs of one par/cular Mo2C NS at different magnifica/ons.  
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Figure A11. Energy-dispersive X-ray spectroscopy analysis of a Mo2C NS. The spectra obtained by the 
point and shoot method at loca/on 4 indicate a C, O and Mo peak at 0.28, 0.53 and 2.29 keV, 
respec/vely. The large peak at 1.49 keV is iden/fied as the Al background signal from the suppor/ng 
disc.  



 
 

64 
 

2 

 

 

Figure A12. Transmission electron micrographs of Mo2C NP anchored on a carbon support at different 
magnifica/ons. 

 

 

 

Figure A13. Scanning electron micrographs of the supported Mo2C NP at different magnifica/ons. 
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Figure A14. Energy-dispersive X-ray element mapping and spectra of Mo2C NP. The EDX peaks at 0.28, 
0.53 and 2.29 keV are assigned to C, O and Mo. The feature between 0.6-0.7 keV might be iden/fied 
as F, but its origin remains unclear. The large peak at 1.49 keV is iden/fied as the Al background signal 
from the suppor/ng disc. 
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Figure A15. A0enuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was 
performed with a Thermo Scien/fic Nicolet iS50 FTIR spectrometer. The recorded spectra are 40wt% 
SiO2 in H2O (wine) as reference, Fe3C without alkaline treatment (maroon) and Fe3C treated with 1 M 
KOH (red). The shoulder feature at 1220 cm-1 and 1107 cm-1 from the reference spectra are both seen 
as asymmetric Si-O-Si stretching. Another small feature at 778 cm-1 is symmetric Si-O-Si stretching.3 
The spectra of the untreated Fe3C is slightly bend in these regions and suggests the presence of the 
SiO2 colloidal par/cles in the Fe3C a�er the carburiza/on procedure. The treated Fe3C (red) did not 
show characteris/c Si peaks, meaning that the Si phase was successfully removed.  
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Figure A16. Transmission electron micrographs of Fe5C2 nanopar/cles with increasing magnifica/on 
from le� to right.  

 

 

 

 

 

Figure A17. Scanning electron micrographs of Fe5C2 at different magnifica/ons.  
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Figure A18. Energy-dispersive X-ray element mapping and spectra of Fe5C2. The spectra peaks  
between 0-1 keV are iden/fied as C, O and Fe. Both the mapping and spectra show a sufficient 
distribu/on of Fe throughout the sample, which suggests that only the surface layer of materials 
contains a low quan/ty of Fe as observed by XPS. The large peak at 1.49 keV is iden/fied as the Al 
background signal from the suppor/ng disc. 
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Figure A19. Nyquist plots at carried out at open-circuit condi/ons for different metal carbides and 
electrolytes, where Ru is es/mated as the intersec/on with the Zreal axes. (a) 0.1 M KOH with Ru for 
Mo2C NS = 30.1 Ω, Mo2C NP = 28.4 Ω, Fe3C = 30.8 Ω, Fe5C2 = 29.8 Ω; (b) 1 M KOH with Ru for Mo2C NS 
= 3.6 Ω, Mo2C NP = 3.4 Ω, Fe3C = 3.6 Ω, Fe5C2 = 3.7 Ω; (c) 0.5 M Li2SO4 with Ru for Mo2C NS = 12.8 Ω, 
Mo2C NP = 12.6 Ω,; 0.05 M H2SO4 with Ru for Mo2C NP = 25.0 Ω. 
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Figure A20. First deriva/ve plot (dj/dE) vs. E of the cyclic voltammograms in Figure 5. The deriva/ve 
was calculated with a build-in func/on in OriginPro. The deriva/ve curves are plo0ed close to the 
onset poten/al (Eonset) region and show a significant level of noise, where we fi0ed an addi/onal line 
for accurate determina/on. Eonset is defined in this work as the li�-off point of the fi0ed dj/dE curve 
from zero. (a) For 0.1M KOH, the deriva/ve curve of Mo2C NP is not plo0ed because the noise level 
was too high. The main issue was the very small /me steps used during the recording of the CV, created 
a lot of data points that introduced a significant amount of noise. This was also observed for Mo2C NS, 
but Eonset could s/ll be es/mated using data fiHng. All Eonset below were converted to RHE scale. The 
following Eonset were obtained from the graph; Mo2C NS = -0.13 V, Fe3C = -0.22 V and Fe5C2 = -0.23 V. 
(b) For 1 M KOH; Mo2C NS = -0.17 V, Mo2C NP = -0.11 V, Fe3C = -0.22 V and Fe5C2 = -0.22 V. (c) Eonset in 
0.5 M Li2SO4 is Mo2C NS = -0.32 V and Mo2C NP = -0.28 V. Eonset for Mo2C NP in 0.05 M H2SO4 is -0.17 
V. 
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Figure A21. Qualita/ve analysis of the NRR ac/vity of metal carbides at different pH. NH3 
concentra/ons were quan/fied a�er 40 cyclic voltammetry scans in a poten/al window where NRR is 
expected.  
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Figure A22. Chronoamperometry measurements at five different poten/als (100% Ru compensated) 
in 0.1 M KOH with 0.06 mg cm-2 catalyst loading of (a) Mo2C NS, (b) Mo2C NP, including three 
measurements with saturated Ar (do0ed line), (c) Fe3C and (d) Fe5C2 in 0.1 M KOH. 
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Figure A23. Quan/fica/on of several N-containing impuri/es a�er the cleaning procedure from several 
used cell components. A�er washing the PEEK cell body parts excessively with H2O, the cell was 
assembled and filled with 10 ml 0.1 M KOH, then sealed off. The assembled cell was mounted for a 
dura/on of 15 min on a vortex shaker to trap the remaining impuri/es in the electrolyte. A 2.5 cm x 
2.5 cm piece of Celgard 3401, 1.12 cm2 carbon paper disk and 2.5x2.5cm2

 Pt foil were washed several 
/mes with H2O and transferred to a separate test tube filled with 5 ml 0.1 M KOH. Subsequently, the 
test tubes were sonicated for 15 min. A�erwards, the impuri/es were directly quan/fied. The obtained 
results were extrapolated to the actual geometries of the used components in the electrochemical 
experiments in order to make a sound es/ma/on of the level of background impuri/es a�er the 
cleaning procedure. Bar charts with error bars indicate the standard devia/on of triplicates.  
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Figure A24. Quan/fied NO2
-
 concentra/on a�er two hour chronoamperometry measurements in 0.1 

M KOH corresponding to Figure 6. (a) Mo2C NS (green, spherical) and Mo2C NP in N2 (blue, rectangular) 
and Ar (blue, open rectangular). (b) Fe3C (purple, spherical) and Fe5C2 (red, rectangular). Data points 
with the error bars were done in duplicates. 

 

 

 

 

 

 

 

 

 

 

Figure A25. NH3 impuri/es in the catalyst powders. For each material, 10 mg was dispersed in a sample 
tube filled with 5 ml 0.1 M KOH and sonicated for 15 min. A�erwards, the suspension was centrifuged 
for 15 min at 9000 rpm to separate the powder from the electrolyte in order to avoid major 
interference during the quan/fica/on process. Non-visible colloidal par/cles interfered most likely 
with the NO2

- Griess test, therefore only NH3 was quan/fied. An alterna/ve method for the 
quan/fica/on of NO2

- within various commercial metal powders has been implemented by Chen et al. 
but was not adopted in this work.4   
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Figure A26. (a, c) C 1s and (b, d) O 1s spectra of Mo2C NS (green) and Mo2C NP (blue), respec/vely. 
The carbide phase (Mo-C) with a slightly lower binding energy as the C sp2 bond could not be iden/fied 
with great certainty. The role of adven//ous hydrocarbon moie/es might play a role due to exposure 
to air, which does also explain the rela/vely large Mo-oxide phase in the O 1s spectra. Another reason 
is the possible shielding effect by the excessive amount of carbon present in the support. The N 1s 
peak could not be deconvoluted because it overlaps with the Mo 3p peak.  
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Figure A27. Mo2C NP size distribu/on composed of 168 par/cles from four different TEM grid loca/ons.  

 

 

 

Figure A28. Transmission electron micrographs of the Fe3C structure. The hollow features in the 
carbon support structure represent dissolved SiO2 nanospheres (~20 nm) by alkaline treatment.  
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Figure A29. Fe3C par/cle size distribu/on es/mated by 62 par/cles at three different TEM grid 
loca/ons.  

 

 

 

 

 

Figure A30. Scanning electron micrographs of the Fe3C mesoporous surface structure, which agrees 
well with Giordano and coworkers.5 
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Figure A31. Energy-dispersive X-ray element mapping and spectra of the mesoporous Fe3C. The EDX 
peaks at 0.28, 0.53 and 0.71 keV are assigned to C, O and Fe. Although small quan//es of Cr and Ni 
were iden/fied, it is unlikely that these species are present in the sample. The peak at 3.31 keV is the 
remaining K from the alkaline wash during the removal of SiO2 par/cles, which appears to be effec/ve 
due to the low intensity of the Si peak at 1.74 keV.  
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Figure A32. Fe5C2 par/cle size distribu/on of 161 par/cles collected from three different TEM grid 
loca/ons. Par/cles lower than 5 nm could not be quan/fied due to the resolu/on limita/ons of the 
instrument.  
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Figure A33. Chronoamperometry measurements of Mo2C NS at -0.41 V and -0.53 V vs. RHE (100% Ru 
compensated) in 0.5 M Li2SO4 with 3 mg·cm-2 catalyst loading. The do0ed line represents an Ar control 
experiment at -0.4 V vs. RHE.  

 

Figure A34. Quan/fied NH3 concentra/ons a�er two hour chronoamperometry 

measurements with Mo2C NS in 0.5 M Li2SO4 corresponding to Figure A33. The hatched 

histogram represents the NH3 concentra/on a�er the Ar blank test.  
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Appendix Tables 

Table A1. The average crystallite size es/mated by the Scherrer equa/on.  

 

 

 

 

 

 

 

 

 

 

 

 

Table A2. The Mössbauer fi0ed parameters of the sample, obtained at 300 K. Experimental 
uncertain/es: Isomer shi�: I.S. ± 0.02 mm s-1; Quadrupole spliHng: Q.S. ± 0.02 mm s-1; Line width: Γ ± 
0.03 mm s-1; Hyperfine field: ± 0.1 T; Spectral contribu/on: ± 3%. 

Sample IS 

(mm·s-1) 
QS 

(mm·s-1) 
Hyperfine 
field (T) 

Γ 

(mm·s-1) 
Phase Spectral 

contribu/on 

(%) 

Fe3C  

 
 
 

0.00 
0.19 
0.31 
0.31 

- 
- 
-0.01 
0.72 

33.0 
20.8 
49.3 
- 

0.29 
0.38 
0.63 
0.60 

Fe0 

θ-Fe3C 
γ-Fe2O3 
Fe3+ 

11 
67 
7 
15 

Fe5C2 0.00 
0.27 
0.21 
0.16 
0.28 
0.71 
0.27 

- 
- 
- 
- 
0.00 
-0.07 
0.88 

33.2 
21.7 
18.1 
10.3 
49.1 
46.0 
- 

0.32 
0.51 
0.51 
0.51 
0.25 
0.37 
0.64 

Fe0 

χ-Fe5C2 (I) 
χ-Fe5C2 
(II) 
χ-Fe5C2 
(III) 
Fe3O4 (I) 
Fe3O4 (II) 
Fe3+ 

4 
32 
26 
20 
2 
5 
11 

 Peak (2θ) FWHM (2θ) DScherrer (nm) 

Mo2C NS 40.35 0.16 35 
 73.16 0.26  

 103.35 0.43  

Mo2C NP 44.51 0.31 21 
 61.49 0.37  

 83.05 0.45  

 98.20 0.54  

Fe3C 52.92 0.18 42 
 57.86 0.19  

 68.68 0.21  

 84.70 0.24  

Fe5C2 46.19 0.68 11 
 52.70 0.78  

 67.43 0.88  

 69.16 0.88  
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Table A3. Elemental Mo and Fe analysis by ICP-OES.  

 Mo (wt%) Fe (wt%) 

Mo2C NS 41.5  

Mo2C NP 59.2  

Fe3C  15.1 

Fe5C2  12.9 
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Ref Catalyst Electrolyte 

jNH3
  

(mA 
cm-2) 

Ew  
(V vs. RHE) 

Yield rate 
(nmol s-1 
cm-2)     

Yield rate 
(nmol s-1 

mgcat
-1 ) 

FE (%) 
Loading 
(mg) 

N- in cat. or 
sup. 

Dupl./ 
tripl. 

Ar OCV 15N2 

8 Mo3Fe3C  0.1 M Li2SO4 -0.003 -0.05 0.016 0.020 27 0.8 Y Y Y N N 
9 Mo2C/C  0.5 M Li2SO4      -1.04 -0.3 0.930 0.093 7.8 3 N N N N Q 

10 Fe3Mo3C/C  1 M KOH -0.063 -0.5 0.214 0.021 0.05 3 N N Y N Q 

11 Mo2C/N-C 0.1 M Na2SO4 -0.002 -0.2 0.016 0.020 12.3 0.8 Y Y Y N N 
12 Mo2C film/Mo foil 0.1 M Na2SO4 -0.060 -0.55 0.055 - 40.2 - Y N Y Y N 

13 Mo/MoxC NP 0.1 M Na2SO4 -0.009 -0.3 0.166* 0.33 13 0.13 N Y Y N N 
6 Fe-doped Mo2C 0.5 M Na2SO4 -0.101 -0.45 0.006 0.61 20.1 0.01 Y Y Y Y N 

14 
Mo-Mo2C@N-CNT 

0.005 M H2SO4 +  
0.1 M K2SO4 

-0.047 -0.25 0.263 - 5.9 - Y N N N Q 

15 SA Mo@N-C 0.1 M KOH -0.175 -0.3 0.213* 0.56 14.6 0.38 Y Y Y N Y 
16 Mo2C nanoflakes Nafion -0.011 -0.5 0.022 - 1.8 0.5 N N Y Y N 

17 O-MoC@N-C 
0.1 mM HCl +  
0.5 M LiSO4 

-0.038 -0.35 0.13 0.37 25.1 0.14 Y Y Y Y N 

18 Fe3C/C 0.05 H2SO4 -0.092 -0.2 0.209 0.14 9.15 0.15 N N Y Y N 

19 Fe3C NP@N-C 0.1 M KOH -0.064 -0.4 0.098 0.26 2.72 0.38 Y Y Y Y Q 
7 Fe3C/Fe2O3/Fe/C 6 M KOH 0.004 0.1 0.0049 0.005 0.38 1 Y Y Y Y Y 

 Mo2C NS 
(This work) 

0.1 M KOH 
0.5 M Li2SO4 

-0.001 
-0.001 

-0.2 
-0.41 

0.004 
0.003 

0.065 
0.001 

0.41 
0.18 

0.06 
3 

N 
N 

Y 
N 

Y 
Y 

Y 
N 

N 
N 

 Mo2C NP 
(This work) 

0.1 M KOH -0.001 -0.2 0.004 0.065 0.42 0.06 Y Y N Y N 

 Fe3C/Fe-oxide/Fe 
(This work) 

0.1 M KOH -0.0005 -0.3 0.0017 0.028 0.11 0.06 Y Y N N N 

 Fe5C2/Fe-oxide/Fe 
(This work) 

0.1 M KOH -0.0005 -0.5 0.0016 0.026 0.077 0.06 Y Y N N N 
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Table A5. XPS peak deconvolu/on details of molybdenum carbide. The line shape of the curves were 
approximated as a Lorentzian with LA(1.53,243) with a U2 Tougaard background type. 

Material Orbital Peak 
Binding Energy 
(eV) 

FWHM (eV) 
Relative 
area (%) 

at % wt % 

Mo2C NS Mo 3d Mo0-3+
5/2 229.29 1.29 5.87 5.6 31.0 

  Mo0-3+
3/2 232.44 1.29 3.91   

  Mo4+
5/2 230.88 1 3.36   

  Mo4+
3/2 234.03 1 2.24   

  Mo6+
5/2 232.45 1.56 48.31   

  Mo6+
3/2 235.60 1.56 32.21   

 C 1s C sp2 284.17 1.06 46.56 78.6 54.4 
  C-O 285.12 2.83 32.16   
  O-C=O 288 2.41 6.15   
  C=O 290 5.00 15.42   
 O 1s O-Mo 530.39 1.32 26.40 15.8 14.6 
  O-C 531.84 3.15 63.00   

Mo2C NP Mo 3d Mo0-3+
5/2 228.22 1.01 4.13 4.8 27.9 

  Mo0-3+
3/2 231.37 1.01 2.75   

  Mo4+
5/2 229.40 0.94 2.46   

  Mo4+
3/2 232.55 0.94 1.64   

  Mo6+
5/2 232.44 2.03 52.15   

  Mo6+
3/2 235.57 2.03 34.77   

 C 1s C-Mo 283.35 0.74 2.67 83.2 60.5 
  C sp2 284.28 0.96 52.49   
  C-O 285.5 2.25 21.94   
  O-C=O 288 2.05 3.66   
  C=O 289.95 5.75 19.43   
 O 1s O-Mo 530.45 1.30 51.82 12.0 11.6 
  O-C 531.77 2.88 47.20   
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Table A6. XPS peak deconvolu/on details of iron carbide. The line shape of the curves were 
approximated as a Lorentzian with LA(1.53,243) with a Shirley background type. 

Material Orbital Peak 
Binding 
Energy 
(eV) 

FWHM 
(eV) 

Rela/ve 
area (%) 

at% wt% 

Fe3C Fe 2p Fe3C 708.37 2.00 6.75 2.9 11.4 
  Fe2O3

1 709.80 1.20 26.63   
  Fe2O3

2 710.75 1.20 24.50   
  Fe2O3

3 711.67 1.31 18.77   
  Fe2O3

4 712.65 1.40 10.04   
  Fe2O3

5 713.71 2.20 9.93   
 C 1s Fe-C 283.50 0.93 2.27 68.6 58.2 
  C sp2 284.30 0.91 19.42   
  C sp3 284.96 1.50 43.63   
  C-O/C-N 286.20 1.50 16.89   
  C=O 288.00 2.47 18.24   
 O 1s Fe-O 529.88 1.49 30.52 16 18.0 
  C-O 531.15 1.91 54.02   
  C-O 532.92 2.00 16.11   

 N 1s 
C-N-6 / -
NH3 

398.29 1.46 48.96 12.6 
12.4 

  C-N-5 / -
NH2 

399.89 2.24 52.04   

Fe5C2 Fe 2p Fe0 707.24 1.30 28.41 0.3 1.2 
  Fe3C 708.61 0.97 9.63   
  Fe2O3

1 709.80 1.20 17.11   
  Fe2O3

2 710.73 1.20 15.74   
  Fe2O3

3 711.78 1.40 12.06   
  Fe2O3

4 712.89 1.40 6.45   
  Fe2O3

5 713.97 2.29 6.38   
 C 1s C-Fe 283.50 1.22 1.56 77.6 72.7 
  C sp2 284.30 1.36 10.42   
  C sp3 285.00 1.87 45.24   

  
C-
O/C=N/C-
OH 

286.12 2.04 33.74  
 

  C=O 288.00 1.58 9.18   
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 O 1s Fe-O 529.99 1.17 10.14 12.2 15.2 
  C-O 531.23 2.39 90.38   

 N 1s 
C-N-6/ -
NH3 

398.92 1.60 35.40 10.0 
10.9 

  C-N-5/ -
NH2 

400.10 1.59 62.15   

 
 

 

Table A7. XPS peak deconvolu/on details of iron carbide. The line shape of the curves were 
approximated as a Lorentzian with LA(1.53,243) with a Shirley background type.  

Material Orbital Peak 
Binding 
Energy 
(eV) 

FWHM 
(eV) 

Rela/ve 
area (%) 

at% wt% 

Fe3C Fe 2p Fe3C 708.37 2.00 6.75 2.9 11.4 
  Fe2O3

1 709.80 1.20 26.63   
  Fe2O3

2 710.75 1.20 24.50   
  Fe2O3

3 711.67 1.31 18.77   
  Fe2O3

4 712.65 1.40 10.04   
  Fe2O3

5 713.71 2.20 9.93   
 C 1s Fe-C 283.50 0.93 2.27 68.6 58.2 
  C sp2 284.30 0.91 19.42   
  C sp3 284.96 1.50 43.63   
  C-O/C-N 286.20 1.50 16.89   
  C=O 288.00 2.47 18.24   
 O 1s Fe-O 529.88 1.49 30.52 16 18.0 
  C-O 531.15 1.91 54.02   
  C-O 532.92 2.00 16.11   

 N 1s 
C-N-6 / -
NH3 

398.29 1.46 48.96 12.6 
12.4 

  C-N-5 / -
NH2 

399.89 2.24 52.04   

Fe5C2 Fe 2p Fe0 707.24 1.30 28.41 0.3 1.2 
  Fe3C 708.61 0.97 9.63   
  Fe2O3

1 709.80 1.20 17.11   
  Fe2O3

2 710.73 1.20 15.74   
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  Fe2O3
3 711.78 1.40 12.06   

  Fe2O3
4 712.89 1.40 6.45   

  Fe2O3
5 713.97 2.29 6.38   

 C 1s C-Fe 283.50 1.22 1.56 77.6 72.7 
  C sp2 284.30 1.36 10.42   
  C sp3 285.00 1.87 45.24   

  
C-
O/C=N/C-
OH 

286.12 2.04 33.74  
 

  C=O 288.00 1.58 9.18   
 O 1s Fe-O 529.99 1.17 10.14 12.2 15.2 
  C-O 531.23 2.39 90.38   

 N 1s 
C-N-6/ -
NH3 

398.92 1.60 35.40 10.0 
10.9 

  C-N-5/ -
NH2 

400.10 1.59 62.15   
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Abstract 

Ammonia produc/on via the electrochemical dinitrogen reduc/on reac/on (NRR) enables a 

carbon free alterna/ve to the fossil-based Haber-Bosch process. Current observed NH3 

yields remain low and challenge reliable NH3 quan/fica/on. Various sources of extraneous 

N-species, including NH3 and NOx were recently iden/fied, ques/oning earlier published 

results. In this work, we carry out a systema/c inves/ga/on on the N-contamina/ons 

derived from several sources and on the efficacy of mul/ple removal strategies. 15N2 gas is 

contaminated and can only be purified with cer/fied gas filters because commonly adopted 

liquid scrubbers fail to eliminate impuri/es. The accumula/on of atmospheric NOx on 

ambient exposed lab materials is unavoidable and can be prevented by storing materials in 

gloveboxes or desiccators. To remove impuri/es that are already present, treatments with 

water, alkaline solu/ons, or heat can be considered. Our examined methods equip the 

experimentalist with specific guidelines and tools to perform reliable NRR studies. 
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3.1 Introduc/on 

Ammonia (NH3) ranks among the largest bulk chemical products in the world, with an annual 

produc/on of 178 million tons and an es/mated annual market growth of 3−5% to meet the 

global demand for fer/lizer in the agricultural sector due to an increasing world 

popula/on.1,2 The majority of NH3 is produced by the Haber−Bosch process, wherein 

elevated temperatures (300−500 °C) and pressures (200−300 bar) are required.3 In addi/on, 

the current process has a major environmental impact (∼1% of the global greenhouse 

emissions), mostly due to the produc/on of hydrogen by steam-methane reforming.4 To 

meet the net-zero emissions goal by 2050, as established in the latest IPCC report,5 ammonia 

must be produced via a sustainable pathway.6 Direct electrocataly/c synthesis of ammonia 

from dinitrogen and water at mild condi/ons could poten/ally offer a carbon-free 

alterna/ve, resilient to intermi0ent renewable energy genera/on.7 

Despite the large research efforts on nitrogen electroreduc/on in aqueous electrolytes, 

current NH3 synthesis rates remain extremely low (0.003−14 nmol cm−2 s−1).8 This is mainly 

due to the lack of a suitable electrocatalyst and compe//on with the hydrogen evolu/on 

reac/on (HER). Besides, the reliable quan/fica/on of these low ammonia yields has raised 

several concerns in the scien/fic community. The presence of trace amounts of extraneous 

N species (such as, NH3, NOx, N2O, NOx
-, and other, more labile forms of N) has led to an 

increasing number of reported false posi/ves and non-reproducible results.9−13 Overall, the 

electrochemical reduc/on of nitrogen oxide species into ammonia is more facile than the 

nitrogen reduc/on reac/on (NRR) on many transi/on metals.14−16 An excep/on is N2O, which 

has been proven to only electroreduce into N2 on several transi/on metals.15,17 This implies 

that N2O is not a concerning impurity source for the NRR. Numerous rigorous experimental 

protocols have been proposed to perform reliable quan/fica/on of NH3 produced by 

electrochemical N2 reduc/on.18,19 Ul/mately, purified 15N2-labeled gas is used to reliably 

confirm the electroreduc/on of 15N2 into the unambiguously traceable 15NH3.20 However, 

over recent years, a significant amount of publica/ons, that implemented all recommended 

control experiments (including 15N2 gas), could not be duplicated.21,22 A common issue is that 

the efficacy of the implemented purifica/on methods, such as gas purifica/on or N removal 

from lab materials, is o�en poorly assessed. Addi/onally, it remains challenging to iden/fy 

the main sources of extraneous N and to what extent it contributes to elevated NH3 

background levels.  

In this chapter, we present a systema/c impurity screening of the most common used lab 

materials and gases in the aqueous NRR and non-aqueous lithium-mediated NRR field. Not 

only does this give new insights into the origin of an impurity, but it also highlights the 

severity of specific sources for an impurity. More importantly, the effec/veness of earlier 

proposed cleaning strategies for gases, cell components, materials, and lab consumables are 

re-evaluated and further op/mized. 
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We discover by using sensi/ve in-line gas detec/on methods that 14N2 and Ar feed gases are 

free of NH3 and NOx impuri/es and do not require excessive N purifica/on. Only 15N2 is 

contaminated and must be purified with a cer/fied or pre-assessed gas filter. O�en-used in-

house-made scrubbers or liquid traps have a much lower N trapping efficiency and should 

not be implemented. The accumula/on of atmospheric N species on ambient exposed cell 

components, chemicals, lab consumables, and other labware is inevitable and is most likely 

the main source of elevated NH3 background levels. This can be significantly reduced by our 

recommended pre-treatment procedures. For Li-NRR systems, trace amounts of nitrate 

might be present in Li-salts and can interfere with the genuine NH3 quan/fica/on, especially 

at low concentra/ons. Therefore, we recommend to determine a nitrate background 

concentra/on since it cannot be removed from the salt. Ul/mately, this work will equip the 

experimentalist with specific guidelines and tools to perform more reliable NRR 

measurements. 

3.2 Experimental Sec/on 

3.2.1 Materials  

Only ultrapure water (Millipore Milli-Q IQ 7000) was used for cleaning and solu/on 

prepara/on throughout this work. All materials were supplied by Sigma Aldrich unless stated 

otherwise: Cu(NO3)2·2.5H2O (98%, Alfa Aesar), KOH (85% and 99.99%), NH4Cl (99.99%), 

KNO2 (97%), KNO3 (99%), NaClO2 (25wt% in H2O), Sulfamic acid (99.3%), HCl (37%), LiClO4 

(99.99%), LiBF4 (98% and 99.99%), LiPF6 (98%, Honeywell), LiTFSI (98%), ethanol (anhydrous, 

VWR), isopropanol (98%, VWR), tetrahydrofuran (99.5%, anhydrous), 1,2-dimethoxyethane 

(99.5%, anhydrous), 2-methoxyethyl ether (99.5%, anhydrous), 1/8’’ HDPE spheres 

(McMaster), Hydrophobic frit (19.6 mm x 3.2 mm, Biocomma), glass wool – silane treated, 

anion exchange membrane (Selemion), microporous membrane (Celgard 3401), carbon 

paper (Alfa Aesar), Pt foil (2.5 cm x 2.5 cm x 0.025 cm, Mateck), pipet /ps (Thermo Fischer 

Scien/fic), polypropylene sample tubes (1.5 ml Eppendorf, 12 ml Kartell), Latex and Nitrile 

gloves (Ansell, size M).  

3.2.2 Ammonia Quan/fica/on by GC/GC-MS  

Gaseous ammonia quan/fica/on was carried out with gas chromatographic (GC)1 and gas 

chromatography-mass spectrometry (GC-MS)2 methods with a lower detec/on limit of 

about 0.15 and 1 ppm, respec/vely. A TRACE™ 1300 Gas Chromatograph (from Interscience 

BV - Thermo Fisher Scien/fic) was equipped with Agilent Select Low Ammonia column 

located in the GC oven chamber. Once eluted from the chromatography column, the analyte 

is par//oned between a pulse discharge detector (PDD) and a single quadrupole mass 

spectrometer (ISQ™ from Thermo Fisher Scien/fic), which simultaneously analyse the 

sample with matching reten/on /mes. Calibra/on standards were prepared dilu/ng 

cer/fied calibra/on gas mixtures of 13.8 ppm and 2.2 ppm of NH3 in N2 with purified N2. 

Details of the detec/on method and calibra/on curves are available elsewhere.1, 2 
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3.2.3 Gaseous NOx Quan/fica/on by the Chemiluminescence Analyser  

A chemiluminescence 200E Nitric Oxides Analyser (API Teledyne) was used to measure 

gaseous NO and NO2. The amount of nitric oxide (NO) present in the sample gas is directly 

determined from the infrared light (ℎ;[6��� $=]) emi0ed by the reac/on between NO and 

ozone (O3), as shown in Equa/ons 1-2. 

 

 ?@ � @	 → ?@�∗ � @� (1) 
 ?@�∗ → ?@� � ℎ;[6��� $=] (2) 

 

The emi0ed light of wavelength 1200 nm is then detected by the photo-mul/plier tube light. 

In addi/on, NO2 can be measured as sum of NO and NO2 present in the gas sample. In this 

case, the gas sample passes through a molybdenum catalyst held at about 315 °C, where 

the NO2 reacts to produce NO gas. Thus, the formed NO (together with the NO already 

present in the sample) is detected by reac/on with ozone and genera/on of infrared light, 

following the Equa/ons 1-2. The total inlet gas flow rate of the gas chemiluminescence nitric 

oxide analyser was 700 mL min-1, as the instrument requires a rela/vely high gas flow. The 

gas purifica/on scrubbers and filters were tested on a flow rate ranging between 1 and 50 

mL min-1, and feeding the remaining flow aliquot as He by mean of dedicated mass flow 

controllers, as illustrated in Figure B1. The detec/on limit of the NO analyser is 1 ppb.  

Quan/fica/on of NOx in 15N2 was not performed due to the high cost of 15N2 and because 

the NOx chemiluminescence analyzer requires high flow rates (1 L min-1) in combina/on with 

a long equilibra/on /me (> 30 min). 

3.2.4 N Impurity Assessment and Removal  

All sample tubes, pipet /ps, bo0les, glassware (including the commercial and in-house made 

scrubber), and other involved materials in the sample handling and storage were always 

excessive prewashed with water. During a typical impurity assessment before and a�er an 

applied cleaning procedure, an experimental component with a predefined area (if 

applicable) was submerged in freshly prepared 0.1 M KOH (o�en 5 mL) in a sample tube and 

sonicated for 15 min. Aliquots were withdrawn from the sample tube for NH3, NO2
-
 and 

NO3
- quan/fica/on. Four cleaning procedures were evaluated and consisted of; rinsing 

excessively with water; alkaline wash by submerging the material in 0.1 M KOH followed by 

15 min of sonica/on; thermal decomposi/on in a tubular furnace (Lenton Blue) at 200 °C 

(10 °C min-1, 12 hour) under Ar atmosphere; electrochemical NOx
-
 reduc/on by performing 

10 cyclic voltammetry scans in between -0.2 V to -0.7 V vs. RHE, where the sample was first 

rinsed with isopropanol and water as elaborately described in ref  3.  
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3.2.5 NH3(aq), NO2
- and NO3

- Spectrophotometric Quan/fica/on  

The quan/fica/on of ammonia was performed by the Berthelot method.4 A volume of 1.33 

mL aliquot (typically 0.1 M KOH) was neutralized by adding 112 μL of 0.5 M H2SO4. Both 360 

μL of phenol nitroprusside and alkaline hypochlorite (0.2% sodium hypochlorite) were 

added directly a�erwards and s/rred on a vortex shaker. An observable colour change 

ranging from light green to dark blue appeared a�er 30 min of incuba/on /me. The coloured 

solu/ons were transferred to PMMA cuve0es (10 mm x 10 mm x 30 mm) and were inserted 

in the UV-Vis spectrophotometer (Hach DR6000) for analysis. Six different NH4Cl 

concentra/ons of 0.01, 0.05, 0.1, 0.5, 1 and 2 ppm NH3 in 0.1 M KOH were prepared to 

construct the calibra/on line with the maximum absorbance at 633 nm. The fi0ed linear 

curve with A = 0.7279CNH3 - 0.001 and R2 = 0.9999 showed decent reproducibility (Figure B2).  

