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ABSTRACT: Although various kinds of catalysts have been
developed for aprotic Li−O2 battery application, the carbon-
based cathodes are still vulnerable to attacks from the
discharge intermediates or products, as well as the
accompanying electrolyte decomposition. To ameliorate this
problem, the free-standing and carbon-free CoO nanowire
array cathode was purposely designed for Li−O2 batteries. The
single CoO nanowire formed as a special mesoporous
structure, owing even comparable specific surface area and
pore volume to the typical Super-P carbon particles. In
addition to the highly selective oxygen reduction/evolution
reactions catalytic activity of CoO cathodes, both excellent
discharge specific capacity and cycling efficiency of Li−O2 batteries were obtained, with 4888 mAh gCoO

−1 and 50 cycles during
500 h period. Owing to the synergistic effect between elaborate porous structure and selective intermediate absorption on CoO
crystal, a unique bimodal growth phenomenon of discharge products was occasionally observed, which further offers a novel
mechanism to control the formation/decomposition morphology of discharge products in nanoscale. This research work is
believed to shed light on the future development of high-performance aprotic Li−O2 batteries.
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1. INTRODUCTION

Li−O2 battery is one of the most promising energy storage
systems for its high theoretical specific energy density (>3500
Wh kg−1) and potential application in electric transportation
(>500 km range per single charge).1−3 Among the four kinds of
Li−O2 batteries (aprotic, aqueous, solid-state, and hybrid
aqueous/aprotic),4 the aprotic ones possess higher theoretical
gravimetric and volumetric capacities.5 However, the relatively
poor stability of aprotic electrolytes against discharge inter-
mediates (LiO2

6,7) and products (Li2O2
8) is really a big barrier

before commercialization, for heavily decreasing the round trip
efficiency and cycle life.9,10 During the recent years, many efforts
have been engaged in solving this problem, such as developing
novel solvents (e.g., TEGDME,8,11 DMSO12,13), developing
novel electrolyte additives,14−16 and so on. As a common
consideration, the cathode material plays a key role in the
electrolyte stabilization, owing to the synergistic effect between
cathode materials and aprotic electrolytes involved in the three-
phase boundary (cathode materials, liquid electrolyte, and
O2).

17,18 Besides that, the columbic efficiency and voltage
polarization during cycling are also heavily affected by the
cathode material, rendering it as the key component for Li−O2
battery development.19

The ideal cathode material of Li−O2 battery should be capable
of transporting electrons and reactants (Li-ion and O2),
depositing discharge products,11,20,21 and affording high activity

for the interfacial oxygen reduction/evolution reactions (ORR/
OER) and low activity for the harmful parasitic reactions.12,22

Among plenty of materials, carbon is usually chosen to construct
the cathodes, due to the advantages of low cost, high electrical
conductivity, diverse structure, and functional surface.11,21,23−28

However, the carbon/electrolyte interface is unstable during the
charge/discharge process.29 Although some kinds of catalysts
loaded on carbon cathodes could help to relieve this issue,15,30−35

carbon materials cannot be permanently stable with discharge
intermediates and products.36−39 Even the ordinary polymer
binders are suggested to be abandoned, to avoid harmful
oxidative degradation during the cycling process.38,39 Thus, some
kinds of pure metals (e.g., Au12,40 and Pd41) and metal oxides
(e.g., Co3O4,

42−45 MnO2,
46 TiO2,

47 and (Co,Mn)3O4
48) have

been developed as a novel generation of Li−O2 cathode
materials, significantly improving the battery stability.
Among most noncarbon materials, cobalt monoxide (CoO)

has attracted great attention for electrochemical energy devices
(Li-ion batteries,49,50 supercapacitors,51,52 fuel cells,53−55 etc.)
due to the satisfying electrochemical activities. By adding a
portion of mesoporous CoO nanoparticles, CoSe2/CoO nano-
composites, CoO mesoporous spheres, or oxygen vacancy-
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bearing CoO nanoparticles into the carbon-based cathode, the
cycle stability of Li−O2 battery has been improved to some
extent.56−59 As for the pure CoO carbon-free cathode, however,
the ORR/OER activity and structure−performance-relationship
in aprotic Li−O2 batteries have not been reported yet. In
addition, how to construct CoO framework with considerable
surface area and properly porous structure was also deemed as a
great challenge in this area.
On the basis of the above consideration, a carbon-free cathode

