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in the O2 electrode of Li–O2 cells
with a porous carbon electrode and TEGDME-
based electrolytes†

Makoto Ue, *a Hitoshi Asahina, ab Shoichi Matsuda ab and Kohei Uosaki ab

This work figures out the material balance of the reactions occurring in the O2 electrode of a Li–O2 cell,

where a Ketjenblack-based porous carbon electrode comes into contact with a tetraethylene glycol

dimethyl ether (TEGDME)-based electrolyte under more practical conditions of less electrolyte amount

and high areal capacity. The ratio of electrolyte weight to cell capacity (E/C, g A h�1) is a good parameter

to correlate with cycle life. Only 5 cycles were obtained at an areal capacity of 4 mA h cm�2 (E/C ¼ 10)

and a discharge/charge current density of 0.4 mA cm�2, which corresponds to the energy density of

170 W h kg�1 at a complete cell level. When the areal capacity was decreased to half (E/C ¼ 20) by

setting a current density at 0.2 mA cm�2, the cycle life was extended to 18 cycles. However, the total

electric charge consumed for parasitic reactions was 35 and 59% at the first and the third cycle,

respectively. This surprisingly large amount of parasitic reactions was suppressed by half using redox

mediators at 0.4 mA cm�2 while keeping a similar cycle life. Based on by-product distribution, we will

propose possible mechanisms of TEGDME decomposition and report a water breathing behavior, where

H2O is produced during charge and consumed during discharge.
Introduction

Electrochemical energy storage is a key technology in ourmodern
society, and the Nobel Prize in Chemistry 2019 rewarded the
development of the lithium-ion battery (LIB).1,2 Although the
energy density of the current LIB is approaching 300 W h kg�1,
this value is not sufficient for electric vehicles (EVs) with a driving
range more than 500 km and an equivalent price with gasoline
cars. These demands have energized the evolution of other
alternative rechargeable batteries, so-called ‘beyond LIB’, which
have a higher energy density over 500 W h kg�1.3 They are also
now targeting the markets where mass is the critical factor above
all, and considered as likely candidates for unmanned aerial
vehicles (UAVs), which slowly charge their batteries during the
day and discharge them overnight.

A potential candidate, the rechargeable nonaqueous Li–O2

technology, was discovered by Abraham et al. in 1996,4 although
the history of Li–O2 chemistry dates back to the 1960s.5 The
nonaqueous Li–O2 batteries have garnered considerable
research interest over the past decade due to their extremely
high theoretical energy densities. For instance, it is calculated
vironmental Materials, National Institute
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f Chemistry 2020
to be 3150 W h kg�1,3 by multiplying an assumed operating
voltage of 2.7 V by the specic capacity of 1168 A h kg�1 based
on the reaction 2Li + O2 ¼ Li2O2.

Although many studies including those in companies such as
Samsung,6,7 IBM,8 Toyota9 have been devoted to the discoveries of
new materials and reaction mechanisms, the research activity on
Li–O2 technology seems to be decreasing around 2015 from the
viewpoint of the number of publications.10 Because the
nonaqueous Li–O2 batteries are still in their infancy due to
numerous problems,11,12 there is no report, which actually attained
the energy density of 500 W h kg�1 in a complete cell level as
a rechargeable battery.6,10 The present authors also have tried to
fabricate a Li–O2 cell for the application to a high altitude platform
station (HAPS) and found it difficult to achieve both satisfactory
energy density and cycle life. Except a few works,6,7,13 almost all
studies reported so far included too much excess weight of elec-
trolytes, which results in much lower energy densities than those
of LIBs.10 When the electrolyte amount is decreased to fulll the
energy density of 500 W h kg�1, the cell cannot be cycled.

The electrolytes are the prime suspects for cell failure, and
nding stable electrolytes remains as the most pressing scien-
tic challenge.14,15 Although a stable electrolyte has not been
found yet, a combination of tetraethylene glycol dimethyl ether
(TEGDME, tetraglyme) solvent and lithium bis(tri-
uoromethanesulfonyl)imide (LiN(CF3SO2)2, LiTFSI) salt is the
most popular electrolyte due to its relatively high stability, and
various physicochemical properties such as electrolytic
conductivity,16–21 viscosity,16,17,21 ion association degree,18,20 Li+
RSC Adv., 2020, 10, 42971–42982 | 42971
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transport number,18,19,21 anodic stability,18,21,22 freezing point,18

boiling point,16,21 vapor pressure,16,21 oxygen solubility,17,21

oxygen diffusion constant,21 ammability,18 contact angle,16

have been reported in addition to cell performance.13,16–23

The discharge reaction is oxygen reduction reaction (ORR)
taking place at the positive electrode, which generally uses
porous carbon electrodes. It is believed that an oxygen molecule
is reduced to form a superoxide radical anion (O2c

�) aer
extracting one electron from the carbon electrode. The resultant
superoxide radical anion can coordinate with one Li+ ion to form
an intermediate product, lithium superoxide (LiO2, eqn (1)). LiO2

is not thermodynamically stable and would transiently convert to
Li2O2 through either an electrochemical reaction (eqn (2)) and/or
a chemical disproportionation reaction (eqn (3)). On the other
hand, the charge reaction is oxygen evolution reaction (OER),
where Li2O2 is oxidized to O2 either by initial delithiation via
Li2�xO2 or LiO2 (a mirror process of eqn (2)) followed by the
reaction (eqn (3)) and/or a direct two-electron electrochemical
reaction without the formation of LiO2 (eqn (4)).

