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1. Introduction

Nature of Li,O, and its relationship to the
mechanisms of discharge/charge reactions
of lithium—-oxygen batteries

ac

¢ Hitoshi Asahina,® Shoichi Matsuda,

*ab

Yanan Gao, @ Hidenori Noguchi

and Kohei Uosaki

Lithium—air batteries (LABs) are considered one of the most promising energy storage devices because
of their large theoretical energy density. However, low cyclability caused by battery degradation prevents
its practical use. Thus, to realize practical LABs, it is essential to improve cyclability significantly by
understanding how the degradation processes proceed. Here, we used online mass spectrometry for
real-time monitoring of gaseous products generated during charging of lithium—oxygen batteries
(LOBs), which was operated with pure oxygen not air, with 1 M lithium bis(trifluoromethanesulfonyl)-
imide (LiTFSI) tetraethylene glycol dimethyl ether (TEGDME) electrolyte solution. Linear voltage sweep
(LVS) and voltage step modes were employed for charge instead of constant current charge so that the
energetics of the product formation during the charge process can be understood more quantitatively.
The presence of two distinctly different types of Li,O,, one being decomposed in a wide range of
relatively low cell voltages (2.8—4.16 V) (l-Li,O,) and the other being decomposed at higher cell voltages
than ca. 416 V (h-Li,O;), was confirmed by both LVS and step experiments. H,O generation started
when the O, generation rate reached a first maximum and CO, generation took place accompanied by
the decomposition of h-Li,O,. Based on the above results and the effects of discharge time and the use
of isotope oxygen during discharge on product distribution during charge, the generation mechanism of
O,, H>0, and CO, during charging is discussed in relation to the reactions during discharge.

are the active materials for the cathode and anode, respectively,
for LABs with the cell reaction of 2Li + O, 2 Li,0,. Usually,

Rechargeable batteries are considered to play key roles in a
future sustainable, carbon neutral society based on renewable
energy as energy sources for fossil fuel-free transportation and
as energy storage devices for stabilizing the temporal/spatial
variation of the power generation by solar cells, windmills, and
other renewable/natural energy sources.'” There are, however,
many issues to be considered for the widespread use of
rechargeable batteries such as energy/power densities, cycle/
calendar life, cost, and resource constraints.” *°

Lithium-air batteries (LABs) have attracted significant inter-
est over the past decades because of their very high theoretical
energy density and transition metal-free positive electrode
(cathode during discharge).'* > Oxygen from air and Li metal
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porous carbon is used as a positive electrode material to
accommodate Li,O, generated during discharge.”*®* There
are many critical problems to be solved before LABs can be
used as a practical device. Many components of air such as
water, CO,, and even N,, are harmful to LAB operation®*? and,
therefore, most fundamental studies have been carried out for
lithium oxygen batteries (LOBs), which use pure dry O, instead
of air.?***?** Even LOBs have serious problems such as low
cyclability and stability mainly due to the degradation of the
positive electrode (carbon) and electrolyte solution, and the
degradation/dendrite formation of the negative Li metal
electrode.***! To improve the cyclability/stability, it is essential
to clarify the mechanism of LOB degradation.**** While
the degradation/dendrite formation of Li metal electrode is a
common issue of all next generation batteries using Li metal as
a negative electrode (anode during discharge), degradation
of the positive electrode and electrolyte is more serious in
LOBs than in other next generation batteries because Li,O,,
the product at the cathode during discharge of the LOB, is
an insulator, which requires a high overpotential to be

Phys. Chem. Chem. Phys., 2024, 26, 13655-13666 | 13655


https://orcid.org/0000-0003-0217-6512
https://orcid.org/0000-0002-0640-3404
https://orcid.org/0000-0001-9643-1689
https://orcid.org/0000-0001-8886-3270
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp00428k&domain=pdf&date_stamp=2024-04-06
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp00428k
https://rsc.66557.net/en/journals/journal/CP
https://rsc.66557.net/en/journals/journal/CP?issueid=CP026018

Open Access Article. Published on 19 March 2024. Downloaded on 7/19/2025 7:58:48 AM.

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

(cc)

Paper

decomposed during charge, and active oxygen species such
as O,  and 'O, generated during discharge and charge attack
and degrade the electrolyte and carbon positive electrode.?>°
Many efforts have been made to investigate the degradation
mechanism at the positive electrode using various techniques
such as surface enhanced Raman scattering,'>*®** electro-
chemical quartz crystal microbalance,* X-ray diffraction
(XRD),"#21:2%:36:42,:46:48:49 . ray  photoelectron spectroscopy
(XPS),*”*® and mass spectrometry,>"3¢:10:42,49-55

Reaction sites for the formation of Li,O, have been dis-
cussed for a long time but still no agreement has been reached.
Recently we reported that a very long (~ 80 um) Li,O, nanowire
can be grown at a gold electrode covered with single layer
graphene (SLG) and the reaction site is the defect sites of SLG
on the Au electrode/Li,O, interface based on Raman analysis
with isotopic '®0,.>® On the other hand, Nakanishi and his
colleagues suggested that Li,O, grew at the electrolyte/Li,O,
interface of a surface modified carbon paper cathode during
discharge based on the results of nano-SIMS analysis and that
there exist two types of Li,O,; one is formed close to the
electrode in the earlier stage of discharge and is more difficult
to be oxidized and the other is formed in the latter stage of
discharge covering the Li,O, which is formed earlier and is
more easily oxidized.>” More recently, Tan et al. suggested that
Li, O, deposition takes place both at the cathode/Li,0, interface
and at the electrolyte/Li,O, interface after the initial deposition
of insulating Li,O, during discharge.’®>’

The origin of CO, is also a very important issue for under-
standing the degradation mechanism.®*®® Many papers have
mentioned that CO, is originated from carbonate and carbox-
ylate species such as Li,CO;, HCO,Li, and CH3CO,Li, which
are formed by the attack of active oxygen species on electrolyte
and/or carbon during discharge/charge processes.** *® McCoskey
et al. suggested that about 50% of CO, are originated from
carbonate, which is generated by the oxidation of carbon positive
electrode, based on the results obtained using a carbon positive
electrode made of *C.%

