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ABSTRACT: The long-term operation of Li−O2 batteries under full discharge/
charge conditions is investigated in a glyme-based electrolyte. The formation of stable
interfacial layer on the electrode surface during the initial cycling stabilizes reaction
products at subsequent cycling stages as demonstrated by quantitative analyses of the
discharge products and the gases released during charging. There is a quick switch
from the predominant formation of Li2O2 to the predominant formation of side
products during the first few cycles. However, after the formation of the stable
interfacial layer, the yield of Li2O2 in the reaction products is stabilized at about 33−
40%. Extended cycling under full discharge/charge conditions is achievable upon
selection of appropriate electrode materials (carbon source and catalyst) and cycling
protocol. Further investigation on the interfacial layer, which in situ forms on air
electrode, may increase the long-term yield of Li2O2 during the cycling and enable
highly reversible Li−O2 batteries required for practical applications.

KEYWORDS: Li−O2 battery, rechargeability, carbon nanotubes, Li2O2, cyclability

1. INTRODUCTION

High-density energy storage systems have been intensively
investigated worldwide in recent years in response to the
increased need for long-range electric vehicle and large scale
renewable energy applications. Conventional Li-ion batteries
still cannot fully satisfy these ever-increasing needs because of
their limited energy density, high cost, and safety concerns. As
an alternative, the rechargeable Li−O2 battery has been widely
recognized as a promising candidate for the next generation
energy storage systems.1 The theoretical energy density of a
Li−O2 battery is ∼3500 Wh kg−1 (including the mass of Li2O2
as a discharge product), which is significantly higher than many
other battery systems.2 However, a rechargeable Li−O2 battery
suitable for practical applications has not been realized since the
concept was first reported by Abraham and Jiang in 1996.3 The
most critical barrier in the development of practical Li−O2
batteries is decomposition/side reactions on the electrode/
electrolyte interface. Reduced oxygen (O2) species generated
during the operation of the Li−O2 battery

4 are highly reactive
with nearly every component inside the battery, and they lead
to insoluble lithium alkyl carbonates and Li2CO3.

5−7 Although
glyme-based solvents are more stable than carbonate-based
solvents, they also exhibit clear degradation during the
discharge/charge processes in an O2-rich environment.8−10

Other less commonly used solvents also exhibit various degrees
of degradation when used in Li−O2 batteries.

10−13 In addition

to solvents, most lithium salts also are prone to decomposition
in the Li−O2 battery environment as revealed by several recent
studies.14−16 Moreover, carbon-based air electrodes have been
found to be reactive both chemically and electrochemically
during Li−O2 battery operation.17−20 Bruce and co-workers
reported that a carbon electrode undergoes minor decom-
position during discharge while exhibiting severe decomposi-
tion during the charging process above 3.5 V with the
formation of Li2CO3 which partially decomposed to release
CO2 during subsequent charging process.19 In addition to
carbon decomposition, other components of the cathode, such
as the catalyst or binder, also may contribute to the degradation
of the electrode/electrolyte interface.21−23

Although the decomposition pathways for common electro-
lytes and carbon electrodes have been suggested and
decomposition products were well characterized, several groups
reported stable discharge/charge of Li−O2 batteries for 50−100
cycles.24−26 Such cycling is typically realized under certain
conditions, such as capacity-limited cycling (which often uses
less than 10% of the full discharge capacities). Except for a few
cases (e.g., when nanoporous gold or TiC were used as air
electrodes),27,28 most Li−O2 batteries reported today can retain
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less than 50% of the original capacity after ∼10 cycles when
they are fully discharged. Another common issue in literature
reports on the rechargeable Li−O2 batteries is a lack of
comprehensive characterization. Some of methods suitable for
bulk analysis are difficult to be used to analyze the small
amounts of products generated during discharge of the cycled
electrodes, which typically have low loadings. In some cases, the
highly reversible Li−O2 batteries have been claimed based on
capacity-limited protocols and the presence of Li2O2 identified
during the first few cycles, although there is no further
experimental support that the similar amount of Li2O2 is also
generated during the long-term cycling. On the other hand, the
reversibility of Li−O2 batteries is often reported based on
qualitative information rather than quantitative analysis of
Li2O2. To address this problem, McCloskey et al.20 recently
reported an accurate quantitative analyses of the reaction
products produced during the first discharge/charge cycle in a
1,2-dimethoxyethane (DME)-based electrolyte. In another
study, Ottakam et al.19 showed an increasing amount of
Li2CO3 in discharge products over the first five cycles of battery
operation. However, detailed analyses of the reaction products
of Li−O2 batteries during long-term, full capacity cycling as well
as the conditions needed to achieve this long-term cycling have
not been described in the literature.
In this work, we investigated the conditions that lead to long

