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Singlet oxygen is not the main source of
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The lithium—air (oxygen) battery could offer significant improvements in gravimetric energy density
compared to lithium-ion technology. A major barrier to realising this goal is the oxidative degradation of
the electrolyte solution and the carbon at the positive electrode. Recently, the lithium—-oxygen field has
been focused on the formation of singlet oxygen within the cell, its impact as a major source of
degradation, and strategies to mitigate this. Here we have investigated the reactivity of components
within the lithium—-oxygen cell by exposure to photochemically generated singlet oxygen. We find no sig-
nificant reaction between the singlet oxygen and tetraglyme, lithium bis(trifluoromethanesulfonyl)imide,
or carbon, standard electrode components, and confirm that singlet oxygen is not the major source of
degradation in the lithium—oxygen battery. Our studies bring into question the need for strategies to miti-
gate the impact of singlet oxygen in the cell and highlight the need to refocus on the discovery of elec-
trolyte solutions with stability against lithium peroxide.

Singlet oxygen, a high energy state of dioxygen, has been shown to form during the oxygen redox reactions within the lithium-oxygen battery and has been

linked to degradation, specifically of the solvent, salt and carbon in the positive electrode. This has triggered a pivot in the field towards additives to deactivate
these proposed antagonistic species, despite a lack of understanding of the role of singlet oxygen in the cell. To quantify the impact of singlet oxygen in the

lithium-oxygen battery, we have exposed each component, solvent, salt and carbon, to photocatalytically generated singlet oxygen, analyzed the resulting

product, and determined effective rates of any singlet oxygen reactions. Our data shows almost no reaction between singlet oxygen and the components of the

cell. Analysis of the rate of reaction between singlet oxygen and the solvent suggests that during a typical cycle of the lithium-oxygen battery, singlet oxygen

would be responsible for approximately 0.002% capacity loss each cycle, which is not consistent with the 5-10% found in practice. Our studies suggest that

singlet oxygen is not responsible for the failure of the lithium-oxygen battery and further innovation in this direction will not yield the improvement in cycle life

required for commercialisation utilization.

Introduction

battery operates through the oxidation of a lithium negative
electrode and the reduction of oxygen to lithium peroxide at the

The high theoretical specific energy density of lithium-air (Li-air,
Li-O,) batteries, 3500 Wh kg™ ', makes them ideal for weight-
sensitive applications such as in the aerospace sector.* The
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positive electrode, with the reactions being reversed on charge.
Despite the promise of this battery technology, several challenges
hinder its realisation including the development of a stable
protected lithium electrode, operation with CO, and H,O con-
taminants, efficient oxidation of insulating Li,O,, and develop-
ment of a gas diffusion electrode able to deliver oxygen to an
electrode containing an organic solvent.>"" A key challenge in the
development of the Li-O, battery is the degradation of the
electrolyte solution when exposed to the oxygenic reactants at
the positive electrode.

The degradation of the electrolyte solution and carbon
electrode in the Li-O, battery has been extensively studied,
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with the majority of common organic solvents being shown to
be unstable within the cell.’*"” In fact, only glyme ethers are
widely accepted as being relatively stable and even these state-
of-the-art systems are known to undergo degradation. The spe-
cifics of degradation within the cell remain an area of active
debate. Various oxygenic species have been implicated in the
degradation of glyme ethers as cells containing ethers display a
Li,0,% yield of no more than 95% on discharge.’®* Recently,
reactive singlet oxygen ('0,) has been shown to form during Li,O,
and Li,CO; oxidation,>*° LiO, disproportionation,***! and LiO,
oxidation by a redox mediator.>> Due to a correlation between 'O,
formation in the cell and degradation, 'O, has been implicated as
a major source of electrolyte solution degradation, in addition to
degrading other cell components.**2%3738 The addition of 'O,
traps and quenchers have been used to reduce the impact of 'O,
and appear to show some benefit to cell stability.****?° Kwak and
co-workers demonstrated that glyme ethers degrade in the
presence of in-situ generated 'O, when using 30% H,0, in water
and NaOCl, however, these reagents may not be innocent.*’
Further support from computation studies by Mullinax et al.
suggest that hydrogen atom abstraction at the secondary carbons
of dimethoxyethane (monoglyme ether) by 'O, would yield
H,0,.*® Despite the reported links between 'O, and electrolyte
degradation, there is currently no consensus on its reactivity
within the cell and no specific reactions have been proven.
Moreover, methods used to detect 'O, in the cell have been
questioned,*! where the stability and selectivity of traps such as 4-
0x0-2,2,6,6-tetramethyl-1-piperidinyloxy (4-oxo-TEMPO) and 9,10-
dimethylanthracene (DMA) towards 'O, have been shown to
depend on the solution environment.*>*® It is important to
understand the true cause of degradation to work towards
practical Li-air batteries.

