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Ether-based solvents have shown promise as the most stable candidates for the electrolyte solution in the
Li—O, battery. However, the yield of Li,O, after discharge is less than 100%, despite achieving a near-ideal
ratio of charge passed to O, consumed (2e7/0,) for the reduction of O to Li,O,. The loss of Li,O, leads
to the observed capacity fade on cycling and is associated with electrolyte degradation. Here we investi-
gate the chemical formation of Li,O, from superoxide in two commonly used ether solutions, di-
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methoxyethane and tetraethylene glycol dimethyl ether. The results indicate that it is the freshly growing
Li,O, surface reacting with the electrolyte solution that is the dominant source of Li,O; loss and electro-
lyte degradation. Additionally, we quantify common side products from the degradation, including Li,COs,

rsc.li/EESBatteries HCO,Li, CHzCO,Li and H,0, and identify the composition of ethylene oxides formed during the reaction.

Broader context

The current state of the art in lithium-ion battery technology is approaching its theoretical capacity limit in terms of the energy delivered per unit mass. Li-
O, batteries represent one of the most promising alternatives beyond lithium-ion systems. Li-O, batteries have attracted considerable research interest due to
their exceptionally high theoretical specific energy of 3505 Wh kg™ of Li,0,, which is approximately 6-8 times greater than that of conventional lithium-ion
batteries. However, electrolyte degradation remains a significant challenge, as it limits the cycle life and practical viability of Li-O, cells. The aim of this work
is to identify the primary causes of capacity fade during discharge and cycling, and to help consolidate research efforts towards the development of durable
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and commercially competitive Li-O, battery technologies.

Introduction

Among the challenges that face the Li-O, battery, arguably the
greatest are degradation and the associated capacity fade on
cycling.'” On discharge, the desired reaction at the cathode is
the reduction of O, to Li,0,, with the process being reversed
on charge. The most stable electrolyte solutions to date are
based on ethers.*”® However, even in such electrolytes, the
yield of Li,O, on discharge is less than 100%, resulting in
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capacity loss on cycling and the formation of a range of side-
reaction products, involving decomposition of the electrolyte
solution.””®

Li,CO3, HCO,Li, CH3;CO,Li, ethylene oxides and H,O have
all been identified as degradation products after cycling."*™*
The origin of degradation and low Li,O, yields on discharge
has been attributed to possible reactions involving LiO,, the
intermediate in the O,/Li,O, reaction, and singlet oxygen
(*0,), the latter of which is produced during disproportiona-
tion of LiO,."*>* In this work, we show that electrolyte degra-
dation does not arise significantly from reactivity with the LiO,
intermediate. We also confirm the results of a recent study of
chemically generated 'O, with ether electrolytes, which
suggested that 'O, does not react significantly with the electro-
lyte.”” Instead, degradation arises from the reactivity between
the growing Li,O, surface and the electrolyte solution, with
degradation competing successfully against Li,O, particle
growth. Degradation is greater in tetraethylene glycol dimethyl
ether (TEGDME) than in dimethoxyethane (DME). This is due
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to the slower formation of Li,O, in TEGDME, in accord with
the higher viscosity of the solution and therefore slower diffu-
sivity of species reacting in TEGDME. The role of kinetics is
reinforced by observations in Li-O, cells that show
higher current rates leading to less degradation, as expected
from processes that involve the growing Li,O, surface. The
quantities of the main degradation products (Li,CO;, HCO,Li,
CH;CO,Li and H,0) and the composition of the ethylene
oxide species that form from side reactions with ethers are
determined.

