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Evaluation of the Electrochemical Performance of a Lithium-Air
Cell Utilizing Diethylene Glycol Diethyl Ether-Based Electrolyte
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Diethylene glycol diethyl ether (DEGDEE) was evaluated as an electrolyte solvent for a non-aqueous lithium-air cell. An electrolyte
solution of 1 M LiTFSI in DEGDEE showed a high ionic conductivity of 4.7 mS cm−1 at room temperature and considerably high
oxidative stability. The full discharge and charge cycles of the lithium-air cells demonstrated that the DEGDEE-based electrolyte
provided the unique ability to facilitate the reversible reduction and oxidation processes at the porous carbon electrode without a
catalyst. The lithium-air cell employing the DEGDEE-based electrolyte exhibited fairly stable cycling behavior when the carbon
loading was 0.5 mg cm−2 and the depth of discharge of the carbon electrode was limited to 1,000 mAh g−1.
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Since the non-aqueous Li-air battery was reported in 1996, it has
attracted much attention in recent years due to its high theoretical spe-
cific energy of 11,000 Wh kg−1, which is close to that of conventional
gas-powered engines.1–3 The successful development of rechargeable
Li-air batteries is critically dependent on the long-term stability of all
battery components and the highly reversible formation and decompo-
sition of Li2O2 as a desired discharge product.4–8 Up to now, although
much progress has been achieved, the reversibility of lithium-air bat-
teries is still far from satisfactory because most organic electrolytes do
not possess long-term chemical stability in the presence of the super-
oxide anion radical. Accordingly, many research works have focused
on the development and characterization of a stable electrolyte sol-
vent to support prolonged cycling in the lithium-air battery.9–16 Recent
studies have shown that linear ethers such as tetra(ethylene glycol)
dimethyl ether (TEGDME) are more stable than organic carbonates
against nucleophilic attack by superoxide produced upon discharge
at the air cathode, and thus, are being considered as a preferred elec-
trolyte solvent for Li-air batteries.10,17–20 Although lithium-air bat-
teries can be discharged and charged in a TEGDME-based organic
electrolyte, the cycling causes irreversible chemical changes in the
electrolyte, which results in poor reversibility upon cycling.

In this study, we employed diethylene glycol diethyl ether
(DEGDEE) as an electrolyte solvent and evaluated its performance
in a Li-air cell. DEGDEE was selected as the electrolyte solvent for
the lithium-air cell, because it has a high ionic conductivity (4.7 mS
cm−1 with 1 M LiTFSI), low viscosity and high oxidative stability
exceeding 5.0 V vs. Li/Li+, which are superior to those of TEGDME.
The lithium-air cell assembled with the DEGDEE-based electrolyte
and carbon electrode (without a catalyst) initially delivered a high
discharge capacity of 6,219 mAh g−1 based on the weight of carbon
in the air cathode. By constraining the carbon loading to 0.5 mg cm−2

and limiting the depth of discharge to 1,000 mAh g−1, the cell oper-
ated effectively over many cycles without any decay of the capacity.
To the best of our knowledge, this is the first time that the cycling
performance of a lithium-air cell with a DEGDEE-based electrolyte
has been demonstrated.

Experimental

Electrolyte preparation.— All solvents utilized in the electrolyte
solution were anhydrous grade purity purchased from Sigma Aldrich
and were used after drying using pre-dried 4A molecular sieve for
several days. The electrolyte solution was prepared by dissolving
1.0 M lithium bis(trifluoromethane) sulfonyl imide (LiTFSI, Sigma
Aldrich) in DEGDEE, TEGDME and diethylene glycol dibutyl ether
(DEGDBE), respectively, inside a glove box filled with purified argon.
LiTFSI was chosen as the salt because it has better stability against
moisture and heat than LiPF6. The water content in the electrolytes
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was determined to be less than 20 ppm by Karl Fischer titration using
a Mettler-Toledo Coulometer.

