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ABSTRACT: Rechargeable lithium−oxygen (Li−O2) batteries have higher theoretical
energy densities than today’s lithium-ion batteries and are consequently considered to be
an attractive energy storage technology to enable long-range electric vehicles. The main
constituents comprising a cathode of a lithium−oxygen (Li−O2) battery, such as carbon
and binders, suffer from irreversible decomposition, leading to significant performance
degradation. Here, carbon- and binder-free cathodes based on nonprecious metal oxides
are designed and fabricated for Li−O2 batteries. A novel structure of the oxide-only
cathode having a high porosity and a large surface area is proposed that consists of
numerous one-dimensional nanoneedle arrays decorated with thin nanoflakes. These
oxide-only cathodes with the tailored architecture show high specific capacities and
remarkably reduced charge potentials (in comparison with a carbon-only cathode) as well
as excellent cyclability (250 cycles).
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1. INTRODUCTION

The major hurdle for widespread commercialization of electric
vehicles (EVs) is the low specific energies of present
rechargeable batteries, which limit the vehicle’s driving range.
To propel EVs at driving ranges similar to gasoline-powered
vehicles (e.g., >500 km), battery systems must have an energy
density of more than 500 Wh kg−1, which cannot be realized
with current lithium-ion battery (LIB) technologies.1,2 The
growing demand for long-range EVs has led to considerable
research and development activity of lithium−oxygen (Li−O2)
batteries that are expected to have several times higher energy
densities than LIBs.1−5

A Li−O2 battery delivers and stores electrical energy via the
formation and decomposition of solid Li2O2 in a cathode (O2

electrode), respectively. Significant progress has been made to
improve the cathode’s capacity, round-trip efficiency (i.e.,
reduce a discharge−charge voltage gap), and cycle life.3−5 In
most works reported so far, the cathode has been made of
carbon and polymeric binders (typically, poly(vinylidene
fluoride) (PVdF)) with catalysts in some cases. However,
these main constituents have been known to be unstable in the
presence of the discharge product (Li2O2) for the following
reasons: (i) carbon reacts with Li2O2 to form Li2CO3 and other
carbonate-like species that are difficult to oxidize on

charging6−8 and (ii) the PVdF binder undergoes the
dehydrofluorination reaction that produces LiF and LiOH
passivating the cathode surface.9,10 Consequently, the accumu-
lation of such byproducts leads to an increased charge voltage
(i.e., reduced round-trip efficiency) as well as capacity decay
over the course of discharge−charge cycling.
In recent years, a “carbon-free” cathode design has been

proposed as a promising strategy to mitigate the carbon-
induced problems. Au,11 TiC,12 or RuO2 supported on indium
tin oxide13 was coated or pressed onto a current collector using
polymeric binders and applied as a cathode. As a further step
toward “binder-free” noncarbon cathodes, we also reported a
Co3O4-only cathode directly grown on a current collector by
the electrodeposition−conversion technique.14 The carbon-free
cathodes mentioned above have shown improved charging and
cycling performance owing to reduced parasitic reactions, as
compared with carbon-based cathodes.11−14

In addition to making cathodes chemically and electrochemi-
cally stable, tailoring cathode structures in nanoscale is of vital
importance for high-performance Li−O2 batteries. To develop
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a reversible Li−O2 battery with a high specific capacity, a
cathode structure should be designed and fabricated to have (i)
a large number of active sites for O2 reduction, (ii) a
considerable amount of open space for Li2O2 storage, and
(iii) an optimum porous structure that can facilitate mass
transport. In fact, many of the earlier reports15−20 on carbon-
based cathodes have proven that properly tailored structures
lead to improved storage capability and cyclability. Nano-
structural engineering may be more critical for noncarbon
cathodes that are usually made of much heavier and less porous
materials (compared to carbon), but little effort has been
invested to address this issue.
Herein, we report on an advanced cathode design based on

transition metal oxides for Li−O2 batteries with the following
features: (i) the cathode does not contain carbon or polymeric
binders; (ii) it does not have any precious metals such as Au
and Ru; and (iii) it has a unique nanoarchitecture composed of
numerous one-dimensional nanoneedle arrays decorated with
thin nanoflakes. As will be shown later, the cathode presented
here exhibits improved electrochemical performance (gravi-
metric capacity, round-trip efficiency, and cyclability) due to the
absence of carbon and binders as well as the tailored
nanostructure.

