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Hydroperoxide-Mediated Degradation of Acetonitrile in the

Lithium—Air Battery

Rory C. McNulty, Kieran D. Jones, Conrad Holc, Jack W. Jordan, Peter G. Bruce,
Darren A. Walsh, Graham N. Newton, Hon Wai Lam, and Lee R. Johnson*

Understanding and eliminating degradation of the electrolyte solution is
arguably the major challenge in the development of high energy density
lithium=—air batteries. The use of acetonitrile provides cycle stability
comparable to current state-of-the-art glyme ethers and, while solvent
degradation has been extensively studied, no mechanism for acetonitrile
degradation has been proposed. Through the application of in situ pressure
measurements and ex situ characterization to monitor the degradation of
acetonitrile in the lithium-air battery, a correlation between H,O
concentration within the cell and deviation from the idealized electron/oxygen
ratio is revealed. Characterization of the cycled electrolyte solution identifies
acetamide as the major degradation product under both cell and model
conditions. A new degradation pathway is proposed that rationalizes the
formation of acetamide, identifies the role of H,O in the degradation process,
and confirms lithium hydroperoxide as a critical antagonistic species in
lithium-air cells for the first time. These studies highlight the importance of
considering the impact of atmospheric gases when exploring lithium-air cell
chemistry and suggest that further exploration of the impact of hydroperoxide
species on the degradation in lithium-air cells may lead to identification of

0, on the surface of a lightweight porous
carbon positive electrode to form Li,0,.
On charge, the reaction is reversed.
The chemistry and performance of the
battery is heavily influenced by the na-
ture of the electrolyte solution, which
can control the mechanism of the O,
reduction reaction and is also known to
undergo significant degradation.!*’~]
Consequently, the practical perfor-
mance and cycle life of the battery is
largely dictated by the electrolyte com-
position, and identifying a practical,
stable solvent is perhaps the biggest
factor limiting cell development.”]

Extensive efforts have been made to
understand electrolyte solution degra-
dation mechanisms, and several an-
tagonistic  intermediates  including
lithium superoxide (LiO,),['*!! lithium
peroxide  (Li,0,),')  polyoxides,!1314]
and singlet oxygen (0,)[®! have been

more effective electrolyte solvents.

1. Introduction

The lithium-air (Li-air) battery has one of the highest
theoretical specific energies (3495 Wh kg™') of any next-
generation battery chemistry, making it ideal for weight-sensitive
applications.['®) The battery operates through the reduction of

identified.'®7] However, their specific
roles remain an area of active debate.
Early Li-air cells contained organic
carbonates and dimethyl sulfoxide, 18211
but these were susceptible to degradation by LiO, formed dur-
ing discharge.[?22* Amide- and sulfone-containing solvents were
similarly shown to undergo oxidative degradation.!?>?’] Glyme
ether solvents are widely used due to their oxidative robustness;
however, they are proposed to undergo deprotonation with LiO,
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and/or Li, 0,,®% and exhibit Li, 0, discharge yields of no more
than 95%.3031 Early studies showed that acetonitrile (MeCN)
is stable toward Li,O, with a relatively high activation barrier
for nucleophilic attack and deprotonation by O,.323*] The oxy-
gen solubility and diffusivity in MeCN is similar to those in
glyme ethers, and its dielectric constant results in high elec-
trolyte conductivities.*®) While the vapor pressure of MeCN is
high, it is similar to that of commonly used dimethoxyethane,
and higher molecule weight nitriles with negligible vapor pres-
sure have been reported for use in batteries.?*-* Despite this,
the capacity of cells containing MeCN electrolytes is limited by
poor LiO, solubility, which results in surface passivation at the
positive electrode. However, the use of redox mediators, which
are routinely employed to facilitate solution-phase catalytic O,
reduction,***] has made the requirement of high LiO, solubil-
ity redundant.?*?) Some recent studies have shown that MeCN-
based cells can support significantly higher capacities than ini-
tially reported.[***4] As studies in this area are limited, further
investigation of MeCN as a potential Li-air electrolyte solvent is
needed.

