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Supplementary Figures 

 

Supplementary Fig. 1 | Sandwich cell construction. a, Steps for constructing the sandwich cells 
used in this study. b, Image of Pt pseudo-RE used here.  
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Supplementary Fig. 2 | Experimental setups used in this study. a, Cell setup used in glove box 
for imaging and characterization experiments. b, Cell setup used for experiments outside the 
glovebox, such as product quantification. c-e, Cryo-EM setup to incorporate TEM grids at the 
working electrode. Usually, each cell had four grids included, two Cu grids and two lacey carbon 
grids with deposited Cu chunks. Note that the lacey carbon grids appear darker in color against the 
Cu before experiments were performed (c). Typical working electrode appearance after 
experiments is shown in d and e, with experiments with no proton donor demonstrating a dense 
and mossy deposit (d) and experiments with ethanol having a less obvious surface deposit (e). 
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Supplementary Fig. 3 | Salicylate assay for ammonia quantification. a, sample absorbance 
spectra for 10x dilution calibration. Note that the relevant signal for ammonia quantification is the 
absorbance at 650 nm minus that at 475 nm. b, Sample calibration curves for different dilutions.  
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Supplementary Fig. 4 | Supplementary data for H2 quantification experiments. a, Conversion 
of ethanol to hydrogen gas in systems containing proton donor. b, Hydrogen FE over time from 
in-line GC measurements for systems containing ethanol. To obtain average FEs reported in Figure 
2 of the main text, the middle four points were averaged. The orange trace, labeled “Ar, EtOH, 3” 
was discarded in average FE calculation because of a leak in the connection between the cell and 
the GC leading to abnormally low FEs. c, Hydrogen FE over time from in-line GC measurements 
for systems without proton donor. To obtain average FEs reported in Fig. 2 of the main text, the 
middle four points were averaged. Error bars in a are 1 standard deviation, n ≥ 3. 
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Supplementary Fig. 5 | Details of GC-TCD hydrogen quantification calibration. a, Plot of 
hydrogen concentration versus peak area for experiments using Ar feed gas. Calibration data 
(black circles) were used to generate piecewise fits for three different regions of the plot, shown 
with purple dashes, aqua dots, and teal dot-dashes. Raw data for hydrogen quantification of 
systems using Ar gas flow are included (red triangles – Ar, no HA; orange squares – Ar, EtOH) to 
show which regions of the fits had the highest density of data. b, Analogous plot to a, but for 
experiments using N2 feed gas. (blue triangles – N2, no HA; green squares – N2, EtOH). c, Example 
TCD signal from a GC calibration data point for 1256 ppm H2 using Ar feed gas. The Ar is 
effectively separated from H2 using a molecular sieve column and relatively low temperatures 
(40°C), but its magnitude is large enough that it may still distort the H2 peak somewhat. d, Example 
TCD signal from a GC calibration data point for 1256 ppm H2 using N2 feed gas. 
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Supplementary Fig. 6 | Raw stripping data replicates for each of the four model systems. 
Each consists of 20 minutes of LiMEAS (-3 mA/cm2), 10 s OCV, then stripping at -3 mA/cm2 
until the working electrode potential exceeded 0V vs RE. Note that the calculated Li0 FE was 
calculated based on a specific stripping cutoff reached before 0 V vs RE (See Supplmentary Fig. 
7). a, No HA, Ar. b, No HA, N2. c, EtOH, Ar. d, EtOH, N2. 
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Supplementary Fig. 7 | Raw data from key steps in lithium stripping experiments. a, 10s of 
open circuit following LiMEAS step, which was used as an approximate measure of ELi/Li+ by 
averaging the potential of the first 10 points. b,c, Raw stripping data from each replicate. Circles 
represent what the stripping cutoff would be if it is set to be +1 V vs ELi/Li+ (as measured by OCV 
following LiMEAS), which is conventionally used as the stripping cutoff for lithium Coulombic 
efficiency measurements.1 Squares represent the stripping cutoff ultimately used, which is the 
point at which 𝒅𝒅𝒅𝒅

𝒅𝒅𝒅𝒅
> 𝟎𝟎.𝟎𝟎𝟎𝟎 V/s. Note that this cutoff enables estimation of a stripping efficiency 