built with free-standing CoO nanowire arrays on Ni-foam was
primarily designed for aprotic Li−O2 batteries in our lab. This
cathode could offer enormous free volume among the nanowire
arrays and inside each single nanowire, even achieving a similar
specific surface area to that of carbon materials such as Super-P.
Benefiting from the unique nanoscale architecture, carbon-free
material and high catalytic interface, the as-designed Li−O2
cathode should possess excellent capability to accommodate the
discharge products as well as to confine the side reactions during
battery cycling process. As a result, the Li−O2 batteries showed
high specific capacity (4888 mAh gCoO

−1) and long-term cycle
life (50 cycles, 500 h), which was among the highest value for the
carbon-free materials. In the following article, the structure
control of the carbon-free CoO nanowire array cathode was
illustrated in detail, with the structure−performance relationship
in aprotic Li−O2 batteries thoroughly discussed.

2. EXPERIMENTAL SECTION
2.1. Cathode Preparation. The mesoporous CoO nanowire array

cathodes were prepared via hydrothermal process followed with
calcination,49,51 as illustrated in Scheme 1. In detail, a Ni-foam substrate
(LIRUN, MF003) was first smoothed through cold-press and punched
into 2 cm2 disks. After they were ultrasonically cleaned successively in 6
MHCl, deionized water, and acetone for 30min, the disks were weighed
and vertically assembled into glass tubes. Second, 0.582 g (2 mmol) of
Co(NO3)2·6H2O and 0.6 g (10 mmol) of CO(NH2)2 were dissolved
into 50 mL of deionized water under stirring for 30 min at room

temperature. Third, the as-prepared homogeneous solution was
transferred into a 100 mL Teflon-lined stainless steel autoclave
containing six clean Ni-foam disks in two glass tubes vertically aligned
with the bottom. After the precursors were grown onNi-foam through 8
h of hydrothermal process at 95 °C, the disks were washed thoroughly
with deionized water and ethanol and then were calcinated at 450 °C for
4 h under a constant flow of Ar2. The samples with the CoO loading
amount of 0.7−0.9 mg cm−2 were selected as cathodes for further
research. For comparison, carbon cathodes made from commercial
carbon blacks (Super-P from TIMCAL) as active material and
polytetrafluoroethylene (PTFE) as polymer binder were prepared on
Ni-foam disks through drop-casting and heat treatment. Briefly, 10 mg
of Super-P powder and 50 mg of PTFE suspension (dispersion in water,
5 wt % solids) were ultrasonically dispersed in 10mL isopropanol for 1 h
at room temperature. The Super-P/PTFE suspension was then drop-
cast onto the weighed Ni-foam disks and dried at 120 °C air-dry oven for
several times, until the Super-P loading amount of each disk was up to
0.8 mg cm−2.

2.2. Material Characterization. The crystal phase of samples was
characterized via X-ray powder diffraction equipment (PANalytical,
monochromatic Cu Kα radiation 30 mA, 40 kV). N2 adsorption
isotherms were measured at 77.3 K using an ASAP2010 system
(Micromeritics, USA). Surface areas and pore volumes were determined
using Brunauer−Emmett−Teller (BET) method. The pore size
distribution curves were calculated from the desorption branches of
nitrogen isotherms according to the Barrett−Joyner−Halenda (BJH)
model. The material morphology and microstructure were observed
with scanning electronic microscope (SEM, QUANTA-200F at an
acceleration voltage of 20 kV or JSM-7800F at an acceleration voltage of
3 kV) and transmission electron microscopy (TEM, Tecnai G2 F20).