In the present work, we used online mass spectrometry for
real time monitoring of generated gaseous products during
charging of LOBs with 1 M lithium bis(trifluoromethane-
sulfonyl)imide (LiTFSI) tetraethylene glycol dimethyl ether
(TEGDME) electrolyte solution. Discharge of LOBs was carried
out for various time periods and under the flow of two isotope
0, gas, "°0, and '?0,. The O, generation during charging
showed the presence of two distinctly different types of Li,O,,
one being decomposed in a wide range of relatively low cell
voltages (2.8 - ca. 4.1 V) (I-Li,O,) and the other being decom-
posed at cell voltages higher than ca. 4.1 V (h-Li,O,) during
charging. H,O and CO, generation took place at relatively low
voltage accompanied by the decomposition of 1-Li,O, and at
higher cell voltage with the decomposition of h-Li,0,, respec-
tively. Based on the above results and the effects of discharge
time and the use of isotope oxygen during discharge on product
distribution during charge, the generation mechanism of O,,
H,0, and CO, during charge is discussed in relation to the
reactions during discharge.

13656 | Phys. Chem. Chem. Phys., 2024, 26, 13655-13666

View Article Online

PCCP

2. Experimental section

2.1. Materials

A CNT-based porous carbon sheet (KJCNT, thickness 50 pm)
donated by KJ Specialty Paper was used as a positive electrode
as it has more uniform and simpler pore structures than
Ketjenblack and carbon nanotube-based positive electrodes
which we usually use for more practical cells.***> The KJCNT
sheet was cut into discs with a diameter of 16 mm, baked in a
tube furnace for 3 h at 900 °C under an Ar atmosphere, then
transferred to a dry room for cell assembly. Disk-shaped
lithium foil (thickness 200 pm, diameter 16 mm) obtained
from Honjo Metal was used as a negative electrode. Battery
grade TEGDME and LiTFSI were obtained from Kishida
Chemical and used as received. 1 M LiTFSI TEGDME prepared
in a super dry room was used as an electrolyte solution. The
water content in electrolyte solutions was around 40 ppm as
measured by using a Karl Fischer Moisture Meter (Model:
CA-21; Mitsubishi Chemical Analytech). A polyethylene (PE)
membrane separator (thickness 20 pm) was obtained from
W-scope and was cut into a disc with a diameter of 19.5 mm
and then dried in a vacuum oven for 10 h at 40 °C before use.
A stainless steel mesh (thickness 200 um, diameter 16.7 mm,
aperture ratio 73%) was obtained from Hohsen. Isotope 0, gas
(purity > 98 atom%) was purchased from Taiyo Nippon Sanso.

2.2. Cell assembly and measurement system

Fig. 1 shows the experimental set up for the gas analysis during
discharge and charge.’® A lithium-oxygen cell was assembled
in a stainless steel container (inner diameter: 45 mm, inner
depth: 15 mm) with a lid equipped with a gas inlet and outlet by
stacking Li metal foil, a polyethylene membrane separator,
on top of which 15 pL of the 1 M LiTFSI TEGDME solution
was placed as uniformly as possible, a KJCNT sheet, a stainless
steel mesh as a current collector for the positive electrode, and
a conductive spring coil, which provided the cell assembly with
a pressure of 35 kPa as shown in Fig. 1. The apparent electrode
area was 2 cm’. The assembly was carried out in a dry-booth
(dew point less than —90 °C) in a dry room (dew point less than
—60 °C).

The cell was connected to an inlet gas line with a three-way
Swagelok valve, V1, to select O, and He gas during discharge
and charge, respectively, electrochemical controllers (a charge/
discharge system: HJ1020mSD8, Hokuto Denko and an electro-
chemical measurement system: HZ-7000, Hokuto Denko), and

He gas (charge)
0, gas (discharge)J—ﬂvl ,_)_T_) Online QMS
Electrochemical \\ d /,// 16 channel
controllers (T =somd” | - - gas collector

-
Cell
assembly
Stainless mesh~—__- —

-
~

/

{

J(_:S

S
\
KJCNTsheet— wlectrolyte
PE separator—

\
TSP-GC/MS
Li foil —

LL
Mass
\ spectrometer

Fig. 1 Schematic diagram of experimental set-up and cell assembly.
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an outlet mass analysis line, which had two branch lines; one to
a mass spectrometer (Canon Anelva Quadrupole Mass Spectro-
meter M-401GA-DM) through a capillary tube (internal dia-
meter: 0.05 mm, length: 4 m) for online real time analysis
and the other to a gas collector for post TSP-GC/MS analysis of
organic products, the results of which are not discussed in
this study.

2.3. Analysis methods

After the cell was connected to the measurement system, the
cell was purged by flowing O, at 2 cc min~" for 2 h and then
constant current discharge was carried out under O, flow at
2 cc min~ ' by using the discharge/charge system with a current
density of 0.4 mA (0.2 mA cm™?) for 10 h or until reaching the
cut-off voltage of 2 V. After the discharge was completed, the
cell was set to open circuit and the inlet gas was switched from
O, to He. O, in the cell was totally exchanged by He by flowing
He by 20 cc min~" for 90 min. The flow rate of He gas was then
reduced to 5 cc min~" and online mass spectrometry for mass
numbers (m/z) between 12 and 90 was started. After 30 min He
flow at OCP to stabilize the background mass level, the charge
was performed under constant current (0.4 mA (0.2 mA cm ™ 2))
for 10 h or until reaching the cut-off voltage of 4.8 V using
the discharge/charge system, linear voltage sweep (LVS:
0.05 mV s~ up to 4.8 V) using the potentiostat/galvanostat,
or voltage step using the potentiostat/galvanostat. When the
potentiostat/galvanostat was used, the carbon positive elec-
trode was connected to the working electrode terminal and Li
metal negative electrode was connected to both the counter and
reference electrode terminals of the potentiostat/galvanostat so
that the voltage applied to the cell was equivalent to the
potential of the carbon electrode with respect to that of the Li
electrode.

