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Summary:

The solid electrolyte interphase (SEI) is a vital component to control mass transport and
selectivity in the lithium-mediated reduction of N> to NH3 (Li-N2R). Finding strategies that
generate the optimal SEI, a complex network of organic and inorganic species, can potentially
improve Li-N2R performance. Here, we unravel structure-property relationships of the SEI by
correlating its composition with the NH3 faradaic efficiency (FEnmu3). By modifying the reaction
temperature, we alter electrolyte decomposition reactions and observe changes in the SEI that
explain FEnn3 trends between electrolyte solvents. We quantify a complex reaction
environment at elevated temperatures where SEI formation is counteracted by etching
reactions. This tradeoff leads to temporal fluctuations of FEnus, but the maximal FEnu3 can
reach up to 40%, the highest value reported for batch cells at ambient pressure, thus far. Our
work underscores the potential of novel electrolytes that steer SEI selectivity and, ultimately,

improve Li-N2R performance.



Introduction

With ammonia (NH3) production projected to pass 200 megatons per year by 2030!,
finding routes to COz-neutral NH3 production is one of the most important challenges towards
a transition to sustainable industry. While adaptations to the existing Haber-Bosch
infrastructure via the introduction of green H» or point-source carbon capture?? can alleviate
some of the emissions, the development of alternative techniques to produce renewable NH3
will be essential. A promising method that could operate under mild conditions is the
electrochemical reduction of N for potential decentralized and intermittent production of NH3,

which would allow for selective fertilizer production during peak power generation.

Among the many existing electrically-driven systems that create NH32, the Li-mediated
reduction of N> (Li-N2R) is among the most promising.* In this reaction, Li metal is
electroplated on the cathode substrate and reacts with Nz, breaking the N-N triple bond at
ambient temperatures to form a lithium nitride. A proton donor species (e.g., ethanol® or
phenol®) present in the electrolyte decomposes the nitride into NH3; and Li* that can then

redeposit back onto the electrode to repeat the cycle again.’

Simultaneously, the electroplated Li reacts with the electrolyte to form a complex
surface layer, referred to as the solid electrolyte interphase (SEI). Residing at the interface
between the plated Li and the bulk electrolyte, the SEI plays a key role controlling the transport

of reactants and products, controlling transport in the overall Li-N2R reaction.®1°

While it is generally accepted that the appropriate SEI is crucial to achieve high

ammonia faradaic efficiencies (FEnn3) during Li-N>R, there remains much to understand about



how the SEI impacts the reaction. As the SEI in Li-N2R is a porous heterostructure that contains
a mixture of inorganic and organic species that order in crystalline, amorphous, and molecular

phases!!-13

, it is challenging to disentangle which factors therein (e.g. chemical species,
concentrations, thickness, porosity, etc.) guide performance.

One approach to understand contributions from those factors has been to alter the SEI
using different electrolyte salts or additives®!#!7, correlating changes in the electrochemical
performance with electrolyte composition and the structure/morphology of the SEI. A common
picture has emerged where additives contributing to inorganic species (such as O, and H>O)
and fluorinated electrolytes generate inorganic-rich SEls that lead to a higher FEnus. In

addition, it has been shown through in situ neutron reflectivity!>!?

and cryo-electron
microscopy!? that the proton source greatly impacts the structure of the SEI as it drives Li metal
oxidation. The proton source seems to play a key role in creating a porous network that allows
for mass transport of protons and N».! Accordingly, different proton sources have different

affinities to remain trapped in the SEI, suggesting that an optimal organic species loading

within the SEI exists.2°

Similar to Li-N2R, tuning the composition of the SEI has also been explored in Li metal
batteries.?!?? Efforts in the battery field have studied the impacts of changing the temperature,
shown to improve battery performance significantly at higher temperature.?®> Higher
temperatures tend to favor the growth of inorganic-rich SEls, while SEIs formed at lower
temperatures tend to be thinner and prone to cracking. For Li metal batteries, this means that

higher temperatures lead to the formation of a more stable SEI, and thus longer cycle life.

While these trends hold true for Li metal batteries, there are notable differences from

the Li-N2R system that motivate key questions to be studied regarding temperature effects in



the Li-N2R system. For example, do higher operating temperatures produce more inorganic-
rich SEIs in Li-N2R as well? Is SEI stability temperature dependent? How is the mass transport
of gaseous species impacted? Do higher temperatures allow for improved N> fixation? Are
parasitic reactions in the electrolyte problematic, i.e. how are the proton source, the electrolyte

solvent, or the lithium salt affected at higher temperature?

Here, we studied the composition of the SEI as a function of temperature as well as the
temporal dynamics of the SEI and how they correlate to performance. We studied the influence
of decomposition reactions and correlated our findings to the observed FEnn3. We provide first
insights into how elevated temperatures impact FExu3 in a dynamic way, leading to much
improved performance under specific conditions. Based on our findings, we then engineered
an electrolyte at elevated temperatures that can reach a peak FExn3 of up to 40% during the
reaction, the highest reported FEnn3 to our knowledge for this batch process at ambient
pressure. Our work provides fundamental insight on temperature-dependent processes in Li-

N2R to inform the design of SEIs and maximize Li-N2R performance.

Results

6724 we focused on

While a vast parameter space for Li-N2R electrolyte composition exists
commonly used electrolytes that contain 1 M lithium tetrafluoroborate (LiBF4) as a salt and
ethanol (EtOH) as a proton source (see Figure 1a). For the solvent, we studied bis(2-

methoxyethyl) ether (diglyme) and tetrahydrofuran (THF). Our temperature studies ranged

from 5 °C to 80 °C.

As temperature can impact a great number of chemical and physical factors, we started

by measuring changes in the electrolyte conductivity as a function of temperature using



electrochemical impedance spectroscopy (see Figure 1b). 1 M LiBF; in THF maintains a
relatively low conductivity of approximately 7 mS cm™! over the studied temperature range.
This finding is in line with previous studies, where the strongest LiBFs-solvent interactions
were reported in THF?. Conversely, the diglyme-based electrolyte shows a substantial
temperature dependence of the conductivity, increasing from a value of 15 mS cm™! at 22 °C to
27mScm™ at 60°C. Below room temperature, however, the conductivity decreases

substantially, and the formation of a white gel is observed, suggestive of precipitation of LiBF4.

These conductivity trends indicate that overpotentials due to ohmic losses are relatively
insensitive to temperature for THF-based electrolytes, while for diglyme-based electrolytes
substantial improvement in electrolyte conductivity is observed above room temperatures.
Under an applied current density of j = -1 mA ¢cm™ we also found improvements in potential
under operation at the Pt anode at temperatures at and above 60 °C (Figure 1c). At these
temperatures, the observed initial anode potential is more than 0.5V less positive than the
potential at room temperature, suggesting a different oxidation reaction or substantially
improved reaction kinetics at the anode as a function of temperature. Interestingly, the steady-
state Li plating potential remains largely unaffected by temperature changes at the cathode.
However, a substantial change in the reduction behavior occurs before the Li plating potential
is reached (Figure 1c, inset). With increasing temperature, a larger amount of charge was
passed in the voltage range between -1.5V and -2.5V vs. LipsFePO4.2° In agreement with
previous research?®® and a compositional analysis of the SEI (see Figure S6), we attribute this
additional charge to an increased amount of SEI species. This is further exemplified by
galvanostatic Li-N2R executed over 4 hours at a current density of -4 mA cm, well past the 5-
10 mAh cm™ threshold that is required for SEI formation.?® After isolating and washing the Cu

cathode used in the galvanostatic experiment, we observed the formation of SEI deposits on



the electrode that increase in thickness at temperatures up to 50 °C (see Figure 1d and Figure
S7). In addition, the SEI layer became qualitatively more brittle above 40 °C, leading to cracks
and the detachment of the SEI; after severe detachment at 80 °C, the SEI that is left behind is
no longer clearly visible. We also observed that higher temperatures lead to a more porous SEI,
with SEI particle sizes in the range of 1 um and SEI thicknesses from a few micrometers to

beyond 50 pm (see electron microscopy images of SEI cross sections in Figure S8).

