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Lithium oxygen battery holds the greatest promise for the future energy
applications due to its high theoretical capacity1. However, several critical challenges
remain due to the instability of reduced oxygen species (O2-) which causes
detrimental side-reaction with the organic electrolyte2-6. Moreover, the stability of Li
metal with the currently used organic solvents in Li-O2 causes dendritic growth upon
cycling due to the formation of inhomogeneous solid electrolyte interphase 5. In this
thesis, we proposed a list of new solvents for the candidates towards highly stable
electrolytes in Li-O2 batteries. The stability of various solvents towards O2- and Li
metal were verified using chemical and electrochemical investigations and their
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feasibility for Li-O2 cells has been demonstrated. Through comparative study,
proposed electrolyte has been found to have comparable stability towards O2- and
unexpectedly profound stability towards Li metal. Nevertheless, the cycle
performance demonstrates that the severe accumulation of side-products
accumulated upon cycling which led to cell death. Hence, the importance of
stabilizing O2- for highly efficient Li-O2 battery has been emphasized through this
work.

Keywords: Li-O2 battery; Organic electrolyte; Aprotic Li-O2; O2- stability; Li
metal stability
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Chapter 1. Introduction
1.1 Motivation
Metal-air batteries, due to their high theoretical energy density (~2-10 folds
higher than those of lithium-ion batteries), received tremendous attention and
dedication to improve its performance for future energy applications7. Among the
various types of metal-air batteries, Li-air batteries have received revived interest
due to their high theoretical energy densities (~3500 W h kg-1), which are among the
highest for known battery chemistries2. However, several critical challenges such as
cathode pore clogging, electrolyte instability, degradation of the air cathode hinder
the development of such a technology2,

8, 9

. To resolve these challenges, many

researches have been focused on to elucidate the origin of these issues by
investigating the reaction mechanism of oxygen reduction and oxygen evolution
reaction of the system2, 4, 6, 10, 11.
The ideal reaction of Li-O2 batteries is based upon the electrochemical
formation (discharge) and decomposition (charge) of lithium peroxide (Li 2O2). The
discharge reaction undergoes the formation of strong nucleophile oxygen radical (O2-)
which readily form intermediate species LiO2 with Li+ follow by reaction to form
Li2O2, or attack carbon atom of the solvent molecules through nucleophilic attack
or H-abstraction (side reaction)1, 8. In contrast, the charge reaction undergoes direct
decomposition of Li2O2 without generating O2-1, 8.

１

Studies has proved that O2- the strong nucleophile are energetically favorable
to attack the electron-deficient part of the solvent forming a [solvent-O2]- complex
and hence consumes the electrolyte during cell operation10, 12, 13. Previous reports,
both theoretical and experimental observation has suggested that the solvents acidity,
solvating ability and the formation energy for [solvent-O2]- complex can be
indicators to find a stable electrolyte towards the reactive oxygen species10.
Nevertheless, the organic electrolytes reported in Li-O2 exhibit poor cycle
performance and far from realization of long-life Li–O2 batteries3, 14. Hence, the
identification of a new electrolyte that exhibits high stability against the nucleophilic
attack of oxygen radicals are indispensable for long-life Li-O2 batteries.
Here, we propose a list of new solvents for the candidates towards highly
stable electrolytes in Li-O2 batteries. With the aid of theoretical calculation, three
electrolytes that have not been reported could be found. The stability of various
solvents towards ROS and Li metal has been verified using chemical and
electrochemical approach and their feasibility in Li-O2 cells has been demonstrated.

２

Figure 1 Strategy for designing new electrolyte for Li-O2 system
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Chapter 2. Research backgrounds
2.1 Lithium Rechargeable Batteries
Recently, due to the exhaustion of renewable energies and the increasing
demand of portable device and energy storage system (ESS), designing of high
energy density system with good sustainability is required1,