cycle life of Li−O2 batteries. Contributions from both desired
Li−O2 reactions and undesired side reactions to the total
capacities are analyzed with quantitative support during
extended cycling. The interplay between the yields of Li2O2
and the side products produced during cycling is discussed in
relation to the changes on the electrode/electrolyte interface.
The origin and role of the side products and their
decomposition conditions are also analyzed.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Tetraethylene glycol dimethyl ether (tetraglyme),

1,2-dimethoxyethane (DME), lithium trifluoromethanesulfonate
(LiTf) were ordered in battery grade from BASF. Lithium chips
were obtained from MTI Corporation. These chemicals were stored in
an Ar-filled glovebox (MBraun). Carbon nanotubes (CNTs, SWCNT/
DWCNT, >90%) were purchased from CheapTubes. Ruthenium(III)
chloride, sodium dodecyl sulfate (SDS), and glycerol were ordered
form Sigma-Aldrich and used as received. Lithiated Nafion (Lithion)
was purchased from IonPower.
2.2. Preparation of CNTs/Ru Nanocomposites. Dispersed

CNTs were decorated with Ru nanoparticles by thermal reduction
of RuCl3 in the glycerol/H2O mixture. CNTs are commonly dispersed
in aqueous solutions through a carboxylation step.29 However,
application of carboxylated CNTs was found to significantly decrease
the discharge capacity of the CNTs/Ru electrodes, apparently because
carboxylation required a strong oxidizing acidic medium and resulted
in chopping of CNTs,29 thereby decreasing the active surface area of
the final CNTs/Ru composite. Instead, solubilization of CNTs was
effectively done using SDS.30

The method for the preparation of CNTs/Ru composite was
adopted from the literature.30,31 CNTs (200 mg) were dispersed in the
solution of 50 mg SDS in 35 mL of deionized water under mild
sonication (15 min). Next, 105 mL of glycerol/water mixture (3:1
volume ratio) was added and the suspension was subjected to
additional mild sonication (30 min). A solution of RuCl3 (400 mg) in
80 mL of a glycerol/water mixture was prepared in another flask and
added dropwise to the stirred suspension of CNTs. After that, the
mixture was subjected to reflux for 5 h. The CNTs/Ru composite was
collected by filtration on a Buchner funnel followed by washing with
deionized water and drying in oven at 100 °C.

2.3. Electrode Preparation, Battery Assembly, and Testing.
CNTs or CNTs/Ru powder (20.0 mg) was dispersed in 1.00 g of a 10
wt % solution of Lithion in methanol with the help of a homogenizer.
The prepared slurry was evenly deposited on a 5 cm × 10 cm sheet of
Teflon treated carbon paper (Toray, TGP-H-030) serving as the gas
diffusion layer and current collector so that the total loading of CNTs
or CNTs/Ru was about 0.4 mg cm−2. Electrode disks with loading of
about 0.6 mg (i.e., disk rea of 1.6 cm2) were die cut and dried in a
vacuum oven at 80 °C for 24 h.

Batteries were assembled in perforated coin cell stainless steel cases
(CR2032) inside the Ar-filled MBraun glovebox. Carbon paper faced
the perforated side of the cell and the active layer faced the Celgard
2500 separator. One piece of glass fiber separator (GF/B, Whatman)
soaked with 300 μL of electrolyte (1.0 M LiTf in TEGDME) was
placed on top of the Celgard membrane so that the membrane
prevented glass fibers from sticking to the active layer. Li foil was used
as an anode.