Results and discussion

The reduction of O, to form Li,0, at the cathode is a two-step
process:
Step 1:

Li* + 0, + e~ — LiO,
Step 2(a) - spontaneous disproportionation:
2Li0, — Liy0, + 130, + (1 —n) 10,
Or 2(b) - 2™ electron reduction:
LiO, + e~ +Li* — Li,0,
Overall:
0 4 2Li" +2e~ — Li,0,

The overall reaction results in a ratio of charge passed to O,
consumed of 2e7/O,. It has been shown previously that the
dominant reaction on discharge is the consumption of O, in
the ideal 2e7/0O, ratio.’*®® To affirm this, cells were con-
structed as described in the Methods and discharged with
in situ gas monitoring. The amount of O, consumed is plotted
against the charge passed and the dotted line corresponds to
the predicted 2e7/O, ratio for the O,/Li,O, reaction, which
these cells adhered to within experimental errors (DME: 2.02 +
0.02; TEGDME: 2.03 + 0.02) (Fig. S1), in accord with previous
studies.?®® The significance of adherence to the 2e~/O, ratio
is that there can be very little reaction between the superoxide
intermediate, LiO,, and the electrolyte solution or carbon elec-
trode. Had such a reaction taken place, the overall amount of
0, consumed would deviate from the ideal ratio of 2e”/O,. The
results are also consistent with singlet oxygen, which is known
to be generated as LiO, disproportionates to form Li,O,, not
playing a significant role in electrolyte or carbon electrode
degradation on discharge. If it did so, again the overall
amount of O, consumed would deviate from the theoretical
2€7/0,.

Despite the well-acknowledged 2e~/O, ratio within the field,
many researchers still report and suggest that superoxide and
singlet oxygen could play a significant role in Li,O,
loss.'”2%2%3% To confirm the lack of O,” or 'O, reactivity
during the formation of Li,0,, the latter was generated chemi-
cally by adding a solution of LiTFSI in DME or TEGDME to
KO, powder while stirring. The evolution of O, was followed by
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online mass spectrometry, as described in the Methods. The
reaction is:

2KO, + 2LiT — Li,0, + 2K + O,

The experiments were conducted with and without 9,10-di-
methylanthracene (DMA), a trap for 'O,, and the results are
shown in Fig. 1. 100% O, evolution would correspond to the
quantity expected if all the KO, reacted to form Li,O, (i.e. the
lithium electrolyte solution was in excess in all cases). The
amount of O, detected in the absence of the trap is very close
to 100% for both DME (99.7 + 0.2%) and TEGDME (99.8 =
0.2%) as shown in Fig. 1(a). If O, or 'O, had reacted with the
electrolyte solution, then the O, yield would be below 100%.
These results further confirm that neither O, nor 'O, are
major sources of degradation. These are more challenging con-
ditions under which O,” might have reacted with the electro-
Iyte solution than in Li-O, cells since KO, persists in the solu-
tion longer than the transient formation of LiO, during O,
reduction to Li,O, in cells due to the greater solubility of the
former over the latter.*’* In the presence of the trap, 0, is
quenched to form DMA-O, and the mass spectrometer detects
only *0,, leading to less O, detected in both cases (98.6 = 0.2%
in DME and 95.4 + 0.2% in TEGDME). By comparing the yield
of O, with and without the trap, we confirm that 'O, is indeed
formed in the reaction and that the amount of 'O, produced is
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Fig. 1 (a) Oxygen and (b) Li,O, yields after KO, disproportionation in
DME (blue) and TEGDME (green) without and with singlet oxygen trap,
showing no evidence of YO, or O, reactivity.
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greater in the case of TEGDME (4.4 + 0.3%) compared with
DME (1.1 + 0.3%). Yet even this greater amount of 'O, does
not induce observable degradation in the case of TEGDME.
The yield of Li,O, was determined for the cases of DME and
TEGDME with and without a 'O, trap by photometric titration
using Ti0SO,.>** The results are shown in Fig. 1(b). In all
cases, the Li,O, yield is lower than 100%, as expected given
side reactions, but does not vary significantly with and without
the 'O, trap (DME: 89.6 + 0.8% vs. 88.6 + 0.8%; TEGDME: 76.8
+ 0.7% vs. 75.4 + 0.7%). This further supports the conclusion
that singlet oxygen is not a major source of degradation.