that is less sensitive to drifts in pseudo-RE potential. Data is divided into two plots to allow for x-
axis scales that allow for observation of all stripping profiles, even those with very short stripping 
times. Note that all but one of the experiments conducted with ethanol present have ~0 stripping 
efficiency (b), while all experiments without proton donor had stripping efficiency >0 (c).  
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Supplementary Fig. 8 | Ferrocene calibration for the Pt pseudo-reference electrode used in 
stripping experiments. These CVs were conducted in a single cell, first filled with electrolyte 
lacking proton donor, then swapped out for electrolyte containing 0.1 M ethanol. Aside from 
proton donor, the electrolyte was identical to that used in the experiments presented in this paper 
(1 M LiBF4 in THF), but with the addition of 7 mM ferrocene. The cell setup was the same as that 
demonstrated in Supplementary Fig. 1, but with Pt foils as both the working and counter electrodes. 
To attempt to replicate the possible drift in pseudo-RE potential that may occur in a normal 
experiment, CVs for each electrolyte were conducted 10 minutes after the addition of electrolyte 
and again 20 minutes after that to represent the potential at the beginning and end of the 20-minute 
LiMEAS steps used in these experiments. The ferrocene redox potential can be estimated for each 
scan by averaging the potentials at which reductive and oxidative peaks occur, revealing that the 
Pt pseudo-RE is close to -0.1 V vs EFc/Fc+. CVs were conducted under 85% IR compensation, used 
a scan rate of 50 mV/s, and the third scan of three was used to estimate the ferrocene redox 
potential.  
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Supplementary Fig. 9 | Enlarged versions of the SEM images shown in Fig. 3 for the Ar, no 
HA case. Red boxes denote the areas used for the cropped versions in the main text. 
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Supplementary Fig. 10 | Enlarged versions of the SEM images shown in Fig. 3 for the N2, no 
HA system. Blue boxes denote the areas used for the cropped versions in the main text. 
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Supplementary Fig. 11 | Enlarged versions of the SEM images shown in Fig. 3 for the Ar, 
EtOH system. Orange boxes denote the areas used for the cropped versions in the main text. 
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Supplementary Fig. 12 | Enlarged versions of the SEM images shown in Fig. 3 for the N2, no 
HA system. Green boxes denote the areas used for the cropped versions in the main text. 
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Supplementary Fig. 13 | Particle size analysis of SEM images from systems with ethanol. 
ImageJ software was used to measure the size of clearly visible particles, with size defined as 
approximately the longest distance across the particle in the vertical direction. Two SEM images 
from each experiment were used, all at 5k magnification for consistent sample area representation. 
Histograms of particle sizes are displayed on the right, with dotted vertical lines at the mean 
particle size for each sample. Note that the particle size varies widely in the argon case, with the 
largest particles measuring about 3 μm. The particle sizes in the nitrogen experiments appear more 
normally distributed, with average particle sizes near 0.8-0.9 μm. 
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Supplementary Fig. 14 | Enlarged versions of the cryo-TEM images shown in Fig. 3 for the 
Ar, no HA system.  
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Supplementary Fig. 15 | Enlarged versions of the cryo-TEM images shown in Fig. 3 for the 
N2, no HA system. 
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Supplementary Fig. 16 | Enlarged versions of the cryo-TEM images shown in Fig. 3 for the 
Ar, EtOH system. 
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Supplementary Fig. 17 | Enlarged versions of the cryo-TEM images shown in Fig. 3 for the 
N2, EtOH system. 
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Supplementary Fig. 18 | Enlarged versions of cryo-TEM SAED images shown in Fig. 3. a, 
Ar, no HA. b, N2, no HA. c, Ar, EtOH. d, N2, EtOH. Miller indices are assigned for a, b, and c, 
which correspond to crystalline lithium viewed along the [111] zone axis. It is possible to estimate 
the (110) lattice distance by measuring the distance between (𝟏𝟏𝟏𝟏𝟎𝟎) and (𝟏𝟏�𝟏𝟏�𝟎𝟎), then dividing by 
2 and converting to real space by taking the reciprocal. In b, we measure a distance of 7.74 nm-1, 
which corresponds to a (110) lattice distance of 2.58 Å while in c, we measure a distance of 8.20 
nm-1, which corresponds to a (110) lattice distance of 2.44 Å. These values are close to (110) lattice 
spacings previously observed in literature.2 
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Supplementary Fig. 19 | Cryo-scanning transmission electron microscopy (STEM) energy-
dispersive X-ray spectroscopy (EDS) mapping of the Ar, no HA system. Strong signal from 
the Cu grid makes rigorous analysis of these maps challenging. Also, note that EDS provides only 
elemental analysis, not information about chemistry or local bonding environments, and only 
detects elements heavier than boron. These limitations were part of the motivation behind 
conducting XPS on the same four model systems, but EDS maps can still provide insights into the 
elements present in SEI species, and may give preliminary insights into local variations in 
elemental composition. Maps are shown only for the elements detected above the spectrometer 
threshold concentration.  
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Supplementary Fig. 20 | Cryo-STEM EDS mapping of the N2, no HA system. 
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Supplementary Fig. 21 | Cryo-STEM EDS mapping of the Ar, EtOH system. 
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Supplementary Fig. 22 | Cryo-STEM EDS mapping of the Ar, N2 system. 
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Supplementary Fig. 23 | XPS survey spectra for each of the four model systems. a, Complete 
survey spectra with major peaks labeled. Note that there is no peak in the vicinity of 400 eV, where 
the N 1s signal would appear. b, Zoomed-in view of the binding energies where the N 1s peak 
would occur if there were detectable nitrogen on the surface of the sample. c, Average atomic 
concentration of each element detected in the survey spectra for each of the four model systems. 
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Supplementary Fig. 24 | Complete high-resolution XPS spectra collected for each of the four 
model systems, with relevant species’ binding energies labelled. The y-axis intensity scale for 
each element is consistent across plots.  

  



28 
 

 

Supplementary Fig. 25 | An attempt to dissolve lithium ethoxide in tetrahydrofuran. A yellow 
solution formed, indicating some solubility, but centrifuging reveals that much of the LiOEt 
remains undissolved even after sonication. However, several providers of laboratory chemicals 
advertise a 1 M lithium ethoxide in THF solution that has been discontinued, implying that the salt 
can in theory be dissolved in THF. 
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Supplementary Fig. 26 | Images from a gas-phase nitridation experiment. Lithium foil was 
prepared either by scraping clean (top row) or by scraping clean then dipping in electrolyte to form 
a surface film (bottom row). Then, the vials were purged with nitrogen. “Clean” lithium shows 
clear reaction with nitrogen, forming dark colored Li3N, while the lithium with a pre-formed 
surface film does not obviously react. Quantifying Li3N via acid titration technique confirms this 
result. 
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Supplementary Fig. 27 | SEM images of Cu foils used in cells with Ar feed gas and 0.1 M 1-
butanol as the proton donor. 
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Supplementary Fig. 28 | SEM images of TEM grids used for N2, EtOH experiments 
conducted at different current densities. a, 3 mA/cm2. b, 20 mA/cm2. Note that the high current 
case has very minimal visible material deposited on the grid.  
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Supplementary Fig. 29 | Initial results testing the use of different lithium salts in LiMEAS. 
All experiments were conducted with the usual sandwich cell setup, with -3 mA/cm2 applied for 
20 minutes and 10 sccm N2. Electrolytes contain 1 M total lithium salt + 0.1 M EtOH in THF. For 
mixed salts, the concentration of each salt is 0.5 M. However, for lithium ethoxide (LiOEt), the 
concentration is likely lower because it did not fully dissolve in the electrolyte. Error bars represent 
1 standard deviation from the average of 3 different dilutions of electrolyte from the same 
experiment (n=1), except for LiBF4. For LiBF4, the ammonia FE represents the average value from 
multiple experiments, with the error bar showing 1 standard deviation across these replicates, n≥3. 
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Supplementary Fig. 30 | Ammonia quantification from control experiments. a, To verify that 
the ammonia detected during titration-style quantification of lithium nitride originated from 
surface species and not residual electrolyte, the THF used to rinse the working electrode 
compartment before the titration step was quantified. The THF rinse corresponded to a lower FE 
than the Li3N detected in the subsequent step, confirming this. b, To probe whether lithium 
alloying with the platinum counter electrode during stripping alters working electrode 
performance, a comparison was made between a Pt foil counter electrode with no history of use in 
lithium stripping experiments and a Pt foil that was used in a lithium stripping experiment. Even 
though this foil retained some dark grey color, indicating some irreversible alloying of Pt and Li, 
the resultant FE was well within the normal limits of ammonia FEs expected in this system. 
Nonetheless, for consistency, separate Pt counter electrodes were used for stripping experiments. 
c, Verification that experiments run in the glovebox have the expected ammonia synthesis 
performance. Ammonia was quantified in cells used to prepare XPS samples for each model 
system, as well as in a cell used for cryo-TEM of the N2, EtOH experiment. For all plots, bars 
represent the average the quantification of 2-3 different dilutions of the same electrolyte sample (n 
= 1), with error bars to mark one standard deviation of the dilutions. However, the bars marked 
“average performance” depict the average FE in the N2, EtOH system across multiple replicates 
(n=5), with error bars depicting one standard deviation of these replicates.  
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Supplementary Tables 
 

