
1 

 

Supporting Information  

Proton donors induce a differential transport effect for selectivity toward 

ammonia in lithium-mediated nitrogen reduction 

Nikifar Lazouski,1 Katherine J. Steinberg,1 Michal L. Gala,1 Dilip Krishnamurthy,2 

Venkatasubramanian Viswanathan,2 and Karthish Manthiram3* 

1Department of Chemical Engineering; Massachusetts Institute of Technology; Cambridge, MA 

02139, USA. 

2Department of Mechanical Engineering, Carnegie Mellon University, Pittsburgh, PA, USA 

3Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, 

CA 

*Correspondence to: karthish@caltech.edu 

  

mailto:karthish@caltech.edu


2 

 

Supplementary Discussion 

Effect of proton donor water content  

A possible explanation for the differences in activity between various compounds could be 

the difference in water content between various proton donors. However, even the most water-rich 

proton donor tested, triethylene glycol, contained only 2600 parts per million (ppm) water, which 

corresponds to a water concentration of 130 mM in the pure proton donor. Considering that the 

maximum concentration of proton donor used was 1 M (Table S3), the amount of water added by 

the proton donor is at most 17 mM. While this is a non-negligible amount, it is similar to the 

amount of water present in the electrolyte initially, as measured by Karl Fischer titration. In 

addition, an increase in the water content by 17 mM is predicted to decrease the ammonia yields 

of an active proton donor, such as ethanol, by 20-30%,1 not eliminate it. As mentioned in the main 

text, there is not a strong correlation between the water content of the pure proton donor and its 

activity toward LM-NRR (Fig. S21). All this supports the notion that the differences in activity 

observed between proton donors are not simply due to a difference in water content, but are instead 

related to the chemical structure and properties of the proton donors. 

Acidity and diffusivity as (poor) descriptors of proton donor activity 

Predictors of activity can be proposed based on existing mechanistic models. All proposed 

models for LM-NRR assume that the proton donor is necessary at least as a source of hydrogen in 

the final ammonia product.1–4 In one model, the proton donor is also involved in LM-NRR as a 

source of lithium hydride, which can be an active electrocatalyst for nitrogen reduction.3 Another 

model posits that the proton donor is a source of protons that need to diffuse to the electrode surface 

from the bulk electrolyte, either in the form of free protons or bound to the proton donor.4 In all 

these cases, it is reasonable to attempt to correlate the FE toward ammonia with the acidity (pKa 

value) of the proton donor used; however, we find that pKa is not a good descriptor for proton 

donor activity. 

For highly acidic donors, such as carboxylic acids, a large amount of hydrogen evolution 

may be possible upon application of current. Hydrogen could be evolved either via the reactions 

between lithium metal and proton donor or dissociated protons or via direct electrochemical 

reduction of the proton donor or dissociated protons. Thus, the Faradaic efficiency of the nitrogen 

reduction reaction is likely reduced due to competition from hydrogen evolution. Weakly acidic 

proton donors, on the other hand, may be inert in electrochemical reactions which require 

simultaneous proton and electron transfer to nitrogen-containing species; in this case, weakly 

acidic proton donors would not promote nitrogen reduction significantly. Thus, an intermediate 

acidity could be desirable for nitrogen reduction if electrochemical reactions are responsible for 

nitrogen reduction. However, it is unlikely that weakly acidic proton donors would be inert in 

thermochemical reactions where reduced nitrogen species are protonated to liberate ammonia; 

most weak proton donors are likely able to protonate reduced nitrogen species such as nitride and 
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amide due to their extreme basicity (pKa of NH3 is ~40). To test these hypotheses, we compiled 

the pKa data from the PubChem database.5 The experimentally measured activities and FEs for 

proton donors were plotted against their compiled pKa values. While no well-defined trend among 

all proton donors using pKa as an activity descriptor was observed (Fig. S13), which suggests that 

pKa alone cannot predict the activity of proton donors for LM-NRR, most active proton donors are 

clustered in the same region of the pKa space. Most active proton donors of the ones tested were 

simple alcohols, which have quite similar acidities; hence, they lie in a small region of pKa space. 

The rate of diffusion of protons to the electrode has also been proposed to impact the rate 

of nitrogen reduction in LM-NRR.4 However, it is important to distinguish between diffusion of 

dissociated protons, i.e. protons that are solvated predominantly by the electrolyte species (THF, 

BF4
-), and undissociated protons, which are still bound to the original proton donor. In the case of 

undissociated protons, the diffusivity of the proton donor used could be a potential descriptor for 

activity in LM-NRR. The diffusivity of dissociated protons, however, is identical for all proton 

donors, though the effective bulk diffusivity would be a function of both the diffusion coefficient 

of the proton donor and its pKa, as protons would exchange between dissociated and undissociated 

states. The diffusivity of proton donors in THF was estimated from molecular weight by using a 

Stokes-Einstein-Gierer-Wirtz Estimation calculator.6 No significant correlation was observed 

between proton donor diffusivity and activity in LM-NRR (Fig. S13). Using both pKa and 

diffusivity as predictors did not significantly improve fits (Fig. S14). 

Derivation of a possible relationship between SEI permeability and proton donor concentration 

To qualitatively explain the concentration dependence trends observed at low applied 

current densities, we developed a model which allows for changing SEI permeability, and thus 

species diffusivity through it, as a function of proton donor concentration. At low current densities 

in the absence of proton donor, the SEI forms a fairly stable protective layer on top of the lithium, 

restricting diffusion of molecules to the reactive lithium; in this case, the effective diffusivity of 

species other than lithium ions can be assumed to be low. This SEI is defined to be impermeable. 

When proton donor is present in the electrolyte, some fraction of the SEI is formed from reactions 

with proton donor; this SEI can be assumed to be more permeable, as it allows for reactions 

between nitrogen and lithium. For the current model, only two distinct types of SEI are assumed 

to exist, though more complex models where the SEI properties are continuous, location-

dependent functions can also be developed.7 

Impermeable SEI can convert to permeable SEI upon the addition of a proton donor. There 

is experimental evidence to support that ammonia formation can occur after application of current 

upon the addition of a proton donor (Fig. S7). As nitrogen reduction does not occur in the presence 

of lithium and the absence of the proton donor, the SEI formed normally can be said to be 

impermeable. Upon addition of a proton donor without additional lithium plating, ammonia can 

form, which suggests that SEI properties can change with changing conditions. 
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In light of this, we developed a model in which the SEI can convert between permeable 

and impermeable phases. We assume that the SEI is continuously reformed through slow reactions 

and that old SEI can be replaced by newly-formed SEI. Even with a continuously reforming SEI, 

the FE of SEI-forming reactions can be small as the SEI is only a thin surface layer. It is also 

possible that the rate of SEI reformation is small relative to other reactions (e.g. nitrogen reduction) 

in the system. Note that these assumptions are made to derive a dependence of SEI permeability 

on proton donor concentration; these phenomena may not occur exactly as described. Other 

mechanisms for changes in permeability, such as initial SEI formation through exposed lithium, 

without continuous reformation, may describe the system and result in similar equations and 

observed trends. 

As we are assuming that the SEI is continuously reformed and replaced, it makes sense to 

compute a rate of SEI reformation. We can assume that the properties of the SEI affect the 

reformation rate, i.e. that the rates are different when they occur at and replace impermeable and 

permeable phases. The fraction, which can either be a volume or surface fraction if the thickness 

of the SEI is constant, of the permeable SEI phase is given by 𝜃, while the fraction of the 

impermeable phase is given by 1 − 𝜃. The total rate of formation of either SEI is assumed to be a 

sum of 1) a slow reaction rate, which represents additional SEI formed by reactions occurring at 

impermeable SEI (𝑟𝑗,𝑠𝑙𝑜𝑤), and 2) a fast reaction rate, which represents SEI formed by reactions 

occurring at permeable SEI (𝑟𝑗,𝑓𝑎𝑠𝑡). These intrinsic reaction rates are scaled by the fraction of SEI 

types involved in the reaction: 

𝑟𝑗 = 𝑟𝑗,𝑠𝑙𝑜𝑤(1 − 𝜃) + 𝑟𝑗,𝑓𝑎𝑠𝑡𝜃, 𝑗 ∈ {𝑖, 𝑝} (𝑆1) 

The impermeable SEI is formed by reactions with the electrolyte which can occur in the absence 

of proton donor, i.e. those with the solvent or electrolyte; the intrinsic rates of these reactions are 

typically constant, as the composition of the electrolyte (other than the proton donor) is relatively 

constant:  

𝑟𝑖,𝑠𝑙𝑜𝑤 = 𝑘𝑖,𝑠𝑙𝑜𝑤𝐶𝑒𝑙𝑒𝑐 (𝑆2𝑎) 

𝑟𝑖,𝑓𝑎𝑠𝑡 = 𝑘𝑖,𝑓𝑎𝑠𝑡𝐶𝑒𝑙𝑒𝑐 (𝑆2𝑏) 

where 𝑟𝑖,𝑠𝑙𝑜𝑤 and 𝑘𝑖,𝑠𝑙𝑜𝑤 are the intrinsic rate and kinetic constant of slow impermeable SEI 

formation at the impermeable SEI, 𝑟𝑖,𝑓𝑎𝑠𝑡 and 𝑘𝑖,𝑓𝑎𝑠𝑡 are the intrinsic rate and kinetic constant of 

fast impermeable SEI formation at the permeable SEI, and 𝐶𝑒𝑙𝑒𝑐 is an effective electrolyte 

concentration.  

