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Abstract. Despite being long considered inert, the common electrolyte solvent acetonitrile can actively participate in
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parasitic reactions that dictate Li-O, battery efficiency. Identifying how solvents interact with discharge products in solution

or on surface is key to mitigate parasitic reactions and extending battery lifetimes. Herein we present a theoretical

mechanistic study on the degradation of lithium peroxide degradation product in acetonitrile in the presence of water

contaminant. In these conditions the oxidation of acetonitrile takes place in solution. According to the cluster model, the

surface electronic effects are insufficient to initiate the acetonitrile oxidation reaction. Water as a contaminant in Li-O, /ACN

cells participates in LiOH formation that decomposes by reacting with intermediates to produce the original discharge

product Li,O,, but at the expense of the production of the parasitic product acetamide. We proposed Li,O, with water

reaction to serve as a prototype for conducting intensive and comprehensive computational analyses aimed at testing

different solvents for their use in electrolyte solutions or in surface models for Li-O, batteries straightforwardly.

1. Introduction

Lithium-air batteries promise high energy density and operate
through the reduction of O, on the surface of a porous carbon-
based cathode to form Li,O, during discharge. During charging,
the reaction is reversed.! The chemistry and performance of the
battery depend on the nature of the electrolyte solution, which
can affect the oxygen reduction reaction mechanism and may
also undergo degradation, so its performance is critically limited
by the instability of Li,O, and parasitic reactions induced by
water traces.? It has been found that the energy efficiency of
the Li-air battery increases at specific moisture content. For
instance, water addition in aprotic batteries can enhance the
first-cycle discharge capacity and lead to a slight increase in the
discharge potential. 3*However, the lithium anode must be
protected in pure air from moisture to prevent corrosion.®
Therefore studies on the parasitic chemistry of water in Li- air
batteries are needed to understand causes behind potential
benefits and notable limitations.

A critical issue is the degradation of solvents during battery
cycling. It has been proposed that Li,O, deposited on the
cathode and Li»O; clusters are responsible for such degradation
processes. ACN has been identified as an electrolyte solvent
with high efficiency in oxygen reduction/evolution reactions.
However, ACN undergoes degradation reactions that have not
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yet been fully identified. In a practical Li- air battery, an ambient
air flow is used, which contains mainly N, H>O, and CO,.
Therefore, studying the influence of water entering with gas
feed is highly relevant, particularly in hygroscopic solvents such
as acetonitrile.®7In this context, it has been shown that H,O
induces the formation of soluble lithium hydroperoxide (LIOOH)
in the cell, which may increase capacity but can also lead to the
formation of LiOH.8 These atmospheric contaminants can form
antagonistic intermediates and degradation pathways that lead
to cell decomposition, which must be identified and eliminated
to achieve a practical Li-air battery.®

The discharge product, Li;0,, is an insulating material with a
calculated bandgap greater than 5 eV.1° This causes
overpotential, as there is an increase in the charging potential
that contributes to the degradation of both the carbon material
in the cathode and the electrolyte. In addition, lithium peroxide
can coat the electrode surface, generating electrical resistance,
clogging the pores, and preventing oxygen permeation. In this
context, it is preferable that Li,O, forms a toroidal morphology
rather than a film covering the entire electrode surface. The
toroidal morphology of Li»O, leads to a high discharge capacity
but a high charge overpotential, whereas the film morphology
yields a low overpotential but a low discharge capacity.'! If this
intermediate is adsorbed on the cathode, a film is formed
through a surface mechanism; if it dissolves in the electrolyte,
toroids form through a solution pathway. Therefore, using a
solvent that promotes solvation of the intermediates, such as
dimethyl sulfoxide, favours the dissolution mechanism and,
consequently, the toroidal morphology of Li»O. LiO, formation
via solution mechanism requires the formation of LiO; in
solution-intermediate (equations 1 to 3) or the dissolution of


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ya00068a

Open Access Article. Published on 11 March 2026. Downloaded on 3/14/2026 11:15:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Energy Advances