We evaluated the species composition in the SEI using a rinsing method to separate the washed
SEI from the electrode, followed by analysis via nuclear magnetic resonance (NMR),
inductively coupled plasma mass spectrometry (ICP-MS), and ion chromatography (IC); these
methods were used to quantify the mass of organic species (NMR), lithium and boron (ICP-
MS), and fluoride (IC), respectively. In line with the visual observations, we saw a strong
increase in the mass of SEI deposits from 4 mg cm™ at room temperature to 14 mg cm at 50 °C
for diglyme-based electrolytes (Figure 2a). Assuming that the mass density of the SEI
composite is in the range of 1-2 g/cm® and porosities between 0-50 %, this amounts to
approximate SEI thicknesses in the range of 20 to 80 um at room temperature and 70 to 280 um
at 50 °C. Above 50 °C, the mass of SEI deposits starts dropping until only approximately
2 mg cm of the deposits remain at 80 °C. Remarkably, contrary to earlier studies in fluorinated
electrolytes from Li ion batteries?’, the ratio between organic and inorganic species remains
largely independent of temperature. We hypothesize that this is due to the high boiling point
and viscosity of diglyme which leads to electrolyte entrapment in the porous structure of the
SEI.%®

The mass of the SEI species in the THF-based electrolyte followed a similar trend as
the diglyme-based electrolyte, within its temperature range of operation (see Figure 2b). We

observed a constant increase of the SEI species mass with increasing temperature, until 40 °C,



at which point the SEI becomes irregular (see Figure S7). The SEI, however, is almost solely
composed of lithium and fluorides. This is in contrast to previous findings with LiClO4 based
electrolytes, in which case a buildup of organic species was observed.?’ We hypothesize that,
as fluorinated electrolyte salts decompose to a much more uniform SEI than LiClO4'%, much
of the organic outer SEI layer remains accessible to THF and ends up dissolved in the
electrolyte rather than being deposited. Furthermore, THF coordination leads to a stabilization

of B-F bonds in LiBF4%, hence reducing the boron build up in the SEI.

The changes in SEI composition were correlated with changes in the Li-N2R selectivity
to NH3 (Figure 2¢).?° FEnnu3 stays approximately constant over a temperature range of 25 °C
to 50 °C for diglyme and 5 °C to 25°C for THF. Above these temperatures, FExu3 drops
precipitously. Furthermore, FEnu3; for diglyme is significantly higher over the entire
temperature range, with a maximum of 13(+/- 2) %, whereas FEnus is 5(+/- 1) % for THF. We
note that under lower total passed charge conditions (2 mAh cm), FEnu3 in diglyme-based
electrolytes increased with increasing temperature as more SEI formed (see Figure S6),
underscoring the importance of running Li-N2R experiments beyond the charge passed for SEI

formation.2°

Our findings in SEI composition with diglyme- and THF-based electrolytes highlight a
complex relationship between SEI composition and FEnn3. Despite the threefold increase in
SEI mass observed with diglyme-based electrolyte between 25 °C and 50 °C, which one would
assume to impede mass transport and be detrimental to Li-N2R performance, FEnus in diglyme-
based electrolytes remains approximately constant. We hypothesize that high porosity induced
by organic species together with enhanced Li reactivity at higher temperatures limits the loss

of FEnnu3 due to the SEI mass increase. This is supported by FIB-SEM cross sections (see



Figure S8), where we observed a large porous network with pore sizes in the micrometer range.
In turn, the THF-based electrolyte does not contain many organic species, leading to an
accumulation of a dense LiF layer that might impede N transport enough, that FExu3 drops
upon SEI build up. We indeed found via a current-cycling method (see Supplementary Note
1) that the THF-based SEI passivated the cathode surface more than the diglyme-based SEI,
suggesting the generation of such a dense layer. Furthermore, depth-resolved x-ray
photoemission spectroscopy (XPS) measurements showed that the carbon amount in the THF-
based SEI decreased strongly in deeper levels of the SEI, while remaining approximately
constant for diglyme (see Figure S12-S14). Our findings are also consistent with previous
studies that have shown the importance of ethoxides to facilitate pore formation within the
SEL!

Another interesting observation is the loss of SEI at elevated temperatures, i.e., above
50 °C for diglyme-based and 40 °C for THF-based electrolytes, respectively. This reduction in
the observed mass of SEI was correlated with defects observed in the SEI films and color
changes of the Cu working electrode (Figure S15); we view these observations to be consistent
with chemical etching and delamination processes that occur at the electrode surface at elevated
temperatures. As the SEI develops a thickness in the range of 100 um at those elevated
temperatures, it is likely that any etching reaction that would occur at the interface between
SEI and Cu results in delamination of the SEI. Indeed, when studying Cu etching under open-
circuit conditions via ICP-MS in solutions of 1 M LiBF4 in THF, diglyme, or EtOH,
respectively, we observe an increase of the Cu etch rate at elevated temperatures (see Figure
3a). Substantial etching is observed in EtOH, with etch rates increasing from < 0.1 pg/min at
room temperature up to 10 pg/min at 80 °C. In contrast, very limited (< 1 pg/min) Cu etching
is observed in THF and diglyme, pointing towards higher reactivity of hydroxyl groups. We

hence hypothesize that LiBF4 in the presence of EtOH etches the electrode surface — this may



be via direct etching or through a LiBF4 decomposition reaction'! that forms boron trifluoride
(BF3). BF3 can subsequently react with ethanol to form triethyl borate and hydrofluoric acid
(HF) as side product (see Figure 3b). We detected these borate moieties via XPS (see Figure
S12-S14) and "B NMR measurements (see Figure S16). !'B NMR measurements also suggest
the appearance of BF; in the SEI rinsate.’>*! Note, that even high purity, commercial THF
contains difficult-to-remove alcohol impurities'®, which may explain the higher Cu etch rate
(see Figure 3a) and the lower onset temperature for SEI dissolution. Furthermore, when we
studied Cu etching under Li-N2R conditions in the diglyme-based electrolyte at early stages of
SEI formation (i.e., after 2 mAh cm™ charge was passed at a current density of -1 mA cm), we
found that the mass of etched Cu is reduced above 50 °C (see Figure S6). Simultaneously, the
mass of SEI species plateaued at these temperatures, suggesting that not only Cu but also SEI

species are etched.

The etching that occurs at the electrode surface during operation presents the possibility
of a remarkably dynamic interface. First, at early stages of the reaction, one could expect a
steady buildup of the SEI commensurate with an increase of FEnn3 that reaches a maximum
when the SEI is fully formed. Secondly, the SEI formation decelerates with increasing
passivation®?, and at some point it becomes possible for the interface etching rate to take over
and cause a drop in FEnus. Finally, as the SEI becomes less passivated due to etching, the SEI
layer can then have an opportunity to rebuild itself over time, reversing the FExus drop. This
interplay between the rates of etching and SEI rebuild could be cyclical, causing fluctuations
of FEnH3.