3. Results and discussions

3.1. Constant current discharge/charge curves and mass
signals during charge

Fig. 2 shows the typical 1st discharge and charge curves
(bottom panel) and ion currents for m/z = 18 (H,0), 32 (0,),
and 44 (CO,) as a function of charge of the present cell
configuration obtained with a constant current of 0.2 mA cm ™.

As already reported by many groups including ours for
various carbon positive electrodes, while the discharge voltage
was relatively constant with a small overpotential up to
2 mA h em 2 of discharge, the voltage increased significantly
with several inflection points during charge, showing several
processes with different redox potentials were involved in the
charge process. The charge dependencies of the signals of m/z =
18 (H,0), 32 (0,), and 44 (CO,) were essentially the same as
those reported in our previous papers,> although the previous
result was for a LOB with NO; /Br~ dual mediators and a
Ketjenblack positive electrode. The charge dependence of the
mass signal for O, (m/z = 32) is not simple. The signal of m/z =
32 increased sharply as the charge started, reached a peak,

This journal is © the Owner Societies 2024
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Fig. 2 Typical discharge/charge curves (bottom panel) and ion currents
of the Q-mass at m/z = 18 (H,0), 32 (O,), and 44 (CO,) during charge (top

panel) of a Li/TEGDME-1IM LiTFSI/KICNT cell (electrode area: 2 cm?)
obtained under a constant current of 0.4 mA (0.2 mA cm™2).

and declined but then increased and decreased again despite
the constant current flow, showing that the current efficiency
for the oxidation of Li,O,, ie., the formation of O,, varied
during the charge in a complex manner. It seems the increase
and decrease of the signal of m/z = 32 (O,) were related to the
variations of signals of m/z = 18 (H,0) and 44 (CO,), suggesting
that the variation of the current efficiency for the oxidation of
Li,O, was affected by the generations of H,O and CO,.

3.2. Behaviours of current and mass signals during LVS
charge from OCP to 4.8 V after constant current discharge

To understand the charge process more quantitatively, the charge
was performed under LVS instead of constant current.*°%¢7-%

After constant current discharge (0.2 mA cm?) for 9.6 h
(cut-off voltage of 2 V as shown in Fig. 3(a)), the cell voltage was
scanned from OCP, ie., 2.8 V, to 4.8 V with a scan rate of
0.05 mV s~ " and current and online mass signals were recorded
simultaneously. Fig. 3(b) shows the current (black line) as a
function of the voltage. Current increased immediately as the
voltage started to be scanned from OCP and reached a maxi-
mum at 3.36 V. It decreased gradually after the 1st maximum,
reached the 1st minimum at 4.15 V, increased again to reach
the 2nd maximum at 4.46 V, decreased to reach the 2nd
minimum at 4.66 V, and then increased again. The second
current peak declined sharply with rather symmetric shape.
The current-voltage relation obtained after discharge can be
divided into four regions; Region I: up to the 1st maximum
(~3.36 V), Region II: from the 1st maximum to the 1st mini-
mum (3.36-4.15 V), Region III: from the 1st minimum to
the 2nd minimum (4.15-4.66 V), and Region IV: from the 2nd
minimum (4.66-4.8 V, i.e., final current increase).

The current response of the same cell configuration but
without discharge under LVS with the scan rate of 0.05 mV s *
is also shown in Fig. 3(b) (red line) and Fig. 3(e). In this case,
the current was very small compared with that observed in the
discharged cell (black line in Fig. 3(b)) up to 4.15 V (in Regions I
and II of the discharged cell), started to increase from around

Phys. Chem. Chem. Phys., 2024, 26, 13655-13666 | 13657
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Fig. 3 (a) Discharge curve of a Li/TEGDME-1M LiTFSI/KJCNT cell (electrode area: 2 cm?) obtained under a constant current of 0.4 mA (0.2 mA cm™2).
(b and e) Current, (c and f) signal intensities of m/z = 18 (H,O™): orange, m/z = 32 (0O,): blue, and m/z = 44 (CO,"): gray (middle panel), and (d and g)
intensities of mass signals of fragments related to organic molecules derived from TEGDME, i.e., m/z = 28 (CO*): black, m/z = 29 (COH™): red, m/z = 30
(HCOH™): blue, m/z = 31 (CHsO™, CH,OH™): green, and m/z = 45 (CHsOCH,*, COOH™): orange, as a function of cell voltage during the potential sweep
with 0.05 mV s after (b—d) and without discharge (e—g). The current response without discharge (e) is also shown in (b) (red line) for a comparison.
Note: the scales for the y-axis of (c and f) are 8 times larger than those of (d and g).

4.15 V, first gradually and then significantly in the potential
region corresponding to Region III and Region IV, respectively,
of the discharged cell. The current observed at the cell without
discharge should be due to the direct anodic decomposition of
the components of the electrolyte solution, TEGDME and
LiTFSI. It became larger than that in the discharged cell when
the voltage became more than ca. 4.7 V.

These results suggest that the current in the discharged cell
in Region I-III was mostly due to the anodic oxidation of
discharged products, mainly Li,O,, with a slight contribution
of the direct electrochemical decomposition of the electrolyte
solutions and that in Region IV was almost due to the
direct electrochemical anodic decomposition of the electrolyte
solutions.

The signal of m/z = 32 (O,) behaved similarly to the current
and two maxima were observed. It increased immediately as
did the current when the voltage scan was started and reached a
maximum at 3.36 V (Region I). The signals of m/z = 18 (H,0)
and m/z = 44 (CO,) were not significant in Region I. The major
reaction in Region I is Li,0, — 2Li" + O, + 2¢".