LiO in surface-intermediate (equations 1 and 4),'? there is no
consensus on this point. It is also considered that lithium
superoxide is a metastable phase that disproportionates toward
LiO; or can undergo electrochemical reduction to produce the
discharge product Li;O,. Then LiO; is only considered as a
reaction intermediate.3

Oz(9) + * +e 03 * (1)
07 * = *+ O%0p (2)
205501y +2Li{501y— 2Li03 (501> 2Li2 07 * + O3y, 3)

07 * + Lifon— LiOy * = LiOy 5o, )

In this sense, the solution-driven discharge product growth
requires dissolution of the adsorbed intermediate LiO>*, thus
generating solvated Li*tand O; ions. Such a mechanism is
possible in solvents with high Gutmann donor or acceptor
numbers. However, O, is a strong nucleophile and is known to
attack solvents through hydrogen abstraction. However recent
contributions highlight the relevance of Li*sol) O27(sol) @association
process in solution which is enhanced in low donor number
solvents as acetonitrile in conjunction with defect-free carbon
cathode surfaces that adsorb lithium superoxide weakly.14
Alkyl nitriles have been expected to act as stable electrolytes
toward Li;0,.1% It has been found theoretically that acetonitrile
(ACN) does not undergo degradation on the surface of lithium
peroxide under water-free conditions. Instead, ACN interacts
strongly with the surface thus forming a stable interface. 1°
Experiments on chemical rechargeability of Li-O, batteries by
using different solvents have determined that most
rechargeable solvents are ACN and dimethoxyethane (DME.)
However, none of the electrolytes analyzed reached the
0O, recovery efficiency, OER/ORR > 90%, mainly due to
secondary oxidative reactions that may occur at high potentials
in the charging process. 17

First-principles based-calculations shown that the
formation of Li,O, from LiO; is exothermic in ACN, then Li;O; is
thermodynamically more stable than LiO,. Indeed, it has been
found that low potential increases the rate for
disproportionation. DFT calculations have shown high reaction
energy values for LiO; and ACN reaction (>50 kcal/mol) thus not
being an energetic accessible route for studying.’® The use of
solvents with high donor numbers can contribute to stabilizing
LiO2(soly and contribute to the Li,O, oxidation at lower potentials
which is not the case herein. The addition of water in the aprotic
solvent with low donor number can aid a solution-mediated
mechanism contributing to the reduction of the charge
potential and providing improved cyclability. Furthermore,
Molecular Dynamic simulations in ACN solvent have shown a
greater solvation energy for Li* ion compared to LiO, which
indirectly might suggest that upon oxygen reduction Li*sol)-O2-
(sol) iON pairs are the dominant structures in solution (not LiO;
(so))-*° Then the presence of water is expected to enhance the
solvation energy of Li* far more than that of LiO,, resulting in
preferential Li* or Li* -containing solvated species. Although the
formation of ion pairs or LiO, is beyond the scope of this work,
LiO; is known to be the dominant discharge product.

have

This journal is © The Royal Society of Chemistry 20xx

Besides reactions studied herein, it has been repogted that 10z
is responsible also for parasitic reaction®@hleyEtRE T AE6EE
alkali-metal-oxygen batteries.?>22 Some experiments have
shown that Li,O, forms predominantly via solution-mediated
disproportionation of superoxide (Oz") in the presence of Li*
across a wide range of electrolytes and operating conditions,
including low-donor-number solvents as ACN, and remains valid
for relatively defect-free carbon-based cathode surfaces, where
LiO, poorly adsorbs.?*> This disproportionation has been
primarily linked to singlet oxygen (*O;) formation, even at low
overpotentials promoted by the presence of protons as
previously reported in the literature.?#?> However, LiO;
disproportionation studies on acetonitrile and the singlet
oxygen forming mechanisms (as those found for tetraglyme
solvent) are limited in the literature and, although they merit
further investigation, a comprehensive analysis falls outside the
objectives of the present work.