Cell assembly.— The carbon-based air electrode was prepared by
coating the N-methyl pyrrolidone (NMP)-based slurry containing Ket-
jen black EC300JD and a poly(vinylidiene fluoride) (PVDF) binder
(8:2 by weight) on a gas diffusion layer (SGL GROUP, Germany). The
electrode was dried in a vacuum oven for 12 h at 100◦C to remove the
residual NMP solvent. The geometrical area of the carbon air elec-
trode was 1.13 cm2 and the carbon loading in the air electrode was
about 1.0 mg cm−2, unless specified otherwise. The negative electrode
consisted of a lithium metal (Honjo Metal Co. Ltd., 100 μm) that was
pressed on a copper current collector. The lithium-air cell composed
of a lithium electrode, glass microfiber filter paper (Whatman grade
GF/D), and a carbon air electrode was assembled with an electrolyte
solution into a custom-designed Swagelok-type cell fabricated from
Teflon, as schematically depicted in Figure 1. All cells were assem-
bled in an argon-filled glove box where the H2O and O2 contents were
kept below 1 ppm.

Measurements.— The viscosity of the electrolyte solution was
measured using a viscometer (Schott AVS 350). The ionic conductiv-
ity of the liquid electrolyte was measured by a Cond 3210 conductivity
meter (WTW GmbH, Germany). Linear sweep voltammetry (LSV)
was performed to investigate the electrochemical stability of the elec-
trolyte solution on a platinum working electrode with lithium metal
counter and reference electrodes at a scanning rate of 1.0 m V s−1.
Charge and discharge cycling tests of the lithium-air cells were per-
formed using battery testing equipment (WBCS 3000, Wonatech).
For the cycling tests, the cell was placed in a chamber that was filled
with high-purity oxygen gas at a pressure slightly higher than 1.0 atm.
Charge-discharge curves were recorded galvanostatically at a con-
stant current rate of 100 mA (g carbon)−1 within a limited capacity of
1,000 mAh g−1 in the voltage range of 2.0 to 5.0 V, unless specified

Figure 1. Schematic representation of the Swagelok-type lithium-air cell used
in the cycling tests.
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otherwise. We considered the mass of Ketjen black as the active ma-
terial loading in the air electrode. The morphologies of the carbon air
electrodes were examined using field-emission scanning electron mi-
croscopy (FE-SEM, HITACHI S-4800). The XRD patterns of the air
electrodes obtained by a powder X-ray diffractometer (XRD, D/MAX
RINT 2000) utilizing a CuKα radiation source after charge and dis-
charge cycling were analyzed to identify the reaction products formed
on the electrode. For the XRD measurements, the cells were disas-
sembled in a glove box after cycling. The cathode material was then
washed with DEGDEE to remove the residual electrolyte and dried
overnight in a vacuum oven. The reaction products formed on the air
electrode were analyzed by X-ray photoelectron spectroscopy (XPS)
measurements (ESCA 2000, Thermo VG Scientific).

Results and Discussion

The poor cycling stability of lithium-air cells with carbonate-based
electrolytes is mainly due to irreversible reactions occurring between
oxygen and electrolyte during the discharge process, which produces
organic and inorganic carbonate species rather than Li2O2.10,11,21–23 It
is well known that ether-based electrolytes such as TEGDME have low
sensitivity toward reduced oxygen species compared to carbonate sol-
vents and a low viscosity to facilitate oxygen transport.24–27 Recently,
Xu et al. reported that less Li2CO3 and a much higher discharge capac-
ity were observed in Li-O2 batteries using DEGDBE as the electrolyte
solvent compared to using other organic solvents.28 Furthermore, the
formation of dendritic lithium could be remarkably suppressed even
at a high current rate.29 Based on these results, we chose DEGDEE
as an alternative ether-based solvent for TEGDME. As presented in
Table I, DEGDEE has a glyme structure like TEGDME and DEGDBE.
It showed a higher ionic conductivity and lower viscosity to facilitate
oxygen and Li+ ion transport than the TEGDME or DEGDBE-based
electrolyte. In addition, since DEGDEE has ethyl groups on the end of
the molecule, the electron charge can be more effectively distributed
in the molecule compared to molecules containing terminal methyl
groups. Thus, it is expected that DEGDEE is more stable against nu-
cleophilic attack by superoxide anion radicals than other glyme family
molecules such as TEGDME and dimethoxy ethane.