In Region II, the O, mass signal (m/z = 32) decreased
gradually after the 1st maximum as did the current but declined
more rapidly than the current and reached a minimum at 4.15 V.
A steeper decline of the O, mass signal than the current means a
decrease of the current efficiency for O, generation by Li,O, —
2Li" + O, + 2¢~ in this region. The H,O mass signal (m/z = 18)
started to increase just after the 1st maxima of current and O,
signal where the current efficiency for O, generation started to
decrease, suggesting the H,O formation is responsible for the
decrease of the current efficiency for oxygen generation, i.e., Li,O,
oxidation. The plausible source of H,O generation is LiOH with

13658 | Phys. Chem. Chem. Phys., 2024, 26, 13655-13666

the reaction of LIOH — Li* + 1/2H,0 + 1/40, + €™ (ca. 3.4 V).*°
LiOH can be generated during discharge.’® The mass signal due
to CO, (m/z = 44) was not significant in Region II

In Region III, the O, signal increased again after the mini-
mum at 4.15 V and reached a maximum at 4.48 V, which is
20 mV more than the position of the 2nd current peak, and
decreased as current but more rapidly. This suggests the
presence of another type of Li,O,, which is more difficult to
oxidize than Li,0, oxidized in Region I and II. The H,O signal
declined very slightly with voltage and started to increase at ca.
4.4V to reach a maximum at ca. 4.55 V, which is more than the
peak positions of the current (4.46 V) and O, (m/z = 32) signal
(4.48 V). The CO, signal (m/z = 44) started to increase at 4.15 V,
where the current and the O, signal started to increase again,
and reached a maximum at ca. 4.53 V, which was more than the
peak positions of the current and O, signal but was slightly less
than that of the H,O peak. The plausible source and reaction of
CO, generation are Li,CO; and Li,CO; — 2Li" + CO, + 1/20, +
2e” (ca. 3.8 V), respectively.®®

Thus, Li,O, was decomposed in Region I, II, and III and the
presence of two distinct O, signal peaks (3.36 V and 4.48 V)
shows that there existed at least two types of Li,O,, the one
oxidized at lower voltages (in Regions I and II and some in
Region III: I-Li,0,) and the other oxidized at higher voltages
(Region III: h-Li,O0,) as suggested by several previous
reports.”®”® While 1-Li,O, was oxidized in a wide range of
voltages with a very broad peak (Region I and II), h-Li,O, was
oxidized in a relatively narrow range of voltages with a rather
sharp symmetric peak with full width at half maximum of
ca. 0.14 V. These results suggest that the natures and oxidation
mechanisms of 1-Li,O, and h-Li,O, were quite different.

This journal is © the Owner Societies 2024
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While I-Li, O, was energetically distributed very widely with the
required oxidation potentials from 2.8 V to 4.4 V or more, the
energetic states of h-Li,O, were rather sharp with an oxidation
potential of around 4.5 V.

In Region IV, the mass signals of O,, H,0, and CO, declined
monotonously, although the current increased again rapidly at
potentials more positive than 4.66 V. Instead, signals related to
organic molecules derived from TEGDME such as m/z = 29, 31,
45, and 60 became significant in this region as shown in
Fig. 3(d). These results agreed with the above suggestion that
the current of the discharged cell in Region IV was mainly due
to the direct electrochemical decomposition of the electrolyte
solutions.

The contribution of the direct electrochemical decomposi-
tion of the electrolyte solutions to the mass signals — voltage
relationships of the discharged cell can be evaluated by com-
paring with those of the same cell configuration but without
discharge obtained under LVS with the scan rate of 0.05 mV s ™"
shown in Fig. 3(f) and (g). At the cell without discharge, the
current started to increase from around 4.15 V and increased
gradually and significantly in the potential region corres-
ponding to Region III and Region IV, respectively, of the
discharged cell as already mentioned (Fig. 3(b) and (e)). Mass
signals related to organic molecules derived from TEGDME
such as m/z =29, 31, 45, and 60 (Fig. 3(g)) increased accordingly
but those of m/z = 18, 32, and 44 (Fig. 3(f)) were almost
negligible compared with that of the discharged cell in Regions
I-1II. These results confirm that the products detected in the
discharged cell in Region III were mainly due to the anodic
oxidation of discharged products, mainly Li,O,, with a slight
contribution of the direct electrochemical anodic decomposi-
tion of the components of the electrolyte solution, TEGDME
and LiTFSI, and those in Region IV were almost due to the
direct electrochemical anodic decomposition of the electrolyte
solution, TEGDME and LiTFSI, as already suggested based on
current-voltage relationships.

Contribution of various oxidation reactions on current during
LVS charge of the discharged cell

As mentioned above, after the 1st peak, the O, mass signal
declined steeper than the current with potential. This can be
seen more clearly in Fig. 4 where partial current due to O,
generation, which was obtained by fitting the voltage depen-
dence of O, mass signal normalized at the 1st peak, was plotted
(blue line) along with current (black line) as a function of
voltage. Although there existed a slight time delay of partial
current corresponding to O, generation relative to current
because of the delay between generation and mass detection
of O,, total current and partial current due to O, generation are
matched reasonably well up to the 1st peak.

After the 1st peak, the partial current (blue line) due to O,
generation became less than the total current (black line). Since
the H,O signal increased in this region as mentioned above, a
plausible reason for this discrepancy between the measured
current and partial current due to O, generation is the partial
current due to H,O generation, which was evaluated by utilizing

This journal is © the Owner Societies 2024
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Fig. 4 Top panel: Measured current (black), partial currents due to O,
generation (blue), H,O generation (orange), and CO, generation (gray),
and the sum of partial currents due to O, generation and H,O generation
(green), and due to O, generation, H,O generation and CO, generation
(red). Bottom panel: Difference between the measured current and the
sum of partial currents due to O, generation, H,O generation, and CO,
generation with the y-axis having the same scale as for the top panel.

the voltage dependence of H,O mass signal to minimize the
difference. Now the sum (green line) of the partial current due
to O, generation (blue line) and that of H,O generation (orange
line) is in good agreement with the measured current in Region
II. Thus, the decline of O, generation efficiency after the 1st
maximum (in Region II) is well explained by the current used
for the generation of H,O.

In Region III, the difference between the measured current
and the sum of partial current due to O, generation and H,0O
generation became apparent. One reason is the delay of mass
detection but even the peak height of the sum of the partial
currents was smaller than the measured current. The discrepancy
was minimized by taking into account the partial current due to
CO, generation (gray line), which was evaluated by utilizing the
voltage dependence of the CO, mass signal to minimize the
difference. The sum (red line) of the partial currents due to O,
generation (blue line), H,O generation (orange line), and CO,
generation (gray line) is now in reasonable agreement with the
measured current in Region III up to 4.66 V.