It has been reported that by adding water to an ACN electrolyte
the discharge potential increases and the discharge product
correspond to a mixture of LIOH and Li,O,. In this sense, a
greater acidity of the aprotic solvent in the presence of traces
of water has been found, given by lower pKa values of water in
electrolyte solvents.2® This leads to stronger solvation of water
molecules by the organic solvent that triggers LiOH formation,
whereas less acidic solvents produce the reverse effect of weak
solvation of water molecules and results in predominant
toroidal Li;O, morphologies. 27

Water molecules can readily interact with nascent Li,O>
structures, facilitating solubilization and driving the growth of
the structure. For instance, when DME (a solvent in which water
has a high pKa=47) is used in the electrolyte solution with added
water, proton transfer is suppressed.?®2%2% This reduces the
reactivity between superoxide ions and water, thus promoting
Li,O, formation on discharge. Then it is expected that a solvent
in which water presents a lower pka (35.2) such as ACN may
promote the formation of LiOH on discharge. 26

It has been claimed that ACN adsorption to Li,O; surface
activates the sp-hybridized carbon of ACN facilitating the
nucleophilic addition of hydroperoxide in solution to react.
After reaction with water, it forms an imidoperoxoic acid
intermediate which desorbs from the surface before
subsequent reaction with LIOOH in solution to produce
acetamide, H,O and 0,.° Two aspects of the proposed
mechanism deserve attention. First, while the activation of
acetonitrile at the Li,O, surface is suggested to facilitate
nucleophilic attack, the precise nature of this activation remains
unclear. Second, the mechanism assumes that LIOOH reacts in
solution; however, this species may remain bound to Li.O>
particles or surface, which could substantially influence the
reaction pathway. Herein these points are addressed in the
present study to clarify the roles of solvent effects and surface
interactions, considered within the framework of a cluster
model.

We studied H,O-mediated degradation mechanisms in solution
for Li-O, cells containing an ACN-based electrolyte and
performed a comparative analysis of the initial degradation step
with other solvents such as dimethylacetamide (DMA),

J. Name., 2013, 00, 1-3 | 2

Page 2 of 12


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ya00068a

Page 3 of 12

Open Access Article. Published on 11 March 2026. Downloaded on 3/14/2026 11:15:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

dimethyl sulfoxide (DMSO), triethylamine (TEA) and
dimethylformamide (DMF). Through ab-initio calculations, we
revealed mechanistic differences between cluster and
molecular Li.O, pathways in aprotic solvents, uncovering how
water alters decomposition and drives side reactions. These
insights provide guidelines for solvent selection and electrolyte
design, bridging microscopic chemistry with practical battery
performance.

2. Computational Details

The chemical species involved in the degradation pathway of
the acetonitrile molecule in the presence of water were
modeled using Density Functional Theory (DFT) with the
Gaussian 16 software, both in vacuum and employing an
implicit solvent model (SMD).3%32 The geometries of the
reactant and product molecules were optimized and
characterized as energy minimum or transition-state structures
through vibrational frequency analysis. The M06-2X functional33
and the 6-31+G(d,p) basis set were used.3* The energies of each
chemical species involved in the reaction were calculated and
the reaction energies were computed referred to the reactants.
The reaction free energies and free activation energies were
computed for the Li;O, and water reaction in the different
solvents at 25 °C. This methodology is widely used to assess free
energy and reaction pathways involved in processes within
lithium-air batteries under ambient operating conditions and
provides a reliable description of the underlying potential
energy surface.®737 The nature of the stationary points along
the potential energy surface were confirmed as energy minima
or transition structures through vibrational frequency
calculations. The connectivity between reactants products and
the transition structures was verified through the intrinsic
reaction coordinate (IRC). Generalized atomic polar tensor-
derived charges were computed for optimized structures.3® The
calculations were performed using Gaussian 16 software. 3°

