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Broader context

In situ spectroscopy reveals how water-driven SEI
formation controls selectivity in Li-mediated N,
reductiony

Matthew Spry,®= Johannes Rietbrock,® Olivia Westhead,® Craig Burdis, (2 ¢
Cindy Tseng,® Asuka Morinaga,® James O. Douglas, (2% Michele Shelly Conroy,®
Yasuyuki Kondo,® Yuki Yamada, (2 ¢ Maria-Magdalena Titirici, €2°

Ifan E. L. Stephens*® and Yu Katayama (&) *¢

Understanding the fundamental processes that govern the formation of the solid electrolyte interphase
(SEI) layer in lithium mediated nitrogen reduction is crucial to the design of improved electrolyte
formulations. In this work, the roles of water and ethanol on the formation of the SEI are studied using
in situ infrared spectroscopy and postmortem cross-sectional microscopy. Our results connect the
observed SElI morphologies to specific observed SEI formation mechanisms. We directly detect
formation of lithium ethoxide (LIEtO) as a major SEI component at potentials positive of Li plating when
ethanol is used as the proton donor, which further reacts to form LiOH and Li,O depending on water
availability, and regenerates ethanol. We show that in water-containing electrolytes, the SEI consists of a
highly porous outer layer, which we propose is largely LiOH, and a denser inner layer, consisting largely
of Li,O. We show that the water concentration relative to the ethanol concentration in the electrolyte
can strongly influence the porosity of the SEI, which in turn influences N, reduction selectivity.
Furthermore, our combined approach of directly probing SEI formation in real time and measuring
morphological changes to the SEI can provide a framework for more informed SEl engineering to
unlock further optimisation of the Li-mediated system.

Ammonia is an essential feedstock chemical for agricultural fertilisers, but its conventional manufacture via the Haber-Bosch process contributes more than 1% of

the world’s total CO, emissions. Achieving net-zero global CO, emissions necessitates low-carbon ammonia production. A more sustainable method is

electrochemical nitrogen reduction, which could enable decentralized production using renewable electricity. Among emerging approaches, the lithium-mediated
system is the most developed. While rapid advances in ammonia selectivity have been made, understanding of what governs such selectivity has lagged behind. In
particular, the solid-electrolyte interphase (SEI), which is thought to control the transport of species to the electrode surface, is poorly understood. This study

demonstrates combined in situ infrared spectroscopy and postmortem microscopy to link observed initial SEI forming reactions to the final SEI structure and

composition. It sheds new light on how ethanol as the proton source dominates the initial stages of SEI formation, and how it interacts with trace water at the
electrode to form further SEI components such as LiOH and Li,O. Moreover, this approach could form an integral part of future SEI engineering.

Introduction

Conventional ammonia synthesis via the Haber-Bosch process
contributes more than 1% of global carbon emissions® and

Ammonia is one of the world’s most important commodity
chemicals, serving as a major feedstock to produce fertilisers.
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requires large-scale facilities operating at high temperatures
and pressures, which restricts the ability of developing coun-
tries or remote areas to produce fertilisers. As a low-carbon,
decentralized alternative, electrochemical ammonia synthesis
powered by renewable energy offers the potential to revolutio-
nize fertiliser production.? The most advanced and extensively
researched electrochemical method is the lithium-mediated
system. Since the verification of lithium-mediated ammonia
synthesis in 2019, dramatic improvements in key performance

This journal is © The Royal Society of Chemistry 2025
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metrics have been achieved, and the best-performing systems
demonstrate commercially promising ammonia production
rates, compared to other alternative N, reduction processes.*
All successful improved systems follow the same essential
formula: a lithium salt in an aprotic organic solvent, containing
an organic proton source or a proton shuttle. At extreme
negative potentials, Li electroplates on the electrode; this
cleaves the dinitrogen triple bond to form LizN, which can
then be protonated to ammonia.””® Competing with nitrogen
reduction are several parasitic side reactions, most notably
hydrogen evolution, excess Li plating, and reduction of electro-
lyte components.>”'*"*?

One of the key strategies employed to optimise this system
has been engineering of the solid-electrolyte interphase (SEI)
layer, which forms on the electrode from electrolyte decom-
position products and protects the electrolyte from further
reduction.'®'™'>'* This SEI is similar to that formed in
lithium-ion batteries, which is lithium ion conductive but
electrically resistive. The SEI typically forms on a battery’s first
charging cycle and provides a passivating barrier that prevents
further electrolyte degradation."®'® However, in Li-mediated N,
reduction, the SEI must permit transport of N, and protons,
and can grow or change in composition and morphology over
time, depending on the electrolyte conditions.’”° The term
“SEI” will be used hereafter to refer collectively to deposits on
the cathode during the initial potential scan and those formed
during sustained operation. Based on theoretical models, it is
generally assumed that controlling the transport rate of protons
to the working electrode is crucial to achieving high-selectivity
N, reduction instead of H, evolution,”*" and many reports
credit the SEI as the reason for the high selectivity observed in
this system,!"13:14:17:18:20.22.23 pyrthermore, the porosity of the
SEI has been directly tied to its role in selectivity to
ammonia,'"'® which likely depends both on its composition
and mechanism of formation."”'® The porosity of proton
donor-derived SEI phases has been proposed to contribute to
the selectivity in the Li-mediated system.'”'®** Therefore, in
short, the SEI with optimal composition and structure should
be permeable enough to allow transport of dissolved N, to
reach the active surface, and it should restrict transport of
protons or proton carriers and Li ions to enable ammonia
synthesis but preventing excessive H, evolution and Li plating.

The proton donor’s influence on the SEI composition and
structure makes its role more complex than simply shuttling
protons from the counter electrode (anode) to the working
electrode (cathode). Many reports have suggested that the
lithium mediated system does not generate ammonia in the
absence of ethanol, the most commonly used proton
donor.>*'718232% However, Mygind et al. have proposed that
ethanol is necessary for SEI formation, but is not necessary for
nitrogen reduction once the SEI is formed, and that other
electrolyte species are able to shuttle protons to the
cathode.”” Lazouski et al. proposed that the proton donor plays
a major role in the permeability of the SEI and therefore the
diffusion rates of N,, Li" and the proton donor to the active
surface,"® with the SEI acting as an additional diffusional
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boundary layer. Further to this, McShane et al. reported that
proton donor-derived alkoxides make up the majority of the SEI
using different alcohols in a LiClO,-based electrolyte, and
suggested that the thickness of the alkoxide layer increases to
a plateau where it regulates a steady transport of both the
proton donor and Li* to the electrode surface.'®*®* Recent
work from our own group using a LiNTf,-based electrolyte
observed via scanning electron microscopy that the SEI
becomes thinner and more homogeneous with increasing
EtOH concentration, as well as creating a more Li,O and
LiOH-rich SEL.**

These studies have revealed the crucial role the proton donor
plays in both SEI composition and its morphology."”***' How-
ever, when ethanol is used as the proton source, the detection of
lithium ethoxide in the SEI is not consistent.'*'”'® Sazinas
et al. detected small amounts of LiEtO alongside polyTHF in O,
dosed electrolytes using NMR and GC-MS,"* which differs from
the alkoxide-rich SEI observed by McShane et al.'® Our own XPS
characterisation does not definitively identify LiEtO with cer-
tainty due to a lack of available reference data and the difficulty
in accurately fitting O 1s and Li 1s core levels. TOF-SIMS
measurements also do not detect LiEtO with certainty, as it
could easily fragment into other species.>**° Due to the high
reactivity of LiEtO and its solubility in THF, a LiEtO-rich SEI
may degrade rapidly during sample preparation and transfer
for postmortem characterisation measurements. It is likely that
during long-term electrolysis, the LiEtO content of the SEI is in
dynamic equilibrium of LiEtO formation from EtOH reduction
and LiEtO dissolution or further reaction.'”'® Aside from
primary alcohols, proton shuttle species such as phenol with
a lithium phenoxide buffer,*® and a phosphonium ion* have
been demonstrated to be highly active towards ammonia
synthesis, but the role that these species play in SEI formation
has not been studied in detail.