Here we investigate the reaction between 'O, and the commonly
used Li-O, electrode components, tetraglyme, lithium bis(trifluoro-
methanesulfonyl)imide (LiTFSI), and carbon. 'O, is formed in-situ
photochemically, with and without the application of an oxidising
potential in three-electrode cells, and O, consumption is monitored
using on-line mass spectrometry for signs of degradation. Our
analysis shows that "0, does not readily react with either carbon,
tetraglyme, or the TFSI anion, in contradiction to recent studies.
Using nuclear magnetic resonance (NMR) spectroscopy, we show
that 'O, will have a negligible impact on the cell, confirming that it
is not the major cause of degradation in Li-O, cells containing
linear ethers and TFSI salts.

Results and discussion

To investigate the reactivity of 'O, with tetraglyme and the
commonly used electrolyte solution 1 M LiTFSI in tetraglyme,
'0, was generated in each solution from ground state triplet
oxygen (*0,) using the photosensitiser, rose bengal (RB) while
illuminated with a 530 nm light source (see ESIt for further
details). On-line mass spectrometry (MS) was used to monitor
the changes in the O, concentration, which in the absence of a
degradation reaction involving 'O,, should remain constant

7356 | Energy Environ. Sci., 2024,17, 7355-7361

View Article Online

Energy & Environmental Science

Light on

Light off
1(:)2 |

302

Oxygen Concentration / %
T
1

|- Tetraglyme-LiTFSI .

0.1%
+—>
LI
1 1

0 50 100 150 200 250
Time / mins

Fig. 1 On-line MS showing that DMSO readily reacts with 1O, whereas
tetraglyme and 1 M LiTFSI in tetraglyme show no significant reactivity. The
O, concentration versus time as oxygen is bubbled through the relevant
liquid and O, photochemically generated using a photosensitiser. A loss
of O, signal indicates degradation due to reactions with 1O,.

(Fig. 1). Notably, the steady-state concentration of 'O, using
this method is ~1000 times greater than that expected to form in
the cell at 100 pA (see ESIT for details).*" To ensure comparability,
the electrolyte components were of grade consistent with that
used for Li-O, cells, thus, commercial tetraglyme (>99%) and
LiTFSI (99.99%) were further dried over molecular sieves (H,O <
10 ppm) and at 85 °C under vacuum, respectively (see ESIt for
details). To demonstrate the efficacy of the analysis we first
examine a solvent with known instability to '0,, dimethyl sulf-
oxide (DMSO), which showed a marked decrease in O, concen-
tration during the illumination period, consistent with the
instability of DMSO against '0,. NMR and infrared spectroscopy
(Fig. S2, ESIY) of the resulting solution confirmed the formation
of the oxidation product, dimethyl sulfone (see ESI7 for details)."?
When repeating the measurement with tetraglyme, no significant
change in O, concentration was observed, indicating no notable
reaction between 'O, and the solvent, although a small drop in
O, concentration was occasionally observed upon initial exposure
to light, likely due to the reaction of 'O, with impurities in the
liquid (Fig. 1). Similar results were obtained for LiTFSI in tetra-
glyme, suggesting both LiTFSI and tetraglyme are stable towards
10, under these chemical conditions.