A molecular and cluster-based modeling framework was
adopted to investigate the Li,O; reaction with acetonitrile in the
presence of water. In this context, the particle-based models
have shown their utility in describing Li.O, formation, as finite
Li,O;, clusters can reasonably represent the nascent discharge
product structures formed during Li-O, battery operation.40—43
Such clusters expose a diversity of reactive sites, including
peroxo, superoxo, and Li-O-Li moieties, which may better
reflect the structural heterogeneity expected in freshly formed
discharge products. Experimentally, in the presence of trace
amounts of water when ACN is used as electrolytic solvent,

This journal is © The Royal Society of Chemistry 20xx
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small Li,O, toroidal particles as well as LiOHflowerlike
structures have been observed.2® These RidrphBléyies idieate
that discharge products formed under realistic operating
conditions do not necessarily correspond to well-defined
crystalline surfaces, but instead exhibit nanoscale dimensions,
curvature, and likely defect-rich or heterogeneous structural
features. Although some reported Li,O, toroids are described as
highly crystalline, with the (001) facet oriented normal to the
toroid axis, their overall morphology remains nanoscale and
curved rather than planar and extended.** Accordingly, the
molecular and cluster model adopted here is intended to
capture the structural and electronic characteristics of localized
coordination environments that are likely to govern interfacial
chemical reactivity at nascent discharge products.

3. Results and Discussion
3.1 Li>O; reactions with acetonitrile in the presence of water

Firstly, the discharge product Li,O, in acetonitrile solvent must
react with water or interact with CH3CN. By comparing these
molecular interactions energetically, within the continuum
solvent model, their computed binding energies are -22 kcal
mol? for Li;0,-H,0 vs -12.4 kcal mol? for Li;0,-CH3CN which
demonstrates a preferential interaction of water with lithium
peroxide. Then it must react with this partner molecule to form
LiOH and LiOOH and afterwards interact with acetonitrile. The
LiOOH-LiOH intermediate binding energy with CHsCN is -13.2
kcal mol! which exceeds that of this intermediate but
embedded in a cluster model (-12.4 kcal mol?) representing a
Li.O solid nascent structure. The dipole-derived atomic charges
obtained from the Atomic Polar Tensor shown in Figure 1, have
shown meaningless changes on charges for C=N moiety with
binding of acetonitrile to Li,O;, to the hydroxylated lithium
peroxide molecule or to the hydroxylated (LiO2)s cluster.
Within the molecular and cluster models used in the present
work, no meaningful C-N bond distances elongation on ACN
were detected suggesting bond activation, thus ruling out an
induced charge polarization in the nitrile bond through Li,O;
interaction. This finding may apply to localized Li-O moieties
considered in the present model; the potential influence of
long-range polarization effects in an extended lithium peroxide
surface remains to be determined. To assess whether Li,O;
hydroxylation is preferred in solution or on the surface we study
the reaction pathway leading to LIOOH and LiOH products as
shown in Scheme 1 and Figure 2.

J. Name., 2013, 00, 1-3 | 3
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Fig. 1. Dipole-derived atomic charges obtained from the Atomic Polar Tensor for ACN in vacuum a), and the following species under continuum solvent model (acetonitrile) b), Li,O,-
ACN c), hydroxylated (Li,O2)4 cluster-ACN d), and hydroxylated lithium peroxide molecule-ACN e). Color code: C: grey, N: blue, H: white, O: red and Li: pink.
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Fig. 2. LiOH and LiOOH formation reaction pathway.
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TS,

(LizO2)4

(Lix04)4-H,0 (Liy0,)3-LiOH-LIOOH

Fig. 3. Optimized Li,O, tetramer within the continuum solvent model (ACN) and its
corresponding hydroxylated products after water addition. The (Li,O>)4 cluster structure
is taken from our previous contribution #°. The transition structure is presented (TS:)
along with relevant bond distances.