Similarly, the permeable SEI is formed through reactions with the proton donor, the 

intrinsic rates of which depend on the concentration of proton donor, which can be varied: 

𝑟𝑝,𝑠𝑙𝑜𝑤 = 𝑘𝑝,𝑠𝑙𝑜𝑤𝐶𝐻𝐴 (𝑆3𝑎) 

𝑟𝑝,𝑓𝑎𝑠𝑡 = 𝑘𝑝,𝑓𝑎𝑠𝑡𝐶𝐻𝐴 (𝑆3𝑏) 

where 𝑟𝑝,𝑠𝑙𝑜𝑤 and 𝑘𝑝,𝑠𝑙𝑜𝑤 are the intrinsic rate and kinetic constant of slow permeable SEI 

formation at the impermeable SEI, 𝑟𝑝,𝑓𝑎𝑠𝑡 and 𝑘𝑝,𝑓𝑎𝑠𝑡 are the intrinsic rate and kinetic constant of 

fast permeable SEI formation at the permeable SEI, and 𝐶𝐻𝐴 is the concentration of proton donor 
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in the solution. By using the expressions in eqs. S1-S3, the following expressions for the formation 

rates of the two SEI types are obtained: 

𝑟𝑖 = 𝑘𝑖,𝑠𝑙𝑜𝑤𝐶𝑒𝑙𝑒𝑐(1 − 𝜃) + 𝑘𝑖,𝑓𝑎𝑠𝑡𝐶𝑒𝑙𝑒𝑐𝜃 (4𝑎) 

𝑟𝑝 = 𝑘𝑝,𝑠𝑙𝑜𝑤𝐶𝐻𝐴(1 − 𝜃) + 𝑘𝑝,𝑓𝑎𝑠𝑡𝐶𝐻𝐴𝜃 (4𝑏) 

We would like to be able to predict the permeable SEI fraction at steady state as a function 

of proton donor concentration. At steady state, the rate of reformation of each phase is constant, 

as is the total SEI reformation rates. The fraction of the permeable SEI, therefore, can be found by 

taking the ratio of the rate of permeable SEI formation (𝑟𝑝) to the total rate of SEI formation, which 

is a sum of impermeable SEI and permeable SEI formation rates (𝑟𝑖 and 𝑟𝑝, respectively): 

𝜃 =
𝑟𝑝

𝑟𝑝 + 𝑟𝑖

(𝑆5) 

An implicit equation for 𝜃 as a function of kinetic parameters and concentration of proton 

donor can be derived using eqs S4 and S5: 

𝜃 =
𝑘𝑝,𝑠𝑙𝑜𝑤𝐶𝐻𝐴(1 − 𝜃) + 𝑘𝑝,𝑓𝑎𝑠𝑡 𝐶𝐻𝐴𝜃

(𝑘𝑝,𝑠𝑙𝑜𝑤𝐶𝐻𝐴 + 𝑘𝑖,𝑠𝑙𝑜𝑤𝐶𝑒𝑙𝑒𝑐)(1 − 𝜃) + (𝑘𝑝,𝑓𝑎𝑠𝑡 𝐶𝐻𝐴 + 𝑘𝑖,𝑓𝑎𝑠𝑡𝐶𝑒𝑙𝑒𝑐)𝜃
(𝑆6) 

The expression can be non-dimensionalized by dividing through by one of the concentrations and 

rate constants, allowing for grouping of the definable parameters. The electrolyte concentration 

(𝐶𝑒𝑙𝑒𝑐) and the rate constant associated with the fast formation of impermeable SEI (𝑘𝑖,𝑓𝑎𝑠𝑡) were 

chosen arbitrarily for this purpose: 

�̃�𝐻𝐴 =
𝐶𝐻𝐴

𝐶𝑒𝑙𝑒𝑐

(𝑆7𝑎) 

�̃�𝑝,𝑠𝑙𝑜𝑤 =
𝑘𝑝,𝑠𝑙𝑜𝑤

𝑘𝑖,𝑓𝑎𝑠𝑡

(𝑆7𝑏) 

�̃�𝑝,𝑓𝑎𝑠𝑡 =
𝑘𝑝,𝑓𝑎𝑠𝑡

𝑘𝑖,𝑓𝑎𝑠𝑡

(𝑆7𝑐) 

�̃�𝑖,𝑠𝑙𝑜𝑤 =
𝑘𝑖,𝑠𝑙𝑜𝑤

𝑘𝑖,𝑓𝑎𝑠𝑡

(𝑆7𝑑) 

Using the expression in eq S6 and definitions in eq S7, a non-dimensionalized expression for 𝜃 

with three tunable parameters and a concentration of proton donor is obtained: 

𝜃 =
�̃�𝑝,𝑠𝑙𝑜𝑤�̃�𝐻𝐴(1 − 𝜃) + �̃�𝑝,𝑓𝑎𝑠𝑡 �̃�𝐻𝐴𝜃

(�̃�𝑝,𝑠𝑙𝑜𝑤�̃�𝐻𝐴 + �̃�𝑖,𝑠𝑙𝑜𝑤)(1 − 𝜃) + (�̃�𝑝,𝑓𝑎𝑠𝑡 �̃�𝐻𝐴 + 1)𝜃
(𝑆8) 

Note that the functional forms of the SEI reformation rates may be different and several of the 

above parameters can be zero. 

By varying the kinetic parameters and observing their effect on the shape of the 𝜃 vs �̃�𝐻𝐴 

curve (Fig. S15), we find that for strong thresholding behavior, �̃�𝑝,𝑓𝑎𝑠𝑡 ≫ 1, �̃�𝑝,𝑠𝑙𝑜𝑤 ≪ �̃�𝑝,𝑓𝑎𝑠𝑡, 

and �̃�𝑖,𝑠𝑙𝑜𝑤 ≈ 1 is desirable for well-defined thresholding behavior. �̃�𝑖,𝑠𝑙𝑜𝑤 ≈ 1 means that the rate 

of impermeable SEI formation is unaffected by the permeability of the SEI. This can be 
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rationalized by assuming that impermeable SEI is formed by electron tunneling through the SEI 

(which is not unusual in SEI formation),8 the rate of which does not change significantly with SEI 

composition. While SEI formation through tunneling is often self-limiting, it is possible that the 

proton donor may disrupt the SEI to “seed” permeable SEI formation and impermeable SEI 

reformation. �̃�𝑝,𝑓𝑎𝑠𝑡 ≫ 1, �̃�𝑝,𝑠𝑙𝑜𝑤 ≪ �̃�𝑝,𝑓𝑎𝑠𝑡 mean that the formation of permeable SEI is much 

faster at permeable SEI than at impermeable SEI, and is also faster than the formation of 

impermeable SEI. This means that little permeable SEI is formed at low proton donor 

concentrations, but as 𝜃 increases, the rate of permeable SEI formation can increase dramatically. 

This leads to an autocatalytic feedback loop that can result in a sudden increase of 𝜃 above a certain 

concentration of proton donor under certain parameter assumptions (Fig. S15).  

The difference between permeable and impermeable SEI formation rates can be 

rationalized by assuming that the two reactions occur via different mechanisms. While 

impermeable SEI was assumed to be formed via electron tunneling, permeable SEI can be assumed 

to be formed when the proton donor is reduced to an anion and hydrogen. To be reduced, the proton 

donor must physically diffuse through the SEI to the electrode surface to react with lithium or 

electrochemically to form hydrogen. The impermeable SEI does not allow for proton donor or 

nitrogen diffusion by definition, while diffusion through the permeable SEI is much more rapid. 

The ability to allow species to diffuse through the “permeable” SEI and the diffusivity of the proton 

donor through the SEI could be very much structure-dependent, explaining some of the markedly 

different experimentally measured proton donor activities (Fig. 2). 

On the absence of nitrogen contamination in nitrogen reduction experiments 

The lithium-mediated approach has been shown to reproducibly reduce nitrogen with a 

number of controls, including argon blanks and isotope labeling, by several groups.1,3,4,9 In all 

these experiments, ethanol was used as a proton donor, which can be purchased at high purity with 

no nitrogen or ammonia contamination. It is possible, however, that other proton donors, including 

those tested in this work, could have ammonia or reducible nitrogen species as contaminants, 

which would lead to false-positive detection of ammonia. However, we believe that all detected 

ammonia in the present work comes from nitrogen reduction and not from contaminants. 

The first reason that suggests nitrogen reduction is the source of ammonia is the non-

monotonic and non-linear dependence of ammonia detected on concentration (Table S3, Fig. S10). 

If free ammonia were present in the proton donor, then the measured ammonia FE would be linear 

with proton donor concentration, which was not observed for any of the tested proton donors. A 

monotonic, though possibly non-linear dependence of ammonia FE on proton donor concentration 

could be expected if nitrogen-containing contaminants were present in the proton donors. 

However, all ammonia-producing proton donors demonstrated either a non-monotonic increase of 

ammonia FE with concentration, or a decrease at all tested concentrations. In addition, argon 

control experiments were performed for selected proton donors, in which ammonia was not 

detected. 
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Second, the relatively low amount of proton donor typically added to the electrolyte gives 

an upper bound for spurious ammonia that could be produced from adventitious sources. The total 

mass of contaminants added to the electrolyte via the proton donor can be approximated by: 

𝑚𝑐𝑜𝑛𝑡 = 𝑉 ∙ 𝐶 ∙ 𝑀 ∙ 𝑤% (𝑆9) 

where 𝑉 is the electrolyte volume, 𝐶 is the concentration of proton donor, 𝑀 is the molar mass of 

proton donor, and 𝑤% is the weight fraction of impurities. For a theoretical proton donor with a 

molar mass of 100 g/mol at a concentration of 0.4 M in the electrolyte (1.75 mL in the cathode 

compartment) which has 0.1% of nitrogen impurities, 70 μg of impurities are added. In the worst 

case, the impurities are all ammonia (which is unlikely due to above arguments); this results in 4 

μmol of ammonia, which results in a measured FE of 16%. While a quite high value, this is an 

absolute upper limit on FE; the amount of nitrogen-containing contamination for most proton 

donors is typically in the ppm range (because their production does not use nitrogen-containing 

compounds), and the contaminants would have much higher molecular weights than ammonia. 