8, 9

. To use high

technology portable devices, rechargeable batteries has been widely known as
having high energy density and power capability1, 8, 9. Among various rechargeable
batteries, lithium-based rechargeable batteries have shown remarkable performance7.
Discharge voltage and energy density of lithium rechargeable batteries are
approximately 3.7 V and 150 Wh kg-1, respectively, which are much higher than
those of other rechargeable battery system7.
Basic principle of lithium rechargeable batteries is shown in Figure 2.1
Lithium rechargeable batteries are composed of anode, electrolyte, cathode, and
separator. During the discharge reaction, lithium ions diffuse out from the anode
(typically graphite) to cathode (typically LiCoO2) through the liquid electrolyte and
electrons from the anode (oxidized) move to cathode through an external circuit
spontaneously. In contrast, lithium ions and electrons move back to anode during the
charge reaction and since this process is not a spontaneous reaction, electrical energy
is required for the reverse reaction to occur. Since the overall discharge and charge
undergoes the conversion of chemical energy to electrical energy, the entire reaction

４

of battery system is widely known as electrochemical reaction.
The electrochemical reaction of conventional Li-ion rechargeable battery
with graphite (anode) and LiCoO2 (cathode) during discharge/charge are expressed
as follow:
Anode reaction: LixC6 = xLi+ + xe- + C6
Cathode reaction: Li1-xCoO2 + xLi+ + xe- = LiCoO2

The energy that can be stored in a battery can be determined by the specific
capacity and the voltage. The specific capacity indicates the amount of electrons that
can be stored in anode/cathode per unit weight, and the voltage is determined by the
difference in Li chemical potential between the cathode and anode.

５

Figure 2.1 Schematic figure for the fundamental of Li-ion rechargeable battery with
graphite as anode (Negative electrode) and LiCoO2 as cathode (Positive electrode)15.

2.2.2 Lithium-oxygen batteries
Since the first report of polymer-electrolyte based Li-O2 battery by
Abraham et. al (1996), Li-O2 battery has been studied intensely16. The reactants of
Li-O2 system is O2 derived from air, which is an abundant resource and freely
available outside which makes the battery with one of the highest theoretical energy.
Li –O2 cells typically consist of metallic Li as the negative electrode, a porous air
electrode on the positive side and a Li+ conducting electrolyte which can be aqueous,
aprotic, a mixture of aqueous and aprotic, or solid-state. A simple schematic of Li６

O2 cell is shown in Figure 2.2. The working principle of Li-O2 battery simply
undergoes the diffusion of O2 from outside towards porous electrode and dissolves
into the electrolyte where it is reduced during the discharge reaction. In aprotic
electrolytes, the two possible reductions may proceed through the mechanisms listed
below1, 13.
2 Li + O2 → Li2O2 (total reaction)
Li → Li+ + e− (reaction at anode)
e– + O2 → O2- (reaction at cathode; ORR)
Li+ + e– → LiO2
2LiO2 → Li2O2(s) + O2 (g) (Chemical disproportionation)
LiO2 + e– → Li2O2(s) (Surface, 2nd reduction)

During the charge reaction, the reverse reaction occurs where O2 is released
from the positive electrode and the Li+ is plated back onto the metallic Li. Although
Li–air batteries have the energy storage advantages over many other rechargeable
system including other post-LiB, many challenges still remain. Li–O2 combines two
challenging electrodes, Li metal and O2. Li-metal electrodes have been investigated
for many years and still do not delivery the necessary cycle life due to inhomogeneity
of Li deposition/plating. Moreover, the electrochemical reaction of Li-O2 is often
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problematic since the first reduced species during the discharge is O2-, a well-known
nucleophile readily reacts with all of the battery components in Li-O2. Hence,
following issues must be considered in order to realize highly efficient Li-O2 battery:
1. Finding an aprotic electrolyte with good stability towards O2-;
2. Finding ways to minimize dendrite formation of Li metal;
3. Minimizing the carbon degradation which occurs during the charge (above 3.5 V
vs. Li/Li+)

Figure 2.2 Schematic figure for the fundamental of Li-O2 rechargeable battery8.

The former two is of central interest to this thesis. The severe side reaction
between battery components and the O2- produces electrically insulating products
(Li2CO3, etc) which ultimately affects the overpotential and cycle life over repeated
８

cycles1. Since the dissolved O2 in the electrolyte is reduced first during the discharge,
the energetics between solvent molecules and O2- is critical. In order to proceed a
comparative study for electrolytes with a good O2- stability, well simplified
experimental model system is essential. In this thesis, a comparative study of various
electrolytes has been conducted through qualitative and quantitative measurements
of Li2O2 in discharged cathode. The Li2O2 yield in the discharged cathodes dictates
the amount of reduced oxygen species (O2-) transformed to Li2O2 with respect to the
charge transferred during the discharge. Therefore, by quantifying the amount of
Li2O2, the stability of O2- towards the cell component can be investigated11. In general,
the majority portion of instability of O2- comes from the side reaction between O2and the surrounding solvent, numerous researches have been focused on finding a
new type of electrolyte, additives, etc1, 2, 8.