2.3. Electrochemical Activity Measurement. Cyclic voltamme-
try (CV) measurement was applied to study the ORR/OER catalytic
activity of the prepared materials with a three-electrode system. The
working electrode was prepared by loading the sample of 0.02 mg cm−2

on glassy carbon electrode. First, 1 mg of sample (CoO nanowire
powder or Super-P powder) and 15 μL of 5 wt %Nafion solution (EW=
1000, DuPont) were dispersed in 0.5 mL of isopropanol by 30 min of
sonication at room temperature. The as-prepared suspension (5 μL) and
5 μL of 5 wt % Nafion solution were orderly cast on the glassy carbon
working electrode of 4 mm in diameter (loading 0.02 mg cm−2). CVs
were conducted with a potentiostat (Pine) in a three-electrode
electrochemical cell using lithium-foils as both counter electrode and
reference electrode. Electrolyte was 1.0 M bis (trifluoromethane)
sulfonamide lithium (LiTFSI) dissolved in tetraethylene glycol
dimethylether (TEGDME), which was bubbled with O2 for 1 h before
measurements. CV curves were scanned at a rate of 10 mV s−1 between
4.3 and 2 V with a constant O2 bubbling during measurement.

2.4. Li−O2 Battery Performance Test. Li−O2 batteries were
assembled with cathodes made of above-mentioned CoO nanowire
arrays or Super-P/PTFE composites onNi-foam disks, 0.45 mm thick Li
disks (16 mm in diameter) as anodes, and polypropylene fibers
(Novatexx 2471 Freudenberg Filtration Technologies KG) saturated
with electrolyte (1.0 M LiTFSI in TEGDME) as separators in
homemade cell model. The charge/discharge performance of the Li−
O2 battery was tested with LAND 2100 system (Wuhan, China) under
the constant current mode. The charge/discharge profiles were
measured at a current density of 20 mA g−1 (with cutoff voltages of 2
V in discharge and 4.3 V in charge) and 100 mA g−1 (with cutoff specific
capacity of 500 mAh g−1 for charge/discharge). The current density was
calculated based on the mass of CoO or Super-P loading.

3. RESULTS AND DISCUSSION
3.1. Cathode Composition and Structure. Figure 1a

presents X-ray diffraction (XRD) patterns of as-synthesized
CoO, Ni-foam, and the reported ones. The pattern of CoO
matches well with the reported one (JCPDS Card No. 01−071−
4749) as well as the published results in which the sample is
single-crystalline in nature.49 In addition, all visible peaks of CoO
grown on the Ni foam can be readily assigned to the cubic CoO

Scheme 1. Schematic Illustration for Preparation of CoO
Nanowire Arrays on Ni-Foam
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and Ni (JCPDS Card No. 01−071−3740), which indicates no
impurity exists.
The morphology of the obtained CoO nanowire arrays on Ni-

foam was investigated via field-emission scanning electron

microscopy (FESEM). According to the side view of CoO
nanowires in Figure 1b, the length of CoO nanowires is typically
3−5 μm. As shown in Figure 1c, it is obvious that the three-
dimensional arrays assembled with CoO nanowires are directly

Figure 1. (a) Experimental and reported XRD patterns of CoO and Ni. FESEM images of CoO nanowires grown on Ni-foam in (b) low magnification,
(c) middle magnification, and (d) high magnification via QUANTA-200F at an acceleration voltage of 20 kV.

Figure 2. TEM images of CoO nanowires in (a) low magnification and (b) high magnification. (c) Nitrogen adsorption/desorption isotherms and (d)
pore size distribution of CoO powder and Super-P powder.
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and uniformly grown on the Ni-foam substrate, which is in favor
of enhancing electrical conductivity and mechanical strength at
the joints.45 Also, a magnified FESEM image in Figure 1d
indicates that the nanowires have sharp tips and good uniformity
with diameter of ca. 80 nm. The L/D (length/diameter) ratio of
this structure is nearly 50:1, forming a highly porous network
with the pore diameter of 30−300 nm, which is benefit to
accommodating the discharge products as well as transporting
Li-ion and O2.
The internal structure of CoO nanowires was further