2. EXPERIMENTAL SECTION
2.1. Materials Synthesis. For preparation of NiCo2O4 nano-

needle arrays (step 1), a precursor solution was prepared by dissolving
0.4 mM Co(NO3)2·6H2O, 0.2 mM Ni(NO3)2·6H2O, and 0.75 mM
urea ((CO(NH2)2) in water. The resulting solution was transferred to
a Teflon-lined stainless steel autoclave, and a piece of Ni foam was
placed vertically in the solution. The autoclave was kept at 120 °C for
9 h. After that, the Ni foam was thoroughly washed with ethanol and
water, then dried under vacuum at 80 °C, and, finally, heat-treated at
350 °C for 3 h. A typical loading value of NiCo2O4 deposited on the
Ni foam was 0.3 mg cm−2. NiCo2O4 nanoneedles were decorated with
NiCo2O4 nanoflakes via electrodeposition (step 2) in a three-electrode
cell in which the NiCo2O4-deposited Ni foam, a Pt mesh, and a Ag/
AgCl electrode were used as the working, counter, and reference
electrodes, respectively. The electrolyte used for the electrodeposition
of NiCo2O4 nanoflakes was a mixed metal nitrate solution (33 mM
Ni(NO3)2·6H2O and 66 mM Co(NO3)2·6H2O). During the electro-
deposition process, metal hydroxide is formed via electrochemical
reduction of NO3

− to OH−, followed by precipitation:

+ + → +

° = −

− − − −

E

NO H O 2e NO 2OH ,

0.18 V vs Ag/AgCl
3 2 2

(1)

+ → =+ −M 2OH M(OH) (M Ni or Co)2
2 (2)

In this work, a constant potential of −0.5 V vs Ag/AgCl was applied
for 5 min at room temperature to provide a sufficient overpotential for
driving the electrochemical reduction reaction of nitrates while
avoiding severe electrolysis of water. After electrodeposition, the
specimen was rinsed with ethanol and water, followed by heat-
treatment in air at 300 °C for 2 h. NiCo2O4 nanoneedles were
decorated with MnO2 nanoflakes by a hydrothermal method in a 2
mM KMnO4 solution (step 2). The hydrothermal treatment was
conducted at 150 °C for 1 h, and then, the specimen was washed with
ethanol and water, and heat-treated in air at 350 °C for 3 h. The total
mass of the NiCo2O4−NiCo2O4 and NiCo2O4−MnO2 electrodes was
0.6 mg cm−2. For preparation of carbon nanotube (CNT) bucky-
papers, the CNTs (50 mg) were dispersed in deionized water (50 mL)
with Triton X-100 (500 mg) as a surfactant and then sonicated for 1 h.
The well-dispersed CNT suspension was filtered through a
polytetrafluoroethylene (PTFE) membrane with a 0.22 μm pore
diameter under vacuum and washed with water and methanol to
remove any remaining surfactant. The resulting CNT buckypaper was
peeled off of the PTFE membrane and dried under vacuum at 60 °C
for 12 h. The weight of the CNT buckypaper was ca. 0.6 mg cm−2.

2.2. Electrochemical Experiments. The Li−O2 battery was
composed of a Li metal anode, an electrolyte (1 M lithium
bis(trifluoromethane-sulfonyl)imide (LiTFSI) in tetraethylene glycol
dimethyl ether (TEGDME)) impregnated into a glass fiber separator,
and a cathode with an active area of 0.785 cm2. Discharge−charge
profiles were measured at a current density of 50 mA g−1. The cycling
test was performed with a 500 mAh g−1 capacity at 100 mA g−1 using a
Maccor Series 4000. The ac-impedance spectra were measured from
106 to 0.01 Hz with an ac signal of 5 mV amplitude using a Zhaner
Zennium. The potentiostatic intermittent titration technique (PITT)
was used to study the charging behavior. Batteries were discharged
galvanostatically to 1000 mAh g−1 at a rate of 20 mA g−1, then rested
for 1 h, and finally charged using a PITT protocol with a 12 mV
potential step. The cutoff current value used for the PITT experiments
was either 12.5 mA g−1 or 32.0 mA g−1, depending on the cathode. In
this report, all of the gravimetric capacities and current densities were
calculated based on the total oxide mass.