９

Chapter 3. Experimental section
3.1 Electrochemical analysis
The carbon air cathodes were prepared by the following sequence. A slurry
of Ketjen Black carbon paste and polytetrafluoroethylene (60 wt% emersion in water,
Sigma-Aldrich) with a mass ratio of 9:1 in a solution of isopropanol (>99.7%, SigmaAldrich) and N-methyl-2-pyrrolidone (99.5%, anhydrous, Sigma-Aldrich) with a
volume ratio of 1:1 was casted on Ni mesh current collectors. The carbon-coated Ni
mesh was dried at 70 °C for overnight in vacuum to completely remove any residual
H2O impurities and the solvent.
The Li–O2 cells were assembled using a Swagelok-type cell with Li metal
anode (300 µm and 20 µm thick), electrolyte soaked separators and carbon cathode
(1/2 diameter). The solvent used in this study was 1,4 dioxane (anyhydrous, 99%,
Sigma-Aldrich), n-pentane (anhydrous, 99%, Sigma-Aldrich), 1,2-Dimethoxyethane
(anhydrous, 99.5%, Sigma-Aldrich), cis-decahydronaphthalene (99%, SigmaAldrich), Tetraethylene glycol dimethyl ether (99%, Sigma-Aldrich) and N,NDimethylacetamide (99%, Sigma-Aldrich). The solvent without anhydrous label was
dried using 3-Å molecular sieves for over 1 week, and the salt (0.5 M LiTFSI) was
also kept in a vacuum chamber for the same time before use. The final water content
in the electrolyte was < 40 p.p.m. according to a Karl–Fisher titration measurement.
The amount of electrolyte used for the cell was 400 μl. Whatman Glass microfiber
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filter (GF/F) was used as separator. Electrochemical battery tests of the Li–O2 cells
were conducted using a potentio-galvanostat (WonA Tech, WBCS 3000, Korea). All
the cells were relaxed under 770 torr of O2 pressure at 40 degree Celsius for 1 h
before the tests. After being saturated with O2 gas, the cells were tested for its full
discharge and capacity cut cycle life tests.

3.2 Ex-situ structural analysis
3.2.1 X-ray diffraction
After gavanostatic measurements, the cathodes of 0.5 M LiTFSI in 1,4
dioxane were collected from disassembled Li–O2 cells and washed with 1,2Dimethoxyethane (>40 p.p.m., 99.8%, Sigma-Aldrich) in a glove box to remove any
residual electrolyte. X-ray diffraction spectra of the cathodes were obtained using a
Bruker D2-Phaser (Cu Kα λ = 1.5406 Å) with the aid of a specially designed airtight holder to prevent outer atmospheric contamination.

3.2.2 Field emission scanning electron microscope
The electrodes were disassembled from the Li-O2 cell and rinsed with DME
solvent in a glove box several times to remove any residual electrolyte. The
morphology of the discharged/charged cathodes and Lithium metal anode were
observed by Field-emission scanning electron microscopy (FE-SEM; SUPRA 55VP,
１１

Carl Zeiss, Germany). The air cathodes were coated with Pt in prior to the
characterization. The sample exposure to the air was minimized to prevent any
unwanted decomposition of the sample.

3.2.3 Fourier transform infrared spectrometry
Fourier

transform

infrared

(FTIR;

FTIR-4200,

JASCO,

Japan)

spectroscopy analysis was conducted through collecting carbon particles from the
carbon cathode and pelletizing the samples with KBr powder.

3.3 Differential Electrochemical Mass Spectroscopy
For the determination of gas evolution during charge, DEMS equipment
(HPR-20, Hiden Analytical) connected with a potentio-galvanostat was used. A
detailed description of DEMS setup and procedures are provided elsewhere17.