The crucial role of the lithium salt in both SEI composition
and its morphology has also been discussed previously. In
LiClO4-containing electrolytes, LiCl, Li,O and LiOH have been
detected as major inorganic compounds based on X-ray photo-
electron spectroscopy (XPS) and time-of-flight secondary ion
mass spectrometry (TOF-SIMS) measurements,">*?® while in
electrolytes with fluorinated salts such as LiBF, or LiNTf,, LiF
has been detected as the major inorganic compound.'** In
long-term flow cell studies, Fu et al. found LiBF, electrolytes to
significantly outperform LiNTf, and LiClO, due to forming a
stable, compact SEI layer compared to LiClO, and avoids
production of LiS, species from NTf,” degradation that can
poison the anode and cause excessive solvent oxidation.**® Li
et al. reported an improvement in faradaic efficiency at elevated
pressure by dosing the N, gas stream with small amounts of O,
in a LiClO, electrolyte, which corresponded to an increased
amount of Li,O in the SEL'™ Our group reported a similar
phenomenon in which the faradaic efficiency increased drasti-
cally with the addition of small amounts of water to electrolytes
containing LiClO4.>*> Note that the improvement in faradaic
efficiency with the addition of water has only been demon-
strated in the LiClO, system, and has a detrimental effect on
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performance in several other reports, all of which use F-
containing salts.>***> It is not clear from the literature
whether the addition of O, would have the same effect in F-
containing electrolytes, or whether this difference is unique
to water.

Nonetheless, given its ubiquity as a contaminant, and its
formation as a byproduct during N, reduction,'>"? systems that
can tolerate water would be highly preferable. Water oxidation
would also provide a desirable anode reaction which would
circumvent the need to oxidise H, derived from water splitting
and would necessitate a water-tolerant cathode reaction. Water
oxidation at the anode has been demonstrated using a separate
aqueous anolyte®® but not yet in the same organic electrolyte,
which would present significant challenges. The role and effects
of water on the composition and morphology of the SEI, and likely
therefore the N, reduction selectivity, remain largely unexplored.
Furthermore, despite numerous reports of postmortem SEI char-
acterisation and in situ SEI formation,'?%?” there is little mecha-
nistic understanding of the fundamental -electrochemical
reactions that govern it. Just as understanding SEI formation
has been crucial to the development of improved electrolyte
formulations in lithium-ion batteries, so too could understanding
the SEI in N, reduction prove essential to future development.
Given that the active surface and some SEI components are highly
reactive, ex situ SEI characterisation methods do not necessarily
capture the operating conditions during ammonia formation or
the process of SEI formation itself. In situ characterisation of the
SEI can provide far greater insight into the processes that govern
SEI structure, composition and performance.

In this report, we employ in situ Fourier transform infrared
(FTIR) spectroscopy to detect key SEI-forming reactions at
different ethanol and water concentrations during an initial
cathodic voltage scan towards the Li plating potential. We
relate these reactions to the morphology of SEI cross-sections
observed using postmortem scanning electron microscopy, to
link electrolyte composition and initial SEI-forming reactions
to the final SEI structure and morphology. We employ the same
microscopy method as another recent work from our group,
which investigated the effects of ethanol on the SEI in LiNTf,-
containing electrolytes.”® In contrast, this work focuses on
LiClO,-based electrolytes, as we have previously demonstrated
that water can improve the selectivity of this system. To better
understand our previous results, we focus in particular on the
relationship between water and ethanol content in the electro-
lyte, and how reaction mechanisms involving these species
govern the structure of the resulting SEIs.

Results
In situ FTIR measurements

Fig. 1a shows the FTIR spectra measured on an initial cathodic
sweep from open circuit potential towards Li plating in an
electrolyte consisting of 1 M LiClO, in THF with 0.17 M (1 vol%)
ethanol and 2.5 mM (45 ppm) water. This corresponds to
nominally dry conditions, without added water, to firstly under-
stand the role of ethanol.

8416 | Energy Environ. Sci., 2025, 18, 8414-8429
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All spectra shown are relative to a background spectrum
measured at open-circuit potential prior to any electrochemical
measurements and therefore contains absorption from the
bulk electrolyte. All positive peaks represent an increase in IR
absorption relative to open circuit potential, and negative peaks
a decrease in IR absorption relative to open circuit potential.
From the open circuit potential (approx. +3.4 Vy;+) to around
+2.0 Vi, the growth in the absorption bands at 1040 cm™*
and the downwards band at 1068 cm™ ' represents a change in
the absorption frequency of ring-stretching of THF during
charging of the electrochemical double layer. This reflects the
decrease in the local concentration of free and Li-coordinated
THF and increase in local concentration of THF in solvent-
separated ion pairs (SSIPs) or contact-ion pairs (CIPs) near the
working electrode surface, as discussed in our previous
work.2%38 Between +2.0 Vyj;+ and +1.7 V4, an increase in
intensity of absorption bands from the bulk electrolyte is
observed corresponding to feature 1 on the CV in Fig. 1c, which
may arise from the reduction of copper oxides. The peak does
not appear significantly using Cu foil under the same condi-
tions, probably due to the larger roughness of Cu SEIRA surface
compared to the Cu foil surface. This coincides with the
appearance of interfacial water in the IR spectra at 1600 cm ™
(H-O-H bending) and 3200-3500 cm ™" (O-H stretching), which
is not detectable in the bulk electrolyte IR spectrum at such low
concentration. This suggests accumulation of trace water at or
near the electrochemical interface as the potential is decreased.
One possible explanation is the favourable migration of Li* ions
with smaller, H,O-containing solvation shells towards the
electrode, compared to Li" ions surrounded only by bulkier
THF molecules and anions.