characterized by transmission electron microscopy (TEM). As
shown in Figure 2a,b, every CoO nanowire contains numerous
interconnected nanoparticles (ca. 20 nm in diameter), which
further provides large quantity of mesopores for the deposition of
discharge products. The specific surface and porous property of
the CoO nanowires and Super-P particles were investigated with
BETmethod. As shown in Figure 2c, the nitrogen adsorption and
desorption isotherms indicate that both CoO and Super-P
possess a typical isotherm with a hysteresis loop, which is in
accordance with a highly mesoporous structure. In contrast with
Super-P powder, CoO powder possesses similar surface area (42
m2 g−1), approximate pore volume (0.21 cm3 g−1), and more
pores in small size (<15 nm, 42%) in Table 1, which is
advantageous to confine the growth of discharge products.

To further explore the structural differences between as-
synthesized CoO and Super-P cathodes, the morphology of
Super-P cathodes was also investigated with FESEM as shown in
Figure S1. Compared with the disorder structure of Super-P
cathodes, the array structure of CoO cathodes shows many more
advantages. For one thing, the single nanowire is an internal high-
quality crystal, which assures quick electron transport compared
to that of the loosely binding carbon powders.60 For another
thing, the nanowires are directly grown on the current collector,
which could further reduce the contact resistance. In addition,
the nanowires are mutually separated and possess high aspect-
ratio, which means that there exists much larger surface area
directly exposed to the external environment than disorder piling
nanoparticles. And large quantities of mesopores within
nanowires could provide plenty of channels for Li-ion and O2
penetration into the inner region. So, both external and internal
surface of CoO nanowires are of high usability for ORR/OER,
while the nanoscale pores of Super-P cathode are always blocked
by numerous unwanted interfaces as shown in Figure S1.61

Beyond high utilization of active surface, the well-separated
nanowires form a large amount of open macropores, which could
be efficiently used as channels to transport Li-ion andO2. Besides
that, the CoO nanowire cathodes avoid the use of polymer
binders and conductive additives, which substantially reduces the
useless surface in oxygen electrode. Also, the calcinated nanowire
array is mechanically robust not only inside the nanowires but
also between nanowires and current collectors, which can greatly
reduce the potential structure damage caused by product
deposition during discharge process. To put it in a nutshell,
the CoO nanowire array structure takes advantages of good
electron transport, high utilization of surface, high-efficient

channels, and robust mechanical property to improve the energy
output and cycle life in Li−O2 batteries.

3.2. ORR/OER Activity and Stability. To further determine
the universal catalytic activity of as-synthesized CoO nanowires
without the influence of variables induced by full cell assembly
testing, the ORR/OER activity and stability were evaluated in
O2-saturated 1.0 M LiTFSI in TEGDME, as shown in Figure 3.

Figure 3a presents CV curves of cycles 1, 50, and 100 for CoO
powder and Super-P powder on glassy carbon electrodes.
Although CoO nanowires and Super-P nanoparticles could
activate ORR/OER in aprotic electrolyte, the peak currents of
Super-P nanoparticles are obviously higher than the ones of CoO
nanowires, which should be related to the larger active specific
area and better electrical conductivity of Super-P nanoparticles
than the CoO nanowires in form of the randomly packed
network. For the ORR/OER activity of Super-P nanoparticles,
the peak currents gradually decrease during cycling, which may
be induced by the decomposition residues of electrolyte covered
on reactive sites.19 It is noted that CoO nanowires exhibit more
stable peak current and potential during 100 cycles, which should
be related to the preferential absorption of discharge
intermediates on CoO rather than carbon materials to further
protect electrolyte from the attack of discharge intermedi-
ates.57,58 Besides the broad peak at 3.2 V corresponding to
decomposition of Li2O2, there is a small peak at 3.9 V during
oxidation process for CoO nanowires, which was also observed
on Ru electrodes and can be attributed to the decomposition of