To test this hypothesis, we took periodic aliquots during the Li-N2R reaction in diglyme
at 25 °C and 50 °C (see Figure 3c and 3d, respectively). As expected at 25 °C, FEnns3 is steadily

increased until it plateaued at 12% after 4-5 mAh cm™ of charge are passed (Figure 3c¢). At



50 °C, FEnn3 increased until reaching a maximum of 18% at 10 mAh/cm? after which it
dropped below 6% and then rose again to 10-16%, supporting the ‘cyclic’ hypothesis described
above. By tracking the degree of passivation at the cathode (see Supplementary Note 1), we
observed similar fluctuations in the electrode passivation after 12 mAh/cm™ of passed charge
at 50 °C which did not occur at 30 °C, supporting the idea of SEI loss that can lead to
fluctuations. Interestingly, while the overall FEnxn3 for the Li-N>R runs between 25 °C and
50 °C are within the same range, given that disturbances due to sample retrieval might affect
the system performance (see Figure S2)!%3, their dynamic evolution is very different.
Particularly, the maximum FEnn3 obtained at 50 °C is, with a factor of 1.5, significantly higher
than the maximum FEnwu3 at 25 °C. This result suggests that FExus at higher temperature could

be significantly higher if there were no etching.

We also aimed to understand the dependence of Li-N2R performance as a function of initial
EtOH content at a temperature of 50 °C after 16mAh cm™ of charge passed (Figure 4), where
etching and strong SEI growth lead to an initial FExu3 drop, motivating a deeper study of proton
transport. Indeed, we observed a convoluted behavior in the SEI growth, where not only EtOH
but also all the other SEI species increase in mass up to 1 v% EtOH content, followed by a
reduction of SEI species at 1.3 v%.

While the drop in SEI mass was consistent with increased etching at higher proton
concentrations, the increase in SEI mass up to 1.0 v% EtOH content was unexpected and
suggests that EtOH participates in the buildup of a thick SEI. We hypothesize that higher
amounts of EtOH could generate a more porous SEI, that leads to a less passivated Cu electrode
(see Supplementary Note 1) and consequently result in increased overall SEI growth. The
reduction of the SEI mass from 14 mg cm™ to below 4 mg cm likely improves mass transport,

and we observed that FExns showed the same trend as theoretically observed in mass transport



limited Li-N>R*!°, Specifically, in line with proton transport limited behavior, we initially
observed an FEnn3 increase from ~7(+/- 4)% without EtOH to 19(+/- 1)% with 0.33 v% EtOH
content after which FExn3 gradually decreased (Figure 4b).

To check whether the reduced proton concentration reduces electrode surface etching,
we studied the dynamic evolution of FExn3 during Li-N2R with 0.33 v% EtOH (Figure 4¢ and
Figure S17). We still observed fluctuations of FEnn3 as a function of charge passed, suggesting
the persistence of etching and delamination in solution. Moreover, FEnus rises to close to 40%
for short periods in time, which to our knowledge is the highest FExn3 observed in a batch

13 at ambient pressure, thus far (see Table S7).'3

cel
Discussion

The results in this study suggest an interesting tradeoff. In diglyme at higher
temperatures, we reach a higher ‘instantaneous’ FEnus than at lower temperatures. However,
increased etching at higher temperatures can also harm performance, leading to an average
FEnmus that is similar to the average FEnn3 at lower temperatures. This points to the mitigation
of SEI etching as a possible means to enable sustained performance and show unprecedented
NHs selectivity. One option for mitigation could be the use of HF scavengers that have been
successfully employed in Li ion batteries.?® Alternatively, the replacement of Cu with stainless
steel could show promise to reduce the detrimental effects of HF etching. One could also
attempt to prevent HF formation altogether by changing either the proton source or the
electrolyte salt. This would likely require a new optimization of the SEI formation process that
could be readily achieved through the route presented here. For this, our results suggest that
the target SEI loading should be in the range of 1 mgcm™ and contain both organic and

inorganic species. Once such an electrolyte is found at room temperature, carefully elevating



the temperature while adjusting the proton source content to decrease the overall SEI thickness
is a strategy, informed by the study herein, that could potentially increase FEnmus.

We note that these studies were performed in a batch cell with diglyme oxidation as
counter electrode reaction. While translating this experiment from batch to flow cell with H>
oxidation at the anode is generally improving FEnxus due to the favorable mass transport
environment in membrane electrode assemblies*, we anticipate that the electrolyte composition
will change under different cell architectures (e.g., flow cell) and anode (e.g., H> oxidation)
conditions. While we expect that the temperature-driven effects on the SEI layer formation
described here can serve as a guideline across these conditions, characterizing the impact of
these changes on SEI layer formation and structure is important future work.

Similarly, the LiBFs+ decomposition may also be affected by the proton-providing anode
reaction. Therefore, we assume that the electrolyte formulation will have to be adapted to
account for the oxidation reaction at the anode. We also expect that investigations of metals
beyond lithium for this and other metal-mediated reactions could benefit from temperature
studies in a similar vein. Given the dynamics of the SEI, for any metal-mediated system
understanding the physical and chemical evolution of the SEI with time can inform designs for
improved short-term and long-term performance.

Beyond the direct findings, the study presented here enhances our understanding how SEIs
guide Li-N2R performance. Combining SEI composition characterization with FE sampling
during Li-N>R and analytical techniques such as current cycling provides a framework to track
the SEI qualitatively with readily accessible tools. It generates a picture of an SEI that impacts
the Li-N2R performance through its dynamic changes. At the same time, we find that the
structure of the SEI plays a key role in the eventual performance. If the SEI is too thick, it can
impede transport and lead to delamination, while SEIs that are too thin do not passivate the

electrode enough and lead to parasitic reactions. In parallel, the composition requires organic



species that allow for porosity and better mass transport. Thus, building the “optimal” SEI will
require strategies like the ones shown here that can quantitatively track the species present in

the SEI and predict the stability of the cell.

In summary, we have performed a rigorous study on temperature effects on SEI formation and
the evolution of FEnu3 in Li-N2R. We find a general degradation of performance in THF-based
electrolytes with increasing temperatures, likely due to the formation of a purely inorganic SEI
layer that hinders ion and gas transport. In contrast, the performance of diglyme-based
electrolytes remains approximately constant up to 50 °C due to the counteracting processes of
increased Li-N2R performance at elevated temperatures and etching of the SEI due to the
degradation of the LiBF4 electrolyte salt. This leads to an interesting dynamic evolution of
FEnns, where the interplay between SEI formation and SEI loss caused by etching leads to
fluctuations of the FE. By optimizing the ethanol content, we show that a record FEnu3 of 40%
can be achieved in a batch cell, and our results motivate efforts aimed at mitigating SEI etching

as a means to maintain high selectivity and stable performance.

Experimental Procedures
Details regarding experimental procedures can be found under the Experimental Procedures

section of the Supplemental Information.
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Figure 1. Electrochemical Analysis of temperature dependence during Li-N:R.

a) Schematic drawing of electrochemical system parameters that play a role in solid electrolyte
interphase (SEI) formation. The highlighted parameters were analyzed in this study. b)
Conductivity of diglyme- and THF-based electrolytes as a function of temperature measured
by electrochemical impedance spectroscopy. In both cases, the electrolyte contains 1 M LiBF4
and 1 vol% of EtOH are added. Due to the low boiling point of THF (66 °C), conductivity
measurements were only performed up to 60 °C for the THF-based electrolyte. ¢) Voltage
profile of Li-N2R as a function of temperature. During the experiment, a constant current
density of -1 mA cm™? was applied to the working electrode in 1M LiBF4 in diglyme. d)
Photographs of the washed and dried Cu cathodes after 16 mAh cm™ of applied charge at

different temperatures with diglyme as the electrolyte solvent.
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Figure 2. Composition of the SEI as a function of Li-N;R temperature.

a-b) Mass of the species in the SEI rinsate as a function of temperature for the a) the diglyme
and b) the THF electrolyte solvents. ¢) NH3 Faradaic efficiency of the Li-N2R reaction in
diglyme and THF-based electrolytes as a function of temperature. For all experiments, a total
charge of 16 mAh cm™ was applied. Due to the low boiling point of THF (66 °C), Li-N>R

measurements could only be performed up to 40 °C for the THF-based electrolyte.
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Figure 3. Temperature-dependent etching and its implications to Li-N2R performance.