Beginning at around +1.1 Vi ;+ and corresponding to fea-
ture 2 on the CV in Fig. 1b, prominent bands arise at
2811 cmfl, 2707 cmfl, 1382 cmfl, and 887 cm ™. By compar-
ing with reference spectra of a pure sample in an Ar glove box,
we confirm that these bands correspond to solid lithium
ethoxide, as shown in Fig. 1a (bottom). We assign feature 2 in
Fig. 1c to the following reaction:

EtOH + Lit +e~ — %Hz + LiEtO (1)
Simultaneously, the down-going bands from THF indicate the
displacement or blocking of THF from the working electrode
surface by the formation of lithium ethoxide. Other strong
bands from lithium ethoxide occur around 1050 and
1124 cm™ ', however these may overlap with C-O stretching
from THF and ethanol, and Cl-O stretching from the perchlo-
rate ion respectively.>**?*° In experiments using LiNTf, as the
salt, the same blocking of the working electrode with a layer of
LiEtO is observed (Fig. S10b, ESI{). Characteristic absorption
bands for Li,COj; at 1445 cm™ " and 1500 cm™",*" and poly(THF)
between 1200-1500 cm ™ *,** were not observed in any of these
experiments. The poly(THF) observed in other reports via
postmortem characterisation'®'* likely results from THF
electro-oxidation at the anode followed by in solution chemical
polymerisation,**** which later deposits on the working

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) FTIR spectra of the working electrode during the initial SEI-forming cathodic potential scan from OCP towards the apparent Li plating

potential, in an electrolyte of 1 M LiClO,4 in THF with 0.17 M ethanol as a proton donor and 2.5 mM (45 ppm) water. The working electrode consists of a
50 nm sputtered Cu film on top of an Au adhesion layer deposited on a 22 mm diameter hemispherical ZnSe prism. The background spectrum was taken
at OCP and subtracted from each subsequent spectrum. Spectra are positioned to intersect the y-axis at the potential at which they were measured.
Reference spectra for bulk electrolyte and pure solid LiEtO were measured using a diamond ATR accessory inside an Ar glove box (b) Schematic showing
the initial stages of SEI formation on the Cu on a ZnSe prism electrode setup during the first potential scan. (c) CV of the first cycle at a scan rate of
—5mV s~ (black line) and compared to the same conditions on Cu foil in a similar cell (red dashed line). Working electrode potential is corrected for
Ohmic drop (Ruemir = 120 Q, Rytoi = 110 Q). The IR cell is a single compartment with a 1 cm? Pt mesh counter and Pt wire reference, each with

approximately 1 cm separation (Fig. S1, ESIT).

electrode. Species such as Li,O and LiCl have been observed in
postmortem XPS under these conditions,'*'*?>2¢ but are IR
inactive so would not be detected here. Therefore, in situ FTIR
observation implies that LiEtO and IR-inactive species (such as
Li,O or LiCl) must be the major SEI components just before
the onset of Li plating. Detailed peak assignments and
reference spectra for observed species can be found in the ESIt
(Fig. S6-S8).

Effects of ethanol concentration

As the formation of LiEtO clearly dominates the SEI initially
using 0.17 M ethanol in the electrolyte, the influence of ethanol
was further investigated using different ethanol concentra-
tions. The in situ IR spectra in the C-H stretching region in
electrolytes containing 0 M, 0.17 M and 0.51 M ethanol (0, 1
and 3 vol%) are shown in Fig. 2a. A comparison of the wider
spectra measured near Li plating potential is shown in Fig. 2b.
For all three ethanol concentrations, the trends in IR spectra
are very similar down to approximately +1.5 Vy;;+ showing the
same changes in double layer composition (Fig. S10 and S11,
ESIY). Characteristic bands for LiEtO are clearly observed below
+1.1 Vii+ in both ethanol-containing electrolytes.

This journal is © The Royal Society of Chemistry 2025

In the absence of ethanol, bands from bulk electrolyte at
2973, 2875 and 1040 cm ' (THF) and 1128 cm ' (ClO,")
decrease in intensity and eventually become down-going
between +0.5 and 0 Vi ;+. This indicates that an impermeable
SEI layer forms which blocks bulk electrolyte from the electrode
surface. As no significant positive IR absorption bands are
observed in these spectra, the most likely candidates for
dominant SEI species are IR-inactive species like LiCl from
the reduction of the ClO,  ion, as reported in our previous
work,”® or Li,O. As expected, the characteristic peaks for LiEtO
at 2808 cm ™, 2713 cm ™! and 1382 cm ™ are not observed in the
absence of ethanol, further supporting our peak assignment.
Similar SEI formation behaviour is initially observed from the
FTIR spectra using 1 M LiNTf, as the salt in the absence of
ethanol, shown in Fig. S10a (ESIT), in which all observable
absorption bands around Li plating potential can be ascribed to
bulk electrolyte.

In the electrolyte containing 0.51 M ethanol, we expect a
negligible amount of ammonia to form, based on previous
reports which attribute this to excessive H, evolution due to
high proton activity.>®>*> Note that the appearance of LiEtO in
this case is not accompanied by a significant decrease in band

Energy Environ. Sci., 2025, 18, 8414-8429 | 8417


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee01961c

Open Access Article. Published on 14 iulie 2025. Downloaded on 16.03.2026 08:18:54.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Energy & Environmental Science Paper
a 0 M EtOH 0.17 M EtOH 0.51 M EtOH
0.005 abs. 0.005 abs. LiEtO THF 10.005 abs.
00| THF T ‘ LIEtO LIEtO

_THF LIE©

-
o

1.5

N
o

Potential vs Li/Li* (V)

N
()]

3.0
3.5 , ,
3000 2800 1600 1400 3000 2800 1600 1400 3000 2800 1600 1400
Wavenumber (cm™)
_ o _ C
In situ spectra of the SEI near Li plating potential
w THF and LIEtO visible
» ~ 0+
E W\( AN ,/M 8 oM
" =
o| [0-17 M EtoH A /N\/_‘L s
&)
= [ |om EtoH E 14 017 M
= ——r 2
-~ ~—Negative bands Y . 2
corresponding to bulk electrolyte g
c-c-0 -
o o 5, c.c-0 cc-0 é -2
g‘ Solid LIEtO A M CH,p\ 8
. THF
@ | [Buk cH W 0.51 M
-l:‘ electrolyte M\ .
[an] T T T T T T T =i T T T T
3500 3000 16001400 1100 1000 900 800 0 1 2 3

Wavenumber (cm™)

Potential vs Li/Li*

V)

app

Fig. 2 (a) FTIR spectra of the working electrode during the initial SEI-forming cathodic potential scan from OCP towards the apparent Li plating potential
in an electrolyte consisting of 1 M LiClO4 in THF with 0 M, 0.17 M and 0.51 M ethanol (0%, 1% and 3% by volume), and <2.5 mM (~45 ppm) water. The
working electrode consists of a 50 nm sputtered Cu film on top of an Au adhesion layer deposited on a 22 mm diameter hemispherical ZnSe prism.
Spectra are all relative to a background spectrum taken at the initial OCP. (b) Comparison of the spectra measured closest to 0 Vj,;+ in each case with
measured ATR spectra of the bulk electrolyte and solid LiEtO for reference. (c) LSVs measured in electrolytes of 0 M, 0.17 M and 0.51 M ethanol at a scan
rate of —5 mV s~1. Working electrode potentials are corrected for Ohmic drop (Ry = 120 Q). The IR cell is a single compartment with a 1 cm? Pt mesh

counter and Pt wire reference, each with approximately 1 cm separation (Fig. S1, ESIT).

intensities from bulk electrolyte. The observation could either
indicate that the SEI becomes thin enough that electrolyte
remains within the IR penetration depth, or that the SEI
becomes porous enough that electrolyte is able to reach the
electrode surface. Considering that the LSV for the 0.51 M
ethanol experiment (Fig. 2c) shows continuously increasing
current between the onsets of LiEtO formation and Li plating,
we propose that the porosity of the SEI layer was increased in
0.51 M ethanol system, as it does not inhibit further ethanol
reduction and H, evolution. Our hypothesis is in line with the
observation of Lazouski et al'® and Blair et al,?® further
supporting the formation of porous SEI with relatively high
proton donor concentration.