The promise of MeCN as an electrolyte solvent is supported
by Luntz and co-workers who identified MeCN as having an
e” /0, yield of 2.05, similar to glyme ethers, and the highest oxy-
gen reduction/oxygen evolution reaction efficiency (x0.9) of sol-
vents explored.I**®l While promising, these results indicate that
MeCN suffers from degradation reactions that are yet to be iden-
tified. As with the vast majority of Li—air battery research, degra-
dation studies typically involve the use of pure O, gas streams
only.>*’] However, a practical battery will either use an atmo-
spheric air stream, containing H,0 and CO,, or require signifi-
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cant air purification systems, which limit the gravimetric impact
of the technology.[*’/l H,0 has been shown to trigger the forma-
tion of soluble lithium hydroperoxide (LiOOH) in the cell, which
can increase capacity.[*°? The introduction of H,O can also re-
sult in 4e~ O, reduction to form LiOH, particularly in the pres-
ence of a catalyst such as iodine, which can increase the capacity,
but is also challenging to oxidize.>*%! Critically, these contam-
inants from the atmosphere may introduce antagonistic inter-
mediates and degradation pathways that lead to cell breakdown,
which must be identified and eliminated to achieve a practical
Li—air battery.

Herein, we present an analysis of the stability of Li-air cells
containing a MeCN-based electrolyte. We show that at high cur-
rent densities (250 pA cm™2), cells containing MeCN exhibit per-
formance comparable to those containing glyme ethers. How-
ever, at a lower current density (50 pA cm™?), deviation from
the ideal 2e~ /O, ratio is observed. We identify a relationship be-
tween H,O concentration and e~ /O,, which indicates that H,O-
mediated MeCN degradation occurs. Model chemical systems are
employed to replicate conditions within the cell, and acetamide
is identified as a degradation product. A reaction mechanism is
proposed to account for the electrolyte degradation, which iden-
tifies LIOOH as a critical antagonistic species in Li-air cells for
the first time.

2. Results and Discussion

The ideal Li-air electrochemical reaction consumes 2e~/O, on
discharge and parasitic (electro)chemical reactions can be iden-
tified by any deviation from this ratio. Figure 1a shows that
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Figure 1. a,b) Pressure decay measurements during the first electrochemical discharge of cells containing 0.25 m LiClIO, in MeCN at a rate of
250 pA cm~2 (black lines) or 50 A cm™2 (red lines) with a) dry electrolyte or b) electrolyte doped with 1000 ppm H,O compared to the ideal
2.0 e7/O, (black dashed line) pressure decay gradient. The dotted back line indicates the cell open-circuit voltage after reaching the potential limit.
c) HPLC chromatogram of a solution made up by soaking the cathode and separator extracted from a pressure cell that was discharged to a capacity
of 14.7 mAh with a 0.25 m LiClO, in MeCN doped with 1000 ppm H,O electrolyte. d) Mass spectrum recorded for the newly identified species at a

retention time of 3.5 min.
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anhydrous MeCN cells discharged at 250 pA cm™ have an av-
erage e~ /O, ratio of 2.04, consistent with previous reports.!**]
Post-cycling analysis of the positive electrode gave a Li, 0, yield
of 89.6%, comparable to that obtained with state-of-the-art Li-air
cells containing glyme ethers.[3*3!] Unlike at high rates, the anal-
ogous cell discharged at 50 pA cm~2 did not follow the ideal 2e~
pressure decay gradient, with an e /O, ratio of 2.14 (Figure 1a).
Higher rates are often used to showcase the performance of a
cell; however, the rapid discharge clearly masks degradation path-
ways that are only evident during long-term cycling. Noting that
the cells may contain adventitious H,O, the electrolyte was ex-
tracted from assembled cells and found to contain ~151 ppm
H, 0. Cells were doped with 1000 ppm of H,O to understand its
influence on the e~ /O, ratio (Figure 1b). At the higher discharge
rate of 250 pA cm~2, the e~/O, ratio was similar to the “dry” cell
(2.04 €7/0,), but at the lower rate of 50 pA cm=2, the ratio de-
viated to 2.24. This confirms the presence of additional side re-
actions during discharge. Cells cycled at 50 pA cm with H,O
concentrations of 1000, 5000, and 10 000 ppm gave e~ /O, ratios
of 2.24, 2.37, and 2.38, respectively, confirming that increasing
the H,O concentration leads to higher levels of parasitic side re-
actions. To identify soluble degradation products within the cell,
high-performance liquid chromatography mass spectrometry
(HPLC-MS) was conducted on electrolyte extracted from the cell
containing 1000 ppm H,O discharged to a capacity of 14.7 mAh
(Figure 1c; Figure S1, Supporting Information). A new peak was
observed with a retention time of 3.42 min, for which mass spec-
trometry presented signals at 119.1 and 125.1 m/z, which were
not observed in the pristine electrolyte (Figure 1d).