Aliquots that interfered with the NO2
- peak in the ion chromatogram were quan/fied with 

the spectrophotometric Griess test. A commercially available Griess reagent mixture with a 

detec/on range between 0.007-3.28 ppm NO2
- (Spectroquant, Merck) was used. 2 ml 

Aliquots of 0.1 M KOH solu/ons were neutralized with 0.5 M H2SO4. Approximately, 30 mg 

of the Griess reagent mixture was added to the neutralized aliquots and mixed thoroughly. 

A�er 10 min of incuba/on /me the solu/on appears between light pink and dark magenta 

ranging from low to high concentra/on. Five different concentra/ons from KNO2
-
 of 0.02, 

0.05, 0.1, 0.5, 1 ppm NO2
- were used to construct the calibra/on line by taking the maximum 

absorbance at 542 nm. The calibra/on line was perfectly linear with A  = 0.8071CNO2- - 0.0001 

and R2 = 1 (Figure B3). The spectrophotometric samples were always compared versus a 

fresh 0.1 M KOH solu/on as blank.  

Li-salts commonly used in Li-NRR were screened by dual-wavelength UV spectroscopy for 

NO3
-
 detec/on. UV absorbance of NO3

- in water can be detected at 210 nm, which is the 

same wavelength as for other organic compounds, such as carbonates. To compensate for 

this, the UV absorbance at 270 nm (common wavelength for most organics) was substracted 

by ANO3- = A210 – 2A270. Addi/onally, small quan//es of HCl and sulfamic acid were added to 

reduce carbonate and nitrite interference, respec/vely. For the sample prepara/on, 2.5 mL 

aliquots were mixed with 50 µL 1 M HCl and 50 µL 10.5 mM sulfamic acid. Subsequently, the 

mixture was transferred to 10 mm Quartz glass cuve0es (Hellma). Five different KNO3
-
 

concentra/ons of 0.05, 0.1, 0.25, 1, 2 ppm NO3
- were prepared in water to construct a linear 

calibra/on line (Figure B4) with ANO3-= 0.1126 CNO3- - 0.0006 and R2
 = 0.9998.  
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3.2.6 NO2
- and NO3

-
 Quan/fica/on by Ion Chromatography.  

Nitrite and nitrate were determined through ion chromatography (IC).  The IC tests were 

performed by an Thermo Fischer Scien/fic, Dionex, Integrion HPIC System, equipped with a 

conduc/vity detector and AS18-Fast anion column. Addi/onally, according to applica/on 

note 72481 from Thermo Fischer Scien/fic,5 AutoNeutraliza/on was installed to remove the 

KOH background. This removes the need for dilu/on of samples before injec/on and thus 

increases accuracy. With the used setup, a sample is manually injected, filling the sample 

loop (25 µL). Milli-Q water delivered from the external AXP pump and trap column (Dionex 

IonPac ATC-HC 500 trap column) is used to transfer the sample from the sample loop at 0.5 

mL min-1 to the neutralizing suppressor and collected on the concentrator column. As the 

sample passes through the suppressor (4 mm high capacity Dionex AERS 500 Anion 

Electroly/cally Regenerated Suppressor), the ca/on (K+ in our case) is exchanged with 

hydronium thereby neutralising the alkaline sample. The anions of interest are retained on 

the concentrator column while the water flows to waste, thereby also concentra/ng the 

trace anions of the sample. The anions of interest elute from the concentrator column to 

the guard column and separa/on column. Here the anions are separated using an eluent 

consis/ng of 21.8 mM KOH in milli-Q water at 0.25 mL min-1 on the Dionex AS18-Fast anion 

column. As the analyte peaks elute from the column, they are detected by suppressed 

conduc/vity detec/on using a 2 mm Dionex AERS 500 Anion Electroly/cally Regenerated 

Suppressor and conduc/vity detector. Two calibra/on lines were constructed by preparing 

five different concentra/ons of 0.01, 0.05, 0.25, 0.5 and 1 ppm NO2
- and NO3

- in H2O from 

KNO2 and KNO3, respec/vely. Figure B5 indicates a clear peak separa/on between different 

anion species, which allows accurate integra/on of the respec/ve peaks. The integrated 

conductance vs. NO2
-
 and NO3

- concentra/on were plo0ed in Figure B6, which show a linear 

rela/onship with I = 0.7476*CNO2
-  - 0.0082  (R2 = 0.998) and I = 0.5821*CNO3

-  - 0.0067  (R2 = 

0.997).  

Low concentra/ons of Li-salts (0.1 M) were injected into the IC only for NO2
-
 screening 

because anions such as ClO4
-
 and BF4

- interferes with the NO3
- peak (Figure B7). In case of 

LiBF4 (98%), an unknown compound also interfered with the NO2
- peak, which made it 

difficult to accurately determine the concentra/on. Higher salt concentra/ons (> 0.1 M) 

were not considered because it inflates the interference effects.  
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3.3 Results and Discussion 

3.3.1 Impact of Atmospheric NOx and NH3 Species 

One poten/al source of the extraneous N species can stem from the accumula/on of 

atmospheric NH3 or NOx on exposed materials. The presence of NH3 in the atmosphere is 

primarily caused by emissions from the agricultural sector, where NH3 vola/liza/on occurs 

due to intensified herbivore produc/on and field-applied manure.23 These emissions vary 

regionally and depend on mul/ple factors, such as wind direc/on and speed, humidity, and 

usage of N fer/lizers. The monthly average atmospheric NH3 concentra/on in The 

Netherlands varies between 2 and 44 ppb,24 which might seem negligible. However, it is 

expected that long-term atmospheric exposure of chemicals, consumables, and glassware 

employed in NRR experiments will lead to an unavoidable introduc/on of contaminants due 

to the release of adsorbed NH3. The majority of atmospheric NOx emissions are derived from 

industrial and automo/ve combus/on of fossil fuels.25 Atmospheric NOx concentra/ons in 

our laboratory were measured with a chemiluminescent NOx analyzer (details available in 

Appendix B). Our results show that the concentra/ons fluctuated over the course of five 

consecu/ve days, with a maximum atmospheric concentra/on of 27 ppb (Figure 1a). 

However, the uptake rates during 24 h of both atmospheric NOx and NH3 in water and freshly 

prepared 0.1 and 1 M KOH solu/ons were negligible (Figure B8). This indicates that short-

term atmospheric exposure is not an issue. Long-term accumula/on of NOx impuri/es was 

monitored for both low- and high-purity grade KOH (85% and 99.99%), and it was found to 

depend solely on the storage condi/ons (Figure B9). KOH bo0les stored in a chemical safety 

cabinet, hence exposed to the laboratory environment for a considerable /me period (10 

months), contained 4.4 μmol NO3
− L−1 in a freshly prepared 1 M KOH solu/on, while NO2

− 

concentra/ons were negligible (<0.2 μmol NO2
− L−1). Remarkably, storing the KOH pellets in 

a vacuum desiccator for approximately 9 months reduced the NOx impuri/es to negligible 

levels (<0.3 μmol NO3
− L−1). Therefore, it is strongly advised to store chemicals in controlled 

environments such as desiccators or Ar gloveboxes. 

 

Figure 1. (a) Morning, midday, and evening measurements of atmospheric NOx concentra/ons, 
recorded daily around 9.00, 12.30, and 18.00. Each data point is the average of the measured NOx 
concentra/on over 5 min. (b) NOx removal efficiency over /me, measured for an inlet gas mixture of 
50 ppm of NO in He at 10 mL min−1 for different scrubbers and liquid traps. S1 and S2 indicate two 
standard scrubbers connected in series and the in-house-made scrubber, respec/vely. (c) NO 
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concentra/ons measured over /me at the outlet of each gas filter with an inlet gas mixture of 50 ppm 
of NO in He at 50 (dashed line) and 10 (solid line) mL min−1. The in-house-made scrubber (S2) is filled 
with a 0.1 M KOH and 0.1 M NaClO2 trapping solu/on. The complete data set with flow rates from 1 
to 50 mL min−1 is given in Figure B15. 

3.3.2 Impurity Assessment of the Feed Gases 

Feed gases are suspected to contain ppm levels of NOx that can be con/nuously introduced 

in the electrolyte during reactant gas satura/on. We used a commercially available NOx 

analyzer to assess our high-purity (99.999%) He, 14N2, and Ar gases (see Appendix B, Figure 

B1). Addi/onal effort was made to screen the gases for trace levels of NH3 with our recently 

developed gas chromatograph (GC).26 Our analysis reveals that the NH3 and NOx impuri/es 

in all the gases are extremely low. NH3 concentra/ons do not exceed the lower detec/on 

limit (LODNH3
 < 150 ppb) of the GC, and the NOx content falls in the instrument’s LOD (1 ppb). 

High-purity 14N2 and Ar gases are manufactured by cryogenic dis/lla/on of air. Low 

concentra/ons (ppb level) of atmospheric NH3 and NOx can end up in the process but will 

be separated because of their significantly higher boiling point. This jus/fies our observa/on, 

while it is in contradic/on with earlier claims. If in-line gas detec/on methods are not 

available or used, it remains challenging to adequately quan/fy impuri/es in the gas stream 

due to interference from other sources.  

Conversely, a 15N2 isotopologue is commercially available at a lower purity level than the 

conven/onal 14N2; thus it might contain a higher concentra/on of contaminants. As such, 

we measured up to 9.8 ppm of ammonia contained in a 15N2 gas bo0le (99% purity, Sigma-

Aldrich), as reported in Figure B4a. By using isotope-sensi/ve GC-MS,27 we found that the 

totality of the measured ammonia is in the form of 15NH3 (Figure B4b). The presence of 15NH3 

presumably derives from traces of unreacted 15NH3 used during the cataly/c oxida/on 

process for the produc/on of 15N2 gas from isotopically enriched 15NH3.28 Although not 

measured by us, different 15NOx species were previously detected in various 15N2 gas bo0les 

and can be deriva/ves from the produc/on process (Table B1). It should be noted that 

measuring gaseous NH3 can be subject to underes/ma/on, due to ammonia physisorp/on. 

To avoid this, it is recommended to use a direct gas analysis method in combina/on with 

inert materials for all the surfaces that are in contact with the gaseous sample. In fact, Figure 

B4a shows that no ammonia was detected when the same 15N2 gas was dosed via a non-

passivated mass flow controller. Prolonged 15N2 bubbling into the electrolyte is o�en 

necessary to reach satura/on, which means that the use of cumula/ve quan/fica/on 

methods requires several hours of reac/on /me to collect significant amounts of 15NH3.27 

This issue can be partly circumvented by adop/ng a gas recircula/on setup in combina/on 

with a suitable gas filter to save costs and minimize accumula/on of impuri/es.29 From our 

analysis, it seems that, especially for the execu/on of 15N2 control experiments, the 

implementa/on of a gas purifier is strictly necessary.  
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3.3.3 Feed Gas Purifica/on Methods 

Strategies to purify the feed gases are based on cataly/c reduc/on or scrubbing using 

commercially available cer/fied gas filters (<1 ppb),21,30 in-house-made cataly/c filters (e.g., 

based on a Cu-Zn-Al oxide),31 or scrubbers containing a liquid trap.32−34 The la0er are, to 

some extent, more economic and are therefore more common. However, it is especially 

important for uncer/fied filter systems, such as in-house-developed scrubbers or cataly/c 

filters, to assess their N removal func/onali/es.  

Here, the NOx and NH3 removal efficiency is examined for a set of commonly used filters by 

purging them with 50 ppm of NO in He or 13.8 ppm of NH3 in 14N2 for 3 h at experimentally 

relevant flow rates. We first tested two standard 20 mL scrubbers with a glass frit (Supelco 

Analy/cal, 6-4835) connected in series (Figure B5). The poor solubility of NO in aqueous 

media results in less than 25% NO removal efficiency when using Milli-Q water (Figure B6). 

Alkaline solu/ons are a common choice because gaseous NOx can be trapped in the form of 

NOx
−.35,36 Subs/tu/ng water with 0.1 M KOH already enhances the NO removal efficiency up 

to 78%.  

Previous studies recommended the use of strong oxidizing agents, such as KMnO4 or NaClO2, 

to convert NO directly into soluble NO2
− or NO3

− and improve the overall filter performance.8 

NaClO2 was men/oned as one of the most effec/ve oxidants and is evaluated in the present 

work.37 A solu/on of 0.1 M NaClO2 in 0.1 M KOH removed 88% of NO a�er 3 h purging /me 

(Figure 1b). Addi/onally, the scrubbing efficiency can be increased by op/mizing the gas 

residence /me and the bubble contact area between the gas−liquid interface. As such, inert 

polytetrafluoroethylene (PTFE) beads were inserted into a 30 cm long, 25 mL in-house-made 

scrubber (see Figure B7). This results in a further improvement in the removal efficiency, up 

to 98% over the course of 3 h at 10 mL min−1 (Figure 1b). However, the trapping efficiency 

drops dras/cally at higher flow rates (>10 mL min−1), as is illustrated in Figure 1c, which limits 

this purifica/on strategy only to lower flow rates. Remarkably, the commercially cer/fied 

gas filters (Agilent OT3-4 and Entegris GPUS35FHX) show a consistent unity removal 

efficiency, within the 1−50 mL min−1 range (Figure 1c and Figure B8). NH3 was completely 

eliminated by both commercial filters and our scrubber containing a 0.1 M NaClO2 and 0.1 

M KOH solu/on (Figure B9), which was expected due to the high ammonia solubility in water 

(∼500 g L−1). This analysis shows that cer/fied commercial filters are the most efficient and 

durable solu/on for feed gas purifica/on. Furthermore, both filters have been extensively 

used in our laboratories for over 1 year without showing any sign of decay in performance. 

Moreover, they do not require extensive cleaning and prepara/on procedures. Lastly, 

commercial filters are widely accessible and affordable, o�en with the possibility of being 

conveniently regenerated via thermal H2 treatments. 
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3.3.4 Screening of Lab Consumables 

Besides the impurity contribu/ons from atmospheric N species and 15N2 gas, there are 

addi/onal concerns regarding lab consumables because significant NO3
− concentra/ons 

have been observed earlier.38,39 Therefore, we screened various consumables from our 

laboratory supply cabinets, including polypropylene 0.1−1 mL pipet /ps, 1.5−12 mL sample 

tubes, and latex and nitrile chemically resistant gloves. For the analysis of the polypropylene 

consumables, the pipet /ps and tubes were submerged and sonicated in 0.1 M KOH for 15 

min. This procedure was repeated five /mes while reusing the same alkaline solu/on (more 

details in the Suppor/ng Informa/on). Remarkably, the N content per item is negligible (3−7 

nmol), which was unexpected due to con/nuous ambient exposure. Nevertheless, several 

1.5 mL sample tubes that were directly analyzed a�er arrival were completely free of any N 

impuri/es (Figure B10). This demonstrates that accumula/on of adsorbed atmospheric N is 

inevitable, as was earlier observed for our KOH salts, but is to some extent less severe, and 

the N species can simply be removed with water. 

Patches of latex and nitrile gloves (6 cm × 6 cm) were screened by cuHng the patches in 

li0le chunks and sonica/ng them collec/vely in 0.1 M KOH for 15 min. The latex gloves 

released reproducible quan//es of 5.1 ± 0.7 nmol NH3 cm−2 and 31.7 ± 2.2 nmol NO3
− cm−2, 

while the nitrile gloves released 3.7 ± 0.5 nmol NH3 cm−2 and 90.8 ± 1.3 nmol NO3
− cm−2. 

These significant NO3
− concentra/ons are most likely remaining trace impuri/es from the 

calcium nitrate used as coagulant material to harden the gloves during the manufacturing 

process. Not all manufacturers use calcium nitrate as a coagulant, which can explain the 

NOx
− varia/ons reported in the literature.19 Regardless, direct contact with electrolyte-

exposed surfaces, such as membranes, electrodes, glassware, etc., should be avoided as 

much as possible. To demonstrate the impact, we performed a qualita/ve assessment (see 

the Appendix B) by rubbing a nitrile glove over the Celgard membrane and observed that 

reproducible amounts of N species (0.6 ± 0.1 nmol NH3 cm−2, 0.6 ± 0.2 nmol NO2
− cm−2, 12.2 

± 2.1 nmol NO3
− cm−2) were released (Figure 2a). This shows that especially NO3

− can be 

uninten/onally introduced during cell assembly. 
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Figure 2. (a) NH3, NO2
−, and NO3

− content of patches (6.0 cm × 6.0 cm) of latex and nitrile gloves cut 
from the center of the each glove. The N content was determined by cuHng the patches into smaller 
chunks and sonica/ng them in 30 mL of 0.1 M KOH solu/on for 15 min. A Celgard membrane (2.5 cm 
× 2.5 cm) was exposed by rubbing the top and bo0om surfaces with a nitrile glove. (b) The NH3, NO2

−, 
and NO3

− content of cell materials was determined by sonica/ng 2.5 cm × 2.5 cm samples, except for 
the carbon paper and Cu electrodeposited on carbon paper (Cu EL), which were 1.2 cm diameter discs, 
in a 0.1 M KOH solu/on for 15 min. NH3 detec/on was done by the spectrophotometric indophenol 
blue method. Both NO2

−  and NO3
− were quan/fied by ion chromatography.* NO2

− assay was 
performed with the spectrophotometric Griess test due to Cl− overlap in the ion chromatogram. The 
error bars indicate the standard devia/on of three individual experiments. 

3.3.5 Encountered Impuri/es in Commonly Used Cell Materials 

Nafion membranes are notorious for their ini/al NH4
+ uptake and release during NRR 

experiments. Here, the buildup of atmospheric NH4
+ appears to be the main issue,40 and it 

remains difficult to remove because of its ion-selec/ve and porous proper/es. Impurity 

effects in other commonly used membranes and electrode materials are, to some extent, 

unexplored. This mo/vated us to review other types of membranes, carbon paper (o�en 

used as a support), Pt foil, and a Cu electrode prepared by electrodeposi/on (Cu EL). A 

pre-defined geometrical area (indicated below) of each par/cular component was 

sonicated in 0.1 M KOH for 15 min either as received or a�er a treatment step for the 

quan/fica/on of trapped N impuri/es. 

Celgard (3401) microporous membranes are considered cleaner alterna/ves to ion-

exchange membranes.20 From our analysis, we confirm that NH3 levels for a 2.5 cm × 2.5 

cm Celgard membrane are negligible (<1.5 nmol cm−2), as shown in Figure 2b. However, we 

found a rela/vely high amount of NOx
− species of around 7.5 nmol cm−2. According to the 

manufacturer, no sources of NOx reactants were used during the produc/on process, 

hence it is likely that physisorp/on of atmospheric NOx occurred and accumulated over 

/me. Yet, simply rinsing with water reduces impurity levels to <1 nmol cm−2. Anion-

exchange membranes (AEMs), also commonly used in the NRR field, are mostly used with 

alkaline electrolytes and have the lowest ammonia crossover rates. AEM ionomers consist 

of posi/vely charged quaternary ammonium func/onal groups that give the membrane its 
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anion-selec/ve proper/es. One could expect that, due to degrada/on and protona/on of 

the N-func/onal groups, spontaneous ammonia forma/on occurs.9,10,41 However, we did 

not observe any sign of ammonia leaching from a 2.5 cm × 2.5 cm AEM (Figure 2b), even 

a�er 1 h of sonica/on (Figure B11). Addi/onally, the amount of NOx
− species was 

negligible, which is most likely related to the we0ed and sealed storage of the membrane. 

Catalyst and electrode materials can also be a poten/al source of N contaminants. 

Electrocatalysts prepared by using concentrated ammonia solvents or nitrate compounds 

should ideally be avoided. If usage is necessary, then addi/onal pretreatment steps and 

careful examina/on of the removal effec/veness are advised. Herein, an example is 

discussed where a 1.13 cm2 copper electrode (Cu EL) was prepared by electrodeposi/on 

using 0.5 M Cu(NO3)2 on carbon paper.42 From Figure 2b, it becomes clear that a freshly 

prepared Cu EL released enormous amounts of NO3
− (1499 ± 186 nmol cm−2). Le�-over 

NOx
− can ideally be electroreduced with cyclic voltammetry by scanning the Cu EL between 

−0.2 and −0.7 V vs. RHE in 0.1 M KOH (see the Appendix B). More than 98% of the ini/al N-

content was removed by this strategy, although the remaining ∼30 nmol is s/ll significant 

(Figure B12). Alterna/vely, metal nitrate hydrates can be thermally decomposed into metal 

oxides, water, and gaseous NOx. The Cu EL was kept at 200 °C overnight because supported 

Cu(NO3)2 hydrate decomposi/on starts at 175 °C.43 The thermal decomposi/on strategy 

was able to remove 99.3% of the ini/al N-content, indica/ng that it is more efficient than 

cyclic voltammetry. Moreover, this method was applied earlier to remove NOx
− species 

from commercial metal oxide powders, and similar removal rates were reported.12 

Pla/num foil is commonly used as an anode material due to its high stability. A�er 

excessively rinsing a 2.5 cm × 2.5 cm Pt foil with H2O, approximately 6 nmol cm−2 of NOx
− 

was released. This quan/ty is comparable with that found with the untreated Celgard 

membrane, which suggests that atmospheric adsorbed NOx species on the Pt are more 

stable, forming most likely Pt mononitrosyls.44 Flame annealing is an o�en used technique 

to remove organic impuri/es and to pre-oxidize the Pt surface. Interes/ngly, the flame 

annealing step provokes an increase in the N impuri/es (Figure B12). Sonica/ng the Pt foil 

in 0.1 M KOH or applying the thermal decomposi/on method was sufficient to reduce 

impuri/es to a bare minimum. 

3.3.6 NO3
- Assay of Common Used Lithium Salts in Li-NRR 

NRR with electroplated lithium as a N2 ac/vator (Li-NRR) has recently gained significant 

scien/fic interest. There are, however, various concerns about high NO3
− concentra/ons in 

Li-salts,45 which can easily be converted to NH3 in these extremely reduced environments. 

Herein, LiClO4, LiBF4, LiPF6, and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, also 

abbreviated as LiNTf2) are screened with dual-wavelength ultraviolet (UV) spectroscopy for 

NO3
− quan/fica/on.46 Figure 3 shows that LiClO4 and LiPF6 are free of NO3

−. Clear UV 

absorbance at 210 nm (associated with NO3
−) was measured for LiBF4 and LiTFSI. Any organic 

interference at 210 nm was compensated by subtrac/ng two /mes the absorbance at 270 

nm (elaborated in the Appendix B). A�er this correc/on, LiTFSI has no noteworthy NO3
− 
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absorbance, while LiBF4 in Figure 3f shows a clear upward trend in NO3
− levels as a func/on 

of the salt concentra/on. It is important to note that NO3
− quan//es can vary with different 

puri/es, suppliers, and batches.45 Therefore, it is recommended to analyze Li-salts with this 

spectrophotometry method. NO2
− concentra/ons in all Li-salts were quan/fied by ion 

chromatography (IC) and remained negligible (<1 μmol L−1). Ethereal solvents that are stable 

during Li-NRR, such as tetrahydrofuran, 1,2-dimethoxyethane, and 2-methoxyethyl ether, 

were screened by IC. Ethanol was also evaluated, since it is o�en used as a proton source 

for Li-NRR. None of the organic solvents showed any NOx
−-related peak (Figure B13). 

 

 

Figure 3. NO3
− assay showing UV spectra at different salt concentra/ons of (a) LiClO4 (99.99%, Sigma), 

(b) LiBF4 (98%, Sigma), (c) LiBF4 (99.99%, Sigma), (d) LiPF6 (98%, Honeywell), and (e) LiTFSI (98%, Sigma). 
(f) NO3

− concentra/ons as a func/on of the LiBF4 concentra/on. 
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3.3.7 Implica/ons of NOx Impuri/es for the Li-NRR experimentalists 

Other extraneous N sources from atmospheric exposure are limited in Li-NRR systems 

because most handling and storage of solvents, salts, and cell materials are conven/onally 

done in a glovebox, with the main mo/va/on to control moisture content. The content of N 

contamina/ons in our feed gases and lab consumables is negligible (except 15N2), thus only 

NO3
− impuri/es in the Li-salt seem to be relevant for Li-NRR. It is important to note that NO3

− 

(most likely present as LiNO3) cannot simply be removed by a heat treatment,45 since the 

decomposi/on temperature of LiNO3 (≥500 °C) is much higher than those of LiBF4, LiPF6, 

and LiTFSI.47 With the hypothe/cal experimental condi/ons stated in Figure 4, roughly 107 

nmol of NO3
− can poten/ally be reduced into NH3 during cell opera/on, leading to a yield of 

0.12 nmol s−1 cm−2. Our es/mated NO3
− content can differ significantly if higher salt 

concentra/ons are used or with different Li-salt batches that contain more NO3
−. 

Nevertheless, it is not realis/c to expect that NH3 yields obtained by the electroreduc/on of 

NO3
− will approach the recently obtained 2500 nmol s−1 cm−2 at 1 A cm−2,48 and 150 nmol s−1 

cm−2 at a current efficiency near unity (at 15−20 bar).49 This, however, might not be true 

when the Li-NRR reports lower NH3 yield (e.g., when opera/ng at ∼1 bar). Overall, we find 

that N impuri/es are less relevant for the Li-NRR field, although it remains good prac/ce to 

assess the NO3
− content in the Li-salts to be certain of the origin of NH3. 

3.3.8 Es/ma/ng the Minimum Background Level for Aqueous NRR Measurements 

In the NRR, the atmospheric N contribu/ons are more severe, as experiments are generally 

not performed in a controlled environment, including storage of chemicals and cell materials 

in ambient air. By combining the most important findings from this study, as illustrated in 

Figure 4, a background level of ∼140 nmol was es/mated. By assuming that most NOx
− 

species electroreduce into NH3, an obtained yield of 0.16 nmol s−1 cm−2 is already enough 

for a NRR catalyst to be labeled as plausible.8 Approximately 84% of these impuri/es can be 

avoided by applying the most effec/ve cleaning procedures. These are material dependent 

and include alkaline washing for membranes and electrodes, heat treatment for the Pt foil, 

desiccator storage for salts, and rinsing lab consumables with ultrapure water. Important 

factors such as catalyst impuri/es and the influence of gloves are excluded from this analysis 

because they may vary between studies. Extra care must be taken when valida/ng 

electrocataly/c NRR ac/vity with 15N2 gas, since ppm levels of 15NH3 were detected by our 

GC-MS and 15NOx by others. Cleaning the feed gases is not straighyorward, since our analysis 

shows that commonly adopted liquid scrubbers do not properly eliminate the NOx 

contamina/ons, due to limited mass transport and reac/vity. More importantly, the 

trapping efficiency should be evaluated at condi/ons close to experimental condi/ons, as 

we show that factors such as flow rate and dura/on of the experiment highly affect the 

removal efficiency. For these reasons we strongly recommend the applica/on of commercial 

gas purifiers that exhibit the best performance at all relevant condi/ons. An absolute 

minimum background level is rather difficult to assess because of the large variety of 
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experimental approaches within the research community. Nevertheless, we provide 

experimentalists with recommenda/ons and various cleaning procedures in order to reduce 

the effect of impuri/es to an acceptable minimum. 

 

 

Figure 4. Es/ma/on of the minimum background level of NH3, NO2
−, and NO3

− with and without the 
most effec/ve cleaning procedures. Values were obtained from Figure B12 and Tables B1−B4, 
assuming the N2 flow (20 mL min−1, 99.999%), membrane area (Celgard, 10 cm2), working electrode 
(carbon paper, 1 cm2), counter electrode (Pt foil, 4 cm2), electrolyte (1 M KOH, 10 mL), 1 pipet /p, and 
1 tube with a total experiment /me of 15 min. For Li-NRR, only 14N2 and electrolyte impuri/es were 
considered. The applied cleaning procedures for NRR were as follows: alkaline wash for Celgard 3401 
membrane and carbon paper, heat treatment for Pt foil, KOH desiccator storage, and rinsing lab 
consumables with water. 
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3.4 Conclusions 

In this work, we carried out a systema/c inves/ga/on on the N contamina/ons derived from 

several sources and on the efficacy of mul/ple removal strategies. The aim of the study is to 

provide a benchmark to perform reliable electrochemical NRR studies. Notably, all the 

99.999 % pure gases tested (N2, He, Ar) were adequately clean as both NH3 and NO/NO2 

were not detected (LODNH3: 150 ppb, LODNOx: 1 ppb). On the other hand, 15N2 gas contains 

rela/vely large amounts of 15NH3 and therefore a more rigorous purifica/on is required. Our 

analysis shows that commonly adopted liquid scrubbers do not properly eliminate the NOx 

contamina/ons from the feed gases, due to limited mass transport and reac/vity. 

Importantly, the trapping efficiency should be evaluated at condi/ons close to experimental, 

as we show that factors such as flow rate and dura/on of the experiment highly affect the 

removal efficiency. For these reasons we strongly recommend the applica/on of commercial 

gas purifiers that exhibit the best performance at all relevant condi/ons.  The use of NH3
 

and NOx as precursors in synthesis procedures should be avoided, as it was not possible to 

sufficiently remove the remaining NOx
- from a Cu electrodeposited electrode prepared with 

Cu(NO3
-)2 . Another unresolvable observed issue is the NO3

- content present in the chemical 

safety gloves. Even though its effect is difficult to assess in a quan/ta/ve manner, we 

consistently measured almost 1 ppm of NO3
- a�er short contact with a membrane. The level 

of atmospheric NOx in our laboratory was monitored, showing significant varia/ons over 

/me (1.5-27 ppb). These atmospheric NOx species had a large impact on several materials 

commonly used during NRR experiments. As environmental exposure is inevitable, long 

term storage should be done in Ar gloveboxes or desiccators, which worked well for the 

electrolyte salts. To remove the already present N-species, the most effec/ve treatments, 

depending on the material, include alkaline washing, heat treatment, and ultrapure water 

rinsing. Based on our condi/ons, we es/mated that a typical NRR experiment would have a 

minimum background level of about 140 nmol, which can be reduced by 84% to 23 nmol 

following our cleaning procedures. An absolute minimum background level is rather difficult 

to assess because of the large variety of experimental approaches within the research 

community. Nevertheless, we provided experimentalists with recommenda/ons and 

various tested cleaning procedures in order to reduce the effect of impuri/es to a bare 

minimum.  
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Figure B1. Schema/c of the NOx quan/fica/on measurements. 

 

 

 

 

 

 

 

 

 

 

Figure B2. (a) UV-Vis spectra of different NH3 concentra/ons in 0.1 M KOH. (b) Fi0ed calibra/on curve 
(blue) from the absorbance at 633 nm versus different NH3 concentra/ons.  
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Figure B3. (a) UV-Vis spectra of different NO2
- concentra/ons in 0.1 M KOH. (b) Fi0ed calibra/on curve 

(light green) from the absorbance at 542 nm versus different NO2
- concentra/ons. 

 

 

 

  

 

 

 

 

 

 

 

Figure B4. (a) UV spectra of different NO3
- concentra/ons in H2O. (b) Fi0ed calibra/on curve (dark 

green) from the absorbance at 210 nm versus different NO3
- concentra/ons.  
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Figure B5. Ion chromatograms recorded at different NO2
- and NO3

- concentra/ons in H2O. 

 

 

Figure B6. Ion chromatography calibra/on curves for NO2
- and NO3

- in H2O.  
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Figure B7. Ion chromatograms of diluted Li-salts concentra/ons in water.  
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Figure B8. 24 hour open-to-air exposure of 2 ml H2O, 0.1 M KOH and 1 M KOH in a 12 ml sample tube. 
The presented values are corrected with blank samples measured at t = 0. Error bar indicates the 
standard devia/on of triplicates.   