The absence of degradation arising from a reaction with
0,” or ‘0, points to Li,O, as the possible source of degra-
dation. To investigate the reactivity of ethers with already
formed Li,O, surfaces, a known amount of Li,O, (synthesised
in-house, see Methods) was added separately to solutions of
0.1 M LiTFSI in DME and TEGDME. After 24 hours of stirring,
the quantity of Li,O, remaining was determined again by
photometric titration. The amounts of Li,O, that remained, as
a percentage of the amounts added initially, were 98.0 + 0.8%
(DME) and 97.7 + 0.8% (TEGDME). This shows that the as-pre-
pared Li,O, does not react with the electrolyte solution to an
extent that explains the yield loss both in the chemical dispro-
portionation reaction and on discharge.

The lack of reactivity with already formed Li,O, implies that
it is the reaction between the electrolyte solution and the
growing surface of the Li,O, particles that is primarily respon-
sible for the Li,O, loss. If it is the freshly growing Li,O,
surface that reacts with the electrolyte solution, then the rate
of Li,O, particle growth should affect the extent of the side
reactions and therefore the yield of Li,O,. If particles grow
more rapidly, then less time is available for reaction with the
electrolyte solution and the degree of degradation should be
lower. To investigate this, the rate of Li,O, formation in the
two different electrolyte solutions, LiTFSI in TEGDME and
DME, were investigated. The same quantity of the electrolyte
solution and KO, were reacted for both systems with the
pressure change monitored as a function of time to follow the
O, evolution and rate of Li,O, formation. The results are
shown in Fig. 2, where it is clear that Li,O, grows significantly
more rapidly in DME than in TEGDME, in accord with the
higher yield of Li,O, and consequently lower amount of degra-
dation products in the case of DME compared with TEGDME.
The formation of larger particles in TEGDME (Fig. S2) is in
accord with the slower growth rate. The two solvents have
similar donor numbers (20 for DME and 16.6 for TEGDME)*”
and hence similar Li* solvation, however the viscosity of
TEGDME is much higher than DME (3.73 and 0.42 mPa s
respectively)*® which is primarily responsible for the slower
formation of Li,O, and the larger particle sizes observed. Note
that despite the larger particles and therefore lower surface
area for Li,O, formed in TEGDME, the degradation is greater
in TEGDME compared with DME, further emphasising the
role of the Li,0, growth kinetics.

The importance of Li,O, growth rate on the Li,O, yield within
a single solvent system was also examined. The same KO, dispro-
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Fig. 2 In situ pressure monitoring of the gas evolution during KO, dis-
proportionation in DME (blue) and TEGDME (green). The pressure was
monitored in a sealed reaction vessel equipped with a pressure transdu-
cer, containing KO, powder to which an electrolyte of 0.8 M LiTFSI in
the relevant solvent was added whilst stirring. The pressure increase was
expressed as a percentage of the total pressure increase that would be
expected if all the KO, reacted to form O,.

portionation experiments with in situ pressure monitoring were
performed in TEGDME with the lithium salt concentration modu-
lated from 0.1 M to 2 M to change the reaction rate (Fig. S3). The
rate of O, evolution increased with increasing salt concentration,
Fig. S3(a), while simultaneously the Li,O, yield also increased,
Fig. S3(b). This reinforces the conclusion that the Li,O, growth
rate is a critical factor that governs the overall extent of degra-
dation and final Li,O, yield in ethers. Consistent with the growth
rate, the morphology of the products showed smaller particles
formed with higher salt concentration as the nucleation of Li,O,
was more rapid (Fig. S4).
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Fig. 3 Quantity of Li,O, as a percentage of the theoretical yield of
Li,O, after the KO, disproportionation reaction, in DME (blue) and
TEGDME (green), has gone to completion. The quantity of Li,O, was
determined immediately after the reaction was complete (0 hours), and
after a further 8, 16 and 24 hours of ageing.
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As well as the rate of Li,O, particle growth, the degree of
Li,O, loss will depend on the rate of reaction between the
growing Li,O, surface and the electrolyte solution. To probe
this, after the reaction between the lithium electrolyte solu-
tions (0.8 M LiTFSI) and KO, went to completion in DME and
TEGDME (i.e. the time at which O, evolution had reached the
plateau in Fig. 2), the quantity of Li,O, was monitored as a
function of time (Fig. 3). There is very little change in the
amount of Li,O, in the case of DME, but for TEGDME, the
amount of Li,O, continues to decrease in the first 8 hours,
indicating further degradation on a slower timescale than in
DME. Despite the slower reaction between Li,O, and TEGDME
compared with DME, the Li,O, yield in TEGDME is lower, indi-
cating that the increased length of exposure time of the freshly
growing Li,O, surface due to the slow Li,O, growth in
TEGDME is largely responsible for the difference in yield.

