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ABSTRACT: We propose a new design of a binder/carbon-free air electrode
with tips-bundled Pt/Co3O4 nanowires grown directly on Ni foam substrate. In
this design, the side reactions related to binder/carbon are excluded. The
presence of Pt not only promotes the formation of the tips-bundled structure of
Co3O4 nanowires but also directs the uniform deposition of a fluffy, thin Li2O2
layer only on the periphery of Pt/Co3O4 nanowires. This crystallization habit of
Li2O2 makes it easy to decompose upon recharge with reduced side reactions. As
a result, Li−O2 batteries with this cathode show low polarization.
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Li−O2 (Li−air) batteries can provide a theoretical energy
density of 3505 Wh kg−1, which is greatly higher than the

current Li-ion batteries, for instance 584 Wh kg−1 for LiCoO2/
C system.1−5 Despite recent advances, where long-term cycling
of Li−O2 battery could be achieved,6−8 great challenges still
remain to develop practical Li−O2 batteries. The performance
of the Li−O2 battery is largely limited by the inherent
drawbacks of Li2O2, the discharge product. One disadvantage of
Li2O2 is its rather low electric conductivity.9 The accumulation
of insulating Li2O2 will unavoidably passivate the electrode.
This barrier can be partly overcome by directing the growth of
Li2O2 on conductive matrices, usually carbon materials
decorated with noble metal catalysts.10−12 Another disadvant-
age of Li2O2 (or its intermediate LiO2) is its high reactivity
toward the carbon matrix, electrolyte, and binder.13−16 The
parasitic reactions will lead to the formation of undesirable
byproducts (e.g., Li2CO3) and the accumulation of the
byproducts on cycling will result in performance degradation
and eventual failure of the battery.14−16

Considering the above facts, both material and architecture
of the catalytic cathode should be optimized to alleviate the
negative effect of Li2O2. Growing catalyst directly on a metallic
substrate could avoid the use of conductive carbon and
binder,17 thus reducing the side reactions. The electrode
deactivation could be effectively relieved and delayed by
directing the growth of Li2O2 into a favorable form (e.g., thin,
small size) and onto a conductive matrix via precious

metals.10−12 However, the reported matrices are limited to
carbon materials,10−12 which are unstable in the presence of
Li2O2 (or LiO2)

14−16 and also catalyze the electrolyte
decomposition.15 Therefore, metal oxides were suggested to
act as support for precious metals since they are more stable
against the attack of Li2O2 (or LiO2) than carbon materials.17,18

In this regard, oxides with good catalytic activity, such as
Co3O4,

19−21 NiCo2O4,
22,23 MnO2,

24−27 and Fe2O3,
28 are

favorable.
In this work, we report a new design of binder/carbon-free

catalytic cathode by growing tips-bundled Pt/Co3O4 nanowires
directly onto Ni foam. This electrode design excludes the
binder/carbon involved side reactions. The presence of Pt not
only promotes the formation of the unique tips-bundled
structure of Co3O4 nanowires, but also directs the uniform
deposition of a fluffy, thin Li2O2 layer only on the periphery of
Pt/Co3O4 nanowires. The tips-bundled Pt/Co3O4 nanowires
are mechanically strong to support Li2O2. Co3O4 is selected as
the support for Pt because it can grow directly onto the metal
substrate and into nanowires form via a facile hydrothermal
route, besides its good catalytic activity for Li−O2 bat-
teries.19−21 The Pt/Co3O4 exhibits superior catalytic effect for
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Li−O2 battery due to its unique design in both structure and
component. The architecture and working mechanism of the
Li−O2 battery with Ni foam supported Pt/Co3O4 catalytic
cathode are shown in Figure 1.