 

 

Figure B9. Comparison between KOH salt storage condi/ons in a chemical safety cabinet and vacuum 
desiccator. The projected impurity concentra/ons were quan/fied by IC using freshly prepared 1 M 
KOH solu/ons.   
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Figure B10. (a) Close up of the chromatograph around the ammonia elu/on /me of the GC from the 
analysis of 15N2 gas. Ammonia contamina/ons (9.8 ppm) are detected in the 15N2 gas directly 
connected to the GC inlet (orange line). Interes/ngly, when the 15N2 gas was dosed via a mass flow 
controller (not passivated against ammonia adsorp/on), no ammonia was detected (black line). (b) 
Integrated peak areas of the mass-to-charge ra/o (m/z) of the ions detected with GC-MS at 1.84 min 
reten/on /me (i.e. ammonia reten/on /me). The rela/ve intensity of the m/z corresponds to the 
15NH3 ioniza/on fragments. Error bars correspond to the standard devia/on of three independent 
measurements. 

 

 

 

Figure B11. Photographs of the tested gas filters. (a) Entegris GPUS35FHX and (b) Agilent OT3-4 
commercial packed gas filters. (c) Two 20 mL scrubbers (Supelco Analy/cal, 6-4835) with liquid trap 
solu/on connected in series.  
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Figure B12. NOx removal efficiency over /me, measured at 10 mL min-1 of 50 ppm NO in He for two 
20 mL scrubbers (Supelco Analy/cal, 6-4835) connected in series containing MilliQ water (half-filled 
symbols), 0.1 M KOH (open symbols) and 0.1 M KOH + 0.1 M NaClO2 (solid symbols) as with liquid trap 
solu/on. 

0 50 100 150 200
0

20

40

60

80

100
R

e
m

o
v
a

l 
e

ff
ic

ie
n
c
y
 (

%
)

Time (min)

 S1x2 - KOH

 S1x2 - KOH + NaClO2

 S1x2 - H2O



 
 

119 
 

3 

 

Figure B13. Photographs of the in-house made scrubber. (a) Assembled scrubber with 30 cm length 
and 1.5 cm diameter made of polymethyl-methacrylate. (b) Visible inert 1/8’’ HDPE beads as packing 
material to improve the tortuosity were filled from the top part prior to each experiment, (c) and 
closed off with a stainless steel mesh to keep the beads in place during opera/on. (d) A hydrophobic 
frit (19.6 x 3.2 mm) was inserted at the bo0om of the column (e) with an addi/onal layer of glass wool. 
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Figure B14. NO concentra/on measured over /me at the outlet of each gas filter tested with an inlet 
gas mixture of 50 ppm NO in He at different flow rates (50 mL min-1 dashed line, 10 mL min-1 solid line, 
5 mL min-1 dash-dot line, and 1 mL min-1 do0ed line). In-house made scrubber (S2) filled with a 0.1 M 
KOH and 0.1 M NaClO2 trapping solu/on is shown in blue, while the commercial Entegris and Agilent 
packed filters are shown in orange and black, respec/vely. 

 

 

0 20 40 60 80 100 120 140 160 180 200
0

100

200

300

400

500

600
N

O
 c

o
n

c
e

n
tr

a
ti
o

n
 a

ft
e

r 
th

e
 f
ilt

e
r 

(p
p

b
)

Time (min)

 S2 - KOH + NaClO2 [50 mL min-1]

 S2 - KOH + NaClO2 [10 mL min-1]

 S2 - KOH + NaClO2 [5 mL min-1]

 S2 - KOH + NaClO2 [1 mL min-1]

 Entegris [50 mL min-1]

 Entegris [10 mL min-1]

 Entegris [5 mL min-1]

 Entegris [1 mL min-1]

 Agilent [50 mL min-1]

 Agilent [10 mL min-1]

 Agilent [5 mL min-1]

 Agilent [1 mL min-1]

0 20 40 60 80 100 120 140 160 180
0

10

20



 
 

121 
 

3 

 

Figure B15. (a) Close up of the chromatograph around the ammonia elu/on /me obtained from the 
analysis of a 13.8 ppm NH3 in N2 calibra/on gas flowing at 10 mL min-1 connected directly to the GC 
(dashed black line) and purified with the Agilent OT3-4 filter (solid black line), Entegris GPUS35FHX 
filter (solid orange line) and in-house made scrubber (S2) filled with a 0.1 M KOH and 0.1 M NaClO2 
trapping solu/on (solid blue line) prior entering the GC. All the ammonia contained in the gaseous 
analyte is captured by the filters. (b) Full chromatograph highligh/ng that the purifica/on with the in-
house made scrubber introduces a significant amount of water into the feed gas. 
 

 

Figure B16. Screening of various lab consumables stocked in our laboratory. 1.5 ml and 12 ml 
polypropylene sample tubes were completely filled with 0.1 M KOH. The 0.1 ml and 1 ml polypropylene 
pipet /ps were transferred into a pre-cleaned sample tube filled with 12 ml and 6 ml of 0.1 M KOH, 
respec/vely. All consumables were sonicated for 15 min. This procedure was repeated 5 /mes using 
the same solu/on. *Directly analysed a�er arrival.  
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 Figure B16. Release of N impuri/es a�er 1 hour sonica/on in 0.1 M KOH a�er the following pre-
treatment steps; 15 min of ultra-sonica/on in 0.1 M KOH; 1 rinsed with H2O and isopropanol, than 
electrochemically reduced by performing 10 cyclic voltammetry scans with in a reduc/on regime (-0.2 
V to -0.7 V vs. RHE) and rinsed with H2O a�erwards as elaborately described in ref 3.* NO2

-
 was 

quan/fied with the spectrophotometric Griess test due to iden/fied Cl- overlap in the ion 
chromatogram.   
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Figure B17. Screening of typical electrochemical cell components and the effec/veness of various 
cleaning procedures. Obtained concentra/ons of NH3, NO2

-
 and NO3

- were converted to nmol and 
normalized by the geometric area. All components, except the carbon paper had a 2.5 cm x 2.5 cm 
dimension. The carbon paper and Cu GDE were finely cu0ed discs with a diameter of 1.2 cm. The cell 
materials were ultra-sonicated in 5 ml of 0.1 M KOH for 15 min with different pre-treatment steps. 
Indicated as unlabelled is untreated and fetched from the as received package. (a) rinsed excessively 
with H2O, (b) sonicated for 15 min in 0.1 M KOH, (c) thermal decomposi/on in Ar at 200 °C overnight 
(12 hours), (d) sonicated for 15 min in 0.1 M KOH plus flame annealing with butane flame torch, (e) 
rinsed with H2O and isopropanol, than electrochemically reduced by performing 10 cyclic voltammetry 
scans with only reduc/ve currents (-0.2 V to -0.7 V vs. RHE) and rinsed with H2O a�erwards as 
elaborately described in ref 3. * NO2

- assay performed with the spectrophotometric Griess test due to 
iden/fied Cl- overlap with NO2

- in the ion chromatogram. Every component is measured in triplicates.  
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Figure B18. Ion chromatograms of 10, 30 and 50 vol% of ethanol, tetrahydrofuran, 1,2-
dimethoxyethane, 2-methoxyethane in H2O. An extra ion chromatogram of 50 ppb NO2

- and NO3
- in 

H2O is plo0ed as reference. Organic anions, chloride, carbonate and chlorate were also iden/fied by 
using reference data.6 
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Figure B19. NO2
- peaks in the ion chromatograms of various diluted Li-salts in H2O and 50 ppb NO2

- 

in H2O.   
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Figure B20. Photographic overview of the lab consumables and components used for screening.  
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Appendix Tables 

Table B1. Data summary of feed gas and ambient impuri/es measured in the present study and 
complemented by literature values. 

Compounds NH3 (ppm) NOx (ppm) Ref 

Ambient air 0.003-0.022 0.015-0.04  

0-0.0048 

0.0015-0.027 

7 
8 

This work  

Human breath 0.03-3 

0.28-1.4 

 9 
10 

He (99.999%) <0.15 0.0011 This work 

14N2 (99.999%) <0.15 0.0019 

0.0031 

This work 
8 

15N2 (99%) 9.8 (15NH3) 

0–1.61 

 

0–1.03 

This work 
11 

Ar (99.999%) <0.15 0.0018 

0.0013 

This work 
8 

 



 
 

129 
 

3 

Table B2. Data summary of impuri/es in lab consumables measured in the present study and 
complemented by literature values. 

Lab consumables NH3
+ (nmol / 

item) 

NO2
- (nmol / 

item) 

NO3
- (nmol / item) Ref 

15 ml tube (borosilicate) 

15 ml tube (soda lime) 

15 ml tube (polypropylene) 

12 ml tube (polypropylene) 

 

 

 

1.5 

0.007 

0.003 

0.002 

1.15 

0.66 

1.42 

0.56 

0.23 

12 
12 
12 

This work 

1.5 ml tube (polypropylene) 0.16 - 3.04 0.035 - 0.16 0.08 - 3.39 This work 

1 ml pipet /p (polypropylene)  

1.24 

0 - 0.003 

1.64 

0.011 - 0.11 

0.52 

 

12 

This work 

0.2 ml pipet /p 

(polypropylene) 

 0.0008 0.005 12 

0.1 ml pipet /p 

(polypropylene) 

1.65 2.99 0.84 This work 

Latex gloves  

569.4 

182.5 

0-1500 

10.7 

3.35 

0-152000  

(full glove) 

10168 (finger /ps) 

297 (patch 6x6 cm) 

13 

This work 

This work 

Nitrile gloves 276.2 

132.5 

1644  

(patch 5 cm2) 

20.3 

10.2 

9141 (finger /ps) 

850 (patch 6x6 cm) 

 

This work 

 
9 
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Table B3. Data summary of impuri/es in various cell components and materials measured in the 
present study and complemented by literature values. 

Materials NH3 (nmol cm-2) NO2
- (nmol cm-2) NO3

- (nmol cm-2) Ref 

Nafion 

Selemion 

Celgard 3401 

1 - 25 

0.3 

1.5 

 

0.2 

2.9 

 

0.8 

2.3 

9, 14, 15
 

 

This 

work 

This 

work 

Carbon paper 0.2 4 0.5 This 

work 

Pt foil 0.14 4.8 1.8 This 

work 

Cu electrodeposited on 

carbon paper (Prepared 

with CuNO3) 

4.8 59 1499 This 

work 

Fe2O3   

Bi2O3
    

Al2O3   

 0 

23.5  nmol mg-1 

1.98  nmol mg-1 

41.7 nmol mg-1 

92.3 nmol mg-1 

47.6 nmol mg-1 

16 
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Table B4. Data summary of impuri/es in electrolytes and organic solvents measured in the present 
study and complemented by literature values. 

Electrolytes and solvents NO2
-  

(µmol L-1) 

NO3
-  

(µmol L-1) 

Ref 

1 M KOH (85%, Sigma) 

1 M KOH (99.99%, Sigma) 

0.147 

0.198 

0.333 

0.297 

This work 

 

0.5 M Li2SO4 

0.5 M LiClO4 

0.713 0 – 180.5 

22.4 – 38.4 

17 

 

0.1 M LiClO4  (99.99%, Sigma) 

0.4 M LiClO4
   

0.1 M LiBF4 (98%, Sigma) 

0.4 M LiBF4  

0.1 M LiBF4 (99.99%, Sigma) 

0.4 M LiBF4  

0.1 M LiPF6 (98%, Honeywell) 

0.4 M LiPF6   

0.1 M LiTFSI (98%, Sigma) 

0.4 M LiTFSI  

0.485 

 

 

 

0.776 

 

0.385 

 

0* 

0* 

0* 

4.53 

10.69 

1.385 

6.25 

0* 

0* 

0* 

1.23 

This work 

 

10vol% ethanol (anhydrous, VWR) 

50vol% ethanol 

10vol% Tetrahydrofuran (anhydrous, 99.5%, Sigma) 

50vol% Tetrahydrofuran 

10vol% 1,2-dimethoxyethane (anhydrous, 99.5%, Sigma) 

50vol% 1,2-dimethoxyethane 

10vol% 2-methoxyethyl ether (anhydrous, 99.5%, Sigma) 

50vol% 2-methoxyethyl ether 

0.016 

0.009 

0.012  

0* 

0.009 

0 

0* 

0* 

0.043 

 

0.172  

0.024 

0.091 

0.177 

0.204 

0.266 

This work 

 

*Lower than the background, therefore assumed to be 0. 
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Abstract 

The current understanding of the Li-mediated NRR reac/on mechanism and specifically its 

rela/onship with the applied poten/al remains limited. Herein, we inves/gated if there is a 

dependency between the applied poten/al and the Li-NRR performance indicators, such as 

the electrochemical stability, NH3 produc/on rate and the Faradaic efficiency (FENH3). To do 

this, a par/ally delithiated sheet of LixFePO4 was implemented in a homemade three 

electrode autoclave cell as a reliable and stable reference electrode. The Li-NRR experiments 

were executed under 20 bar of N2 pressure using LiTFSI and 0.1 M EtOH dissolved in THF as 

a high performance electrolyte. Cyclic voltammetry measurements did not show any peak 

besides Li pla/ng and stripping, sugges/ng that both the N2 ac/va/on and protona/on steps 

are chemical by nature. With 2 M LiTFSI, the chronoamperometry measurements at >-3.23 

V vs. SHE were stable, but the FENH3 remained below 15% and increased to 50% at poten/als 

<-3.43 V vs. SHE. This suggests that an overpoten/al of ~0.4 V is required to reach a desirable 

selec/vity. At applied poten/als <-3.74 V vs. SHE, the current response was very unstable 

and deteriorate over /me. This nega/vely affected the RNH3, but not the Faradaic efficiency, 

which remained at ~50%. XPS analysis reveals that the SEIs were mostly enriched with LiF. 

The ra/o between inorganic and organic compounds in the layer varied with the applied 

poten/al but does not fully explain the poten/al effect on the Li-NRR. More fundamental 

work on the electrode interface needs to be done in order to get a be0er understanding of 

the rela/onship between the poten/al and the performance.  
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4.1 Introduc/on 

The electrochemical nitrogen reduc/on reac/on (NRR) in aqueous electrolytes is seen as a 

promising sustainable route towards green ammonia synthesis. However, most of the 

publica/ons that incorporated all the necessary control experiments,1-3 report imprac/cal 

NH3 produc/on rates (<0.001 A cm-2) and Faradaic efficiencies (<1%).4-9 A poten/ally more 

successful approach for electrochemical ammonia synthesis is based on non-aqueous Li-

mediated NRR (Li-NRR), which was ini/ally studied in the 1990s by Tsuneto et al.,10,11 but 

was only recently further explored. Measurements performed with isotope labelled 15N2  gas 

by independent laboratories have irrevocably confirmed electrochemical ammonia 

synthesis by Li-NRR,1,12 where evidence for N2 ac/va/on in aqueous condi/ons remains 

absent. By now, it is commonly accepted that electroplated Li0 from Li+, spontaneously 

dissociates N2 into Li3N, and undergoes either several hydrolysis or proton-coupled electron 

transfer (PCET) steps using EtOH as proton source to form NH3.13-15 

In analogy to Li-metal ba0eries, electroplated Li0 reacts instantaneously with elements in 

the surrounding electrolyte, forming a layer of insoluble and par/ally soluble reduc/on 

products. This layer forms an electronically insula/ng barrier of “solidified electrolyte” that 

shields Li0 from the surrounding electrolyte, but is at the same /me ionically conduc/ve for 

Li+.16 The composi/on of this solid electrolyte interphase (SEI) depends on the species in the 

Li+ ion solva/on shell, which are preferen/ally reduced during the stage of ini/al charging.17 

The structure of an ideal SEI has both a compact inorganic layer at the Li/SEI interface, and 

a porous organic layer at the SEI/electrolyte side.16 The inorganic layer prevents excessive 

growth of the SEI because it is mostly selec/ve towards Li+ diffusion. For Li-NRR, engineering 

towards a more inorganic SEI has led to a significant improvement in electrochemical 

stability.12,17,18 This was accomplished by increasing the electrolyte concentra/on, or 

incorpora/ng decomposable addi/ves, such as dimethyl sulfide into the electrolyte.19  

Theore/cal work suggests that the Li-NRR elementary reac/on steps are fast due to the very 

nega/ve poten/als applied for Li pla/ng (<-3 V vs. SHE), meaning that the diffusion of 

reactant species (Li+, N2 and H+) through the SEI is the rate limi/ng step.14,18 Especially the 

Li+ diffusion rate is influenced by the inorganic composi/on of the SEI. Experimental results 

point out that LiF enriched SEI’s derived from 2 M LiBF4 in 0.17 M EtOH/THF or 2 M Li 

bis(trifluoromethanesulfonyl)imide (LiTFSI) in 0.1 M EtOH/THF can sustain stable Li-NRR for 

longer periods of /me and obtain a Faradaic efficiency (FENH3) above 95% under a specific 

set of reac/on condi/ons. Simula/ons based on first-principles calculated the Li+ 

conduc/vity through different Li salts and concluded that LiF is in the lower conduc/vity 

range with respect to other Li salts.18 This means that the electrodeposi/on rate of Li+ is 

much slower, and gives the nega/vely charged Li electrode more /me to adsorb and 

dissociate N2 before an electron is consumed by Li pla/ng. This is in great contrast with 

LiClO4/LiCl enriched SEIs, where significantly lower FENH3’s were obtained. It is important to 
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note that the N2 and H+ diffusion rates are less sensi/ve to the composi/on of the SEI,18 but 

their respec/ve concentra/ons in the bulk influences the reac/on selec/vity.13,20,21  

Despite all the recent progress in the Li-NRR performance, the current understanding of the 

reac/on mechanism and specifically its poten/al dependencies remain limited. The la0er is 

inherently related to the commonly implemented quasi reference electrodes (QREs) such as 

a Ag or Pt wire, to either measure or control the poten/al during an experiment. These QREs 

have an ill-defined redox poten/al and are unstable under harsh non-aqueous environments, 

causing the poten/al to “dri�” enormously during an electrochemical experiment.22,23 

Therefore, electrochemical measurements are typically in constant current mode using a 

QRE to monitor the cell’s stability. This approach does not allow for the decoupling of Li-NRR 

overpoten/al contribu/ons from the total cell voltage, which is crucial to es/mate the 

energy efficiency, elucidate different processes in the cell, and to allocate specific poten/al 

losses in the cell. Recently, a par/ally delithiated sheet of LixFePO4 (LFP) has been iden/fied 

as a reliable reference electrode material for Li-NRR systems, since its poten/al is stable over 

a large range of lithia/on states.22,23 This mo/vated us to implement a LFP based RE in a 

three electrode autoclave cell at 20 bar N2 pressure to inves/gate the effect of poten/al on 

the NH3 produc/on rate, Faradaic efficiency and stability using LiTFSI and 0.1 M EtOH 

dissolved in THF as a high performance electrolyte. 

4.2 Experimental Sec/on 

4.2.1 Materials 

Copper wire (Ø0.5 and Ø2 mm, 99.95%) and Pla/num wire (Ø0.5 mm, 99.9%) were 

purchased from Mateck. A sheet of double coated LiFePO4-on-aluminium sheet (241 mm × 

200 mm x 0.1 mm) with a specific capacity of 127 mAh/g and coa/ng areal density of 160 

g/m2 was obtained from MTI Corpora/on. Anhydrous tetrahydrofuran (99.9%, inhibitor) and 

ethanol (<30 ppm H2O) were supplied by Sigma-Aldrich and VWR, respec/vely. Li 

bis(trifluoromethanesulfonyl)imide (<20 ppm H2O, 99.9%) was purchased from Solvionic 

and did not require further drying. Molecular sieves (3A 4-8 mesh, Sigma) were purchased 

from Sigma-Aldrich. Their ac/va/on procedure was as follows: The molecular sieves were 

washed with acetone, pre-dried overnight in a vacuum oven (at 80 °C), transferred to the 

antechamber of the Ar glovebox (GS, <0.1 ppm H2O, <0.1 ppm O2) and dried a second /me 

at 200 °C for 24 hours. Anhydrous EtOH and THF were dried over ac/vated molecular sieves 

for 5 days with a 25% mass/volume ra/o and stored over a new batch of ac/vated molecular 

sieves inside the glovebox. Lower grade ethanol (denatured 96%) and acetone (≥99%) were 

used for various cleaning purposes and were supplied by Technisolv and VWR. Concentrated 

sulfuric acid (95–98 wt % H2SO4, trace metal purity) was bought from Sigma-Aldrich and 

used either directly for glassware acid cleaning or diluted for other purposes. Both 

potassium hydroxide (85%) and phosphoric acid (≥85%) were purchased from Sigma-Aldrich. 

Ultrapure water (Milllipore Milli-Q 7000) was used for solu/on prepara/on and cleaning. 

High purity N2 and Ar gases (99.999%) were supplied by Linde.  
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4.2.2 Reference Electrode Prepara/on 

A small piece (2.4 cm × 1.4 cm) was cut from a double coated LiFePO4-on-aluminium sheet 

and mounted into a two electrode beaker cell filled with 0.5 M LiTFSI in pre-dried THF (<10 

ppm) using a Cu wire (Ø2 mm) in a helix coil as anode (Figure C1). The electrode was partly 

delithiated at 0.1 C rate for 5 hours (charging current is ~0.6 mA) to obtain a separate LiFePO4 

and FePO4 phase, which results in a well defined Fe2+/Fe3+ redox poten/al of 0.4 V vs SHE.22,23 

The delithia/on experiment and further storage of the delithiated sheet was done in the 

glovebox to prevent phase transi/ons during air exposure.  

4.2.3 Electrochemical Measurements 

All electrochemical ammonia synthesis experiments were performed in a polyether ether 
ketone (PEEK) three electrode autoclave cell at 20 bar N2 pressure. The cell design and 
configura/on was inspired by the work of MacFarlane, Simonov and coworkers.12  The cell 
consists of a glass insulated Cu wire (Ø0.5 mm × 6 mm) as working electrode (WE), a Pt wire 
(Ø0.5 mm × 400 mm) as counter electrode (CE) coiled around the WE with a Ø14 mm, a 
small LixFePO4 ribbon (approximately 2 mm x 11 mm x 0.1 mm) as reference electrode (RE) 
posi/oned near the WE (see Figure C1 for more details), and a glass magne/c s/rrer (Ø5 
mm × 12 mm, Fischerbrand). The insulated Cu wire was electropolished at 5 V versus the 
copper anode for 2 min in a two-electrode beaker cell containing H3PO4 and a Cu anode (Ø2 
mm) coiled in helix shape. The smooth Cu wire (indicated by the scanning electron 
microscopy image in Figure C2) was sonicated in water for 5 min and blow dried with N2. 
The Pt wire was flame annealed and reshaped into the Ø14 mm coil. The RE was soaked in 
a diluted LiTFSI/THF solu/on for about an hour inside the glovebox for cleaning purposes. 
The Pt wire, s/rrer and the internal body of the cell were rinsed with acetone, ethanol, acid 
cleaned in 10 vol% H2SO4 (95-98%, Sigma) in water for an hour, and rinsed excessively with 
water and blow dried with N2. If the cell parts were exposed to ambient air for > 1 day, an 
addi/onal 15 min of sonica/on in 0.1 M KOH was added to the cleaning procedure to remove 
any surface accumulated NOx species.24 Other items, such as the top part of the cell, o-rings 
(ERIKS), beakers, vials, caps and spatulas were all cleaned with ultrapure H2O and blow dried 
with N2. The cell parts, consumables and other labware required for assembling the cell in 
the glovebox were dried overnight in a vacuum oven (Vacuterm, Thermo Scien/fic) at 90 °C 
and ≤3 mbar. A�erwards, all items were transferred to a preheated antechamber at 80 °C 
and flushed 3 x 5 min before introducing into the glovebox. A fresh batch of 1 M or 2 M 
LiTFSI in 0.1 M EtOH/THF was prepared prior to each experiment. Moisture content of the 
electrolyte was measured by Karl Fischer /tra/on (Metrohm, 756 KF Coulometer) and was 
typically < 30 ppm H2O. The assembled cell was transferred out of the glovebox and 
connected to a gas purifica/on skid (see Figure C3) on the bench. Residual moisture in the 
gas (≤3 ppm H2O) was removed by a home-made stainless steel column (Ø12mm x 250mm, 
Swagelock) filled with ac/vated molecular sieves. Any remaining impuri/es were removed 
(< 1 parts per trillion) via a cer/fied commercial gas filter (Entegris GPUS35FHX). The cell 
was slowly pressurized un/l 20 bar N2 and saturated for at least 30 min. The s/rring rate was 
set to 300 rpm throughout the en/re experiment. 
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All electrochemical measurements were performed using a SP-200 Biologic poten/ostat in 
combina/on with EC-Lab so�ware. A typical measurement sequence was as follows: (i) An 
ini/al poten/osta/c electrochemical impedance spectroscopy (PEIS) measurement at open-
circuit voltage (OCV) was carried out to determine the ohmic resistance (Ru) between the RE 
and the WE. (ii) Cyclic voltammetry was performed between -2.6 V and -3.2 V vs. SHE for 10 
cycles to examine whether the Li/Li+ equilibrium poten/al (ELi/Li+) is close to -3 V vs. SHE. (iii) 
Chronoamperometry (CA) was performed at the poten/al of interest for 4 hours. (iv) The RE 
poten/al was reassessed using cyclic voltammetry to detect possible poten/al dri�s. (v) A 
final PEIS was performed to determine any changes in the Ru. The applied poten/al was 
corrected post-measurement if we no/ced minor devia/ons in the LFP-RE poten/al by 
taking the average of (ii) and (iv). We decided not to correct the applied poten/als of the CA 
measurements for the Ru. An elaborate discussion suppor/ng this decision is given in the 
Results and Discussion sec/on.  

A�er the electrochemical ammonia synthesis experiment, the pressurized head space was 
slowly purged through an acid trap (Supelco Analy/cal, 6-4835) filled with 20 ml of 0.05 M 
H2SO4. Subsequently, the cell was flushed for 10 min with Ar to recover any le�-over 
ammonia. The cell was disconnected and reintroduced into the glovebox to withdraw the 
electrolyte and remove the RE for cleaning. The rest of the cell was cleaned outside the 
glovebox following the procedure outlined earlier. We no/ced that during depressuriza/on, 
the fragile solid electrolyte interface layer breaks down and disperses into the electrolyte as 
was earlier observed by Chorkendorff and coworkers.18 The reason for that is the escaping 
dissolved N2 gas. Therefore, we added a small drain to one of the cell bodies (Figure C1) to 
remove the electrolyte before degassing. In order to sustain the SEI as much as possible, the 
electrolyte was directly removed a�er the CA measurement, meaning that the addi/onal 
CV (iv) and PEIS (v) were not performed. A�er removing the electrolyte, the procedure was 
kept the same as before. The WE with the SEI was stored in the glovebox for further physical 
characteriza/on.  

4.2.4 Physical Characteriza/on 

Semi-quan/ta/ve informa/on related to the phase composi/on of the delithiated LFP 

electrode was obtained by X-ray diffrac/on (XRD) with Rietveld refinement. XRD was 

performed on a Bruker D8 Advance diffractometer with a Bragg-Brentano geometry, a 

Lynxeye posi/on sensi/ve detector, a divergence slit with a 12 mm opening, a sca0er screen 

with 5 mm height, and a Cu Kα (λ = 1.5406 Å) radia/on source at 45 kV 40 mA opera/on 

condi/ons. The measurement was done within the 5-135° 2θ range with a 1 s /me per step 

and a 0.020° 2θ step size. Bruker DiffracSuite.EVA v6.1 was used to subtract the background, 

correct small displacements, strip the Kα2 contribu/on from the pa0erns, and iden/fy 

present phases using the ICDD pdf4 database. The Rietveld refinement was performed in 

Profex. 

The solid-electrolyte interface (SEI) was characterized post-mortem with X-ray 

photoelectron spectroscopy (XPS). The SEI was suspended in 2 mL of dried THF (< 10 ppm) 

for a few minutes to remove any salt precipita/on on the surface. A mobile XPS sample stage 
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with a vacuum sealable lid (Figure C4) was used to avoid air exposure during transfer from 

the glovebox to the XPS chamber. During a typical procedure, the parts of the sample holder 

were shortly dried in the antechamber and introduced into the glovebox. Small parts of the 

SEI were carefully deposited onto the sample stage. The sample holder was assembled, 

vacuum sealed in the antechamber and transferred into the XPS chamber. XPS spectra were 

acquired with a Thermo Scien/fic Kα spectrometer with a monochroma/c Al Kα excita/on 

source. The analysis chamber has a base pressure of about 2 × 10-9 mbar. High resolu/on 

XPS spectra were recorded using a 400 μm spot size, 0.1 eV step size, and 50 eV pass energy 

(200 eV for survey). C 1s adven//ous carbon (284.8 eV) was used to correct the charge of 

all spectra. A depth-profile of the sample was generated by Ar+ ion etching (1000 eV, 2 mm 

× 2 mm) at different /me intervals in between the XPS measurements. CasaXPS v2.3 was 

used to deconvolute the obtained spectra.  

4.2.5 Ammonia Quan/fica/on 

All electrolyte and acid trap samples were analyzed using ion chromatography (IC, Dionex 

Aquion from Thermo Scien/fic) with an autosampler (Dionex AS-AP). The autosampler 

injects 250 µL aliquots into the 25 µL sample loop, where it is diluted with 2.6 mM 

methanesulfonic acid (eluent) at a flow rate of 1 mL/min upon injec/on. The total 

acquisi/on /me was 10 min. Tubing, connec/ons and the injec/on needle are made from 

PEEK, thus being compa/ble with organic solvents. The IC column (Dionex IonPac CS12A, 4 

× 250mm) is packed with ethylvinylbenzene/divinylbenzene. A guard column (Dionex IonPac 

CG12A, 4 × 50 mm) was installed upstream to extend the life-/me of the main column. The 

IC is equipped with an addi/onal electroly/c suppressor (Dionex CDRS 600, 4 mm) to 

remove conduc/ve ions from the eluent for improving the sensi/vity of the conduc/vity 

detector. As precau/on, the electrolyte samples were diluted with ultrapure water (200 x 

for 1 M LiTFSI and 400 x for 2M LiTFSI) to protect the column, which is not compa/ble with 

alcohols.  Aliquots taken from the acid trap were injected without dilu/on. To construct the 

calibra/on lines, seven concentra/ons of NH4Cl (99.99%, Sigma-Aldrich) in water, 0.002 M 

LiTFSI (1 M LiTFSI 200 x diluted) and 0.005 M LiTFSI (2 M LiTFSI 400x diluted) were prepared 

with their respec/ve concentra/ons of 5, 10, 50, 100, 200, 300, 500 µM. Addi/onal 

calibra/on lines in diluted LiTFSI solu/ons were necessary to compensate for the 

overlapping Li+ shoulder peak with NH4
+ (Figure C5). All fi0ed calibra/on curves resulted in 

a nonlinear rela/onship (see Figure C6), which is not unusual for a broad range of 

concentra/ons. 
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4.3 Results and Discussion 

4.3.1 Electrochemical Characteriza/on  

The XRD Rietveld refinement of our LFP reference electrode (LFP-RE) shown in Figure C7 

indicates two clear crystalline phases of 67 mol% LiFePO4 and 33 mol% FePO4, respec/vely. 

Although this deviates to some extent from a 50/50 molar distribu/on, the Fe2+/Fe3+ redox 

poten/al of ~0.4 V vs. SHE is stable over a broad range of lithia/on states.22 The LFP-RE was 

used to establish j-V rela/onships of the Li-NRR system with 2 M LiTFSI under Ar (Figure 1a), 

20 bar N2 pressure (Figure 1b), both with and without EtOH (Figure 1c,d). The main aim of 

these measurements is to perform a preliminary inves/ga/on of whether the overpoten/al 

of Li+ reduc/on is influenced by different species in the electrolyte, and to iden/fy the 

presence of other (electro)chemical reac/ons. To do this, we performed mul/ple CV 

experiments around -3 V vs. SHE and studied the reduc/on and oxida/on peaks by shi�ing 

the reduc/on poten/als to more nega/ve values. At the start of each measurement, the WE 

was precondi/oned by scanning for at least 20 cycles at 20 mV s-1
 between -3.1 V and -2.6 V 

vs. SHE. A�erwards, the j-V behaviour was stable and reproducible. It is important to 

men/on that we were able to apply ohmic drop correc/on (85% with the build-in func/on 

of the poten/ostat) for the CVs without any issues because the poten/als under 

inves/ga/on remain close to the equilibrium poten/al.   