3.4 Quantitative analysis of discharge product
3.4.1 UV-vis spectroscopy
To qualitatively analyze the amount of Li2O2 in the discharge cathode,
UV–vis titration using UV–vis spectroscopy (Cary 5000, Agilent, United States)
was conducted. The experimental procedure was conducted as previously
reported18.
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3.4.2 Iodometric titration technique
To quantitatively analyze the yield of Li2O2, 2 mL of D.I water was injected
into the sealed vial using a disposable syringe. The vial contents were then
vigorously stirred for ~30 secs, after which the vial was opened and the formed base
(due to LiOH) was titrated with a standardized 0.005 M HCl solution (a drop of
phenolphthalein in isopropanol is used as the end-point indicator). After the base was
titrated, three reagents were added to the existing solution: 1 mL of 2 wt% KI in H2O,
1 mL of 3.5M H2SO4, and 50 µL of a molybdate-based catalyst solution. The
peroxide solution turns yellow upon reagent addition due to I2 formation, and the I2
is immediately titrated to a faint straw color using 0.01M NaS2O3. At this point, ~0.5
mL of a 1% starch indicator is added to the solution, which turns dark blue, and the
titration is continued until the solution turns clear.

１３

Chapter 4. Results and Discussions
4.1 Physical and Electrochemical properties of solvent candidates
In order to be used as typical Li electrolytes, the solvent candidates must
meet the following two major requirements: 1) a solvent must be at its liquid phase
within the operation temperature, 2) a solvent must be capable of dissolving Licontaining salt7. Figure 4.1 shows the B.P and M.P of the solvent candidates and it
is clear that for n-pentane, very low B.P makes it impractical for Li electrolytes. To
identify whether the solvent candidates could be the 2nd requirement, a simple
experiment has been conducted. One of the most commonly used Li salt, LiTFSI,
was chosen to see if the salt is soluble when mixed with the solvents.
Unfortunately, 0.1M LiTFSI in both n-pentane and cis-Decahydronaphthalene were
insoluble at room temperature. Similarly, 0.1M LiTFSI in 1,4 dioxane was
insoluble at room temperature, but with a slight increase in temperature up to 40°C,
clear solution up to 0.5 M LiTFSI in 1,4 dioxane could be achieved. However, both
n-pentane and cis-Decahydronaphthalene even at the temperature as high as 60°C
could not fully dissolve the salt as shown in Figure 4.1. Hence, it was concluded
that both n-pentane and cis-Decahydronaphthalene were inadequate to be used as
Li electrolyte and further investigations has only been focused on 1,4 dioxane.

１４

Figure 4.1 B.P and M.P of solvent candidates. Solubility check with 0.1M LiTFSI
in solvents at 60°C (right). Up to 0.5 M LiTFSI in Dioxane solution could be
prepared in 40°C.
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Further investigations on physical properties of 1,4 dioxane were conducted
and its comparison with the most commonly used solvent, TEGDME and DME is
shown in Figure 4.2. The advantage of 1,4 dioxane towards DME solvent is its higher
B.P. Therefore, a slightly higher thermal stability of 1,4 dioxane than that of DME is
expected. The major disadvantage of 1,4 dioxane could be its low ionic conductivity
of 0.51 mS cm-1. The characteristic of having low ionic conductivity may be due to
its low dielectric constant, which the low polarity of solvent molecules make it
difficult to dissociate the salt cations and anions7. However, the low ionic
conductivity value within the range of Ionic liquids, its feasibility towards Li-O2
system has been further investigated19, 20.
Figure 4.3 shows the electrochemical stability window of the electrolytes.
The shaded region indicates the operational voltage range of Li-O2 system and clearly,
no electrochemical reaction occurs within this range for all the three electrolytes.
Moreover, slightly higher oxidation potential of 1,4 dioxane (~4.78V vs. Li/Li+)
compared to that of the DME and TEGDME (~4.6 V vs. Li/Li+) which demonstrates
a higher electrochemical stability of 1,4 dioxane. Hence, both physical and
electrochemical properties of 1,4 dioxane with the comparison DME and TEGDME
demonstrates its practicality for Li-O2 system.

１６

Figure 4.2 Physical property comparison of 1,4 dioxane with the most commonly
used electrolytes in Li-O2 system.