8418 | Energy Environ. Sci., 2025, 18, 8414-8429

The contrast between the surfaces of the working electrodes
around Li plating potential can be seen most clearly in Fig. 2b.
In the 1000-1200 cm ' wavenumber region, negative bands
from THF and the ClO,” ion are present in the 0 M ethanol
experiment. Bands corresponding to LiEtO are most prominent
again in the 0.17 M ethanol experiment with negative bands
from THF, and bands from both LiEtO and THF can be seen in
the 0.51 M experiment.

Effects of water

The presence of water in the electrolyte has been shown to
dramatically affect SEI composition and N, reduction perfor-
mance, both positively and negatively, even at very low

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee01961c

Open Access Article. Published on 14 iulie 2025. Downloaded on 16.03.2026 08:18:54.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
concentrations.”*>*>* To better understand the effects of
water on SEI formation, we use a combined approach of
measuring the chemical composition of the SEI using in situ
FTIR spectroscopy (Fig. 3) and the surface morphology using
postmortem cryo-SEM (Fig. 5). Due to the difficulty of precisely
reproducing the water concentration at such small values, the
water concentrations used to prepare the samples for cryo-SEM
measurements differ slightly from those in the FTIR experi-
ments. However, they can be broadly classified as dry (<3 mM,
50 ppm), medium (35-40 mM, 650-750 ppm) and high
(>90 mM, 1700 ppm) water concentrations, based on our
previous work which found a local maximum in faradaic
efficiency to ammonia in LiClO, electrolytes in the range of
36-43 mM (650-770 ppm) with a salt concentration of 0.8 M.>>
The water concentration ranges tested herein correspond to
faradaic efficiencies of around 3% (dry), 20% (medium water)
and <1% (high water), based on batch cell experiments pas-
sing 10C of charge at —2 mA cm ™ 2.>*

View Article Online
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In the dry LiClO, system, the Li plating appears completely
irreversible under potential cycling, both during an initial cycle
at 5 mV s~ ' and during subsequent 20 mV s ' cycles (Fig. S4,
ESIt) which indicates a poorly passivating SEI layer. At increas-
ing water concentrations, the Li deposition rates remain similar
on the first CV cycle (Fig. S4a, ESIt). However after six potential
cycles (Fig. S4b, ESIf), the Li deposition rate significantly
decreases with increased water concentration, approximately
40% lower with 40 mM water and 85% lower with 100 mM.
Additionally the stripping efficiency (SE) of Li increases with
increasing water concentration. After six potential cycles
around Li plating potential, in the medium water concentration
electrolyte, approximately 7% of the electrodeposited Li is
oxidised, which increases to 38% in the high water concen-
tration electrolyte. This indicates that the increased water
concentration creates a more passivating SEI layer which
provides a barrier to both Li plating and to the corrosion of
electrodeposited Li. This is in qualitative agreement with Li
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(a) FTIR spectra of the working electrode during the initial SEI-forming cathodic potential scan from OCP towards the apparent Li plating potential

obtained in an electrolyte of 1 M LiClO4 in THF with 0.17 M ethanol (1% by volume) and 2.5 mM (45 ppm), 40 mM (750 ppm) and 96 mM (1760 ppm) water.
The working electrode consists of a 50 nm sputtered Cu film on top of an Au adhesion layer deposited on a 22 mm diameter hemispherical ZnSe prism.
Spectra are all relative to a background spectrum taken at the open circuit potential at the beginning of the experiment (approx. +3 V vs. Li/Li*). (b) LSVs
measured in electrolytes of 2.5 mM, 40 mM and 0.96 mM water with 0.17 M ethanol at a scan rate of —5 mV s~1. Working electrode potentials are
corrected for Ohmic drop (Ry = 120 Q). The IR cell is a single compartment with a 1 cm? Pt mesh counter and Pt wire reference, each with approximately

1 cm separation (Fig. S1, ESI¥).
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metal battery studies by Koshikawa et al. The low Li" ionic
conductivity of Li,O and LiOH in the SEI layer are most likely
responsible for the suppressed Li deposition rates at higher
water concentrations, which may contribute to the improve-
ment in selectivity by suppressing excessive Li plating. The
similar rates of Li deposition on the first cycle at different water
concentrations (Fig. S4a, ESIt) implies this passivating layer is
not fully formed on the first cycle, but likely grows during
sustained operation.

FTIR spectra from the initial cathodic scans in electrolytes
with dry, medium and high water concentrations are shown in
Fig. 3.

In experiments with dry electrolytes (water concentration
below 50 ppm), interfacial water was clearly observed near the
working electrode at potentials below +2 Vy;,;+ (Fig. 3a), which
is not visible in the bulk electrolyte spectrum at such concen-
trations without an applied potential. Even trace amounts of
water in the electrolyte may thus have a strong influence on SEI
formation if it disproportionately accumulates at or near the
working electrode. This is consistent with reports from
Strmcnik et al. concerning the fate of water impurities in
lithium-ion batteries, in which Li" in the double layer forms a
Li,-H,O complex and facilitates the dissociation of water.**™*®
While our previous report found that water can enhance the
faradaic efficiency dramatically in LiClO,-based systems, further
experiments conducted since have shown poor long-term perfor-
mance (Fig. S4, ESIT) which is the subject of ongoing study.

With the medium water concentration, the broad bands
from 3200-3500 cm ' and 1600 cm ™' from interfacial water
appear at around +2.0 Vy;+ with similar intensity to those
peaks from THF, providing further evidence of locally high
water concentration at the electrode surface. Between the
appearance of interfacial water and the onset of LiEtO for-
mation around +1.1 Vi i+, we observe narrowing of the band in
the O-H stretching region and its shift to higher wavenumbers
that occurs slightly above +1.4 Vi;;;+ which indicates greater
isolation of water molecules or breaking of hydrogen bonds.*
This likely involves the reduction of water to OH™ and H,, as it
coincides with the large reductive feature on the LSVs (Fig. 3b).
A small, sharp peak at 3692 cm * observed around +1.1 Vi is
attributed to O-H stretching in solid crystalline LiOH (Fig. 4).
The broader peak centred around 3500 cm ™' is attributed to
hydrated LiOH.”®*" In line with the formation of LiOH from
+1.1 Vy1i+, the sharp reduction in peak intensity of the H-O-H
bending peak from water at 1600 cm ™', which indicates the
consumption of interfacial water to form LiOH. At around +1.1
Vyiwi+ where LiEtO formation begins, the C-H stretching bands
from THF decrease in intensity. The signals do not become
down-going bands, indicating that THF is only partially blocked
from reaching the electrode.

Similar potential dependent change in the spectra were
observed in the high water concentration; locally high water
concentration at the electrode surface at around +2.0 Vi ;+ and
subsequent isolation of water molecules or breaking of hydro-
gen bonds at above +1.4 Vi, solid crystalline and hydrated
LiOH formation, and LiEtO formation from +1.1 V-
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Fig. 4 Comparison of the in situ FTIR spectra of the SEls taken near Li
plating potential in electrolytes of 1 M LiClO4 in THF containing approxi-
mately 40 mM water (medium concentration) with ethanol concentrations
of 0, 0.085, 0.17 and 0.51 M, corresponding to 0%, 0.5%, 1% and 3% ethanol
by volume respectively. All spectra are relative to spectra measured at the
initial open circuit potential in each experiment (approx. +3.3 V vs.
Li/Liapp ™). The bulk spectra of the electrolyte and pure LIOH and LiEtO
were measured using an ATR accessory inside an Ar glove box.