While the products of degradation associated with O,
reduction on discharging Li-O, cells with ether-based electro-
lytes have been identified previously, here we quantify their
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relative amounts and compare them for the disproportionation
of KO, with LiTFSI in DME and TEGDME respectively.'>™*> Full
experimental details of the characterisation procedures are
provided in the Methods. PXRD and FTIR spectra of the col-
lected solid products at the end of the reaction are shown in
Fig. 4a and b. They confirm the formation of Li,O, as the
main product along with Li,CO;, HCO,Li and CH;CO,Li as the
side products in both DME and TEGDME. Solid-state **C NMR
identified the presence of ethylene oxides as an additional
side-product (Fig. 4c). Following an established procedure, the
peaks corresponding to the terminal -CH; and chain -CH,
moieties were integrated, and by taking the ratios of the inte-
grated areas, the ethylene oxide species detected were con-
firmed to have different average chain lengths in the two elec-
trolytes; CH;(OCH,CH,), ;0CH;, for DME and
CH;(OCH,CH,), sOCH; for TEGDME.?” Solution 'H NMR
spectra of the electrolytes after disproportionation of the KO,
powder show no evidence of solution-soluble organic products
(Fig. S5). Karl Fischer titrations of electrolytes after the reac-

C,H,LiO,

Ref - CHLIO, / C,H, LiO,

C,H,LiO,

.

Ethylene oxide

C,H,LiO,

Ethylene oxide

C,H,Li0,  CHLIO,
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S0 (1°C /ppm)

240 190

Fig. 4 (a) PXRD, (b) ATR-FTIR and (c) solid-state **C NMR spectra of solid products formed from KO, disproportionation in an electrolyte of 0.8 M
LiTFSI in DME (blue) and TEGDME (green). PXRD shows Li,O, is the main solid product with side products identified through ATR-FTIR as lithium
formate, acetate, carbonate, and residual ether solvent molecules. Solid-state *C NMR spectra of the solid products are compared to reference
spectra of 1:1 commercial C;H;3LiO, and CHLIO,, showing side products formed from degradation of Li,O, and glyme solvent, identified as lithium

formate, acetate and ethylene oxides.
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tions show the formation of H,O as a product of degradation
(Fig. 5).

The amount of Li,CO; formed was determined using mass
spectroscopy to quantify the amount of CO, evolved from its
stoichiometric reaction with H;PO,. HCO,Li and CH;CO,Li
were quantified by "H NMR of the dissolved solid product in
D,0, as described in the Methods. The amount of Li,COs;,
HCO,Li and CH;3;CO,Li and H,O are reported in Fig. 5. They are
expressed as mole percentages of the theoretical amount of
Li,O, expected from the quantity of KO, used in the reaction.
The amount of side products identified is greater in the case of
TEGDME than in DME, in accord with the lower Li,0O, yield in
TEGDME. HCO,Li is the dominant degradation product in both
DME and TEGDME. The order of the prevalence of the side pro-
ducts, HCO,Li, CH3CO,Li, H,O and Li,CO3, are also similar.