2.3. Materials Characterization. To identify the crystal
structures, X-ray diffraction (XRD) patterns were recorded with an
automated Rigaku diffractometer (2500 D/MAX, Rigaku) using Cu
Kα (λ = 1.5405 Å) radiation. The measurements were conducted over
the scanning angle range of 10−90° at a scan rate of 5° min−1. The
morphology and microstructure were examined by scanning electron
microscopy (SEM, Hitach X-4900) and transmission electron
microscopy (TEM, Hitachi H9000). The Brunauer−Emmett−Teller
(BET) surface area was determined from N2 sorption isotherms by
using a BEL-SORP mini system. X-ray photoelectron spectroscopy

Figure 1. Two-step fabrication process of the oxide-only cathode consisting of the 1-D nanoneedle arrays decorated with nanoflakes. The cathode
was directly deposited on a current collector without using carbon or binders.
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(XPS) was conducted using a Thermo MultiLab 2000 spectrometer
with a monochromatic Al Kα X-ray source.

3. RESULTS AND DISCUSSION

Unlike conventional methods for cathode preparation, in the
present study, oxide cathodes were directly deposited onto a
porous current collector without using any carbon or binders.
Among various types of oxides proposed for Li−O2 batteries,
transition metal oxides based on Co, Ni, and Mn were used in
this work because of their high catalytic activity and low
cost.21−24 A schematic overview of the fabrication procedure of
the cathode is illustrated in Figure 1. First, NiCo2O4

nanoneedles were prepared on a conducting substrate (Ni
foam) via a hydrothermal reaction in a mixed solution of metal
nitrates and urea, followed by heat-treatment (step 1). The
hydrolysis of urea releases ammonia and carbonic acid that
reacts with metal ions to form nanoneedle-like metal carbonate
(see the SEM images in SI Figure S1).25 When thermally
annealed in air, the metal carbonate is converted to NiCo2O4.
The hydrothermal conditions were carefully controlled to

obtain 1-D nanoneedle arrays with desired density and
thickness.
Next, the NiCo2O4 nanoneedles were decorated with

nanoflakes by either electrochemical or hydrothermal synthesis
(step 2). The NiCo2O4 nanoflakes were electrochemically
deposited onto the NiCo2O4 nanoneedles in a metal nitrate
solution, followed by heat-treatment. The electrodeposition
process leads to the precipitation of metal hydroxide.26−28 The
hydroxide is then converted to NiCo2O4 by thermal annealing
in air. Alternatively, MnO2 nanoflakes were coated onto the
NiCo2O4 nanoneedles by a well-known hydrothermal process
from a KMnO4 solution

29 and subsequent heat-treatment. The
XRD (SI Figure S2) and XPS (SI Figure S3) analyses
confirmed that spinel NiCo2O4 nanoneedles with spinel
NiCo2O4 or birnessite MnO2 nanoflakes were successfully
synthesized by the two-step fabrication process. The total mass
of the nanoflake-decorated nanoneedle cathode is 0.6 mg cm−2.
For simplicity, NiCo2O4 nanoneedle, NiCo2O4 nanoflake, and
MnO2 nanoflake will hereafter be referred to as NCOnn,
NCOnf, and MOnf, respectively.

Figure 2. SEM micrographs of the oxide-only cathodes: (a−c) NiCo2O4 nanoneedle (NCOnn); (d−f) NiCo2O4 nanoneedle (NCOnn) decorated
with NiCo2O4 nanoflake (NCOnf); (g−i) NiCo2O4 nanoneedle (NCOnn) decorated with MnO2 nanoflake (MOnf).

Figure 3. TEM micrographs of (a) NCOnn, (b) NCOnn−NCOnf, and (b) NCOnn−MOnf.
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Figure 2(a−c) shows SEM images of the NCOnn arrays
synthesized by step 1. Numerous 1-D nanoneedles (<100 nm
in diameter) have completely covered the entire surface of the
substrate and formed a highly porous architecture. Note that
the conical nanoneedles have very smooth surfaces (Figure 2c).
The SEM micrographs of the NCOnn arrays decorated with
NCOnf and MOnf in step 2 are presented in Figure 2(d−f and
g−i), respectively. It is clearly seen that NCOnf and MOnf
were conformally coated along the NCOnn surface, leading to a
significant increase in surface roughness. No large-scale
agglomerates of NiCo2O4 or MnO2 were formed so that the
original, highly porous structures were preserved even after the
nanoflake decoration. The structures of the nanoflake-
decorated nanoneedle arrays were further examined by TEM.
The TEM images in Figure 3 confirm the core−shell-like
structures of NCOnn−NCOnf and NCOnn−MOnf. Both the
NCOnf and MOnf deposited on NCOnn appear very thin, as
indicated by their transparent characteristics in the TEM
micrographs. There may be a concern about use of the Ni foam
as a substrate (current collector) for Li−O2 batteries, because
of possible parasitic reactions on the Ni surface. As shown in
Figure 2a, the entire surface of the Ni foam was completely
covered with the oxide nanoneedles; that is, the surface
coverage of Ni would be quite small. Furthermore, bare Ni, if
any, might have been transformed to nickel oxides upon heat-
treatment, and nickel oxides are known to improve the
interfacial stability between the Ni foam and the electrolyte.30