In Region IV or at higher voltages (more positive potentials
of KJCNT electrode), the contributions of O,, H,0, and CO,
generation to current were minimal and the current was
dominated by direct anodic decomposition of electrolyte
solution as mentioned before.

Thus, anodic current is solely due to O, generation by Li,0,
oxidation in Region I, O, generation by Li,O, oxidation and
H,0 generation possibly by LiOH oxidation in Region II, O,
generation mainly by Li,O, oxidation, H,O generation possibly
by LiOH oxidation, and CO, generation mainly by Li,CO;
oxidation in Region III, and direct anodic oxidation of electro-
lyte solution in Region IV.
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Behaviours of current and mass signals during charge by
potential steps

To see how the generation of O,, H,O, and CO, proceeded,
voltage step experiments were also performed.

Fig. 5 shows the responses of current (middle panel) and
signal intensities of m/z = 18 (orange), 32 (blue), and 44 (gray)
when voltage steps were applied with the sequence shown in
the bottom panel (300 mV voltage step and 6000 s stay).
Since the background signal of m/z = 18 (H,0O) was rather high
(~1.5 x 10~ A), the data shown in the figure are background
corrected.

When the voltage was stepped from 2.9 V to 3.2 V (within
Region I), 3.2 V to 3.5 V (Region I to Region II), 3.5 V to 3.8 V
(within Region II), and 3.8 V to 4.1 V (within Region II) and kept
at a given value for 6000 s, the current increased sharply and
declined monotonously with time. The time dependence of
mass signal for O, (m/z = 32) was similar to that of current in
these cases, although there existed some delay in the rising
portion of oxygen generation compared to the current rise. It is
interesting to note that both current and O, signal became
small after 6000 s but they increased significantly again when
the next potential step was applied. This means that there
existed Li,O, which cannot be oxidized at a given potential, for
example at 3.5 V, but can be oxidized at higher voltages, for
example at 3.8 V. The increase of the H,O signal (m/z = 18) was
also observed when these voltage steps were applied except for
the voltage step from 2.9 V to 3.2 V (within Region I) as expected
from the LVS (Fig. 3). The time dependence of the H,O signal
was, however, quite different from those of the current and
O, signal. It increased very slowly upon the voltage step and
declined very slightly after a peak. No significant change in the
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Fig. 5 Time dependencies of current (middle panel) and mass signal of
m/z = 18 (orange), 32 (blue), and 44 (gray) (top panel) when the sequences
of the voltage step (300 mV step and 6000 s stay before the next step)
were applied as shown in the bottom panel.
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CO, signal (m/z = 44) was observed when these voltage steps
were applied as expected from the LVS (Fig. 3).

When the voltage was stepped from 4.1 V to 4.4 V (Region II
to Region III), the current-time relationship was quite different
from those observed in other voltage step cases reported above.
After the current spike due to double layer charging, the current
increased and then decreased again but not monotonously,
showing rather complex processes took place in this case.
The behaviour of the O, signal was also quite different from
those observed in other voltage step cases. Although it increased
upon potential step and then declined as in other potential step
cases, the decline was not monotonous but with a shoulder. The
time dependencies of the current and the O, signal can be
deconvoluted with two waves; initial oxidation of 1-Li,O, (simple
decay) followed by the oxidation of h-Li,O, (complex curve). Thus,
while only I-Li,O, was oxidized when the voltage step was up to
4.1V, both 1-Li,O, and h-Li,O, were oxidized, first I-Li,O, oxida-
tion followed by h-Li,O, oxidation, when the voltage was stepped
to 4.4 V, corresponding to the 1st and the 2nd peak in the LVS
(Fig. 3). These results support the conclusion drawn from LVS
measurement that the natures (energetics) and the oxidation
mechanisms of 1-Li,O, and h-Li,O, were different. The behaviour
of the m/z = 18 (H,O) signal was similar to those observed in other
voltage step cases as it increased very slowly upon the voltage step
and declined very slightly after a peak. The m/z = 44 (CO,) signal
increased corresponding to this voltage step but in a rather
complex way and declined after a peak as in the h-Li,O, oxidation.
This behaviour shows that the generation of CO, was associated
with h-Li,O, oxidation.

The presence of two different types of Li,O, and the relation-
ship between Li,O, oxidation (O, generation) and the genera-
tion of H,O and CO, can be clearly seen when voltage was
stepped from OCP (2.8 V) to 4.4 V, which was close to the 2nd
maximum of the signal of m/z = 32 (O,) observed in the LVS
(Fig. 3), as shown in Fig. 6.

The current increased sharply and declined but then
reached a plateau at ca. 0.9 h, and then decreased again.

The signal of m/z = 32 (O,) increased upon voltage step but
much more slowly compared with the current, reached a
maximum at ca. 0.2 h, then declined, reached a plateau at
ca. 1h, and then decreased again. This behaviour can be
understood by considering the oxidation of Li,O, corres-
ponding to the 1°* and 2™ peaks in the LVS (Fig. 3). The time
dependence of the signal m/z = 32 (O,) can be deconvoluted into
two peaks, the first peak being the one with a maximum at
ca. 0.2 h and the 2™ peak represented by a Gaussian curve with
a maximum at ca. 1.2 h as shown by dotted lines (black for the
first peak and red for the second peak) in Fig. 6, although more
accurate fitting requires the contribution of oxygen generation
accompanied with the generation of H,O (e.g., LIOH — Li" +
1H,0 +10, + e7: ca. 3.4 V) and CO, (e.g., Li,CO; — 2Li" + CO, +
10, + 2e7: ca. 3.8 V). The integrated amount of the 2™ oxygen
peak based on the fitting was in good agreement with that
obtained in the LVS as shown in Table 1.

Thus, it is confirmed that there existed two types of Li,O,,
one oxidized more easily than the other. The first type of Li,O,

This journal is © the Owner Societies 2024
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Fig. 6 Time dependencies of current (black) and signals of m/z = 18
(orange), 32 (blue), and 44 (gray) when the voltage was stepped from 2.8 V
to 4.4 V. The red dotted line shows Gaussian fitting for the 2nd oxygen
generation and the black dotted line is the residue for O, generation after
the subtraction of the red curve.