The linear sweep voltammetry curves of three electrolyte sys-
tems in the absence of oxygen are shown in Figure 2. In the anodic
scan for the TEGDME-based electrolyte, the anodic current starts
to increase around 4.9 V vs. Li/Li+, which can be attributed to the
oxidative decomposition of the electrolyte. It is noticeable that the
anodic decomposition with the DEGDEE-based electrolyte was ob-
served at a potential higher than 5.1 V vs. Li/Li+, which is higher than
those of other two electrolytes. From these results, it is expected that
the DEGDEE-based electrolyte exhibits more stable electrochemical
behavior than the TEGDME or DEGDBE-based electrolyte at high
voltages. In the cathodic scan shown in Figure 2b, large reductive
currents are observed around 0 V vs. Li/Li+ for all the electrolyte sys-
tems, which correspond to the reductive deposition of lithium onto the
electrode (i.e., Li+ + e → Li). The absence of significant reduction
peaks prior to the lithium plating indicates that the electrolyte systems
are reductively stable up to 0 V vs. Li/Li+. These results indicate that
DEGDEE is a promising solvent which is electrochemically stable
enough for lithium-air cells.
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Figure 2. Linear sweep voltammograms of 1 M LiTFSI in DEGDEE,
TEGDME and DEGDBE electrolytes without oxygen flow: (a) anodic scan
and (b) cathodic scan (scan rate: 1 mV s−1).

The full discharge and charge behaviors of the lithium-air cells
assembled with the different electrolyte solutions were investigated
at constant current densities of 0.1 mA cm−2 and 100 mA g−1.
Figure 3 shows the initial three cycles of the cells assembled utilizing
the ether-based electrolytes, which were cycled within a cutoff voltage
of 2.0–4.5 V. Clearly, the type of the electrolyte solution affected the
cycling characteristics of the cell. For the first cycle, the TEGDME-
based cell delivered a higher discharge capacity (7,750 mAh g−1,
specific capacity is defined per gram of Ketjen Black carbon) than the
other two cells, although its discharge capacity drastically decreased
in subsequent cycles. Note that the cell with the DEGDEE electrolyte
(Figure 3a) delivered relatively stable capacities in subsequent full
discharge and charge cycles. In terms of the coulombic efficiency,
the DEGDEE-based cell demonstrated noticeably greater columbic

Table I. Molecular structures and physical properties of the different organic solvents, and ionic conductivities of 1.0 M LiTFSI electrolyte in the
organic solvents at 25◦C (black: carbon atom, red: oxygen atom).

Molecular structure Boiling point (◦C) Viscosity (cP) Conductivity (mS cm−1)

DEGDEE 186 1.4 4.7

TEGDME 275 4.1 2.8

DEGDBE 255 2.2 1.4
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Figure 3. Initial discharge and charge cycles for lithium-air cells assembled
with different electrolyte solutions, which are obtained between 2.0 and 4.5 V
at a constant current density of 0.1 mA cm−2 (100 mA g−1): (a) DEGDEE-
based, (b) TEGDME-based, and (c) DEGDBE-based cells. The discharge and
charge capacities are normalized by the mass of the Ketjen black powder.

efficiency than the TEGDME-based cell throughout all cycles. This
result supports the notion that the reversibility for the oxygen reduc-
tion reaction and oxygen evolution reaction (2Li + O2 ↔ Li2O2) in
the lithium-air cell with DEGDEE is much higher than in the cell with
TEGDME. The DEGDBE-based cell showed a low initial discharge
capacity (4,061 mAh g−1) and high overpotentials as a result of a
combined effect of the lower ionic conductivity as well as the higher
viscosity. Overall, the DEGDEE-based lithium-air cell exhibited the
best cycling characteristics with respect to discharge capacity and
cycling stability.

Figure 4. XRD diffraction patterns of a porous carbon electrode analyzed
with a cell in its pristine state, after complete discharge, and after complete
recharge.