We expect that the cathode design proposed here can make
notable improvements to the performance of Li−O2 batteries
due to the following features: (i) the cathodes do not contain
carbon or binders that decompose and thus reduce the battery
reversibility; (ii) they have a large amount of pores among the
1-D nanoneedles that can be utilized for Li2O2 storage; and (iii)

they have high surface areas due to the presence of nanoflakes
on nanoneedles, that is, a large number of active reaction sites
(Li2O2 nucleation sites). Moreover, no precious metals were
incorporated into the cathode, providing an additional benefit
in cost.
Li−O2 batteries were built and tested using the oxide-only

cathodes with the nanoflake-decorated nanoneedle arrays.
Figure 4a presents typical discharge−charge curves of the Li−
O2 batteries assembled with the three different cathodes
(NCOnn, NCOnn−NCOnf, and NCOnn−MOnf). Here, the
data were measured at a current density of 50 mA g−1 based on
the total oxide mass. One M LiTFSI in TEGDME was used as
an electrolyte since TEGDME is less prone to attack by
reduced oxygen radicals as compared with carbonate-based
solvents.31,32 All of the cathodes exhibit discharge potentials as
high as 2.6−2.8 V vs Li/Li+, followed by a gradual decrease
down to 2.0 V vs Li/Li+ with increasing depth of discharge.
Then, the cathodes can be fully charged at potentials lower than
4.0 V vs Li/Li+. Both of the NCOnn−NCOnf and NCOnn−
MOnf cathodes exhibit similar discharge−charge potentials,
which suggests that there is no considerable difference between
the catalytic properties of NiCo2O4 and MnO2.
Furthermore, the ac-impedance spectra of the NCOnn−

MOnf cathode measured during discharge and charge
(designated as A−D in Figure 4a) are shown in Figure 4b.
The measured real impedance (Z′) was subtracted by the
uncompensated ohmic resistance RU. Each of the impedance
spectra consists of a slightly depressed arc in the high-frequency
range and a straight line inclined at a constant angle to the real
axis in the low-frequency range. The high-frequency arc is
attributed to the interfacial polarization reaction, and a straight
line at low frequencies is associated with oxygen diffusion (i.e.,
Warburg impedance).33 The interfacial polarization resistance

Figure 4. (a) Discharge−charge profiles of the oxide-only cathodes. The electrolyte was 1 M LiTFSI in TEGDME. (b) ac-impedance spectra of the
NCOnn−MOnf cathode at the points denoted as A−D in part a. The measured real impedance (Z′) was subtracted by the uncompensated ohmic
resistance RU. (c) Li 1s XPS spectra and (d) SEM micrographs for the discharged and charged NCOnn−MOnf cathodes. The reference XPS
spectrum for Li2O2 is also shown in part c.
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increased from 53 Ω to 126 Ω upon discharging, which
indicates the formation of resistive discharge products on the
cathode surface. After charging, the polarization resistance
decreased to a level similar to the initial value, suggesting the
reversibility of discharge−charge reactions.
The discharged and charged cathodes were analyzed by XPS

and SEM to identify the discharge products as well as to
examine the reversibility of the electrochemical reactions.
Figure 4c shows XPS spectra of the Li 1s region for the
discharged and charged NCOnn−MOnf cathodes. In the XPS
data of the discharged cathode, a peak is observed at a binding
energy of 54.2 eV, which is consistent with the previous reports
on electrochemically produced Li2O2 species.13,34,35 This
confirms that the major discharge product is Li2O2. The
characteristic peak for Li2O2 disappeared from the XPS data of
the charged cathode, indicating that Li2O2 decomposed upon
subsequent charging. The reversible formation and decom-
position of Li2O2 was further supported by the SEM
observations. As shown in Figure 4d, the discharge products
were uniformly deposited on the surface of the NCOnn−MOnf
arrays, resulting in a reduced porosity, and they were then
removed during the charging process. The experimental results
confirm that the oxide-only cathodes free of carbon and binders
can be discharged and charged via the formation and
decomposition of Li2O2 (considered to be the desired reaction
pathway), respectively.
At this point, we make the following remarks concerning the