All voltammograms in Figure 1 indicate that the equilibrium poten/als are between -3.03 V 

and -3.02 V vs. SHE, which slightly deviates from the standard equilibrium poten/al (ELi/Li+
0 ) 

in THF (-2.98 V vs. SHE).25 As defined by the Nernst equa/on (Equa/on 1), the equilibrium 

poten/al of Li+ reduc/on is a func/on of the ac/vity coefficient of Li+ ions (BCDE�  in the 

solu/on.25 This means that the ELi/Li+ depends on the salt selec/on, salt concentra/on and 

solvent. Therefore, we associate this small discrepancy to differences of the BCDE among our 

examined Li-NRR systems and not to a malfunc/oning LFP-RE.  

FCDE/CD �  FCDE/CD� − 4HI JK L 1BCDEM 
1� 

A minimum overpoten/al of 0.08 V was necessary to ini/ate Li nuclea/on on the Cu wire, 

irrespec/ve of the addi/on of EtOH or N2. However, we observe that the overall j-V 

rela/onship is influenced by species other than the Li-salt. The measured charge of the 

reduc/on (Qred) and oxida/on (Qox) peaks of the CVs are summarized in Figure C8 and reveals 

a striking degree of asymmetry between the peaks. Voltammograms with 2 M LiTFSI in an 

Ar atmosphere (Figure 1a) show a clear Li+ reduc/on peak, while Li oxida/on is mostly 

absent. We assign this to the SEI forma/on process, whereby the majority of “freshly” plated 

Li0 reacts instantaneously and irreversibly in non-Faradaic reac/ons with nearby solvent 

molecules (TFSI- and THF). Therefore, an ini/al part of the electrons is lost due to SEI 

forma/on un/l the en/re layer of metallic Li is insulated from the surrounding solvent 

molecules. Thus, the degree of reversibility between the Li pla/ng and stripping process can 
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be used to evaluate whether the SEI structure is fully developed (steady-state). It is 

surprising that during con/nuous cycling, Li stripping remains mostly small, indica/ng that 

a stable SEI was not obtained while performing CV measurements.  

The natural tendency to form dendri/c shaped morphology during con/nuous Li deposi/on 

hinders the establishment of a mechanically rigid and homogeneously covering SEI. 

Strategies to suppress dendri/c growth are extensively discussed in the Li-ion ba0ery field 

and can generally be obtained when opera/ng at low current densi/es and selec/ng 

electrolytes with a high surface tension, high Li+ transference number and high ionic 

conduc/vity.26 LiTFSI and Li bis(fluorosulfonyl)imide (LiFSI) are commonly implemented 

because they have a rela/vely high ionic conduc/vity and form LiF-enriched SEIs. The la0er 

promotes regulated Li+ ion transport in the SEI and increases the surface tension allowing 

the suppression of dendrite forma/on. In Li-NRR, it is however desirable to operate at higher 

current densi/es, which most likely induces dendri/c growth as was earlier observed in Li-

ion ba0eries.27 The low amount of reversible Li0 in Figure 1a may indicate that pla/ng at high 

current densi/es ini/ate dendrite growth with a high specific area to volume ra/o, wherein 

surface Li0 is lost through salt and solvent passiva/on. 

Figure 1b shows that the j-V behaviour of Li pla/ng and stripping is influenced by N2 due to 

the forma/on of addi/onal Li3N SEI species as was observed by Blair et al. using grazing-

incidence X-ray sca0ering in the absence of EtOH.28 The slope of the forward reduc/on scan 

under 20 bar N2 is roughly 60 mA/V lower than under Ar atmosphere, meaning that the 

presence of more Li3N in the SEI nega/vely correlates with the kine/cs of Li pla/ng. The 

overpoten/al of lithium pla/ng (ηLi) can be approximated by the Doyle-Fuller-Newman 

model:25,29 

NCD � O/ − OP − QRSTUVWX YZ$[B�   
3� 

Where O/  and OP  are the solu/on and electrode poten/al, LSEI the SEI thickness, ρSEI the 

resis/vity of the SEI, B� the specific interfacial area of the cathode and jint the interfacial 

current density. Hence, the third term indicates that the SEI characteris/cs influences the 

ηLi. Due to the rela/vely high Li+ conduc/vity (σSEI = ρSEI
-1) of Li3N SEI species (σLi3N ~ 10-4 S 

cm-1 versus σLiF ~ 10-30 S cm-1),18,30 we expect that the heterogeneity of mul/ple inorganic SEI 

species may result in a geometric expansion of the layer thickness (LSEI), which explains an 

increase in the ηLi.  

Interes/ngly, the degree of reversibility of Li pla/ng in the presence of N2 is greatly enhanced 

with respect to Ar, and suggests that Li3N accelerates the forma/on of a stable SEI layer, but 

also promotes rela/vely more homogeneous pla/ng. Thus, less Li is consumed by 

irreversible Li-related surface passiva/on reac/ons. This is also the reason why Li3N is 

generally considered as a desirable compound for high performance SEI’s in Li-metal 

ba0eries (LMB).26,31 It is suggested that induced homogeneous Li pla/ng in Li3N-containing 

SEI’s is related to the high Li+ mobility because the Li+ migra/on energy barrier (0.007 eV for 
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α-Li3N and 0.038 eV for ϐ-Li3N) is considered to be small with respect to other salt species 

such as Li2CO3 (0.3 eV).30  

 

 

Figure 1. Cyclic voltammograms at different cathodic scan poten/als with a scan rate of 20 mV s-1 with 
different species in the electrolyte. (a) 2M LiTFSI in THF under Ar. (b) 2M LiTFSI in THF under 20 bar N2 
pressure. (c) 2M LiTFSI in 0.1M EtOH in THF under Ar. (d) 2M LiTFSI in 0.1M EtOH/THF under 20 bar N2 
pressure.  

A�er adding 0.1 M EtOH to the electrolyte, the voltammograms in Figure 1c show a dis/nct 

j-V behaviour, where the addi/onal reac/vity of EtOH in the cell increases the ηLi and 

decreases the overall Li+ reduc/on current density. This can be explained by the recent 

cryogenic electron microscopy observa/ons from Steinberg et al., wherein the SEI layer 

thickness increases upon adding EtOH to the Li-NRR system.32 This phenomena was 

confirmed by McShane et al., who quan/fied the SEI thickness and also its composi/on via 

a NMR rinsate approach.33 As discussed previously, a thicker SEI layer (LSEI) increases the ηLi 

(Equa/on 3), thus it is evident that higher overpoten/als for Li pla/ng are necessary when 
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EtOH is present in the electrolyte. Cycling up to -3.22 V vs. SHE (inset of Figure 1c) reveals 

only a cathodic peak, which can be assigned en/rely to irreversible Li pla/ng. A�er -3.24 V 

vs. SHE, an addi/onal Li+ reduc/on (-3.1 V) and Li oxida/on (-2.95 V) peak appear and further 

develop during the measurement. The establishment of the secondary Li pla/ng peak is 

most likely related to surface precondi/oning by the first Li pla/ng peak enabling reversible 

Li pla/ng and stripping at a lower energy barrier.34  

Figure 1d represents the j-V rela/onship of the Li-NRR system containing 20 bar of N2 

pressure and 0.1 M EtOH. As men/oned earlier, the “apparent” ELi/Li+   for Li-NRR is 

comparable with the Ar, N2 and EtOH-in-Ar systems in Figure 1a,b and c. This indicates that 

the ELi/Li+  is not influenced by the presence of EtOH and N2 as was suggested previously.12,25 

Again, a�er adding EtOH to the N2 system, the Li pla/ng current density decreases with 

almost one order of magnitude. The cathodic part of the voltammogram shows a 

comparable behaviour with the EtOH-in-Ar system where addi/onal peaks associated with 

Li pla/ng appear between -3.13 V and -3.15 V vs. SHE during the backward scan. We do not 

assign these peaks to EtOH related PCET reac/ons involved in Li-NRR because the peak 

poten/als are similar to the other Li pla/ng peaks in the absence of EtOH and N2 (Figure 1a 

and 1c). Thus, it is most likely that the protons originate from EtOH hydrolysis over Li0 metal 

(Equa/on 1). This suggests that Li pla/ng is the only electrochemical step in the Li-NRR 

reac/on mechanism as was also men/oned in previous reports.15,23,32,35  

4.3.2 Rela/onship Between Poten/al and the Li-mediated NRR Performance 

Chronoamperometry measurements (CA) at different poten/als were performed over the 

course of 4 hours to measure the Li-NRR stability, NH3 produc/on rate and Faradaic 

efficiency. The Nyquist plots in Figure 2a, 2c and 2e show the results from the PEIS 

measurements for a 2 M LiTFSI and 0.1 M EtOH in THF electrolyte before and a�er a CA at -

3.20 V vs. SHE, -3.59 V vs. SHE and -3.92 V vs. SHE. The low frequency domain, typically 

associated with the SEI, could not be analysed due to irreproducible data. The resistance of 

the electrolyte (Ru), obtained by the high frequency domain, did not change significantly 

a�er the CA measurements and varied between 50-70 Ω. A depressed semi-circle was 

always no/ceable in the ini/al PEIS measurements and is partly represen/ng the charge 

transfer resistance (Rct) coupled to the Li pla/ng kine/cs. Interes/ngly, the PEIS data a�er 

the CA only show a minor to no response of the Rct contribu/on. This indicates that the 

condi/ons at the electrode surface are highly favourable for Li pla/ng, and suggests that the 

SEI and the metallic Li layer on the Cu wire remain intact a�er the CA. Cyclic voltammetry 

was performed before and a�er the CA to monitor any poten/al dri� in the LFP-RE. The 

voltammograms in Figure 2b clearly illustrates that the ELi/Li+  did not change no/ceably, 

which proves that the LFP-RE remain stable throughout the en/re set of electrochemical 

experiments. However, the CV measurements a�er the CA indicate a significant decrease in 

the current response a�er each cycle. We expect that this is related to the breakdown of 
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the SEI when cycling above 0 V vs. Li/Li+. This phenomena has also been observed by Blair 

et al., who showed that the thickness of the SEI shrinks at the open-circuit poten/al.28  
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Figure 2. Electrochemical measurements before, during and a�er 4 hour chronoamperometry 
experiments with (a) PEIS before and a�er a CA at -3.20 V vs. SHE, (b) CV measurements before and 
a�er a CA, (c) PEIS before and a�er a CA at -3.52 V vs. SHE, (d) overview of CA measurements at 
different poten/als, (e) PEIS before and a�er a CA at -3.92 V vs. SHE. 
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As men/oned in the experimental sec/on, the applied poten/als for the CA measurements 

in Figure 2d and C9 were not compensated for the Ru because of the following reasons; 1) 

Build-in IRu compensa/on by posi/ve feedback was not possible since it caused signal 

distor/on and eventual breakdown of the electrochemical measurement; 2) PEIS 

measurements could only be performed close to the open-circuit poten/al, which means 

that Ru does not accurately represent the uncompensated resistance of the Li-NRR system 

during opera/on. Even if this would be possible, the electrode surface and its local 

environment are very dynamic, especially at a high overpoten/al. Thus, using a 

predetermined Ru will not reflect the actual Ru between the reference and the working 

electrode during a CA measurement. It is therefore expected that the herein reported 

poten/als will slightly shi� to more posi/ve values.   

Figure 2d presents an overview of poten/osta/c measurements performed with 2 M LiTFSI. 

The current response is greatly affected by the applied poten/al. Up to -3.23 V vs. SHE, the 

current is rela/vely stable, while the NH3 produc/on rate (RNH3 <31 nmol s-1 cm-2) and FENH3 

(<16%) remain low as illustrated in Figure 3a. It is important to men/on that NH3 in the acid 

trap is for most cases ~100 /mes lower than in the electrolyte. Therefore, we decided to use 

only the quan/fied NH3 in the electrolyte to calculate the RNH3 and FENH3. At poten/als ≤-

3.43 V vs. SHE, the current density starts to show periodic oscilla/ons but does not lose 

much of its electrochemical ac/vity. At more nega/ve poten/als (≤-3.74 V vs. SHE), the 

current density increased to -300 mA cm-2 and remained rela/vely stable for 1 hour, but 

gradually deteriorated a�erwards. We expect that opera/ng at these poten/als for longer 

periods of /me (>4 hr) is not sustainable and will eventually lead to a significant decrease in 

current density. The complete breakdown of the Li-NRR system is observed at more nega/ve 

poten/als (<-4.03 V vs. SHE). Interes/ngly, the FENH3 remained at roughly 50% at poten/als 

below -3.43 V vs. SHE, while there is a clear upward trend at more posi/ve poten/als. This 

suggests that a minimum energy barrier of ~0.4 V is required for the build-up of a selec/ve 

SEI. The oscilla/ng current behaviour below -3.43 V vs. SHE may also be characteris/c to 

achieve high FENH3’s. These pa0erns in the current density were also observed by Du et al. 

using a similar set of reac/on condi/ons.12 It remains unclear what causes these large 

periodic oscilla/ons at the Li-NRR electrode, but it seems to be important for the NH3 

selec/vity. These fluctua/ons were not observed with 1 M LiTFSI (Figure C9), where the 

current density response remained stable over a wide range of poten/als (up to -3.83 V vs. 

SHE). Figure 3b summarizes the rela/onship between the poten/al and the Li-NRR 

performance with 1 M LiTFSI, showing a remarkably different dependency. There is a clear 

upward trend of both E, FENH3 and RNH3 reaching an op/mum of 39% and 194 nmol s-1 cm-2 

at -4.23 V vs. SHE. Not only are both the FENH3 and RNH3 lower in comparison with 2 M LiTFSI, 

the applied poten/als are also more nega/ve. To verify that NH3 originates from the Li-NRR, 

an Ar blank test at -3.72 V vs. SHE was performed and did not result in any observable NH3. 

This demonstrates that NH3 produc/on only occurs under N2 atmosphere and that our 

earlier reported cleaning procedures are sufficient.24 It is evident by now that the poten/al 

has a significant effect on the performance metrics. Differences in the structure and 
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composi/on of the SEI are presumably the underlying reason for our observa/ons and will 

be further inves/gated in the next sec/on.  

 

Figure 3. Poten/al dependency of the NH3 produc/on rate and Faradaic efficiency in (a) 2 M LiTFSI and 
(b) 1 M LiTFSI dissolved in 0.1 M EtOH/THF.  
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4.3.3 Physical Characteriza/on of the SEI 

Previous studies have iden/fied the importance of a highly inorganic and F-enriched SEI in 

order to reach op/mal Li-NRR performance.12,18 Here, we inves/gate if the applied poten/al 

has an effect on the SEI composi/on. The Cu electrodes covered with the SEI layer were 

retrieved from the cell by removing the electrolyte before degassing as is elaborately 

described in the Experimental sec/on. Figure C10 shows a photographic example of the Cu 

wire with the SEI for illustra/ve purposes. Although the exact SEI thickness was not 

quan/fied a�er each measurement, the layer was always visible with the eye. A small part 

of the SEI was collected and deposited onto the XPS sample holder inside the glovebox. 

Since the glovebox contains trace amounts of water (0.1 ppm) and O2 (0.1 ppm) it is 

impossible to completely irradicate adven//ous species interac/ng with the SEI. To work 

around this issue, we used XPS depth profiling and removed a large part of the surface layers 

by Ar+ ion etching (up to 600 s). XPS was also measured at intermediate etching /mes.  

Figure 4 shows the high resolu/on spectra of C 1s, F 1s, S 2p and Li 1s of the retrieved SEI 

with 2 M LiTFSI within the moderate poten/al window (-3.74 V vs. SHE). The F 1s spectra 

clearly illustrates two peaks at 684.5 eV and 687.5 eV, where the former is associated with 

LiF, and the la0er with the CF3 func/onal group of LiTFSI. We confirm this by comparing the 

signals with the XPS spectra of pris/ne LiTFSI salt (see Figure C11). LiTFSI is mostly present 

as salt residue on the SEI’s surface, while LiF becomes more prominent in the deeper layers. 

The elemental composi/on in Figure C12b reveal that F or LiF, is the most dominant element 

(besides Li) in the SEI, which is in agreement with other studies employing a F-based salt.12,18 

The N 1s spectra (not shown) were masked by the organic N contribu/on of LiTFSI, which 

hindered Li3N iden/fica/on. The C 1s spectra show two prominent peaks at 284.8 eV (C-C) 

and 286 eV (C-O) that are assigned to deriva/ve products of THF decomposi/on, 

represen/ng Li butoxide or other Li alkoxide species. Addi/onally, the low intensity C 1s 

peaks at 287.6 eV (C=O) and 289 eV (O-C=O) indicate the presence of small Li2CO3 quan//es 

in the SEI. The S 2p spectra in Figure 4c contains two S 2p3/2 peaks at 168.5 eV and 166.8 eV 

assigned to LiTFSI (sulfone groups) and Li2SO4. The other three S 2p3/2 peaks at 162.8 eV 

(Li2S6), 161.2 eV (Li2S4) and 159.8 eV (Li2S) are observed as three different oxida/on states 

of lithium sulfide (LixSy).36 At longer etching /me, Li2S6 and Li2S4 become more prevalent, 

while Li2S remain negligible. The Li2SO4 contribu/on in the S 2p spectra has generally the 

highest intensity. Deconvolu/on of the Li 1s peak is challenging because Li species are 

resembled in a singlet with overlapping binding energies. Nevertheless, based on the F 1s 

and S 2p spectra, we can confidently iden/fy LiF (55.6 ± 0.2 eV),37 a small amount of Li2SO4 

(55.8 eV),19 and LiOH (55 ± 0.3 eV) as Li species present in the SEI.37 The right shoulder of 

the Li 1s spectra extends to smaller BEs beyond LiOH and could indicate the existence of 

electronically insulated “dead” Li0 (54.7 ± 0.3 eV).37 At longer etching /mes, the Li 1s peak 

shi�s towards higher BEs, favoring LiF over the other species. This demonstrates that LiOH 

is mostly present in the surface layers due to inevitable air exposure by sample handling and 

storage. Therefore, it is beneficial to remove several layers before XPS characteriza/on. 
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Complementary characteriza/on with for instance solid-state NMR can give more 

clarifica/on about the specific Li species in the SEI and will be discussed in a future work. 

 

Figure 4. High resolu/on XPS spectra of (a) C 1s, (b) F 1s, (c) S 2p and (d) Li 1s at 0s, 60s, 240s and 600s 
of Ar+ ion etching with the retrieved SEI from 2 M LiTFSI at -3.74 V vs. SHE. The S 2p orbital has a 2p3/2 
– 2p1/2 doublet peak separa/on of 1.18 eV and 2:1 intensity ra/o.  

Previous reports showed that both LiTFSI and THF starts to decompose at -1.50 V and -2.54 

V vs. SHE on a Pt and Au surface in the presence of Li+.38,39 Thus, the ini/a/on and the 

decomposi/on rate of solvent and electrolyte species are poten/al dependent. SEIs 

obtained a�er electrochemical measurements at lower and higher applied poten/al were 

also characterized with XPS and were predominately enriched with LiF as shown in Figures 

C12, C13 and C14. Interes/ngly, Figure 5 indicates that the composi/on of inorganic species 

follows a similar poten/al rela/onship as the NH3 produc/on rate and therefore the 

electrochemical ac/vity and stability of the system. By decreasing the poten/al from -3.23 

V to -3.92 V vs. SHE, the F/C ra/o increases from 1.9 to 2.66. Hence, the poten/al effect can 

be partly explained by altering the selec/vity of the electrolyte and solvent passiva/on 

reac/ons in the SEI. At 1 M LiTFSI, the XPS results in Figure 5, C15 and C16 show a no/ceable 

shi� towards more organic species in the SEI, i.e. Li alkoxides and carbonates. This can be 

explained by a change in the Li+ ion solva/on environment, wherein the probability of having 

solvent molecules in the Li+ solva/on shell is higher in comparison with 2 M LiTFSI (F/C ra/o 
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is 1).17 Thus, the salt concentra/on clearly influences the SEI’s composi/on, and in par/cular 

the LiF content. The la0er has a significant effect on the selec/vity, which is in agreement 

with previous studies.12,17 However, the underlying phenomena that links the applied 

poten/al to the Li-NRR performance cannot solely be explained by the SEI composi/on.   

 

Figure 5. Elemental F to C ra/o obtained by XPS a�er 600 s of Ar ion etching of the retrieved SEIs a�er 
different chronoamperometry measurements.  

4.3.4 Overpoten/al and Surface Morphology 

In Li-ion ba0eries, several studies correlate the overpoten/al of Li pla/ng to changes in the 

surface morphologies of the Li deposits.34,40 Pei et al. studied the fundamental Li nuclea/on 

and growth process on a copper substrate by recording the applied poten/al and analysing 

the surface structure with ex-situ SEM.34 They found that the size of the Li nuclei is inversely 

propor/onal to the overpoten/al, and that the nuclei density has a cubic power dependency 

with the overpoten/al, which is in line with classical theory of homogeneous nuclea/on.41 

The cri/cal radius of a hemispherical par/cle un/l it reaches a thermodynamically stable 

shape during nuclea/on is given by: 

\]"Z[ � 2^_̀INCD   
4� 

Where _̀  is the molar volume, F the Faraday constant and Υ the surface energy. The cubic 

rela/onship between the overpoten/al and the nuclei density (N ~ η3/Υ3) follows 

immediately a�er using the cri/cal volume of a spherical nuclei.42 Thus, at high 
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overpoten/als, Li nuclei are densely distributed over the surface and form a network of 

small micron sized par/cles, which generally promote two dimensional pla/ng. At low 

overpoten/als, large island-like agglomerates were randomly distributed over the 

substrate’s surface.34 This indicates that the applied poten/al can have a significant effect 

on the Li morphology and may explain the rela/onship between the Li-NRR performance 

and poten/al. This will be subject of a forthcoming study.  

4.4 Conclusion 

Li-NRR experiments under 20 bar N2 pressure with LiTFSI as a high performance electrolyte 

were for the first /me performed with a reliable reference electrode, based on a par/ally 

delithiated sheet of LixFePO4. This allowed us to couple the poten/al dependency to 

important Li-NRR performance parameters, such as the Faradaic efficiency, NH3 produc/on 

rate and the stability at different electrolyte concentra/ons. Cyclic voltammetry 

measurements were also performed with 2 M LiTFSI under Ar or N2 with or without EtOH 

and did not show any peaks besides Li pla/ng and stripping, sugges/ng that both the N2 

ac/va/on and protona/on steps are chemical by nature. With 2 M LiTFSI, the FENH3 remained 

lower than 15% a�er chronoamperometry measurements at poten/als >-3.23 V vs. SHE and 

increased to 50% at -3.43 V vs. SHE. The current was very unstable at poten/als more 

nega/ve than -4.03 V vs. SHE, and affected the produc/on rate, but not the FENH3, which 

remained close to 50%. With 1 M LiTFSI, the current response of the system is generally 

more stable in comparison with 2 M LiTFSI, but at the cost of lower Faradaic efficiencies, 

NH3 produc/on rates and more nega/ve poten/als. XPS analysis reveals that the SEIs were 

mostly enriched with LiF. The ra/o between inorganic and organic compounds in the layer 

varied with the applied poten/al but does not fully explain the poten/al dependency trend 

with the Li-NRR performance parameters. We believe that the poten/al also affects the 

surface morphology via the nuclea/on and growth process of Li deposits, which will be 

inves/gated in a future study. The composi/on of the SEIs obtained a�er measurements 

with 1 M LiTFSI indicates more organic species in the layer, which implies that more 

uncontrolled and unselec/ve Li pla/ng occurs at the electrode surface. The rela/on between 

salt concentra/on and the Li-NRR performance is already well documented, while the 

influence of poten/al remains poorly understood and requires more a0en/on in future 

works.  
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Appendix C 

 

 

Figure C1. (a) Home-built autoclave three-electrode cell configura/on. (b) Modified cell body with a 
drain to remove electrolyte before degassing. (c) Glass isolated Cu wire with Ø0.5mm and 6 mm length 
(A = 0.1 cm2). (d) Pt wire has a Ø0.5mm and 40 cm length which is eventually reshaped into a Ø1.4 cm 
coil with A = 6.3 cm2. Typically, half of the coiled Pt wire was submerged in the electrolyte.  
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Figure C2. Scanning electron microscopy image of the Cu electrode a�er electropolishing.  
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Figure C3. Schema/c (top) and photograph (bo0om) of the experimental setup configura/on, 
including the gas cleaning skid, cell, s/rrer and acid trap. A local suc/on point was always placed over 
the top of the cell and acid trap during opera/on but was omi0ed for the photograph.   
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Figure C4. Photographs of the inert XPS sample holder for the Thermo Fischer K-Alpha XPS system.  
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Figure C5. Ion chromatographs of different NH4
+ concentra/ons in (a) ultrapure H2O and (b) 0.002 M 

LiTFSI in H2O. 
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Figure C6. Ion chromatography calibra/on curves for NH4
+ in H2O, 0.002M LiTFSI and 0.005M LiTFSI in 

H2O.  

 

 

0 50 100 150 200 250 300 350 400 450 500

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0
 NH4

+ in H2O

 NH4
+ in 0.002M LiTFSI

 NH4
+ in 0.005M LiTFSI

A
re

a
 (

µS
 m

in
)

NH+
4 concentration (µM)

y = 2.838(1-e-0.00175x) 

R2 = 0.9993

y = 3.274(1-e-0.00136x) 

R2 = 0.9997

y = 3.246(1-e-0.00127x) 

R2 = 0.9998



 

163 
 

4 

 

 

Figure C7. (a) XRD pa0ern of a par/ally delithiated LFP sheet with the respec/ve LFP and FP phase 
composi/on obtained by Rietveld refinement. (b) Profex so�ware environment with the XRD pa0ern 
fiHng results.   
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Figure C8. Total charge of the reduc/on and oxida/on peaks of the CVs in Figure 1. 
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Figure C9. Chronoamperometry measurements at various poten/als with 1 M LiTFSI in 0.1 M 
EtOH/THF. 
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Figure C10. Photograph of the retrieved electrode with an intact SEI.  

 

 

 

Figure C11. C 1s, F 1s, S 2p, Li 1s and N 1s high resolu/on XPS spectra of (as received) LiTFSI salt.  
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Figure C12. Elemental composi/on by XPS depth profiling of a SEI retrieved from 2 M LiTFSI at (a) -
3.23 V vs. SHE, (b) -3.74 V vs. SHE and (c) -4.40 V vs. SHE. 
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Figure C13. High resolu/on XPS spectra of (a) C 1s, (b) F 1s, (c) S 2p and (d) Li 1s at 0s, 60s, 240s and 
600s of Ar+ ion etching with the retrieved SEI from 2 M LiTFSI at -3.23 V vs. SHE. 
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Figure C14. High resolu/on XPS spectra of (a) C 1s, (b) F 1s, (c) S 2p and (d) Li 1s at 0s, 60s, 240s and 
600s of Ar+ ion etching with the retrieved SEI from 2 M LiTFSI at -4.40 V vs. SHE. 
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Figure C15. High resolu/on XPS spectra of (a) C 1s, (b) F 1s, (c) S 2p and (d) Li 1s at 0s, 60s, 240s and 

600s of Ar+ ion etching with the retrieved SEI from 1 M LiTFSI at -4.44 V vs. SHE. 
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Figure C16. Elemental composi/on by XPS depth profiling of a SEI retrieved from 1 M LiTFSI at -4.44 V 
vs. SHE. 
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Abstract 

Electrochemical ammonia synthesis via the nitrogen reduc/on reac/on (NRR) has been 

poised as one of the promising technologies for the sustainable produc/on of green 

ammonia. In this work, we developed extensive process models of fully integrated 

electrochemical NH3 produc/on plants at small scale (91 tonnes per day), including their 

techno-economic assessments, on (Li-)mediated, direct and indirect NRR pathways at 

ambient and elevated temperatures, which were compared with electrified and steam-

methane reforming (SMR) Haber-Bosch. The levelized cost of ammonia (LCOA) of aqueous 

NRR at ambient condi/ons may only become comparable with SMR Haber-Bosch at very 

op/mis/c electrolyzer performance parameters (FE > 80% at j ≥ 0.3 A cm-2) and electricity 

prices (< $0.024 per kWh). Both high temperature NRR and Li-mediated NRR are not 

economically feasible within the tested variable ranges. High temperature NRR is very 

capital intensive due the requirement of a heat exchanger network, more auxiliary 

equipment and an addi/onal water electrolyzer (considering the indirect route). For Li-

mediated NRR, the high pla/ng poten/als, ohmic losses and the requirement for H2, limits 

its commercial compe//veness with SMR Haber-Bosch. This incen/vises the search for 

materials beyond lithium. Hitherto, electrified Haber-Bosch remains the only compelling 

electrochemical route towards green ammonia.  
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5.1 Introduc/on 

Ammonia (NH3) ranks among the largest produced synthe/c chemicals in the world with an 

annual market size of ~180 Mt, total market capitaliza/on of around $76 billion USD and an 

expected annual growth of 3-5%.1,2 The majority of NH3 (80%) is processed into N-based 

fer/lizers such as urea and ammonium nitrate, where the la0er is also used for the 

produc/on of explosives (5%). Other applica/ons are in the manufacturing of cleaning 

detergents, pharmaceu/cals, rubber and other polymers (15%).3,4 The vast majority of NH3 

is produced by the conven/onal thermochemical Haber-Bosch process, where high 

temperatures (300 – 500 ᵒC) and pressures (200-300 atm) are required to reach sufficient 

NH3 conversions from N2 and H2 over an iron catalyst.5 Due to these intensive process 

condi/ons, this process requires substan/al capital investments, with costs reaching billions 

of USD for plants producing >2000 tonnes ammonia per day to minimize costs by economy 

of scale.6 The downside of these centralized plants are the increasing transporta/on costs, 

especially to remote areas. However, small scale plants (typically <100 tonnes per day) 

catering to local markets with regional price agreements have been reported.7  

The most energy efficient method for H2 feed produc/on is steam methane reforming (SMR) 

based on natural gas, but this has significant environmental consequences as it releases 1.22 

tCO2 per tNH3 alongside addi/onal emissions related to burning fuel, natural gas extrac/on 

and other losses.8 Approximately 1.2% of the anthropogenic CO2 emissions are caused by 

the NH3 sector, necessita/ng a transi/on to greener produc/on alterna/ves to meet the net-

zero emission goal in 2050.9 A significant reduc/on in emissions can be accomplished if the 

SMR or coal gasifica/on plant is subs/tuted by greener alterna/ves, such as water 

electrolysis. This “electrified” version of the Haber-Bosch process, first implemented in 1928 

(Rjukan, Norway), was discon/nued in the 1960’s when SMR became more compe//ve 

because of the cheap availability of natural gas; however, it is now poised for a comeback.10 

This is mainly due to the decreasing costs for renewable electricity from onshore wind and 

solar photovoltaics.11 Moreover, the expected decline in manufacturing costs of alkaline and 

proton-exchange membrane electrolyzers (decreasing 3.0% and 4.8% each year),12 for water 

electrolysis further enhances the compe//veness for the electrified Haber-Bosch in the 

near future.8,13,14  

Alterna/ve technologies for sustainable NH3 produc/on are based on the electrochemical 

nitrogen reduc/on reac/on (NRR), where nitrogen gas in combina/on with a proton source 

can in theory be electrochemically reduced with electricity from renewable energy sources. 

The proton source can be “directly” used from water or “indirectly” from hydrogen. Both 

the direct and indirect NRR electrolyzer can in theory operate at ambient temperatures and 

pressures, thereby saving energy and capital expenditure on compressors and heat 

exchangers. Addi/onally, these technologies can be compa/ble with an intermi0ent 

renewable energy supply, which could be a major drawback for electrified Haber-Bosch.15 
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Another promising approach is NRR at elevated temperatures, harves/ng waste heat from 

the chemical industry to produce NH3 at higher rates and energy efficiencies.  