a) Cu etch rate as a function of temperature in solutions of 1M LiBF4 in EtOH, 1 M LiBF; in
THF, and IM LiBF; in diglyme (see inset for detailed view on Cu etch rate in THF and
diglyme). b) Proposed mechanism of the observed etching via the decomposition of LiBF4 salts
to form HF. ¢-d) Evolution of the NH; faradaic efficiency as a function of charge during Li-N2R
in 1M LiBF4 in diglyme with 1% ethanol at a temperature of ¢) 25°C and d) 50°C. For each
condition, two exemplary runs are shown. The Li-N2R experiments were performed at constant

current conditions with an applied current density of -4 mA ¢cm™.
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Figure 4. Engineering the SEI at 50°C to increase Li-N2R faradaic efficiency

Study of Li-N2R at 50°C as a function of EtOH content in the electrolyte, showing a) the
chemical composition of the SEI as a function of EtOH content b) the evolution of the overall
Faradaic efficiency (FEnu3) after 16 mAh cm™ of passed charge. ¢) Evolution of FExus as a
function of passed charge in a sample with 0.33v% EtOH. All experiments were performed at
a constant current of -4 mA cm in diglyme based electrolytes with 1M LiBF4. For additional

repetitions of this sampling run, see Figure S10.

Supplemental information
Document: Experimental Procedure, Figures S1 — S18, Tables S1-S7, Supplementary Note 1:

Current cycling to elucidate SEI passivation properties
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I. Experimental Procedures

I.1. Materials

The following materials were used in this study: Copper (Cu, sheet metal 99.99%, 0.025”
thickness, McMaster), Pt mesh (99.9% trace metal basis, 0.05cm thickness, Sigma), LiFePO4
electrode sheet (LFP, single-sided coating on Aluminium, MTI Corp.), lithium
tetrafluoroborate (LiBFy4, battery grade, Gotion), ultrapure water (18.2 MQ, Millipore), ethanol
(EtOH, anhydrous >99.5%. Sigma), diethylene glycol dimethyl ether (diglyme, anhydrous,
99.5%, Sigma), tetrahydrofuran (THF, anhydrous, >99.9%, inhibitor-free, Sigma), dimethyl
sulfoxide-ds (de-DMSO, 99.9 at% D, Sigma), deuterium oxide (D0, 99.8% D ,TCI
Chemicals), nitric acid (HNO3, 70% >99.999% trace metal basis, Sigma), lithium standard for
ICP (TraceCERT, 1 g/l in nitric acid, Sigma), boron standard for ICP (TraceCERT, 1 g/l in
water, Sigma), fluoride standard for IC (TraceCERT, 1 g/l in water, Sigma), nitrogen (N2,

99.999% ultra high purity grade, Praxair), argon (Ar, 99.999% ultra high purity grade, Praxair).

1.2. Electrochemical and Temperature-dependent Measurements

1.2.1 Electrochemical cell assembly

Unless stated differently, electrochemical experiments were run in single-compartment glass
cells that contained four ports, allowing for the placement of three electrodes and a glass
sparger that disperses the introduced gas (see Figure S1a). For the working electrode (WE), a
Cu electrode sheet was cut into a 3x1 cm strip, hand-polished with sandpaper, and subsequently
rinsed with water and ethanol. The counter electrode (CE), a Pt mesh
(height x width x thickness =2.5 cm x 1 cm x 0.05 mm), was placed in the glass cell such that
the Cu working electrode and the Pt mesh faced each other. For the reference electrode (RE),
a LiFePO4/FePO4 electrode sheet was prepared via chemical delithiation of a commercial

LiFePO battery electrode sheet (see McShane et al.! for details).



The cell was assembled in a N»-filled glovebox. First, the three electrodes were added to the
glass cell, leaving only one port open. 15 ml of the electrolyte solution, typically a 1 M solution
of LiBF4 in THF or Diglyme with 1v% EtOH, was then introduced into the cell. Finally, the
glass sparger, a custom-made glass piece (Adams and Chittenden Scientific Glass) that contains
both a gas inlet line that disperses the gas through a frit and an outlet line that allows ensures

that cell is not pressurized (see Figure S1a), is added to close the fourth port.

1.2.2 Temperature-dependent Li-N>R experiments

Temperature-dependent Li-N2R experiments over a temperature range of 2-80 °C were run in
water baths. For this, the assembled cells were taken out of the glovebox into the preheated or
precooled water bath and the inlet of the sparger was connected to a N> line (N2 flow rate:
approximately 20 ml min'') and a Biologic VMP-3 potentiostat. During the transfer, the sparger
was open to air for less than 30 s. Water content measurements before and after transfer suggest
that this approach did not lead to identifiable changes to the atmosphere (both were ~80 ppm
water content).

After sparging the cell for 15 min, an electrochemical impedance spectroscopy run was
performed to apply an ohmic resistance compensation. After resistance compensation,
chronopotentiometry measurements were performed by applying either -1 mA ¢cm™ current
between WE and CE for 2 h (2 mAh cm™ charge) or -4 mA cm™ current for 4 h (16 mAh cm™
charge). Once the chronopotentiometry measurement was completed, the glass cell was sealed
by removing the glass frit and rapidly closing the port with a lid. The glass cell was then
transferred back into the glovebox where it was disassembled to retrieve the WE and the
electrolyte for SEI and product characterization. The retrieved electrolyte volume was
measured. For THF-based electrolytes the volume losses were due to evaporation were between

10 % at 5°C and 45 % at 40°C. For diglyme-based electrolytes, the losses due to evaporation



were nearly temperature independent at ~10%. As a result of the evaporation, the dynamics of
the reaction might be affected and could lead to some differences between the THF and
diglyme-based experiments. The trends across temperatures, however, should be unaffected.
Other parts of the cell were then removed from the glovebox, washed with DI water and

ethanol, and then stored in an oven at 80 °C.

For control runs in Ar, the same procedure was applied, only with the glass cell connected to

an Ar line (Ar flow rate: approximately 20 ml min!).

1.2.3 Ammonia Faradaic efficiency (FEnu3) sampling

To be able to measure the faradaic efficiency during a Li-N2R run, 0.3 ml samples of the
electrolyte were isolated to quantify the ammonia content. For this, the RE was replaced by a
septum cap, resulting in a two-electrode setup with a Cu WE, a Pt mesh CE (Figure S1b). As
for the temperature-dependent Li-N2R runs described in experimental section 2.2, the cell was
subsequently 1) filled with electrolyte, ii) sealed in the N glovebox, iii) transferred out of the
N»-filled glovebox into a preheated water bath, iv) sparged with N> for 15 min, v) the ohmic
resistance of the electrolyte was determined via impedance spectroscopy, and iv) a
chronopotentiometry experiment was performed at a current of -4 mA cm™. During the
chronopotentiometry run, samples were taken out through the septum.

Note, that, as approximately 2% of the electrolyte was removed from the reaction for each
aliquot, the current densities steadily increased, evidenced by a stepwise increase of the
potential (see Figure S2). In addition, the potential fluctuated by approximately ~50 mV during
the sample retrieval (see Figure S2). As a result, we anticipate that the observed overall

reduction of the FExu3 in comparison to the single batch reaction arises due to these disruptions



during the Li-N2R.%* The typical standard deviation of measured faradaic efficiencies was

approximately within +/- 15%.

1.2.4 Conductivity measurements

Electrolyte conductivity measurements were performed in a single-compartment glass cell with
the configuration shown in Figure Sla. During the measurement, the same electrolyte was
heated stepwise from 2 °C to 60 °C. To equilibrate the electrolyte, the cell was kept 30 min at
each temperature step before electrochemical impedance spectroscopy measurements were

performed to quantify the resistance of the electrolyte.