O2 + Li+ + e� / LiO2 (1)

LiO2 + Li+ + e� / Li2O2 (2)

2LiO2 / Li2O2 + O2 (3)

Li2O2 / O2 + 2Li+ + 2e� (4)

The parasitic reactions have traditionally been ascribed to
the reactions with reduced oxygen species (O2c

� and O2
2�),

however, recent studies proved that singlet oxygen (1O2), which
is partly generated by the superoxide disproportionation (eqn
(3)), accounts for the majority of parasitic reaction by-products
both on discharge and charge.24 Many papers suggest that
TEGDME decomposes in the carbon positive electrode during
discharge and charge, however, it is only reported that the
formation of Li2O2 on the rst discharge was accompanied by
the formation of Li2CO3, HCO2Li, CH3CO2Li, polyethers/esters,
CO2, H2O25 and CH3OH, CH3OCH2CH2OH, CH3O(CH2CH2O)2-
CH3,26 and the electrochemical decomposition of Li2O2 to O2 on
recharge was accompanied by more harsh decomposition with
the similar by-products. If the TEGDME reacts with the super-
oxide radical anion, it can form new radicals, leading to by-
products proposed by eqn (5).25

(5)
42972 | RSC Adv., 2020, 10, 42971–42982
Furthermore, it is well known that coulombic efficiency (CE)
of Li metal negative electrodes in nonaqueous electrolytes
during cycling is very low due to the high reactive nature of Li
metal, and most researchers use a thick Li foil, which can
constantly offset Li loss during cycling and then mask poor
cycling performance,3,10 even in the case of Li–O2 cells with
TEGDME-based electrolytes.27–29

Therefore, it is especially important to quantify the decom-
position reactions in a porous carbon positive electrode under
more practical conditions of less electrolyte amount and high
areal capacity without interference from Li metal negative
electrode. We have examined reaction products in a porous
carbon positive electrode by using a two-compartment cell
design, where anode and cathode compartments were sepa-
rated by a solid-state Li+ conductor to eliminate possible
interference from the reactions at Li metal negative electrode.30

Because the monitoring the gas consumed/produced during the
operation is nearly the only way to determine the CE of the O2

electrode, we used on-line gas analysis as well as pressure
change measurements31 for understanding parasitic reactions
coming from electrolyte decomposition.
Experimental methods
Materials

TEGDME (battery grade) was obtained from Japan Advanced
Chemicals Ltd. and used as received. LiTFSI (Li battery grade)
was obtained from Kishida Chemical Co., Ltd. Lithium nitrate
(LiNO3, 99.99% trace metals basis) and lithium bromide (LiBr,
99.995% trace metals basis) were obtained from Sigma-Aldrich
Co., LLC. All lithium salts were dried at 120 �C under vacuum
before being used. A lithium foil (200 mm thick) was obtained
from The Honjo Chemical Corp. The porous carbon electrode is
a proprietary self-standing sheet consisting of a Ketjenblack
and a carbon ber (250 mm thick, 7 mg cm�2-carbon), whose
pore size distribution is given in Fig. S1 in the ESI.† A solid-state
Li+ conductor sheet (LICGC-AG-01, 180 or 90 mm thick) was
obtained from Ohara, Inc. and dried at 120 �C under vacuum
before being used. A polyethylene membrane separator (20 mm
thick) was obtained form W-Scope Corp. A stainless steel mesh
(200 mm thick, 16.7 mm f, aperture ratio 73%) was obtained
from Hohsen Corp.
Electrolyte and electrode preparation

Two kinds of liquid electrolytes, (a) 1 M LiTFSI/TEGDME and (b)
0.5 M LiTFSI + 0.5 M LiNO3 + 0.2 M LiBr/TEGDME were
prepared in a glove box in an Ar atmosphere. Their water
content was about 10 ppm by the Nittoseiko Karl Fischer
Moisture Meter CA-31. The densities of electrolytes (a) and (b)
were 1.16 and 1.12 g cm�3 at 25 �C by the Anton Paar Lovis 2000
ME rolling-ball viscometer, respectively.

The proprietary porous carbon sheet was cut into a disc
(16 mm f) and dried at 120 �C under vacuum for 12 hours.
Then, 80 ml of the electrolyte was impregnated into the porous
carbon electrode at 40 �C under vacuum and the extra
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 A Li–O2 two-compartment test cell and characterization tools
for evolved gases.
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electrolyte was wiped off by a ltration paper. The remained
electrolyte in the porous carbon electrode was 60 ml.
Cell assembly

A custom-made test cell (stainless steel, inner diameter: 45 mm
f, depth: 15 mm) equipped with a gas inlet and outlet was
assembled in a dry air atmosphere by stacking a Li metal elec-
trode (200 mm thick, 16 mm f), a polyethylene membrane (20
mm thick, 19.5 mm f), a solid-state Li+ conductor (180 or 90 mm
thick, 22 mm f), a polyethylene membrane (20 mm thick,
19.5 mm f), a porous carbon electrode (250 mm thick, 16 mm f,
7 mg cm�2-carbon) impregnated with a liquid electrolyte (30 ml
cm�2), and a stainless steel mesh (200 mm thick, 16.7 mm f) as
shown in Fig. 1. Each 10 ml of the liquid electrolyte was added
onto Li metal and the solid-state Li+ conductor during assem-
bling. The solid-state Li+ conductor was sandwiched with a pair
of polyethylene membranes to secure good contact between the
electrodes and the solid-state Li+ conductor. 35 kPa of pressure
was applied to the cell assembly by a spring coil as shown in
Fig. 1. Aer purged with O2 ow (dew point below �70 �C) at 2
ml min�1 for 20 minutes, the cell was rested for 2 hours before
electrochemical measurements.
Electrochemical measurements