Figure 4.3 Linear sweep voltammetry (LSV) performed using the Three-electrode
cell within the 0−5.0 V vs. Li/Li+ range at 1.0 mV s−1 at 40°C. Shaded region refers
to the salt decomposition20.
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4.2 Chemical and Electrochemical stability of Dioxane with Li metal
Previous reports has demonstrated that the electrolytes in Li-O2 are
susceptible to chemically react with Li metal5. Hence, many reported electrolytes
such as DMSO, DMA, MeCN are not suitable for Li metal based Li-O2 system if no
other additives such as LiNO3 salt or high concentrated lithium salt are employed21,
22

. Therefore, it is crucial to understand the chemical stability of electrolytes toward

Li metal for the realization of Li-O2 battery.
Figure 4.4 shows the photographs of Li metal immersed in 0.5 M LiTFSI
1,4 dioxane, DME and TEGDME electrolytes at 40°C. No sign of instant reactions
such as bubbles were observed when the Li metal were in contact with the 1,4
dioxane electrolyte. Furthermore, shiny Li metal surface was sustained even after 6
days of storage. Instead, the surface of Li metal started to darken when it was
immersed in 0.5 M LiTFSI TEGDME. Hence, 0.5 M LiTFSI Dioxane electrolyte has
shown to be relatively stable towards Li metal compared to that of TEGDME which
is one of the most commonly used electrolyte in Li-O2 battery.
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Figure 4.4 Photographs of Li metal immersed in 0.5 M LiTFSI Dioxane, DME,
TEGDME at 40°C over storage time.
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The stability of Dioxane towards Li metal was further examined under
electrochemical cycling of Li/Li symmetric cell using 0.5 M LiTFSI Dioxane
electrolyte, as shown in Figure 4.5. A larger polarization was observed for the
Dioxane-based electrolyte cell compared to that of the DME-based, expecting that
the lower ionic conductivity of Dioxane electrolyte is the major cause to such
phenomenon. Nevertheless, similar polarization was achieved for Dioxane
electrolyte compared to TEGDME. Moreover, short-circuit for TEGDME and DME
occurred much earlier of ~150 hours (60 cycles) and ~320 hours (130 cycles),
respectively. However, Li/Li symmetric cell with Dioxane based electrolyte has
shown superior cycling stability towards Li metal of over ~550 hours (230 cycles).
To examine if the superior stability towards Li metal of Dioxane based electrolyte is
solely from the effect of O2, Li/Li symmetric cell in both Ar and O2 atmosphere has
been observed for Dioxane electrolyte as shown in Figure 4.6. A smaller polarization
in O2 atmosphere was examined, and we expect that this effect is probably due to the
formation of larger content of Li2O, a well-known SEI layer which might have
positive effect towards polarization. The surface morphology of Li metal in
TEGDME and DME based cell was examined through SEM as shown in Figure 4.7.
Noticeably, a large amount of dendritic morphology of Li was formed over the entire
surface of the Li metal for TEGDME based cell, whereas a combination of mossylike Li and dendritic Li was formed in DME. These results indicate that the Dioxane
based electrolyte has superior stability towards Li metal, and opens up the possibility
for the use as electrolyte in all Li metal-based battery.
２０

Figure 4.5 Comparison of the voltage profiles of the Li/Li symmetric cell with 0.5
M LiTFSI TEGDME, DME and Dioxane.

２１

Figure 4.6 Comparison of the voltage profiles of the Li/Li symmetric cell with 0.5
M LiTFSI Dioxane in Ar and O2 atmosphere.

２２

Figure 4.7 SEM images of the surface morphologies of lithium metals in 0.5 M
LiTFSI TEGDME after 60 cycles, in 0.5 M LiTFSI DME and Dioxane after 130
cycles at a current density of 0.5 mA cm−2.