Most of the current research in electrochemical NRR emphasizes the development of ac/ve, 

selec/ve and stable electrocatalysts for the electrolyzers. Only a handful of publica/ons 

have assessed the techno-economic feasibility of NRR technologies on a system level,16 and 

focusing mostly on the electrolyzer costs.17,18 Par/cularly, there is a lack of knowledge about 

the future design, energy consump/on and techno-economic feasibility of a fully integrated 

electrochemical NH3 process plant, including upstream and downstream separa/on units, 

heat integra/on and storage. To that end, we have developed comprehensive conceptual 

process models of direct and indirect NRR pathways at ambient and elevated temperatures, 

Li-mediated NRR and the electrified Haber-Bosch process as a sustainable benchmark. 

Moreover, we have used a consistent set of assump/ons to perform a compara/ve analysis 

between these technologies, which gives key insights into the required electrolyzer 

performance metrics and the minimum ammonia produc/on price necessary to enable 

carbon emission-free ammonia.  

5.2 Methodology 

5.2.1 Process Design Assump/ons and Descrip/ons 

It is expected that electrochemical ammonia plants operate in a decentralized manner. 

Therefore, a small capacity of 91 tNH3 per day is considered, which is based on the smallest 

commercial SMR HB plant that supplies only to local markets.7 The synthesis process is 

assumed to be con/nuous, which means that a variable availability of renewable energy is 

outside the scope of the current study and capacity factors of the process are high.  

The majority of the mass balance and economic calcula/ons were performed in 

conven/onal spreadsheet so�ware. Aspen PlusTM was used to model dis/nct unit opera/ons, 

such as dis/lla/on and adsorp/on columns, flash evapora/on, pump and compressor du/es 

and heat integra/on if necessary. All NRR electrolyzers are considered as stoichiometric 

black box models. The total cell voltage (Ecell) is defined as: 

 Ecell = Eeq + ηcat + ηan + ηmem + ηohmic   (Equa/on 1) 

, which summates the equilibrium poten/al (Eeq), cathodic (ηcat) and anodic (ηan) half-

reac/on overpoten/als, ionic transport resistance in the membrane (ηmem) and electrolyte 

(ηohmic). The power consump/on of the electrolyzer (Pelect) is a func/on of Ecell and the total 

current (I): 

 
Pelect = Ecell · I = Ecell · nNRR · F · RNH3

FE
  (Equa/on 2) 

, wherein the la0er can be expressed in the NH3 mole-based produc/on capacity (RNH3
) and 

faradaic efficiency (FE) to include the losses from the hydrogen evolu/on reac/on (HER). 
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Losses associated with power electronics, connec/ons and cables are excluded. All 

assump/ons and more detailed calcula/ons related to the electrolyzer are provided in the 

“Supplemental Methods” in Appendix D. We defined the energy efficiency (EE) of the 

electrolyzer or the en/re process as the ra/o between the LHV of NH3 (18.6 GJ per tNH3) 

and the total energy input (ein): 

 
EEelect=

LHVNH3
 ∑ ein
=

LHVNH3
 

Pelect
ṁNH3

 
  (Equa/on 3) 

, where ṁcde is the produc/on capacity in tonnes per seconds. Figure 1 shows basic 

representa/ons of the envisioned process flow diagrams (PFDs). More detailed PFDs are 

illustrated in Figure D1-6, including stream data and equipment specifica/ons, which can be 

found in Tables D1-14. The processes can be generalized into three segments; (1) feed 

pretreatment, (2) NH3 synthesis and (3) NH3 separa/on. The exact unit opera/ons for each 

segment depend on the NH3 synthesis configura/on. In contrast to SMR-based Haber-Bosch, 

all electrolysis based NH3 processes require a pure N2 feed from an air separa/on unit (ASU) 

via either cryogenic dis/lla/on or pressure swing adsorp/on (PSA). The selec/on of a 

specific ASU technology depends on the N2 capacity, where PSA is more economical below 

500 tN2 per day.19 If a PSA is integrated in the process, the oxygen waste stream can not be 

sold as commodity because its purity is below market grade (< 99.9%), which is not the case 

for cryogenic dis/lla/on. Argon is also a by product of  the ASU, but is excluded from the 

analysis.  

For the electrified Haber-Bosch process (see Figure 1a), an alkaline electrolyzer (AEL) or 

proton exchange membrane electrolyzer (PEMEL) is integrated in the model for the 

produc/on of H2. The main advantage of PEMEL over AEL is its load flexibility, compact 

design, high pressure opera/on and a be0er energy efficiency, but is significantly more 

costly.20 Therefore, it is valuable to understand the economic benefit of both scenarios. N2 

and H2 are both pressurized to 155 bar in an intercooled mul/-stage compressor before 

entering the Haber-Bosch reactor. The thermocataly/c NH3 reac/on is exothermic (-53.8 kJ 

mol-1 at 155 bar, 400 °C), which can be harnessed to pre-heat the reactor feed. Hence, no 

addi/onal heat source is required. The N2/H2/NH3 mixture is cooled down to -5 °C and 

separated by flash evapora/on into a 99.5 mol% NH3 product stream and 4 mol% NH3/N2/H2 

gaseous mixture. The la0er is recycled back to the compressor and mixed with the other 

feed gases.  
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Figure 1. Schema/c process diagrams of (a) electrified Haber-Bosch, (b) aqueous NRR at ambient 
condi/ons using a GDE electrolyzer configura/on, (c) High temperature NRR with water oxida/on in a 
SOEL, (d) high temperature NRR with hydrogen oxida/on in a SOEL, (e) Li-mediated NRR with hydrogen 
oxida/on in a GDE electrolyzer. 
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Figure 1b illustrates our proposed design for aqueous based electrochemical ammonia 

synthesis at ambient condi/ons (aqueous NRR). The aqueous NRR electrolyzer is modelled 

as a gas diffusion electrode cell (GDE). The NRR occurs at the triple phase boundary (TPB) at 

the liquid catholyte side of the GDE, where it is assumed that produced NH3 will directly 

dissolve into the electrolyte due to its high solubility (540 g per LH2O
 at 20 °C).21 H2 is formed 

as a byproduct at the TPB and flows back through the GDE into the gas compartment. Two 

design alterna/ves for the u/liza/on of the gaseous N2/H2 product stream were considered; 

The N2/H2 product stream can simply be purged (referred as “purge scenario”) or is partly 

separated via a N2/H2 PSA to sell H2 as a commodity (“PSA scenario”). However, N2/H2 

separa/on is non-trivial and may require at least 60 mol% H2 in the PSA feed to be technically 

feasible.22 Therefore, we incorporated an accumula/on loop in the PSA scenario that 

recycles a N2/H2 mixture back to the GDE to sa/sfy this requirement (see Figure D3). Another 

poten/al strategy is to harvest the energy of the N2/H2 mixture by the genera/on of heat 

via combus/on. The la0er is not desirable because N2 forms NOx-related greenhouse gases 

upon combus/on,23 which require addi/onal DeNOx installa/ons. Dissolved NH3 in 1M KOH 

aqueous solu/on is separated by dis/lla/on with a dis/llate purity of 99.5 mol% and 99.9% 

NH3 recovery. The energy consump/on of the column depends mainly on the NH3 

composi/on in the feed (see Figure D7). From our analysis, a minimum of 10 mol% NH3 is 

implemented to limit the dis/lla/on energy consump/on.  

High temperature NRR occurs in a solid oxide electrolyzer (SOEL) that operates at 550 °C and 

1 atm. This pathway is divided into two similar process varia/ons, wherein the SOEL reduces 

N2 with water oxida/on (NRR SOEL with water oxida/on, Figure 1c) or hydrogen oxida/on 

including an addi/onal water electrolyzer for H2 produc/on (NRR SOEL with hydrogen 

oxida/on, Figure 1d). The SOEL operates in thermoneutral mode, meaning that the heat 

balance within the cell is in equilibrium.20 A heat exchanger network is designed to minimize 

the required heat input for the SOEL feed, by integra/ng inlet with outlet streams, as can be 

seen in the PFDs (Figure D4 and D5). The NH3/N2/H2 product mixture cannot be separated 

by flash evapora/on because the stream is at atmospheric pressure. NH3 condensa/on is 

only techno-economically feasible when higher pressures (≥ 150 bar) are considered (as for 

the electrified Haber-Bosch process).8 For low pressure systems, adsorp/on by zeolites or 

absorp/on in alkaline earth metal salts are poised as promising separa/on technologies.24 

In this process, NH3 is separated by an adsorp/on step with an NH3 product purity of 99.5 

mol% and recovery of 90%. The other 10% cannot be recycled because NH3 will decompose 

directly (> 400 °C). Due to the complexity of the heat integra/on system, it was not possible 

to further separate the N2/H2 stream in a similar fashion as the aqueous NRR process (PSA 

scenario). Combus/on of the N2/H2 mixture for heat extrac/on is not desirable due to the 

forma/on and emission of NOx-species. 

The electrolyzer design in the Li-mediated NRR process (Figure 1e) is inspired on the 

con/nuous flow cell recently developed by Chorkendorff and coworkers.25 The electrolyzer 

is modelled as a symmetric GDE cell for Li-NRR and hydrogen oxida/on, separated by an 
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organic electrolyte that contains 1M lithium bis(fluorosulfonyl)imide (LiFSI) in 0.25 vol% 

EtOH/THF. We selected 1M LiFSI due to its high conduc/vity with respect to other Li salts, 

while we are aware that the highest FEs in a batch-type cell were obtained with 2M LiBF4 

and 2M LiTFSI.26,27 Again, it is assumed that NH3 will directly dissolve in the organic 

electrolyte and can be separated by dis/lla/on with a dis/llate purity of 99.5 mol% and 99.5% 

NH3 recovery.  

5.2.2 Assump/ons for the Techno-Economic Analysis 

The techno-economic analysis is based on small scale NH3 plants with the same capacity (91 

tNH3 per day) that operate 333 days per year, with a life /me of 20 years for electrolysis 

based ammonia processes and 40 years for SMR Haber-Bosch. It is assumed that the 

electrolyzer stacks do not have to be replaced during the life /me of the plant. The 

investment cost for a 91 tNH3 per day SMR Haber-Bosch plant is $2022 936M taken from ref 7 

(with infla/on correc/on). The capital costs of the sustainable ammonia processes were 

es/mated based on the equipment costs of all the the process units in the plant. Standard 

process equipment, such as compressors, heat exchangers, pumps and columns are 

designed based on industrial heuris/cs. The equipment costs (CE) were calculated via 

different equipment capacity (S) correla/on func/ons: 

 
CE = a + b · SN= CB · L S

SB
MN

= 10K1 + K2 log
S� + K3 log
S�2    (Equa/on 4) 

Where the coefficients (a, b, N, K1, K2, K3) are tabulated in chemical engineering handbooks 

and summarized in Table D15.39-42 The costs for cryogenic dis/lla/on (ASU) and N2/H2 PSA 

were calculated based on the 6th tenth rule with base es/mates from Morgan et al. and 

Mivechian et al.43,44 For the ASU PSA, a modular cost es/ma/on was applied (N = 1) with a 

base es/mate from Banares-Alcantara et al.45 The equipment cost of the electric steam 

boiler was assumed to be $60 per kW.46,47 

The electrolyzer costs, electricity and hydrogen prices for the base case scenario are inter- 

and extrapolated from 2022-2050 cost projec/ons taken from numerous available sources 

(see Figure 2 and Table D16 for referencing).11,48-51 Other base case parameters, such as the 

price of O2 ($0.14 per kg),52 natural gas ($3.78 per GJ),53 H2O ($7.5 per m3),54 CO2 tax ($58 

per tCO2),55 labor and O&M (3% of total capital costs) are kept constant.20,32 These numbers 

are mostly based on North American price indexing if available. For each cost parameter, 

more conserva/ve and op/mis/c price projec/ons reported by other literature sources 

were also included in the analysis (see Table D16 for more details). This wide range of model 

input data allows us to predict under what condi/ons green NH3 becomes feasible and in 

which /meframe.  

It is important to note that there is no available capital cost data of NRR electrolyzers. 

Therefore, their capital costs were derived from commercial H2O electrolyzers and 

compared with other cost data from the literature for valida/on.56,57 Electrolyzer costs, o�en 
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expressed in $ per unit power, were converted with their respec/ve power density (kW per 

m2) to $ per unit area to include the effect of the current density on the economics. The 

power density is related to the j-E characteris/cs of the electrolyzer, hence the $ per m2 is 

different for each par/cular system as can be seen in Figure 2c. Addi/onal statements 

regarding the electrolyzer capital cost assump/ons and an extended discussion on the 

calcula/ons are available in Appendix D (Subsec/on “Techno-economic Assump/on”) 

 

 

Figure 2. Price projec/ons for; (a) renewable electricity for a conserva/ve, base case and op/mis/c 
scenario; (b) base case water electolyzer costs of PEMEL, AEL and SOEL in $ per unit power; (c) base 
case electrolyzer costs of NRR electrolyzers in $ per unit area. Data used for these figures is listed in 
Table D16.  

The infla/on was corrected with the chemical engineering plant cost index (CEPCI). The total 

capital cost was es/mated from the equipment cost with the Lang factorial method.40 These 

factors include the installa/on costs, con/ngency and working capital (more details can be 

found in Table D17). It is important to note that the installa/on costs in the “inside ba0ery 
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limit” (ISBL) are temperature, pressure and material dependent, therefore the ISBL was 

calculated for each piece of equipment independently. The electrolyzer installa/on costs 

were not es/mated via the Lang factors, but were assumed to be 10% of the equipment 

costs.20 General assump/ons regarding the OPEX are men/oned in Table D18. The end-of-

life net present value (NPV) was calculated using Equa/on 5 with 25% tax rate, 25% salvage 

value and a linear deprecia/on scheme by taking the cumula/ve sum of the cash flow (CF) 

discounted with 4.28% interest rate (median between 1954-2023 US interest rates):58  

 
NPV = f CFt
1 + interest rate�t 

n

t=1

  (Equa/on 5) 

The levelized cost of ammonia (LCOA) is used as an indicator to es/mate and compare the 

economic feasibility of the different ammonia produc/on plants. The LCOA is a func/on of 

the product revenue present value (Equa/on 6), which can be obtained by adjus/ng the NH3 

selling price un/l the NPV is equal to zero.16,59 The total capital cost is incurred during the 

first construc/on year of the plant (t = 0), where it assumed that the plant is fully opera/onal 

at t ≥ 1. 

 NPV = 0 = product revenue PV 
LCOA� - opera/ng cost PV - 
total capital costs 

 (Equa/on 6) 

5.3 Results and Discussion 

5.3.1 Iden/fica/on of Energy Losses in Different NRR Electrolyzers 

The energe/cs of the electrolyzer o�en dominate the overall energy input of an 

electrochemical process. Here we used a simple model to es/mate the current – voltage 

rela/onship (Figure 3) and iden/fy the losses of the considered NRR electrolyzers (with 

Equa/ons 1 and 2, respec/vely). This gives us a preliminary es/mate of the energy efficiency 

of each process and how this relates to the energy efficiency of SMR Haber-Bosch.  

An important advantage of the aqueous NRR compared to the electrified Haber-Bosch is the 

process intensifica/on step, where NH3 can poten/ally be synthesized in a single electrolyzer 

with a considerably lower Eeq,0 (1.17 V) versus 1.23 V for H2O electrolysis, with a 

thermodynamic minimum of 19.9 GJ per tNH3 with respect to 21.3 GJ per tNH3 for H2O 

electrolysis (based on the LHV of stoichiometric amount of H2).8 However, NRR involves six 

proton-coupled electron transfer steps, where the intermediates impose thermodynamic 

constraints. As a result, a minimum barrier in the form of an ηNRR (0.4-0.6 V) is required to 

ac/vate the reac/on.5,28,29 The j-E curve in Figure 3a indicates that below 0.42 A cm-2, the 

ac/va/on overpoten/als (ηNRR and ηOER) dictate Ecell. At higher j, ohmic losses become more 

significant due to the rela/vely low conduc/vity of the 1M KOH electrolyte (0.215 S cm-1 at 

25°C). At 0.3 A cm-2 and 90% FE, taken as electrolyzer aspira/onal values from the US 

Department of Energy ARPA-e REFUEL program,30 the ohmic losses are so severe that the 
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electrolyzer’s EE decreases to 39% (see Figure 4a). This can partly be circumvented by 

considering a 25 wt% KOH aqueous solu/on as a more conduc/ve electrolyte, thereby 

increasing the EE with +9%.  

 

Figure 3. Build-up of the current – voltage rela/onship with the equilibrium poten/als, overpoten/als 
and ohmic losses for: a) aqueous NRR, (b) NRR SOEL with water, (c) NRR SOEL with hydrogen and (d) 
Li-NRR. Relevant input data is listed in Table D19 and assump/ons are discussed in the “Supplemental 
Methods” in Appendix D. 

An advantage of high temperature NRR is the lower ac/va/on barrier for both the NRR (0.04 

V at 1 A cm-2) and the H2O oxida/on reac/on (0.1 V at 1 A cm-2) as illustrated in Figure 3b. 

In contrast to a water SOEL, the Eeq,0 of NRR increases with temperature (1.17 V at 25°C to 

1.21 V at 550°C) due to a nega/ve change in reac/on entropy (see Figure D8-10). The main 

reason why SOELs operate at such high temperatures is to increase the conduc/vity of the 

solid electrolytes. Ce0.8Sm0.2O2 is commonly used as an electrolyte and it has a conduc/vity 

of 0.014 S cm-1
 at 650°C, which is an order of magnitude lower than 1 M KOH (0.215 S cm-1), 

but this is typically compensated by using a thin slab of 0.05 mm. At 0.3 A cm-2, the voltage 

losses account for 13% of Ecell, thus the Eeq,0 dictates the energy efficiency. By subs/tu/ng 

the water oxida/on reac/on (OER) for the hydrogen oxida/on reac/on (HOR), the Eeq,0 
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decreases to 0.19 V (see Figure 3c). Nevertheless, the net energy gain of the cell voltage is 

compensated by the addi/onal requirement for H2 (alkaline water electrolysis consumes 

28.4 GJ per tNH3 based on the Nel Hydrogen type “A485”). Figure 4b and 4c clearly 

demonstrates that the indirect approach is more energy intensive (without considering the 

up- and downstream units), where the EE of NRR SOEL with water is +14% higher than NRR 

SOEL with H2 (including AEL).  

 

 

Figure 4. Contour plots of the electrolyzer’s EE as a func/on of j and FE for: (a) aqueous NRR at ambient 
condi/ons, (b) high temperature NRR in a SOEL with water oxida/on, (c) high temperature NRR in a 
SOEL with hydrogen oxida/on and (d) Li-NRR with hydrogen oxida/on. Both (c) and (d) include an 
addi/onal energy input term for H2 produc/on with an alkaline H2O electrolyzer (28.4 GJ per tNH3 

based on the commercial AEL type “A484” of Nel Hydrogen).20 Star symbol indicates the calculated EE 
at the US DoE Arpa-e electrolyzer aspira/onal values (0.3 A cm-2 and 90% FE). It is important to note 
that the plots imply a low j (< 0.1 A cm-2) seems appealing. However, there is an economic trade-off 
between the EE and j, where the former has an effect on the OPEX and the la0er on the capital costs. 
The op/mal electrolyzer opera/on parameters will be discussed in the economic analysis. 
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Li-mediated NRR is fundamentally energy intensive due to the required presence of metallic 

Li, with an Eeq,0 of -3 V vs. SHE for Li-pla/ng. This results in a thermodynamic minimum of 51 

GJ per tNH3 when Li-pla/ng is combined with hydrogen oxida/on (at 0 V vs. SHE), which is 

already 16 GJ per tNH3 higher than electrified Haber-Bosch. Figure 3d shows that the actual 

energy input will be even more severe due to ac/va/on overpoten/als and ohmic losses. 

Among the Li-salts, Li bis(trifluoromethanesulfonyl)imide (LiTFSI) and Li 

bis(fluorosulfonyl)imide (LiFSI) are reported as having the highest conduc/vi/es in organic 

solvents and contain fluorinated func/onal groups. Especially the la0er is important for the 

forma/on of a stable and selec/ve SEI.26 By assuming 1M LiFSI dissolved in 0.1M EtOH/THF 

as electrolyte with a conduc/vity of 0.015 S cm-1 (electrolyte gap = 2 mm), the ohmic 

resistance becomes so significant, that ohmic losses starts to dominate Ecell  at current 

densi/es > 0.3 A cm-2. Unsurprisingly, the EE diagram in Figure 4d indicates that Li-NRR 

(including AEL for green H2 produc/on) has the lowest EE in comparison with other NRR 

electrolyzers.  

5.3.2 Energy Losses in Sustainable NH3 processes 

The total energy inputs for the NH3 produc/on processes, including the electrolyzers, 

upstream and downstream unit opera/ons, are illustrated in Figure 5. For comparison, the 

energy requirement of SMR Haber-Bosch is also included and was taken from previous 

literature reports.8,31 The energy input of the AEL (28.4 GJ per tNH3) and PEMEL (32.8 GJ per 

tNH3) for the electrified Haber-Bosch process and indirect NRR pathways are based on 

commercially available models from Nel Hydrogen (A485) and Siemens Energy (Silyzer 300) 

with an EE of 75% and 65% (using the LHV of the stoichiometric amount of H2).20 The energy 

requirements for the NRR electrolyzers were calculated with our electrochemical model 

using the US DoE ARPA-e aspira/onal values (0.3 A cm-2 and 90% FE) as input parameters. 

The following highlights the main findings from our energy analysis and discusses several 

energy saving strategies.  

The energy consump/on in the synthesis loop is significantly higher in the methane fed 

Haber-Bosch process (6.45 GJ per tNH3) than in the electrolysis based process.8,31 These 

losses in SMR Haber-Bosch can be assigned to low efficiencies of the steam turbine cycles 

(42-48%) that drive the feed-gas, recycle and refrigera/on compressors.8 Addi/onal losses 

of 1.7 GJ per tNH3 are associated with the necessity to purge a part of the product mixture 

for the recycle loop. In electrified Haber-Bosch, the losses in the NH3 synthesis loop are 

solely related to the compressor duty since there is no requirement for purging. Moreover, 

these compressors are are significantly more efficient because they are electrically-driven 

and have a driver efficiency up to 95%. Commercially available PEMEL systems have the 

ability to produce H2 at 35-50 bar, which can save up to 56% of the compressor duty. A�er 

the synthesis loop, the NH3/N2/H2 mixture is separated by condensa/on (typically at -5 °C 

and 145 bar).32 Although the temperature gradient between the condenser and the 

synthesis reactor seems large, heat integra/on in the synthesis loop (see Appendix D 
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Supplemental Methods) recovers most of the hea/ng and cooling du/es. The energy input 

of the ASU is directly propor/onal to the stoichiometric demand of N2 for the reactor 

because unreacted N2 is separated and recycled back to the synthesis loop. Therefore, the 

ASU energy demand is limited to 1.3 GJ per tNH3. Although the electrified version of the 

Haber-Bosch is less energy efficient (33.9 GJ per tNH3) than the BAT (27.4-31.8 GJ per tNH3) 

due to the water electrolyzers, it is expected that innova/ons in the PEMEL system will 

improve the EE in the foreseeable future.33   

 
Figure 5. Indica/ve overview of the es/mated energy input of each process. Values above the LHV of 

NH3 (18.6 GJ per tNH3) can be considered as energy losses. The energy input of the NRR electrolyzer 

was calculated at the aspira/onal values (j = 0.3 A cm-2 and FE = 90%). Generally, the energy losses will 

increase at FE < 90% and j > 0.3 A cm-2. 

The aqueous NRR electrolyzer consumes 47.4 GJ per tNH3, which accounts for 57% of the 

total energy loss. It is assumed that NH3 dissolves directly into the electrolyte a�er 

electrosynthesis and has be separated downstream by dis/lla/on. The NH3 feed 

composi/on plays an important role in determining the energy input of the dis/lla/on unit. 

Figure D7 shows that the reboiler duty decays exponen/ally with increasing NH3 feed 

concentra/on, with a minimum at approximately 10 mol%. Even at 10 mol%, the duty of 

both the reboiler and condenser are s/ll considerable (7.5 GJ per tNH3). Implemen/ng a N2 

recycle stream can reduce the demand of “fresh” N2 from the ASU. To study this effect, we 

considered two process design alterna/ves for the N2/H2 product stream, where the product 

stream is simply purged (Figure D2) or separated by a PSA with N2 recycling and H2 recovery 

(Figure D3). The purge scenario shows a 7-fold increase of the ASU duty (10.9 GJ per tNH3) 

with respect to the PSA scenario. This indicates the importance of a recycle stream in order 

to save up to -9.3 GJ per tNH3.  

NRR SOEL with water oxida/on is the most energy efficiency NRR electrolyzer (62%), 

meaning that the voltage losses at high temperature electrolysis are minimal. However, this 
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is a false minimum since roughly 15 GJ per tNH3 of addi/onal heat is necessary to sustain 

the NRR SOEL opera/onal temperature (550 °C). Even though heat integra/on is included, 

there is a mismatch between the heat capaci/es of the reactants (N2, H2O(g)) and products 

(N2, NH3, O2). This implies that external heat must be supplied. By combining the addi/onal 

heat and energy input of the SOEL, the EE decreases to 41%. Unfortunately, 3.8 GJ per tNH3 

of this heat is labelled as “high quality heat” (to raise the feed temperature to 550 °C), which 

is challenging to obtain by steam, but can be harnessed from electric hea/ng or waste heat 

from neighbouring chemical plants.34 For a stand-alone plant, a “green” furnace based on 

biogas or H2 from water electrolysis are also considerable op/ons. For now, it is assumed 

that the heat is imported from neighbouring chemical industries for the natural gas price. 

To save energy on the ASU (-10.2 GJ per tNH3), the N2 enriched waste stream from the 

separa/on step can in principle be recycled and mixed with the reactant stream. However, 

an addi/onal 3.3 GJ per tNH3 of high quality heat is necessary to elevate the recycle 

temperature from 200°C to 550°C. This means that there is a trade-off between the import 

of heat and ASU energy savings. For simplicity, the recycle stream is excluded from further 

analysis. Separa/ng the low pressure N2/H2/NH3 product mixture of the NRR SOEL by 

condensa/on is not economically a0rac/ve due to the excessive compressor costs.8 While 

s/ll in the research phase, adsorp/on with zeolites is a promising approach for low pressure 

NH3 separa/on.24,35 The energy input for separa/on by adsorp/on (5.5 GJ per tNH3) depends 

on the heat of adsorp/on (2.76 GJ per tNH3), feed compression (2.32 GJ per tNH3) and 

desorp/on vacuum swing (0.46 GJ per tNH3). The compression duty is required to overcome 

the large pressure gradient (around 2 bar) across the densely packed column. The heat of 

adsorp/on depends on the interac/on strength between the adsorbent and adsorbate. 

Since NH3 binds strongly to zeolites, a significant amount of heat must be supplied for 

desorp/on, although this is much less than would be required with metal halides.24  

The enormous energy input of the Li-NRR electrolyzer (146 GJ per tNH3) accounts for 84% 

of the process losses, which are inherently related to the Li-pla/ng poten/al and the low 

conduc/ve nature of organic Li-salt electrolytes. These specific physical proper/es cannot 

be improved, but the electrolyte gap between the electrodes can be minimized by 

implemen/ng a zero-gap membrane electrode assembly (MEA).36 Figure D11 indicates that 

the electrolyzer EE can be increased by 8% when the electrolyte gap is completely eliminated. 

An alterna/ve strategy is to find an ac/ve mediator with a lower pla/ng poten/al than Li. 

Ca has recently been iden/fied as an ac/ve mediator besides Li.37 However, the net energy 

gain of using Ca is limited since its pla/ng poten/al only differs ~0.2 V from Li. Theore/cal 

work of Bagger, Stephens and coworkers have proposed Mg and Al as promising 

alterna/ves.38 An overview of the Eeq,0 and ΔG of these mediators paired with hydrogen 

oxida/on are displayed in Figure D12. When assuming an Eeq,0 of -2.36 V vs. SHE for Mg 

pla/ng and 0 V vs. SHE for hydrogen oxida/on, the thermodynamic minimum of this 

electrolyzer would be 40.2 GJ per tNH3, which is s/ll significantly higher in comparison with 

other NRR electrolyzers. Al is in terms of its low pla/ng poten/al the most propi/ous 

element, but remains yet to be experimentally explored and verified.       
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5.3.3 Economic Comparison of Methane-based versus Electrified Haber-Bosch 

With the implementa/on of the base case assump/ons, the LCOA of the small scale SMR 

Haber-Bosch plant is $555 per tNH3 as illustrated in Figure 6a and 6d, which is in line with 

previous literature reports.16,60 These figures indicate that the price for grey ammonia (from 

SMR Haber-Bosch) remain considerably lower than ammonia from sustainable sources, such 

as the electrified Haber-Bosch process. The sensi/vity analysis implies that the natural gas 

price and carbon tax are the main cost drivers for SMR Haber-Bosch (Figure D13). For a while, 

these plants have been benefiHng from rela/vely low natural gas prices (~$3 per GJ), but 

the 2022 energy crisis in Europe has shown that SMR Haber-Bosch can be vulnerable.61 The 

US EIA states that natural gas prices can rise above $5 per GJ by 2050 which will put a lot of 

pressure on conven/onal Haber-Bosch economics.18 Addi/onally, socie/es demand more 

compensa/on for emi0ed greenhouse gases from the chemical industries in the form of an 

emission trading system or tax to s/mulate the transi/on towards renewable alterna/ves. 

The latest IPCC report predicts that a carbon tax of $58 per tCO2 is necessary to incen/vise 

the implementa/on of carbon capture and storage technologies by the chemical industry.55 

Other economists and climate scien/sts claim that the CO2 tax should increase even further 

to $174-417 per tCO2.62-64 Hence, a more conserva/ve price scenario ($175 per tCO2, $5.66 

per GJ) is necessary to incen/vise a shi� towards carbon free NH3.  

Figure 6. Economic analysis of electrified Haber-Bosch. (a) Levelized cost of ammonia (LCOA) of 

electrified Haber-Bosch with AEL at conserva/ve, base case and conserva/ve assump/ons. (b) Capital 

intensity calculated with the base case assump/on in 2050. (c) Sensi/vity analysis of electrified Haber-

Bosch with AEL. (d) LCOA of electrified Haber-Bosch with PEMEL at conserva/ve, base case and 

conserva/ve assump/ons. (e) Opera/onal costs es/mated with the base case assump/ons in 2050. (f) 

Sensi/vity analysis of electrified Haber-Bosch with PEMEL. Black lines in (a,d) indicate the LCOA of SMR 
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HB calculated with op/mis/c (NG price = $2.79 per GJ, CO2 tax = $23 per tCO2), base case (NG price = 

$3.77 per GJ, CO2 tax = $58 per tCO2) and conserva/ve (NG price = $5.66 per GJ, CO2 tax = $175 per 

tCO2) price scenarios.  

Figure 6a and 6d illustrate that electrified Haber-Bosch is too expensive under the current 

economic condi/ons (in 2022) compared with SMR Haber-Bosch, even when considering 

conserva/ve price assump/ons (~$800 per tNH3). The sensi/vity analysis in Figure 6c and 6f 

show that the electricity price has the largest influence on the LCOA. By saving $0.01 per 

kWh on the OPEX, the LCOA reduces with roughly $100 per tNH3 (electrified HB with PEMEL), 

while a cost reduc/on of $100 per kW of the stack, lowers the LCOA with only $60 per tNH3 

(approximately -5%). When considering the base case cost projec/on, electrified HB with 

PEMEL becomes cost compe//ve with SMR HB at $615 per kW (PEMEL investment costs) 

and $0.035 per kWh (electricity price). This means that the manufacturing of PEMEL systems 

and the cost of electricity has to be reduced by -68% and -38% within the upcoming decades. 

Other combina/ons of electrolyzer CAPEX and electricity prices can also lead to cost 

compe//ve ammonia produc/on (see Figure D14b). Replacing PEMEL with AEL demands an 

addi/onal investment of 29% for larger compressors because commercially available AELs 

deliver H2 at atmospheric pressure. Therefore, PEMEL is in this context a more suitable 

source for H2.  