The discharge/charge cycling tests were carried out by the
Electroeld EF-7100P under O2 ow (2 ml min�1) at 0.2 or 0.4
mA cm�2 for 10 hours at ambient temperature followed by the
resting time for 2 hours at each interval between discharge and
charge.
Characterization methods

Continuous on-line gas chromatography analysis was carried
out at threeminutes interval by the Agilent 490Micro GC system
with a thermal conductivity detector (TCD), and Molesieve 5A
and PoraPLOT Q columns.
This journal is © The Royal Society of Chemistry 2020
On-line mass spectroscopy analysis was carried out by the
Canon Anelva Quadrupole Mass Spectrometer M-401GA-DM.
Aer discharge, the remaining O2 in the cell was ushed out
for 3 minutes by switching the inlet gas to He (50 ml min�1),
and then He ow was set to 5 ml min�1. A part of the outlet gas
was introduced through a capillary tube (internal diameter:
0.05 mm f, length: 2 m) into MS to analyze the evolved gases
during charge as shown in Fig. 1.

The decomposition products in gas phase were adsorbed by
seven pieces of Agilent J&W HP-PLOT Q columns (inner diam-
eter: 0.53 mm f, length: 20 mm) packed parallel in a 1/800

stainless tube cartridge every one hour. Each sample cartridge
was set inside a thermal separation probe (TSP), and the des-
orbed gases at 250 �C were analyzed by the Agilent 5977C GC/
MSD system equipped with a VF-WAXms column.

The decomposition products in liquid phase was analyzed by
liquid chromatography analysis by the Waters Acquity H-class
Ultra High Pressure Liquid Chromatography (UPLC) system
coupled with a HSS T3 column and a Xevo G2-S QTof mass
spectrometer.

The consumed/produced O2 was estimated by ideal gas law
from the pressure change in the closed cell (internal volume: 25
ml) equipped with a pressure sensor, Keyence AP44. Aer lling
O2 of about 0.13 MPa, the pressure change was monitored
during cycling at 22 � 0.1 �C.

Results and discussion
Discharge/charge behavior of a Li–O2 two-compartment cell

The purpose of this work is to gure out the material balance of
the reaction occurring in a Ketjenblack-based porous carbon
positive electrode of a Li–O2 cell with 1 M LiTFSI/TEGDME
electrolyte under more practical conditions of less electrolyte
amount and high areal capacity. The used porous carbon elec-
trode has large pore volume in mesopore region as shown in
Fig. S1 in the ESI.† A custom-made two-compartment test cell
shown in Fig. 1 was used to examine decomposition products.
Because the carbon positive electrode is separated from the Li
metal negative electrode by a solid-state Li+ conductor, it is
possible to eliminate interference from the reactions at the
negative electrode.

Most researchers have not been concerned about the
amounts of Li metal electrode and liquid electrolyte, when they
determined cycle life of Li–O2 cells, even though these amounts
are the important factors to determine not only energy density
but also cycle life. Almost all studies so far have been carried out
using a thick Li foil (100–500 mm thick). Because the equivalent
weight of Li and graphite are 3860 and 372 mA h g�1, respec-
tively, the capacity ratio of negative to positive electrodes (N/P
ratio) should be at least less than 3860/372 j 10 to keep the
advantage over graphite electrodes. When the areal capacity of
the Li metal anode is set to 4 mA h cm�2 (our standard exper-
iment condition for the positive electrode), the thickness of the
Li metal is calculated to be about 20 mm.

On the other hand, the electrolyte amount has a more
signicant inuence on the energy density than the Li metal
thickness owing to the larger mass density of the electrolyte
RSC Adv., 2020, 10, 42971–42982 | 42973
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Table 1 Cell parameters and cycle life of Li–O2 cells with 1 M LiTFSI/TEGDME in recent studies

Capacity
(mA h cm�2)

Electrolyte amount
(mg cm�2)

Carbon loading
(mg cm�2)

E/C
(g A h�1)

Specic capacity
(mA h g�1-carbon)

Li thickness
(mm)

Cycle life
(@mA cm�2) Ref.

4 41 7 10 571 200 5 (0.4) This work
2 41 7 20 286 200 18 (0.2) This work
13.5 41 14 3 938 160 2 (0.15) 13
9.7 41 14 4 679 160 3 (0.15) 13
6.7 41 14 6 467 160 4 (0.15) 13
3.4 41 14 12 236 160 8 (0.15) 13
1 50a 1 50 1000 160 40 (0.1) 13
0.3 51 0.6 171 500 ? 20 (0.2) 17
0.4 50a,b 0.8 125 500 ? 250 (0.08) 18
0.25 50a 0.5 200 500 ? 40 (0.125) 19
0.5 50a 1 100 500 500 15 (0.2) 20
1 50a 1 50 1000 450 40 (0.2) 21
0.5 50a 0.5 100 1000 300 10 (0.1) 22
1.25 189 1 151 1250 ? 2 (0.075) 23

a An assumed amount for coin or Swagelok-type cells. b 0.4 M.