We propose the origin of these degradation products to be
by a surface confined hydrogen atom transfer (HAT) reaction at
a secondary carbon site by Li,O,, forming an a-alkoxyalkyl
radical and hydroperoxide (Fig. 6). This initiation step is well

16
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Fig. 5 Moles of side-reaction products (HCO,Li, CHzCO,Li, H,O and
Li,COs3) quantified in the product formed from KO, disproportionation in
the electrolytes of 0.8 M LiTFSI in DME and TEGDME. The quantities of
each side-reaction product are expressed as a percentage of the theore-
tical number of moles of Li,O, expected from the disproportionation
reaction when all the KO, reacts.
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supported computationally, where facile dissociation of hydro-
peroxide to an electron rich Li-O-Li site and hydroxide (a
potential source of H,0O) is suggested.’®*° The resulting
a-alkoxyalkyl radical participates in complex branching path-
ways, with two initial stages.’®*" Firstly, radical recombination
with an oxo-species gives hemiacetal-type structures, which are
susceptible to base-mediated decomposition yielding reactive
aldehydic compounds.?®?*° Simultaneously, p-scission of the
alkyloxy radical intermediate is known to yield carbonyl com-
pounds while releasing a carbon-centred radical.**** The latter
propagates further reactions such as HAT or terminating
radical processes which may account for contracted or
extended ethylene oxides.”®> Both summarised pathways
produce carbonyl bearing compounds which are susceptible to
multiple degradation routes including enolisation to formate
and alkoxides,"* and reactions with peroxides, such as the
Baeyer-Villiger or Dakin oxidations, that tend to yield carboxy-
lates, gem-dihydroperoxides, or similar = hemiacetal
functionality."*>*® Ultimately, the journey following HAT of
the parent ether is nonlinear, eventually arriving at the
common terminus of fragmented and highly oxidised hydro-
carbons (formate, acetate, carbonate, etc.), coupled with the
release of water. Although the yield of Li,O, and the amount of
these degradation products can be determined, the number of
possible branching degradation pathways, and volatile organic
intermediates formed, makes it difficult to rationalise the
relationship between the two. Furthermore, the reactivity
between the solvent and the Li,O, surface could depend on
which Li,0, surface facets are exposed, which in turn depends
on the growth rate of the peroxide.*®?®*”~*° Disentangling
these different phenomena is beyond the scope of this work,
but future avenues for investigation are discussed more fully
in SI Note 1.

Given that the differences in the rates of Li,O, formation
between DME and TEGDME play a role in the extent of degra-
dation, this implies that degradation will depend on the rate
of discharge in Li-O, cells. Electrochemical cells were con-
structed using 0.8 M LiTFSI in DME and TEGDME as electro-
Iytes, as described in the Methods. The DME cells were dis-
charged at two different rates and the TEGDME cell was dis-

44
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T

OR
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Fig. 6 Summary of the proposed degradation pathway of alkyl ethers at the Li,O, surface.
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Fig. 7 Li,O, yield quantified in cathodes discharged in electrolytes of
0.8 M LiTFSI in DME (blue) and TEGDME (green). Cells were discharged
under O, at 0.13 mA cm™2 and 0.52 mA cm~2 in DME and 0.13 mA cm™2
in TEGDME to a fixed capacity of 5.2 mA h cm™2. The Li,O, yield is
expressed as a percentage of the theoretical moles of Li,O, expected
for the amount of charge passed following an ideal 2e7/Li,O; reaction.

charged at the lower of the two rates. All were discharged to
the same fixed capacity. The TEGDME cell could not reach this
capacity at the higher rate. The yields of Li,O, at the end of
discharge were determined and are reported in Fig. 7. The
higher rate of discharge, 0.52 mA cm™ compared with
0.13 mA cm™> in DME, resulted in a higher Li,O, yield.
TEGDME, compared with DME at the same lower discharge
rate resulted in a lower Li,O, yield.