(I-Li,0,) is oxidized at lower voltages in the LVS (Fig. 3) and in
sequential step (Fig. 5) modes, and earlier when the voltage was
stepped to and kept at 4.4 V where both types of Li,O, can be
oxidized (Fig. 6). These results also show that Li,O,, which
corresponded to the 2nd oxygen peak in the LVS (h-Li,0,), was
oxidized after the oxidation of Li,O,, which corresponded to the
1st oxygen peak in the LVS (h-Li,O,), which was completed in
all charge modes.

The m/z = 18 (H,0) signal started to increase at around 0.2 h,
which was close to the position of the 1st oxygen peak,
increased rather slowly, reached a broad maximum at ca.
0.75 h, then declined and increased slightly, reached the 2nd
maximum at ca. 1.6 h, and then decreased slowly. This beha-
viour is similar to that of H,O generation in the LVS and
sequential step modes. The integrated amount of mass signal
of H,0 was in reasonable agreement with that obtained in the
LVS measurement as also shown in Table 1.

The m/z = 44 (CO,) signal started to increase at around 1 h
when the 1st oxygen generation was almost completed, reached
a maximum at ca. 1.8 h, and then declined. The integrated
amounts of the signal of m/z = 44 were in good agreement with
that obtained in the LVS measurement as also shown in
Table 1. It must be stressed that CO, generation started when
the oxidation of the first type of Li,O, corresponding to the 1st
oxygen peak in the LVS was completed and the second type of
Li,O, corresponding to the 2nd oxygen peak in the LVS was

Table 1
was stepped to 4.4 V (Fig. 6)
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Fig. 7 (a) Discharge curves of various cells with discharge times of 2
(orange), 4 (blue), 6 (red), 8.8 (green), and 9.6 h (black). (b)-(e) Potential
dependencies of (b) current and the background corrected ion currents of
mass signals of (c) m/z = 18 (H,0), (d) 32 (O,), and (e) 44 (CO,) as a
function of time for 2 (orange), 4 (blue), 6 (red), 8.8 (green) and 9.6 h (black)
discharged cells.

started as were the cases in the LVS (Fig. 3) and sequential step
(Fig. 5) modes.

3.4. Effect of discharge time on the behaviours of current and
mass signals during LVS charge

To further understand the relationship between O, generation
(Li,O, oxidation) and the generations of H,O and CO,, time
(voltage) dependencies of current and signal intensities of m/z =
18 (H,0), 32 (0,), and 44 (CO,) during LVS charge (0.05 mV s ")
were obtained after the constant current (0.2 mA cm ?)
discharge of various time durations.

Fig. 7 shows the results for the cells with discharge times of
2 (orange), 4 (blue), 6 (red), 8.8 (green), and 9.6 h (black). It is
clear that as the discharge time increased, both current and
mass signals increased and the positions of the 2nd current
peak, the 2nd peaks of mass signals of m/z = 18 and 32, and the
peak of mass signal of m/z = 44 shifted to higher voltages.

Fig. 8 shows the integrated amounts of current (=charge)
and mass signals of m/z = 18, 32, and 44, which are normalized by
the values of corresponding signals obtained for 9.6 h discharge.

Integrated amounts of current (charge) and mass signals corresponding to O, H,O, and CO, during the LVS (Fig. 3) and those when the voltage

Integrated mass signal (ion current)/10”'° A h

m/z = 32 (O,
Integrated current ©2)
(charge)/mA h 1st 2nd Total m/z = 18 (H,0) m/z = 44 (CO,)
LVS 3.88 2.08 1.17 3.25 0.524 0.761
Step to 4.4 V 3.73 2.15 1.12 3.27 0.406 0.702

This journal is © the Owner Societies 2024
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ized by those of 9.6 h discharge.

Except for the m/z = 18 (H,O) signal, integrated amounts are
linearly increased with the discharge time. These results suggest
that some species, which were converted to H,O during charge,
ie, LIOH, was preferentially formed in the earlier stage of
discharge with residual water as LiOH formation is thermodyna-
mically more favoured than Li,O, formation if water is present.®®

Fig. 9 shows the discharge time dependencies of the
positions of the second current peak (+), the second peak of
m/z = 18 (m), the second peak of m/z = 32 (@), and the peak of
m/z = 44 (A).

All peaks shifted positively with discharge time as men-
tioned above. The positions of the peaks are: the second current
peak ~ the second peak of m/z = 32 < the peak of m/z = 44 <
the second peak of m/z = 18 in all the cases. The positions of the
second peaks of m/z = 18 and 32 and the peaks of m/z = 44 are
linearly related to the positions of the second current peak for
different discharge times (inset of Fig. 9), showing the relative
positions of these peaks are constant regardless of discharge
time with ca. 60 mV and 45 mV differences between the m/z = 32
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Fig. 9 Positions of the second peak of current (+), 18 (m), and 32 (@), and
the peak of 44 (A) as a function of discharge time. Inset: Positions of the
second peak of 18 (m) and 32 (@), and the peak of 44 (A) as a function of
the positions of the second current peak.

13662 | Phys. Chem. Chem. Phys., 2024, 26, 13655-13666

View Article Online

PCCP

and 18 signals and m/z = 32 and 44 signals, respectively. These
results suggest that the generation of CO, proceeded not at
potentials more positive than a unique potential such as the
redox potential of Li,CO; which is about 3.8 V,°*”* but when
the oxidation of Li,O, corresponding to the 2nd oxygen peak
proceeded, supporting the above suggestion that the source of
CO,, which is most probably Li,CO; generated during dis-
charge, was present at the same sites as the Li,O, corres-
ponding to the 2nd oxygen peak.

3.5. Source of O atoms in O,, H,0, and CO, generated during
LVS charge evaluated by the effect of two types of isotope
oxygen gas used during discharge

An oxygen atom in the charge products, O,, H,O, and CO, can
be from O, gas, TEGDME, and residual H,O in the cell during
discharge. By flowing the isotope oxygen gas, '°0, or '*0,,
during discharge and analysing the total fractions of °0 and
80 isotopes in the charge products, O,, H,0, and CO,, and
voltage dependencies of the fractions of isotopes in O,, H,O,
and CO, during charge should provide useful information to
understand the details of not only the growth mechanism
of Li,O, as studied in previous studies,®®”®”! but also the
mechanisms through which the source compounds of the
H,0 and CO,, charge products, are generated during discharge.