Fig. 2 Discharge/charge curves of the Li–O2 cells with 1 M LiTFSI/
TEGDME under O2 flow shown in Fig. 1. Discharge/charge current
densities are (a) 0.4 mA cm�2, (b) 0.2 mA cm�2, and (c) 0.2 mA cm�2,
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(1.16 g cm�3) than that of Li metal (0.53 g cm�3). The ratio of the
electrolyte volume to the total pore volume of cell components
is an important parameter, however, the ratio of electrolyte
weight to cell capacity (E/C, g A h�1) is empirically used to
represent the electrolyte amount in LIBs.10 The E/C ratio in our
experiments is 10 g A h�1, which is much smaller than those of
previous studies (E/C $ 50 g A h�1, except ref. 13) as listed in
Table 1. Only 5 cycles were obtained at 0.4 mA cm�2 (cut off:
4 mA h cm�2, 571 mA h g�1-carbon) as shown in Fig. 2a. While
stable 18 cycles were achieved when the areal capacity was
decreased to half by setting a current density at 0.2 mA cm�2 as
shown in Fig. 2b, where E/C is 20 g A h�1.

Our experimental conditions shown in the rst and second
lines in Table 1, correspond to energy densities of about 170 and
90 W h kg�1, respectively, for a complete cell without a solid-
state Li+ conductor based on our simulation (N/P ¼ 2.5).10 On
the other hand, those of previous studies (except ref. 13) in
Table 1 are less than 25 W h kg�1. The amount of electrolyte
added to a coin or Swagelok-type cells is rarely provided in the
literature, it was assumed 85 ml of electrolyte will ll the 2032
coin cell space. In order to achieve a practical energy density of
500 W h kg�1, the E/C ratio should be less than 1.5 g A h�1 at an
areal capacity of 6 mA h cm�2 and a N/P ratio of 1.5 without
a solid-state Li+ conductor based on our simulation.10 There-
fore, it is very important to quantify the TEGDME decomposi-
tion to develop more stable solvents, which enable to decrease
E/C ratio further (a lean electrolyte condition).

The main feature in Fig. 2b is a at plateau at 2.7 V on
discharge (aer correcting the iR loss by the solid-state Li+

conductor as discussed below) aer the rst cycle and a gradual
increase during the second half of the charge cycle, which is
a combined result from both by-product accumulation and its
insulating nature. It is noteworthy that the discharge potential
in the rst cycle quickly drops rapidly at the start of discharge,
whereas those in subsequent cycles becomes more gradual. The
discharge potential changes little from the second cycle,
without a solid-state Li conductor in cell assembly.

42974 | RSC Adv., 2020, 10, 42971–42982 This journal is © The Royal Society of Chemistry 2020
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however, the charge potential during subsequent cycles
changes signicantly. The same experiment without the solid-
state Li+ conductor was conducted to know its effect as shown
in Fig. 2c, where only 5 cycles were obtained. The existence of
the solid-state Li+ conductor enhanced the cycle life by
removing a factor of the parasitic reactions with Li metal
negative electrode, although about 1 V/mA cm�2 polarization (iR
loss) was imposed both for discharge and charge potentials by
the 180 mm thick solid-state Li+ conductor.

Investigation of parasitic reactions in the porous carbon
positive electrode

Operando on-line gas chromatography analysis with a thermal
conductivity detector was carried out to examine evolved gases
on discharge and charge at a current density of 0.2 mA cm�2.
Little gas evolution was detected during discharge, and the
evolutions of H2O and CO2 were observed during charge as
shown in Fig. 3. These results indicate that TEGDME decom-
position to produce gas components is very small during
discharge as far as the discharge potential was maintained over
2 V. We have clearly observed the gradual increase of H2O
during charge and its gradual decrease during discharge. It is
evident that CO2 is generated at the nal stage of charge, when
the potential reached about 4 V. It is considered that H2O is
reproduced during charge by the oxidation of TEGDME and/or
its organic fragments with the accumulation of carboxylate and
carbonate species, which are eventually converted to CO2 at
higher potentials. The produced Li2CO3, which is called as
Achilles' heel of lithium-air batteries,32 can be electrochemically
decomposed to CO2 (eqn (6)), however, it cannot be completely
removed and is accumulated over repeated cycles, which results
in the overpotential increase and the poor rechargeability.

2Li2CO3 / 2CO2 + O2 + 4Li+ + 4e� (6)

To make a quantitative analysis of H2O and CO2 during
charge, on-line mass spectroscopy analysis was carried out.
Fig. 3 On-line GC analysis during discharge/charge cycling of the Li–
O2 cell with 1 M LiTFSI/TEGDME under O2 flow at 0.2 mA cm�2. r, d,
and c denote rest, discharge, and charge, respectively.

This journal is © The Royal Society of Chemistry 2020
Aer discharge, the remaining O2 in the cell was ushed out by
switching the inlet gas to He, so that the evolved gases during
charge can be analyzed. Again, we have observed negligible H2O
formation during discharge under O2 atmosphere and gradual
increase of H2O during charge under He atmosphere as shown
in Fig. 4. The evolution of H2O and CO2 started from about 3.1
and 3.7 V (aer correcting iR loss) on the rst charge, respec-
tively. Almost the same curves were reproduced at 0.4 mA cm�2

as shown in Fig. 5a. By using isotope labeled 18O2 (purity $

98%), it was proved that the oxygen atom in H2O and CO2 are
mainly originated from introduced O2 during discharge as
shown in Fig. 5b. However, the evolution of the scrambled
C16,18O2 indicates that the oxygen atom partly comes from the
solvent decomposition as reported before.31 Since the behaviors
of C16,18O2 and C16O2 seems different from that of C18O2 during
8 hours before the rapid CO2 generation, it may contain a small
amount of the organic fragments with m/z ¼ 46 and 44 in
C16,18O2 and C16O2 curves in Fig. 5b, respectively. Therefore,
integrated CO2 amount in Fig. 4 was corrected using the ratio
C18O2 : C

16,18O2 : C
16O2 ¼ 61 : 35 : 4.