The discharged cathodes were characterised using the same
methods as for the solid products of KO, disproportionation,
which revealed identical side-products formed in both cases
(Fig. S6 and S7). Unlike the KO, chemical results, when
formed electrochemically the growth rate of Li,O, is controlled
by the current density which in turn controls the morphology
of the products. Similar toroidal particles were produced on
cathodes discharged at the same current density of 0.13 mA
em™ in both DME and TEGDME (Fig. S8), emphasising that it
is the rate of growth that primarily determines the particle
size. From previous studies, it is known that increasing the dis-
charge current rate tends to smaller Li,O, particle sizes and
smaller capacities.”®*® While faster discharge and hence
growth of Li,O, may therefore provide a strategy to mitigate
degradation to an extent, this is not a practical solution to the
problem as large capacities at different discharge currents are
required in a cell in practice. The results of this study therefore
highlight that improving solvent stability is the critical require-
ment to achieving a competitive cycle life in Li-O, cells.

Conclusions

Loss of Li,O, (i.e. low yields) and degradation of the electrolyte
arise from the reaction between the growing surfaces of Li,O,
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particles and the electrolyte. There is no evidence that O, or
singlet O, play a significant role in the electrolyte degradation
or low Li,O, yield. The Li,O, growth rate in dimethoxyethane
is faster and the degree of electrolyte degradation is lower than
that in tetraethylene glycol dimethyl ether, in accord with the
lower viscosity of dimethoxyethane. This work expands upon
previous studies by showing that the relative prominence of
the degradation products, Li,CO3;, HCO,Li, CH;CO,Li and H,0O
are similar in both solvents, emphasising that the rate of Li,O,
formation only affects the overall extent of degradation. The
composition of the ethylene oxide species that form was also
determined for both solvents. By demonstrating that the origin
of degradation and loss of Li,O, (i.e. low yields) arises from
the reaction between the growing Li,O, particle surfaces and
the electrolyte solution, and not from O, or singlet O,, we
direct future research towards informed electrolyte solvent
design with an emphasis on stability at the growing Li,O,
surface, potentially leading to an improvement in Li-O, cell
cycle life.

Experimental

Materials and methods

Bis(trifluoromethane)sulfonyl imide lithium salt (LiTFSI), 1,2-
dimethoxyethane (DME), tetraethylene glycol dimethyl ether
(TEGDME), 9,10-dimethylanthracene (DMA) were purchased
from Sigma Aldrich. DME and TEGDME were dried over acti-
vated molecular sieves (type 4 A, Aldrich) before use. LiTFSI
was dried at 120 °C under vacuum for 3 days before transfer-
ring and storage inside an Ar-filled glovebox (H,O and O,
content ~1 ppm). The water content of all electrolyte solutions
formed within the salt and solvent was <8 ppm, determined by
Karl-Fischer (KF) titration. Potassium dioxide (KO,) and
lithium formate monohydrate were purchased from Sigma
Aldrich, and lithium acetate and lithium carbonate were pur-
chased from Thermo Scientific. Li,O, was synthesised in-
house following established methods as reported
previously.’™** All materials were stored in an Ar-filled glove-
box before use.

Chemical disproportionation reaction

Chemical disproportionation of KO, to Li,0O, in Li‘-containing
electrolytes was carried out by reacting samples of 3.0 mg of
KO, powder with 1 mL of 0.8 M LiTFSI in DME or TEGDME
under stirring. In situ pressure monitoring during dispropor-
tionation was used to determine the reaction kinetics and the
time taken to reach the endpoint of the reaction in each elec-
trolyte. The pressure was monitored in a sealed reaction vessel
equipped with a pressure transducer (Omega Engineering
Ltd). The time for the reaction to reach completion was
marked by the time at which the pressure stopped increasing,
indicating no further O, evolution.

The amount of O, liberated during the reaction was quanti-
fied by online mass spectrometry (Thermo Scientific) using Ar
carrier gas at a flow rate of 1 mL min~". The Li,O, yield was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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quantified by photometric titration with UV-vis spectrometry
(Thermo Fisher Evolution 220), following a method reported
previously.**** The UV-vis absorbance was calibrated against
solutions containing known amounts of Li,O,, to which the
same quantity of electrolyte was added as was present in the
reaction mixtures to correct for its contribution to the absor-
bance signal. Errors in determining the Li,O, and O, yields
are estimated based on the errors from the gas flow regulator,
weighing of KO, powder and pipetting.