The assembled batteries were tested in airtight Teflon containers
filled with ultrahigh purity O2 (1 atm) at a constant current density of
0.10 mA cm−2 (0.16 mA per electrode disk). In our tests, the low limit
of discharge voltage was set at 2 V where the Li−O2 battery normally
reaches its fully discharged state. The charge capacity was controlled to
be equal to the discharge capacity so the reversibility of the each cycle
was well-defined. The charging voltage typically did not exceed 4.5 V
and no corrosion of the stainless steel battery case was observed. One
possible reason for the absence of corrosion is the formation of the
passivation film on the stainless steel case by the decomposition of
ether-based electrolyte at voltages higher than 4 V.

2.4. Characterizations. All batteries were tested on an Arbin BT-
2000 battery tester. After a certain number of cycles, the batteries were
stopped in both discharged and charged states, disassembled inside the
Ar-filled glovebox, and the electrodes were collected for analyses. To
measure the current yield of Li2O2 (i.e., the fraction of current that
accomplishes the formation of desired Li2O2 in the discharged
electrodes), iodometric titration was used.32 This method was recently
proposed by McCloskey et al.20 as an accurate technique and the
details can be found in their report. Titration of the discharged
electrodes was conducted within 1−2 h after the discharge to avoid
aging of the electrodes because Li2O2 may slowly react with the
electrolyte.16,20,33 Also, the electrodes were not washed with DME to
avoid loss of Li2O2. The presence of electrolyte salt was shown to have
no effect on the titration results.20 For the microscopic study, the
electrodes were gently washed with three portions of DME to remove
the electrolyte. Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS) measurements were conducted
using FEI Quanta 3D FEG and JEOL 5900 instruments. Transmission
electron microscopy (TEM) work was performed with an FEI Titan
environmental transmission electron microscope (FEI, Hillsboro, OR,
U.S.A.) operated at 300 kV and equipped with Cs-corrected field
emission gun, which allows 0.1 nm resolution in high-resolution mode.
Samples were loaded onto a normal TEM carbon grid.

Cyclic voltammetry (CV) was conducted with a CHI 604D
potentiostat in a one-compartment cell (three-neck, pear-shaped flask)
using a three-electrode configuration with Ag/Ag+ as the reference
electrode (0.40 V vs standard hydrogen electrode) and a Pt foil as the
counter electrode. Special care was taken to avoid moisture by placing
the cell in the N2-filled glovebox, and ultrahigh purity O2 was
continuously bubbled during the CV scans. Polished and dried glassy
carbon strips and Ru-coated glassy carbon strips were used as working
electrodes. Thin Ru films (10 nm) were deposited by DC reactive
magnetron sputtering using a Mighty Mak cathode (MEIVAC) as the
sputtering source and 99.9% pure Ru disk as the target. Deposition was
performed in 100% Ar at 0.47 nm s−1 rate.

Mass spectroscopy of the gases evolved during the battery charging
was tested in situ using an SRS RGA 200 instrument with helium as
the carrying gas. Calibration was performed using 10, 100, and 200
ppm gas standards. Details were reported in the earlier report.7 X-ray
photoelectron spectroscopy (XPS) spectra were recorded with a
Physical Electronics Quantera scanning X-ray microprobe. Ru 3d
peaks at 284.0 and 280.0 eV were used for referencing the spectra
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together with F 1s peak of Lithion at 689.5 eV. The X-ray diffraction
(XRD) pattern of the CNTs/Ru composite was recorded using a D8
Advance X-ray diffractometer (Bruker AXS, Inc.). Details for XPS and
XRD measurements can be found in our previous report.34

3. RESULTS AND DISCUSSION

3.1. CNTs/Ru Composite. The selection of materials for
fabricating the air electrode significantly impacts the cycling
performance of Li−O2 batteries. Carbon nanotubes (CNTs)
are expected to be less reactive than high-surface-area
mesoporous carbons (e.g., Ketjenblack) that have highly
functionalized surfaces. Also, CNTs form an open network
with a microporous structure, which simplifies morphological
characterization. In a number of recent studies, ruthenium (Ru)
and its oxygen-containing compounds were shown to be
efficient catalysts for the oxygen evolution reaction
(OER).35−37 In the present study, CNTs decorated with Ru
nanoparticles (i.e., CNTs/Ru nanocomposite) were mixed with
lithiated Nafion (Lithion) to prepare air electrodes that then
were used to examine the reversibility of Li2O2 formation/
oxidation in a glyme-based electrolyte during the extended
cycling of Li−O2 batteries.
Morphology of the as prepared CNTs/Ru air electrode

demonstrates uniform distribution of Ru nanoparticles in the
CNTs network (Figure 1a). EDS analyses of wide areas reveals
46 wt % of Ru in the electrode (Figure 1b). Ru nanoparticles
observed with SEM have an average diameter of ∼20 nm