Supplementary Table 1 | Raw data for NH3 Faradaic efficiencies for the four model systems. 
These data are plotted in Fig. 1c.  

Experiment 

NH3 
FE, 

rep 1 
(%) 

NH3 
FE, 

rep 2 
(%) 

NH3 
FE, 

rep 3 
(%) 

NH3 
FE, 

rep 4 
(%) 

NH3 
FE, 

rep 5 
(%) 

NH3 
FE, 

rep 6 
(%) 

Average 
NH3 FE 

(%) 

NH3 FE 
standard 
deviation 

(%) 
Ar, no HA -0.02 0.45 0.37 -0.24   0.14 0.33 
N2, no HA -0.07 0.07 0.36 0.60 0.60  0.31 0.31 
Ar, EtOH 0.08 0.23 -0.25 0.74 0.68 0.31 0.30 0.37 
N2, EtOH 7.54 2.96 5.65 5.38 7.31  5.77 1.84 

 

Supplementary Table 2 | Raw data for Li3N Faradaic efficiencies for the four model systems. 
These data are plotted in Fig. 1d. 

Experiment 

Li3N 
FE, 

rep 1 
(%) 

Li3N 
FE, 

rep 2 
(%) 

Li3N 
FE, 

rep 3 
(%) 

Li3N 
FE, 

rep 4 
(%) 

Li3N 
FE, 

rep 5 
(%) 

Li3N 
FE, 

rep 6 
(%) 

Average 
Li3N FE 

(%) 

Li3N FE 
standard 
deviation 

(%) 
Ar, no HA -0.02 0.04 0.30 0.05   0.10 0.14 
N2, no HA -0.01 0.04 0.45 0.31 0.10  0.18 0.19 
Ar, EtOH 0.03 0.24 -0.04 0.03 0.18 0.09 0.09 0.10 
N2, EtOH 0.37 0.14 0.37 0.27 0.31  0.29 0.09 

 

Supplementary Table 3 | Raw data for H2 Faradaic efficiencies for the four model systems. 
These data are plotted in Fig. 1e. 

Experiment 
H2 FE, 
rep 1 
(%) 

H2 FE, 
rep 2 
(%) 

H2 FE, 
rep 3 
(%) 

Average H2 
FE 
(%) 

H2 FE 
standard 
deviation 

(%) 
Ar, no HA 1.64 0.57 0.28 0.83 0.58 
N2, no HA 1.83 1.20 0.54 1.19 0.53 
Ar, EtOH 69.38 69.53 40.15 59.69 13.81 
N2, EtOH 62.17 58.50 67.51 62.73 3.70 
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Supplementary Table 4 | Raw data for Li0 Faradaic efficiencies for the four model systems. 
These data are plotted in Fig. 1f. Note that 0.01% is the lowest achievable FE because the first data 
point in each stripping experiment occurs t = 0.153 s after the stripping step begins.  

Experiment 
Li0 FE, 
rep 1 
(%) 

Li0 FE, 
rep 2 
(%) 

Li0 FE, 
rep 3 
(%) 

Li0 FE, 
rep 4 
(%) 

Li0 FE, 
rep 5 
(%) 

Average 
Li0 FE 

(%) 

Li0 FE 
standard 
deviation 

(%) 
Ar, no HA 60.17 55.64 58.71 51.05  56.39 3.49 
N2, no HA 71.09 70.85 63.57 59.5  66.25 4.93 
Ar, EtOH 0.01 0.01 31.39 0.01 0.01 6.29 12.55 
N2, EtOH 0.01 0.02 0.01 0.01  0.01 0.00 

 

Supplementary Table 5 | Raw data for percent atomic concentrations of each element 
detected in XPS. Values listed include spectra collected at two different locations on the same 
sample. These data are plotted in Supplementary Fig. 23c.  