Note that the measurements from both LiClO, and LiNTf,
electrolytes (Fig. S10 and S11, ESIt) are consistent with a
passivating inorganic, IR-inactive and therefore mostly salt-
derived SEI layer forming in the absence of ethanol beginning
around +1.1 Vy+, which blocks access of the electrolyte to the
surface. In ethanol-containing electrolytes, the formation of
LiEtO also occurs around 1.1 V-, so too does formation of
crystalline LiOH at higher water concentrations. The coinci-
dence of these reactions indicates a common process that
facilitates or catalyses breakdown of the salt anion and
reduction of ethanol. One possible explanation is the under-
potential deposition (UPD) of Li onto Cu, which has been
observed around +0.6 Vy;,;+ and theorised via DFT calculations
at +1 Vpy+ on Cu(111) and Cu(100).°** Alternatively, these
SEI-forming reactions may be driven by the accumulation of Li"
into the double layer and adsorption of Li" onto the electrode
surface, as observed in Li-ion batteries by Strmcnik et al. on Cu,
Au and Pt.*>*” Additionally, recent findings show that the
presence of Ag salts in the electrolyte can enhance ammonia
selectivity be mediating Li deposition, which could also
strongly influence SEI formation.>* Both interpretations would
imply that the process of SEI formation under a potential sweep
could differ depending on the electrode material.

Further comparison of the spectra with different water
concentration reveal that the IR band intensities from LiEtO

This journal is © The Royal Society of Chemistry 2025
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are significantly lower in experiments with added water, as well
as the peaks associated with both crystalline and hydrated
LiOH are more intense. The above observation is likely due to
the rapid consumption of LiEtO to form Li,O and LiOH via the
reactions:

LiEtO + H,0 — LiOH + EtOH (2)
. 1 1.
LiEtO + EHZO — §L120 + EtOH (3)

This is corroborated by postmortem XPS measurements which
also indicate high LiOH and Li,O content in the SEI in water-
containing electrolytes (Fig. S3, ESIT), which can be explained
by reactions (2) and (3). At higher water concentrations, reac-
tion (2) would contribute to the increase in LiOH, as well as
direct reduction of H,O in the presence of Li" ions. The further
reaction of Li,O with water (eqn (4)) likely also contributes to
LiOH formation.

Li,O + H,0 — 2LiOH (4)

However, the enhancement of the faradaic efficiency with
added water does not appear to be a long-term phenomenon.
In a 12-hour electrolysis experiment, the enhanced faradaic
efficiency was observed to remain for around 2 hours of
operation under medium water conditions, at an applied
current density of —2 mA cm ™ (Fig. S5, ESI{). After around
2 hours, the faradaic efficiency dropped to around 15% then
gradually decayed to approximately 0%. We attribute this
behaviour to the excessive accumulation of LiOH in the SEI,
which is poorly soluble in the electrolyte and unlikely to
undergo further reaction under these conditions. This could
be mitigated by changing the composition of the electrolyte
after the initial stages of SEI formation, or developing an
electrolyte in which LiOH better dissolves, which is an inter-
esting avenue for further study.

The IR spectra measured at the onset of Li plating in
electrolytes with medium (approximately 40 mM) water concen-
tration with different ethanol concentrations are shown in
Fig. 4. Full spectra for each experiment can be found in the
ESL.f The intensity of IR bands from LiOH, at around
3500 cm ', relative to other bands are greatest for the electro-
lyte containing 0.085 M ethanol (0.5 vol%). These bands
become considerably smaller as the ethanol concentration is
increased, which may indicate that Li,O produced by reaction
(3) is favoured over LiOH via reaction (2). It is possible therefore
that the ratio of Li,O to LiOH in water-containing electrolytes is
related to the relative concentrations of ethanol and water. For
a high ethanol-water ratio, a Li,O-rich SEI is favoured, and
conversely if the ethanol-water ratio is low, a LiOH-rich SEI is
favoured.

The bands associated with background electrolyte are also
far greater relative to LiOH and LiEtO in the high water
concentration experiment. This indicates that with added
water, the SEI becomes either thinner or more porous, which
enables more infrared absorption from the bulk electrolyte.

This journal is © The Royal Society of Chemistry 2025
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Discerning specifically how the influence of water affects
porosity requires direct observation of the SEI's morphology.

Investigating SEI morphology with cross sectional microscopy

To relate the initial SEI formation FTIR measurements to long-
term SEI and to test the hypothesis that water in the electrolyte
increased the porosity of the SEI, cryogenic SEM measurements
were made of SEI cross-sections. 10C of charge was passed at
—2 mA ecm 2 on Cu or Mo foil electrodes in 1 M LiClO,
electrolytes with 0.17 M ethanol containing dry (2.5 mM
(45 ppm)), medium (40 mM (750 ppm)) and high (96 mM
(1760 ppm)) water, and one with 0 M ethanol and medium
(40 mM (750 ppm)) water. XPS measurements were made on
different sections of the same electrodes as those in the
micrographs, shown in Fig. S8 (ESIf). As these micrographs
show the SEI cross sections following chronopotentiometry,
they likely do not have the same structure and composition at
the time of measurement as the SEIs in the FTIR experiments.
Rather, the IR measurements are used to determine the types of
reaction that occur during initial SEI formation which could
cause the structures and morphologies seen in the postmortem
microscopy images.

Micrograph cross sections of the SEIs are shown in Fig. 5,
displaying the full cross section (left), higher magnification of
the cross section (centre) and a schematic representation of the
higher magnification micrograph (right) to identify key regions
of the SEI The lighter sections of the micrographs represent
species with higher atomic masses, as these elements cause a
greater proportion of backscattered electrons; darker sections
represent lighter elements. The Mo or Cu electrodes are visible
as the lighter area below the SEI in each case.

In three of the samples, the micrographs show horizontal
cracks across the SEI. Cracks could form during sample pre-
paration, as two SEI phases with different thermal expansion
coefficients would contract at different rates during cooling.
Alternatively, they may have formed during electrolysis, after
which they would likely fill with electrolyte. Below the crack in
the SEI in Fig. 5a, e and i (dry electrolyte, 0.17 M EtOH), a
mostly dense layer near the electrode surface is visible inter-
spersed with small voids. The dark regions above the crack are
likely deposits of “dead” lithium-metallic Li that has become
passivated and is electrically isolated from the electrode. The
broad white areas above these dead Li deposits suggest regions
containing heavier elements than Li. In the SEI formed in this
electrolyte, Cl is the largest major element by atomic mass,
suggesting the possibility of deposits such as LiCl or other
products derived from LiClO,, as detected in our XPS measure-
ments (Fig. S3, ESIT). Above the dead Li layer, the SEI exhibits a
mosaic-like structure, with numerous phases of differing com-
positions, as indicated by the granular contrasting patches.
This micrograph does not necessarily show a porous outer SEI
layer, as we previously hypothesised. However, this layer likely
contains more organic species, based on our group’s prior
findings using XPS and secondary ion mass spectrometry
(SIMS).>¢
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Fig. 5 SEM micrographs of SEI cross sections cut using FIB milling formed in electrolytes of 1 M LiClO4 in THF with (a), (e) and (i) 0.17 M ethanol, 2.5 mM
water; (b), (f) and (j) 0.17 M ethanol, 36 mM water; (c), (g) and (k) 0.17 M ethanol, 96 mM water; (d), (h) and () 0 M ethanol, 36 mM water, on Cu or Mo
electrodes, each labelled with the observed SEI thicknesses. (e)-(g) Higher magnification images of each SEI cross-section. (i)—(l) Simplified SEI cross-
section schematics with major SEI features labelled. The protective Pt later deposited on samples prior to FIB milling is seen as a white layer at the top of
the samples. Each SEI was formed by passing 10C of charge at —2 mA cm™~2 on a 1 cm? foil working electrode in an N»-saturated electrolyte.