Therefore, even with contaminants in the proton donors, the fact that little proton donor is added 

to the electrolyte means that little spurious ammonia would be detected. 

On the need for high concentrations of proton donor for mechanistic studies 

In the present experimental setup, the moles of proton donor added to the cathode 

compartment of the cell is given by 

𝑛 = 𝐶 ∙ 𝑉 = 𝐶 ∙ 0.00175 𝐿 (𝑆10) 

For a 0.1 M concentration of proton donor, 175 μmol of proton donor is added. This proton donor 

can do a variety of proton transfer reactions: direct electrochemical hydrogen evolution, reactions 

with lithium, lithium nitride protonation, etc. However, the proton donor, if it has one labile proton, 

a property which a large fraction of tested proton donors had, can only react with an equal number 

of moles of charge equivalents. Thus, at 0.1 M, the proton donor in one compartment of the cell 

can react with ~17 C worth of charge. As experiments typically passed 7.2 C of charge, the 

conversion of proton donor over the course of the experiment is ~40%; the concentration of proton 

donor changes during the experiment. If the concentration of proton donor is lower than 0.1 M, 

this conversion is only higher and the concentration significantly changes with time. For this 

reason, concentrations of at least 0.1 M in the current setup are needed to perform mechanistic 

experiments. 
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Supplementary Methods 

The procedures and materials for nitrogen reduction outlined below have been optimized 

for reliable ammonia production. However, certain deviations from the procedure and material 

vendors, which are specifically called out in-text and in prior work,1 may lead to poorer ammonia 

production. We recommend closely following the procedure for reproducibility and high yields. 

Materials 

Tetrahydrofuran (THF, 99+%, stabilized with BHT), molecular sieves (3Å, 4-8 mesh), 1- 

propanol (99+%, extra pure), L-alanine (99%), and 2-methyl-1-propanol (isobutanol, ACS 

reagent, spectro grade, 99+%) were purchased from Acros Organics. Lithium tetrafluoroborate 

(LiBF4, 98%), tert-butyl alcohol (99%), 2-butanol (>99%), 2-ethyl-1-butanol (98%), 1-pentanol 

(ACS reagent, ≥99%), 1-hexanol (reagent grade, 98%), 1-heptanol (98%), 1-nonanol (98%), 

benzyl alcohol (99.8%, anhydrous), phenol (unstabilized, ≥99%), 1-phenylethanol (98%), 2- 

phenylethanol (99%), 2-chloroethanol (99%), 2,2,2-trifluoroethanol (ReagentPlus, ≥99%), 

hexafluoro 2-propanol (≥99%), ethylene glycol (anhydrous, 99.8%), 1,3-butanediol (±, 99%, 

anhydrous), glycerol (ReagentPlus, ≥99%), triethyleneglycol (ReagentPlus, 99%), 1,5-pentanediol 

(≥97%), acetic acid (ReagentPlus, ≥99%), hexanoic acid (≥99%), allyl alcohol (99%), 2- 

methoxyethanol (99.8%, anhydrous), 1-propanethiol (99%), hydrochloric acid (HCl, ACS 

Reagent, 37%), sodium salicylate (ReagentPlus, ≥99.5%), maleic acid (ReagentPlus, ≥99%), and 

sodium hypochlorite (NaOCl, 10-15%) were purchased from Sigma-Aldrich. Methanol 

(anhydrous, 99.9%), cyclohexanol (99%), 3- butene-1-ol (98+%), sodium nitroprusside (99-

102%), and ammonium chloride (NH4Cl, anhydrous, 99.99%) were purchased from Alfa Aesar. 

Ethanol (Koptec, anhydrous, 200 proof), 2-propanol (Semi grade, BDH), sodium hydroxide 

(NaOH, Macron Fine Chemicals, pellet form), and acetone (ACS, BDH Chemical) were purchased 

from VWR International. 1-butanol 1 (Certified ACS), 3-methyl-1-butanol (isoamyl alcohol, for 

molecular biology), dichloromethane (DCM, 99.5%), and hexanes (C6H14) were purchased from 

Fisher Scientific. Formic acid (ACS Reagent, 98-100%) and ethanolamine were purchased from 

EMD Millipore. Milli-Q water was obtained by filtering deionized (DI) water through a Milli-Q 

purification system (Merck, Millipore Corporation). Platinum foil (Pt, 0.025 mm thick, 99.99%, 

trace metals basis) and 1-octanol (99%) were purchased from Beantown Chemical. Argon gas 

(UHP, 5.0 grade) was purchased from Airgas. Nitrogen gas was available in-house; it is generated 

by boil-off of liquid nitrogen from Airgas. 15N2 gas (98% 15N) was purchased from Cambridge 

Isotope Laboratories. Steel foil (cold-worked 304 stainless steel, 0.002" thick) was purchased from 

McMaster-Carr. Polyporous Daramic 175 separators were received as a sample from Daramic 

(Charlotte, NC). 
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Electrolyte preparation  

Dry molecular sieves were prepared by washing as-purchased or previously used molecular 

sieves with acetone and drying in a muffle furnace at 300 °C for 5 hours. The sieves were added 

as 20% by volume to as-purchased THF in a round-bottom flask. The flask was sealed from the 

atmosphere with a rubber septum are dried for at least 96 hours before use. As purchased LiBF4 

was dissolved in dry THF to obtain a 1 M LiBF4 in THF electrolyte solution. The LiBF4 must be 

sufficiently pure for successful ammonia production. We found that salt purchased from Sigma-

Aldrich is sufficiently pure for these experiments, while other vendors’ salts may require additional 

purification; one potential purification procedure is given in prior work.1 The solution was 

centrifuged at 6000 rpm (4430 rcf) to remove insoluble precipitates. The clear solution was 

transferred to oven-dried vials, stored in a desiccator, and used within 12 hours of preparation. The 

solution transfer operations can be performed in the ambient atmosphere; the solutions should not 

be stored open to the atmosphere, however, as the electrolyte solution can absorb a significant 

amount of water from ambient air. The proton donor was added to the electrolyte immediately 

prior to experiments. The total volume of proton donor-containing electrolyte solution prepared 

for each experiment is 4 mL. If the volume of proton donor that needs to be added to obtain the 

desired concentration is 100 µL, then the proton donor added to a smaller volume of electrolyte 

that was rounded to the nearest 0.1 mL, so that the final volume of the proton donor in electrolyte 

solution would equal 4 mL. For example, to prepare 0.2 M ethanol, 47 µL of ethanol were added 

to 4 mL of electrolyte solution, while to prepare 0.6 M 1-butanol, 220 µL of 1-butanol were added 

to 3.8 mL of electrolyte solution. 

Nitrogen reduction experiments  

Polished stainless-steel electrodes were used as the cathode. Stainless steel shims were cut 

into 2x2 cm pieces, wet with DI water, and polished with 400 grit followed by 1500 grit sandpaper 

thoroughly. The polished foils were rinsed thoroughly with DI water and dried in air at 80 °C. 

Stainless steel cathodes were used in a single experiment before discarding. Parallel plate cells 

described in prior work were used to perform nitrogen reduction experiments.1 Briefly, a polished 

steel foil was used as the cathode, a platinum foil was used as the anode, a piece of Daramic was 

used as a separator, and machined polyether ether ketone (PEEK) cell parts were used for the cell 

body (Fig. S1). All cell parts were dried in air at 80 °C for at least 20 minutes prior to use. Nitrogen 

(or argon, in control experiments) gas was fed at 10 standard cubic centimeters per minute (sccm) 

to a vial containing THF and molecular sieves to saturate the feed gas with THF. The THF-

saturated feed gas was then fed to an assembled 2-compartment cell. The proton-donor electrolyte 

was added first to the anode compartment, then to the cathode compartment. 1.75 mL of electrolyte 

was added to each compartment; note that this is the volume added to each compartment, and may 

not be the final volume in each compartment after the experiment due to solvent evaporation. 
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The feed gas was flowed through the electrolyte for 10 minutes at open circuit to saturate 

the electrolyte with gas and to strip oxygen from the solution. After saturating the solution with 

the feed gas, a constant current of 20 mA was applied for 6 minutes using a Tekpower 5003 DC 

power source, for a total of 7.2 coulombs of charge passed. In some experiments (see Table S3), 

the potential required to applied 20 mA exceeded 50 V. In experiments where an excess of 50 V 

was required to apply 20 mA, a constant potential of 50 V was applied across the cell for 6 minutes, 

and the total charge passed was quantified by measuring the potential drop across a resistor in 

series with the cell (Fig. S20). As the electrolyte resistance does not significantly change with the 

concentration of most proton donors, the higher voltage required is likely due to changes in SEI 

chemistry or thickness at the cathode or anode in these experiments. 

Following application of current, the catholyte was immediately removed from the cell and 

diluted in water. In most experiments, the electrolyte was used directly to prepare samples for 

ammonia quantification. In these cases, the samples were made as follows: one by adding 200 µL 

of catholyte to 1800 µL of Milli-Q water (10-fold dilution), and another by adding 100 µL of 

catholyte to 1900 µL of water (20-fold dilution), to be able to accurately quantify ammonia at both 

lower and higher Faradaic efficiencies. In some cases, the proton donor can affect the colorimetric 

assay negatively by either phase separating with water (e.g. octanol), leading to higher spurious 

absorbances, or chemically (e.g. ethyl acetate, thiols), leading to lower or shifted absorbances (Fig. 

S7, Fig. S19). In these cases, the proton donor was extracted from the ammonia-containing 

samples. 