(Figure 1a). However, TEM indicates that these nanoparticles
are actually aggregates of many smaller Ru nanoparticles with
an average diameter of 2 nm (Figure 1c, d). High-resolution
TEM of a single Ru nanoparticle in the inset of Figure 1d
shows the [110] zone projection of the Ru crystal; the red dots
in the inset show the atomic column positions in the model.
The distance between the atomic columns in the horizontal
direction is 2.36 Å. The presence of Ru in CNTs/Ru composite
is also confirmed by the X-ray diffraction (XRD) pattern (see
Figure S1 and corresponding text in Supporting Information).

3.2. Battery Performance. Voltage profiles of the Li−O2

battery using the CNTs/Ru electrode and 1.0 M lithium
trifluoromethanesulfonate in tetraethylene glycol dimethyl
ether (LiTf-tetraglyme) as the electrolyte are shown in Figure
2a. The cycling protocol was designed to fully utilize the
maximum discharge capacity of Li−O2 batteries and achieve
efficient oxidation of discharge products. Discharge was run
until a voltage drop was observed with the cutoff at 2.0 V, while
charging was continued until the capacity reached the value
recorded during the exactly previous discharge step. The
battery retained 64% of its initial capacity after 50 full cycles. It
is also worth noting that, in the present work, running 50 cycles
typically took a month. This is a reasonably long time when
compared to measurement times reported by other groups,
which typically are only a few days because of either intentional
limitation on the capacity or the intrinsic limitation of the air
electrode.27,28 This is a remarkable result for a carbon-based

Figure 1. As prepared CNTs/Ru composite. (a) SEM image; (b) elemental composition by EDS; (c, d) TEM images at different magnifications;
inset in d shows the high-resolution TEM image of a sinlge Ru nanoparticle.
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electrode cycled under full discharge/charge conditions.
However, the prolonged cycling shown in Figure 2a may not
represent fully reversible Li−O2 reactions. Instead, it could be
the result of more efficient decomposition of both Li2O2 and
the side products during the charging process. As can be seen
from Figure 2a, the charging voltage plateau remains almost
unchanged as cycling proceeds, and most of the charging
happens within the range 4.1−4.3 V. Also, a steep increase of
voltage is observed at the end of the charging process during
the first five cycles. When a constant current was used during
the charging process, anodic decomposition of electrolyte
normally occurs at a constant voltage plateau.38 Therefore, a
steep increase in the charging voltage indicates the ending point
of the decomposition of the discharge products. It should be
noted that some of the discharge products, such as Li2CO3, are
decomposed at a voltage higher than 4.3 V and CO2 is
released.20 In addition to the CNTs/Ru electrodes, as a
comparative study, we examined the performance of a Li−O2

battery using a bare CNTs electrode without the Ru catalyst.
Comparing parts a and b of Figure 2, it can be seen that the air
electrode containing Ru nanoparticles exhibits a charging
voltage 200−300 mV lower than that of the electrode without
Ru nanoparticles (e.g., see Figure 2c for direct comparison of
the voltage profiles recorded for the fifth cycle), indicating that
Ru does promote the oxidation of discharge products. A slight
increase in the discharge voltage for the electrode without Ru
catalyst can be attributed to the higher CNTs loading (CNTs/
Ru electrodes contained 46 wt % of Ru). Figure 2d indicates
better capacity retention for the electrode with Ru nano-

particles because of the more efficient decomposition of the
side products during the charging step.