5.3.4 Economic Analysis of Aqueous NRR at Ambient Condi/ons 

The LCOA of aqueous NRR at ambient condi/ons for the process scheme with a N2/H2 purge 

or PSA recovery unit are under the base case condi/ons not compe//ve with SMR Haber-

Bosch, and require more op/mis/c price projec/ons (see Figure 7a and d). The main 

economic issue with aqueous NRR is the rela/vely high opera/onal costs (~$450 per tNH3) 

related to the electrolyzer due to unavoidable energy losses by ac/va/on overpoten/als and 

ohmic losses. Consequently, Figure 7e indicates that approximately 70% of the electricity 

costs and 50% of the OPEX are associated with the electrolyzer’s electrical input. The capital 

costs of the NRR electrolyzer comprises 55% of the total capital cost and is ~$2000 per tNH3 

more expensive than a PEMEL. The la0er is jus/fiable since a GDE-based system is more 

complex in opera/on and consumes more power per tNH3. Therefore, the balance of plant 

(BoP) can be higher due to addi/onal pressure regulators, rec/fiers with a larger capacity, 

and miscellaneous auxiliary equipment.   

The process design with a N2/H2 purge (Figure D2), hence without a N2 recycle, consumes 

evidently more “fresh” N2 feedstock from the ASU. Consequently, the CAPEX of the ASU  

(18% of total capital costs) is roughly $1200 per tNH3 more expensive than when a N2 recycle 

is considered. For electrified Haber-Bosch, recycling N2 or a N2/H2 mixture is more 

straighyorward because N2/H2 can be re-compressed, mixed with the N2/H2 feedstock and 

fed into the synthesis reactor. A mixture of N2/H2 can in principle be used as feed for the 

NRR electrolyzer since H2 is inert. But, if H2 is not separated from the recycle loop, it will 

accumulate, cross-over to the anode and form an explosive mixture with O2 or recombine 
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into water. To realize a H2 separa/on step, an addi/onal capital injec/on of 11% has to be 

invested into a N2/H2 PSA ($638 per tNH3), storage infrastructure for recycle buffering ($1286 

per tNH3) and H2 compressors ($488 per tNH3) with a -4% gain of the OPEX. It becomes clear 

that by comparing the LCOA trend in Figure 7a and 7d, purging the N2/H2 product stream is 

from an economic point of view more a0rac/ve because N2/H2 separa/on is considered to 

be technically challenging, wherein a minimum feed composi/on of 60 mol% H2/N2 is 

typically required with very low H2 recoveries (~50%).22  

Figure 7. Economic analysis of aqueous NRR at ambient condi/ons. (a) LCOA of aqueous NRR with a 

H2 purge. (b) Capital intensity calculated with the base case assump/ons in 2050. (c) Sensi/vity 

analysis of aqueous NRR (purge) at a constant j of 0.3 A cm-2. (d) LCOA of aqueous NRR with H2 recovery 

(PSA).  (e) Opera/onal costs using the base case assump/ons in 2050. (f) Current density as a func/on 

of the capital intensity, OPEX and the LCOA for aqueous NRR (purge) at FE of 90% and base case 

assump/ons in 2050. Black lines in (a,d) indicate the LCOA of SMR HB calculated with op/mis/c, base 

case and conserva/ve price scenarios. (a,b,d,e) The ARPA-e electrolyzer aspira/onal values (FE = 90%, 

j = 0.3 A cm-2) were used for the economic analysis.  

S/rring towards H2 produc/on with NH3 as a by product (FE < 50%) is not preferred because 

NH3 has more intrinsic value, and H2 can be produced more efficiently in a PEMEL or AEL. 

This indicates that steering towards a FE near unity is should be the main objec/ve as is 

supported by our sensi/vity analysis (Figure 7c). When considering the purge scenario, O2 

market price fluctua/ons have a substan/al effect on the LCOA (±27%), especially in 

comparison with electrified Haber-Bosch (Figure 6c and 6f). This is related to the vast 

quan//es of O2 (230 tonnes per day) that are being produced by the cryogenic dis/lla/on 

unit due to the large demand for N2. In case the loca/on of the plant does not allow O2 

export to the market, the LCOA increases by ~$550 per tNH3. 
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The necessary cost reduc/ons to reach SMR Haber-Bosch parity (~$800 per tNH3) are 

highlighted in Figure D14c. It becomes clear that very op/mis/c electrolyzer costs ($5600 

per m2) and electricity prices ($0.025 per kWh) has to be realized for cost compe//ve NH3 

produc/on. Addi/onally, the LCOA is heavily influenced by the electrolyzer performance 

metrics. Figure 7f presents an op/mal j window between 0.5-0.9 A cm-2, where the LCOA is 

approaching its minima. By assuming an electrolyzer CAPEX of $5850 per m2
 (base case) and 

a very op/mis/c electricity price of $0.02 per kWh, a “minimum” FE as a func/on of the j 

can be es/mated. The results are displayed in Figure D15 and highlights three regions: FE > 

80% at 0.3 A cm-2, FE > 70% at 0.4 A cm-2 and FE > 65% between 0.5-1 A cm-2. Opera/ng at j 

< 0.3 A cm-2 is not preferable because the capital costs increases exponen/ally with the 

electrode area. The earlier used aspira/onal values from the ARPA-e REFUEL program (90% 

FE, 0.3 A cm-2) are reasonable and fall within the es/mated range. Nevertheless, this analysis 

extends the aqueous NRR opportunity window and can be used as guidelines for 

experimentalists.   

5.3.5 Economic Analysis of NRR at Elevated Temperatures 

Figure 8a and 8c show that both NRR SOEL with water and with hydrogen pathways are 

under the base case assump/ons not cost compe//ve with SMR Haber-Bosch, and require 

a more op/mis/c economic scenario. In contrast with aqueous NRR, the CAPEX and OPEX 

of the NRR SOEL unit are not domina/ng the plant costs. The majority of the investment is 

related to conven/onal process units, such as heat exchangers, air separa/on units and 

adsorp/on columns, which account for roughly 65% of the fixed capital costs. According to 

our analysis, NRR SOEL with hydrogen (containing two electrolyzers) is more cost effec/ve 

than the NRR SOEL with water. This is counterintui/ve, but can be explained based on 

differences in the heat integra/on and the electrolyzer capital costs. NRR SOEL with 

hydrogen has almost an ideal heat integra/on scenario, limi/ng the demand for high quality 

heat, which saves up to $100 per tNH3 on the OPEX. Addi/onally, Figure 8b illustrates that 

the NRR SOEL unit with hydrogen oxida/on is less capital intensive due to its lower power 

density (1.6 versus 5.9 kW per m2  for NRR SOEL with water oxida/on), which directly affects 

the BoP as discussed previously.  

The sensi/vity analysis in Figure 8e and D16 indicates that the electricity price has the largest 

effect on the feasibility. Unsurprisingly, the absence of a N2 recycle in the high temperature 

process means that the ASU is producing large quan//es of O2, which has to be sold for 

addi/onal revenue. At the ARPA-e REFUEL aspira/onal values (FE = 90%, j = 0.3 A cm-2), 

Figure D14e illustrates that NRR SOEL with hydrogen only becomes compe//ve with SMR 

Haber-Bosch at very op/mis/c electricity prices (≤ $0.02 per kWh) and SOEL capital costs 

($800 per m2). We es/mated new aspira/onal values for the NRR SOEL with hydrogen 

oxida/on using the same approach as discussed for aqueous NRR. By assuming a NRR SOEL 

and AEL CAPEX of $1209 per m2 and $564 per kW (base case assump/ons in 2050) at an 

electricity price of $0.02 per kWh, the trend in Figure D17 can be divided into three 
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segments: FE > 90% at 0.4 A cm-2, FE > 85% at 0.5 A cm-2 and FE > 80% between 0.6-1 A cm-

2. These performance requirements are significantly higher than for aqueous NRR because 

improvements in the CAPEX and OPEX of the NRR SOEL unit has only a limited effect on the 

plant’s economics.  

 

Figure 8. Economic analysis of high temperature NRR. (a) LCOA of NRR SOEL with water oxida/on. (b) 
Capital intensity calculated with the base case assump/ons in 2050. (c) LCOA of NRR SOEL with 
hydrogen oxida/on. (d) Opera/onal costs calculated with the base case assump/ons in 2050. (e) 
Sensi/vity analysis of NRR SOEL with hydrogen oxida/on at a constant j of 0.3 A cm-2. Black lines in 
(a,d) indicate the LCOA of SMR HB calculated with op/mis/c, base case and conserva/ve price 
scenarios. (a-d) The ARPA-e electrolyzer aspira/onal values (FE = 90%, j = 0.3 A cm-2) were used for the 
economic analysis. 
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NRR SOEL with water has even a smaller opportunity window, wherein electricity must 

decrease to unrealis/c market prices (≤ $0.018 per kWh) at $3000 per m2. Electricity prices 

up to $0.01 per kWh have been reported during peak periods of surplus renewable power.65 

An electrochemical NH3 plant could theore/cally operate along the vola/le trend of low 

electricity market prices. The scale of the plant increases according to an assumed capacity 

factor, which results in higher investment costs. Wang et al. inves/gated the ma0er and 

observed an increase of the LCOA with $100 per tNH3 at a 0.2-0.3 capacity factor.16 Another 

issue is the compa/bility with intermi0ent opera/on, which can especially be challenging 

for high temperature electrolysis, upstream and downstream units.  

5.3.6 Economic Assessment of Li-mediated NRR 

Among the assessed sustainable NH3 pathways, Li-mediated NRR is the most expensive 

process and cannot become cost compe//ve with SMR Haber-Bosch even when considering 

the most op/mis/c cost factors (Figure 9a). Due to the complexity of the electrolyzer system 

(GDE-based, compa/bility with organic electrolytes, moisture free opera/on) and significant 

power demand, the BoP will be excessive and comparable with other energy intensive 

electrochemical processes, such as chlor-alkali (~$30000 per m2).56 With a base case 

es/mate of $18650 per m2 (in 2050), approximately 75% of capital intensity is directly 

related to the electrolyzer system (Figure 9b). The opera/onal costs in Figure 9c shows that 

the electricity consump/on of the Li-NRR electrolyzer accounts for almost 50% of the total 

OPEX (~$1360 per tNH3), mainly due to its low EE. By changing to a more compact cell design, 

a zero gap membrane electrode assembly without ohmic losses, the LCOA can be reduced 

by ~50% (Figure D18a), but is s/ll not sufficient. 

Another strategy is to find an alterna/ve mediator with a significantly lower deposi/on 

poten/al. Although Ca has recently been iden/fied as an ac/ve mediator besides Li,37 its 

reduc/on poten/al differs only +0.2 V vs. Li, which results in a limited gain in the OPEX. We 

decided to do a preliminary techno-economic screening, whereby Mg and Al are 

implemented as poten/al mediators (+0.7 V and +1.37 vs. Li). We assume a zero-gap 

electrolyzer configura/on with the Li-pla/ng ac/va/on overpoten/al and the same 

upstream and downstream units as used in the Li-NRR process. Under the base case 

assump/ons (in 2050), Mg-NRR or Al-NRR allow a LCOA reduc/on of -$262 and -$547 per 

tNH3 with respect to Li-NRR in MEA configura/on. These cost saving scenarios are 

insufficient and do not allow mediated NRR to compete with other sustainable ammonia 

processes (as illustrated in Figure D18). This incen/vises the search for mediators beyond Al 

in order to enable mediated NRR as a compelling approach.  
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Figure 9. Economic analysis of Li-mediated NRR. (a) LCOA of Li-NRR. The black lines indicate the LCOA 
of SMR HB calculated with op/mis/c, base case and conserva/ve price scenarios. (b) Capital intensity 
calculated with base case assump/ons in 2050. (c) Opera/onal costs calculated with the base case 
assump/on in 2050. (a-c) The ARPA-e electrolyzer aspira/onal values (FE = 90%, j = 0.3 A cm-2) were 
used for the economic analysis. 

5.3.7 Future Outlook 

SMR Haber-Bosch will be around for several decades un/l the technology can be phased out 

with a zero-emission alterna/ve. The transi/on rate towards green ammonia will mainly 

depend on the level of inducible carbon tax by governmental policies, future levelized cost 

of renewable electricity and reduc/ons in the electrolyzer manufacturing costs. Among the 

op/ons for sustainable ammonia synthesis at a small scale plant (91 tonnes per day), 

electrified Haber-Bosch remains the most promising technology in terms of maturity, costs 

and energy efficiency (see Figure 10). Nonetheless, research explora/on for alterna/ve 

pathways must con/nue.  
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Figure 10. LCOA versus the energy consump/on of the ammonia produc/on routes discussed in this 
work. The y-error bars indicate the LCOA at op/mis/c and conserva/ve cost scenarios in 2050 (from 
Table D16). The data points represent the average between the op/mis/c and conserva/ve cost 
assump/ons, and not necessarily the base case assump/ons. The x-error bar of SMR HB (black) 
represents the BAT (27.4-31.8 GJ per tNH3). The varia/on among the reported literature values on the 
LCOA ($827±398 per tNH3) and energy input (38.6±7.1 GJ per tNH3) of electrified HB at a similar 
produc/on capacity were taken from ref. 8,66-68, and added for comparison (sapphire).  

Aqueous NRR at ambient condi/ons is thermodynamically the most favorable approach, but 

the energy losses associated with ac/va/on overpoten/als, ohmic losses, N2 feedstock 

produc/on and dis/lla/on are o�en overlooked and decrease the energy efficiency of the 

process significantly. The low single-pass conversion and inability to recycle unreacted N2 

demands an ASU with a large capacity, which will also produce vast quan//es of O2. Selling 

O2 as a commodity is therefore essen/al to s/mulate cash flow. Unfortunately, the current 

state of the aqueous NRR field is orders of magnitude away (j < 0.001 A cm-2, FE < 1%) from 

reaching our newly defined electrolyzer aspira/onal values (FE > 80% at 0.3 A cm-2, FE > 70% 

at 0.4 A cm-2 and FE > 65% between 0.5-1 A cm-2). Moreover, numerous publica/ons that 

claim to have ac/vated N2 are dubious and irreproducible,69,70 which can mostly be assigned 

to extraneous sources of NH3 or the electroreduc/on of NOx species.71 It remains to be seen 

if ambient NRR will ever be experimentally demonstrated unambiguously at the intended j 

and FE.  

High temperature NRR combined with water oxida/on is as challenging as aqueous NRR at 

room temperature, wherein reported j (< 0.01 A cm-2) and FE (< 1%) remain at a bare 

minimum.72 On the contrary, high temperature NRR with H2 oxida/on allows N2 ac/va/on 

to be more selec/ve (FE > 70%).72 Yet, both the FE and the current densi/es obtained at lab 

scale do not meet with the bare minimum j and FE (FE > 90% at 0.4 A cm-2), hence remain 

imprac/cal for industrial applica/ons. More progress has been made in the Li-NRR field, 
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where current densi/es of 1 A cm-2 and FEs near unity were reported,26,27 con/nuous flow 

and membrane electrode assembly cells have been developed,25,36,73 and Ca has been 

iden/fied as an ac/ve N2 mediator.37 These achievements have progressed the mediated 

NRR field tremendously, but due to the fundamentally low energy efficiencies of the 

electrochemical conversion step and the overall complexity of the process, ammonia 

produc/on at a compe//ve cost price will be a major challenge for its future applica/on.  

5.4 Conclusion 

In this work, we designed detailed process models for the electrochemical produc/on of 

NH3 to gain insights into the main bo0lenecks of the process and to understand what 

process condi/ons are required to reach economic parity with SMR Haber-Bosch. Electrified 

Haber-Bosch with PEMEL is so far the most a0rac/ve process. However, current PEMEL 

investment costs and electricity prices need to be reduced to $615 per kW and $0.035 per 

kWh, which can be achieved within two decades according to future price projec/ons. 

Aqueous NRR at ambient condi/ons needs even more op/mis/c scenarios and only 

becomes promising if the electricity price drops below $0.024 per kWh at $522 per kW 

(electrolyzer CAPEX). In addi/on to this, the NRR performance has to be increased to FE > 

80% and j ≥ 0.3 A cm-2, a daun/ng task when comparing to the current state of the field. On 

the contrary, numerous experimental reports show that NRR in a SOEL with hydrogen 

oxida/on is more selec/ve (FE > 70%), but current densi/es remain at industrially irrelevant 

scales. Addi/onally, we find that SOEL based processes tend to be more capital intensive 

due to the addi/onal requirement of heat exchangers and more auxiliary equipment. Hence, 

high temperature NRR is only cost compe//ve at the most op/mis/c and perhaps unrealis/c 

economic scenario (≤ $0.02 per kWh, ≤ $800 per m2). Li-NRR has progressed tremendously 

over the last years in terms of scale, con/nuity, ammonia yield and selec/vity. Unfortunately, 

the inherently low energy efficiency (<11%) of the electrolyzer causes dispropor/onally high 

opera/onal costs. The EE can be improved by developing MEA-type electrolyzers to 

circumvent electrolyte conduc/vity losses or by implemen/ng an alterna/ve mediator with 

a more posi/ve pla/ng poten/al than Li, such as Mg or Al. For a small scale plant at 91 

tonnes per day, Li-mediated NRR is under the most op/mis/c economic assump/ons not 

economically feasible. This means that Li-NRR and also Ca-NRR remain interes/ng subjects 

for scien/fic research, but might never be integrated into a profitable applica/on or process. 

Future research has to focus on the iden/fica/on of mediators beyond Li and Ca. For now, 

electrified Haber-Bosch remains the only compelling electrolysis based pathway for 

sustainable ammonia produc/on. 
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Appendix D 

Process Flow Diagrams, Stream Summary and Equipment List 

Electrified Haber-Bosch 

Figure D1. Process flow diagram of the electrified Haber-Bosch process with an alkaline water 
electrolyzer (AEL). The electrified Haber-Bosch with a proton exchange membrane electrolyzer (PEMEL) 
is iden/cal, except that the feed-gas compressor (C-2) requires less compression stages. 
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Table D1. Stream summary of the electrified Haber-Bosch process with AEL (Figure D1).  

Property 1 2 3 4 5 6 7 

Temperature (°C) 25 80 40 80 40 25 40 

Pressure (bar) 1.01 1.01 163 1.01 1.01 6 157 
Mole flows (kmol 
h-1) 

370.43 
 

166.47 166.47 334.06 334.06 111.37 1830.5 

NH3 (kmol h-1)       54.835 
H2 (kmol h-1)    334.06 334.06  1331.75 

N2 (kmol h-1)      111.37 443.82 
O2 (kmol h-1)  166.47 166.47     
KOH (kmol h-1)        

H2O (kmol h-1) 370.43       
Mole frac/ons        

NH3       0.03 
H2     1 1  0.73 

N2      1 0.24 
O2   1 1     
KOH        
H2O 1       
Mass flow (kg h-1) 6667.77 5326.69 5326.69 673.42 673.42 3119.75 16054.1 

Property 8 9 10 11 12 13 14 

Temperature (°C) 220 400 619 437 239 239 -5 

Pressure (bar) 156 155 152 151 150 149 147 

Mole flows (kmol 
h-1) 

1830.5 1830.5 1608.54 1608.54 1608.54 1608.54 1608.54 

NH3 (kmol h-1) 54.835 54.835 276.79 276.79 276.79 276.79 276.79 

H2 (kmol h-1) 1331.75 1331.75 998.81 998.81 998.81 998.81  

N2 (kmol h-1) 443.82 443.82 332.94 332.94 332.94 332.94 998.81 

O2 (kmol h-1)       332.94 

KOH (kmol h-1)        

H2O (kmol h-1)        

Mole frac/ons        

NH3 0.03 0.03 0.17 0.17 0.17 0.17 0.17 

H2  0.73 0.73 0.62 0.62 0.62 0.62 0.62 

N2 0.24 0.24 0.21 0.21 0.21 0.21 0.21 

O2         

KOH        

H2O        

Mass flow (kg h-1) 16054.1 16054.1 16054.1 16054.1 16054.1 16054.1 16054.1 
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Table D1 (con�nued). Stream summary of the electrified Haber-Bosch process with AEL (Figure D1).  

Property 15 16 17 

Temperature (°C) -5 -34 -5 

Pressure (bar) 145 1.01 145 

Mole flows (kmol h-

1) 
223.25 223.25 1385.29 

NH3 (kmol h-1) 221.92 221.92 54.87 

H2 (kmol h-1)    

N2 (kmol h-1) 0.34 0.34 997.83 

O2 (kmol h-1) 0.98 0.98 332.60 

KOH (kmol h-1)    

H2O (kmol h-1)    

Mole frac/ons    

NH3 0.995 0.995 0.04 

H2  0.004 0.004 0.72 

N2 0.001 0.001 0.24 

O2     

KOH    

H2O    

Mass flow (kg h-1) 3790.98 3790.98 12263.2 
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Table D2. Equipment list of the electrified Haber-Bosch process with AEL (Figure D1). CW: Cooling 
water. 

 

Main 

Equipment 

C-1 C-2 E-1 E-2 E-3 E-4 

Type 6-stage 
compressor 

6-stage 
compressor 

Cooler Heat 
Exchanger 

Heat 
Exchanger 

Cooler 

Power 
(kW) 

2701 1137.92     

Heat (kW) 2234 
(intercoolers) 

1184.12 108.5 2923 2776 3062 

Area (m2) 347 
(intercoolers) 

314.72 104 53.02 50.96 87.8 

U (kW m-2) - - 42.2 310.4 287.4 574.1 

Medium CW CW CW   CW 
Main 

Equipment 
E-5 V-1 Air 

separa�on 

unit 

Type Condensor Flash drum Pressure-
swing 
adsorp/on 

Power 
(kW) 

  1372.03 

Heat (kW) 1746   

Area (m2) 71.23   
U (kW m-2) 658.6   
Medium Ammonia   
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Table D3. Stream data modifica/on when replacing AEL with PEMEL in the electrified HB process 
(referring to Figure D1).   

Property 2 4 5 

Temperature (°C) 80 80 40 

Pressure (bar) 35  35  35  

Mole flows (kmol 
h-1) 

166.47 334.06 334.06 

NH3 (kmol h-1)    

H2 (kmol h-1)  334.06 334.06 

N2 (kmol h-1)    

O2 (kmol h-1) 166.47   

KOH (kmol h-1)    

H2O (kmol h-1)    

Mole frac/ons    

NH3    

H2   1 1 

N2    

O2  1   

KOH    

H2O    

Mass flow (kg h-1) 5326.69 673.42 673.42 

 

 
Table D4. Equipment data modifica/ons when replacing AEL with PEMEL in the electrified HB process 
(referring to Figure D1). 

 

  

 

 

Main Equipment C-1 C-2 E-1 

Type 2-stage 
compressor 

4-stage 
compressor 

Cooler 

Power (kW) 333.2 kW 1203  
Heat (kW) 411.2 

(intercoolers) 
708 
(intercoolers) 

108 

Area (m2) 28.6 
(intercoolers) 

67.3 
(intercoolers) 

16.03 

U (kW m-2) - - 276 
Medium CW CW CW 
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Aqueous NRR at Ambient Condi/ons 

 

Figure D2. Process flow diagram of aqueous NRR at ambient condi/ons with a H2 purge. 
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Table D5. Stream summary of the aqueous NRR process with a H2 purge at a FE of 90% (Figure D2).  

Property 1 2 3 4 5 6 7 8 

Temperature 
(°C) 

25 25 25 25 25 25 25 -24.8 

Pressure (bar) 6 1.01 1.01 1.01 1.01 1.01 3.5 3.5 

Mole flows 
(kmol h-1) 

1110.92 1110.92 1035.82 666.0 2665.72 2221.80 2221.80 223.07 

NH3 (kmol h-1)     0.218 222.18 222.18 221.96 

H2 (kmol h-1)   36.99      

N2 (kmol h-1) 1109.81 1109.81 998.83      

O2 (kmol h-1) 1.11 1.11       

KOH (kmol h-1)     39.58 39.58 39.58  

H2O (kmol h-1)    666.0 2625.916 1960.03 1960.03 1.11 

Mole frac/ons         

NH3     0.00008 0.1 0.1 0.995 

H2    0.036      

N2 1 1 0.964      

O2  1 1 0.964      

KOH     39.58 0.0178 0.0178  
H2O    1 2625.92 0.882 0.882 0.005 

Mass flow 
(kg h-1) 

31121.24 31121.24 28055.1 12016.11 49531.36 41315.2 41315.2 3800.16 

Property 9 10 11 12 13 14 15 16 

Temperature 
(°C) 

-33 140 101 40 25 25 25 40 

Pressure (bar) 1.01 3.5 1.01 1.01 1.01 6 1 163 
Mole flows 
(kmol h-1) 

222.08 2038.21 2038.21 2038.21 2038.21 298.79 
 

166.47 
 

465.27 

NH3 (kmol h-1) 221.96 0.218 0.218 0.218 0.218    
H2 (kmol h-1)         

N2 (kmol h-1)         
O2 (kmol h-1)      298.79 166.47 465.27 

KOH (kmol h-1)  39.58 39.58 39.58 39.58    
H2O (kmol h-1) 1.11 1958.92 1958.92 1958.92 1958.92    

Mole frac/ons         
NH3 0.995 0.0001 0.0001 0.0001 0.0001    
H2          

N2         
O2       1 1 1 

KOH  0.0194 0.0194 0.0194 0.0194    
H2O 0.005 0.961 0.961 0.961 0.961    

Mass flow 
(kg h-1) 

3800.16 37515.1 37515.1 37515.1 37515.1 9561.11 5326.9 14888.02 
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Table D6. Equipment list of the aqueous NRR process with a H2 purge at a FE of 90% (Figure D2). 

Main 

Equipme

nt 

P-1 E-1 

(Dis�lla�o

n) 

E-2 

(Dis�lla�o

n) 

E-3 E-4 C-1 Air 

separa�o

n Unit 

Type Pum
p 

Condenser Reboiler Coole
r 

Cooler 6-stage 
compressor 

Cryogenic 
Dis/lla/o
n 

Power 
(kW) 

3.48
9 

    2393.4 11490.66 

Heat (kW)  -806.8 6967.4 -4062 -602.5 -2345.9 
(intercooler
s) 

 

Area (m2)  71.93 44.69 43.65 10.32 498.7 
(intercooler
s) 

 

U (kW m-

2) 
 497.7 5230.8 2139.

9 
1031.1   

Medium  Propylene Steam CW Ammoni
a 

CW  
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Figure D3. Process flow diagram of the aqueous NRR process at ambient condi/ons including a N2/H2 
PSA separa/on step, N2 recycle stream and storage vessel. 



 

211 
 

5 

Table D7. Stream summary of the aqueous NRR process at a FE of 90% with a N2/H2 PSA (Figure D3). 

Property 1 2 3 4 5 6 7 

Temperature (°C) 25 25 25 25 25 25 40 

Pressure (bar) 6 1.01 1.01 1.01 1.01 1.01 7 

Mole flows  
(kmol h-1) 

135.64 135.64 2570.97 2495.98 2435.33 61.654 61.654 

NH3 (kmol h-1)        

H2 (kmol h-1)   1461.2 1498.19 1461.20 36.99 36.99 

N2 (kmol h-1) 135.64 135.64 1109.77 998.79 974.13 24.66 24.66 

O2 (kmol h-1)        

KOH (kmol h-1)        

H2O (kmol h-1)        

Mole frac/ons        

NH3        

H2  1 1 0.57 0.6 0.6 0.6 0.6 

N2   0.43 0.4 0.4 0.4 0.4 

O2         

KOH        

H2O        

Mass flow  
(kg h-1) 

3799.8 3799.8 34034.3 30999.9 30234.49 765.43 
 

765.43 
 

Property 8 9 10 11 12 13 14 

Temperature (°C) 40 40 40 25 25 25 25 

Pressure (bar) 6 350 6 1.01 1.01 1.01 3.5 
Mole flows  
(kmol h-1) 

18.64 18.64 43.02 666.0 2665.72 2221.80 2221.80 

NH3 (kmol h-1)     0.218 222.18 222.18 
H2 (kmol h-1) 18.50 18.50 18.50     
N2 (kmol h-1) 0.14 0.14 24.52     

O2 (kmol h-1)        
KOH (kmol h-1)     39.58 39.58 39.58 

H2O (kmol h-1)    666.0 2625.916 1960.03 1960.03 
Mole frac/ons        

NH3     0.00008 0.1 0.1 
H2  0.9925 0.9925      

N2 0.0075 0.0075      
O2         
KOH     39.58 0.0178 0.0178 

H2O    1 2625.92 0.882 0.882 
Mass flow (kg h-1) 41.2 41.2 724.23 12016.1 49531.36 41315.2 41315.2 
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Table D7 (con�nued). Stream summary of the aqueous NRR process at a FE of 90% with a N2/H2 PSA 
(Figure D3). 

Property 15 16 17 18 19 20 21 22 

Temperature (°C) -24.8 -33 140 101 40 25 25 40 

Pressure (bar) 3.5 1.01 3.5 1.01 1.01 1.01 1 163 
Mole flows  
(kmol h-1) 

223.07 222.08 2038.21 2038.21 2038.21 2038.21 166.47 
 

166.47 
 

NH3 (kmol h-1) 221.96 221.96 0.218 0.218 0.218 0.218   
H2 (kmol h-1)         

N2 (kmol h-1)         
O2 (kmol h-1)       166.47 166.47 
KOH (kmol h-1)   39.58 39.58 39.58 39.58   

H2O (kmol h-1) 1.11 1.11 1958.92 1958.92 1958.92 1958.92   
Mole frac/ons         
NH3 0.995 0.995 0.0001 0.0001 0.0001 0.0001   
H2          

N2         
O2        1 1 

KOH   0.0194 0.0194 0.0194 0.0194   
H2O 0.005 0.005 0.961 0.961 0.961 0.961   
Mass flow (kg h-1) 3800.16 3800.16 37515.1 37515.1 37515.1 37515.1 5326.9 5326.9 
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Table D8. Equipment list of the aqueous NRR process at a FE of 90% with a N2/H2 PSA (Figure D3). 

Main 

Equipment 

P-1 E-1 

(Dis�lla�o

n) 

E-2 

(Dis�lla�o

n) 

E-3 E-4 C-1 C-2 

Type Pump Condenser Reboiler Cooler Cooler 6-stage 
compress
or 

3-stage 
compress
or 

Power (kW) 3.489     1093.14 169.48 

Heat (kW)  -806.8 6967.4 -4062 -602.5 -1063.21 
(intercool
ers) 

-155.45 
(intercool
er) 

Area (m2)  71.93 44.69 43.65 10.32 301.03 
(intercool
er) 

43.73 
(intercool
er) 

U (kW m-2)  497.7 5230.8 2139.9 1031.1   

Medium  Propylene Steam CW Ammonia CW CW 

Main 

Equipment 

C-3 Air 

separa�on 

Unit 

Type 6-stage 
compress
or 

Cryogenic 
Dis/lla/on 

Power (kW) 93.37 1671.91 

Heat (kW) 86.37 
(intercool
er) 

 

Area (m2) 4.74 
(intercool
er) 

 

U (kW m-2)   

Medium CW  
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NRR SOEL with Water Oxida/on 

 

Figure D4. Process flow diagram of the NRR SOEL process with water oxida/on. 
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Table D9. Stream summary of the NRR SOEL process with water oxida/on process at a FE of 90% 
(Figure D4). 