The evolved O2 was calculated to be 73% expected form the
charge amount (O2/2e

� ¼ 0.73) by integrating O2 generation
curve. The parasitic reactions to afford H2O and CO2 were
calculated to be 7% and 8%, respectively. The remaining 12% of
the charge amount was consumed for unknown by-products
including incomplete yield of Li2O2 during discharge. On the
third charge, the evolved O2 decreased to 58% and the parasitic
reactions to afford H2O and CO2 increased to 9% and 14%,
respectively. The evolution of CO2 started from about 3.5 V (aer
correcting iR loss) earlier than 3.7 V on the rst charge.

The comparison in decay curves of H2O between Fig. 3 (0.2 mA
cm�2, 2 ml min�1 O2 ow) and Fig. 4 (0.2 mA cm�2, 5 ml min�1

He ow) certainly proves the consumption of H2O during
discharge. This new observationmight become possible using the
two-compartment cell, because H2O is lost by the reaction of Li
metal negative electrode without the solid-state Li+ conductor.

The reason why water is consumed during discharge is
unclear at present. The possibility is a protonation of Li2O2 or
Fig. 4 On-line MS analysis of the Li–O2 cell with 1 M LiTFSI/TEGDME
during the first and the third charge at 0.2 mA cm�2 and the following
rest under He atmosphere, after the first and the third discharge at 0.2
mA cm�2 under O2 atmosphere.
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Fig. 5 On-line MS analysis of the Li–O2 cell with 1 M LiTFSI/TEGDME
during the first charge at 0.4 mA cm�2 and the following rest under He
atmosphere, after the first discharge at 0.4mA cm�2 under (a) 16O2 and
(b) 18O2 atmosphere.

Fig. 6 The change of (a) pressure and (b) O2 efficiency of the Li–O2

cell with 1 M LiTFSI/TEGDME during cycles at 0.2 mA cm�2. Potential
profile is added as a dimmed line for reference.
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LiO2 in eqn (7) and (8), respectively. However, these protonation
by water is thermodynamically unfavorable due to the very high
pKa (z33) of water.30,33 However, the quantitative reaction
between the Li2O2 formed electrochemically on carbon elec-
trodes and water (eqn (7)) was used for a photometric analysis
(DIN 38409-15) 30 or an iodometric titration for H2O2.34

Furthermore, if these reactions are followed by the dispropor-
tionation reaction, the net reactions (eqn (9) and (10)) become
thermodynamically favorable.33,35 Therefore, it is reasonable to
consider that the water produced during charge reacts with the
formed Li2O2 or LiO2 during discharge, which might be one of
the reasons for incomplete yield of Li2O2. The formation of
LiOH has been reported,23,36,37 and its constant accumulation in
the carbon electrode is considered as one of reasons for the
poor rechargeability. Because the removal of LiOH needs a little
bit higher potential (4.5 V vs. Li/Li+)35 than that of Li2CO3

(4.3 V,35 3.8–4.2 V 38)). The water effect on the nonaqueous Li–O2

technology is still ambiguous.39

Li2O2 + 2H2O / H2O2 + 2LiOH (7)

LiO2 + H2O / HO2 + LiOH (8)

2Li2O2 + 2H2O / 4LiOH + O2 (9)

2LiO2 + H2O / LiOOH + LiOH + O2 (10)

The pressure change was monitored to provide the amounts
of O2 consumed during discharge and evolved during charge
42976 | RSC Adv., 2020, 10, 42971–42982
based on the ideal gas law. The results obtained from the closed
cell could deviate from those obtained from the ow cell as
cycled, because by-products accumulated inside the cell inu-
ence the reaction process. Therefore, we adopted the pressure
measurement only for the rst 2 cycles as shown in Fig. 6a.
Fig. 6b shows the O2 efficiency for discharge and charge. If the
ideal reaction (eqn (4)) exclusively occurs, the O2 efficiency (O2/
2e�) should be 1 both for discharge and charge. The O2 effi-
ciency for the rst discharge was 0.92, meaning O2 consumption
was 8% lower than the ideal, and hence, parasitic reactions other
than Li2O2 formation occurred. In the similar way, theO2 efficiency
for the rst charge was 0.77, meaning O2 evolution was 23% lower
than the ideal. This value deviates a little from that obtained by on-
line MS analysis (0.73). These O2 efficiencies for the rst discharge
and charge are relatively comparable with the data reported at
different conditions (0.92 and 0.64, respectively).22

We have observed a short plateau at the very beginning of the
second discharge as shown in Fig. 6a, where some electro-
chemical reaction without O2 consumption occurred. This
parasitic reaction accounted for 7% of the discharge amount,
and it gradually increased as cycled.