２３

4.3 Electrochemical profile and discharge product analysis of Dioxane
The electrochemical profile of Li-O2 cell using 0.5 M LiTFSI in Dioxane is
shown in Figure 4.8. The discharge and charge voltage profile shows typical
formation and decomposition of Li2O2. Clearly, a higher overpotential occurs during
the charging reaction indicating the sluggish kinetics of the decomposition reaction
of Li2O2 due to its insulating nature2.
Ex situ XRD and FTIR were performed to analyze the structural and
chemical composition of the discharge and charge product in Dioxane based Li-O2
cell. As shown in Figure 4.9, the reversible formation and decomposition of Li2O2 of
Li-O2 cell with Dioxane electrolyte clearly shows the reversibility of the system with
the main discharge product of Li2O2. FTIR spectra in Figure 4.10 shows the main
discharge product is Li2O2, though a slight sign of side product is observed14.
Morphological observation after discharge and charge of Dioxane based LiO2 cell was examined by FE-SEM and the clear toroidal Li2O2 formation and
decomposition during discharge and charge reaction is observed23. Hence, the
structural and morphological analysis shows the reversibility and the feasibility of
Dioxane electrolyte was confirmed.

２４

Figure 4.8 Electrochemical profile of Li-O2 cell using 0.5 M LiTFSI in Dioxane at
0.1 mA cm-2 at 40°C. The dotted line indicate the theoretical formation voltage of
Li2O2. Purple and Pink circles indicate the full discharge and full charged state of the
cell, respectively.

２５

Figure 4.9 Ex situ XRD patterns of Li–O2 cells using 0.5 M LiTFSI Dioxane: after
discharge, and charge.

２６

Figure 4.10 FTIR spectra of Ketjen Black cathode in 0.5 M LiTFSI in Dioxane
after discharge and charge under O2 between 2 and 4.5 V vs. (Li/Li+).

２７

Figure 4.11 FE-SEM images of the air electrode: pristine (a),and after discharge (b)
and re-charge (c) at the same magnification.

２８

4.4 Qualitative and Quantitative study of the discharged products
In order to understand the selectivity/stability of the discharge process in
Dioxane based electrolyte, qualitative and quantitative studies has been performed
using UV/Vis spectroscopy and Iodometric titration technique, respectively. Alkalimetal peroxides and super oxides react with water to form hydrogen peroxide as
follows18:
Me2O2 + 2H2O - 2MeOH + H2O2
2MeO2 + 2H2O - 2MeOH + H2O2 + O2
In order to analyze the yield of Li2O2 from a discharged cathode, an aqueous
solution of Ti(IV)OSO4 was used as previously reported 18. Soaking the dischargd
cathode in H2O will form H2O2 and hence the formation of H2[Ti(O2)(SO4)2]
complex, the former colorless solutions turn yellow with absorbance at around 407
nm18. By immersing discharged cathodes of various electrolyte at the same state of
discharge into the test solution, the yield of discharge product Li2O2 can be
qualitatively analyzed using the absorbance of UV/vis spectra. As shown in Figure
4.12, the amount of Li2O2 produced at fixed discharge capacity (1.0 mAh) was
highest in DME, and lowest in TEGDME indicating Dioxane having relatively stable
reactivity towards O2- compared to those of the already reported electrolytes for LiO2 cell.
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Iodometric titration was conducted to quantify the precise yield of Li2O2 for
Dioxane electrolyte during the discharge with the comparison of DME and
TEGDME. There is a similarity between the UV/vis spectroscopy method and the
iodometric titration technique which both quantifies the amount of hydrogen
peroxide after reacting Li2O2 with water. The experimental scheme is shown as
follows:
Li2O2 + 2H2O → 2LiOH + H2O2
H2O2 + 2KI + H2SO4 → I2 + K2SO4 + 2H2O
I2 + 2Na2S2O3 → Na2S4O6 + 2NaI
Iodine can then be titrated using a standardized sodium thiosulfate
(Na2S2O3) solution and the titration of Li2O2 powder (Alfa Aesar, ~95% purity) was
performed in prior to the actual experiment. The detected amount of Li2O2 in the
commercial Li2O2 powder was around ~92% (± 2.5%) which indicates the realibility
of such method for Li2O2 quantification.
The yield of discharge product Li2O2 in DME, Dioxane and TEGDME
measured using iodometric titration is shown in Figure 4.13. The mean value of each
Li2O2 yield was obtained through 3 repeated trials, and the mean value of DME,
Dioxane and TEGDME were 73%, 69% and 64%, respectively. The two titration
techniques indicate that the Dioxane electrolyte yields comparable amount of Li 2O2
during the discharge18. In fact, DME electrolyte has been reported to achieve the
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highest Li2O2 yield so far in organic based electrolytes. The comparable yield of
Li2O2 obtained in Dioxane electrolyte indicates relatively stable electrolyte towards
reduced oxygen species (O2-) and feasible to be used for Li-O2 cell.
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Figure 4.12 UV–vis spectra for qualitative analysis of the Li2O2 yield in DME,
Dioxane, TEGDME. Yellow dotted line indicates the [Ti(O22-)]2+ complex due to the
presence of H2O2 (~407nm)18.
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Figure 4.13 The yield of Li2O2 as measured by iodometric titration in different
electrolytes. The yield is presented as the percentage of the expected theoretical
amount on the basis of the e- passed. Data are represented as mean ± standard
deviation.
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Further investigations on quantifying the side-products after the discharge
for DME, Dioxane and TEGDME has been performed as shown in Figure 4.14. By
adding H3PO4 solution into the closed vial with discharged cathodes, CO2 evolves
from carbonate (Li2CO3) at very acidic condition (CO32- → HCO3- → CO2) and the
quantification of CO2 evolution directly refers to the side-products formed during the
discharge due to the nucleophilic attack of the O2- towards electrolytes6. Hence, CO2
evolution via acid treatment has long been studied previously6, 11. Figure 4.14 shows
the CO2 evolution after acid treatment of discharge cathodes in DME, Dioxane and
TEGDME and the amount of CO2 evolved shows a good agreement with the result
from titration of Li2O2.
The overall formation of Li2O2 and side-products (Li2CO3) has been further
confirmed through in situ DEMS. Since the DEMS analysis of O2 and CO2 evolution
is detected while the operation of Li-O2 cell occurs, the decomposed amount of both
Li2O2 and side-products during the charge can be obtained. Figure 4.15 shows the
DEMS analysis of DME, Dioxane and TEGDME during the charge and the ratio of
O2 to CO2 matches well with the previous quantification results. The systematic
experimental results indicate that the Dioxane electrolyte are one of the promising
electrolyte for the Li-O2 system with a higher amount of Li2O2 and lesser amount of
side-products (Li2CO3) formed during the discharge compared to the widely used
TEGDME electrolyte.