 

Property 1 2 3 4 5 6 7 

Temperature (°C) 25 25 540 550 550 167 40 

Pressure (bar) 6 1.01 1.01 1.01 1.01 1.01 1.01 
Mole flows  
(kmol h-1) 

1233.1 1233.1 1233.1 1233.1 1397.51 1397.51 1397.51 

NH3 (kmol h-1)     246.62 246.62 246.62 
H2 (kmol h-1)     41.1 41.1 41.1 

N2 (kmol h-1) 1233.1 1233.1 1233.1 1233.1 1109.78 1109.78 1109.78 
O2 (kmol h-1)        
H2O (kmol h-1)        

Mole frac/ons        
NH3     0.176 0.176 0.176 

H2      0.029 0.029 0.029 
N2 1 1 1 1 0.794 0.794 0.794 

O2         
H2O        

Mass flow (kg h-1) 34543.22 34543.22 34543.22 34543.22 35371.93 35371.93 35371.93 

Property 8 9 10 11 12 13 14 

Temperature (°C) 40 200 40 -33 200 25 98 

Pressure (bar) 3.5 1.01 1.01 1.01 3.5 1.01 1.01 

Mole flows  
(kmol h-1) 

1397.51 223.07 223.07 223.07 1174.44 986.48 986.48 

NH3 (kmol h-1) 246.62 221.96 221.96 221.96 24.66   

H2 (kmol h-1) 41.1 0.22 0.22 0.22 40.88   

N2 (kmol h-1) 1109.78 0.89 0.89 0.89 1108.89   

O2 (kmol h-1)        

H2O (kmol h-1)      986.48 986.48 

Mole frac/ons        

NH3 0.176 0.995 0.995 0.995 0.021   

H2  0.029 0.004 0.004 0.004 0.035   

N2 0.794 0.001 0.001 0.001 0.94   

O2         

H2O      1 1 

Mass flow (kg h-1) 35371.93 3805.6 3805.6 3805.6 31566.33 17771.66 17771.66 



 

216 

5 

Table D9 (Con�nued). Stream summary of the NRR SOEL process with water oxida/on process at a FE 
of 90% (Figure D4). 

 

 

 

 

 

 

Property 15 16 17 18 19 20 21 

Temperature (°C) 102 164 550 550 110 25 40 

Pressure (bar) 1.01 1.01 1.01 1.01 1.01 6 163 
Mole flows  
(kmol h-1) 

986.48 986.48 986.48 184.96 184.96 331.99 516.95 

NH3 (kmol h-1)        
H2 (kmol h-1)        

N2 (kmol h-1)        
O2 (kmol h-1)    184.96 184.96 331.99 516.95 

H2O (kmol h-1) 986.48 986.48 986.48     

Mole frac/ons        
NH3        

H2         
N2        
O2     1 1 1 1 

H2O 1 1 1     
Mass flow (kg h-1) 17771.66 17771.66 17771.66 5918.68 5918.68 10623.2 16531.9 
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Table D10. Equipment list of the NRR SOEL process with water oxida/on process at a FE of 90% (Figure 
D4). 

Main 

Equipment 

E-1 E-2 E-3 E-4 E-5 E-6 E-7 

Type Heat 
Exchanger 

Heat 
Exchanger 

Heat 
Exchanger 

Heat 
Exchanger 

Heater Heater Cooler 

Power 
(kW) 

       

Heat (kW) 5298 
 

1635 724.6 108.1 11505 3894 -383.9 

Area (m2) 25000 2367 226.9 91.84 2865 1978 293.5 
U (kW m-2) 5 22.9 18.6 6.2 51 5.3 21.5 

Medium     MP Steam Fired 
heat 

CW 

Main 

Equipment 
E-8 C-1 C-2 Air 

separa�on 

Unit 

Adsorp�on 

Type Cooler 2-stage 
compressor 

6-stage 
compressor 

Cryogenic 
Dis/lla/on 

6-zeolite 
adsorbers 

Power 
(kW) 

 2898 2713 12767 2927 

Heat (kW) -159.9 -2748 
(intercoolers) 

-2788.3 
(intercooler) 

  

Area (m2) 266.7 1537 
(intercooler) 

586.23 
(intercooler) 

  

U (kW m-2) 20.5     

Medium Propylene CW CW   
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NRR SOEL with Hydrogen Oxida/on 

Figure D5. Process flow diagram of the NRR SOEL process with hydrogen oxida/on including an 
addi/onal alkaline water electrolyzer. 
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Table D11. Stream summary of the NRR SOEL process with hydrogen oxida/on at a FE of 90%     
(Figure D5). 

 

 

Property 1 2 3 4 5 6 7 

Temperature 
(°C) 

25 25 540 550 550 167 150 

Pressure (bar) 6 1.01 1.01 1.01 1.01 1.01 1.01 

Mole flows  
(kmol h-1) 

1233.1 1233.1 1233.1 1233.1 1397.51 1397.51 1397.51 

NH3 (kmol h-1)     246.62 246.62 246.62 

H2 (kmol h-1)     41.1 41.1 41.1 
N2 (kmol h-1) 1233.1 1233.1 1233.1 1233.1 1109.78 1109.78 1109.78 

O2 (kmol h-1)        
H2O (kmol h-1)        
Mole 
frac/ons 

       

NH3     0.176 0.176 0.176 

H2      0.029 0.029 0.029 
N2 1 1 1 1 0.794 0.794 0.794 

O2         
H2O        
Mass flow  
(kg h-1) 

34543.22 34543.22 34543.22 34543.22 35371.93 35371.93 35371.93 

Property 8 9 10 11 12 13 14 

Temperature 
(°C) 

40 40 200 40 -33 200 25 

Pressure (bar) 1.01 3.5 1.01 1.01 1.01 3.5 1.01 

Mole flows  
(kmol h-1) 

1397.51 1397.51 223.07 223.07 223.07 1174.44 409.87 

NH3 (kmol h-1) 246.62 246.62 221.96 221.96 221.96 24.66  

H2 (kmol h-1) 41.1 41.1 0.22 0.22 0.22 40.88  

N2 (kmol h-1) 1109.78 1109.78 0.89 0.89 0.89 1108.89  

O2 (kmol h-1)        

H2O (kmol h-1)       409.87 

Mole 
frac/ons 

       

NH3 0.176 0.176 0.995 0.995 0.995 0.021  

H2  0.029 0.029 0.004 0.004 0.004 0.035  

N2 0.794 0.794 0.001 0.001 0.001 0.94  

O2         

H2O       1 

Mass flow  
(kg h-1) 

35371.93 35371.93 3805.6 3805.6 3805.6 31566.33 7442.85 
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Table D11 (Con�nued). Stream summary of the NRR SOEL process with hydrogen oxida/on at a FE of 
90% (Figure D5).  

 

 

 

Property 15 16 17 18 19 

Temperature (°C) 80 152 550 550 550 

Pressure (bar) 1.01 1.01 1.01 1.01 1.01 
Mole flows (kmol h-1) 369.93 369.93 369.93 3699.29 3329.36 

NH3 (kmol h-1)      

H2 (kmol h-1) 369.93 369.93 369.93 3699.29 3329.36 
N2 (kmol h-1)      

O2 (kmol h-1)      
H2O (kmol h-1)      

Mole frac/ons      
NH3      
H2  1 1 1 1  

N2      
O2      1 

H2O      
Mass flow (kg h-1) 745.78 745.78 745.78 7457.77 6711.99 

Property 20 21 22 

Temperature (°C) 80 25 40 

Pressure (bar) 1.01 6 163 
Mole flows (kmol h-1) 184.96 331.99 516.95 
NH3 (kmol h-1)    

H2 (kmol h-1)    
N2 (kmol h-1)    

O2 (kmol h-1) 184.96 331.99 516.95 
H2O (kmol h-1)    

Mole frac/ons    
NH3    

H2     
N2    
O2  1 1 1 

H2O    
Mass flow (kg h-1) 5918.7 10623.3 16541.9 
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Table D12. Equipment list of the NRR SOEL process with hydrogen oxida/on at a FE of 90% (Figure D5). 

Main 

Equipment 

E-1 E-2 E-3 E-4 E-5 E-6 E-7 

Type Heat 
Exchanger 

Heat 
Exchanger 

Heater Heater Cooler Cooler Cooler 

Power 
(kW) 

       

Heat (kW) 5298 216.9 108.1 1200 1418 -383.9 -159.9 

Area (m2) 25000 1131 91.84 389.8 1350 293.5 266.7 

U (kW m-2) 5 6.3 6.2 8.1 22.9 21.5 20.5 

Medium   Fired heat Fired heat CW CW Propylene 

Main 

Equipment 
C-1 C-2 Air 

separa�on 

Unit 

Adsorp�on 

Type 2-stage 
compressor 

6-stage 
compressor 

Cryogenic 
Dis/lla/on 

6-zeolite 
adsorbers 

Power 
(kW) 

2883 2713 12767.17 2927.822 

Heat (kW) -2748 
(intercoolers) 

-2788.3 
(intercooler) 

  

Area (m2) 1537 
(intercooler) 

586.23 
(intercooler) 

  

U (kW m-2)     

Medium CW CW   
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Li-mediated NRR 

 

Figure D6. Process flow diagram of the Li-mediated NRR process with hydrogen oxida/on and an 
addi/onal alkaline water electrolyzer. 
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Table D13. Stream summary of the Li-mediated NRR process at a FE of 90% (Figure D6). 

Property 1 2 3 4 5 6 7 

Temperature (°C) 25 25 25 25 80 40 80 
Pressure (bar) 6 1.01 1.01 1.01 1.01 163 1.01 
Mole flows (kmol h-1) 1109.78 1109.78 1035.80 371.83 166.47 166.47 332.94 
NH3 (kmol h-1)        

H2 (kmol h-1)   36.99    332.94 
N2 (kmol h-1) 1109.78 1109.78 988.8     
O2 (kmol h-1)     166.47 166.47  

THF (kmol h-1)        
LiFSI (kmol h-1)        

EtOH (kmol h-1)        
H2O (kmol h-1)    371.83    

Mole frac/ons        
NH3        
H2    0.0357    1 

N2 1 1 0.964     
O2      1 1  

THF        
LiFSI        

EtOH        
H2O    1    

Mass flow (kg h-1) 31088.9 31088.9 28054.6 6711.99 5326.81 5326.81 671.20 

Property 8 9 10 11 12 13 14 

Temperature (°C) 25 25 25 25 25 25 -34 

Pressure (bar) 1.01 1.01 1.01 1.01 1.01 1.01 1.01 

Mole flows (kmol h-1) 332.94 3329.4 2996.42 1.0921 2009.77 2230.73 223.07 

NH3 (kmol h-1)     1.12 223.07 221.96 

H2 (kmol h-1) 332.94 3329.4 2996.4     

N2 (kmol h-1)        

O2 (kmol h-1)        

THF (kmol h-1)    1.0921 1849.58 1849.57 1.12 

LiFSI (kmol h-1)     152.56 151.56  

EtOH (kmol h-1)     6.52 6.517  

H2O (kmol h-1)        

Mole frac/ons        

NH3     0.0006 0.1 0.995 

H2  1 1 1     

N2        

O2         

THF    1 0.92 0.829 0.005 

LiFSI     0.076 0.0679  

EtOH      0.0032 0.0029  
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Table D13 (Con�nued). Stream summary of the Li-mediated NRR process at a FE of 90% (Figure D6). 

 

 

 

 

 

 

 

 

  

H2O        

Mass flow (kg h-1) 671.20 6711.0 6040.79 78.75 162230.
0 

165823 3860.36 

Property 15 16 

Temperature (°C) 50 25 
Pressure (bar) 1.01 1.01 

Mole flows (kmol h-1) 2008.677 2008.677 
NH3 (kmol h-1) 1.12 1.12 
H2 (kmol h-1)   
N2 (kmol h-1)   
O2 (kmol h-1)   

THF (kmol h-1) 1848.49 1848.49 
LiFSI (kmol h-1) 151.56 151.56 

EtOH (kmol h-1) 6.517 6.517 
H2O (kmol h-1)   

Mole frac/ons   
NH3 0.0006 0.0006 
H2    
N2   
O2    

THF 0.92 0.92 
LiFSI 0.076 0.076 

EtOH  0.0032 0.0032 
H2O   

Mass flow (kg h-1) 162151.3 162151.3 
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Table D14. Equipment list of the Li-mediated NRR process at a FE of 90% (Figure D6).  

Main 

Equipment 

E-1 E-2 E-3 E-4 C-1 Air 

separa�on 

Unit 

Type Cooler Condenser Reboiler Cooler 6-stage 
compressor 

Cryogenic 
Dis/lla/on 

Power (kW)     2440.75 11484.96 

Heat (kW) 145.2 -2963.82 4116.39 1881 -2502.52 
(intercooler) 

 

Area (m2) 45.59 279.8 286.1 49.44 524.1 
(intercooler) 

 

U (kW m-2) 43.3 931.9 193.5 622.4   

Medium Ammonia Propylene Electric 
hea/ng 

Propylene CW  

 

Appendix Figures 

 

 
Figure D7. Reboiler duty as a func/on of the NH3 mol frac/on in the feed.  
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Figure D8. Standard equilibrium poten/als for water electrolysis (blue), aqueous NRR (green) and 
indirect NRR (red) based on the Gibbs free energy.  

 

 

Figure D9. Reac/on enthalpy diagram for water electrolysis (blue), aqueous NRR (green) and NRR with 
H2 oxida/on (red). 
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Figure D10. Reac/on entropy diagram for water electrolysis (blue), aqueous NRR (green) and NRR with 
H2 oxida/on (red). 

 

 

Figure D11. The Li-NRR electrolyzer energy efficiency at the aspira/onal values (0.3 A cm-2 and FE = 
90%) including the energy input for H2 produc/on from water electrolysis.  
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Figure D12. Standard equilibrium poten/als and the Gibbs free energies for mediated NRR and other 
NRR electrolyzers. Addi/onal energy input for H2 produc/on via water electrolysis is not included for 
indirect NRR  electrolyzers. The thermodynamic minimum of electrified and SMR Haber-Bosch are also 
added for referencing. Standard equilibrium poten/als for Li, Ca, Mg and Al pla/ng are obtained from 
Bard & Faulkner. 1   

 
 

 

Figure D13. Sensi/vity analysis of a small scale (91 tNH3 per day) SMR HB plant. 
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Figure D14. LCOA as a func/on of the electricity price and the electrolyzer costs for (a) electrified 
Haber-Bosch with AEL, (b) electrified Haber-Bosch with PEMEL, (c) aqueous NRR at ambient condi/ons 
with purge scenario, (d) NRR SOEL with water oxida/on, (e) NRR SOEL with hydrogen oxida/on. Base 
case assump/ons for O2, H2O and energy import prices in 2050 are used. NRR electrolyzers operate at 
the ARPA-e aspira/onal values (0.3 A cm-2 and FE = 90%).    
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Figure D15. LCOA versus the FE and j for aqueous NRR at base case assump/ons in 2050, using a more 
op/mis/c electricity price of $0.02 per kWh.  
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Figure D16. Sensi/vity analysis of the NRR SOEL process with water oxida/on at a constant j of 0.3 A 
cm-2. 
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Figure D17. LCOA versus the FE and j for NRR SOEL with hydrogen oxida/on at base case assump/ons 
in 2050, using a more op/mis/c electricity price of $0.02 per kWh. 
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Figure D18. LCOA of mediated NRR processes using an “op/mized” zero-gap membrane electrode 
assembly electrolyzer with (a) Li-NRR, (b) Mg-NRR and (c) Al-NRR. 
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Figure D19. Current density as a func/on of the capital intensity, OPEX and LCOA for (a) NRR SOEL with 
water oxida/on and (b) NRR SOEL with hydrogen oxida/on at a FE of 90% using the base case 
assump/on in 2050. 
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Appendix Tables 

Table D15. Equipment cost data for conven/onal process units.12-17 

 



 

236 
 

5 

Table D16. Cost projec/ons for electrolyzers, electricity, feedstock and commodity prices for 
conserva/ve, base case and op/mis/c scenarios. The large collec/on of AEL and PEMEL cost es/mates 
reported by Glenk et al.,18 were used for our analysis. Their exponen/al fiHng through the data points 
was extrapolated un/l 2050 and used as the base case scenario (for AEL and PEMEL). A collec/on of 
their highest and lowest reported es/mates were used to inter- and extrapolate a trend un/l 2050, 
which was implemented as conserva/ve and op/mis/c price assump/ons. The base case capital costs 
for water SOEL were taken from Bohm et al., who used technology learning curve models to predict 
reduc/ons in the manufacturing cost trend over /me.19 Op/mis/c and conserva/ve price scenarios 
were extrapolated from survey data from Schmidt et al.20 The equipment costs of the NRR electrolyzers 
were derived from water electrolyzer data and converted from $ per unit power to $ per unit area via 
their respec/ve power densi/es (more details discussed in the Supplemental Methods in Appendix D). 
The op/mis/c renewable electricity price is interpolated from u/lity solar PV price forcasts from ref 
21,22. The conserva/ve scenario is adapted from Bogdanov et al. (North America).23 The base case 
represents the average between the conserva/ve and op/mis/c scenario. H2 commodity pricing was 
extrapolated from ref 24. The base case cost assump/on for the O2 price is the average Europe export 
tariff in 2021. 25 Op/mis/c cost price is the average O2 price in Belgium in 2021.25 Conserva/ve O2 price 
is assumed. Ultrapure H2O price is 4-11 $ per m3 based on Hausmann et al. by combining u/lity PV 
solar with reverse osmosis.26 The natural gas price was derived by using sta/s/cal analysis from the 
Henry Hub historical data between 1997-2023. The first quar/le (op/mis/c), median (base case) and 
third quar/le (conserva/ve) of the Henry Hub natural gas spot price historical data (1997-2023) were 
implemented for the scenarios.27 The CO2 tax is based on the IPCC 2022 mi/ga/on report (chapter 
11).28 All data is infla/on corrected to 2022.   

Quan�ty Scenario 2022 2025 2030 2035 2040 2045 2050 Unit 

CE  
water AELa 

Conserva/ve 
Base Case 
Op/mis/c 

1773 
1307 
839 

1639 
1194 
751 

1439 
1028 
623 

1263 
884 
517 

1108 
761 
429 

973 
655 
356 

854 
564 
296 

$ per kW 

CE  
water PEMELa 

Conserva/ve 
Base Case 
Op/mis/c 

2689 
1901 
1258 

2237 
1641 
1120 

1646 
1284 
922 

1211 
1005 
760 

891 
787 
626 

656 
615 
515 

482 
482 
425 

$ per kW 

CE  

water SOELb 

Conserva/ve 
Base Case 
Op/mis/c 

5550 
3095 
3081 

5166 
2688 
2513 

4583 
1830 
1789 

4067 
1259 
1274 

3608 
954 
907 

3201 
831 
645 

2840 
758 
460 

$ per kW 

CE  
aqueous NRRc 

Conserva/ve 
Base Case 
Op/mis/c 

24985 
17963 
11745 

21706 
15876 
10474 

17273 
12946 
8653 

13853 
10581 
7149 

11196 
8667 
5907 

9118 
7115 
4880 

7482 
5854 
4032 

$ per m2 

CE  
NRR SOEL 
with H2Od 

Conserva/ve 
Base Case 
Op/mis/c 

32859 
18326 
18241 

30583 
15912 
14876 

27135 
10832 
10591 

24076 
7451 
7150 

21362 
5649 
5368 

18954 
4921 
3822 

16817 
4486 
2721 

$ per m2 

CE  
NRR SOEL 
with H2

e 

Conserva/ve 
Base Case 
Op/mis/c 

8852 
4937 
4914 

8239 
4287 
4008 

7310 
2918 
2853 

6486 
2007 
1926 

5755 
1522 
1446 

5106 
1326 
1030 

4531 
1209 
733 

$ per m2 

CE  
Li-NRRf 

Conserva/ve 
Base Case 
Op/mis/c 

79588 
57219 
37413 

69142 
50572 
33363 

55023 
41239 
27564 

44127 
33704 
22774 

35663 
27607 
18816 

29045 
22664 
15546 

23832 
18649 
12845 

$ per m2 

CE  
Li-NRRf  

(MEA-type) 

Conserva/ve 
Base Case 
Op/mis/c 

33508 
24091 
15752 

29111 
21292 
14047 

23166 
17363 
11605 

18579 
14190 
9588 

15015
11623 
7922 

12229 
9542 
6545 

10034 
7852 
5408 

$ per m2 

CE  Conserva/ve 27941 24273 19317 15491 12520 10197 8367 $ per m2 
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Mg-NRRf  

(MEA-type) 
Base Case 
Op/mis/c 

20088 
13134 

17754 
11713 

14478 
9677 

11832 
7994 

9692 
6606 

7957 
5458 

6547 
4509 

CE  
Al-NRRf  

(MEA-type) 

Conserva/ve 
Base Case 
Op/mis/c 

21784 
15726 
10283 

19003 
13899 
9170 

15123 
11334 
7576 

12128 
9263 
6259 

9802 
7588 
5171 

7983 
6229 
4273 

6550 
5125 
3530 

$ per m2 

Electricity 
price 

Conserva/ve 
Base Case 
Op/mis/c 

0.049 
0.056 
0.062 

0.03 
0.046 
0.062 

0.02 
0.041 
0.061 

0.018 
0.038 
0.058 

0.016 
0.036 
0.056 

0.015 
0.034
5 
0.054 

0.014 
0.034 
0.053 

$ per kWh 

H2 price Conserva/ve 
Base Case 
Op/mis/c 

4.5 
4 
3.25 

2.76 
2.47 
2.15 

2.27 
2.02 
1.73 

2.03 
1.81 
1.54 

1.91 
1.68 
1.42 

1.83 
1.61 
1.36 

1.77 
1.56 
1.31 

$ per kg 

O2 price Conserva/ve 
Base Case 
Op/mis/c 

0.07 
0.14 
0.21 

0.07 
0.14 
0.21 

0.07 
0.14 
0.21 

0.07 
0.14 
0.21 

0.07 
0.14 
0.21 

0.07 
0.14 
0.21 

0.07 
0.14 
0.21 

$ per kg 

Ultrapure H2O Conserva/ve 
Base Case 
Op/mis/c 

11 
7.5 
4 

11 
7.5 
4 

11 
7.5 
4 

11 
7.5 
4 

11 
7.5 
4 

11 
7.5 
4 

11 
7.5 
4 

$ per m3 

Natural gas Conserva/ve 
Base Case 
Op/mis/c 

5.66 
3.77 
2.79 

5.66 
3.77 
2.79 

5.66 
3.77 
2.79 

5.66 
3.77 
2.79 

5.66 
3.77 
2.79 

5.66 
3.77 
2.79 

5.66 
3.77 
2.79 

$ per GJ 

CO2 Tax Conserva/ve 
Base Case 
Op/mis/c 

175 
58 
23 

175 
58 
23 

175 
58 
23 

175 
58 
23 

175 
58 
23 

175 
58 
23 

175 
58 
23 

$ per tCO2 

a Extrapolated costs from Glenk et al.18 
b Extrapolated costs from Schmidt et al and Bohm et al.19,20  
c Average equipment cost between AEL and PEMEL. Converted to $ per area with a power density of 
11.2 kW per m2 (see Table D24).   
d $ per kW price as a water SOEL. Converted to $ per area with a power density of 5.92 kW per m2 
(see Table D24).   
e $ per kW price as a water SOEL. Converted to $ per area with a power density of 1.59 kW per m2 
(see Table D24).   
f  $ per kW price as aqueous NRR. Converted to $ per area with a power density of 35.7 kW per m2 
(see Table D24).   
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Table D17. Lang factors adapted from “Smith – Chemical Process Design and Integra/on”.29 

Inside Ba0ery Limit (ISBL) 
 
 
 
 
 
 

fM 
fP 

fT 

fpip 

ferec 
fI&C 

felec 

1 - 3.4* 

1 - 1.9* 

1 - 2.1* 

0.7 
0.4 
0.2 
0.1 
 
 hXViC  �  hW jklkmkn j1 � kmDmo � kPp � kX&r � kPsPto 
u1� 

 

Outside Ba0ery Limit (OSBL) fu/l 0.5 
 foff-sites 

fbuild 

fside prep 

0.2 
0.2 
0.1 
 
 hvViC  � hW jkwxDs � kyzz�/DxP/ � k{wDs. � k/D.P mpPmo 
D2� 

 

Total fixed capital cost (TFC) fdesign&eng 

fcont 

1 
0.2 
 
 

hn}r  � hXViC �  hvViC � hWk.P/D~�&P�~kty�x 
D3� 

 

Total capital cost (TC) fwork cap 0.2 
 
 

hnr  � hn}rk�yp� t-m 
D4� 

 
* Factors are process condi/on dependent.  

 



 

239 
 

5 

Table D18. General assump/ons for the OPEX.   

Days of opera/on 

Workers 

Annual work hours 

Salary 

O&M 

SMR H-B Consumables 

Interest rate 

333.3 

22 

1791 

71640 

3 % of Total Capital [30]  

3 [30] 

4.28 

days 

 

hours/year 

$/year 

$ 

$/t NH3 

% 

 

Table D19. An overview of the electrochemical model input parameters. 

Quan�ty Unit Aqueous NRR 

(GDE)  

NRR SOEL with 

OER 

NRR SOEL with 

HOR 

Li-NRR with 

HOR 

Eeq
0  V -1.17 -1.21 -0.14  -3.045 

T  °C 25 550 550 25 

P atm 1 1 1 1 

αcat  0.5  0.5 0.5 0.4 [2] 

αan  0.5 0.5 0.5 0.5 

ncat Electrons 6 (NRR) 6 (NRR) 6 (NRR) 1 (Li-
pla/ng) 

nan Electrons 4 (OER) 4 (OER) 2 (HOR) 2 (HOR) 

j0,reduc/on  A cm-2 10-22 [3] (NRR) 0.4 [4] (NRR) 0.4 [4] (NRR) 0.00001 [5] 
(Li) 

j0,oxida/on  A cm-2 10-12 [3] (OER) 0.13 [4] (OER) 0.53 [6] (HOR) 0.01 [7] 
(HOR) 

Rmem Ω cm 0.375 [8] - - - 

dmem mm 0.05 [8] - - - 

Electrolyte  1M KOH Ce0.8Sm0.2O2 
 

 
Ce0.8Sm0.2O2 

 

 
1M LiFSI in 
THF 

κelectrolyte S cm-1 0.215 [9] 0.014 (650°C) [10]  0.014 (650°C) 
[10]  

0.015 [11] 

dgap mm 4 0.05 [10] 0.05 [10] 2 
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Supplemental Methods 

NRR Electrolyzers: Gibbs Free Energy and the Equilibrium Poten/al 

The following half-reac/ons were considered for direct and indirect electrochemical NH3 

synthesis.  

 N� � 6 H�O � 6 e� → 2 NH	 � 6 OH�   
NRR� 
D5� 

                                6 OH� → 32 O� � 3 H�O � 6e�   
OER� 
D6� 

                                    N� � 3 H�O → 2 NH	 � 32 O�   
Overall reaction� 
D7� 

 

N� � 6 H� � 6 e� → 2 NH	   
NRR�    
D8� 

                                3 H� → 6 H� � 6e�   
HOR� 
D9� 

                                    N� � 3 H� → 2 NH	   
Overall reaction� 
D10� 

The standard Gibbs free energy is the thermodynamic minimum of the reac/on (S7 and S10) 

and can be calculated by Equa/on D11 using tabulated standard enthalpies and entropies 

of forma/on (NIST database) and stoichiometric coefficients of each reactant and product. 

Equa/on D12 shows a calcula/on example for aqueous NRR.  

∆G� � ∆H� − T∆S� 
D11� 

∆G� � j�vv�  ΔHzv� � v��eΔHz��e� − �v��ΔHz�� � v��vΔHz��v�o − T ∙ j�vv�ΔSzv� � v��eΔSz��e� − �v��ΔSz�� � v��vΔSz��v�o� 
[1.5 ∙ 0 � 2 ∙ −45.9] − [1 ∙ 0 � 3 ∙ −285.83]�−98 ∙ 
[1.5 ∙ 205.15 � 2 ∙ 192.77] − [1 ∙ 191.61 � 3 ∙ 69.95]� ∙ 10�	
� 
−91.8 � 857.49� − 298 ∙ 
693.265 − 401.46� ∙ 10�	 � 765.69 − 86.95789

� 678.73211 kJ � 339.366 kJmol NH	 � 19.928 GJtNH	 
D12�
 

 

The standard Gibbs free energy is related to the standard equilibrium poten/al via the 

Faraday constant (96485 C/mol). Three electrons are required to produce one mol of NH3, 

thus for aqueous NRR:  

EP�� � − ∆G�
nF � − 3393663 ∙ 96485.33 � −1.172 V 
D13� 
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The equilibrium poten/al is calculated via the Nernst law with N2, O2 and NH3 par/al 

pressures of 1, 1 and 0.1 atm, respec/vely: 

EP� � EP�� − RTnF ln � p��e�
p��pv�6.7� 
D14� 

 NRR Electrolyzers: Ac/va/on Overpoten/als and Ohmic Losses 

An addi/onal overpoten/al is required to overcome the ac/va/on barrier of an 

electrochemical reac/on. It is es/mated that the minimum overpoten/al for NRR must be 

at least 0.4 V.31,32 The ac/va/on overpoten/al increases with the current density and can be 

es/mated by approxima/ons of the Bu0ler-Volmer equa/on. If the exchange current 

density (j0) is rela/vely small with respect to j (j/j0 > 4) the Tafel equa/on (Equa/on D15 and 

S16) can be considered. In case j0 is large (j/j0 < 1), which is o�en the case for high 

temperature electrolyzers, the hyperbolic sine approxima/on (Equa/on D17 and D18) is 

more appropriate.33   

Nt-x � − 4HKt-xI� JK YY�,t 
u15� 

N-� � 4HK-� I� JK YY�,- 
D16� 

Nt-x � − 4HKt-xI� �3Kℎ�6 L 33�M 
D17� 

N-� � 4HK-�I� �3Kℎ�6 L 33�M 
D18� 

The ohmic losses are associated with the transport of ions in the membrane (Equa/on D19) 

and the electrolyte (Equa/on D20). The membrane transport losses are usually small 

because they are < 1 mm. On the contrary, the gap between the working and the counter 

electrode (dgap) in liquid electrolyzers can be up to a few mm thick. This means that 

electrolytes with a poor conduc/vity will have a large influence on the overall cell voltage. 

The concentra/on overpoten/al due to mass transport limita/ons is not considered in this 

work. 

NlPl � Y ∙ �lPl ∙ 4lPl 
D19� 

N� � �∙*�� ¡ 
D20�  

  
  



 

242 
 

5 

H2 Electrolyzers 

The energy consump/on of the AEL and PEMEL for electrified Haber-Bosch and the indirect 

NRR processes are based on commercially available models from Nel (A485) and Siemens 

(Silyzer 300), respec/vely.34 All relevant details are listed in Table D20.  

Table D20. H2 electrolyzer opera/ng condi/ons based on commercially available electrolyzers. Data 
acquired from ref 34-36. 

Quan�ty Unit AEL (Nel A485) PEMEL (Siemens Silyzer 300) 

Esystem kWh Nm���	 4 4.59 

EELHV
a % 75 65 

T C 80 80 

P Bar 1.013 35 

H2O Consump/on Ld�¤ kg���6
 10 10 

a based on the LHV of H2 (3 kWh Nm-3) 

Air Separa/on Unit 

Pressure swing adsorp/on (PSA) for air separa/on is economically a0rac/ve at N2 capaci/es 

< 500 t per day.37 The energy consump/on of a PSA ASU depends on the purity of the N2 

product stream, which can very between 1.12 – 1.584 GJ per tN2 with corresponding puri/es 

between 98 – 99.9 vol% N2.38 Vast quan//es of O2 can effect the current efficiency, therefore 

it is desired to have the highest possible N2 feed purity. Hence, we assume a PSA energy 

consump/on of 1.584 kJ per tN2. The energy consump/on of the cryogenic dis/lla/on unit 

can vary between 0.44 – 1.33 GJ per tN2, which depends mainly on the N2 capacity and final 

gas pressure.38 The N2 demand for our process is rela/vely small compared to a industrial 

scale Haber-Bosch plant, therefore we assume a single cryogenic column, which is less 

capital intensive, but consumes more energy (1.33 GJ per tN2). 

Heat Exchangers, Compressors and Pumps 

The necessary hea/ng or cooling du/es of all exchangers are calculated in Aspen Plus, which 

uses the first law of thermodynamics. The actual energy input in the form of work depends 

on the exchange medium, wherein steam (from an electric boiler) was used for hot u/li/es, 

cooling water (CW) for cold u/li/es up to 35 °C, and various refrigerants for cold u/li/es < 

35 °C. The energy input of the electric steam boiler can simply be calculated with Equa/on 

D21 implemen/ng a boiler efficiency of 0.95.39,40  

¥{yDsPp � ¦.Pl-�.N{yDsPp  
D21� 

The amount of required cooling water for the intercoolers is calculated by:  

¦D�xPptyysPp � ṁr§ ∙ h¨,��v ∙ ΔH 
D22� 
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Where Q is obtained from Aspen and a ΔT of 10 °C is assumed. Addi/onal work input is 

required for the cooling water pumps, which can be calculated by the following heuris/c:41 

¥r§ � 0.0972 ∙ ṁr§ ∙ Δ©Nmwlm  
D23� 

With ṁr§, the cooling water mass flow obtained from Qcool, ΔP is the pressure drop in the 

tubing (assumed to be 2 bar) and ηpump is 85% for a reciproca/ng pump.  