Experiment F (%) O (%) C (%) B (%) Li (%) 

Ar, no HA 

spot 1 43.22 7.14 8.39 6.01 35.23 
spot 2 42.73 6.87 7.87 6.69 35.85 

average 42.98 7.01 8.13 6.35 35.54 
std. dev. 0.35 0.19 0.37 0.48 0.44 

N2, no HA 

spot 1 47.92 6.14 7.27 7.25 31.42 
spot 2 45.42 6.12 8.19 7.72 32.56 

average 46.67 6.13 7.73 7.49 31.99 
std. dev. 1.77 0.01 0.65 0.33 0.81 

Ar, EtOH 

spot 1 23.51 25.05 8.29 8.53 34.62 
spot 2 23.45 28.87 10.16 10.59 26.93 

average 23.48 26.96 9.23 9.56 30.78 
std. dev. 0.04 2.70 1.32 1.46 5.44 

N2, EtOH 

spot 1 35.77 15.68 5.78 7.51 35.25 
spot 2 33.38 14.59 4.97 7.44 39.63 

average 34.58 15.14 5.38 7.48 37.44 
std. dev. 1.69 0.77 0.57 0.05 3.10 
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Supplementary Discussion 
 

Ensuring reproducibility in results 
 As many of the conclusions in this work are qualitative in nature, special care was taken in 
ensuring that results are reproduceable and major takeaways are supported by a variety of 
techniques. What follows is a brief summary of the evidence supporting each high-level conclusion 
in this work:  

1. The reaction between lithium and nitrogen is suppressed by the SEI formed in the absence 
of proton donor.  

• Titration-style quantification of lithium nitride (Fig. 2d) was performed at least 
three times for each of the model systems, and these results consistently show 
that the Li3N FE is zero for the N2/no HA system, and small but nonzero for the 
N2/EtOH system.  

• Lithium stripping experiments performed without proton donor (Fig.2f) reliably 
show that most of the charge passed in the system goes toward metallic lithium 
that remains electrochemically-connected to the surface of the working 
electrode regardless of whether the feed gas was Ar or N2. In fact, the average 
metallic lithium FE from the N2/no HA system is actually slightly greater than 
the Ar/no HA system, indicating that the stability of lithium protected by a 
passivating SEI. These results were confirmed with at least three replicates of 
each stripping experiment performed by the first author of this work, plus an 
additional replicate of the N2/no HA stripping experiment performed 
independently by another author.  

• Several gas-phase nitridation experiments (Supplementary Fig. 26) were 
performed by flowing N2 over lithium foils that were either “clean” (polished, 
no pre-formed SEI) or dipped in electrolyte to form a passivation layer. The 
results from these two experiments were notably different, with the “clean” foils 
developing Li3N nuclei within an hour and converting fully to Li3N in a few 
hours, while the foils with pre-formed SEI changed very little over several days.  

2. The addition of proton donor disrupts the formation of a passivating SEI 
• All of the techniques used in this study show distinct changes in lithium 

reactivity and deposit morphology with the addition of proton donor.  
• SEM imaging was performed twice for each condition by two different authors 

working in two different gloveboxes, with consistent morphologies observed in 
both instances.  

• SEM was also performed on systems using 1-butanol as a proton donor 
(Supplementary Fig. 27). In this case as in the ethanol experiments, the addition 
of proton donor causes stark differences in deposit morphology.  

• XPS characterization was confirmed by collecting spectra at two different 
locations on each sample, and was repeated twice for Ar/no HA and N2/EtOH 
systems.  
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3. Lithium does not persist on the electrode surface in the presence of proton donor 
• As described in the main text, all but one of the replicates of lithium stripping 

experiments performed with ethanol (Fig. 2f, Supplementary Fig. 6,7) detected 
zero electrochemically-connected metallic lithium on the working electrode 
surface. Lithium quantification was also independently replicated on the 
N2/EtOH system by another author of this manuscript.  

• Cryo-TEM imaging was performed twice for the N2/EtOH experiment with 
consistent results – both showed beam-sensitive deposits with no detectable 
metallic lithium.  

 

Selection of conditions for model systems 
 Higher ammonia Faradaic efficiencies than those reported in this work have been achieved 
in the literature through the use of higher current densities,3 gas diffusion electrodes,4 elevated 
pressures,5–7 alternate proton donors,5,8 and current cycling.7 However, we chose to prioritize 
reliable characterization and imaging of surface films over high performance in selecting 
experimental conditions for this study. The rationale for several of these choices is included below.  

• Planar versus gas diffusion electrodes (GDEs). For cryo-TEM experiments, planar 
electrodes offer a straightforward way to incorporate TEM grids into the working electrode 
surface by sandwiching them between two pieces of Cu foil (Fig. 3h, Supplementary Fig. 
2c-e). Ammonia quantification using this setup confirmed that yields were not negatively 
impacted by the inclusion of TEM grids (Supplementary Fig. 30c). The use of GDEs would 
have required some other means of affixing a TEM grid to the GDE surface and 
consideration of how this might impact the three-phase boundaries that exist in the GDE 
environment, which was not explored in this work. 

• Low current densities. Initial cryo-EM characterization was performed comparing the 
deposits formed by the N2/EtOH system with 3 mA/cm2 and 20 mA/cm2 current densities. 
However, the 20 mA/cm2 runs left very little residual material on the surface of the 
electrode (Supplementary Fig. 28), so 3 mA/cm2 was used for the remainder of the study. 
This also means that data was collected in the absence of bulk transport limitations.3 

• Ethanol versus other proton donors. We decided it would be most effective to focus the 
scope of this study on one proton donor, and chose ethanol as the most commonly-used 
proton donor in the literature to date. However, we did conduct some initial imaging using 
other proton donors including 1-butanol, which supports the conclusion that proton donor 
disrupts the formation of a passivating SEI and thus impacts deposit morphology and 
reactivity significantly (Supplementary Fig. 27). Though it was determined to be out of the 
scope of this work, we believe that a valuable next step would be to further explore the 
impact of proton donor chemistry on SEI formation.  

• Ambient versus elevated pressures. For the sake of simplicity in implementing our gas 
flow setups in an argon glovebox, we chose to operate at ambient pressures for this study. 
However, with proper use of a backpressure regulator and careful plumbing of cell inlet 
and outlet tubing through the glovebox, it could be possible to conduct the same analysis 
with pressurized flow systems.  



38 
 

Prior works interrogating the role of the LiMEAS surface chemistry 
Several other works have taken steps to quantify metallic lithium and lithium nitride 

surface species to elucidate surface chemistry in LiMEAS like we did here.  