In a molecular approach this reaction is exothermic by -13.2 kcal
molt, comparable to the stability determined in DME solvent 46,
with a surmountable barrier height of 2.6 kcal molL. In a (Li202)4
cluster model, this barrier has a similar value of (2.8 kcal mol?)
leading to a product exhibiting nearly the same stability (-16
kcal mol?). The optimized cluster structures are presented in
Figure 3. In comparison this reaction proceeds through an
almost barrierless pathway in DME solvent as studied by us
previously.*>

These results show that the formation of LiOH and LiOOH is
energetically viable at the molecular level in solution or within
a lithium peroxide nascent solid structure in the presence of
water molecule contaminant. The last step in the reaction
pathway corresponds to the dissociation energy of the adduct,

o]
N
U _-H +HO —— |j00OH + LiOH

ARTICLE

which is required to perform further calculations; this step des
not exhibit a reaction barrier. Some of tHel FEalEiam pAtHNaYs
displayed in the present work show blue dotted lines that
connect each electrostatic minimum with the separated
fragments. Due to the electrostatic nature of the species
formed, the products remain interacting through Coulombic
forces and must be separated to enable subsequent chemical
reactions, as discussed in a previous contribution.*®

Because of the very electropositive nature of the alkali metals,
the known solid alkali Lithium oxides (LiO2 and Li,Oz) can
hydrolyze in water to produce LiOH and in some cases H;0,.
Spectrometric determinations in model Li-O; cells revealed the
complete hydrolysis of LiO, to LiOH,*” whereas theoretical
calculations in vacuum as reported in reference 42 indicate that
Li,O> hydrolysis leading to LiOH and H,0, formation is highly
endothermic, while the direct conversion to LiOH that avoids
H,O, production is exothermic. Moreover, when water
molecules were included in the solvation shell, the hydrolysis of
Li»O; leading to H,0, formation exhibited a slightly exothermic
character (-2 kcal mol™") as previously reported,*” which does
not compete with the reaction pathway of Li,O, and water
molecule leading to LIOOH formation, shown in Figure 2, which
is substantially more exothermic (-17 kcal mol™"). For this
reason, the hydrolysis pathway involving H,O, formation was
not considered further in this work.

LIOOH formation

Ll/N\ CHa
LIOOH + CHyCN  —— o \ staget]
0—o0
H/ Rly
N
L N, —CHs H,0 NH
\ )L tage 2
- A, +H,0 stage
/ R, 0»\“/0 CH,
H -
NH
NH,
o LioH s tage 3
(o] CHy * —— + L Li stage
~u g o CH, ~o"
Rl acetamide

Scheme 1. Discharge product Li,O, reactions with water and acetonitrile
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The mechanism of the uncatalyzed partial hydrolysis of
acetonitrile to acetamide has been described as a three-step
sequence involving: (i) nucleophilic addition of water to the
nitrile carbon, (ii) isomerization of the hydroxyimine
intermediate, and (iii) tautomerization leading to amide
formation.®

Then the first stage of the reaction proceeds with LIOOH and
ACN interaction reacting to form a C-O bond by surmounting an
energy barrier of 15.9 kcal mol? leading to a 5-ring-membered

ARTICLE

intermediate Rl; displayed in Figure 4, with, g, stability
comparable to that of the reactants. LiDOHG1RE%UOKARALE
over cyanide carbon of acetonitrile since even in the absence of
water, superoxide addition is preferred in this site, but with an
energy barrier higher than that computed in Figure 4 (23.7-24.9
kcal mol?) and through an endothermic reaction pathway. 4°
Comparatively direct oxidation of acetonitrile by Li,O, molecule
in vacuum is prohibitive due to a high energy barrier of 254.6
kcal/mol computed at B3LYP/6-311G level of theory. &

8
= i

6 - AR i
= LiOOH + CH,CN H %
g 4 4 i H \
= € / N
@ i ! Y
g 2 z." j :' \

n '

§ 0 F‘\ ," 15.9 0.5 ®
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-10 - 89 ®

Fig. 4. First reaction stage: LIOOH reaction with ACN.