The growth of Pt/Co3O4 nanowires on Ni foam was realized
by a facile hydrothermal route (Experimental Section,
Supporting Information). Figure 2a shows the X-ray diffraction
(XRD) patterns of Pt/Co3O4 and Co3O4 supported on Ni
foam. XRD patterns indicate the formation of Pt/Co3O4 and
Co3O4. The formation of Co3O4 for both samples was also
confirmed by X-ray photoelectron spectra (XPS, Figure S1).
The weight ratio of Pt to Co3O4 is around 1:39, corresponding
to Pt/Co molar ratio of 1:95. Scanning electron microscopy
(SEM) images in Figure 2b demonstrate that Pt/Co3O4 was
deposited only on the skeleton of Ni foam, copying its three-
dimensional (3D) interconnected scaffold structure, while the
large pores of Ni foam are kept intact. As seen in Figure 2c,
slender Pt/Co3O4 nanowires with sharp tips are uniformly and
orderly arranged on Ni foam. Typical Pt/Co3O4 nanowires

have a diameter below 200 nm and a length of several microns.
Of note is that the tips of the nanowires are bundled together,
which is mechanically more stable to support the reaction
product. The polycrystalline feature of a single Pt/Co3O4
nanowire is revealed by transmission electron microscopy
(TEM, Figure 2d,e). High-resolution TEM (HRTEM) image in
Figure 2e indicates that Pt nanocrystals with a size below 5 nm
are homogeneously distributed in Co3O4 nanowire. For bare
Co3O4, although it also exhibits a nanowire shape with a similar
size, the tips-bundled feature is hardly seen and the nanowires
show a random arrangement on Ni foam substrate as shown in
Figure 2f. It suggests that the presence of Pt promotes the
formation of the novel tips-bundled structure and orderly
arrangement of Co3O4 nanowires. It suggests that the loading
of Pt can change the center of gravity of Co3O4 nanowires,
making the nanowires incline toward the same direction, while
the Pt induced recrystallization makes the tips of nanowires
bundle together.
The electrocatalytic activity of Pt/Co3O4 was investigated in

Li−O2 batteries and compared with that of bare Co3O4. The
specific current and capacity are normalized by the total mass of
catalyst on the Ni foam. Figure 3a compares the first
discharge−charge curves of Li−O2 batteries with Ni foam
supported Pt/Co3O4 and Co3O4 cathodes at 100 mA g−1. Li−
O2 batteries with Pt/Co3O4 and Co3O4 catalysts deliver
discharge capacities of 1371 and 1348 mAh g−1, respectively.
Note that Pt/Co3O4 catalyzed Li−O2 battery exhibits an
obviously lower midcapacity overpotential (defined as the
overpotential at half capacity, 1.12 V) than Co3O4 catalyzed
one (1.48 V) even though the former is deposited more
insulating Li2O2 after discharge. Considering the fact that the
decrease in polarization occurs mainly in the charge process, it
is thus expected that Pt may induce the crystallization Li2O2
into a favorable form which is easier to decompose upon
recharge.
The cycling performance of Li−O2 batteries with Pt/Co3O4

and Co3O4 cathodes was evaluated by galvanostatic cycling at

Figure 1. Schematic illustration of the architecture and working
mechanism of Li−O2 battery with Ni foam supported Pt/Co3O4
cathode.

Figure 2. (a) XRD patterns of Pt/Co3O4 and Co3O4 on nickel foam, (b,c) SEM images of Pt/Co3O4 on Ni foam, (d) TEM and (e) HRTEM images
of the sample from Ni foam supported Pt/Co3O4, and (f) SEM image of Co3O4 on nickel foam.