1.2.5 Electrolyte Etching Studies

To study the amount of copper etched as a function of temperature, 1 M LiBF4 was dissolved
in either ethanol (dried over molecular sieves for 2 weeks, water content: < 60 ppm), THF, or
diglyme (both water contents ~50ppm). In each run, a piece of copper (3x1 cm dimensions)
was fully immersed into the electrolyte in a fully sealed glass cell. The cell was then heated
stepwise to specific temperatures, where, after typically 1 hour, a 100 L sample was taken. To
quantify the Cu content in the electrolyte, 50 uL of that sample were then diluted to 10 ml with

0.1 M HNO:s. During the experiment, no electrodes were connected.

1.3. Quantification of Solid electrolyte interphase (SEI) species and Ammonia

1.3.1. Ammonia Quantification

Ammonia was quantified in electrolyte samples via a Bruker Neo 500 MHz nuclear magnetic
resonance (NMR) spectrometer using a selective NH4* pulsing technique.* For this, 500 uL of
the electrolyte was acidified with 100 uL of a 0.5 M H2SOg solution. Afterwards, 50 uL of

ethanol and 500 pL of water were added to dilute the high concentration of electrolyte salt.



Finally, 25 pL of de-DMSO is added as a locking solvent. The obtained NMR spectra show a
characteristic triplet. These peaks were integrated and compared to reference spectra (see
Figure S3). Typical concentrations of ammonia after the experiment were between 50 uM and
1500 uM. Except for sampling experiments, both the NMR measurements of each run and the
runs themselves were at minimum triplicated.

Once the concentration of the samples was obtained, the Faradaic Efficiency was calculated

based on equation (1),

3aF [NH V.,
R

where 3 is the amount of electrons required per NH3 molecule, [NH3]nwmr is the concentration
of NH3; measured by NMR, Q is the charge passed during the experiment, Ve is the volume of
the electrolyte after the reaction is completed, F is the Faraday constant, and a is a coefficient
that accounts for the dilution of NH3 in the NMR tube due to the introduction of the other
species.

For sampling experiments, NMR sample preparation was prepared with half the volume of
each reagent except de-DMSO (i.e., 250 pL sample, 50 L. H>SO4 solution, 25 pLL EtOH, 25 uL.
ds-DMSO, and 250 uL H»0). Furthermore, to limit the size of the samples taken, these

measurements could not be triplicated.

1.3.2. Preparation of SEI rinsates

To separate the SEI from the Cu electrode, the electrode was first gently washed with 2 mL of
the electrolyte solvent. It was then dried in the N> glovebox for at least 24 h and transferred
outside the glovebox in a sealed, septum-capped vial. I ml of DO was then introduced into the
vial with a syringe, leading to a dissolution of most of the SEI species. After leaving the
electrode sit in DO for at least 4 h, 600 puL of the rinsate solution was retrieved for further

NMR characterization. Then, 200 pL and the Cu electrode sheet were added in 3.8 ml 0.1 M



HNOs where the Cu electrode was etched for at least a day, releasing all the remaining SEI
species left on the electrode surface and allowing for further testing via ICP-MS and IC. For
each condition (i.e., temperatures, EtOH contents, and electrolyte solvents), rinsates from at

least three different experiments were used to measure the SEI composition.

1.3.3. Quantification of organic species: Nuclear magnetic resonance (NMR)

Diglyme, EtOH and THF contents within the SEI rinsates were quantified with a Bruker Neo
500 MHz nuclear magnetic resonance (NMR) spectrometer using a 'H-NMR measurement.
For this, integrated NMR peak intensities of the SEI rinsates were compared to a regression
curve obtained from standard solutions in regions characteristic to each of the species to be

studied (Figure S4).

1.3.4. Quantification of Li, B, and Cu: Inductively couple plasma mass spectrometry (ICP-MS)
ICP-MS measurements were performed with the Thermo Fisher iCAP RQ ICP-MS equipped
with an autosampler. All species were quantified in STD mode using three sample runs and
two washing steps after. To quantify Li and B in rinsate experiments, the SEI rinsate obtained
after acid treatment was diluted between 50 to 1000 times in 0.1 M HNOs;. Then, three
measurements were performed on different dilutions for each sample and compared to
standards (see exemplary regression curves in Figure S5). For the Cu quantification after
etching (see Section 2.5), 50 uL of the samples were diluted 200 and 1000 times in 0.1 M
HNOs;. Note, that matrix property changes were observed due to the introduction of the
electrolyte solvent into the ICP-MS. Therefore, 50 puL of the respective solvent were introduced

to the 10 ml Cu standards.



1.3.5. Quantification of F: lon chromatography (IC)

IC measurements were performed at the Stanford Environmental Measurements Facility on the
Dionex ICS 6000. To quantify the fluoride content, the acidified SEI rinsate is diluted with
water between 20 and 100 times, depending on the estimated concentration of the fluorides

obtained through Li quantification at the ICP-MS (typical target concentration: 10 ppm).

1.3.6. X-ray photoemission spectroscopy measurements (XPS)

X-ray photoelectron spectroscopy (XPS) measurements were performed with a PHI
VersaProbe 4 XPS using a monochromatic Al Ko X-ray excitation source (hv = 1486.3 eV).
The samples were transferred from the glovebox to the XPS chamber for analysis using a
stainless-steel transfer vessel to avoid unwanted exposure to air. During measurements, a flood
gun with low-energy electrons and argon ions was used to offset sample charging. The survey
spectra were recorded with a step size of 1.0 eV and a dwell time of 20 ms at a pass energy of
224 eV. High-resolution scans were collected with a step size of 0.1 eV and a dwell time of 20
ms at a pass energy of 55 eV. To understand the chemical composition through the SEI layers,
depth-profiling measurements were recorded with an ion gun at 4 kV and 3 pA mode with a
scanning size of 2x2 mm?2 for five core levels (Li 1s, B 1s, C 1s, O 1s, and F 1s) at three
different sputter times (0 min, 2 min, and 10 min). All core-level spectra were energy-
referenced to the LiF peak at 684.8 eV. The IGOR Pro software was used for data analysis
where Voigt functions were employed to deconvolute the peaks after subtracting a Shirley

background function.
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Figure S1. Images of the glass cell in a) three-electrode and b) two-electrode configuration.

For clarity, side views and top views of the cell are provided.
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Figure S2. Potential of the Cu working electrode during a Li-N2R sampling run in a two-
electrode setup. With every sample taken, we observed a first pike of potential due to the
introduction of the syringe into the cell, followed by a dip of the potential as the electrolyte

volume is reduced by 300 pL (see inset). Overall, however, the potential changes are minor.
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the characteristic NH4" triplet peak (shown in panel b).
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Figure S4. Linear regression of the integrated ' H-NMR peak intensity of standards containing
a-b) EtOH, c-d) diglyme, e-f) THF. Each standard consists of 600 uL of the dissolved organic
species in D>0 (organic content between 0 to 1 ul) and 25 uL of ds-DMSO. Peak integrations

were performed on characteristic peaks. The regions for integration are specified in panel b)

for EtOH, d) for diglyme and f) THF, respectively.
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Figure S5. Exemplary ICP-MS standard measurements for a) lithium, b) boron, and ¢) copper.