The second stage of the reaction (Fig. 5) is assisted by the addition of
a second water molecule interacting with the Rl; intermediate in
which the imine abstracts a first hydrogen from H,0. This process
occurs through a higher barrier of 22.3kcal mol leading to a reactive
intermediate RIy’ which evolves without energy barrier to the H,0-
Rl; product (Fig. 5). This Rly’ intermediate forms through

TS,
o[ RL+HO AR
L } \
[ 2 @ H 4
T . I f‘ 8 |
=il \
[ 13
g [BBF !
£ ' ]
™ L 223
[ L & H
G y {
] “‘ i
= Y i
= 1 ! i
S5 - \ i
4 3 {
/
\ i
20 ¢ Y ;!
25 L ) }4* H,0-RI,
?«0 9
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intramolecular tautomerization, so the hydrogen for imine formation
comes from added water and then proton from OOH moiety
migrates to OH fragment to regenerate water molecule. Then as
shown in Figure 5 water must be desorbed from R, for further

reaction.

Rl + H,0
’;‘31 N,
. f8
5 ]
#e ) ©
# Li
-;‘6_“ AN ]
Ry’ "". ’,r .
\ ]
N o
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B5
3 @
H,0--Rl, e
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Fig. 5. Second stage: LIOOH reaction with ACN

For the third stage shown in Figure 6, since LiOH has already been
produced in stage 1, it is added to interact with species Rl, so that a
second hydrogen abstraction might take place, leading to acetamide

View Article Online
DOI: 10.1039/D6YAO0068A
and Li;O; production with an energy barrier of 32.7kcal-mol. Li,O,

may oxidize towards the molecular oxygen evolution in the following
cycling process.

Rl + LiOH
0 - O\. acetamide + Li,0,
5 I_} f A'; !ﬁ
g -10 4. _7“‘ 9 &
=
T 195 1 \ 139\
© [ 5
S \ / x / 16.1
£ .20 - \ : \
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& \ ;1327
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= -35 4 \ !
® ' ! Li,O,--acetamide Li
2 -40 - ! ]
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-45 4 \ !
5 456 ) e
- LiOH--RI, ¥ ‘/.
‘i‘, o
Fig. 6. LIOOH reaction with ACN, third stage toward acetamide formation.
Table 1. Reaction energies (AE) and Gibbs free energies (AG) in kcal-mol™
Reaction AE AG
LiOOH formation 12.9 11.4
Stage 1 0.5 13.7
Stage 2 -2.0 -2.9
Stage 3 -7.4 -8.0

The third stage corresponds to the limiting step in this chemical
transformation to produce acetamide. Experiments have shown that
in the presence of OH-, the superoxide ion reacts with acetonitrile to
produce acetamide in small yields which is consistent with the third
stage of the reaction.5%5! The computed reaction energies and Gibbs
free energies for each stage in the transformation from acetonitrile
to acetamide are summarized in Table 1.

In the present work, the computed Gibbs free energy change for the
reaction H,0 + CHsCN - CH3CONH, is -8.6 kcal-mol™, in reasonable
agreement with the reported value of -11.2 kcal-mol™ computed in
vacuum.*® Despite its thermodynamic feasibility, the reaction is
kinetically constrained. Literature reports indicate that the rate-
determining step, corresponding to the nucleophilic addition of
water to acetonitrile, proceeds through an activation barrier
exceeding 64 kcal-mol™.%8 Such a substantial barrier hinders the
uncatalyzed hydrolysis under ambient conditions, highlighting the
dominant role of kinetic constraints over thermodynamic driving
force in this reaction.