electrochemical behaviors of the oxide-only cathodes (Figure
4a). First, the decoration of nanoneedles with nanoflakes leads
to a considerable improvement in the discharge capacity. The
specific capacity (calculated based on the total oxide mass and
the geometric electrode area) increases in the order of NCOnn
(876 mAh g−1 and 263 μAh cm−2) < NCOnn−NCOnf (1261
mAh g−1 and 757 μAh cm−2) < NCOnn−MOnf (2372 mAh
g−1 and 1423 μAh cm−2), which follows the trend in surface
area. The surface areas were measured to be 111 m2 g−1 for
NCOnn, 180 m2 g−1 for NCOnn−NCOnf, and 387 m2 g−1 for
NCOnn−MOnf by BET analysis (SI Figure S4). When
normalized by their BET surface areas, the three different

cathodes delivered similar specific capacities in the range of
0.61−0.79 μAh cm−2, indicating a strong correlation between
the surface area and the capacity.
In principle, the capacity of a Li−O2 battery cathode should

be exclusively determined by the pore volume available for
Li2O2 accumulation rather than by the surface area. However,
the formation of resistive Li2O2 species during discharge could
severely increase the internal resistance and hence cause a
premature death even before the available pores are completely
filled with Li2O2. Such a hypothesis is fully supported by the
galvanostatic discharge and ac-impedance data as well as the
SEM characterization in Figure 4. In this case, the surface area
plays the dominant role in determining a capacity at a given
discharge rate. Here, we demonstrate that the decoration of
nanoneedles with nanoflakes remarkably improves the specific
capacity by increasing the number of active sites for O2
reduction on the cathode, while preserving the highly porous
structure of the nanoneedle arrays. As shown in this paper, the
surface area is one of the most important factors that determine
the discharge capacity. Furthermore, our previous study14

demonstrated that the nanoneedle-like Co3O4 cathode with
vertical porous channels exhibited better cycling performance in
comparison to the nanosheet- and nanoflower-like cathodes
with tortuous pores. This suggests that vertical channels
provide open frameworks that can faciliatate effective mass
transport and uniform Li2O2 deposition, thereby improving
electrochemical performance.
Second, the charge potentials of the oxide-only cathodes

appear to be lower in comparison with those values commonly
reported on carbon-based cathodes. We performed more
detailed characterization of the charging behavior using a
potentiostatic intermittent titration technique (PITT), as
suggested by Lu and Shao-Horn.36 The PITT experiment
employs a small potential step to drive an electrochemical
reaction, and hence, it provides more useful information on
charging behaviors under quasi-equilibrium conditions. The
Li−O2 batteries were galvanostatically discharged to 1000 mAh
g−1 at a rate of 20 mA g−1, and then they were charged using a
PITT protocol with a 12 mV step. Figure 5(a and b) displays

Figure 5. Charge profiles of the (a) NCOnn−NCOnf, (b) NCOnn−MOnf cathodes, and (c) the carbon (CNT)-only cathode obtained by PITT.
The cathodes were galvanostatically discharged to a 1000 mAh g−1 capacity prior to the PITT charging.
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the PITT charge profiles for the NCOnn−NCOnf and
NCOnn−MOnf cathodes, respectively, along with the meas-
ured anodic currents at each of the applied potential steps. For
comparison, data for a carbon-only cathode were also measured
and are presented in Figure 5c. Here, the carbon-only cathode
was prepared as a thin sheet of CNTs (buckypaper) without
using any binders. The buckypaper-type carbon cathode was
chosen because it allowed us to minimize complications related
to binders and to make an equivalent comparative evaluation of
the charging behaviors of oxides and carbon.
The PITT charge curves for the NCOnn−NCOnf and