To account for daily variations of the ICP-MS, the standard measurements are performed on

the day of measurement. To assure the stability of the ICP-MS during the measurement,

additional standard points are measured between samples.
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I1. Supporting Results

Figure S6. Temperature dependence of Li-N2R at early reaction stages
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Figure S6. a) Composition of the SEI as a function of temperature after 2 mAh cm of charge
is passed in diglyme-based electrolytes. Initially, the composition rises with temperature until
it becomes approximately constant above 50 °C. b) Evolution of NH; Faradaic efficiency
(FEnms) as a function of temperature after 2 mAh cm™ of charge is passed. We observe an
overall increase of with increasing temperature. ¢) Mass of Cu etched during Li-N2R as a
function temperature after 2mAh cm™ of charge is passed. We first see an increase of the
etched Cu up to 40 °C. Above 40 °C, the amount of etched Cu is dropping. Together with the
unexpected plateauing of the SEI species observed at those temperatures, we hypothesize that

the HF generated at higher temperatures primarily etches the SEI.
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Figure S7. Characteristic Electrochemical Potentials of 16mAh experiments
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Figure S7. Electrochemical potential of the Li-N2R working electrode versus a Lio.sFePO4
reference, Virp. In these experiments, a constant current of -4 mAcm is applied at different
temperatures. All experiments lead to approximately the same plateau potential of -3.5V vs.
Virp, characteristic for the potential of lithium deposition. As the temperature is increased, the
time to reach the lithium electrodeposition potential is increased, which suggests an increased

SEI formation rate at higher temperatures.
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Figure S8. Images of the SEI with THF-based electrolytes

Figure S8. Scanning electron microscopy (SEM) images and photographs of the SEI obtained

from THF-based electrolytes at a) 5 °C, b) 22 °C, and ¢) 40 °C. At 5 °C, we observe a strongly
irregular and porous SEI. At 22 °C, a regular thin film forms. That film becomes significantly
thicker at 40 °C, as evidenced by the charging observed during SEM imaging. We also observe

a loss of SEI on the Cu surface, suggesting etching of the SEI.
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Figure S9. SEM images of the SEI with Diglyme-based electrolyte
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Figure S9. Scanning electron microscopy (SEM) images of the SEI obtained in diglyme-based
electrolytes under different conditions. a-d) SEM images obtained after a Li-N2R run at 50 °C
with a passed charge of 16 mAh cm™. We observe areas thinner areas that develop a thick,
highly porous inorganic-rich SEI (a,b) and of organics-rich, thick SEIs (¢,d). Focused ion beam
(FIB) cross sections reveal a highly porous network within the SEI layer that can even form
cavities. e) SEM image obtained after a Li-N2R run at 25°C with a passed charge of
16 mAh cm. f) SEM image obtained after a Li-N>R run at 50 °C with a passed charge of

2 mAh cm™.
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Supplementary Note 1. Current cycling to elucidate SEI passivation properties

One of the key ways how the SEI dictates Li-N2R performance is by influencing the mass
transport properties of key chemical species at the electrode interface. Given the thickness of
the SEI and the nature of the reaction with multiple reactive species involved, it is attractive to
study mass transport via a bottom-up approach, where measurements of the microstructure and
composition via methods such as (cryo-)electron microscopy and x-ray scattering lead to a
model for species transport. Unfortunately, the SEI is a highly complex interfacial layer that is
1) electronically insulating, i1) composed of both crystalline and amorphous species, iii) made
up from light elements, and iv) dynamically changing during the reaction. Consequently, it
would be extremely difficult to perform a bottom-up approach to study mass transport in the

SEI in a manner that would fully capture these complexities.

Instead, we considered a top-down approach where we used the rate of lithium metal oxidation,
rLi, during Li-N2R as a proxy for mass transport and microstructural differences between
different SEIs. We motivate this approach by imagining two opposite situations (Figure S10).
First, if a layer of Li is located under a perfectly passivated SEI, similar to ones obtained in Li
metal batteries (Figure S10a), the mass transport of Li metal and other reactive species (e.g.,
N, protons, electrolyte) is zero and and rri = 0. In contrast, when there is no SEI present, e.g.,
at the beginning of the Li-N2R reaction, rr; will be maximal (Figure S10b). In scenarios
between those two extrema (Figure S10c¢), we hypothesize that rri will be somewhere in
between and depend on the complex interaction of mass transport rates of reactive species,
which in turn depends on the microstructure and composition of the SEI.

dnLl'
i = dt = f(rH:erﬂrelr )
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Assuming that r1; is time-independent, the rate can then be written as a function of the total

amount of lithium metal, nrit: and the the time until Li is fully depleted, twi.

fLi . (01
Npitot = Ty dt =ty if < 3t ) =0
0

As a result, not only rr; but also #;, which can be readily measured using electroanalytical
techniques, becomes a qualitative marker for the passivation of the Li surface during Li-N2R

when the amount of deposited lithium is known.

We determined tr; by applying a current cycling approach (Figure 10d-f). We first
electroplated lithium metal at a current of -4 mA/cm? for 2min, corresponding to
approximately 65 pm of deposited Li (Figure S10d). We then set the current to zero and let
the system relax under open circuit conditions (Figure S10e). Thereby, the potential settled
first at the Li/Li" reduction potential (~-3.4 V vs. LFP), suggesting the presence of unreacted
Li. Once all Li is consumed or electrically disconnected from the electrode (Figure S10f), the
cathode potential becomes substantially less negative and, once the cutoff potential of -2.8 V
vs. LFP is reached, a new electroplating cycle was started. The overall time at open circuit
correlates directly with tri, thus allowing us to compare the passivation of the SEI at a given
amount of passed charge. We therefore do not only obtain ex situ SEI characterization but
continuously monitor the passivation of the SEI as a function of passed charge, which, to the

best of our knowledge has not been shown for Li-N2R before.

Note that the electrode potential can also become less negative than the Li/Li" potential when
the Li metal is electrically disconnected from the electrode. Such dead lithium is often found

in Li metal batteries during fast lithium stripping>. However, as the electrolyte itself is
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chemically depleting the lithium metal and no stripping current is needed, the amount of

unreacted, electrically disconnected lithium is expected to be negligible.

In the following, we provide two situations that give important supporting information for the
claims made in the main text of this publication. First, we will validate the technique and
confirm the appearance of SEI fluctuations by studying how the proton source affects
passivation and SEI formation dynamics at 50 °C. Second, we will compare the passivation of
the Li surface as a function of electrolyte solvent, confirming that the THF electrolyte leads to

a more passivating SEI at elevated temperatures.
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Figure S10. a-c) Schematic depiction of different hypothetical passivation conditions and their
effect on lithium decomposition. a) Full passivation by the SEI, where both electrolyte and
lithium cannot traverse through the SEI. b) No passivation, where the rate of Li decomposition
is maximized. ¢) A hybrid scenario with a porous SEI, where the electrode partially passivated.

d-f) Proposed current cycling approach to measure the Li decomposition time, tr;, during Li-
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NoR. First, a constant layer of Li is deposited (d), that Li layer is left to decompose during OCV
conditions (e) until all lithium is reacted away and a new cycle is started (f). Inset: expected

behavior of the electrochemical potential during each of the steps.

The role of proton-source in SEI passivation

To validate whether this approach led to meaningful information about SEI passivation, we
applied the current cycling approach to Li-N2R at 50 °C in a 1 M LiBF4 solution in diglyme
with or without 1%v EtOH (Figure S11). Consistent with previous studies®, we observed that
tLi 1s initially strongly increased to more than 10 min without the presence of a proton source.
Over time, the diglyme oxidation at the anode generates protons that end up dissolving the
passivated SEI and decrease tii, supporting our findings of nonzero FE to NH3 upon extensive

cycling (see Figure 4).

The evolution of tr; with EtOH present was also qualitatively consistent with our model. As
protons will readily react with lithium to form H> and NHj, ti; is initially less than 5 seconds.
With progressing formation of the SEI as total charge passed increases, tLi slowly increases to

the range of ~100 s after 15 mAh of charge is passed, further supporting the idea that
maximal passivation is achieved only when Li-N2R is run for a sufficiently long period.
Interestingly, fluctuations in tri are observed beyond 15 mAh of charge passed, which we

hypothesize could be due to the loss of SEI observed earlier (see Figure 3).
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Figure S11. a) Lithium decomposition time, ti;, as a function of passed charge during Li-N>R.
The reaction was performed at 50 °C in a diglyme-based solution containing 1 M LiBF4 and
either 1v% EtOH (red) or no Ethanol (dark grey). Note the semilogarithmic scale in t.; and the
two orders of magnitude longer lithium decomposition time without EtOH present. b) Voltage
profile of the two different experiments after 240 min. Without Ethanol present, a plateau is

found at the Li/Li" potential. With Ethanol, however, only a small shoulder is visible.