While LiTFSI in tetraglyme shows no detectable reaction
with '0,, degradation may still occur in the cell during the
application of an oxidising potential. To simulate conditions

This journal is © The Royal Society of Chemistry 2024
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within the Li-O, cell, 'O, was formed photochemically within
the electrolyte solution while also applying an oxidising
potential of 3.8 V vs. Li|Li*, where 0, has been shown to evolve
and CO, release linked to degradation occurs,* to a submerged
carbon-13 electrode (7 mm diameter carbon disk, geometric
area 0.769 m®) for 12 h (Fig. 2a). Measurements above 4.0 V
were avoided as the electrolyte solution is known to break down
in this region,?*”*” and in practice lithium-air cells should
avoid cycling above this voltage. Again, O, consumption was
measured to monitor degradation as shown in Fig. 2b, where
O, flux remained constant under these conditions, suggesting
that the electrolyte appears to be relatively stable towards 'O,
even with an oxidising potential.

After exposure to 'O, under an applied potential, the carbon-
13 electrodes were analysed for common degradation products
by evolution of CO, (Fig. 2¢) produced from: Li,CO; by treatment
with H,PO,, and carboxylates by treatment with Fenton’s reagent
(see ESI7 for the details).”” The origin of the degradation could be
determined by the respective CO, isotope, with **CO, originating
from electrolyte degradation and "*CO, formed from the decom-
position of the carbon electrode. Control measurements were
performed using 0, (without illumination) with no notable
carbon-13 electrode degradation observed, however, *>CO, origi-
nating from carboxylates was observed, likely from organic
electrolyte impurities. No additional degradation of either the
carbon electrode or electrolyte solutions were observed upon
introduction of '0,, suggesting that singlet oxygen does not play
a significant role in degradation during the application of an
oxidising potential. In contrast, preloading the electrode with
Li,O, and applying a potential under an argon atmosphere
resulted in a marked increase in CO, originating from Li,CO;
and carboxylate formation from the electrolyte solution. In all
cases, the carbon-13 electrode remained relatively stable with no
significant formation of *CO, detected.

While our on-line MS analysis rules out 'O, as a major
source of degradation in the cell, it does not preclude a slow
reaction between 'O, and the electrolyte solution components

View Article Online
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Scheme 1 General reaction of photochemically generated O, with
ethereal hydrocarbons.