３４

Figure 4.14 Direct comparison of the CO2 evolution from decomposition of
Li2CO3 (formed from decomposition of the electrolyte). H+ indicates the time
H3PO4 added and the evolve gas is CO2 from Li2CO3.
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Figure 4.15 In situ DEMS analyses using Dioxane, DME and TEGDME.
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4.6 Cycle performance of Dioxane electrolyte in Li-O2 cell
To verify the performance of Dioxane electrolyte in Li-O2 cell, cycle test of
Li-O2 cells with DME, Dioxane and TEGDME were subjected to constant-current
discharge/charge at limited capacity of 500 mAh g-1. As shown in Figure 4.16, a
slightly larger overpotential were observed in Dioxane electrolyte compared to
TEGDME and DME which presumably due to its lower ionic conductivity and not
due to the amount of side-products during the discharge. The cycle performance of
Dioxane electrolyte achieved a similar cycle life of ~15 cycles to that of 12, 11 cycles
for DME and TEGDME, respectively. We expected that the cycle degradation
occurred solely from the cathode side, since the lower utilization of Li (~1%) to that
of cathode (~10%) seemed to be stable at earlier cycles in our Li/Li symmetric cell
experiment. Hence, rebuilt cell with a fresh Li metal for all the electrolytes were
performed as shown in Figure 4.17. Severe cycle degradation without achieving a
full capacity at the 1st cycle indicated that the cycle death from the previous cells
were solely due to the cathode passivation. As shown in Figure 4.18, the possible
reason behind the cycle degradation might be due to accumulation of partially
decomposed side-products upon cycling and therefore, we believe that the design of
stable electrolytes towards reduced oxygen species must be carried on for the
realization of Li-O2 battery.
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Figure 4.16 Cycling curves and capacity retention of DME, Dioxane and
TEGDME Li-O2 cell. a,b,c Galvanostatic discharge/charge cycles recorded in 0.5M
LiTFSI in DME, Dioxane and TEGDME at 0.1 mA cm-2. d,e,f Capacity retention
for the same cell as in a,b,c
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Figure 4.17 Cycling curves of DME, Dioxane and TEGDME Li-O2 cell. Rebuilt with
a fresh Li metal.
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Figure 4.18 FE-SEM images of the air electrode: pristine (a),and after discharge
(b) and after 15 cycles (c) at the same magnification.
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Chapter 5. Conclusion
In conclusion, the electrolyte for the Li-O2 battery has been systematically
studied by understanding the stability of electrolyte towards Li metal and the cathode.
We suggest that the 1,4 dioxane based electrolyte to be one of the promising
electrolyte for Li-O2 system. From the chemical and electrochemical test for Li metal
stability, the superior stability of Dioxane electrolyte towards Li metal (over ~550
hours; 230 cycles) were observed. For the structural and morphological analysis,
both XRD, FTIR revealed the reversible formation and decomposition of Li 2O2 in
Dioxane electrolyte were observed and toroidal-Li2O2 were observed from FE-SEM.
Both qualitative and quantitative analysis of the discharge product, both Li 2O2 and
side-product were determined through UV/Vis spectroscopy, Iodometric titration
technique, Mass Spectroscopy of CO2 evolution after acid treatment and in situ
DEMS analysis revealed that the relatively stable towards O2- of Dioxane electrolyte
were observed.
Although few disadvantages of Dioxane electrolyte such as low ionic
conductivity and higher operation temperature (40°C), Dioxane based Li-O2 has
shown comparable performance to that of currently used electrolytes in Li-O2. With
the capability of operating at a larger voltage window, and the remarkable stability
towards Li metal, Dioxane electrolyte opens up a new possibility as electrolyte for
highly efficient Li-O2 battery with good Li metal and O2- stabilty.
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국문요약
최근 전 세계적으로 환경 문제에 대한 관심이 커지는 만큼
지구온난화를