The role of the electrolyte solvent in SEI passivation

Our findings regarding the composition of the SEI via rinsate analysis (see Figure 2) and XPS
(see Figure S13) suggest that THF-based electrolytes incorporate significantly less organic
species in the SEI compared to the diglyme-based electrolytes. We hypothesized that the
decrease in organic species lead to a more passivating and brittle SEI with THF as electrolyte
solvent, leading to a reduction of species transport, SEI loss and overall performance loss once
the SEI mass becomes large at elevated temperatures. To validate this hypothesis, we applied
the current-cycling approach to measure tr; while running Li-N2R with either diglyme or THF-
based electrolytes. We chose a reaction temperature of 30 °C which allowed for the study of
enhanced SEI growth with less than 40% THF loss (by volume) due to evaporation. We

observed significant differences in passivation behavior between THF and diglyme-based
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electrolytes (Figure S12a). In the diglyme-based electrolyte at 30 °C, t1; is initially very small
(<5s) and then steadily increases throughout the measurement up to close to 20 s after
16 mAh/cm? of charge passed. This behavior follows the trend observed with the diglyme-
based electrolyte at 50 °C (see Figure S11). However, tri is much smaller in magnitude after
16 mAh/cm? charge is passed at 30°C. Furthermore, while tui leveled off in the 50 °C
experiment after I5mAh/cm? of charge passed, ti; is steadily increasing at 30 °C. Together with
the smaller amount of SEI deposited at the lower temperature (see Figure 2), this indicates that
the SEI might not be fully formed, yet. Interestingly, no fluctuations are observed at 30 °C,
supporting the hypothesis that etching and SEI loss occur mainly at higher temperatures.

In the THF-based electrolyte, tr; increases first to 45 s at 2 mAh/cm?, after which it drops and
then varies between 15-40 s. This result is in strong contrast to the diglyme-based electrolyte
and suggests a stronger passivation at earlier times. In addition, the variation of the passivation
suggests some instabilities in the SEI e.g., due to cracking or delamination. If such a behavior
happens, it was shown by Deissler et al.® that mainly LiH forms, leading to a very low FE. The
idea of cracking is further supported by the composition of the THF-based SEI, that is very

poor on organic species and hence very brittle (see Figure 2 and Figure S11a).

While the current cycling approach shown here gives qualitative insights into the passivation
of Li and hence allows to study properties of different SEIs that, to the best of our knowledge,
have not yet been accessible, we note that there are three important limitations to this approach.
Firstly, tri does not only depend on the degree of passivation but also on thermodynamic (e.g.,
temperature, pressure) and kinetic parameters that affect Li reactivity. It also cannot reveal
microscopic differences of the SEI. Thirdly, drawing direct conclusions from trito FE is too
simple as passivation and Li reactivity are not guaranteeing perfectly matched Li*, N, and H*

mass transport rates. Nonetheless, this technique, in concert with the rinsate, XPS, and FE study
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presented here, provided new insights and thus shows promise to become a regularly applied
tool for Li-N2R characterization.

Finally, we note that, by reducing the current cycling approach to the single parameter ti;, a lot
of interesting additional data is lost, as shown by the different potential profiles shown Figures
S12b and S12¢. While analyzing these differences of potentials could potentially lead to rich

scientific findings, they are beyond the scope of this study.
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Figure S12. a) Li decomposition time tr; obtained from current-cycling experiments during
Li-N2R, as a function of charge passed for THF-based (grey) and Diglyme-based electrolytes
(red). In both cases, Li-N>R measurements were performed at 30 °C with the electrolyte
solution containing 1 M LiBF4 and 1 v% EtOH. b-¢) Potential profile of the current-cycling
experiments as a function of time for early (b) and late cycles (¢), marked with their

approximate position in a).
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Figure S13. Depth-resolved XPS of SEIs: Diglyme-based electrolytes
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Figure S13. Ex situ measurement XPS spectra of SEIs made from diglyme based electrolytes,
containing 1 M LiBF4 in diglyme / 1v% EtOH, after 16 mAh/cm? of charge passed. For depth-
resolution, samples were compared at a sputtering time of 0, 2, and 10 min. a) SEI after Li-
N2R experiment at 25°C. With increasing sputtering, we observe the reduction of B-F, LiBF4,
and C-C species, while LiOH, and LiO; increase. b) For Li-N2R at 50 °C, we observe the same
trends. We also find some bonds in the energy range characteristic for C=0O bonds that seen to
reduce at higher energies. All samples, show the occurrence of B-O bonds indicative of a borate

species and BF4 decomposition. For typical energies of relevant species, see Table S2.
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Figure S14. Depth-resolved XPS measurements of SEIs from THF-based electrolytes
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Figure S14. Ex situ measurement XPS spectrum of the SEI made electrolytes at 40 °C from
THF-based, containing 1 M LiBF4 in THF / 1v% EtOH, after 16 mAh/cm? of charge passed.
For depth-resolution, samples were compared at a sputtering time of 0, 2, and 10 min. With
increasing sputtering, we observe a strong decrease of the C-O and C-C bonds, suggesting that
Carbon is mainly located at the particles surface and less so deep within the SEI. We also
observe an additional species in the B 1s energy range. Given the energy range that is close to
B-C bonds (see Table S3), we hypothesize that this peak could arise from a THF-BFx complex

that is known to occur.’
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Figure S15. XPS Survey spectra of SEIs
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Figure S15. XPS survey spectra of the SEI shown in Figure S12 and S13 at 0 min etch time.
Only, F, O, C, B, and Li are observed. In addition, the amount of C species in the THF-based
electrolyte as strongly reduced in comparison to the diglyme-based electrolyte, while the F

species are larger in amount, indicative of a more inorganic SEI.

27



Table S1-S5: Fitted Values of Depth-resolved XPS experiments
Table S1. Fit Values used to fit detailed XPS spectra in the region of the F 1s edge. The

parameters represent: ai, area of peak i; pi, position of peak i; wi, FWHM of peak 1i.

F 1s

Diglyme 25 °C Diglyme 50 °C THF 40 °C

0 min 2 min 10 min 0 min 2 min 10 min 0 min 2 min 4 min 10 min

al 9.41E4 | 9.65E4 | 9.61E4 4.04E4 6.65E4 6.42E4 8.93E4 1.23E5 1.25E5 1.31E5

pl 684.1 684.0 683.9 683.6 683.7 683.7 684.2 684.2 684.2 684.1

wl 1.91 1.92 1.90 1.82 1.84 1.83 2.04 1.95 1.94 1.94

a2 4.49E4 | 3.75E4 | 3.27E4 4.31E4 2.92E4 2.72E4 5.38E4 4.01E4 3.48E4 2.87E4

p2 685.8 685.7 685.5 685.6 685.3 685.2 686.2 686.1 686.0 685.9

w2 242 2.42 2.40 232 2.34 2.33 2.39 2.30 2.29 2.29

Table S2. Fit Values used to fit detailed XPS spectra in the region of the B 1s edge. The

parameters represent: ai, area of peak i; pi, position of peak i; wi, FWHM of peak 1i.