3.3. Analysis of Discharge and Charge Products.
Several studies have shown that Li2O2 forms toroidal or disk-
shaped particles in discharged electrodes. This characteristic
morphology is mostly related to the current density and seems
to be irrelevant to electrolytes and carbon materials used for
electrode fabrication.39 With the help of TEM, the morphology
of the discharge products formed during the first few shallow
(i.e., capacity-limited) cycles also has been reported.18 The
main objective of the present study is to reveal the
morphological evolution of discharge products formed during
the extended cycling of the Li−O2 battery with the LiTf-
tetraglyme electrolyte. Figure 3 shows SEM images of the
discharged CNTs/Ru electrodes at different cycle numbers.
The pristine CNTs/Ru electrode has an abundance of Ru
nanoparticles (Figure 3a). As shown in Figure 3b, toroidal
particles with a more or less regular shape and an average
diameter of 500 nm are observed after the first discharge.
Careful analysis of the discharged electrode also reveals the
presence of other minor nanostructures such as needle-like and
plate-like crystallites (see Figure S2 and corresponding text in
Supporting Information). There is a drastic change in the
morphology of the discharge products from toroidal particles to
a dense and smooth layer as soon as after the second discharge
(Figure 3c−h). The layer is semitransparent to the electron
beam as Ru nanoparticles and CNTs contours can be seen. The
thickness of the layer varies from area to area, but it always
forms a dense deposit without any distinct morphological
features. It is important that, despite the obvious morphological

Figure 2. Voltage profiles of the cycled batteries with (a) CNTs/Ru electrodes and(b) CNTs electrodes. (c) Comparison of the 5th cycle voltage
profiles recorded for the bateries with CNTs/Ru and CNTs electrodes. (d) Cycling performance of the batteries with CNTs/Ru electrodes and
CNTs electrodes. The electrolyte is LiTf-tetraglyme. Capacity is calculated per total weight of CNTs and Ru for CNTs/Ru electrodes and per CNTs
weight for CNTs electrodes.
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changes in the very beginning, the character of the discharge
products deposit does not change with further cycling.
After charging, almost all of the porosity of the electrodes is

restored, and they are similar in appearance to the pristine
electrode (Figure 4). This means that toroidal particles
observed after the first discharge as well as the dense deposits
of discharge products observed for subsequent cycle numbers
are effectively decomposed, and thus, the discharge can be run
for the next cycle. However, a closer look at the CNTs reveals
changes on the surfaces even after the first charging (insets in
Figure 4). The pristine CNTs have a smooth surface and bright
spots corresponding to Ru nanoparticles (Figure 4a inset). The
charged electrodes exhibit rough layers with grain-like
morphologies as shown in the insets of Figure 4b−h. It has
been reported that mesoporous carbons undergo severe
decomposition during charging;19,20 therefore, it is reasonable
to assume that the observed layers could be a result of
degradation of the CNTs as well as some deposits from
electrolyte decomposition. High-resolution TEM imaging

reveals a variety of crystalline particles of side products in
networks of the CNTs and thin crystalline deposits on the
surface of the CNTs in some areas (Supporting Information
Figure S3).
We used X-ray photoelectron spectroscopy (XPS) to further

analyze residues on the charged electrodes (Figure 5). The
pristine electrode shows two Ru peaks at 284.0 (Ru 3d3/2) and
280.0 (Ru 3d5/2) eV

40 in addition to the C−F (C 1s) peak for
Lithion at 292.9 eV41 (Figure 5a). The former peak has a high
energy shoulder due to the presence of CNTs. The latter peak
is slightly shifted from the C−F peak for PTFE, which typically
is observed at 292.5 eV42 to 292.9 eV because of oxygen-
containing groups present in the structure of Lithion.43 In
addition to these peaks, the C 1s spectra of charged electrodes
demonstrate a series of peaks at 289.7, 287.5, and 285.5 eV
(with slight shifts from sample to sample), which correspond to
the observed layers on CNTs. The first group of peaks around
289.7 eV corresponds to CO-containing species (i.e.,
carbonates,44 lithium formate,45 and lithium acetate45), the

Figure 3. SEM images of (a) pristine electrode and discharged CNTs/
Ru electrodes after (b) 1st, (c) 2nd, (d) 3rd, (e) 5th, (f) 10th, (g)
20th, and (h) 50th cycles in LiTf-tetraglyme electrolyte.