In the SEI formed under optimal water conditions (40 mM
water), the boundaries between the SEI layers are less distinct
compared to the SEI formed in a dry electrolyte. The large voids
between dead Li clusters visible in the central part of this SEI
cross-section are surrounded by lighter-coloured layers which
imply this phase contains heavier elements than its surround-
ing, so may contain Cl-based species, resulting from ClO,™
reacting with Li. There are similarly-sized clusters of dead Li
compared to the dry electrolyte SEI, however numerous small
clusters near the electrode surface are visible which are sur-
rounded by an apparently dense phase with few visible pores.
This would suggest that the innermost phase of the SEI is
highly passivating.

The high water concentration SEI (96 mM water) is signifi-
cantly thicker than in the other samples but exhibits less
uniformity, with thicknesses ranging from 6.8 pm to 13.9 um
across the cross-section. This SEI contains significantly more
dead Li deposits. The SEI material between these deposits is

8422 | Energy Environ. Sci., 2025, 18, 8414-8429

more uniform compared to previous samples and can be
divided into three distinct regions. The outer SEI layer consists
of a porous, fibrous matrix surrounding the dead Li deposits. In
the lower half of the SEI, a noticeable change in morphology
occurs, with an apparently denser, less porous structure. The
darker coloration of this lower layer suggests the presence of
lighter species compared to the upper layer. Closer to the
electrode, small, teardrop-shaped Li clusters span the electrode
interface, which could indicate nucleation sites for Li deposi-
tion. At this proximity to the electrode, it is difficult to distin-
guish whether these clusters are dead Li or unreacted,
electrically connected Li. The denser material in the lower layer
seems to coat the dead Li deposits, indicating a higher degree
of passivation.

In the absence of ethanol but with 38 mM water, the SEI is
considerably thinner and contains large voids. The solid mate-
rial appears as a single, highly porous phase, unlike the multi-
layered SEIs observed in other samples whilst visually

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee01961c

Open Access Article. Published on 14 iulie 2025. Downloaded on 16.03.2026 08:18:54.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

resembling the outer layer of the SEI observed with ethanol and
96 mM H,0. Notably, there is no visible dead Li in this SEI,
implying that the presence of ethanol in the electrolyte plays a
key role in the passivation of Li, leading to the formation of
large Li deposits.>*>*

Discussion

By combining insights from in situ FTIR measurements of the
initial stages of SEI formation with the cross-sectional micro-
scopy images following electrolysis, we can propose several key
mechanisms underpinning SEI formation, which are depicted
in Fig. 6.

SEI formation in dry electrolytes

In the absence of water, SEI formation is initially dominated by
LiEtO presumably alongside some IR-inactive species such as
LiCl, Li,O or LiF, depending on the salt anion and solvent.
LiEtO will accumulate in the SEI until its dissolution or reaction
rate equilibrates with its rate of formation, as observed by
McShane et al.'® Cross-sectional microscopy shows a dense
layer near the electrode (Fig. 5a, e and i) which correlates with
the absence of THF bands in the FTIR spectrum around Li
plating potential, as this layer prevents THF from freely reach-
ing the electrode surface. Additionally, the absence of IR bands
corresponding to LiOH or LiClO, indicates that the main
inorganic components of this layer initially are IR-inactive,
making LiCl and Li,O the most probable constituents
alongside LiEtO.

While impossible to detect using FTIR, LiCl has been
observed as a major SEI constituent in LiClO,4 based electrolytes
using XPS,*® and is formed from the reduction of the ClO,~
anion. However, LiCl is partially soluble in THF,*> which may

In situ FTIR characterisation of SEl formation

Possible SEI growth mechanisms

View Article Online
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lead to some SEI dissolution in LiClO,-based systems. When
using fluorinated salts like LiBF, or LiNTf,, LiF is a major
inorganic SEI component,'*> which has very low solubility in
THF (maximum 0.09 mM at 24 °C).>® The insolubility of LiF
may partly explain the greater stability of the SEI, and the
generally higher N, reduction performance observed using
F-containing salts.”*"**

SEI formation in water-containing electrolytes

The FTIR spectra around Li-plating potential indicated that
increasing the water content of the electrolyte led to a more
porous SEI, containing LiOH which allowed THF and LiClO, to
reach the electrode. This increased porosity is evident in the
micrographs of the SEIs formed in the absence of ethanol, and
with high water concentration, in which highly porous SEI
phases can be seen. The evolution of H, from the reduction
of water may contribute to the increased porosity, as reported
elsewhere,'”'®*7 or the faster dissolution of LiEtO from the SEI
in the presence of water. Additionally, the presence of water has
been shown to form non-passivating, porous LiOH in
batteries.”®*° The predominance of LiOH in the SEI would
explain the lack of passivation and the corresponding absence
of dead Li in the absence of ethanol. The similarity of the
morphology of the SEI formed without ethanol to the porous
outer layer seen in the high water content SEI suggests both
primarily consist of LiOH, which is in agreement with surface
XPS measurements on both samples (Fig. S3, ESIt). The stabi-
lity of LiOH in THF, unlike many other ring-based organic
solvents, further supports this interpretation.

In electrolytes containing both ethanol and water, a less
porous, more passivating inner SEI layer forms, which is not
observed in the absence of EtOH. This is most likely related to
an interaction between LiEtO and water. As the FTIR does not

Postmortem

1 MLiClO4in THF LiEtO formation LiEtO Soluble LiIEtO + Solventand salt- Mosaic SEl with Partially-porous
ON 1% EtOH H, evolution with inorganic o . derived SEl products ~ LiEtO in dynamic mosaic SEI
I o 0 components (50, x ) equilibrium
s
3 OZ OZ L2ow \l\E‘(: o "' > Organics
o [ ]
= EtOH EtOH  EtOH o ON Oi O(i % .I- -ea | L Inorganics
1M LiClO4in THF Simultaneous LiOH Porous LiEtO and LiOH- Soluble LiEtO Passivating Li,0  Mixed Li;O/LiOH SEI Partially-porous 2
o 1% EtOH and LiEtO formation based SEI _ S A Semi-porous Li,O-rich SEI S
c o ® ® gore® Se Low Li* conductivity =
I o . 085, g ® *HO +H,0 5
5 o H 9 o /™ <
f ? o
£ P} %
1M LiClO4in THF LiOH formation Highly porous Soluble LIEtO Li,0 and LiOH  Li,O/LiOH accumulation Highly-porous
O 1% EtOH dominates LiOH-rich layer . _7 formation™~_7  Excessive dead Li
e © +H,0
I O Y e ‘e @ +Hz0 2
He ') S ™\ H
K ‘o) #H
X0 10 H0 HO HO 3 ‘ f o %
T 00000000000 i 5 2888888
Timeline Linear sweep voltammetry Chronopotentiometry End of