Fig. 10 shows mass signals (ion currents) corresponding to
(iii) O, (iv) H,0, and (v) CO,, and (ii) currents for various cells
with the constant current discharge of 0.4 mA (0.2 mA cm™?)
under various isotope O, gas flow conditions as shown in the
bottom panel (i). The red, blue, and black lines are of the ion
currents (mass signals) related to '°0, '®0, and '°0 + '®0,
respectively. In the case of O,, the sum of the ion currents of
mfz = 32 (**0'0) and half of the ion currents of m/z = 34
(*°0"%0) are taken as the ion currents due to the contribution of
%0 in O, and the sum of half of the ion currents of m/z = 34 and
the ion currents of m/z = 36 (**0'®0) are taken as the ion
currents due to the contribution of 0 in O,. In the case of
H,O, while the ion currents of m/z = 20 were taken as the ion
currents due to ®0 (H,®0), the ion currents due to *°O (H,"°0)
were obtained using the ion currents of m/z = 18 but after the
contribution of '®0 was corrected by considering the fragmen-
tation of H,"®0 (m/z = 20), *°0'®0, '*0,, C*°0'?0, and C'?0, to
80 (m/z = 18). In the case of CO,, the sum of the ion currents of
mi/z = 44 (C'°0'°0) and half of the ion currents of m/z = 46
(C'®0'®0) are taken as the ion currents due to CO, with °O
contribution and the sum of half of the ion currents of m/z = 46
and the ion currents of 48 (C'*0'®0) are taken as the ion
currents due to CO, with 180 contribution. The natural abun-
dance of 0 in “'®’0, gas and the concentrations of
%0 impurities in “!®”0, were taken into account in all the
analysis and, in addition, the natural abundances of *C was
taken into account for the CO, analysis.

The relationships between the fraction of *®0 in the O, gas
flow during discharge and those in O,, H,0, and CO, generated
during charge were investigated. Fig. 11 shows the fractions of
80 in total amounts of O,, H,0, and CO, generated during

This journal is © the Owner Societies 2024
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Fig. 11 Fractions of 0 in O, ([7), H,0 (+), and CO, (O) generated during
charge as a function of the fraction of 20 in the O, gas flow during
discharge.

charge as a function of the fraction of "0 in O, gas flow during
discharge.

Although they are linearly correlated in all the cases, the
slopes are different. While the fractions of %0 in O, generated
during charge are the same as those in the O, gas flow during
discharge, those in H,0, and CO, generated during charge
are less than those in the O, gas flow during discharge. Only
50% and 70% of O in H,O and CO, generated during charge
are '®0 even when '°0, flowed throughout the discharge
(Fig. 10(a)). These results show that while all the O atoms in
Li,0, originated from the O, gas flow during discharge, around
50% and 30% of the O atoms in the compounds, which were
sources of H,O and CO, during charging, respectively, gener-
ated during discharge originated from O atoms of TEGDME.
More quantitative discussion on how O atoms were incorpo-
rated into the precursors of H,O and CO,, plausibly LiOH
and Li,COj;, respectively, during discharge is required to fully

This journal is © the Owner Societies 2024

understand the degradation mechanism of TEGDME and is
now underway.

It is confirmed that all the O atoms in Li,O, seemed to
originate from the O, gas flow during discharge by the results
shown in Fig. 12, where integrated mass signals (ion currents)
corresponding to O, (Fig. 10(iii)) with 'O (red) or '*0 (blue)
contributions during charge with an LVS sweep of 0.05 mV s~
for various cells are plotted as a function of charge passed
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Fig. 12 Integrated mass signals (ion currents) for 32 or 36 during charge
with the voltage sweep of 0.05 mV s for various cells as a function of
charge passed during discharge under the corresponding isotope O, gas
flow. Black (@) and red (@) closed circles correspond to the cells dis-
charged under a single isotope of %0, gas and 20, gas flow, respectively,
throughout the discharge. Half-closed circles correspond to the cells
discharged under two isotopes of O, gas in sequence with the filled half
for the order of gas flow. © and o are the integrated amounts of O, based
on 0 and 80, respectively, during charge for the cells with an initial
80, gas flow followed by 80, gas flow during discharge. © and o are the
integrated amounts of O, based on 0 and 0, respectively, during
charge for the cells with the initial **0, gas flow followed by %0, gas flow
during discharge.
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during discharge under the corresponding isotope O, gas flow.
Black (@) and red (e) closed circles are for the cells discharged
under O, gas of a single isotope i.e., '°0, gas and **0, gas flow,
respectively, throughout the discharge. Data of discharge time
dependencies under '°0, gas flow (Fig. 7 and 9) and '?0, gas
flow (Fig. 10) are included. Half-closed circles correspond to the
cells discharged under two isotopes of O, gas in sequence with
the filled half for the order of gas flow. Thus, © and o are the
integrated amounts of O, based on '°0 and "0, respectively,
during the charge for the cells with the initial '°0, gas flow
followed by '®0, gas flow during discharge, and @ and o are
the integrated amounts of O, based on '®0 and 160, respec-
tively, during the charge for the cells with the initial "0, gas
flow followed by '°0, gas flow during discharge. Although the
data are scattered, the amounts of O, based on *°0 and *®0 are
linearly related to the charge passed during discharge under
%0, and '?0, gas flow, respectively, regardless of the order of
the gas flow. Thus, Li,O, is formed with O,, which flowed at the
time of Li,O, formation.