To identify the product and elucidate the degradation pathway,
a model chemical system was used to mimic the conditions of
the electrochemical cell. A heterogeneous mixture containing the
mass equivalent ratio of 2 mAh of Li, 0O, in d;-MeCN was doped
with 1000 ppm H,O. This solution was used directly for NMR
measurements. Figure 2a shows the loss in intensity of the H,O
peak (at 2.165 ppm) in the 'H NMR spectrum over 24 h, demon-
strating that H, O reacts in the model system without an applied
bias. The reaction mixture was analyzed after 72 h by HPLC-MS,
which showed two primary mass peaks at 119.1 and 122.1 m/z
(Figure 2b), similar to the species identified in the cell. The dif-
ference of 3 Da between these two peaks indicated they are the
result of a combination of deuterated (CD,) and nondeuterated
(CHj;) molecular species from reaction with d,-MeCN. When re-
peating the experiment with 20 000 ppm H, O, a shift in the H,0
peak was observed from 2.53 to 2.51 ppm over 72 h, combined
with a slight broadening and decrease in intensity. This indicates
a change in the H, O concentration over the timescale of the mea-
surements (Figure S2, Supporting Information). After 1 h of mix-
ing, '"H NMR analysis shows the emergence of two broad sin-
glets at 5.74 and 6.35 ppm, indicative of an amide (NH,) signal,
with the intensity of this signal increasing over the timescale of
the experiment (Figure 2¢). The 1*C NMR spectrum of the sam-
ple after 72 h showed a singlet at 173.8 ppm, consistent with
the C=0 carbon of CD;CONH,, and a quintet at 21.6 ppm, as-
signed to the methyl carbon of CD;CONH, (Figure 2d). HPLC-
MS analysis of the sample after 72 h showed three primary
mass peaks at 119.1, 122.1, and 125.1 m/z (Figure 2e), and
three low intensity peaks at 60.0, 63.1, and 85.0 m/z (Figure 2f).
These spectroscopic data confirm the identity of the major
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degradation product as acetamide, formed through hydrolysis of
MeCN. We note that the primary mass peaks reported are a result
of amide dimers, which have been reported previously as the ma-
jor species in the mass spectrum of acetamide.>® | The dominant
mass peak in the HPLC-MS of the electrolyte extracted from the
discharge cell differs from the chemical system due to the avail-
ability of lithium ions from LiClO, producing a lithium adduct,
[(CH,CONH,), + Li]*, 125.1 m/z, as the main product, rather
than a hydrogen adduct [(CH;CONH,), + H]*, 119.1 m/z.

The identification of acetamide in both the model system and
electrochemical cell confirms MeCN hydrolysis under discharge
conditions. Previous computational work has proposed the Lewis
acid-activation of nitrile functional groups occurs when associ-
ated with a Li, O, surface or solvated lithium cations but suggest
that degradation of aliphatic nitriles from peroxide nucleophilic
addition is unlikely, due to the poor solubility of reactive lithium
peroxide species in MeCN.[°7%8] However, these studies were lim-
ited to anhydrous systems and did not consider practical Li-air
cells containing trace atmospheric gases. As discussed above, in
the presence of H,0O, LiOOH is known to be in equilibrium with
Li,O, (Figure 3a).*%] This equilibrium present in humid Li—
air cells mirrors the in situ alkaline hydroperoxide conditions re-
ported for the conversion of nitriles to amides in organic solvents
(Figure 3Db).0>%-6%!