To extract the proton donor, 500 µL of electrolyte were added to 4.5 mL of 0.05 M H2SO4 

in water. The proton donor in the resulting acidified solution was extracted with 3 mL of either 

DCM or hexanes three times. Milli-Q water was then added to the aqueous phase to a final volume 

of 5 mL if the volume decreased, which may occur if the THF was extracted into the organic phase. 

The aqueous phase was centrifuged at 6000 rpm (4430 rcf) for 10 minutes to promote complete 

phase separation. The aqueous phase was then quenched with base by adding 1500 µL of the 

acidified solution to 500 µL of 0.4 M NaOH, or by adding 750 µL of the acidified solution to 250 

µL of 0.4 M NaOH and 1000 µL of Milli-Q water. 

After experiments, Daramic separator pieces were rinsed with acetone and soaked in DI 

water for at least 10 minutes to remove traces of solvent and ammonia. Cell parts and platinum 

anodes were rinsed with acetone and washed thoroughly with DI water. All cell parts, electrodes, 

and separators were dried at 80 °C in air prior to use in further experiments. 

 

Isotope labeling experiments 

Experiments with isotopically labeled nitrogen gas (15N2) were performed to confirm 

nitrogen reduction as the source of ammonia. The procedure for these experiments is slightly 

modified from the standard nitrogen reduction experiments described above due to the high cost 

of 15N2. 
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In these experiments, the gas is flowed through three 4-mL vials containing 0.05 M H2SO4, 

0.1 M NaOH, and THF with activated molecular sieves, in that order, prior to entering the cell. All 

experiments using isotopically labeled gas were performed one after the other to minimize 15N2 

gas loss associated with opening the gas cylinder several times. At the beginning of all 

experiments, the vials and gas lines were purged with 10 sccm of argon gas for 15 minutes to 

remove traces of air. Then, 15N2 gas was flowed at 5 sccm for 10 minutes prior to any experiments 

to reach a steady partial pressure of nitrogen in vials. Standard 2-compartment cells were then 

hooked up to the gas line and electrolyte was added as described in the prior section. The 

electrolyte was saturated with 15N2 flowing at 5 sccm for 10 minutes, after which current was 

applied as in a standard experiment. After applying current, the catholyte was removed and diluted 

to 4 mL with 0.05 M H2SO4. 

These samples were used as-is to measure NMR spectra (Fig. S4) on a three-channel 

Bruker Avance Neo spectrometer operating at 400.17 MHz. Locking and shimming were done on 

the 1H of water in solution (no deuterium was added). Solvent suppression of the three largest 

peaks (1 from water, 2 from THF) was used to increase the quality of the ammonia peaks. 

The acidified solutions were used to prepare samples for ammonia quantification using the 

colorimetric assay. The acidified solutions were diluted 10-fold or 20-fold by mixing 200 μL of 

solution, 50 μL of 0.4 M NaOH, and 1750 μL of DI water, or 100 μL of solution, 25 μL of 0.4 M 

NaOH, and 1875 μL of DI water. 

Choosing proton donor concentrations  

To determine whether a proton donor can be used to produce ammonia using the lithium-

mediated approach, a range of proton concentrations had to be efficiently screened for activity. 

From prior work,1 it is known that ammonia yields depend on the concentration of ethanol, the 

proton donor. At low concentrations, no ammonia is formed and a large amount of lithium remains 

on the cathode, while at high concentrations, no ammonia is formed due to competition from the 

hydrogen evolution reaction. We posited that this behavior is not unique to ethanol and can be 

observed for various proton donors. From this hypothesis, we developed a heuristic to rapidly 

screen the concentration range. Initially, electrolyte containing 0.2 M of the proton donor was used 

to test for ammonia production. If a significant amount of lithium metal was found to remain on 

the cathode or in solution, the concentration of the proton donor was increased for the next run. 

Typically, the concentration was increased 2- or 3-fold, depending on the extent of lithium 

coverage on the surface. If the surface was clean and the steel cathode was visible, the 

concentration of the proton donor was decreased by a similar amount. Every proton donor was 

tested at three concentrations, with a maximum concentration tested of 1 M. The 1 M cutoff is 

arbitrary and was chosen as it is a concentration that results in fairly large volume fractions of 

proton donor in electrolyte for most proton donors. Using this heuristic, we typically obtained runs 

with a high lithium coverage, a low lithium coverage, and an intermediate coverage after the 

experiment, except for cases where 1 M of proton donor did not decrease lithium coverage (Fig. 
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S11); in these cases, all experiments had a large lithium coverage. We believe that approach 

allowed us to probe a large compound-concentration phase space efficiently to determine which 

compounds are capable of promoting lithium-mediated nitrogen reduction. 

Experiments to determine the role of proton donor 

A number of non-standard experiments were performed to deduce the role of proton donor 

in the system (Fig. S7). In these experiments, some features of the system necessary for nitrogen 

reduction, i.e. nitrogen gas, proton donor, and application of current, were temporally separated to 

evaluate the role of each component in sequential reaction steps. Experiments were run such that 

the time the system was exposed to each component was standard throughout the experiment. The 

time for each step was set to either 25 or 40 minutes, and all experiments used 1 M LiBF4 in THF, 

10 sccm gas flows and either 0.1 or 0.11 M ethanol as a proton donor. An applied current of 3 mA 

cm-2 was used unless otherwise noted. The so-called “factorial experiments” run in this way are as 

follows: 

A. Positive control. For comparison with other experiments, this is a typical experiment with 

proton donor, N2, and 3 mA cm-2 current all present synchronously.  

B. Negative control. This experiment is an argon blank, with proton donor and current 

application. Ammonia FE should be zero for these experiments (Fig. S5).  

C. Stepwise. This experiment is meant to test whether each step of the proposed mechanism 

can happen sequentially by introducing reactants for each step in order: first lithium is 

electrodeposited, then allowed to react with nitrogen, and finally exposed to proton donor 

to form ammonia. In practice, first 3 mA of current is applied for 25 minutes to a cell 

containing 1 M LiBF4 in THF while flowing 10 sccm Ar. Next, 10 sccm N2 is flowed for 

25 minutes, and finally 0.1 M ethanol is added and left to react under Ar flow for 25 

minutes. None of these experiments generate detectable ammonia, indicating that 

components such as proton donor or nitrogen have more complex roles than previously 

imagined.  

D. Lithium deposition with proton donor, then thermochemical nitridation. This experiment 

and the next are meant to help elucidate the role of proton donor in the lithium-nitrogen 

reaction. In this experiment, lithium is electrodeposited from electrolyte containing proton 

donor under argon flow, then the current is turned off and nitrogen is flowed through the 

cell. This experiment sometimes results in measurable ammonia yields, though the results 

are variable, indicating a possibly stochastic underlying process.  

E. Lithium deposition, then thermochemical nitridation with proton donor. This experiment 

is identical to D, except the proton donor is only present for the nitrogen flow step, and not 

during current application. This experiment fairly reliably generates low but detectable 

ammonia yields, indicating that the lithium-nitrogen reaction can proceed when a proton 

donor is present to disrupt the nonpermeable SEI.  
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F. Nitridation during low current deposition, then protonation. This experiment and the next 

are meant to test the impact of current on the nitrogen reaction with lithium without proton 

donor present. In this experiment, nitrogen is flowed while a current of 3 mA cm-2 is applied 

to the cell for 40 minutes, then the current is shut off, the gas is switched to argon, and 

proton donor is added and allowed to react for another 40 minutes. Ammonia yields were 

always below the detectable limit for these experiments, supporting the hypothesis that 

generally impermeable SEI forms in the absence of proton donor, inhibiting lithium-

nitrogen reactivity.  

G. Nitridation during high current deposition, then protonation. This experiment is identical 

to experiment F except the current is set to 20 mA and run for only 6 minutes to pass an 

equal total charge of 7.2 C. As in experiment F, nitrogen flows during current application, 

then the gas is switched to argon and proton donor is allowed to react for 40 minutes after 

shutting off the current. These experiments also generally yield ammonia concentrations 

below the 0.5% FE threshold, but may result in slightly higher FEs on average than 

experiment F. This could imply less thorough passivation of the lithium surface when 

deposited at high current densities.  

H. Gas-phase nitridation of electrochemically plated lithium. Lithium metal was plated from 

the electrolyte onto stainless steel by applying a current of 3 mA cm-2 for 40 minutes under 

an argon atmosphere. After plating, the electrolyte was removed from the cell and non-

THF saturated N2 gas was flowed through the cell for 24 hours. A trap containing 0.05 M 

H2SO4 in water was placed after to cell to capture any ammonia that may have been 

produced and stripped from the cell. After 24 hours, the inside of the cell was washed with 

0.05 M H2SO4. The washes were combined with the trap, neutralized, and the ammonia 

content was quantified using the colorimetric assay.  

Ammonia quantification  

The amount of ammonia in samples produced in nitrogen reduction experiments was 

quantified by using the salicylate assay according to a procedure described in earlier work.1 

Briefly, 280 µL of 1% NaOCl in 0.4 M NaOH solution was added to 2 mL of ammonia sample 

solution, followed by 280 µL of 2.5 M sodium salicylate, 3.5 mM sodium nitroprusside solution. 

The resulting solution was mixed vigorously and left to evolve color in the dark for at least 2 hours. 

The absorbance spectrum of the resulting solution was measured using an Ocean Optics FlameS 

UV-Vis spectrophotometer. The relevant signal for ammonia quantification was taken to be the 

difference in absorbance values at 650 nm and 475 nm to avoid overestimating the amount of 

ammonia produced.1 A fresh ammonia calibration curve was made for each quantification batch. 