Table 1. Porosity parameters of CoO and Super-P powders

material
SBET

[m2 g−1]
Vtotal

[cm3 g−1]
V<15 nm

[cm3 g−1]
V15−300 nm
[cm3 g−1]

Super-P 54 0.228 0.042 (18%) 0.186 (82%)
CoO 42 0.208 0.088 (42%) 0.120 (58%)

Figure 3. (a) CV curves of cycles 1, 50, and 100 of CoO powder and
Super-P powder on glassy carbon electrodes in O2-saturated 1.0 M
LiTFSI/TEGDME solution. (b) Discharge−charge profiles of the CoO
and Super P cathodes measured at 20 mA g−1 with 2 V discharge and 4.3
V charge cutoff voltages in Li−O2 battery tests (the specific capacity is
calculated with respect to the mass of CoO or Super-P).
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side products rather than electrolyte decomposition as described
by previous report.62 For Super-P nanoparticles, there is no
obvious peak at 3.9 V during oxidation process, which is
consistent with previous research on glassy carbon electrodes
and demonstrates that side products were not decomposed
during oxidation process.7,18,62 As a result, the enhanced ORR/
OER stability could lead to improvements in the rechargeable
characterization and the round-trip efficiency of aprotic Li−O2

batteries.
The charge/discharge performance of Li−O2 batteries

assembled with CoO and Super-P cathodes was also investigated

by cycling at 20 mA g−1 with cutoff voltages at 4.3 and 2 V.
According to the voltage−capacity profiles in Figure 3b, the
specific discharge capacities of CoO nanowires and Super-P
nanoparticles are, respectively, 4888 mAh gCoO

−1 and 7783 mAh
gcarbon

−1. Although the specific discharge capacity of CoO
cathodes is only 60% of that of Super-P cathodes, it is still
higher than the reported values of Co3O4 nanowire cathodes at
the roughly same current density.43,45 Note that more than 80%
discharge−charge progresses of CoO cathodes showed potential
gap below 1.25 V, especially below 1 V at the half of discharge

Figure 4.Discharge−charge profiles of cycles 1, 10, 20, and 30 with (a) CoO cathodes and (b) Super-P cathodes as oxygen electrodes measured at 100
mA g−1 with 500 mAh g−1 cutoff specific capacity (the specific capacity is calculated with respect to the mass of CoO or Super-P). (c) Discharge−charge
plateau voltages and (d) discharge−charge cutoff voltages of CoO cathode and Super-P cathode vs cycle number during 30 cycles (the plateau and cutoff
voltages respectively correspond with the values at 250 and 500 mAh g−1). (e) Cycle performance of the CoO cathodes measured at 100 mA g−1 with
500 mAh g−1 cutoff specific capacity based on the mass of CoO during more than 500 h of discharge−charge time.
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capacity, showing obviously improved ORR/OER activity
compared to that of Super-P cathodes.
In addition, the superior ORR/OER activity of CoO cathodes

was more obvious in cycling tests, during which both cathodes
were measured at 100 mA g−1 with 500 mAh g−1 cutoff specific
capacity. As shown in Figure 4a,b, the cycle stability of the CoO
cathodes is significantly better than that of Super-P cathodes
during the initial 30 cycles. According to Figure 4c, the middle
discharge and charge plateau voltages of CoO cathodes were
above 2.6 and below 3.9 V, respectively, while that of the Super-P
cathodes reached 2.0 and 4.6 V, respectively, at the end of the
30th cycle. Figure 4d further presents the variation of cutoff
voltages during the 30 cycles, in which the CoO cathodes also
show higher discharge voltage (>2.6 V) and lower charge voltage
(<4.4 V) than the Super-P cathodes.
Besides that, the batteries assembled with CoO cathodes were