Our data, specifically the correlation of e”/O, with H,O con-
centration, are consistent with the nucleophilic addition of hy-
droperoxide to MeCN as a degradation mechanism in Li-air cell
chemistry. While a mechanism for hydroperoxide-mediated ni-
trile hydrolysis is established,[>>° it has not been considered
within Li—air batteries. Our proposed MeCN degradation path-
way, presented in Figure 4, features Li, O, surface-mediated ni-
trile activation consistent with computation and near ambient
pressure X-ray photoemission spectroscopy studies, although
solvated lithium cations can also be considered.[®®) MeCN adsorp-
tion to the Li, O, surface activates the sp-hybridized carbon,>78!
facilitating nucleophilic addition of hydroperoxide resulting in
the intermediate 1. Protonation of 1 with H, O gives the imidoper-
oxoic acid 2, which desorbs from the surface before subsequent
reaction with hydroperoxide that give acetamide (3), H,O and
02'[60,64,65]

We note that this O, release would result in an increase in
the observed e /O, ratio, consistent with our observations during
discharge (Figure 1a,b). Although this reaction would eventually
consume trace H, O in the electrolyte, if a gas stream was not sub-
jected to strict purification measures, as discussed by Gallagher
et al.,[*’l continual replenishment of H,0 would result in the un-
abating hydrolysis of MeCN. Furthermore, it is important to note
that hydroperoxide-mediated degradation may not be exclusive
to MeCN and could be active in other electrolyte compositions
containing cyano groups or other electrophilic functionalities.

3. Conclusions

We have identified a new degradation pathway for MeCN by a
soluble antagonistic intermediate species, LIOOH, that will in-
evitably be present in a practical Li—air battery. The same chem-
ical equilibria that are known to facilitate H,O-mediated phase
transfer catalysis of Li,O, with trace quantities of H,O also rep-
resent reaction conditions for the hydrolysis of nitriles used in

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. Spectroscopic analysis of an aliquot from a heterogenous mixture of Li, O, in d;-MeCN with either a,b) 1000 ppm or c—f) 20000 ppm H,O.
(a,c) "H NMR (400 MHz) spectra showing (a) the change in "H chemical shift and intensity of the H,O peak from initial mixing (black line) through
24 h after mixing (red lines), (c) time-resolved emergence and consistent increase in intensity of two NH singlets at 5.74 and 6.35 ppm assigned to
ds-acetamide formation from initial mixing (black line) through 72 h after mixing (red lines). d) *C NMR (126 MHz) recorded after 72 h of mixing (red
lines) compared to an acetamide reference spectrum (black lines). (b,e,f) Primary mass peaks identified through HPLC-MS analysis taken 72 h after
mixing with (b) 1000 ppm or (e,f) 20 000 ppm H,O confirming the presence of (e) acetamide dimers and (f) acetamide molecules.

a) LizOz(s) + HZO(SOI) o LiOOH(SOD + LIOH(S)

b) Alkaline hydrogen peroxide nitrile hydrolysis

N 2H,0 Q
R// —PBazsez )J\ + 02 + Hzo
R™ “NH,
Figure 3. a) Interconversion of lithium peroxide and H2?O to lithium hy-
droperoxide and lithium hydroxide.l>"] b) General scheme for nitrile hy-
drolysis to amides under literature-reported alkaline hydrogen peroxide
conditions.[3%-63]
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organic chemistry. It is shown that at high discharge rates, of-
ten employed to showcase the benefits of the Li-air battery, this
degradation is masked by the short discharge time, with mini-
mal deviation from the desired 2e~/O, ratio being observed be-
tween anhydrous cells and those doped with 1000 ppm H,O.
However, when the discharge rate is reduced, immediate devi-
ation from the ideal e~ /O, ratio is observed, even with meticu-
lous drying of the cell components. This deviation is correlated
to increased H,O concentration, indicating a parasitic reaction
involving H,O. Spectroscopic characterization of a discharged

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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OH

Figure 4. Proposed degradation pathway of MeCN by LIOOH in a hydrous Li-air system mediated by solid phase lithium peroxide. # Denotes a multistep
reaction involving LIOOH, with mechanisms previously proposed in literature.[60:64.65]

electrolyte and of model chemical systems were combined to
identify the degradation product as acetamide. Moreover, we pro-
pose a reaction scheme wherein solubilized LIOOH facilitates
nucleophilic attack at the exposed nitrile, aided by the physical
adsorption of MeCN to lithium ions on the surface of Li, O, par-
ticles or interaction with solvated Li* ions. This work highlights
the possible antagonistic role of hydroperoxide species that will
inevitably form in practical Li-air batteries due to atmospheric
H,O. If suitable electrolyte systems are to be designed for prac-
tical Li—air batteries, the impact of hydroperoxide species and at-
mospheric gases must be carefully considered.
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