The cold u/li/es < 35 °C are based on a Carnot refrigera/on cycle, in which the duty of the 

compressor can be calculated by the coefficient of performance (COP): 

COP � ¦¥tylm � 0.6HP¬-m
Hty�. − HP¬-m� 
D24� 

Where Tevap is the evapora/on temperature of the selected refrigerant and Tcond is the 

temperature of the condenser. We assume a minimum temperature difference of 10 °C 

between the hot and cold stream (for all heat exchangers). Therefore, Tcond is atleast -10 °C 

lower than the temperature of the hot stream. 

The area of all exchangers were obtained from Aspen Plus, which calculates the overall heat 

transfer coefficient and the logarithmic mean temperature difference between the hot and 

cold streams (Equa/on D25). A U-tube and shell type is considered in case A > 10 m2. A plate 

and frame model is selected for smaller heat exchangers. The equipment cost of pumps and 

refrigera/on compressors are also included in the total capital costs.  

¦ �  ∙ ® ∙ ¯HC° 
D25� 

All compressors are simulated in Aspen Plus as polytropic using the ASME calcula/on 

method. The pressure ra/o is 2.5. The polytropic and mechanical efficiencies are 0.75 and 

0.95, respec/vely. The pressure ra/o determines the required compressor stages to reach 

the desired final pressure. As an example, O2 needs to be pressurized up to 163 bar to reach 

market requirements. Therefore, a six mul/stage compressor including intercoolers is 

implemented (see Figure D20). We assumed that the 1st intercooler has no ΔP, the 2nd 

intercooler a ΔP = 0.5 psi, and the 3rd intercooler a ΔP of 1 psi or 1 bar in case the pressure > 

15 bar. The total energy input of a mul/stage compressor can be expressed 

as: ¥tylm � ∑ j¥/x-~P,D � ¥r§,Do�y.  /x-~P/D±6  
D26� 

The total equipment cost of the compressor unit includes the individual compressor stages, 

U-tube and shell intercoolers and CW pumps. 
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Figure D20. Aspen simula/on of a mul/stage O2 compressor with intercooling.  

Dis/lla/on 

Dis/lla/on columns were designed in Aspen Plus using the RADFRAC model. The column 

was op/mized at an NH3 dis/llate purity of 99.5% and NH3 recovery of 99.9%. Figure D7 

shows that the NH3 feed composi/on has a significant influence on the reboiler duty. We 

assume a NH3 feed composi/on of 10 mol% to minimize the reboiler duty. In general, a 

minimum amount of stages is required to ensure the desired dis/llate purity. Beyond this 

minimum, the number of stages is a trade-off between the equipment and opera/onal costs, 

since more stages reduce the energy input of the condenser and reboiler. Herein, we 

focused par/cularly on minimizing the energy input. The column design specs are illustrated 

in Figure D21. 

 

 

Quan�ty Unit Aqueous NRR 

(ambient) 

Li-NRR  

Ntheore/cal # 17 14 

Feed stage # 8 9 
Top stage T C -24.8 -33.6 

Bo0om stage 
T 

C 140.16 49.9 

Condenser 
Duty 

kW -806.8 -2963.8 

Reboiler Duty kW 6967 4116.4 
Reflux Ra/o  0.826 1.02 
Boilup Ra/o  0.31 0.24 

Nactual # 20 16 
LC m 10 8 
DC m 1.322 3.427 

 

Figure D21. Example of the RADFRAC model in Aspen Plus (le�) and its design specs (right). ELECNRTL 
was used as the property package.  

The column sizing was based on standard methods available in chemical engineering 

textbooks, such as “Towler and Sinnot – Chemical Engineering Design”.12 The actual number 

of stages to es/mate the column length is calculated via the plate efficiency: 
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?-txw-s � ?x²PypPxDt-sNms-xP 
D27� 

Nms-xP � log �1 � Nl� ³´_U − 1µ�
log ³´_U µ 
D28� 

Ur � ?-txw-sJms-xP 
D29� 

With a murphy plate efficiency (ηmw) of 0.9 for an ammonia-water mixture,12 m the slope of 

the equilibrium line, lplate the plate spacing of 0.5 m, V and L the molar vapor and liquid flow 

rate, respec/vely. The diameter of the column is obtained with the vapor flow rate and the 

maximum allowable superficial velocity (uv) using the Souders-Brown equa/on: 

ut � ¶ 4_�πQ¬¸¬ � 3.43 m 
D30� 

¸¬ � j−0.171Jms-xP� � 0.27Jms-xP − 0.047o ¹QC − Q¬Q¬ º�.7 
D31� 

 

Where Vw is the mass vapor flow rate, ρv the dis/llate density and ρL the bo0om liquid 

density. The wall thickness is related to the maximum allowable stress (σmax), Dc, and the 

pressure: 

 

»l-¼ � ©ut � 1.2½�-ss©2½�-ss 
D32� 

  

The design pressure is assumed to be 10% above the working pressure. Values for σmax are 

tabulated for different steels and temperatures, which can be used to extract twall. In our 

case, the column is made from stainless steel grade 304. The head and closure of the column 

are assumed to have a hemicircular shape and require 60% of the column wall thickness. 

The sum of the column, condenser and reboiler represent the total equipment cost of the 

dis/lla/on unit. 

 Adsorp/on 

The adsorp/on column was designed and op/mized in Aspen Adsorp/on. The adsorp/on 

cycle consists of adsorp/on, column regenera/on by hea/ng under vacuum and cooling. 
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Zeolite 13x is selected as adsorbent material. The gas adsorp/on equilibrium isotherms 

were modelled with the Langmuir approach: 

¾ � ¾/ ∙ ¿ ∙ À1 � ¿ ∙ À 
D33� 

Where, q is the adsorbed gas concentra/on, qs is the satura/on sorbate concentra/on, b is 

the adsorp/on equilibrium constant. The kine/cs of the adsorp/on and desorp/on process 

is also influenced by temperature. Therefore, the adsorp/on equilibrium constant for NH3 is 

expanded in the form of the van ‘t Hoff equa/on; 42 

¿��e � ¿�,��e ∙ e��Ád�ÂÃ,ÄÅeÆÇ � 
D34� 

Table D21. Adsorp/on equilibrium isotherm data acquired from Helminen et al. and Park et al.42,43 

Quantity  Unit qs 7.51  [42]  
NH3� 3.16  [43]  
N2� 4.15  [43]  
H2� 
mmol g-1 

¿��e 0.735   [42] 
NH3� kPa-1 ¿�,��e  1.2∙10-3  [43]  
N2� 5.34∙10-5  [43]  
H2� kPa-1 
ΔHads 63.3  [42]    
NH3� kJ mol-1 

 

With ΔHads represen/ng the heat of adsorp/on that is specific for the adsorbent material. 

Tads is set to 313 K in order to minimize the cooling cost from the SOEL product stream and 

regenera/on step. The adsorp/on capacity is generally higher at room temperature. The 

adsorbed gas concentra/on N2 and H2 are to some extent inert to the zeolite, hence 

Equa/on D34 is not included in the Langmuir model for N2 and H2. The adsorp/on /me, tads, 

was set to 600 s, which is slightly before NH3 breakthrough occurs as shown in Figure D22. 

The fixed bed mass transfer coefficients for the gases (Equa/on D35) can be derived from 

the Colburn-Chilton correla/ons for the diffusion mass transport (Equa/on D36 and D37), 

where vs is the superficial velocity.44 

Ï � 1.17 ∙ Ð/ ∙ Re��.%67Sc��.ÑÑÒ 
D35� 

YÓ � ÏÐ/ ∙ Sc�.ÑÑÒ 
D36� 

YÓ � 1.17Re��.%67    10 < Re < 2500 
D37� 

Aspen Adsorp/on uses /me-dependent par/al differen/al equa/ons (PDEs) to solve the 

mass, momentum and energy balances during the dynamic simula/on. The first-order 

upwind difference scheme (UDS1) with 40 nodes in 1D was used to discre/ze the PDEs. The 

material balance equa/ons govern the adsorp/on kine/cs and the mass transfer coefficients 

which are solved via a linear lumped resistance model. For the momentum balance, the 
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pressure drop is calculated via the Ergun equa/on.45 It is assumed that the column is 

isothermal. By using the model input parameters of Table D21 and D22, the op/mal length 

(3 m) and diameter (2 m) of the column were obtained from Aspen Adsorp/on. 

 

Figure D22. (a) Example of the model in the Aspen Adsorp/on simula/on environment. (b) Obtained 
NH3 breakthrough curve. 
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Table D22. A summary of the Aspen Adsorp/on model parameters. 

Quantity  Unit Dbed 2 m hbed  3  m 
dzeolite13x 2  [42] mm ρzeolite13x    647  [42] kg m-3 Cp,zeolite13x 943  [46] J kg-1 K-1 SF 1  εi 0.35  εp 0.6  Tads 313.15 K vs  0.42 [45] m s-1 pi 56.98    
NH3� 256.40 
H2� 36.63    
N2� 

kPa 
µ 9.815∙10-6     
NH3� 1.746∙10-5     
N2� 8.743∙10-6   
H2� 

cP 
ρgas      0.398   
NH3� 2.948   
N2� 0.030   
H2� 

kg m-3 
Dgas 2.28∙10-5 [47]  
NH3� 2.19∙10-5 [48]  
N2� 8.5∙10-5 [49]    
H2� 

m2 s-1 
K 0.031   
NH3� 0.041   
N2� 0.044   
H2� 

s-1 
 
Although not modelled, it is assumed that the fixed bed is heated internally by steam during 

the regenera/on step. Since the volume is rela/vely large, we assume that treg is 1500 s. The 

heat input can be es/mated by rewri/ng the heat balance over the column during the 

regenera/on step:50 

¦pP~ � ´ÜPysDxP ³hm,ÜPysDxP ∙ jHpP~ − H-./o � Δ,-./ ∙ j¾-./ − ¾pP~oµ½pP~   
D38� 

Where, qads-qreg is the work capacity of the fixed bed and Treg = 473.15 K. It is not possible to 

desorb all NH3, therefore a 90% recovery is assumed. The heat is supplied by steam from an 

electric boiler with an efficiency of 95%.39 The vacuum pump power is calculated via the 

following heuris/c:51 

¥¬-twwl � 21.4 ∙ 
SF��.Ý�%  
D39� 

                                                SF � 12 ṁ��e ∙ Þ273.15 � HpP~ ∙ 28.96 293.15 ∙ ßà��e ∙ ©¬-twwl  0.02 < SF < 16        
D40� 
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Where SF is the size factor and ṁ��	 is the NH3 mass flow leaving the column. To calculate 

the cooling duty in order to reach Tads, the heat of adsorp/on can be excluded from the heat 

balance: 

¦tyys � ´ÜPysDxP ∙ hm,ÜPysDxP ∙ jHpP~ − H-./o½tyys   
D41� 

With tcool = 1100 s (assumed). Nonetheless, the usage of cooling water will only include the 

work of the cooling pump as explained earlier in subsec/on “Heat Exchangers, Compressors 

and Pumps”. Hence, the total energy input for the adsorp/on column is: 

¥-./ � ¥tylmpP//Dy� � ¦pP~N/xP-l � ¥¬-twwl  � ¥r§ 
D42� 

By combing the adsorp/on, regenera/on and cooling /me in an adsorp/on schedule (Figure 

D23), six adsorp/on columns are required to enable con/nuous opera/on. Thus, the 

equipment cost of the adsorp/on unit consist of 6 columns, 1 compressor, 1 vacuum pump 

and a CW pump. 

 

Figure D231. Adsorp/on, regenera/on and cooling schedule of six adsorp/on columns. 

Storage tanks 

NH3 is stored at -33 °C and 1 atm in a refrigerated double walled storage tank. The capacity 

of the storage tank is designed to accommodate 30 days of con/nuous produc/on plus 10% 

freeboard.15 The internal tank has a total volume of 4400 m3 when taking a liquid NH3 

density of 682 kg per m3. The internal tank is sized by Dint/Hint = 0.75 as a heuris/c. The 

diameter of the external tank is 2 m wider than Dinternal, while keeping the height constant. 

An addi/onal refrigera/on cycle is designed to reduce NH3 boil-off losses, which are 

assumed to be 0.04% of the produc/on capacity.15  
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Figure D24. Refrigera/on loop to recycle the NH3 boil-off gasses.   

 

Haber-Bosch synthesis loop 

For the electrified Haber-Bosch process with AEL, the feed gas compressor is simulated as a 

6th stage compressor with CW intercoolers. The recycle stream enters the mul/stage 

compressor in the 6th stage (see Figure D1), but is simulated separately in Aspen (Figure D25). 

 

Figure D25. Aspen Plus simula/on of the feed gas compressor in the electrified Haber-Bosch process.  

Figure D26 shows the synthesis loop with heat integra/on, the reactor, condensa/on and a 

flash drum. The heat exchangers, including the coolers have a pressure drop of 1 bar. The 

Haber-Bosch reactor is modelled as a stoichiometric reactor (RStoic) at 400 °C and 155 bar 

with reac/on S43. 

N� � 3 H� → 2 NH	 
D43� 

The Haber-Bosch reac/on is exothermic, thus for convenience, the heat of reac/on (53.8 kJ 

per mol) was added separately to the product stream. The product stream was used in the 

heat exchanger network for heat transfer to the reactant stream. Although not implemented 
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here, it is possible to produce addi/onal low pressure (1.57 GJ per tNH3) or medium pressure 

steam (0.87 GJ per tNH3) from the remaining heat for energy export. 

The reactor is sized based on the catalyst bed. The total amount of required catalyst is 

calculated via Temkin-Pyzhev kine/cs given by Equa/ons S44-S46.15 The input parameters 

are summarized in Table D23. 

\��e � 2 ∙ ßà��e
kQt-x �Ï6 ∙ À�� ∙ À��6.7

À��e
− Ï� À��eÀ��6.7 �  ¹ kg NH	kg cat hrº 
D44� 

Ï6 � 1.79 ∙ 10% ∙ e���á��ÆÇ  
D45� 

Ï� � 2.57 ∙ 106Ñ ∙ e�%Ò%��ÆÇ 
D46�  
 

Table D23. Haber-Bosch reac/on kine/c data. 

Quan�ty Unit  À��  bar 37.589 À��  bar 112.767 À��e  bar 4.64 

f (ac/vity factor)  2 
R cal mol-1 K-1 1.9872 

ρcat kg m-3 2650 

 

The dimensions of the catalyst bed can be scaled according to a reference reactor as is 

further discussed in Morgan et al. (page 142). Using this method, the height and diameter 

of the bed is 6.98 m and 0.58 m, respec/vely. Catalyst costs are categorized as consumables, 

which are listed as opera/onal costs (see Table D18).  

The flash drum has a 5 min half-full hold-up /me,52 thus with a liquid NH3 stream of 123 L 

per min, the necessary volume is 1.23 m3. As a heuris/c, we assume an op/mal L/D of 3, 

which can range between 2.5-5 m.52 Thus, D and L are 0.8 m and 2.4 m, respec/vely. The 

wall thickness of both the reactor and the flash drum is calculated with a similar approach 

as the dis/lla/on column for the equipment cost. 
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Figure D26. Aspen Plus simula/on of the Haber-Bosch synthesis loop. RKS-BM was used as the 

property package.  

 

Techno-economic assump/ons 

The capital costs of the NRR electrolyzers were derived from cost projec/ons of commercial 

H2O electrolyzers. Since these are given in $ per unit power ($ per kW), we used this metric 

as a base price. For the aqueous NRR and the Li-NRR electrolyzer, we assumed that their 

respec/ve price is somewhere between the AEL and PEMEL, thus CE,NRR = (CE,AEL + CE,PEMEL)/2. 

The costs (in $ per kW) of the NRR SOEL are assumed to be the same as a water SOEL. The 

power density (kW per m2) is used to convert $ per kW to $ per m2. The la0er is more useful 

if the j is used for the sensi/vity analysis. Figure D27 shows that the $ per kW metric is 

insensi/ve to changes in the j because it is related to the electrolyzer power, which increases 

linearly with respect to the j, while the required electrode area decays exponen/ally with 

the j. For water electrolyzers, this issue is less relevant because the cost metrics ($ per kW) 

are already based on their performance criteria (0.4 A cm-2 for AEL and 2 A cm-2 for 

PEMEL).20,34 Es/ma/ng the power density is somewhat arbitrary because its value depends 

strongly on the selected j and Ecell. To be consistent, a j of 0.4 A cm-2 (based on commercial 

AEL) was selected for all electrolyzers. The corresponding Ecell for AEL and PEMEL were taken 

from Bu0ler and Spliethoff.34 The Ecell (at 0.4 A cm-2) of the NRR electrolyzers were calculated 

with our electrochemical model.   
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Figure D27. Comparison between two different methods for calcula/ng the electrolyzer equipment 
cost. The Aqueous NRR electrolyzer is used as an example with cost data from Table D24.    

The capital cost es/mates of the electrolyzers for 2025 and 2050 are listed in Table D24. The 

capital costs of the AEL in 2025 ($8119 per m2) are similar to earlier reported es/mates 

($5250 and $7800 per m2).20,53,54 It is evident that PEMEL ($10502 per m2) is currently (2025) 

more expensive than AEL due to the requirement of expensive metals, such as Pt and IrOx. 

Even higher es/mates of ~$30000 per m2  for PEMEL were reported elsewhere.55 The stack 

of the AEL and PEMEL are usually around 40-50% of the total costs. The other 50-60% are 

system related equipment (balance of plant), such as rec/fiers, heat exchangers, 

compressors, gas purifiers and storage facili/es.56 This means that the balance of plant (BoP) 

is different for each electrolyzer system. 

The aqueous NRR electrolyzer is roughly 1.5 /mes more expensive ($15876 per m2) than the 

PEMEL, which is jus/fiable because of the increased complexity of a GDE-type system. H2O 

SOEL capital costs in the literature vary between $5600-16000 per m2 with a more op/mis/c 

es/mate from Schmidt et al. ($5600 per m2),20 and more conserva/ve from Ramdin et al. 

(~$16000 per m2).54 In our case, the capital costs of the NRR SOEL with water ($15912 per 

m2) is more comparable with the conserva/ve es/mate, while the NRR SOEL with H2 ($4287 

per m2) is more similar to the es/mate from Schmidt et al. NRR SOEL with H2 oxida/on is 

generally more stable and has a lower voltage drop across the ceramic material. This could 

mean that less reinforcement material is required with respect to NRR SOEL with H2O 

oxida/on, leading to a rela/vely lower stack cost. Addi/onally, the NRR SOEL with H2 

consumes less power, which can indicate that smaller and cheaper rec/fiers are necessary.  

The capital costs of the Li-NRR electrolyzer (~$50000 per m2) is somewhat comparable to 

the chlor-alkali process (~$30000 per m2),53 which is known to be capital intensive. Our cost 

of merit is reasonable considering the complexity of the Li-NRR system (GDE-based, organic 

Equipment Costs of an Aqueous NRR Electrolyzer 
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electrolyte, moisture free opera/on, etc) and the fact that the power density is higher than 

the chlor-alkali electrolyzer (35.7 vs. 15 kW per m2).  

At last, it is expected that future electrolyzers will become significantly cheaper due to 

constant investment in research & development and scale-up of the manufacturing 

capacity.20 This is reflected in our capital cost es/mates for 2050, which allowed us to 

inves/gate the rela/onship between electrolyzer costs and the LCOA, but also to es/mate 

the necessary cost reduc/ons to achieve SMR Haber-Bosch parity.  

 

Table D24. Electrolyzer equipment cost es/ma/on.  

Quan�ty Unit AEL PEMEL Aqueous 

NRR 

NRR SOEL 

with H2O 

NRR SOEL  

with H2 

Li-NRR 

j  A cm-2 0.4 0.4 0.4 0.4 0.4 0.4 

Ecell 
[a] V 1.7 [34] 1.6 [34] 2.8 1.5 0.4 8.9 

Pdensity kW m-2 6.8 6.4 11.2 5.92 1.59 35.7 

CE (2025) $2022 kW-1 1194 1641 1418 2688 2688 1418 

CE (2050) $2022 kW-1 564 [18] 482 [18] 523 [b]  758[c] 758 [c] 523 [b] 

CE (2025) $2022 m-2 8119 10502 15876 15912 4287 50572 

CE (2050) $2022 m-2 3835 3085 5854 4486 1209 18649 

Quan�ty Unit Li-NRR 

(MEA)  
Mg-NRR 

(MEA) 
Al-NRR 

(MEA) 
j  A cm-2 0.4 0.4 0.4 

Ecell 
[a] V 3.8  3.1 2.5 

Pdensity kW m-2 15 12.5 9.8 

CE (2025) $2022 kW-1 1418 1418 1418 

CE (2050) $2022 kW-1 523 [b] 523 [b] 523 [b] 

CE (2025) $2022 m-2 21270 17725 13896 

CE (2050) $2022 m-2 7845 6538 5125 

a Ecell for the NRR electrolyzers are calculated at 0.4 A cm-2 using the assump/ons from Table D19. b 

Average between AEL and PEMEL. c Assumed same price as a water SOEL.20 MEA stands for membrane 

electrode assembly.  
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The following set of equa/ons are used to calculate the levelized cost of ammonia (LCOA), 

which is the NH3 selling price at which the end-of-life net present value (NPV) is equal to 

zero: 

Revenue � LCOA ∙ NH	 capacity � H� price ∙ H� capacity � O� price ∙ O� capacity 
D47� 
Gross proãit � Revenue − OPEX 
D48� 

Net proãit � Gross proãit − 
Gross proãit − Depreciation� ∙ Tax rate 
D49� 
Depreciation � Total equipment cost − Salvage value ∙ Total equipment costPlant years 
D50� 

Cash Flow � Net proãit � Depreciation 
D51�  
NPV � 0 � f Cash Flow
1 � interest rate�x

�
x±6

− total capital costs 
D52� 
In the 0th year (t = 0), the total capital costs are invested into the construc/on of the plant, 

while there is no revenue nor opera/onal expenses. It is assumed that the plant is fully 

opera/onal in year one (t ≥ 1). We used 25% tax rate, 25% salvage value and 4.28% interest 

rate with a linear deprecia/on scheme.  
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6.1 Conclusions 

Electrochemical ammonia synthesis was experimentally explored via the aqueous nitrogen 

reduc/on reac/on (NRR) and non-aqueous Li-mediated NRR at ambient condi/ons. For 

aqueous NRR, a strict experimental protocol was developed to avoid the influence of 

external labile N-species on the NH3 quan/fica/on process. This protocol was used to revisit 

a promising class of Fe and Mo-based carbide materials as NRR electrocatalyst (Chapter 2). 

Fe and Mo carbide nanopar/cles were successfully synthesized by well-known carburiza/on 

methods as was confirmed by physical characteriza/on methods, such as X-ray diffrac/on, 

X-ray photoelectron spectroscopy (XPS), Mossbauer spectroscopy and electron microscopy. 

The current-poten/al rela/onship of the carbide materials only showed a typical trend for 

the hydrogen evolu/on reac/on and there were no signs of any peaks associated with the 

NRR. Two-hour poten/osta/c measurements at different poten/als did not result in NH3 

concentra/ons exceeding the background level. This means that Fe and Mo-carbides are not 

ac/ve NRR catalysts and that previous literature reports on the subject ma0er were facing 

N contamina/on in their systems. This emphasizes the importance of sophis/cated 

experimental design to avoid repor/ng false posi/ves to the field. 

An extensive screening of NH3 and NOx impuri/es was presented in Chapter 3. New sources 

were iden/fied and strategies to avoid or eliminate them were discussed. Accumula/on of 

atmospheric NH3 and NOx species on ambient exposed cell components, chemicals and lab 

ware is likely the most troubling source. The op/mal cleaning procedure is material 

dependent and includes alkaline washing for membranes and electrodes, heat treatment 

for Pt and rinsing lab ware with water. Chemicals should be stored in a desiccator due to the 

difficulty of purifying them. We no/ced that commonly used high purity N2 and Ar gases do 

not contain any labile N species, as was earlier suggested by literature reports. Hence, they 

do not require further purifica/on. Only isotope labelled N2 that is typically available at 

lower puri/es can contain 9.8 ppm 15NH3 and 1.03 ppm 15NOx. Therefore, commercially 

cer/fied gas purifiers are advised to install upstream of the electrochemical cell if isotope 

labelled experiments are performed. Li-salts may contain nitrate species, therefore it is good 

prac/se to determine the NO3
- background level of the salt by dual-wavelength UV 

spectroscopy because purifica/on is not always possible. These guidelines and tools allow 

the experimentalist to perform more reliable NRR measurements.  

A par/ally delithiated sheet of LixFePO4 was used as a reliable non-aqueous reference 

electrode to inves/gate the poten/al dependency of the Li-mediated NRR on important 

performance parameters, such as the current stability, Faradaic efficiency (FE) and NH3 

produc/on rate (in Chapter 4). Cyclic voltammetry measurements were also performed with 

2 M LiTFSI under Ar, N2 with or without EtOH and only revealed Li pla/ng or stripping peaks. 

Hence, the N2 ac/va/on and protona/on are chemical reac/on steps. With 2 M LiTFSI 

dissolved in 0.1 M EtOH/THF, the current response during chronoamperometry 

measurements were stable at poten/als >-3.23 V vs. SHE but resulted in FEs lower than 15%. 



 
 

263 
 

6 

The FE increased to approximately 50% at more nega/ve poten/als (<-3.43 V vs. SHE). Below 

-3.74 V vs. SHE, the current density was very unstable and affected the NH3 produc/on rate 

nega/vely, while the FE remained at ~50%. The composi/on of the SEIs was analysed post-

mortem by XPS and were mostly enriched with LiF. The ra/o between inorganic and organic 

species varied with the applied poten/al but does not solely explain the trend between the 

Li-NRR performance parameters and the poten/al. The FE and NH3 produc/on rate were 

significantly lower when the salt concentra/on was reduced to 1 M LiTFSI. The XPS analysis 

revealed that more organic species were present in the SEI, which is related to the lower 

availability of anions in the Li+ solva/on environment and explains a rela/vely poor Li-NRR 

performance. Changes in the surface morphology were not inves/gated in the present work 

but might give more insights into the true effect of the applied poten/al.  

The techno-economic feasibility of the different electrochemical ammonia synthesis 

pathways was discussed in Chapter 5. Detailed process models were designed for the 

electrified version of the Haber-Bosch process, aqueous NRR at ambient and high 

temperature condi/ons, both with water or hydrogen oxida/on, and Li-mediated NRR. 

Among the sustainable ammonia produc/on pathways, the electrified Haber-Bosch is 

currently the most cost-effec/ve, mature and energy efficient op/on. Aqueous NRR at 

ambient condi/ons needs an electricity price of $0.024 per kWh and an electrolyzer CAPEX 

of $522 per kW to become cost compe//ve, only if the FE and the current density are higher 

than 80% and 0.3 A cm-2, which is a daun/ng task in comparison with the current state of 

the field. High temperature NRR in combina/on with hydrogen oxida/on in a SOEL is 

technically possible but very capital intensive due to addi/onal heat exchangers and seems 

to be only cost compe//ve under unrealis/c economic assump/ons (electricity price ≤ 

$0.02 per kWh, electrolyzer CAPEX ≤ $500 per kW). The inherently low energy efficiency of 

the Li-NRR electrolyzer (<11%) increases the opera/onal costs of the process tremendously. 

Other electrolyzer configura/ons based on a zero-electrolyte-gap and switching to other 

mediators beyond Li may improve the energy efficiency, but it remains difficult to become 

cost compe//ve with electrified Haber-Bosch. Currently, the SMR Haber-Bosch process is 

the most cost-effec/ve and energy efficient pathway to make ammonia on an industrial scale. 

High natural gas prices and a carbon tax above $175 per tNH3 will steer the industry to invest 

into greener alterna/ves.  
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6.2 Recommenda/ons 

Chapter 2 addresses the value of repor/ng inac/ve materials towards the NRR, which is 

especially important in the aqueous NRR field plagued by false posi/ve results. Therefore, it 

is highly encouraged to report irreproducible results from earlier publica/ons to ini/ate a 

debate on whether a material is N2 ac/ve and to be excluded from future research. This is 

especially important for researchers new to the field, who are o�en overwhelmed by the 

large amount of literature reports claiming to have found an ac/ve catalyst. To the best of 

my knowledge, there is currently no reproducible experimental evidence of a material that 

can electrochemically ac/vate N2 while the cataly/c surface is in contact with aqueous 

media.  

First principles Density Func/onal Theory calcula/ons can be used as a tool to obtain 

informa/on about the N and H binding energy of materials favoring NRR over HER. Nørskov 

and coworkers screened numerous transi/on metals and concluded that catalysts with an 

op/mum N binding energy, such as Fe, Rh, Ru, Ir, Co, Ni and to some extent Mo have a higher 

affinity towards H-binding, thus favoring the HER (see Sec�on 1.2.1). Sc, Y, Ti and Zr seem to 

favor N binding over H binding, but at the cost of a higher overpoten/al. Dražević et al. 

poised post transi/on metals, such as In, Mn and Al as promising NRR catalysts because they 

are inferior towards the hydrogen evolu/on and show a favorable N-binding at alkaline pH.1 

These materials could func/on as a star/ng point for future aqueous NRR research.  

The extremely low N2 solubility in aqueous electrolytes is perhaps another reason why NRR 

ac/va/on is difficult to detect due to the low N2 concentra/on at the electrocatalyst surface. 

The N2 mass transport can be improved by implemen/ng a gas-diffusion electrode cell.2 

Carrying out such experiments are generally more challenging because more cell 

components are involved, which will require more sophis/cated cleaning procedures and 

control experiments. An alterna/ve to increase the N2 solubility and therefore the mass 

transport is by performing electrochemistry at elevated N2 pressures in an autoclave cell. 

Li-mediated NRR is a more successful approach in terms of N2 ac/va/on. In Chapter 4, the 

rela/onship between the applied poten/al, the system’s stability and selec/vity of the 

reac/on are clearly established. The composi/on of the SEIs was characterized by XPS and 

varied to some extent among the tested poten/als. Although XPS depth profiling gives a 

good es/mate of the chemical species present in the SEI, solid state NMR can also be used 

as a complementary technique. Primarily, to iden/fy the composi/on of specific Li and F 

species, and to validate the XPS analysis. Nonetheless, induced SEI structural and 

morphological changes by the applied poten/al can also be valuable to be0er understand 

the poten/al dependency on the Li-NRR performance. This can be visualized by ex-situ 

(cryogenic) electron microscopy techniques and in-situ neutron reflectometry as discussed 

in previous literature reports.3,4 The three-electrode autoclave system develop for the Li-

NRR experiments did not allow correc/on of the ohmic poten/al drop. Hence, the actual 

poten/al of the working electrode will be slightly more posi/ve. To minimize the ohmic 
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poten/al drop, the cell design has to be further improved by reducing the distance between 

the reference and the working electrode via a Luggin capillary and increasing the geometric 

surface area of the working electrode.  

Chapter 5 concludes that a process based on Li-NRR is not cost compe//ve due to the 

inherently low energy efficiency of the electrolyzer unit, which is mainly caused by the highly 

nega/ve Li-pla/ng poten/al, the low conduc/vity of organic Li+ electrolytes, next to the 

energy investment in a necessary hydrogen source. Future research efforts must focus on 

the iden/fica/on of N2 ac/ve mediators with a significantly less nega/ve poten/al than Li/Li+. 

The development of membrane electrode assemblies for mediated NRR can dras/cally 

improve the overall energy efficiency, especially at industrially relevant current densi/es. 

Cai et al. demonstrated a proof of concept for Li-NRR which can be used as an ini/al design 

for future development.5 
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