Calibration curves were made by adding 100 or 200 µL of electrolyte, depending on the dilution 

that is being calibrated for, to solutions of known ammonium sulfate concentrations ranging from 

0 to 80 µM. A typical calibration curve and absorbance spectra can be seen in Fig. S22. The 

addition of most proton donors to the electrolyte used does not change the calibration curve 
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significantly; proton donors which may affect the quantification (such as thiols or long-chain 

alcohols) were typically removed by extraction prior to quantification (Table S2). The lowest 

accurately quantifiable concentration of ammonia in the solutions was typically 2 µM, computed 

from the error in the intercept of the calibration curve. Assuming a ten-fold dilution of the 

electrolyte solution to make a sample, the minimum quantifiable ammonia FE from a typical 

experiment is 0.1%. 

Validating ammonia quantification assay 

To confirm the accuracy of the colorimetric assay in the presence of proton donors, we 

compared it to NMR-based ammonia quantification (Fig. S9), which has been shown to be accurate 

in varied electrolytes.10 A simulated electrolyte containing 0.6 M 1-hexanol, 1 M LiBF4 in THF 

was made, adding 0.1 M NH4Cl solution at a volume specified by a MATLAB script written to 

generate volumes corresponding to total NH4
+ concentrations drawn randomly from a uniform 

distribution between 0.2 and 5 mM. The 1.75 ml simulated electrolyte solution was diluted to 4 

mL with 0.05 M H2SO4 in water for acidification. 

For colorimetric ammonia quantification, 1140 μL of the acidified solution was diluted to 

5 mL with 0.05 M H2SO4; the dilution corresponds to an effective 10-fold dilution of the original 

electrolyte. The solution was extracted thrice with 3 mL of hexanes to remove hexanol. To aid in 

phase separation, the solution was centrifuged at 1000 rpm for 10s after each hexane addition. The 

aqueous phase was used to prepare the following solutions for quantification using the colorimetric 

assay: 

• 1500 μL of the aqueous phase, 500 μL of 0.4 M NaOH 

• 750 μL of the aqueous phase, 250 μL of 0.4 M NaOH, 1000 μL DI water 

• 600 μL of the aqueous phase, 200 μL of 0.4 M NaOH, 1200 μL DI water 

• 375 μL of the aqueous phase, 125 μL of 0.4 M NaOH, 1500 μL DI water 

• 300 μL of the aqueous phase, 100 μL of 0.4 M NaOH, 1600 μL DI water 

• 225 μL of the aqueous phase, 75 μL of 0.4 M NaOH, 1700 μL DI water 

• 150 μL of the aqueous phase, 50 μL of 0.4 M NaOH, 1800 μL DI water 

The ammonia content in these solutions was determined using a standard calibration curve as 

described in the “Ammonia quantification” section of the Supplementary Methods. Samples found 

to have ammonia concentrations greater than the range of the calibration curve (>70 μM) were 

discarded from further analysis, so as not to extrapolate into regions where the concentration-

absorbance relationship may not be linear.  

Three calibration solutions for NMR quantification were prepared by adding known 

volumes of 0.1 M NH4Cl to 1.75 mL of 0.6 M 1-hexanol, 1 M LiBF4 in THF electrolyte to obtain 

effective ammonia concentrations of 0.2 mM, 1 mM, and 5 mM. The solutions were acidified to 4 

mL with 0.05 M H2SO4. To 2 mL of the acidified solutions (one experimentally-derived and three 

calibration) 1 mM of maleic acid was added as an internal standard (40 μL of 50 mM maleic acid 

in water). NMR spectra of the acidified solutions were measured on a three-channel Bruker Avance 
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Neo spectrometer operating at 400.17 MHz. Locking and shimming were done on the 1H of water 

in solution (no deuterium was added). Solvent suppression of the three largest peaks (1 from water, 

2 from THF) was used to increase the quality of the ammonia and maleic acid peaks. The relative 

integration area of the ammonia (7.0-7.3 ppm) and maleic acid (6.37 ppm) peaks were used to 

make a calibration curve and determine the concentration of ammonia in the unknown solution. 

Computational model  

Equations 1-7 in the main text and S1-S8 in the Supplementary Discussion (see below) 

were used to develop a computational model predicting the ammonia yields in the system as a 

function of kinetic and mass transport properties. The model was also used to generate the data 

depicted in Fig. 4c, d and Fig. S15, Fig. S17, Fig. S23, Fig. S24. All modeling and data generation 

was done in MATLAB 2020a. The code used for modeling is available upon request. 

First, the fraction of permeable SEI (𝜃) was computed using eq. S8 (see Supplementary 

Discussion). A stand-alone function for computing 𝜃 which took the values of the necessary 

parameters (�̃�𝑝,𝑠𝑙𝑜𝑤, �̃�𝑝,𝑓𝑎𝑠𝑡 , �̃�𝑖,𝑠𝑙𝑜𝑤,  �̃�𝐻𝐴) as inputs was written. In the function, the value of the 

following residual, derived from eq. S8, was minimized 

𝑞1 = 𝜃 −
�̃�𝑝,𝑠𝑙𝑜𝑤�̃�𝐻𝐴(1 − 𝜃) + �̃�𝑝,𝑓𝑎𝑠𝑡 �̃�𝐻𝐴𝜃

(�̃�𝑝,𝑠𝑙𝑜𝑤�̃�𝐻𝐴 + �̃�𝑖,𝑠𝑙𝑜𝑤)(1 − 𝜃) + (�̃�𝑝,𝑓𝑎𝑠𝑡 �̃�𝐻𝐴 + 1)𝜃
 

using MATLAB’s built-in optimization function lsqnonlin. 𝜃 was constrained to the interval [0; 1], 

an initial guess of 0.5 was used. A function tolerance and optimality tolerance of 10-9 were used, 

with a maximum of 300 iterations. 

After solving for 𝜃 using a given set of parameters, the Faradaic efficiency toward 

ammonia, hydrogen, and lithium could be computed. A standalone function which took the values 

of 𝜃, concentrations of nitrogen and proton donor (𝐶𝑁2,𝑏𝑢𝑙𝑘 and 𝐶𝐻𝐴,𝑏𝑢𝑙𝑘), current density (𝐼) and 

necessary parameters (𝑘𝑁, 𝑘𝐻, 𝐷𝑁2,𝑖, 𝐷𝑁2,𝑝, 𝐷𝐻𝐴,𝑖, 𝐷𝐻𝐴,𝑝) and gave the Faradaic efficiencies was 

used. In this function, the normal of the following residual vector was minimized: 

𝑞2 = (

𝑘𝑁𝐶𝑁2,𝑆𝐶𝐿𝑖 − (𝐷𝑁2,𝑖(1 − 𝜃) + 𝐷𝑁2,𝑝𝜃) ∙ (𝐶𝑁2,𝑏𝑢𝑙𝑘 − 𝐶𝑁2,𝑆)

𝑘𝐻𝐶𝐻𝐴,𝑆𝐶𝐿𝑖 + 6𝑘𝑁𝐶𝑁2,𝑆𝐶𝐿𝑖 − (𝐷𝐻𝐴,𝑖(1 − 𝜃) + 𝐷𝐻𝐴,𝑝𝜃) ∙ (𝐶𝐻𝐴,𝑏𝑢𝑙𝑘 − 𝐶𝐻𝐴,𝑆)

𝐼 − 𝐹(𝑘𝐻𝐶𝐻𝐴,𝑆𝐶𝐿𝑖 − 6𝑘𝑁𝐶𝑁2,𝑆𝐶𝐿𝑖)

) 

using MATLAB’s built-in optimization function lsqnonlin by varying the values of 𝐶𝑁2,𝑆, 𝐶𝐻𝐴,𝑆, 

𝐶𝐿𝑖. The lower bounds for all values were zero. The upper bounds for 𝐶𝑁2,𝑆 and 𝐶𝐻𝐴,𝑆 were 𝐶𝑁2,𝑏𝑢𝑙𝑘, 

𝐶𝐻𝐴,𝑏𝑢𝑙𝑘, while the upper bound for 𝐶𝐿𝑖 was arbitrarily set to 200. The initial guess vector was 

[𝐶𝑁2,𝑏𝑢𝑙𝑘/2, 𝐶𝐻𝐴,𝑏𝑢𝑙𝑘/2, 10−3]. When using lsqnonlin, the sum of squares of every element in the 

vector is minimized. Due to the nature of the system, this naturally attempts to set the first two 

elements (nitrogen and proton donor balance) to zero, while minimizing the value of the third 

element (lithium balance).  

A fixed concentration of 6 (mM) of nitrogen was used in all simulations, while the 

concentration (in mM) of the proton donor could vary. Note that the concentration units used don’t 
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dramatically change the results as usually the ratio of nitrogen and proton donor concentrations 

played a crucial role. A current density of 30 (A m-2) was typically used, though could be varied. 