Figure 4. SEM images of (a) pristine CNTs/Ru electrode and charged
CNTs/Ru electrodes after (b) 1st, (c) 2nd, (d) 3rd, (e) 5th, (f) 10th,
(g) 20th, and (h) 50th cycles in LiTf-tetraglyme electrolyte.
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second group of peaks around 287.4 eV corresponds to C-O-
containing species,46−48 and the third group of peaks around
285.5 eV corresponds to C-H-containing species such as CH3-
group of lithium acetate.45 Carbon electrodes decompose with
the formation of carbonates17−20 and cannot result in the
second and third groups of peaks. Therefore, we believe that
the layer on the CNTs mostly corresponds to the residue of the
side products generated from decomposition of the electrolyte.
However, we also observe that there is a consistent growth of
the CO (C 1s) peak with cycling and a consistent shift of the
peak in the O 1s region from 535.0 eV (Lithion41) to lower
binding energies (Figure 5b), both indicating the growing
contribution from CO-containing species as cycling
proceeds. The F 1s spectra (Figure 5c) show a C-F peak for
Lithion at 689.5 eV43 and a LiF peak at 685.2 eV49 from the
decomposition of LiTf, which is the electrolyte salt.14 The
broad peak at ∼55.7 eV in Li 1s spectra (Figure 5d) should be a
result of superposition of lithium carbonates, lithium alkyl
carbonates, lithium formate, lithium acetate, and LiF. It can be
concluded from the XPS data that the observed deposits on the
surface of CNTs after charging correspond to the residues of
side products from the electrolyte decomposition with apparent
contributions from the decomposition of CNTs.
Analysis of the thin layer remaining on the surface of CNTs

after charging is of great importance because it switches the
discharge from the predominant formation of Li2O2 to the
predominant formation of side products as quantitatively
shown below. The ratio of Li2O2 and the reaction side
products reaches a stable value after the formation of this
interfacial layer on the surface of CNTs. This clearly indicates
the significance of interface in regards to the electrolyte
stability. If this interfacial layer can promote decomposition of
the electrolyte, one may expect that some other interfacial

chemistry (e.g., noncarbon electrodes or modified carbon
electrodes) may suppress it.
Although there are a variety of available spectroscopic

methods to analyze discharge products in Li−O2 batteries
(XPS, FT-IR, XRD, etc.), they are not very quantitative. The
aim of the present study is to quantify the contribution from
desired reversible formation/oxidation of Li2O2 during the
extended cycling. McCloskey et al. recently reported using
iodometric titration of H2O2 to measure mg quantities of
Li2O2.

20 This method was used in the present work and the
results from control tests with commercial Li2O2 are provided
in Supporting Information. Unfortunately, adding deionized
water to the discharged CNTs/Ru electrodes caused
disproportionation of peroxide with severe O2 bubbling instead
of the quantitative conversion of Li2O2 to H2O2 that is
necessary for the titration. On the other hand, the discharged
CNTs electrodes did not show disproportionation of peroxide,
and the titration could be accomplished, indicating that Ru
nanoparticles catalyze disproportionation of H2O2. The
titration data for the discharged CNTs electrodes are
summarized in Table 1. There is 70% current yield of Li2O2
(meaning that 70% of the charge passing through the cell was
used to form Li2O2) after the first discharge but only 49 and
40% yields after the second and the third discharges,
respectively. Interestingly, subsequent cycling up to the 50th
cycle has little effect on the yield of Li2O2, which is consistent

Figure 5. XPS results for the pristine and charged CNTs/Ru electrodes scanned in a) C 1s and Ru 3d, b) O 1s, and c) F 1s and d) Li 1s regions.

Table 1. Current Yield of Li2O2 in the Discharged CNT
Electrodes Collected after Various Cycles

cycle no. 1st 2nd 3rd 5th 10th 20th 50th

Li2O2 yield, % 70 49 40 33 33 42 40
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with the absence of any morphological changes as discussed
earlier. This means that there is a drastic change in the
discharge pathway only at the beginning of battery cycling,
followed by the stabilization of the discharge pathway.
Mass spectroscopy was used for in situ analysis of the gases

released during the charging process of the batteries, and the
results are shown in Figure 6. As a control, the battery that was
not discharged was subjected to dummy charging (Figure 6a).
In this case, the charging voltage quickly exceeds 4.5 V and
forms a plateau at about 4.55 V, corresponding to anodic
decomposition of the electrolyte. This is accompanied by a
release of only a small amount of CO2. On the other hand,
charging the actual cells at various cycle numbers results in a
significant CO2 release, while the voltage never exceeds 4.5 V
(Figure 6b−h). However, this result does not exclude the
indirect electrochemical decomposition of electrolyte and
carbon through possible oxygen intermediates generated during