It is known that nitriles can be converted into amides by heating
them in weakly basic medium in the presence of hydrogen
peroxide.>? NAP-XPS characterization using a solid-electrolyte model

This journal is © The Royal Society of Chemistry 20xx

cell has shown that acetonitrile is chemically unstable in the
presence of Li-O, discharge products, including Li,O,, undergoing
oxidation during and after discharge. While this aspect was not
discussed in the article, the electrolyte employed was acetonitrile,
which may contain trace amounts of water. The authors reported the
use of acetonitrile (anhydrous, 99.8%, Sigma-Aldrich), corresponding
to a specified H,O content of <10-50 ppm.'8 In other study, the
stability of Li-O, cells employing a MeCN-based electrolyte was
investigated using model systems. Analysis of the cycled electrolyte
identified acetamide as the major degradation product under both
cell and model conditions. Experiments used dried acetonitrile
(99.999%, Aldrich; ~4 ppm H,0), while Karl Fischer titration of
electrolyte extracted from assembled cells indicated an increased
water content of =150 ppm maybe due to handling and cell assembly.
Finally, related evidence for acetonitrile hydrolysis has emerged
from electrochemical studies aimed at amide synthesis via oxygen
activation. Results revealed that the electrocatalytic pathway that
undergo through -O,- or -OOH intermediates are essential for
steering acetonitrile toward acetamide production. Imine peroxyl
intermediate (R-C(O-O-)=NH) is determined as key intermediate
through in-situ FTIR determinations. >3
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Acetonitrile (MeCN) is a suitable solvent for nonaqueous electrolytes
tolerant toward oxidation. However, it is unstable in reductive media
such as the lithium metal anode. As a reducing agent, Li metal
induces reduction and decomposition of acetonitrile, hindering the
formation of a stable SEI. Some strategies have been used to
overcome solvent drawbacks explained as follows. For instance, the
use of high-concentration ACN-based electrolytes introduces more
anions that solvate Li ions, preventing solvent reactivity.>*->¢
However, this comes at the expense of increased viscosity and higher
electrolyte salt costs. Alternatively, additives for solid electrolyte
interface (SEI) formation have been used in electrolytic solutions to
the the
pretreatment of lithium metal with some additives produces an
effective passivation layer against ACN reduction.’” Nevertheless,

suppress solvent decomposition. Also, chemical

these strategies have been mainly explored in lithium-ion battery

systems®® and not in lithium-air batteries. Thus, \)‘g@\/&ir@g‘egm%g

significant opportunities for improvement oR thel8ABEY Side\00068A

3.2 Li;O, reactions with the water molecule in aprotic
solvents

For comparison the Li,O, reaction with water (see Figure 2) is studied
as a prototype reaction to compare the susceptibility of each solvent
to form LIOH and LIOOH parasitic products. Then the reaction
pathway as presented in Figure 2 is studied in different solvents;
dimethylformamide (DMF), dimethylacetamide (DMA),
dimethylsulfoxide (DMSO), triethylamine (TEA), dimethoxyethane
(DME) and acetonitrile (ACN), through an SMD continuum solvent
model. The Gibbs free reaction energies at 25°C and their
corresponding Gibbs free activation energies are presented in Table
2.

Table 2. Gibbs free reaction energy (AGr), Gibbs free activation energy (AGY) of LiOH formation in different solvents and their Gutman donor number values (DN).

Solvent DMF DMA DMSO DME TEA ACN
AGr(kcal/mol) 25°C -2.45 -2.42 -1.54 -2.60 -2.19 -1.03
AGH¥ (kcal/mol) 25°C 0.24 0.27 1.16 0.16 0.72 1.88

DN* 26.6 27.8 29.8 24 61 141

*Taken from reference >°

From computed results DMF and DME present low free energy
reaction barriers at 25°C to form hydroxylation products whereas
ACN presents a higher energy barrier that may be achievable on
cycling. Interestingly, even though TEA has the greatest Gutmann
donor number, the reaction free energy barrier and reaction free
energy do not follow the expected trend of the lowest values among
the analyzed solvents. The available computed pKa values of water
in each solvent (ACN=35.2, DMF=43.4, DME<47 and DMA= 45.7), do
not explain by themselves, the greater stability of nitrile solvents
during discharge.?® Nevertheless, when analyzed in conjunction with
the data displayed in Table 2, they may provide a useful descriptor of
parasiticity in Li-air chemical environments. Overall, the computed
Gibbs free activation energies indicate that the required energy
barriers are accessible under typical battery operating conditions.
Then in the presence of water, even if the solvents present a low
donor number, parasitic reactions between the discharge product
and water may occur and trigger solvent decomposition.