Faraday’s constant was arbitrarily set to equal 1 (𝐹 = 1), which means all mass transfer 

coefficients need to be appropriately scaled to compare to experimental data. 
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Supplementary Figures 

 

Fig. S1. A depiction of the 2-compartment cell used in electrochemical experiments. The cell 

body is made of polyether ether ketone (PEEK) polymer. Platinum and polished stainless-steel 

foils were used as the anode and cathode, respectively. The anode and cathode compartments were 

separated by a piece of polyporous Daramic 175 separator. IDEX fittings were used to feed gases 

and plug unused holes.  
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Fig. S2. Thresholding behavior observed for Faradaic efficiency as a function of proton 

donor concentration when ethanol is used as the proton donor. The data are replotted from 

prior work.1 Experiments were performed using a different cathode material (copper in these data 

as opposed to stainless steel for all other data in this work) and a low current density of 3 mA cm-2.  
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Fig. S3. Nitrogen reduction experiments run with nitrogen-containing proton donors. (a) 

Raw absorbance signal data for runs using 0.2 M ethanolamine or saturated alanine as a proton 

donor in LM-NRR. Note that alanine is not readily soluble in the electrolyte, so a saturated solution 

with a concentration <0.1 M was used. In these experiments, significant absorbance signals were 

detected in the ethanolamine argon blank solutions and alanine-containing solutions. (b) NH3 FE 

values computed from the absorbance signals in (a). Note that a non-zero FE is computed even in 

the ethanolamine argon blank. The FE value computed for the alanine experiment has significant 

uncertainty.  
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Fig. S4. Nitrogen reduction control experiments using isotope-labeled feed gas. (a) Solvent-

suppressed 1H NMR spectra of electrolytes obtained after performing nitrogen reduction with 

various proton donors and either using either 14N2 or 15N2 as the feed gas. When 14N2 was used as 

the feed gas, the ammonia signal appears as a triplet, while when 15N2 is used, the same signal 

appears as a doublet. Note that the chemical shift of BHT was fixed to be 6.98 ppm in all spectra. 

(b) Faradaic efficiency values toward NH3 obtained in the experiments shown in (a). Note that the 

FEs are relatively constant in experiments where the proton donor was constant while the feed gas 

isotope composition was changed. (c) NMR spectra of electrolytes obtained after performing 

nitrogen reduction experiments using ethanolamine as the proton donor. Note that no ammonia is 

detected, despite the colorimetric assay giving a false-positive result (Fig. S3).  
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Fig. S5. Argon blanks for presumed active proton donors. Note that the Faradaic efficiency for 

ammonia production is significantly lower when argon is used as the feed gas than when nitrogen 

is used as the feed gas. This suggests that the proton donors are in fact promoting reduction of 

nitrogen to ammonia. Proton donors marked with a star (*) were extracted with hexane prior to 

quantification.  
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Fig. S6. Use of butanol as proton donor with a gas diffusion electrode. When using a stainless 

steel gas diffusion electrode described in the literature,9 the FE is higher when compared to the 

flooded case. Using butanol as the proton donor under the same conditions and at an optimized 

concentration (0.13 M), the FE toward ammonia obtained is higher (n=2) both than those obtained 

using ethanol and than the FE value reported in the literature. This demonstrates that butanol is a 

consistently more efficient proton donor for nitrogen reduction than ethanol.  
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Fig. S7. Demonstration of effect of proton donor on lithium-mediated nitrogen reduction. By 

temporally separating the application of current (i), the addition of nitrogen gas, and the addition 

of proton donor (HA), the effect of proton donor can be elucidated. There is evidence that the 

presence of proton donor is necessary during or before addition of nitrogen to promote ammonia 

formation. In the absence of proton donor, nitrogen does not react with plated lithium even when 

the electrolyte is removed (exp 8), which suggests that the electrolyte inhibits the lithium during 

or soon after the plating process. The dotted line represents a 0.5% ammonia FE, which is the 

threshold used for defining active nitrogen reduction.  
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Fig. S8. Electrochemical impedance spectroscopy (EIS) measurements of the cell in the 

presence and absence of proton donor. All spectra were measured using potential impedance 

spectroscopy (PEIS) with frequencies ranging from 200 kHz to 500 mHz. However, the higher 

frequency points were removed, and only the data for 20 kHz to 500 mHz are shown. (a, b) 

Evolution of EIS spectra in (a) the absence of proton donor and (b) in the presence of 0.2 M 

ethanol. Between each measurement, a constant current of 500 μA was applied for 30 seconds (15 

mC of charge), and open circuit was maintained for 10 seconds. (c) Initial PEIS spectra in the two 

electrolytes in the absence of plated lithium. (d) PEIS after applying 150 mC worth of current. As 

current is applied, distinct semi-circle features appear in the case where proton donor is present, 

likely demonstrating capacitive behavior of the electrode. In the proton donor-free case, an ill-

defined feature is rapidly established and does not significantly change with time. 
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Fig. S9. Validation of accuracy of colorimetric quantification assay. (a) NMR spectra of 

ammonia-containing solutions with maleic acid as an internal standard. (b) Calibration curve 

obtained from NMR spectra in (a), along with the tested ammonia-containing sample, marked with 

a star. (c) Comparison of ammonia concentration measured using the salicylate assay and the NMR 

method. They are in good agreement (<10% difference).  
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Fig. S10. Faradaic efficiency toward ammonia for a number of simple alcohols. Note that the 

data here were collected at 3 mA cm-2 and on polished copper cathodes. All proton donor donors 

had some thresholding behavior with concentration, with the threshold concentration value and 

magnitude varied between proton donors. 
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Fig. S11. Electrode surface residues after electrolysis for different proton donors, 

concentrations, and applied current densities. Note that not all photographs were taken in 

identical lighting conditions, so some color differences not be representative of the actual 

electrode. Some of electrodes have residues of drying electrolyte around the edges. As the 

concentrations of proton donor increase, the amount of lithium (brown-grey residue) decreases, 

and the amount of other, non-lithium residues (white, grey, clear) increases. The presence of 

lithium was determined in certain areas of the electrode by observing vigorous bubbling when in 

contact with water (likely forming hydrogen); regions with non-lithium residues showed no 

bubbling upon addition of water.   
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Fig. S12. Faradaic efficiency toward soluble reduced nitrogen species, e.g. lithium nitride, as 

a function of hexanol concentration on low current density experiments. The residual nitrogen 

species were solubilized by adding 0.05 M H2SO4 to the cell after removing electrolyte without 

disassembling the cell. This dissolved all residual lithium and surface species (Fig. S11), while 

also picking up any ammonia in the residual electrolyte. At low hexanol concentrations, no 

ammonia was detected in the electrolyte, and no additional ammonia was detected from dissolved 

residue. At 0.5 M, a non-zero residual ammonia concentration was detected, though it is likely that 

the ammonia detected comes from residual electrolyte on the walls of the cell, as a large 

concentration of ammonia was also detected in the electrolyte. The red line is the same red line 

used in Fig. 3b to guide the eye and is shown here to compare solution phase ammonia FE and 

residual electrode FE.  
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Fig. S13. Effects of proton donor pKa or diffusivity on maximum obtained ammonia FE. (a, 

b) Relationships between selected proton donor pKa and maximum obtained ammonia FE and 

binary activity (active if FE > 0.5%, inactive if FE < 0.5%), respectively. (c, d) Relationships 

between selected proton donor diffusivity and maximum obtained ammonia FE and binary activity, 

respectively. 
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Fig. S14. Effects of proton donor pKa and diffusivity on maximum obtained ammonia FE. 

(a, b) Maximum obtained NH3 FE plotted on proton donor pKa-diffusivity axes using a colormap 

and different sized points to represent FE, respectively.  
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Fig. S15. Fraction of permeable SEI in the two-phase SEI model as a function of proton 

donor concentration with various model parameter combinations. (a) Effect of changing the 

rate of impermeable SEI formation through the impermeable SEI. As this rate increases, the curve 

takes on a more sigmoidal shape and the activation concentration increases. (b) Effect of changing 

the rate of permeable SEI formation through the impermeable SEI. As this rate decreases, the curve 

takes on a more sigmoidal shape, with a sudden increase in 𝜃 above a threshold concentration. (c) 

Effect of changing the rate of permeable SEI formation through the permeable SEI. As this rate 

increases, the threshold concentration decreases, and the rate of change of 𝜃 with respect to 

concentration at activation increases. (d) A plot similar to (c), but with parameter values optimized 

to show the change activation concentration as a function of the value of the parameter responsible 

for permeable SEI formation using the permeable SEI.  
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Fig. S16. Validating the lack of direct electrochemical nitrogen reduction All experiments in 

this figure were performed using a stainless steel foil, a 0.1 M ethanol in 1 M LiBF4 electrolyte 

under an N2 atmosphere. (a) Cyclic voltammetry experiments to establish the onset potential for 

lithium plating. At potentials more reductive than -3.12 V vs the Ag/AgCl pseudoreference, the 

current rapidly increases as lithium is plated. At potentials more oxidative than -3.12 V, the current 

is positive due to lithium stripping. Note the relatively low current in the sweeps below -3.12 V 

(when accounting for capacitive charging with sweep rate). (b) Constant potential holds close to 

the onset potential of lithium plating. At potentials more oxidative than -3.12 V, the total current 

is ~10 μA, which is far lower than the partial current density for nitrogen reduction typically 

observed in this work (in the range of 1 mA). The current increases greatly when the potential is 

more reductive than the onset potential. These phenomena suggest that direct electrochemical 

reduction does not occur, or occurs at negligible rates; instead, nitrogen is reduced only when 

lithium plating occurs. Note the break in the total current y-axis.  
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Fig. S17. Faradaic efficiency toward ammonia and hydrogen predicted by the described 

model as a function of proton donor concentration with various model parameter 

combinations. For all plots, the parameters for the SEI permeability model were constant and as 

follows: 𝑘𝑛,𝑠𝑙𝑜𝑤 = 𝑘𝑛,𝑓𝑎𝑠𝑡 = 1, 𝑘𝑝,𝑠𝑙𝑜𝑤 = 0.01, 𝑘𝑝,𝑓𝑎𝑠𝑡 = 50. A constant current of 30 (A m-2) was 

applied. The FE toward ammonia is represented by solid lines, the FE toward hydrogen is 

presented by dashed lines. (a) Effect of changing the diffusivity of nitrogen through the permeable 

SEI; the diffusivity of nitrogen through the impermeable SEI was assumed to be zero. As the 

diffusivity increases, the peak ammonia FE increases, while the concentration of proton donor at 

which the peak is obtained remains fairly constant. (b) Effect of changing the diffusivity of proton 

donor through the permeable SEI. As the diffusivity decreases, the peak FE and concentration of 

proton donor needed to reach the peak increases. (c, d) Effect of changing the kinetic constant for 