The results summarized in Table 2 clearly show parasitic
reactions to unknown by-products increased drastically as
cycled. The O2 efficiency for the third discharge was obtained by
the same pressure measurement, where the gas phase was
purged out by O2 at 5 ml min�1 for 30 min aer the second
cycle. The total electric charge consumed for parasitic reactions
were 35 and 59% at the rst and the third cycle, respectively.
This journal is © The Royal Society of Chemistry 2020
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Table 2 Material balance of electrochemical reactions in the Li–O2 cell with 1 M LiTFSI/TEGDME at 0.2 mA cm�2

Cycle
no.

Discharge (ORR) Charge (OER)

Li2O2

formation
Unknown
w/o O2

Unknown
w/O2

Unknown
w/o O2

O2

evolution
H2O
evolution

CO2

evolution
Li2O2

loss

1 92 0 8 8 73 7 8 4
3 83 7 10 17 58 9 14 2
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Mechanism of TEGDME decomposition

To know the decomposition reactions of TEGDME, the decom-
position products in gas phase were collected every one hour
during discharge/charge and characterized by GC/MS equipped
with a thermal separation probe. Fig. 7a is an example chart ob-
tained during the third charge (nal one hour). Major by-products
were ethylene glycol methyl ether (2-methoxyethanol), ethylene
glycol methyl methoxymethyl ether and an unidentied alcohol in
addition to smaller glymes, CH3O(CH2CH2O)nCH3 (n ¼ 1–3).
Fig. 7b, c and d show their distribution change every one hour
during the rst discharge, the rst charge and the third charge,
respectively. The major by-products continued to grow particu-
larly during charge. A small amount of aldehyde and vinyl ether
were also detected, which behaved differently with the major by-
products due to their unstable nature.
Fig. 7 (a) TSP-GC/MS analysis for by-products derived from TEGDME
during the third charge (final one hour), and their distribution change
during (b) the first discharge, (c) the first charge and (d) the third
charge.

This journal is © The Royal Society of Chemistry 2020
The decomposition products in liquid phase were also
analyzed by LC/MS. We have observed gradual increase of
methylene oxide chain derivatives, CH3O(CH2CH2O)p(CH2-
O)(CH2CH2O)qCH3 (p, q$ 0, p + q¼ 2–5) as well as larger glymes
(n ¼ 5, 6) during 5 cycles as shown in Fig. 8.

Based on the observed by-products, possible mechanism for
the TEGDME decomposition is proposed in Fig. 9. The
decomposition of TEGDME (1) can be initiated by hydrogen
atom abstraction by singlet oxygen (1O2) or superoxide radical
anion (O2c

�). Because the stability of alkyl radicals is in the
order of tertiary > secondary > primary, hydrogen atoms on
ethylene groups (3) are susceptible to hydrogen abstraction
than those on terminal methyl groups (2) as was reported for
ethylene glycol dimethyl ether (monoglyme).40 The radical thus
formed (3) may undergo b-scission (C–O scission) to give other
radicals (5, 40) and unsaturated fragments (6, 7).41 Actually,
unsaturated compounds (6; m ¼ 1, and 7; m ¼ 0) were detected.
The resultant radicals (40, 50) may undergo recombination by
radical coupling to generate various glymes (10) comprising
from monoglyme (n ¼ 1), diglyme (n ¼ 2), triglyme (n ¼ 3), and
other oligomers, which were detected up to n ¼ 6 aer 5 cycles.
The hydrogen abstraction from terminal methyl groups (2) also
seems to happen,41 because various methylene oxide chain
derivatives (8; p + q ¼ 2–5) were detected, which can be formed
by the similar radical coupling (20, 50). Then, the same reactions
are repeated for various glymes (10) and methylene oxide chain
derivatives (8) to produce a variety of homologues.

Besides the decomposition mechanism proposed for mon-
oglyme,40,42,43 we would like to point out that formate esters (9)
might be produced by the cOH radical initiated oxidation of
Fig. 8 LC/MS analysis for by-products derived from TEGDME after 5
cycles. Relative amount against TEGDME.
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Fig. 9 Possible mechanisms for TEGDME decomposition.

Fig. 10 Discharge/charge curves of the Li–O2 cells with 0.5 M LiTFSI +
0.5 M LiNO3 + 0.2 M LiBr/TEGDME under O2 flow at 0.4 mA cm�2.
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vinyl ethers (6),44 where cOH radicals can be generated by singlet
oxygen and water.45 The degradation reactions of the aldehydes
(7) leading to formic/acetic acids (or formate/acetate) are
complex to describe. Any alkyl radicals (2, 3, 4) can lead to ether
peroxides, which readily undergo oxidative decomposition
analogous to combustion reactions.

The decomposition reactions shown in Fig. 9 are possible
both for discharge and charge. H2O is generated from about
3.1 V (aer correcting iR loss) by electrochemical oxidation of
organic fragments, and accumulated formate/acetate is elec-
trochemically oxidized from about 3.5 V (aer correcting iR loss)
to generate CO2 during charge according to eqn (11).46 The H2O
accompanied during charge is successively accumulated, which
can alter the reaction process as represented in eqn (9) and (10),
and also cause the hydrolysis of glymes and other organic
intermediates. It is considered that ethylene glycol methyl ether
and the unidentied alcohol can be produced by hydrolysis.
Li2CO3 can be formed by not only the mirror process of eqn (6),
but also eqn (12).