Existing results in the LiMEAS literature use voltage-based stripping techniques (either 
cyclic voltammetry9 or potentiostatic stripping10) to estimate residual electrochemically-connected 
metallic lithium, but because there is uncertainty in the identification of various observed redox 
peaks in cyclic voltammograms of this system, it is difficult to determine whether an oxidative 
current at a given potential is due to lithium stripping or some other reaction.9,10 Also, because of 
the challenges using reference electrodes in non-aqueous systems, most work in this field uses 
pseudo reference electrodes, which can be prone to drift. To our knowledge, there are not published 
results in the LiMEAS field that use the galvanostatic stripping techniques favored by the battery 
community for accurate and consistent electrochemical lithium quantification.1  

In this paper, we attempted to follow conventional practices for lithium galvanostatic 
stripping as closely as possible, and were able to achieve stripping curves with the expected 
potential behavior (a plateau followed by a sharp increase). In lithium metal battery research, 
lithium stripping efficiencies (called Coulombic efficiency) are measured by galvanostatic cycling, 
in which lithium is electrodeposited to a certain capacity, then stripped until the potential surpasses 
1 V vs Li/Li+.1 In order to eliminate the impact of reference electrode drift and reduce the need to 
rely heavily on the assumption that immediately after LiMEAS EOCV = ELi/Li+, we set a threshold 
slope rather than a threshold potential to mark the end of the stripping step. 

Of the works that quantify surface lithium nitride via acid titration techniques, none detect 
more than ~1% FE toward fixed nitrogen surface species (with two papers detecting orders of 
magnitude less), which means that no one yet has conclusively detected a steady-state layer of 
lithium nitride that could play the role of electrocatalyst.3,9,10 

There have also been several efforts to use spectroscopy techniques such as XPS or X-ray 
Diffraction (XRD) to identify phases present in the lithium SEI during LiMEAS. Of these, only 
one has detected fixed nitrogen functionality in the surface (found at only one condition studied),6 
while the majority of species detected are a mix of carbonaceous and inorganic breakdown 
products of THF and lithium salts.9  

Limitations of XPS and EDS for detection of Li3N  
Though XPS can detect elements down to 0.01-1 percent atomic composition, it is a 

surface-sensitive technique that probes depths in the tens of nanometers. Therefore, this result is 
not necessarily in conflict with lithium nitride measurements, which imply very low concentrations 
from a bulk measurement. It is likely that any residual lithium nitride on the electrode surface 
would be buried further in the interphase where it could be metastable because it would be 
protected from proton donor present in the electrolyte.10 

Similarly, EDS (Supplementary Fig. 19-22) was conducted during cryo-TEM analysis, 
which requires thin samples <100 nm in thickness.11 To generate these samples, we used TEM 
grids placed on the surface of the electrode then imaged the deposits that extended over the edges 
of the grid squares, which are often thin enough to be electron-transparent. However, as noted 
above, lithium nitride would only be stable if not in contact with ethanol in the electrolyte, so it is 
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likely that the lithium nitride detected in titration-style quantification would not be concentrated 
in the thin surface deposits imaged in cryo-TEM.  

Where does unrecovered charge go?  
In lithium battery systems with relatively low cycling efficiency of metallic lithium, the 

remaining FE tends to be dominated by disconnected lithium.12 This seems likely to be true in the 
model systems without proton donor that were investigated in this study, but is less clear for the 
systems with proton donor. Indeed, given that ethanol-containing electrolytes studied here have 
yielded zero electrochemically-connected metallic lithium, and the reactions proposed to consume 
metallic lithium are thermochemical in nature (and thus not limited to only electrochemically-
connected lithium), it is unlikely that these deposits contain large quantities of electrochemically-
isolated metallic lithium. Instead, given the poor SEI passivation demonstrated in these systems, 
it is likely that the remainder of the FE goes toward the continuous formation of SEI-type species 
like LiF and LixBFy (from BF4

- breakdown), and lithium butoxide (from THF breakdown).  

Though it was outside the scope of this study, one could quantify the electrochemically-
isolated lithium through titration-style experiments in which water is reacted with stripped 
electrodes, then the resultant hydrogen is quantified via GC to offer an indirect quantification of 
metallic lithium according to this reaction:12  

2Li0 + 2H2O → 2LiOH + H2 

Further Discussion of XPS Results 
Survey spectra 

Survey spectra give a breakdown of the elemental composition of each system, none of 
which have any nitrogen signal (Supplementary Fig. 23a,b). Also absent is copper, indicating that 
even regions that appeared bare in SEM imaging (Fig. 3c,d) are coated with at least a few 
nanometers of SEI.13 All samples have comparable quantities of carbon, boron, and lithium, but 
those from cells with proton donor have more oxygen and less fluorine in their surface films 
(Supplementary Fig. 23c). It is worth noting that as the BF4

- anion is the only source of both boron 
and fluorine in this system, one might expect for elemental composition of these two elements to 
trend similarly. However, XPS is a surface-sensitive technique that depends on the emission of 
photoelectrons from a material, and different materials may have different inelastic mean free 
paths for electrons. As a result, the elemental composition found for a material that is spatially 
inhomogeneous may not be rigorously quantitative, as certain phases may be overly-represented 
in electron photoemission.14  

High-resolution spectra 
 Complete high-resolution spectra for each of the model systems are included in 
Supplementary Fig. 24.  

 Because of the broad nature of the observed O 1s peak and the close binding energies of 
numerous relevant oxygen species, we did not attempt to specifically deconvolute the O 1s spectra. 
However, it is very clear that the O 1s peak increases in intensity and broadens in systems with 
ethanol present. In particular, the O 1s spectrum for the Ar/EtOH case appears to include a broad 
range of oxygen functionality, including binding energies from 528 to 535 eV, which could 
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represent species such as Li2O (528 eV),15 ROLi (530.3 eV),16 LiOH, (531.7 eV)15 O=C (532 
eV),16 and O-C (533 eV).16 These results make it clear that ethanol increases the abundance of 
oxygenated species in the SEI.  