(c) ammonia and (d) hydrogen formation. The ratio of the two kinetic constants defines the 

behavior of the system. The sharpness of the ammonia FE peak decreases as the nitrogen reduction 

rate constant increases, though the peak ammonia FE changes only slightly.  
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Fig. S18. Faradaic efficiency toward ammonia predicted by the described model using 

various assumed orders with respect to lithium for the nitrogen and proton donor reduction 

reactions. The parameters for the SEI permeability model were constant and as follows: 𝑘𝑛,𝑠𝑙𝑜𝑤 =

𝑘𝑛,𝑓𝑎𝑠𝑡 = 1, 𝑘𝑝,𝑠𝑙𝑜𝑤 = 0.01, 𝑘𝑝,𝑓𝑎𝑠𝑡 = 50. The kinetic parameters were constant and as follows: 

𝐷𝐻𝐴,0 = 0.005, 𝐷𝑁2,0 = 0, 𝐷𝐻𝐴 = 1, 𝐷𝑁2
= 2, 𝑘𝐻𝐴 = 2, 𝑘𝑁2

= 1. The order with respect to 

lithium in the nitrogen reduction reaction (𝑟 = 𝑘𝑁𝐶𝑁2,𝑆𝐶𝐿𝑖
𝛼 ) was varied between 1 and 3. The order 

with respect to lithium in the proton donor reduction reaction (𝑟 = 𝑘𝑁𝐶𝐻𝐴,𝑆𝐶𝐿𝑖
𝛽

) was varied 

between 1 and 2. The value of the kinetic constant had to be scaled to account for the formal change 

in units. As the order with respect to lithium increases, the sharpness of the FE-concentration curve 

increases. Increasing the order with respect to lithium for proton donor reduction decreases the 

sharpness. Note that the sharpness and shape of the FE-concentration curve can be also be changed 

by changing the mass transport and kinetic parameters while keeping reaction orders constant.  
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Fig. S19. Various effects of proton donors on the salicylate quantification assay. (a) Effect of 

addition of 0.5 M of 1,2-propanediol and 1,3-propanediol to the electrolyte used to make a 10 v/v% 

electrolyte in water solution containing a known concentration of NH4
+. Note that the addition of 

the proton donors does not significantly alter the peak shape or signal magnitude. (b) Effect of 

addition of 0.2 M of ethyl acetate to the electrolyte used to make a 10 v/v% electrolyte in water 

solution containing 80 µM NH4
+. Note that the shape of the peak changes significantly, rendering 

it useless for quantification of ammonia in the solution. Samples containing protons sources that 

affected the assay were typically extracted with dichloromethane or hexanes prior to 

quantification. 
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Fig. S20. A diagram of the wiring scheme used to measure charge passed in experiments. As 

the DC power source cannot independently quantify charge, the current passed through the circuit 

was measured with an accurate VMP3 potentiostat.  
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Fig. S21. Effect of water in the proton donor on nitrogen reduction activity (a, b) Dependence 

of the maximum ammonia FE obtained with a single proton donor on water content (a) parts per 

million (ppm) and (b) millimolar units. Note the maximum FE correlates poorly with water 

concentration (p≈0.12 for a non-zero slope), suggesting that the water content of the proton donor 

is a poor predictor of nitrogen reduction activity. (c) The water content in parts per thousand (ppt) 

of various proton donors before drying with molecular sieves and after. (d) The NH3 FE for several 

proton donors before and after drying the proton donors with molecular sieves. Note that the FE 

does not change in a predictable manner after drying with sieves. 
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Fig. S22. Typical ammonia quantification calibration curves. (a) Absorbance spectra obtained 

from solutions containing known concentrations of ammonia ions in 10 v/v% 1 M LiBF4 in THF 

electrolyte in water. (b) A typical calibration curve made from the spectra in (a). Note that the 

absorbance signal is taken to be the difference between the absorbance at 650 and 475 nm.1 
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Fig. S23. Faradaic efficiency toward ammonia and hydrogen predicted by the described 

model as a function of proton donor concentration at various applied current densities. For 

all plots, the parameters for the SEI permeability model were constant and as follows: 𝑘𝑛,𝑠𝑙𝑜𝑤 =

𝑘𝑛,𝑓𝑎𝑠𝑡 = 1, 𝑘𝑝,𝑠𝑙𝑜𝑤 = 0.01, 𝑘𝑝,𝑓𝑎𝑠𝑡 = 50. The curves for (a) ammonia FE and (b) hydrogen FE 

are plotted separated for improved legibility. The applied current density does not significantly 

change the shape of Faradaic efficiency curves, though the concentration of proton donor 

necessary to reach the peak ammonia concentration increases slightly with current density. At high 

current densities, the ammonia FE peak is slightly lower and wider than at higher ones.
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Fig. S24. Faradaic efficiency toward ammonia and hydrogen predicted by the described 

model as a function of applied current density at varied concentrations of proton donor. The 

parameters for the SEI permeability model were constant and as follows: 𝑘𝑛,𝑠𝑙𝑜𝑤 = 𝑘𝑛,𝑓𝑎𝑠𝑡 =

1, 𝑘𝑝,𝑠𝑙𝑜𝑤 = 0.01, 𝑘𝑝,𝑓𝑎𝑠𝑡 = 50. The kinetic parameters were constant and as follows: 𝐷𝐻𝐴,0 =

0.005, 𝐷𝑁2,0 = 0, 𝐷𝐻𝐴 = 1, 𝐷𝑁2
= 2, 𝑘𝐻𝐴 = 2, 𝑘𝑁2

= 1. The FE toward ammonia is represented 

by solid lines, the FE toward hydrogen is presented by dashed lines. At low applied current 

densities, the Faradaic efficiency toward ammonia increases with current density and reaches a 

peak at an optimal current density, above which the ammonia FE decreases. At the same optimal 

current density, the FE toward hydrogen begins to decrease significantly, likely due to most of the 

current going toward lithium plating. The optimal current density is a strong function of proton 

donor concentration; at proton donor concentrations below the threshold concentration (here ~0.2 

M), little ammonia and hydrogen is made, and most current goes toward lithium plating.  
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Supplementary Tables 

Table S1 Measured water content of selected pure proton donors. 

Proton Donor Water content (ppm) Water concentration (mM) 

1,2-propanediol 2430 ± 30 140 ± 1 

1,3-butanediol 78 ± 9 4.4 ± 0.5 

1,3-propanediol 166 ± 2 9.7 ± 0.1 

1-butanol 470 ± 10 21.3 ± 0.6 

1-heptanol 123.6 ± 0.9 5.62 ± 0.04 

1-hexanol 383 ± 5 17.5 ± 0.2 

1-octanol 239 ± 1 11.04 ± 0.05 

1-pentanol 346 ± 8 15.7 ± 0.4 

1-propanol 310 ± 10 13.7 ± 0.6 

2-propanol 860 ± 5 37.6 ± 0.2 

Benzyl alcohol 820 ± 10 47.1 ± 0.6 

Cyclohexanol 455 ± 8 24.3 ± 0.4 

Ethanol 668 ± 6 29.3 ± 0.3 

Ethylene glycol 39 ± 1 2.42 ± 0.07 
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Table S2. Experimentally tested proton donors and details of experimental results. Proton 

donors were tested at several concentrations (see Supplementary methods); the concentration at 

which the highest FE was obtained is reported along with the FE. If ammonia quantification 

solutions required extraction (see Supplementary methods), the proton donors are marked with * 

or ** when hexanes and DCM was used, respectively. The binary activity classification is also 

given. The charge passed in the experiment with highest FE is given. 

Proton Donor 
Max NH3 FE 

(%) 

Conc. at max FE 

(M) 

Activity 

classification 

Charge 

(C) 

1,2-propanediol 0.04 ± 0.02 0.20 FALSE 7.2 

1,3-butanediol 1.65 ± 0.17 0.20 TRUE 7.2 

1,3-propanediol 8.38 ± 1.51 0.10 TRUE 7.2 

1,4-cyclohexanedimethanol 0.84 ± 0.17 0.40 TRUE 2.1 

1,5-pentanediol 4.43 ± 1.39 0.20 TRUE 1.5 

1-butanol 15.58 ± 5.29 0.10 TRUE 7.2 

1-decanol* 0.09 ± 0.05 1.00 FALSE 7.2 

1-heptanol* 2.19 ± 0.08 1.00 TRUE 7.2 

1-hexanol* 7.79 ± 0.55 0.60 TRUE 7.2 

1-nonanol* 0.18 ± 0.08 0.60 FALSE 7.2 

1-octanol* 0.08 ± 0.05 0.20 FALSE 7.2 

1-pentanol 10.42 ± 3.06 0.20 TRUE 7.2 

1-phenylethanol 1.02 ± 0.2 0.80 TRUE 7.2 

1-propanol 9.93 ± 1.2 0.10 TRUE 7.2 

2,2,2-trifluoroethanol 0.02 ± 0.06 0.40 FALSE 7.2 

2,2-difluoroethanol 0.02 ± 0 0.50 FALSE 7.2 

2,2-dimethyl-1,3-

propanediol 0.02 ± 0.05 0.20 FALSE 7.2 

2-butanol 1.36 ± 0.06 1.00 TRUE 7.2 

2-chloroethanol 0.06 ± 0.02 0.20 FALSE 7.2 

2-ethyl-1-butanol 3.62 ± 0.59 0.20 TRUE 7.2 

2-methoxyethanol 0.27 ± 0.23 0.40 FALSE 7.2 

2-phenylethanol 1.64 ± 0.26 0.90 TRUE 7.2 

2-phenylpropan-2-ol 4.71 ± 0.38 0.20 TRUE 7.2 

3-butene-1-ol 1.94 ± 0.08 0.60 TRUE 7.2 

3-hydroxytetrahydrofuran 8.6 ± 0.99 0.10 TRUE 7.2 

4-methoxybutan-1-ol 0.34 ± 0.02 0.40 FALSE 7.2 

Acetic acid 0.19 ± 0.07 0.07 FALSE 7.2 

Allyl alcohol 0.69 ± 0.14 0.60 TRUE 7.2 

Benzyl alcohol 0.34 ± 0.21 0.80 FALSE 7.2 

Cinnamyl alcohol 0.05 ± 0.09 0.20 FALSE 7.2 

Cyclohexanol 0 ± 0.04 0.60 FALSE 7.2 

Ethanol 13.16 ± 1.27 0.10 TRUE 7.2 

Ethyl acetate** 0.15 ± 0.06 0.20 FALSE 7.2 

Ethylene glycol 0.44 ± 0.03 0.40 FALSE 4.1 

Formic acid 0 ± 0.07 0.20 FALSE 7.2 

Glycerol 4.2 ± 0.45 0.20 TRUE 4.6 
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Hexafluoro isopropyl 