RCOO� / CO2 + Rc + e� (R ¼ H, CH3) (11)

2LiOH + CO2 / Li2CO3 + H2O (12)

We have successfully envisaged the material balance of the
Li–O2 cell with 1 M LiTFSI/TEGDME at 0.2 mA cm�2 as listed in
Table 2. 8% of the discharge amount was assigned for parasitic
reactions other than Li2O2 formation during the rst discharge,
which can be attributed to the reaction between (1O2 and/or
O2c

�) and (TEGDME and/or its fragments in Fig. 9). On the
other hand, 8% of the charge amount was assigned for parasitic
42978 | RSC Adv., 2020, 10, 42971–42982
reactions other than gas evolution, which can be attributed to
the reaction between (1O2 and/or O2c

�) and (TEGDME and/or its
fragments in Fig. 9) including the electrochemical oxidation of
by-products during the rst discharge. 4% of the charge amount
can be assigned to the loss of Li2O2, probably through LiOH
formation discussed before. The parasitic reactions without O2

consumption at the very beginning of the discharge from the
second cycle can be attributed to the electrochemical reduction
of the oxidized moieties during charge.
Effect of redox mediators

The electrolyte decomposition passivates the surface of the
carbon electrode and Li2O2, which increases the overpotential
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra07924c


Fig. 11 On-line GC analysis during discharge/charge cycling of the Li–
O2 cell with 0.5 M LiTFSI + 0.5M LiNO3 + 0.2 M LiBr/TEGDME underO2

flow at 0.4 mA cm�2. r, d, and c denote rest, discharge, and charge,
respectively.

Fig. 12 On-line MS analysis of the Li–O2 cell with 0.5 M LiTFSI + 0.5 M
LiNO3 + 0.2 M LiBr/TEGDME during the first and the third charge at 0.4
mA cm�2 and the following rest under He atmosphere, after the
discharge at 0.4 mA cm�2 under O2 atmosphere.
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during cycling. Particularly, high polarization during charge
beyond about 4 V deteriorates the cell. Redox mediators (RMs)
have been proved to be useful at lowering charge potentials.47

They are reversible redox couples which travels between the
carbon electrode and Li2O2 surface and can oxidize Li2O2

through a chemical reaction instead of electrochemical oxida-
tion as shown in eqn (13) and (14).
Table 3 Material balance of electrochemical reactions in the Li–O2 cell

Cycle
no.

Discharge (ORR) Char

Li2O2

formation
Unknown
w/o O2

Unknown
w/O2

Unkn
w/o O

1 96 0 4 4
3 93 6 1 7

a Estimation.

This journal is © The Royal Society of Chemistry 2020
2RM� / 2RM + 2e� (13)

2RM + Li2O2 / 2RM� + 2Li+ + O2 (14)

We have used 0.5 M LiTFSI + 0.5 M LiNO3 + 0.2 M LiBr/
TEGDME electrolyte, where LiNO3 and LiBr are considered to
function as RM�/RM ¼ NO2

�/NO2 starting from 3.6 V 48 and
(3Br�)/Br3

� from 3.5 V vs. Li/Li+,49 respectively. Fig. 10 shows the
discharge/charge curves at 0.4 mA cm�2 for the rst 10 cycles. A
at charge plateau was observed at 3.5 V (aer correcting iR loss,
90 mm thick solid-state Li+ conductor). This potential is ascribed
to the redox potential of electrochemical oxidation of Br� to Br3

�.
The initial shoulder in the subsequent discharge cycles is
attributed to the electrochemical reduction of Br3

� to Br�, which
gradually decreases as cycled. The charge potential during the
rst half of the subsequent charge cycles also gradually
decreases, which is an indication of the different chemical
process other than these redox mediators, approaching the
behavior of 1 M LiTFSI/TEGDME. Owing to the suppression of
the oxidative decomposition of TEGDME and/or its fragments,
the cycle life was extended to 15 cycles at 0.4 mA cm�2.

Irrespective of the presence of redox mediators, the same
behavior was observed for H2O and CO2 by operando on-line gas
chromatography analysis as shown in Fig. 11. We have observed
again the gradual increase of H2O during charge and its gradual
decrease during discharge. On-line mass spectroscopy analysis
in Fig. 12 revealed that the evolved O2 was improved to 88%
expected form the charge amount (O2/2e

� ¼ 0.88). The parasitic
reactions to afford H2O and CO2 were dramatically decreased to
3% and 1%, respectively. The remaining 8% of the charge
amount was consumed for unknown by-products including
incomplete yield of Li2O2 during discharge. The evolution of
H2O and CO2 started from about 3.4 V and 3.6 V (aer correcting
iR loss) on the rst charge, respectively. On the third charge, the
evolved O2 decreased to 77% and the parasitic reactions to
afford H2O and CO2 increased to 5% and 9%, respectively. The
evolution of CO2 started at almost the same potential with that
on the rst charge.

The O2 efficiency calculated from the pressure change for the
rst discharge was remarkably improved to 0.96 (O2/2e

� ¼ 0.96).
A short plateau at the very beginning of the second discharges
corresponds to 6% of the discharge amount, where some elec-
trochemical reactions without O2 consumption occurred.