 The B 1s spectra include a peak at 195.8 eV that is likely LiBF4
17

 as well as a lower binding 
energy peak that represents LixBFy breakdown species, of which less fluorinated compounds are 
probably located at lower binding energies. Both of the samples generated without proton donor 
present in the system appear to have higher surface concentrations of LiBF4 and lower 
concentrations of more thoroughly-decomposed species than the samples generated in the presence 
of ethanol.  

 In the Li 1s spectra, samples without proton donor have a peak at 52.3 eV that is likely Li0 

and disappears in samples with ethanol.15 The diversity of lithium-containing species in the SEI 
makes rigorous deconvolution of the remaining signal difficult, but it appears that the LiF signal 
at 56.4 eV18 decreases in samples with ethanol, which could indicate a shift toward Li-O bonds in 
the SEI.  

Investigating possible pathways for ethanol attack on the SEI 
Prior work in our group implies that ethanol can attack an existing SEI to make 

electrodeposited lithium accessible for reaction with nitrogen.8 A study of solution-phase 
breakdown products from LiMEAS supports this idea, as one of the most abundant species 
detected, 4-hydroxybutanal/tetrahydrofuran-2-ol, may be the product of a reaction between a THF 
SEI component and ethanol.19  

In addition to the possibility of direct reactions between ethanol and the SEI, it is also 
possible that ethanol reacts in other ways in the LiMEAS cell, generating products that can attack 
the SEI. For example, as the cells used in this study are not fed hydrogen at the counter electrode, 
electrolyte oxidation occurs in all of these experiments. It is possible that ethanol oxidizes to form 
CO2, which is known to react with SEI materials such as LiOH,9 Li2O,20 and lithium alkoxides21 
to form carbonates. However, given that these cells have separators and that likely diffusion 
coefficients of CO2 yield diffusion time constants on the order of hours (see below), this pathway 
is unlikely to be operative in these 20-minute experiments. It is also possible that ethanol causes 
BF4

- to hydrolyze, forming trace quantities of HF that can attack the SEI. However, given that the 
abundance of fluoride-containing species in the SEI decreases with the addition of ethanol, this is 
unlikely to be the cause of the observed changes. Furthermore, estimated HF concentrations in 
these systems are vanishingly small, further diminishing the possibility of HF playing an important 
role (see below). 

Estimating possible CO2 diffusion rates from counter electrode 
 It is possible that ethanol is oxidized at the counter electrode to make CO2 in systems 
containing proton donor.22 Given that CO2 can react with SEI components such as LiOH,9 Li2O,20 
and lithium alkoxides21 to form carbonates, it may be worth considering whether dissolved CO2 
could diffuse to the working electrode side of the cell and interact with the SEI.  
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We can assume that CO2 is likely to have a diffusion coefficient 𝒪𝒪(10-5 cm2/s) in THF 
electrolyte at room temperature.23,24 The time constant for diffusion of CO2 can be estimated using 
the following scaling relationship:  

τ~
𝑙𝑙2

𝐷𝐷
 

where l is a relevant length scale, which in our context, can be set to 1 cm. This gives us a diffusion 
time constant on the order of 105 s, which is over 24 hours. This simple scaling analysis makes it 
clear that CO2 diffusion from the counter electrode to the working electrode during the 20-minute 
timescale of our experiments is extremely unlikely. Additionally, our system is operated in a two-
compartment cell with a separator, which would only slow down diffusion further.  

Estimating possible HF concentration 
 Another possible reaction pathway for ethanol in these systems would be hydrolysis of the 
tetrafluoroborate anion to form HF, which could be highly reactive with the SEI. This is a relatively 
common phenomenon in LiPF6 systems with trace water, but LiBF4 is generally considered to be 
more stable than LiPF6.25 To obtain a rough estimate of the expected HF accumulation in this 
system, we can use a previously-reported rate law for BF4− hydrolysis in aqueous media :26  

𝑟𝑟 = 𝑘𝑘[H+][BF4−] 

where 𝑘𝑘 = 8 × 105𝑒𝑒�−15500/(𝑅𝑅𝑅𝑅)� for aqueous basic or neutral media, with k in units of l mol-1 s-1 
and R representing the ideal gas constant in units of cal mol-1 K-1.  

 We can use the pKa of ethanol (~16)8 to solve for the approximate proton concentration in 
our electrolyte at an ethanol concentration of 0.1 M: 

𝑝𝑝𝐾𝐾𝑎𝑎 = log10
[𝐻𝐻𝐻𝐻]

[𝐻𝐻+][𝐻𝐻−] 

16 = log10
0.1 − [𝐻𝐻+]

[𝐻𝐻+]2  

[𝐻𝐻+] = 3.2 × 10−9𝑀𝑀 

 Plugging this concentration into the hydrolysis rate law above and multiplying by the total 
experiment time (20 minutes) gives an estimated HF accumulation of 1.3 × 10−8𝑚𝑚𝑀𝑀. This value 
is likely not exactly correct given its use of a rate law developed for aqueous systems, but as an 
order of magnitude estimate confirms that the electrolyte HF concentration should be very low.  