In order to further validate the reversible electrochemical process
taking place at the air-cathode in the DEGDEE-based cell, the XRD
diffraction patterns of a carbon electrode were analyzed for a cell in its
pristine state, after complete discharge, and after complete recharge.
Figure 4 shows the powder XRD patterns of the carbon electrode as
a function of the state of cycling. From the XRD patterns obtained
after full discharge, the characteristics peaks for crystalline Li2O2

are clearly observed, as reported earlier.19,30–32 This result suggests
that the DEGDEE electrolyte can lead to the formation of the de-
sired Li2O2 with a crystalline structure and DEGDEE is relatively
stable to superoxide radical anions which are the single-electron re-
duction species of oxygen formed during discharge.33 The absence
of Li2O2 characteristics peaks in the XRD pattern after recharging
shows that all of the discharge products can be fully decomposed,
which confirms the reversible formation and decomposition of Li2O2

during cycling. The reversibility of the electrochemical process in the
DEGDEE-based cell was further confirmed by SEM analyzes carried
out on the carbon electrode. A SEM image of the discharged carbon
electrode in Figure 5b exhibited uniform coating of reaction products
onto the carbon particles, which are believed to be associated with
the formation of Li2O2.19,32 The particles in the charged electrode in
Figure 5c were very similar to those of a pristine electrode, which
is well consistent with XRD results showing a complete decomposi-
tion of Li2O2 particles deposited on the carbon electrode during the
discharge process.

To identify the reaction products formed on the air electrode dur-
ing discharge process, XPS analysis was performed. Figure 6a and
6b show the O 1s XPS spectra of the air electrodes discharged in
DEGDEE and TEGDME, respectively. The main peaks from Li2O2

and TFSI anion are observed at 531.0 and 532.7 eV, respectively,
which are well consistent with reported binding energies.34–36 It should
be noted that the peak intensity corresponding to Li2O2 is much
stronger in DEGDEE than TEGDME, indicating that a larger amount
of Li2O2 is formed on the air electrode cycled in DEGDEE. However,
the peak appeared at 532.1 eV, which corresponds to Li2CO3,37 shows
the opposite trend. During the discharge process, the superoxide anion
radials may attack the alkylene group adjacent to the ether bond of
solvent, cause its irreversible decomposition into CO2 or carbonate
groups that in turn form Li2CO3 by reacting with Li2O2 formed on the
air electrode, as previously reported.11,28 Thus, the XPS results demon-
strate that DEGDEE is relatively stable to superoxide anion radicals,
resulting in highly reversible oxygen reduction and evolution reaction
in the lithium-air cell, as illustrated in Figure 3.
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Figure 5. SEM images of the air electrodes in the DEGDEE-based cell (a)
before discharge (pristine), (b) in the discharge state at 2.0 V and (c) in the
charged state at 4.5 V.

The rate capability of the lithium-air cell assembled with the
DEGDEE electrolyte was evaluated. After the cell assembly, the cells
were fully discharged to a cutoff voltage of 2.0 V at different current
densities ranging from 0.1 to 0.4 mA cm−2, as shown in the voltage
profiles presented in Figure 7. As expected, the current density af-
fects the specific capacity of the lithium-air cell. Both the discharge
voltage plateau and discharge capacity decreased with increasing cur-
rent density. Increasing the current density from 0.1 to 0.4 mA cm−2
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Figure 6. XPS spectra (O 1s) of the air electrodes discharged in (a) DEGDEE
and (b) TEGDME.

considerably decreased the specific discharge capacity from 6,219 to
1,251 mAh g−1. This result is due to the slow kinetics of the oxygen
reduction reaction at the air cathode without a catalyst, and has to be
improved. The use of an oxygen catalyst may facilitate the oxygen
reduction reaction and therefore reduce polarization, which requires
further studies. Although the high rate performance of the cell with
DEGDEE is far from being satisfactory, it should be noted that the
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Figure 7. Initial discharge curves of the lithium-air cell with 1.0 M LiTFSI-
DEGDEE electrolyte under different current densities where the carbon loading
in the air cathode was 1.0 mg cm−2.
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Figure 8. Discharge and charge curves of the
lithium-air cells assembled with different electrolyte
solutions at a constant current density of 0.1 mA
cm−2 (100 mA g−1) where the carbon loading in the
air cathode was 1.0 mg cm−2: (a) DEGDEE-based
electrolyte and (b) TEGDME-based electrolyte.