alcohol 0.03 ± 0.09 0.40 FALSE 7.2 

Hexanoic acid 0 ± 0.07 0.20 FALSE 7.2 

Isoamyl alcohol 6.74 ± 2.24 0.60 TRUE 7.2 

Isobutanol 3.09 ± 0.43 0.40 TRUE 7.2 

Isopropyl alcohol 3.12 ± 0.61 0.20 TRUE 7.2 

Lactic acid -0.03 ± 0.22 0.10 FALSE 7.2 

Methanol 6.55 ± 1.41 0.20 TRUE 7.2 

Phenol -0.05 ± 0.06 0.20 FALSE 7.2 

Propanethiol** 0.03 ± 0.03 0.10 FALSE 7.2 

t-butyl alcohol 0.57 ± 0.08 0.60 FALSE 7.2 

Triethylene glycol -0.15 ± 0.03 0.20 FALSE 7.2 

Water -0.06 ± 0.02 0.20 FALSE 7.2 

Table S3. Concentrations of surveyed proton donors obtained ammonia FEs. All survey 

experiments were performed at 20 mA cm-2 applied current density, though some experiments had 

lower applied current density due to the required total cell voltage exceeding that obtainable by 

the DC power source. Selected proton donors were further tested at different concentration and 

current density conditions. 

Proton donor 
Concentration (M) NH3 FE (%) 

Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 

1,2-propanediol 0.2 0.4 0.6 0.04 0.04 -0.03 

1,3-butanediol 0.1 0.2 0.4 1.35 1.65 0.25 

1,3-propanediol 0.1 0.2 0.3 8.38 1.42 0.40 

1,4-

cyclohexanedimethanol 
0.2 0.4 0.6 0.07 0.84 0.72 

1,5-pentanediol 0.05 0.1 0.2 0.21 1.66 4.43 

1-butanol 0.05 0.1 0.2 0.08 15.58 7.82 

1-decanol 0.2 0.6 1 0.04 0.00 0.09 

1-heptanol 0.2 0.6 1 0.06 0.23 2.19 

1-hexanol 0.2 0.6 1 0.77 7.79 5.82 

1-nonanol 0.2 0.6 1 0.18 0.18 0.07 

1-octanol 0.2 0.6 1 0.08 0.05 0.01 

1-pentanol 0.2 0.4 0.6 10.42 2.39 2.33 

1-phenylethanol 0.2 0.4 0.8 0.09 0.07 1.02 

1-propanol 0.05 0.1 0.2 2.85 9.93 7.07 

2,2,2-trifluoroethanol 0.1 0.2 0.4 -0.01 -0.01 0.02 

2,2-difluoroethanol 0.2 0.5 0.8 0.00 0.02 0.00 

2,2-dimethyl-1,3-

propanediol 
0.2 0.4 0.6 0.02 -0.07 -0.03 

2-butanol 0.2 0.6 1 0.56 1.34 1.36 

2-chloroethanol 0.2 0.6 1 0.06 -0.02 0.01 

2-ethyl-1-butanol 0.2 0.6 1 3.62 1.21 1.05 

2-methoxyethanol 0.1 0.2 0.4 0.21 -0.03 0.27 

2-phenylethanol 0.2 0.5 0.9 0.10 0.47 1.64 

2-phenylpropan-2-ol 0.2 0.4 0.7 4.71 0.87 -0.06 
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3-butene-1-ol 0.2 0.4 0.6 -0.05 1.77 1.94 

3-hydroxytetrahydrofuran 0.1 0.2 0.4 8.60 5.12 0.36 

4-methoxybutan-1-ol 0.2 0.4 0.8 -0.01 0.34 0.05 

Acetic acid 0.07 0.12 0.2 0.19 -0.07 0.04 

Allyl alcohol 0.2 0.4 0.6 0.02 -0.03 0.69 

Benzyl alcohol 0.2 0.5 0.8 0.20 0.29 0.34 

cinnamyl alcohol 0.2 0.4 0.6 0.05 -0.06 -0.07 

Cyclohexanol 0.2 0.6 1 0.00 0.00 -0.14 

Ethanol 0.1 0.2 0.4 13.16 6.59 2.64 

Ethyl acetate 0.2 0.6 1 0.15 0.13 0.12 

Ethylene glycol 0.1 0.2 0.4 -0.05 0.00 0.44 

Formic acid 0.1 0.2 0.3 0.00 0.00 -0.05 

Glycerol 0.07 0.1 0.2 0.04 0.39 4.20 

Hexafluoro isopropyl 

alcohol 
0.2 0.4 0.6 -0.05 0.03 -0.07 

Hexanoic acid 0.2 0.4 0.6 0.00 -0.08 -0.16 

Isoamyl alcohol 0.2 0.6 1 0.04 6.74 3.78 

Isobutanol 0.2 0.4 0.6 1.24 3.09 1.64 

Isopropyl alcohol 0.2 0.4 0.6 3.12 1.47 1.34 

Lactic acid 0.1 0.15 0.2 -0.03 -0.08 -0.08 

Methanol 0.1 0.2 0.4 1.55 6.55 2.28 

Phenol 0.2 0.6 1 -0.05 -0.13 -0.17 

Propanethiol 0.1 0.2 0.4 0.03 -0.03 -0.04 

t-butyl alcohol 0.2 0.6 1 0.40 0.57 0.06 

Triethylene glycol 0.2 0.4 0.8 -0.15 -0.16 -0.17 

Water 0.2 0.4 0.8 -0.06 -0.07 -0.09 
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Table S4. Experimentally measured ammonia Faradaic efficiency as a function of selected 

proton donor concentration. The experiments were performed at high applied current density 

(20 mA cm-2). These data are plotted in Fig. 3a. 

Proton donor 

CHA 

(M) 

Run 1 FE 

(%) 

Run 2 FE 

(%) 

Run 3 FE 

(%) 

Run 4 FE 

(%) 

Average FE 

(%) 

Isoamyl 

alcohol 0.1 0.78 0.06 2.84 - 1.2 ± 1.4 

Isoamyl 

alcohol 0.2 3.31 1.71 5.17 - 3.4 ± 1.7 

Isoamyl 

alcohol 0.35 0.78 0.06 2.84 - 4.9 ± 0.8 

Isoamyl 

alcohol 0.5 1.86 3.07 2.59 - 2.5 ± 0.6 

Isoamyl 

alcohol 0.6 2.30 3.12 3.08 - 2.8 ± 0.5 

Isoamyl 

alcohol 0.75 2.65 2.90 2.95 - 2.8 ± 0.2 

Isobutanol 0.1 1.32 0.27 - - 0.8 ± 0.7 

Isobutanol 0.2 4.53 4.26 - - 4.4 ± 0.2 

Isobutanol 0.3 2.22 2.98 - - 2.6 ± 0.5 

Isobutanol 0.45 1.28 2.02 - - 1.7 ± 0.5 

Isobutanol 0.6 1.43 1.61 - - 1.5 ± 0.1 

Isobutanol 0.8 1.10 1.68 - - 1.4 ± 0.4 

1-hexanol 0.1 0.47 0.16 0.03 2.47 0.8 ± 1.1 

1-hexanol 0.2 2.63 4.76 2.42 - 3.3 ± 1.3 

1-hexanol 0.35 3.21 3.36 4.98 - 3.8 ± 1.0 

1-hexanol 0.5 2.10 3.59 2.19 3.04 2.7 ± 0.7 

1-hexanol 0.6 6.33 4.69 2.91 - 4.6 ± 1.7 

1-hexanol 0.75 6.35 2.16 1.12 4.94 3.6 ± 2.4 

Table S5. Experimentally measured ammonia Faradaic efficiency as a function of hexanol 

concentration. The experiments were performed at low applied current density (3 mA cm-2). 

These data are plotted in Fig. 3b. 

Proton donor CHxOH (M) Run 1 NH3 FE (%) Run 2 NH3 FE (%) Average NH3 FE (%) 

1-hexanol 0.1 0.08 ± 0.14 0.26 ± 0.22 0.17 ± 0.36 

1-hexanol 0.2 0.21 ±] 0.11 0.23 ± 0.12 0.22 ± 0.16 

1-hexanol 0.35 1.9 ± 0.3 0.4 ± 0.1 1.2 ± 1.1 

1-hexanol 0.5 13.2 ± 0.4 13.8 ± 1.6 13.5 ± 1.6 

1-hexanol 0.6 13.4 ± 1.3 10.6 ± 0.3 12 ± 2.3 

1-hexanol 0.75 14.9 ± 1.9 15 ± 1.4 15 ± 2.4 
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