Design principles for high-performance SEIs 
There are a number of possible routes one could take to try to design high-performance 

SEIs for LiMEAS. One approach might be to try to design an SEI that preferentially transports 
nitrogen over proton donor to the lithium surface, decreasing competition from proton donor 
reaction with lithium. Another, perhaps more tractable set of design principles would be to first 
select a solvent/lithium salt combination for poor passivation of lithium, then choose a proton 
donor with high stability and minimal reactivity. If the native SEI allows for continuous reaction 
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of electrolyte components with lithium, then the role of SEI activation can be decoupled from 
protonation, and less acidic proton donors can be used. With a sufficiently-permeable SEI and a 
minimally-reactive proton donor, tactics such as the use of gas diffusion electrodes and 
pressurization can then be implemented to shift reactivity toward Li-N2 and away from continuous 
SEI-forming reactions between lithium and the solvent or anion. An initial survey of different 
lithium salts shows the possible power of this approach, as changing the anion chemistry has a 
large impact on resultant ammonia FEs (Supplementary Fig. 29). 
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Supplementary Experimental Procedures 
 
Drying THF 

Molecular sieves (3Å, 4-8 mesh, Acros Organics) were washed with acetone and dried in 
a furnace at 300°C for 5 hours, then cooled to room temperature in an airtight container. Sieves 
were then added to a 500 mL round-bottom flask (approximately 25% v/v) and the flask was filled 
the rest of the way with THF and capped with a rubber stopper. The flask was kept covered in 
aluminum foil to avoid exposure to light. THF was allowed to dry undisturbed for at least 48 hours 
prior to use, and dry THF was used within 1-2 months of drying.  

Preparation of Daramic separators 
 Ammonia yields were often worse when using new Daramic separators, so a procedure 
was developed to “break in” new separators. Daramic was soaked in THF for 12-24 hr, then rinsed 
with water. The THF used for soaking turned yellow in that time, indicating that something was 
removed from the Daramic. Next, the separators were each used in an electrochemical cell using 
the usual LiMEAS setup, with -3 mA chronopotentiometry run for 40 minutes. Old electrolyte was 
often used for these experiments, as the goal was just to clean the separators, not to make ammonia. 
Separators were replaced when they became visibly cracked, or when they became clogged 
(leading to higher resistances), whichever happened first.  

Metallic lithium quantification 
Pt pseudo-RE assembly 

Pt wire pseudo-REs were assembled by using a 16-gauge needle to feed Pt wire through a 
hole poked in a small disk of rubber, which was then wedged into a 1/8” piece of FEP tubing. The 
tubing combined with an Idex nut and a ferrule fits into the working electrode cell parts in a leak-
free manner, exposing a few millimeters of Pt wire to the electrolyte (Supplementary Fig. 1b).  

Ferrocene calibration was performed on this Pt pseudo-RE, revealing that its potential is 
close to -0.1 V vs EFc/Fc+, with some variability over time but not apparent impact of ethanol 
addition on the potential (Supplementary Fig. 8). 

Lithium deposition on Pt counter electrode during stripping step 
The stripping step in these experiments means electrodepositing lithium onto the Pt counter 

electrode. Deposited lithium can be mostly stripped from the Pt foil following the initial stripping 
step that is used to quantify lithium, but some of the deposit appears to alloy irreversibly with the 
Pt. To avoid the presence of irreversibly alloyed lithium in the counter electrodes used for other 
experiments, several platinum foils were designated for use as counter electrodes in these 
experiments. However, control experiments do show that the use of platinum electrodes used 
previously for lithium stripping do not impact ammonia yields (Supplementary Fig. 30b).  

Determination of lithium stripping cutoff time 
Lithium Faradaic efficiency was initially quantified by measuring the charge passed before 

the stripping potential surpassed 1 V vs Li/Li+ as measured by the step 3 OCV. For most of the 
experiments conducted with an ethanol-containing electrolyte, the potential at the first point during 
the stripping step is already positive of this potential, leading to a 0% FE toward Li. For other 
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experiments, (including all runs without proton donor present), the stripping potential curve takes 
a familiar form, with a plateau region followed by a sharp increase in potential. Most of these 
experiments reached 1 V vs the estimated Li/Li+ potential in the high slope section of this graph, 
so drift in pseudo-RE potential would only lead to small changes in the time measured for lithium 
stripping. However, due to drift of the pseudo-RE, several runs reached the estimated 1 V vs Li/Li+ 
in the plateau region where relatively small inconsistencies in potential referencing can lead to 
stark differences in cutoff times. To access a more reliable measure of lithium FE that was not 
overly dependent on RE potential, an alternate metric was used to signal the end of stripping: the 
time at which the slope 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
 surpassed 0.03 V/s. This metric results in cutoff times quite close to the 

initial 1 V vs Li/Li+ estimate for many of the experiments, and resulted stripping cutoffs all falling 
in the high slope region of the plot. To aid in consistent calculation of stripping times, the data was 
smoothed using a Savitzky-Golay filter with a window length of 101 and third-order polynomial 
fits.  

Ammonia quantification 
 Ammonia was quantified via a slight variation on the salicylate method, which has been 
described in previous work3 and is detailed below. 

Salicylate solution preparation 
Our group has found that sodium salicylate sometimes contains trace ammonia 

contamination which can make quantification of small amounts of ammonia difficult. To avoid 
this, sodium salicylate (ReagentPlus, ≥99.5%) was purified before use. First, 40 g of sodium 
salicylate was dissolved in ~300 mL of DI water, then 25 mL of 12 M hydrochloric acid (VWR, 
37% HCl) was added slowly, forming a white salicylic acid precipitate. This precipitate was 
filtered from the solution using vacuum filtration, then washed at least three times with more DI 
water to remove contaminants. After the last round of filtration, the salicylic acid precipitate was 
transferred to a beaker and reacted with sodium hydroxide pellets (Macron Fine Chemicals) 
gradually until all of the precipitate was converted to sodium salicylate and water. Separately, a 
0.05 M sodium nitroprusside solution was made by dissolving 149 mg of Na2[Fe(CN)5NO]•2H2O 
(Alfa Aesar, 99.0-102.0%) in 10 mL DI water, and 1 mL of this solution was added to the salicylate 
solution. DI water was added to dilute the solution to a total volume of 100 mL, yielding a solution 
containing 2.5 M sodium salicylate and 0.5 mM sodium nitroprusside. This solution was stored in 
a 5°C refrigerator and stored in the dark, and was stable for approximately 3 months.  

Alkaline solution preparation 
 A solution of 0.4 M NaOH was made by dissolving 800 mg of sodium hydroxide in 50 mL 
of DI water. This solution was stable at room temperature as long as it was kept sealed from the 
atmosphere.  