Cathodic potential scan to Li plating potential

Fig. 6 (Left) Schematic of SEI components during initial SEI formation
informed by our in situ FTIR measurements. (Middle) Proposed mechanis

2
Current hold at2 mAcm electrochemistry

for different water concentrations and using ethanol as the proton donor,
ms for the restructuring and growth of the SEI during chronopotentiometry,

which show the dissolution or transformation of the LiEtO phase into Li,O or LIOH depending on the water concentration. (Right) Simplified schematic of
the SEI structure observed after electrochemical measurements, informed by postmortem cryo-microscopy and XPS.
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detect any additional IR-active species, we propose that this
layer consists primarily of Li,O with some LiOH. We hypothe-
sise that Li,O forms from the reaction between LiEtO and water
(reaction (3)) when the availability of water is low relative to the
amount of LiEtO. This mechanism may explain why electrolytes
containing ethanol and water lead to the accumulation of
significant amounts of dead Li, as Li,O forms a more passivat-
ing and THF-insoluble layer. However, over time, we would
expect further reaction between Li,O and water to occur,
generating LiOH. Like LiF, Li,O exhibits very low solubility in
most organic solvents,’”®" so the formation of Li,O in LiClO,-
based electrolytes may provide the stable, insoluble, passivat-
ing phase that is provided by LiF in electrolytes with F-
containing salts, but that is not provided by LiCl.

Excessive water in the electrolyte or unrestricted access to
the electrode likely promotes H, evolution coupled with LiOH.
As the SEI becomes thicker over the course of chronopotentio-
metry, we expect that the porous LiOH phase is pushed outward
as bulk electrolyte species can easily diffuse through it and
form new SEI material beneath. Less porous SEI components
such as Li,O, LiCl, and LiClO, can accumulate nearer the
electrode, as they hinder the transport of electrolyte species,
forming the multiphase SEI seen in Fig. 5g. The outer LiOH
layer fills with electrolyte so provides a non-selective diffusion
barrier to electrolyte species, but the denser, less porous inner
layer may preferentially allow transport of less bulky molecules
such as N, and H,O rather than THF or ethanol, which may
partially explain the higher faradaic efficiency observed at
intermediate water concentration compared to in the dry
electrolyte. The most likely causes for the improvements in
faradaic efficiencies with the addition of small quantities of
water that we have previously observed are the lower Li'
conductivity in an Li,O-rich SEI, as reported elsewhere,"*>"**
and the finely tuned porosity of the SEI allowing selective
transport of N, to the active surface.

During N, reduction, in which EtOH acts as a proton donor,
LiEtO will also form as a byproduct of the protonation of Li;N
or other intermediates. Assuming water reacts with LiEtO in
solution as described in reactions (2) and (3), then ethanol can
be regenerated in situ, with the ethoxide ion acting as a shuttle
of protons, and those protons ultimately being derived from
water in the overall reaction:

N, + 6Li" + 6H,0 + 6e” — 2NH; + 6LiOH (5)

While this is a potential pathway for nitrogen reduction using
water as a proton source, the fate of LiOH must be considered.
LiOH makes up a significant part of SEI in water-containing
electrolytes and has low solubility in THF.*® Continuous
reduction of water therefore likely results in accumulation of
LiOH over time which could contribute to the poor long-term
performance of the water-containing electrolyte. If an electro-
lyte which more readily dissolved LiOH could be developed
without harming the N, reduction performance, the build-up of
excessive solid LiOH would be prevented and increases the pH
of the electrolyte. We could perhaps envisage a process by
which OH™ is oxidised to water and oxygen at the anode,
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similar to the anode reaction in alkaline water splitting, albeit
with the challenge of avoiding the simultaneous oxidation of
the electrolyte at this potential. A two-compartment cell setup
using water as the proton source would be an interesting
avenue for future study, though this is beyond the scope of
this investigation.

Commentary on transport models

Assuming that the SEI does indeed govern the transport rates of
reagents, the stark differences in SEI morphologies produced
with relatively small changes in electrolyte formulations raises
questions about the applicability of a general transport model
to predict faradaic efficiency in the Li-mediated system.
Lazouski et al. proposed a detailed model assuming phases of
more porous and less porous SEI which act as additional
diffusional boundary layers.'® This model assumes the trans-
port of N, and the proton carrier is via diffusion through SEI
pores. This is a reasonable assumption for N, as a small neutral
molecule, but the transport of protons may be more complex.
As we have shown in this report, ethanol can form LiEtO and
release a proton without direct reaction with metallic Li, and at
less negative potentials than Li plating. It is possible therefore
that the proton from the proton donor is released elsewhere in
the SEI and transported to the active surface via solid-state
ionic diffusion, particularly for bulkier proton donors like
phenol,*® hexanol® or phosphonium ions.* The kinetic trans-
port model proposed earlier by Andersen et al.” predicts the
faradaic efficiency to ammonia based on the transport rates of
N, and protons to the working electrode surface, and the
deposition rate of Li, assuming that reduction of N, and
protons is instantaneous due to the high overpotentials, and
makes no assumptions about the mechanisms transport for
each reagent. However, this does assume that Li deposition is a
competing reaction with N, reduction, rather than an essential
stage of the mechanism. In the corrosion type mechanism now
assumed in most reports,'®*>%% whereby metallic Li is con-
sumed to form Li;N, the deposition rate of Li must be equal to
or less than the transport rate of N, for maximum selectivity to
N, reduction. Previous reports, including our own,">'**> have
attributed some improvements in faradaic efficiency under
different electrolyte conditions to the suppression of excessive
Li plating due to low Li" conductivity in the SEI. While it is
reasonable to assume the rate of reduction of N, and protons is
equal to their transport rates through the SEI, it is not neces-
sarily the case for Li deposition if Li" is reformed at the active
surface during Li corrosion. Under steady state N, reduction
conditions with continuously applied current, the net diffusion
rate of Li" from the bulk electrolyte to the electrode surface
should be zero, otherwise metallic Li accumulates on the
electrode or in the SEI as dead Li. We hypothesise that once
the electrode surface becomes covered by electrodeposited Li,
Li" ions are always immediately available at the active surface
as long as the metallic Li is continuously corroding. The Li
deposition rate is therefore limited only by the overpotential,
not the Li" transport rate, as long as the Li deposition rate does
not exceed the rate of Li corrosion (i.e. the transport rate of all

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee01961c

Open Access Article. Published on 14 iulie 2025. Downloaded on 16.03.2026 08:18:54.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

reactive species). Based on this hypothesis, and the assumption
that both NH; formation and H, evolution involve consump-
tion of Li, we offer a slightly modified prediction of the faradaic
efficiency to ammonia in terms of the transport rates of N, ry,
and protons ry, the Li deposition rate r1;, and the current losses
to further SEI-forming reactions that do not consume Li,
denoted Isg;, which is given by eqn (6). A full derivation of this
model can be found in the ESI,{ as well as an alternative
equation which instead assumes proton reduction to evolve
H, does not consume Li.