Li2O2 oxidation.
19,20 The charging voltage profiles demonstrate

three distinct regions for the first 10 cycles: region I is
associated with release of O2 only (oxidation of Li2O2), region
II is associated with release of O2/CO2 (oxidation of Li2O2 and
decomposition of side products), and region III is associated
with a sharp increase in release of CO2 (decomposition of side
products). Regions II and III merge for the 20th and 50th
cycles because of the higher polarization. Oxygen release
significantly dominates over CO2 release only during the first
cycle charging and constitutes 80% of the total gas release (H2

release from the Li anode was not counted). The O2

contribution in the released gas drops to 51, 48, and 36% for
the second, third, and fifth cycles, respectively. After the fifth
cycle, only a slight decrease in O2 release is observed (30, 31,
and 26% O2 contribution in the gases released during 10th,
20th, and 50th cycles, respectively). This once again confirms

Figure 6. In situ mass spectroscopic analysis of O2 and CO2 evolved during (a) dummy charging of the battery with pristine undischarged CNTs/Ru
electrode and charging of the batteries with CNTs/Ru electrodes for the (b) 1st, (c) 2nd, (d) 3rd, (e) 5th, (f) 10th, (g) 20th, and (h) 50th cycles.
The electrolyte is LiTf-tetraglyme.
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Figure 7. Results for the 1st (a, b, c) and 10th (d, e, f) cycles of the batteries with CNTs electrodes in LiTf-tetraglyme electrolyte. (a, d) SEM images
of the discharged CNTs electrodes; (b, e) in situ mass spectroscopy analysis of O2 and CO2 evolved during charging; (c, f) SEM images of the
charged CNTs electrodes.

Figure 8. CV (100 mV s−1) results for the flat (a, b) glassy carbon and (c, d) Ru electrodes recorded in LiTf-Tetraglyme electrolyte saturated with
O2.
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the stabilization of electrochemical processes after the drastic
change that occurs during the first few cycles of battery cycling.
We noticed that the observed phenomena are not specific to

the CNTs/Ru electrodes. The same behavior is observed for
CNTs electrodes without Ru although the cycling stability is
not as good and the charging voltages are higher in this case
(see Figure 2 for voltage profiles and cycling performance).
After the first discharge, a layer of disk-shaped Li2O2 particles
thoroughly coats the surface of CNTs electrodes (Figure 7a),
and the titration gives 70% current yield of Li2O2 (see Table 1).
The first-cycle charging results in 70% O2 release (Figure 7b)
and the porous structure of the CNTs electrode is restored as
revealed by the SEM shown in Figure 7c. After the 10th
discharge, a layer of deposit forms (Figure 7d) without any
distinct nanostructures, and the titration reveals 33% current
yield of Li2O2. The 10th cycle charging results in 40% O2
release (Figure 7e), and again, the porous structure of CNTs
electrode is restored (Figure 7f). Although a small portion of
the CO2 may be generated from the side reactions of CNTs
and electrolyte during charging,19,20 most of CO2 is released
from the side products generated during discharge.
Careful analysis on the mass spectroscopy data (Figure 7b, e)

indicates that, although only O2 release is observed in the
beginning of charging, its amount is less than that observed in
the middle of charging when CO2 also is released. This
important result is in agreement with the delithiation
mechanism, which was hypothesized by Lu et al.50 and recently
supported with theoretical calculations by Kang et al.51

Prolonged battery cycling could not be achieved with
mesoporous carbons such as Ketjenblack.14 The use of CNTs
is beneficial because of the increased porosity of the carbon
network, which prevents clogging in the electrode by side
products. Another explanation can be attributed to the better
stability of CNTs compared to the highly functionalized
reactive surfaces of carbons such as Ketjenblack.
3.4. Cyclic Voltammetry (CV) Study on the Origin of

the Extended Cycling. In general, the long cycle life of the
Li−O2 battery tested in this study is the result of the
appropriate material selection and the efficient charging
process. It is important to efficiently decompose most of the
discharge products (Li2O2 and side products) during the
charging step in order to restore the porosity and the surface of
the electrode for the next discharge cycle. The situation may
also be complicated by side products generated from the
decomposition of the electrolyte and degradation of CNTs
during the charging process.19,20 However, the contribution
from the decomposition of the side products generated during
discharge dominates the charge process. To efficiently
decompose the side products, the charging voltage of the
batteries in this study was not limited, and charging was
continued until capacity reached the same value observed for
the previous discharge step.
To further support the results described above, cyclic