specific capacity at high current densities is higher than those obtained
in lithium-air cells with other organic solvents.31,38

The buildup of insoluble discharge products in a fully discharged
cell may inhibit the transport of lithium ions, oxygen, and electrons
to the electrochemical interface, which leads to permanent chok-
ing of a porous carbon electrode after a few cycles.39,40 In order
to avoid accumulation of the insulating discharge products, the ca-
pacity utilization was limited to 1,000 mAh g−1. Figure 8a shows the
discharge and charge curves of the lithium-air cell assembled with
the DEEDEE-based electrolyte obtained by controlling the discharge
depth to 1,000 mAh g−1 at a constant current density of 0.1 mA cm−2

(100 mA g−1). Reversible charge and discharge cycling was observed

during repeated cycles up to 40 cycles. However, the polarization for
the charge and discharge cycles increased with cycle number. This
result may be attributed to the inability to oxidize the non-conducting
discharge product Li2O2 in the pores of the carbon cathode due to the
increased cell resistance and associated overpotential of the electrode
during cycling. In case of the cell with TEGDME-based electrolyte,
the gap between the charge and discharge profiles becomes more sig-
nificant over cycling compared with that of the DEGDEE-based cell,
as shown in Figure 8b. The poor cycling stability of TEGDME-based
cell can be ascribed to the accumulation of the irreversible products
generated from the electrolyte decomposition, as explained earlier in
Figure 6.
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Figure 9. (a) Discharge and charge curves of the lithium-
air cell with 1.0 M LiTFSI- DEGDEE electrolyte at a
constant current density of 0.05 mA cm−2 (100 mA g−1),
and (b) discharge and charge capacities as a function of
the cycle number for the same cell. The carbon loading
in the air cathode was 0.5 mg cm−2.

In order to improve the cycling stability of the lithium-air cell, the
carbon loading was reduced to from 1.0 to 0.5 mg cm−2. The cell
was cycled at a constant current density of 0.05 mA cm−2 (100 mA
g−1) within a limited capacity of 1,000 mAh g−1. Figure 9a shows
the charge and discharge profiles of the lithium-air cell assembled
with a carbon electrode at a carbon loading of 0.5 mg cm−2 as a
function of the cycle number. Interestingly, there were no significant
changes of the voltage profiles over 50 cycles except for the first cycle,
indicating good charge-discharge cycling stability with a coulombic
efficiency of 100%, as depicted in Figure 9b. As the cell discharges,
passivation of the carbon electrode occurs via the formation of the
insoluble and insulating Li2O2 product. When the carbon loading in
the electrode is decreased, the amount of discharge products deposited
on the surface of the carbon electrode can be reduced, which may
suppress permanent choking of the carbon electrode and also reduce
electrode polarization. Also, the transport of oxygen into the interior
of the carbon electrode will be facilitated more when using a thinner

electrode. Accordingly, the data in Figure 8 and 9 imply that the
capacity retention of the lithium-air cell with the DEGDEE-based
electrolyte can be improved by employing a proper engineering design
of the air cathode considering its thickness, porosity and the volume
fraction of carbon black. More studies are currently in progress in
order to achieve good cycling stability while maintaining a relatively
high amount of carbon loading in the air electrode.

Conclusions

We proposed and demonstrated a novel DEGDEE-based elec-
trolyte for use in lithium-air cells. The electrolyte solution of 1 M
LiTFSI in DEGDEE showed a higher ionic conductivity, lower vis-
cosity and higher oxidative stability than the TEGDME or DEGDBE-
based electrolyte. The formation of Li2O2 and its reversibility were
confirmed by full discharge/charge cycles, XRD, SEM and XPS an-
alyzes, which makes DEGDEE an appropriate solvent for lithium-air
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cells. The lithium-air cell assembled with the DEGDEE-based elec-
trolyte and carbon electrode exhibited stable cycling behavior when
constraining the carbon loading to 0.5 mg cm−2 and limiting the
depth of discharge to 1,000 mAh g−1. We believe that our results will
open up new possibilities to promote the development of rechargeable
lithium-air batteries with good cyclability.
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