6I’N2 N, < l"H
_ ) rui+ser P76
FEnnH, = ! u s lr (6)
il 260

Following the hypothesis that Li" is freely available at the active
surface once Li has plated, the rate of Li deposition r;; can be
tuned by varying the applied current density. This model
predicts that the faradaic efficiency is maximised when in the
proton transport-limited regime, thus avoiding excessive H,
evolution, and the current density is optimised so that the Li
deposition rate matches the limiting proton transport rate.
This interpretation further implies that any net diffusion of
Li" from the bulk electrolyte to the working electrode surface is
undesirable, as this can only result in an accumulation of Li at
the surface, either as excess plated Li or dead Li. We hypothe-
sise therefore that an ideal SEI should restrict Li* transport as
much as possible, confining Li* ions to the immediate vicinity
of the metallic Li layer, thus the faradaic efficiency can be
maximised by matching the applied current density to the N,
transport rate. It may be crucial to future SEI engineering to
tailor to porosity to favour N, transport over other electrolyte
species while simultaneously minimising Li* conductivity.

Conclusion

In this study, we combine in situ infrared spectroscopy mea-
surements of SEI formation with postmortem XPS and cryo-
SEM to investigate the key SEI-forming processes in Li-
mediated N, reduction. We find that in the initial stages of
SEI formation, lithium ethoxide is the dominant component,
formed from the reduction of ethanol below +1.1 V vs. the
apparent Li plating potential. The addition of small amounts of
water to LiClO,-based electrolytes generates highly porous
LiOH from the reduction of water, observed using cryo-SEM,
through which bulk electrolyte can diffuse. More passivating
Li,O forms due to the reaction between water and lithium
ethoxide, which promotes the formation of dead Li but sup-
presses the total deposition rate of Li, and may be critical in
favouring the transport of small molecules such as N, to the
active surface over larger molecules like ethanol or THF, to
which we partially attribute the increase in N, reduction
faradaic efficiency at intermediate water concentrations. We
observe qualitatively that a higher water—ethanol ratio in the
electrolyte favours LiOH formation in the SEI, while a lower
ratio may favour the formation of Li,O instead. The reaction

This journal is © The Royal Society of Chemistry 2025
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between EtOH and water to generate Li,O and LiOH in the SEI
appears to be essential to the improvement of the water-
containing LiClO, system, but will contribute to SEI formation
in F-containing electrolytes through the inevitable presence of
trace water. The regeneration of ethanol from LiEtO upon
reaction with water raises the possibility of using water as a
proton source in future studies.

Experimental methods

Full details of experimental methods can be found in the ESI,
but are briefly summarised in this section. For in situ FTIR
measurements, the working electrode consisted of a 30 nm Cu
on a 22 mm diameter hemispherical ZnSe prism. The ZnSe
prims was first polished with 1 pm diamond paste and soni-
cated in ethanol and pure water. The Au adhesion layer was
deposited onto ZnSe by an electroless plating method used for
surface-enhanced infrared spectroscopy measurements.®*®
The prism was heated to 100 °C in an oven, then transferred
to a hot plate before contacting 1 ml of 10 mM HAuCl, solution
onto the flat surface of the ZnSe prism at for 90 s. 30 nm of Cu
was then sputtered on top of the Au. A schematic of the
electrochemical cell setup used for IR measurements is shown
in Fig. S1a (ESIt). The prism was pressed onto the bottom of the
cell, with an exposed geometric surface area of 1.2 cm 2. Pt
mesh was used as the counter electrode and a Pt wire was used
as a pseudo-reference electrode. The electrolytes were made
inside an Ar-filled glovebox. The salts (LiClO, and LiNTf,) were
previously dried in a vacuum oven at 150 °C then left under
vacuum in the glove box antechamber overnight. Water concen-
tration of the electrolyte was measured using a Karl Fisher
titrator. The water content of “dry” electrolyte was typically 30—
50 ppm. The cell was assembled and sealed in an Ar glovebox,
then brought outside for in situ IR measurements. N, or Ar was
first used to purge the gas bypass line, then bubbled into the
cell to saturate the electrolyte for at least 30 minutes.

The electrolytes used in this report consist of 1 M LiClO, in
THF with ethanol as the proton source. Greater N, reduction
performance has been demonstrated using various fluorinated
salts like LiNTf,, LiOTf and LiBF, over LiClO,, however the IR
absorption spectra of THF and LiClO, contain far fewer and
more easily identifiable peaks, providing a clearer distinction
between SEI components and background electrolyte (see
Fig. S4 and S5, ESIt). Furthermore, the use of fluorinated salts
caused degradation to the ZnSe prism and electrode film
delamination, likely due to reaction with trace HF (Fig. S2b,
ESIT). Therefore, for most of these experiments, the electrolytes
consisted of 1 M LiClO, in THF/ethanol. The working electrode
potential is reported relative to the apparent Li plating
potential, hereafter denoted Vi, ;+. It must also be noted that
partial intercalation of Li into the ZnSe prism has been
observed around +0.2 Vy;+ in battery literature,*® however
has been apparent at potentials up to +0.5 Vi in these
experiments, which can obscure the onset of true metallic Li
plating (Fig. S2a, ESIt), so the apparent Li plating potential
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alone cannot be used as an accurate reference potential in this
setup. The Li plating potential vs. Pt wire in each experiment
has therefore been estimated retrospectively using the same
cell setup and an LFP reference electrode. As a result, some of
the FTIR measurements are not made up to the true onset of Li
plating. It should also be noted that the true Li plating potential
will shift slightly depending on the electrolyte.®”®® For each
in situ FTIR experiment, a background IR spectrum was taken at
the initial open circuit potential (OCP) in each experiment
(normally around +3.4 Vy;+), so all peaks in subsequent
figures show the differences in IR absorption vs. the clean
electrode surface at the initial OCP.

Most ATR-FTIR measurements were made using a Thermo
Fisher iS50, and some measured with Bruker Invenio spectro-
meter equipped with a VEEMAX variable angle accessory, with
an angle of incidence of 70°. Both spectrometers were equipped
with a liquid nitrogen-cooled mercury cadmium telluride
(MCT) detector. In each experiment, the potential was held at
open circuit potential for at least 30 minutes. A background IR
spectrum was then taken at open circuit potential immediately
before the start of the first potential scan.

Samples for postmortem SEM and XPS measurements were
made in a single compartment glass cell (Fig. Sic, ESIt) inside
an Ar-filled glove box. 1 em” Mo or Cu foil was used as the
working electrode with Cu wire as the current collector. The
counter and reference were Pt mesh and Pt wire respectively, as
with the FTIR cell. Following an initial LSV to the onset of Li
plating, 10C of charge was passed at —2 mA cm ™. Electrodes
were stored in the Ar glove box between preparation and
measurement, and heat sealed into an Ar-filled bag to be
transported to the microscope. SEM images were made under
cryogenic conditions (around —165 °C) and SEI cross-sections
were cut using focused ion beam (FIB) milling (see ESI, for full
details). A protective layer of Pt was deposited to reduce
curtaining as an artefact during FIB milling. This Pt layer is
manifested as a white band in the micrographs in Fig. 5.
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