voltammetry testing on glassy carbon and Ru-coated glassy
carbon electrodes was performed over different ranges as
shown in Figure 8. The cathodic peaks are attributed to the
oxygen reduction reaction (ORR) and formation of a
continuous solid layer of Li2O2 and side products (see also
Figure S4 and corresponding text in Supporting Information).
The corresponding anodic peaks are attributed to the oxygen
evolution reaction (OER), that is, the oxidation of Li2O2 and
decomposition of side products at higher potentials.

The area above 4.25 V is of particular importance. Although
the scan to 4.75 V in Figure 8a involves the anodic
decomposition of the electrolyte, it also results in an efficient
decomposition of side products erasing the electrode surface.
Such regime allows unrestricted cycling and represents
idealization of the battery operation. One should keep in
mind, however, that this cycling is not truly reversible because it
involves continuous decomposition of the electrolyte and thus
is limited by its amount. On the other hand, setting the anodic
limit to 4.25 V results in continuous accumulation of side
products on the electrode surface and thus limits the cycle life
(Figure 8b).
CV on Ru coated glassy carbon electrode in Figure 8c, d also

results in ORR and OER peaks similarly to the cycling on glassy
carbon but with certain changes due to the catalytic activity of
Ru (see Supporting Information Figure S5 and corresponding
discussion). Anodic current in the range 3.75−4.25 V can be
attributed to the decomposition of side products while the
anodic current above 4.25 V corresponds to the electrolyte
decomposition (Figure 8c). Decomposition of side products is
shifted to a lower potential on Ru surface compared to glassy
carbon and is separated from the electrolyte decomposition.
Therefore, setting the voltage limit to 4.25 V for cycling on Ru
is sufficient for the complete decomposition of Li2O2 and the
side products leading to the stable CV curves (Figure 8d).
Another feature of the cycling on glassy carbon and on Ru

electrodes is a relatively low ratio of OER/ORR peak areas. In
other words, the charge passed through the cell during ORR
step is higher than that during the following OER step. In the
case of glassy carbon electrode, the OER peak area is about
60% of the ORR peak (from Figure 8a) while in the case of Ru
electrode it is only about 30% (from Figure 8c). Such a low
ratio is explained by the flat geometry of the electrodes and
excess of the electrolyte. Only a portion of the discharge
products forms a solid layer on the flat electrode surface while
other portion migrates to the electrolyte and therefore is not
oxidized during the following charging step. In the case of Ru,
most of the discharge products migrate to the electrolyte
apparently due to the poor adherence to Ru surface (see Figure
S6 and corresponding text in Supporting Information).

4. CONCLUSIONS
The extended cycling behavior of Li−O2 batteries based on
CNTs was investigated by various approaches. Important
conditions that lead to long cyclability are appropriate material
selection and an efficient charging protocol to achieve efficient
decomposition of discharge products including Li2O2 and side
products. When used in Li−O2 batteries, CNTs/Ru electrodes
can maintain more than 50 full discharge−charge cycles
without a sharp decrease in capacity. Analysis of the
discharge/charge products during the cycling process reveals
predominant formation of the desired Li2O2 for only the first
cycle. After a few cycles, a stable interfacial layer forms on the
surfaces of the CNTs (mainly from decomposition of the LiTf-
tetraglyme electrolyte and partially from the side reaction of
CNTs). This interfacial layer cannot be decomposed during
subsequent charging process and it switches reactions occurring
during discharging from the predominant formation of Li2O2 to
the predominant formation of side products. Interestingly, after
this drastic change in the first few cycles of battery cycling, the
yield of Li2O2 in the reaction products stabilizes at about 33−
40% for the subsequent cycles. The reported observations are,
in general, not limited to the presence of Ru, and the same
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transformations in discharge/charge products are also observed
on bare CNT electrodes. Further investigation on the interfacial
layer which in situ forms on air electrode may increase the long-
term yield of Li2O2 during the cycling and enable highly
reversible Li−O2 batteries required for practical applications.
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