Electrochemical measurements

Airtight Swagelok-type Li-O, cells were assembled as reported
previously'® and consisted of a porous carbon gas diffusion
cathode to which high-purity O, (BOC, N5.5) was supplied in a
sealed tube. 3 glass fiber separators (Whatman GF/C) of
13 mm diameter were filled with 250 pL of electrolyte and a
partially oxidised LiFePO, electrode was used as a substitute
for a Li-metal anode. When partially delithiated, Li,FePO, has
a fixed potential of 3.45 V vs. Li'/Li and is stable in contact
with the electrolyte solution. The remaining de-lithiation
capacity of the Li,FePO, electrode was ensured to be greater
than the targeted discharge capacity of the cathodes. The use
of such a Li,FePO, electrode has been described previously.'?
The porous cathodes were composed of carbon black (Super P,
Alfa Aesar), which was pre-treated under an Ar:H, (95:5 v/v)
gas at 900 °C for 6 hours, and PTFE binder (Sigma-Aldrich) in
an 85:15 w/w ratio. The electrodes were prepared from a
slurry of carbon and PTFE (60 wt% dispersion in H,0) in iso-
propanol, which was dried, and the resulting mixture was
pressed into 5 mm diameter discs of 2.0 mg mass. All electro-
des and cell components were dried at 120 °C under vacuum
for 24 hours before use and were stored in an Ar-filled glovebox
without exposure to air. Cells were assembled and discharged
inside the glovebox. Galvanostatic discharge was carried out
using a VMP3 Biologic potentiostat. In situ pressure monitor-
ing during discharge was performed by attaching a pressure
transducer to the airtight Swagelok-type cell. After discharge, a
similar protocol was applied to quantify the Li,0, yield in the
discharged cathodes using UV-Vis spectroscopy. Discharged
cathodes were rinsed with DME twice and dried under vacuum
at room temperature for further characterisation.

Characterisation and quantification of reaction products

The mixture after the chemical disproportionation reaction
was centrifuged and the supernatant filtered through a 1 pm
pore glass filter for solution-state 'H nuclear magnetic reso-
nance (NMR) analysis on a 600 MHz Bruker spectrometer. The
solids after centrifugation were rinsed with DME twice before
drying under vacuum at room temperature. Powder X-ray diffr-
action (PXRD) patterns of dried solids were acquired using a
Rigaku Miniflex X-ray diffractometer and ATR-FTIR spectra
were acquired with a Thermo Fisher Nicolet iS50 spectrometer,
both in a N,-filled glovebox. Solid-state **C NMR spectra were
acquired with a 400 MHz Bruker spectrometer, where dried
solids were packed into an airtight sample holder before being
transported outside of the glovebox for measurements. The
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morphologies of the solid products were observed by FE-SEM
(Zeiss-Merlin) with an airtight transfer to avoid any exposure
to air.

The amount of Li,CO; in the dried solids and dried cath-
odes were quantified by treating them with 1 M H3;PO, (which
reacts specifically with Li,CO;, not the organic carbonates)
and monitoring the CO, evolution by online mass spec-
trometry using Ar carrier gas at a flow rate of 1 mL min™".
HCO,Li and CH3CO,Li in the solids were quantified by solu-
tion-state 'H NMR measurements. 5 mg of the solid was dis-
solved in 1 mL D,O, and the solutions sealed inside airtight
J-Young NMR tubes in an Ar-filled glovebox for measurement
on a 600 MHz Bruker spectrometer equipped with a cryoprobe.
Calibration curves were obtained from reference samples of
HCO,Li and CH;CO,Li of known concentrations. The amount
of Li,CO3, HCO,Li and CH3;CO,Li per unit mass of solid
product formed is then correlated to the Li,O, yield through
quantifying the amount of Li,O, in a unit mass of solid
product. An equivalent protocol was applied to discharged
cathodes for analysis of the side product species formed after
discharge.
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