해결할만한

에너지

시스템이

큰

관심을

받고

있다.

휴대성과 고용량의 두 가지 요소를 해결해주는 차세대 배터리 개발에
대한 관심도 커짐에 따라 기존 리튬 이온 기반의 배터리를 대체할 수
있는 배터리 시스템 중 리튬-공기 전지가 큰 관심을 끌고 있다.
리튬/공기 전지는 높은 이론 용량으로 미래 에너지 응용 분야에서 가장
큰 가능성을 가지고 있다7. 그러나 높은 과전압, 배터리 수명 저하 등
많은 문제들이 제기되어 왔다2, 3, 5, 6, 14. 특히 리튬-공기 전지의 전기화학
반응 중 생성되는 활성 산소(O2-)의 화학적 불안정성으로 인해 전지의
성능이 저하되는 문제는 현재까지도 해결되지 않은 문제로 대두되고
있다. 또한 리튬-공기에서 필히 사용되는 음극인 리튬 금속과 전해질의
불안정성 또한 반복적 사이클을 견디지 못하고 수지상 성장을 일으킨다.
이러한 문제점들을 극복하기 위하여 본 연구에서는 안정하고 부반응이
적은 새로운 리튬-공기용 전해질 후보군들을 제안했다.
본

연구는

화학적과

전기화학적

접근을

통해

새로운

유계전해질과 활성산소(O2-) 및 리튬 금속에 대한 안정성을 실험적으로
검증하였으며, 리튬-공기용 전해질로써의 그 실현 가능성을 검토하였다.
비교군들과의 결과를 비춰보았을 때, 본 연구에서 제안하는 전해질은
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높은 리튬 금속과의 안정성을 보였으며, 높은 수율의 과산화리튬을 통해
활성 산소와의 안정성을 밝혀냈다. 또한, 그 수준이 현재 보고된 리튬공기 전지용 전해질과 유사한 수준을 보이는 것을 검증했다. 그럼에도
불구하고,

반복적

사이클에서는

완전히

분해되지

않은

부반응의

축적으로 기존 리튬-공기 전지용 전해질과 동일한 원인에 의해 수명이
다하는 것을 확인할 수 있었다. 따라서, 본 연구를 통해 안정한
전해질을 찾는 것이 매우 중요하다는 것을 제기하였으며, 앞으로도
지속적인 안정성 연구를 통해 리튬-공기 전지를 실현하는 날이 올
것이다.
주요어: 리튬-공기 전지, 유계 전해질, O2- 안정성, 리튬 금속과의 안정성
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