Voltage dependencies of the fraction of isotopes in O,
generated during charge. Although the features of time depen-
dencies of total O, generations are essentially the same in
all the cases, those of the contributions of individual isotopes
(**0 and *®0) were strongly dependent on the way how *°0, and
80, were supplied to the cell during the discharge. It is clear
that the O isotope, initially introduced during discharge, was
released later during charge. If **0, was initially supplied to the
cell followed by '°O, as shown in the bottom panel (i) of
Fig. 10(b-d), '°0, and "0, were dominant in O, gas generated
in the earlier and later stages of charge, respectively. For
example, when '®0, was initially supplied to the cell for 2.5 h
followed by '°0, for 7.1 h (Fig. 10(b)-(i)), **0, was detected only
in the 2nd oxygen peak and did not contribute to the 1st oxygen
peak (Fig. 10(b)-(iii)). The longer the initial **0, supply during
discharge, the higher the contribution of '®0, during charge,
but the trend that '°0, and '®0, were dominant in O, gas
generated in the earlier and later stages of charge, respectively,
was valid (Fig. 10(c) and (d)). Similarly, if '°0, was initially
supplied to the cell followed by '®0, supply as shown in
Fig. 10(e)-(i), the reverse trend was observed as '*0, and '°0,
were dominant in O, gas generated in the earlier and later
stages of charge, respectively (Fig. 10(e)-(iii)).

The trends can be more clearly seen in Fig. 13 where the
fraction of the "®0 isotope, which was contained in the initial
flow of O, gas during discharge, and in O, gas generated during
charging is plotted as a function of cell voltage during LVS
charging. In all the cases, the fraction was lowest at the
beginning of the LVS charge and increased as the voltage
increased up to ca. 4.5 V which corresponded to the 2nd
current/O, peak, confirming that the O isotope initially intro-
duced during discharge was released in the later stage of
charge. Behaviours in higher charge voltages were dependent
on the order of isotope supply. When *#0, was supplied initially
during discharge, the fraction of the initially introduced
O isotope (*®0) reached a maximum at around 4.5 V and
decreased at higher voltages (Fig. 13(a)-(c)). On the other hand,
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Fig. 13 Fraction of the O isotope, which was contained in the initially
flowing O, gas during discharge, and in the O, gas generated during LVS
charge as a function of cell voltage. (a) 2.5 h *¥0, flow followed by 7.1 h
160, flow (black line: data taken from Fig. 10(b)), (b) 4 h 0, flow followed
by 4.6 h 10, flow (red line: data taken from Fig. 10(c)), (c) 5.8 h 80, flow
followed by 4.2 h 20, flow (blue line: data taken from Fig. 10(d)), and (d)
7.5 h %0, flow followed by 2.5 h 20, flow (green line: data taken from
Fig. 10(e)). Dotted lines show the total fractions of the *¥0 isotope, which
was contained in the initially flown O, gas during discharge, for whole
discharge processes. For example, the black dotted line shows 0.26
(= 2.5/(2.5 + 7.1)) for (a).
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when °0, was supplied initially during discharge, the fraction
of the initially introduced O isotope (*°0) increased further
when the voltage became larger than 4.5 V (Fig. 13(d)). These
results show that the fraction of '°O increased more at voltages
larger than ca. 4.5 V regardless of the order of the supply of two
isotope O, gases, suggesting that the source of O, generated at
larger voltages was not only Li,O,, which is the major discharge
product and O source of which is O, gas flowing during
discharge, but also other molecules, which were formed during
discharge and the O source of which includes TEGDME. One
possible molecule is Li,COj3, which contains O from TEGDME
as mentioned above and generates O, accompanied with CO,
during charge as: Li,CO; — 2Li" + CO, + 1/20, + 2e".

4. Conclusions

In the present study, we monitored the generated gaseous
products during charging under LVS and the voltage step of
LOBs with 1 M LiTFSI TEGDME electrolyte solution in real time
by using online mass spectrometry after the cell was discharged
under constant current with a continuous flow of *°0, or 0,
gas and various discharge times. Based on the results obtained
in the present study, we can conclude the following.

(1) At least two types of Li,O, are formed during discharge.
While the Li,O, grown in the later stage of discharge is oxidized
in a wide range of relatively low cell voltages (I-Li,O,: 2.8 -
ca. 4.1 V, depending on the discharge time), the Li,O, grown in
the earlier stage of discharge is oxidized in a relatively narrow
range of high cell voltages (h-Li,0,) after the 1-Li, O, is oxidized.
Thus, 1-Li,O, is energetically distributed very widely but the
energetic states of h-Li,O, are rather sharp, showing that
I-Li,O, is amorphous or crystalline with low crystallinity and

This journal is © the Owner Societies 2024
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h-Li,O, is crystalline with high crystallinity as suggested
before.”?

(2) The current efficiency for the O, generation by Li,O,
oxidation during LVS charge varied with voltage. It started to
decrease as H,O generation started at around 3.36 V and
decreased further as CO, generation started at around 4.15 V.
The total measured current can be well explained by consider-
ing partial currents due to O, generation by Li,O, oxidation,
H,O generation, and CO, generation up to ca. 4.66 V. In a
higher voltage region, currents due to O,, H,O, and CO,
generation became small and those due to the decomposition
of TEGDME and its degraded compounds increased significantly.

(3) The most plausible origin of H,O is the oxidation of
LiOH, which is formed during discharge. Only about 50% of O
in H,O generated during the charge comes from O, gas flown
during discharge. The remaining 50% O in H,O should origi-
nate from TEGDME, although there is a possibility that some
fraction of O comes from residual H,O in the electrolyte
solution.

(4) CO, generation during LVS charge started not at a unique
voltage but at a voltage, where O, generation due to h-Li,0,
oxidation started, depending on the discharge time. Once
h-Li,0, oxidation was completed, almost no CO, was generated
even when higher voltages were applied, although the genera-
tion of organic molecules due to the degradation of the
electrolyte, i.e., TEGDME, increased, showing CO, generation
during LVS charge is not due to the oxidation of TEGDME
and/or its degraded compounds but due to the oxidation of
Li,CO3, which is formed during discharge and is present at the
same sites of the h-Li,O,. Only about 70% of O in CO,
generated during the charging comes from the O, gas flow
during discharge and the other fraction of O should originate
from TEGDME.

More detailed discussion on the mechanisms of TEGDME
degradation and its relationship to the generation of precursors
of H,O and CO,, plausibly LiOH and Li,COj;, respectively,
during discharge is underway.
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