Hypochlorite solution preparation 
 Immediately prior to ammonia quantification, a hypochlorite solution was made by mixing 
10-15% NaOCl (Sigma Aldrich) with the alkaline solution (0.4 M NaOH) in a 1:9 volume ratio. 
The 10-15% NaOCl solution was stored in a dark refrigerator at 5°C when not in use. 
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Colorimetric assay sample preparation 
 The catholyte removed from the cell after each experiment was used to make three aqueous 
dilutions for quantification, all with a total volume of 2 mL: 10x (200 μL electrolyte + 1800 μL DI 
water), 20x (100 μL electrolyte + 1900 μL DI water), and 40x (50 μL electrolyte + 1950 μL DI 
water). Aqueous solutions from lithium nitride quantification were used to make the following 
dilutions: 2x (1 mL quantification solution + 1 mL DI water), 4x (0.5 mL quantification solution 
+ 1.5 mL DI water), and 8x (0.25 mL quantification solution + 1.75 mL DI water). The dilutions 
were prepared immediately following each experiment and could be stored in sealed in a room-
temperature drawer for up to three days prior to ammonia quantification.  

 On the day of quantification, 280 μL of salicylate solution then 280 μL of fresh 
hypochlorite solution were added in quick succession to each 2 mL sample of diluted electrolyte. 
These samples were then allowed to react in a dark drawer for at least 90 minutes. In this time, the 
ammonia-containing samples turned blue in color. The solution absorbance spectra were measured 
using an Ocean Optics spectrophotometer with a Flame-S-UV-Vis detector and a DH-mini-UV-
Vis-NIR light source. The relevant quantity for calculating the ammonia concentration is the 
difference between the absorbance at 650 nm and 475 nm (peak – background). 

Concentration calibration 
 Fresh calibration solutions were prepared each time ammonia quantification was 
performed, making separate calibration curves for each level of dilution present in the samples 
being quantified (usually 10x, 20x, and 40x dilutions of electrolyte, plus an aqueous calibration 
curve for lithium nitride samples). Each calibration curve consisted of at least three concentration 
points, usually 0 μM, 30 μM, and 60 μM. They were prepared by first adding the appropriate 
amount of DI water for a given dilution (1.80 mL, 1.90 mL, 1.95 mL, or 2.00 mL for the 10x, 20x, 
40x, and aqueous dilutions respectively), minus the appropriate amount of 1 mM NH4Cl solution 
to reach the desired concentration (0 μL, 60 μL, or 120 μL for 0 μM, 30 μM, and 60 μM samples, 
respectively). Then the NH4Cl solution was added, followed by the appropriate amount of unused 
electrolyte for the given dilution (200 μL, 100 μL, 50 μL, or 0 μL for 10x, 20x, 40x, and aqueous 
dilutions, respectively). The electrolyte used in calibration solutions could be a few days old, but 
was never used for electrochemical experiments and was preferably less than a week or two old 
and stored in a desiccator, as older electrolyte could become cloudy with aging. A sample 
calibration curve is included in Supplementary Fig. 3.  

FE calculation 
 The Faradaic efficiency of ammonia can be calculated from the concentration as follows:  

  

𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁3 =
𝐶𝐶𝑁𝑁𝑁𝑁3𝑉𝑉
𝐼𝐼𝐼𝐼/𝑛𝑛𝐹𝐹

 

where 𝐶𝐶𝑁𝑁𝑁𝑁3 is the concentration of ammonia remaining in the electrolyte in moles per liter, 𝑉𝑉 is 
the volume of electrolyte removed from the catholyte compartment (1.76𝑥𝑥10−3 L), 𝐼𝐼 is the current 
(0.003 A), 𝐼𝐼 is the total experiment time (1200 s), 𝑛𝑛 is the moles of electrons transferred per mole 
of ammonia generated (3, regardless of whether the pathway is direct electroreduction or a 
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thermochemical process mediated by electrodeposited lithium), and 𝐹𝐹is Faraday’s constant 
(96,485 C/mol e-). The same expression can be used to calculate the lithium nitride Faradaic 
efficiency, with 𝐶𝐶𝑁𝑁𝑁𝑁3 representing the concentration of ammonia detected in the titrant and 𝑉𝑉 
representing the volume of the sample.  

Lithium nitride quantification 
 Lithium nitride can be quantified via titration with aqueous acid solution to protonate any 
fixed nitrogen species remaining on the surface of the electrode, generating ammonia that can then 
be quantified using the salicylate method described above. This technique cannot distinguish 
between lithium nitride (Li3N), lithium imide (Li2NH), and lithium amide (LiNH2), so while we 
call it a measure of lithium nitride, it is more accurate to consider this a measure of activated 
nitrogen on the working electrode surface. All three of these species are readily protonated in 
acidic media because they are extremely basic; ammonia has a pKa of ~40, indicating that 
dissociation of its protons is highly unfavorable. After the protonation step, the resultant solutions 
are neutralized with NaOH solution and then quantified according to the ammonia quantification 
procedure detailed above, assuming that each mole of ammonia detected corresponds to one mole 
of lithium nitride or other fixed nitrogen species.  

It is worth noting that the concentrations of fixed nitrogen species measured in these 
experiments are lower than what is typically considered the detection limit for this assay, a problem 
which can be sidestepped using less diluted samples of the titrant for quantification (2x, 4x, and 
8x dilutions rather than 10x, 20x, and 40x used for typical ammonia quantification). This change 
helps with reliable detection of small quantities of fixed nitrogen species, but cannot alter the fact 
that low concentrations of detected nitrogenous species are more difficult to distinguish from any 
possible adventitious ammonia contamination. Typically, we consider the minimum threshold for 
ammonia quantification by this method to be 0.5% FE.8 Because the samples used for lithium 
nitride quantification are five times less diluted than the samples used for ammonia quantification 
(2x/4x/8x vs 10x/20x/40x dilutions), the minimum threshold for lithium nitride quantification is 
~0.1% FE. 
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