The results summarized in Table 3 clearly show the
suppression of parasitic reactions by the utilization of redox
with 0.5 M LiTFSI + 0.5 M LiNO3 + 0.2 M LiBr/TEGDME at 0.4 mA cm�2

ge (OER)

own
2

O2

evolution
H2O
evolution

CO2

evolution
Li2O2

loss

88 3 1 4
77 5 9 2a
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Fig. 13 The balance of total electric charge for the Li–O2 cells with (a)
1 M LiTFSI/TEGDME at 0.2mA cm�2, and (b) 0.5 M LiTFSI + 0.5 M LiNO3

+ 0.2 M LiBr/TEGDME at 0.4 mA cm�2.
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mediators. The yield of Li2O2 for the third discharge was esti-
mated from the assumption that a side reaction with Li2O2 loss
is the same as 1 M LiTFSI/TEGDME system. The total electric
charge consumed for parasitic reactions were 16 and 30% at the
rst and the third cycle, respectively.
Correlation between TEGDME decomposition and cycle life

To compare the two electrolyte systems, the results in Tables 2
and 3 were summarized in Fig. 13. The CE is oen reported as
an indicator of the efficiency of Li metal deposition and stripping,
because it is a critical factor to predict the cycle life of Li metal
batteries.50 In the case of O2 electrodes, OER/ORR is used as
a rechargeability index. The (OER/ORR)s for the rst and the third
cycles were 79 and 70% for (a) 1MLiTFSI/TEGDMEat 0.2mA cm�2,
and 92 and 83% for (b) 0.5 M LiTFSI + 0.5 M LiNO3 + 0.2 M LiBr/
TEGDME at 0.4 mA cm�2, respectively. The changes from the
rst cycle to the third cycle were 9% decrease for both (a) and (b). If
Fig. 14 Correlation between electrolyte amount (E/C) and cycle life;
(a) 1 M LiTFSI/TEGDME at 0.8, 0.4, 0.2 mA cm�2, (b) 0.5 M LiTFSI +
0.5 M LiNO3 + 0.2 M LiBr/TEGDME at 0.4 mA cm�2, (c) ref. 13 at 0.15
mA cm�2.

42980 | RSC Adv., 2020, 10, 42971–42982
we apply the methodology of Li electrode, the cycle life at half
capacity retention is forecasted to be 15 by (1–0.09/2)15z 0.5, which
is comparable with our experimental results (18 and 15 cycles).

Average TEGDME consumption rates from the second cycle
to the h cycle were about 0.15 and 0.09 g A h�1 for (a) 1 M
LiTFSI/TEGDME at 0.2 mA cm�2 and (b) 0.5 M LiTFSI + 0.5 M
LiNO3 + 0.2 M LiBr/TEGDME at 0.4 mA cm�2, respectively. Thus,
dry-up of electrolytes is expected to be aer 133 and 111 cycles,
respectively, which are far from the observed cycle life (18 and
15 cycles). The cause of the early failure is the by-product
accumulation in the carbon electrode, which results in large
potential polarization including decient O2 and Li+ by pore
clogging. This pore clogging was conrmed by a scanning
electron microscope, Fourier transform infrared spectroscopy
and impedance spectroscopy in Fig. S2–S4 given in the ESI.†
This behavior in the O2 electrode is similar to the case, when the
cycle life is limited by the cell polarization due to the contin-
uous irreversible electrolyte consumption forming a mossy SEI
layer on the Li metal electrode of Li/LiNi0.6Co0.2Mn0.2O2 cells.51

Fig. 14 shows a correlation between E/C and cycle life, although
the cited data from ref. 13 include some inuence from Li
electrode. It is apparent that the E/C ratio is a good parameter to
correlate with the cycle life at less electrolyte amount condition.

Although the utilization of redox mediators enabled to
increase 2 times magnitude in the discharge/charge current
density (i.e. areal capacity) while keeping a similar cycle life, it is
still far to achieve satisfactory cycle life due to the short life of
the redox mediators. Therefore, it is mandatory to nd much
more stable solvent against reactive oxygen species, which
enables to operate under a lean electrolyte condition depicted
as a yellow region in Fig. 14.

Conclusions

The material balance of the reactions occurring in the O2 elec-
trode of a Li–O2 cell was examined, where a Ketjenblack-based
porous carbon electrode comes into contact with a TEGDME-
based electrolyte under more practical conditions of less elec-
trolyte amount and high areal capacity. A custom-made two-
compartment test cell was used, where anode and cathode
compartments were separated by a solid-state Li+ conductor to
eliminate possible interference from the reactions at Li metal
negative electrode. It was proved that the electrolyte amount is
a major factor to limit the cycle life, and the ratio of electrolyte
weight to cell capacity (E/C, g A h�1) is a good parameter to
correlate with the cycle life. Based on the by-product distribu-
tion, possible mechanism for TEGDME decomposition was
proposed. Although these parasitic reactions were suppressed
by the utilization of redox mediators, the cycle life was still only
15 cycles at a condition giving the energy density of
170 W h kg�1 for a complete cell level. Therefore, it is manda-
tory to nd much more stable solvent against reactive oxygen
species to achieve the targets of ‘beyond LIB’ even for low power
application such as HAPS.

Furthermore, we obtained the following new information
about the decomposition of TEGDME. (1) Produced H2O is
consumed during discharge, presumably by the reaction with
This journal is © The Royal Society of Chemistry 2020
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Li2O2 and/or LiO2. (2) CH3O(CH2CH2O)nCH3 and
CH3O(CH2CH2O)p(CH2O)(CH2CH2O)qCH3 are produced by
radical recombination, which undergo repeated hydrogen atom
abstraction by 1O2 and/or O2c

� similar with TEGDME. This ether
regeneration mechanism might consume more electric amounts
to show the lower O2 efficiency but relatively tough cycle life.
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