NCOnn−MOnf cathodes exhibited a continuous potential
increase during charge. It should be pointed out that the
NCOnn−NCOnf and NCOnn−MOnf cathodes deliver ca.
82% and 61% of the total charge capacity, respectively, at
potentials lower than 3.8 V vs Li/Li+. On the other hand, the
carbon-only cathode displays a large potential plateau at 3.8 V
vs Li/Li+ below which only 17% of the total charge capacity is
delivered. Such high charge potentials of the carbon-only
cathode may be largely due to the presence of Li2CO3 species
formed as a result of the parasitic reaction between carbon and
Li2O2 as mentioned before. McCloskey et al.6 suggested that
thin carbonate layers at the carbon/Li2O2 interface cause a
significant reduction in the exchange current density, leading to
a large potential increase during charge. Our PITT experiments
prove that the oxide-only cathodes show remarkably lower
charge potentials as compared with the carbon-only cathode.
Moreover, the anodic current values measured on NCOnn−
NCOnf and NCOnn−MOnf were observed to be comparable
to or even higher than those for carbon, indicating facile
reaction kinetics on the oxide cathodes. These observations
suggest that the oxide-only cathodes based on nanoflake-
decorated nanoneedle arrays are more stable in the presence of

Li2O2, leading to reduced formation of carbonates and thus
decreased charge potentials.
The NCOnn−MOnf cathode with the highest capacity was

employed for a long-term cyclability test. The cycling
performance of the NCOnn−MOnf cathode at a current
density of 100 mA g−1 is presented in Figure 6a. The NCOnn−
MOnf cathode could be discharged and charged with a limited
capacity of 500 mAh g−1 for at least 250 cycles. No significant
changes in the discharge−charge profiles were observed over
the course of repeated cycles. Figure 6b illustrates the capacity
and the terminal discharge and charge voltages as a function of
the cycle number. In addition to the capacity retention for 250
cycles, the battery showed no remarkable increase in the
discharge−charge voltage gap.
To examine possible changes in the cathode composition

during cycling, we disassembled the battery after the cycling
test and then analyzed the cycled cathode using XPS. Figure 6c
compares the XPS spectra of the O 1s region for the pristine
and cycled cathodes. The observed spectrum of the pristine
cathode was deconvoluted into three component curves (A, B,
and C). The low binding energy peak at 529.6 eV (A) is
ascribed to the metal−oxygen bond in the metal oxides. The
peak at 531.2 eV (B) is generally associated with defects,
contaminants, and a number of surface species including
hydroxyls, chemisorbed oxygen, and under-coordinated lattice
oxygen. The high binding energy peak at 533.1 eV (C)
originates from the multiplicity of physi- and/or chemi-sorbed
water molecules at the surface.37−39 The XPS spectra of the
cathodes at the end of first and 250th charges show an
additional peak at 532.1 eV (D) that can be attributed to
carbonate species. We speculate that a small amount of
carbonate species may have resulted from parasitic electrolyte
(TEGDME) decomposition.6−8 It should be noted, however,

Figure 6. (a) Discharge−charge profiles of the NCOnn−MOnf cathode measured for 250 cycles at 100 mA g−1 and (b) the plots of capacity and
discharge and charge voltages vs cycle number. (c) O 1s XPS spectra for the pristine and tested NCOnn−MOnf cathodes (after first and 250th
charge). The inset in part c shows the Li 1s XPS spectra.
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that the peak area ratios (D/A) for the charged cathodes were
determined to be similar: 0.46 for first charge and 0.54 for
250th charge. Also, no large signals for carbonate species were
detected from the Li 1s XPS spectra (see the inset in Figure
6c). These results suggest that the accumulation of carbonates
on the oxide-only cathode is insignificant even after 250 cycles
and that the cathode remains stable.

4. CONCLUSION
Carbon- and binder-free cathodes based on nonprecious metal
oxides were directly fabricated on a porous conducting
substrate and applied as cathodes for rechargeable Li−O2
batteries. The cathode architecture incorporates a unique
design feature that consists of one-dimensional nanoneedle
arrays decorated with thin nanoflakes. The oxide-only cathodes
deliver a high specific capacity, as high as 2372 mAh g−1, and
lower charge potentials compared to carbon as well as stable
performance for 250 cycles. The excellent electrochemical
performance can be explained by the fact that (i) the carbon-
and binder-free cathode is stable against the parasitic reaction
with Li2O2 and thus promotes reversible formation and
decomposition of Li2O2; (ii) pores among 1-D nanoneedles
offer a large amount of open spaces for Li2O2 accumulation,
while reducing mass transport limitations; and (iii) the
nanoflakes deposited on nanoneedles provide a large number
of active reaction sites. In addition to the significance of the
carbon- and binder-free cathode design, this report conveys an
important message that nanostructural engineering of non-
carbon cathodes is very crucial for developing high-perform-
ance Li−O2 batteries.
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