cycled 50 times (>500 h) at 100 mA g−1 with 500 mAh g−1 cutoff
specific capacity. As shown in Figure 4e, the discharge and charge
voltages are, respectively, above 2.5 and below 4.5 V, which are
comparable with the previous reports of Co3O4 nanowire
cathodes at the same current density and cycling duration.43 At
the end of the cycling test, the lithium anodes have been
transformed into the white powders instead of the original shiny
disks, which indicates that the malfunction was mainly caused by
the complete consumption of lithium foil as reported else-
where.63 In short, the excellent capacity and cycling performance
are ascribed to the mesoporous nanowire array architecture and
stable surface activity of CoO cathodes, in which the architecture
can fast transport the reactants to the stable and efficient surface
and largely store discharge products in mesopores to improve
ORR process, and vice versa for OER process.
3.3. Cathode Morphology during Cycling. To further

investigate the mechanism of deposition/decomposition of solid
discharge products, the morphology of CoO cathodes was
characterized by FESEM after the initial first discharge and first
charge at 100 mA g−1 with 500 mAh g−1 cutoff specific capacity.
As shown in Figure 5 and Figure S3, it is obvious that the growth

of discharge products on CoO cathodes follows the branch-like
type rather than the membrane-like type on Super-P cathodes in
Figure S2. As for the branch-like type growth, plenty of active
sites could be permanently exposed to the three-phase boundary
rather than covered by discharge products for membrane-like
type. And at the end of the first charge process, the smooth
surface of CoO nanowires (Figure 5b) indicates that the
discharge products were effectively decomposed during charge
process. It is important to point out that the decomposition of
Li2O2 and side products can, respectively, process at 3.2 and 3.9 V
in Figure 3a, and the potential is less than 3.9 V during the most
first charge process for CoO cathode in Figure 4a, which means

that themajor discharge product should be Li2O2 rather than side
products.43 As for the membrane-like type growth, however, the
discharge products on Super-P cathodes are continuously
connected with each other on adjacent carbon particles in
accord with the previous reports.11,64,65 As a result, the
electrochemical active sites for ORR/OER on Super-P cathodes
are separated from reactants, with the transport channels of Li-
ion and O2 being blocked, finally leading to the high
overpotential gaps (Figure 4b). It is noteworthy that the
branch-like growth type on CoO cathodes has not been reported
in previous studies of the column-like discharge morphology on
Co3O4 cathodes.43,45 Although the reliable reason why the
discharge products are grown on CoO nanowires along the
specific orientation is still unclear, it should be related to the
different binding properties for LiO2 adsorption on various
crystal planes, such as Co−CoO (111), CoO (110), CoO (100),
CoO (200), CoO (220), and O−CoO (111), on the basis of
previous DFT calculations.57 Also, the correlation between index
facet of crystal planes and density of reactive sites was revealed
for gold nanocrystals applied in Li−O2 batteries in previous
research.66 Besides the branch-like type growth on the surface of
CoO nanowires, the growth of discharge products could be
further confined by mesopores inside the CoO nanowires as
shown in Figure 2b and previous studies.28,31,44 The simulta-
neous outside branch-like growth and inside particle-like growth
are named as bimodal growth, with the size of discharge products
differing obviously in nanoscale. Compared with microscale
discharge products in Super-P cathodes, the nanoscale products
of bimodal growth have a higher surface area-to-volume ratio,
which could further benefit the surface delithiation and accelerate
the electrochemical decomposition process.67−69 On the basis of
this consideration, the excellent cycling stability of CoO cathodes
could be well-explained.

4. CONCLUSION
To summarize, the carbon-free cathode based on pure CoO
mesoporous nanowire arrays was first proposed and systemati-
cally studied for aprotic Li−O2 battery application. It achieved a
specific capacity over 4800mAh gCoO

−1 and long-term stability of
50 cycles during 500 h, ascribed to the unique porous
architecture and high ORR/OER catalytic activity on the CoO
surface. Furthermore, the specific bimodal growth of discharge
products occurred on both the interior and exterior surfaces of
the CoO nanowire, due to the synergistic effect between selective
absorption and geometric confinement on the CoO crystal faces
and inside the mesoporous structure. All in all, this research put
forward the morphology control mechanism of discharge
products and expanded the development of carbon-free
cathodes, which is believed to be of great help in the future
development of Li−O2 batteries.
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