which may impact the long-term performance of the cell. To
quantify the rate of reaction between 'O, and tetraglyme or
LiTFSI in tetraglyme, these components were reacted over a
longer time frame with 'O,, which was generated from 0, by
energy transfer photocatalysis using RB (Scheme 1, see ESI} for
details).*® Expectedly, tetraglyme was found to be robust towards
reactions with '0,, however, new species were identified by
'H NMR spectroscopy in the regions of 11.0-8.5 ppm and 5.5~
4.5 ppm (Fig. 3a and b). These resonances are in the regions
typical for organic hydroperoxide proton (OOH) and associated
tertiary proton (OCH) environments, respectively, which is con-
sistent with the predicted products for the 'O, reaction
(Scheme 1). Given tetraglyme contains multiple sites vulnerable
to C-H insertion (eight ethereal CH, positions), a series of mono,
bis, or greater hydroperoxide containing species are likely the
major contributors to the observed signals, but further decom-
position products cannot be ruled out. Analysis of the NMR
spectra indicates a combined concentration of approximately
2.8 mM for these degradation products (see Supplementary Note
1, ESIt). Based on the rate of tetraglyme degradation by 'O, in
this reaction, and by comparing the relative amount of 'O, in the
reactions with the solvent and the Li-O, cell (see Supplementary
Note 1, ESIT), we estimate that 'O, would be responsible for ca.
2.2 x 107%% of degradation compared to the 5-10% degradation
reported during a typical discharge, hence its impact on degrada-
tion is effectively negligible. Moreover, when exposing 1 M LiTFSI
to '0,, the TFSI anion showed complete stability throughout the
reaction despite the abundance of 'O, and the presence of
reactive organic hydroperoxides (Fig. 3¢ and d). We do not
consider the impact of 'O, on the negative electrode due to its
short lifetime; we expect 'O, to relax back to >0, before crossing
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Fig. 2 Exploring the impact of an oxidising potential on the reaction of YO, with LiTFSI, tetraglyme and carbon. (a) A schematical representation of the
cell used to generate O, at a carbon-13 electrode with an applied potential (3.8 V vs. LilLi*). The cell contains a carbon-13 working electrode (WE),
LiFePO4 counter electrode (CE), delithiated LiFePO, reference electrode (REF), 0.1 M LiTFSI in tetraglyme containing 7 pM photosynthesiser,
tetraphenylporphyrin (TPP), that were irradiated at 660 nm. A carbon-13 electrode was used to separate degradation products from the electrode
(33C) and the electrolyte solution (*2C). (b) On-line MS data showing the O, concentration during OCV and 1O, generation at 3.8 V vs. Li|Li*. (c) Plot of CO,
released by Li,CO3z and carboxylate degradation products formed at the electrode from electrolyte degradation (**CO,) and carbon-13 electrode
degradation (*CO,) during application of a potential (3.8 V vs. Li|Li*) and exposure to *O,, 'O,, or preloaded Li,O, carbon-13 electrode (argon
atmosphere).
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Fig. 3 Spectroscopic analysis of tetraglyme and LiTFSI degradation by O, generated photochemically from 30,. *H NMR Spectra (500 MHz, CDCl,
298 K) of the tetraglyme solution (a) without and (b) with singlet oxygen generation. (inset) Expanded *H NMR spectra of a (top) and b (bottom)
highlighting the relative intensity of signals to tetraglyme. *°F NMR spectra (377 MHz, CDCls, 298 K) of the LiTFSI tetraglyme solution (c) without and (d)
with singlet oxygen generation. Reaction conditions: Rose Bengal (1 x 107> M), tetraglyme (4 mL) or 1 M LiTFSI in tetraglyme (4 mL), O, (1 atm), irradiated
with green LEDs for 18 h. *H NMR spectroscopy (500 MHz, CDCls, 298 K) of a 50 pL aliquot of reaction solution with 0.01 M 1,4-dicyanobenzene as an

internal standard.

the separator. While we cannot rule out reactions occurring
between 'O, and redox mediators or decomposition products
formed during cycling, but based on our analysis, 'O, is not the
main source of degradation in the commonly used carbon
electrode cell containing 1 M LiTFSI in tetraglyme.

Conclusion

We have investigated the reactivity of '0, with tetraglyme, and
LiTFSI in tetraglyme during the application of an oxidising
potential at a carbon electrode, which represent the common
components and conditions within the lithium-oxygen battery.
Generation of 'O, in-situ at an amount a thousand times greater
than that formed within the cell, including an extended

7358 | Energy Environ. Sci., 2024,17, 7355-7361

exposure period, demonstrates negligible reaction with LiTFSI
tetraglyme solutions or carbon electrodes. By analysing the
product of the reaction between 'O, and tetraglyme, we esti-
mate that singlet oxygen in the battery is responsible for as little
as 2.2 x 107%% of degradation. Comparatively, we are unable to
observe any reaction between 'O, and TFSI anion indicating
that it is effectively robust against reaction with '0,. In sum-
mary, this data suggests that singlet oxygen is not responsible
for the 5-10% coulombic efficiency loss per cycle seen in
current lithium-air cells and may be relatively innocent. Our
studies suggest that the primary products from the reaction of
tetraglyme and 'O, are organic hydroperoxides, despite being
incredibly low in concentration, are reactive in their own right,
and may impact mature lithium-oxygen cells when performing
hundreds of cycles. We suggest that future lithium-oxygen

This journal is © The Royal Society of Chemistry 2024
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research should focus on finding new electrolytes stable
towards lithium peroxide-derived species.
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