These results deserve further discussion since previous studies
reported that direct decomposition of Li,O, with H,0 corresponds to
an endergonic reaction requiring a Gibbs free energy of 9.8kcal/mol
to form LiIOH and H;0,, computed from Gibbs free energy of
formation values.* Then the reaction energy barrier should exceed
this theoretical value.

This journal is © The Royal Society of Chemistry 20xx

To better understand the possible sources of protons in the
system, the electrooxidation of water requires an applied potential
of 3.7 V vs Li/Li* to produce H*.* However, in a recent study the
estimated discharge potential remained below this value (2.7eV),
then protons may not originate from direct water electroreduction
during discharge.® Indeed, by using DME, Li,O, is only reported as
discharge product even in the presence of water.* During cycling,
H,0, is likely generated at elevated charging potentials, where the
formation of H* enables subsequent reaction with Li,O; to produce
hydrogen peroxide and Li*.26 However, in the presence of water, the
nucleophilic LIOO~ species within Li,O, are expected to react
preferentially with available protons from water, leading to the
formation of a LiOH-LIOOH intermediate as revealed through
previous computational studies.*>*¢ Even during discharge, if H,0; is
formed, as reported in previous studies®?, its subsequent interaction
with the LiOH discharge product would lead to the formation of the
same intermediate species LIOOH-LiOH that ultimately will evolve to
Li0,-H,0 adduct through an energetically favorable exothermic
pathway as reported in reference #°. Increasing water content favors
the formation of H,0, and LiOH during discharge, leading to higher
concentrations of the LIOOH-LIOH intermediate and, consequently,
more Li,0, and H,0. At minimum potentials of 2.96V Li,0; is oxidized
leading to the regeneration of Li and O, during charging.

Revisiting the decomposition of lithium oxide, the reaction pathway
proposed in this study offers an alternative route that directly
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connects to acetamide formation on discharge, bypassing hydrogen
evolution via electrolytic reactions and revealing chemical pathways
that may occur in nitrile solvents in the presence of water.

4. Conclusions

In the presence of water, it is found that acetonitrile may oxidize to
carboxamides. The interaction of Li;O, with ACN produce weakly
adsorbed species, which is the case, as found from computed binding
energies between Li;0; and ACN with values near 0.5eV, indicative
of physisorption. Indeed, results have shown that the oxidation of
acetonitrile takes place with lithium peroxide in solution. The surface
effect, within a cluster model approach, does not appear to be
sufficiently significant to enable the occurrence of the reaction. From
the theoretical results, the interactions on the surface of a cluster
model and in the ACN solution are of the same electrostatic nature.
Water as a contaminant in Li-O; /ACN cells participates in LiOH
formation, and this product might influence the reactive media to
facilitate ACN oxidation. A positive point is that even if LiOH is
produced it will further decompose by reacting with ACN-LIOOH
intermediate to produce the original discharge product Li,0,, but at
the expense of the parasitic product acetamide which will decrease
the cell efficiency. We consider L0, and water reaction to serve as
a prototype for conducting intensive and comprehensive analyses
aimed at testing different solvents for use in electrolyte solutions of
this type of battery. We emphasize this point since this reaction
inherently includes information on the acidity of water in that
medium and describes the propensity for parasitic reactions which
can be screened in solution or in surface models straightforwardly.
This study establishes a mechanistic foundation for understanding
chemical reactivity at the interphase between the electrolyte and
nascent Li,O, discharge product structures. By identifying reaction
pathways and key intermediates, our results provide fundamental
insight into the factors controlling Li-O, battery stability. These
findings lay the groundwork for future dynamic simulations aimed at
capturing the evolution of the cathode interface under realistic
operating conditions.
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