B 1s
Diglyme 25 °C Diglyme 50 °C THF 40 °C
0 min 2 min 10 min 0 min 2 min 10 min 0 min 2 min 4 min 10 min
al | 2418 3673 3936 1746 3130 3761 3543 508.8 473.8 3933

pl 191.8 191.5 191.3 191.1 191.0 191.3 192.2 192.1 191.9 190.1

wl 23 3.0 3.0 2.224 23 24 24 35 35 3.0

a2 994.7 597.7 374.3 1403 938.8 491.6 1810 788.1 701.3 522.0

p2 194.1 193.9 193.6 193.7 193.1 193.2 194.5 194.7 194.5 194.4

w2 | 2412 2412 2412 1.89 2.35 2.155 2.203 1.939 2.05 2.35
a3 . ) ] - - - . 462.6 415.6 568.5
3 . - ; - - . - 187.1 187.2 186.2
w3 ) . ] - - - . 35 35 3
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Table S3. Fit Values used to fit detailed XPS spectra in the region of the C 1s edge. The

parameters represent: ai, area of peak i; pi, position of peak i; wi, FWHM of peak 1i.

Cls
Diglyme 25 °C Diglyme 50 °C THF 40 °C

Omin | 2min [ 10min [ Omin [ 2min | 10min | Omin | 2 min | 4 min | 10 min
al | 8600 [ 8378 | 5949 [ 9751 | 9308 | 1.097E4 | 5444 | 3269 | 2983 | 2127
pl | 283.5 | 283.3 | 283.1 | 283.5 | 283.2 | 2832 | 283.8 | 283.3 | 283.1 | 282.8
wl [ 1.990 | 2.285 | 2.350 | 1.658 | 1.805 | 1.881 1.894 | 2.897 | 2.897 | 2.897
a2 | 4030 [ 3299 | 2768 [ 7832 | 5590 4723 2969 | 1657 | 1593 | 1468
p2 | 285.6 | 285.8 | 285.8 | 285.1 | 285.1 | 2852 | 285.4 ] 286.3 | 286.2 | 286.1
w2 | 2.390 | 2.350 | 2.350 | 1.958 | 2.305 [ 2.381 | 2.394 | 2.186 | 2.155 | 2.200
a3 - - - 2934 | 1312 1012 - - - -
P3| - - - | 2883|2883 2882 - - - -
w3 - - - 2.158 | 2.239 | 2.381 - - - -

Table S4. Fit Values used to fit detailed XPS spectra in the region of the Li 1s edge. The

parameters represent: ai, area of peak i; pi, position of peak i; wi, FWHM of peak 1i.

Li1s
Diglyme 25 °C Diglyme 50 °C THF 40 °C
Omin | 2min | 10 min | Omin | 2min [ 10 min [ O min | 2 min | 4 min | 10 min
al | 4195 | 4421 | 4495 2060 | 2778 | 2880 | 3549 | 4147 | 4238 | 4483
pl | 54.98 | 54.76 | 54.62 | 54.43 | 54.44 | 54.46 | 54.97 | 55.00 | 54.94 | 54.84
wl | 2.237 | 2.286 | 2.270 | 2.173 | 2.131 | 2.161 | 2.372 | 2.157 | 2.153 | 2.173

29



Table S5. Fit Values used to fit detailed XPS spectra in the region of the O 1s edge. The

parameters represent: ai, area of peak i; pi, position of peak i; wi, FWHM of peak 1i.

O1s
Diglyme 25 °C Diglyme 50 °C THF 40 °C
Omin | 2min 10 min 0 min 2 min 10 min Omin | 2min | 4 min | 10 min
al 868.4 6859 | 2.017E4 | 1.458E4 | 4.237E4 | 1.055E4 | 6408 | 5784 | 4222

pl | 2.570 | 527.0 528.9 530.2 529.6 531.0 532.0 [ 532.1 | 532.1 | 532.1

wl | 5400 | 1.300 1.875 2.200 2.298 2.601 2.694 | 2.856 | 2.856 | 2.856

a2 - 4114 3.651E4 | 3.032E4 | 3.753E4 | 7837 - 1800 | 2939 [ 3762
p2 - 529.0 531.2 531.4 531.0 529.2 - 529.6 | 529.6 | 529.6
w2 - 1.738 2.975 2.600 2.568 1.995 - 2746 | 2.777 | 2.777
a3 - 3.401E4 1190 - - 392.5 - 296.1 | 479.0 | 725.5
p3 - 5314 526.8 - - 526.7 - 526.9 | 526.8 | 5269
w3 - 2.95 1.213 - - 1.113 - 1.324 | 1.555 | 1.885
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Table S6. Summary of relevant literature binding energies

cC C-O C=0 O-H | Li-O | Li-F B-F B-O | BC B-B
(eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)
O1s - 533* 532° 531° | 528.5° - - - - -
Cls 284(&.81 28%.21 289" - - - - 282.1 -
B 1s - - - - - 194.8'2 | 192" | 188.4 | 187.4"
F1s - - - - 684.8'* | 686.8'° - -
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Figure S16. Changes to the Cu electrode during Li-N;R

Intermediate Cu

Immersed Cu

Washed electrode
THF, 40°C

Figure S16. Evolution of the pristine copper electrode during Li-NoR in THF-based
electrolytes at 40 °C. While the pristine Cu electrode (a) is uniform throughout the entire
electrode, three regions can be observed after Li-N2R. At the top region, far away from the
electrolyte, the Cu remains largely unaffected. The intermediate area of the electrode near the
electrolyte surface was colored darker. Finally, the Cu electrode, visibly changes its color the

moment it is immersed within the electrolyte, suggesting some form of etching.
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Figure S17. "B NMR Spectra of the electrolyte after Li-N2R reaction
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Figure S17. ''B NMR Spectra of the electrolyte after Li-N»R reaction at 50 °C in the electrolyte
during long term cycling and in the rinsate after 16 mAh/cm? of passed charge. Both spectra
are compared to a triethyl borate (B(OEt)3) and a LiBF4 standard. Apart from the LiBF4 signal
that is visible in all samples, we observe a small broad peak in the range of the B(OEt)3 peak
that grows larger when the experiment is run extensively. Within the rinsate, we also observe

an NMR peak in the range of 0 ppm that could arise from BF3.!5:1¢
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Figure S18. All Li-N2R Sampling runs with 0.33v % EtOH
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Figure S18. Summary of the temporal evolution of the Faradaic Efficiency (FEnn3) at 50 °C
with an EtOH content of 0.33 v%. Generally, the FE is increasing as a function of charge until
drops of FE appear, likely due to delamination of the SEI from the Cu substrate. While the
exact point of charge when delamination occurs is not always the same (as one would expect
with the stochastic nature of delamination reactions that depend on substrate and SEI

irregularities), the maximal FEs shown observed are all close 40 %.
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Figure S19. Li-N2R Control Runs
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Figure S19. Control experiments of Li-N2R runs in diglyme-based electrolytes. At 2 mAh cm™
charge passed, we only observe a significant amount of NH3 (> 5 uM) with N> and EtOH as
proton source. At 16 mAh cm™ charge passed, we do not observe NH3 when Ar is sparged
during the reaction. Without EtOH, approximately 550 uM of NH3 was obtained, suggesting
that protons obtained through diglyme oxidation were serving as the proton source for Li-N>R

to ammonia.
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Table S7. Different Li-N2R experiments in batch cells at ambient pressure

FE Charge

o Solvent Salt (mAh/em?) Comments Reference

28 THF LiClO4 2.8 H>O as additive Spry et al.!”

. Current Cycling Zamany

= THE LiCIO. 154 Approach Andersen et al.!'®

17 | THF  LiTFSI ~240 Constant Voltage  py | o 4y 19
experiments

18 THE LiCIO; 4 After Electrolyte ~ Valbak Ngoygmd
Replacement et al.

20 | THF  LiClO, 24 Additional By j ghane et al.2

bubbling
19 | Diglyme LiBF4 16 Average FE This Study
39 Diglyme LiBF4 11-15 Maximal FE This Study
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