ACS Catalysis Letter

dx.doi.org/10.1021/cs501392p | ACS Catal. 2015, 5, 241−245242

http://pubs.acs.org/doi/suppl/10.1021/cs501392p/suppl_file/cs501392p_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs501392p/suppl_file/cs501392p_si_001.pdf


100 mA g−1 with the capacity limited at 500 mAh g−1. As
shown in Figure 3b, the first discharge plateau of Pt/Co3O4

catalyzed battery is 2.80 V and is stabilized at >2.50 V up to 55
cycles. The charge curves exhibit two plateaus at 3.6 and 3.9 V,
indicating the two-step decomposition of Li2O2. A possible
explanation for the two-step delithiation is that thin Li2O2

deposits can decompose at low potentials through electron

tunneling, while thick Li2O2 deposits decompose at high
potentials through polaron hopping.29 This phenomenon,
however, can hardly be seen for the Co3O4 catalyzed battery
apart from the first charge (Figure 3c). Figure 3d also indicates
that the formed Li2O2 can be completely decomposed below
4.0 V during 55 cycles. This is favorable since high charge
potential will unavoidably lead to undesirable side reactions, for

Figure 3. (a) First voltage profiles of Li−O2 batteries with Pt/Co3O4 and Co3O4 cathode at 100 mA g−1, (b,c) voltage profiles, and (d) terminal
voltages of Li−O2 batteries with Pt/Co3O4 and Co3O4 cathodes under 100 mA g−1 at a limited capacity of 500 mAh g−1.

Figure 4. (a,b) SEM images of Ni foam supported Pt/Co3O4 electrode after the first discharge to 500 mAh g−1, (c) TEM images and (d) SAED
patterns of the sample from the Pt/Co3O4 electrode after the first discharge to 500 mAh g−1, and (e,f) SEM images of Ni foam supported Co3O4
cathode after the first discharge to 500 mAh g−1.
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instance electrolyte decomposition.30 Pt/Co3O4 catalyzed
battery can sustain a cycling for 55 times. For the Co3O4
catalyzed battery, in contrast, the cycling can last only 10 cycles
with high charge end voltages (>4.0 V) and low discharge end
voltages (<2.5 V) (Figure 3d). Clearly, the presence of Pt
remarkably enhances the catalytic effect of the electrode and
the cycling performance of the battery, although the mass ratio
of Pt to Co3O4 is only 1/39.
To understand the better catalytic activity of Pt/Co3O4 than

bare Co3O4, the electrodes after discharge were observed by
SEM and TEM, as shown in Figure 4. After discharge to 500
mAh g−1, the Pt/Co3O4 electrode can maintain its pristine
nanowires structure with bundled tips while the thickness of the
nanowires is obviously increased (Figure 4a). The magnified
view in Figure 4b indicates that the surface of the nanowires is
coated with a thin layer of fluffy substance. The formation of
the fluffy substance becomes more obvious on the tips of the
nanowires because there several nanowires are bundled
together (Figure 4b). The side view of the electrode (Figure
S2) demonstrates that the discharge product deposits only on
the periphery of Pt/Co3O4 nanowires without forming large
deposits in between or on the top the nanowires. TEM image
(Figure 4c) clearly reveals that the periphery of the Pt/Co3O4
nanowires is uniformly coated with a layer of fluffy substance. It
seems that the fluffy substance is stacked from small and thin
sheets. Selected area electron diffraction (SAED) confirms that
the deposited surface layer is Li2O2 (Figure 4d).
As seen in Figure S3a, a thin layer composed of nanoparticles

grows at the early discharge stage (200 mAh g−1). As the
discharge proceeds, the surface layer becomes thicker and
looser with a fluffy morphology formed (Figure S3b). This may
explain the two-step decomposition mechanism of Li2O2
mentioned above. As seen in Figure 4d, the polycrystalline
feature of Pt/Co3O4 is preserved after discharge, which is
further verified by HRTEM (Figure S3c). Li2O2 grows into
dendritic form when the Pt/Co3O4 electrode is discharged to
1400 mAh g−1 (Figure S4). Note that no large Li2O2 deposits
form even at this deep discharge state. After the fifth discharge,
the original morphology of the Pt/Co3O4 electrode is well kept
(Figure S5), indicating that the electrode can sustain repeated
Li2O2 deposition/decomposition. Long-term cycling, however,
leads to the deposition of large particles (2−20 μm) and the
destruction of the Pt/Co3O4 electrode (Figure S6), which can
explain the gradual degradation of battery performance after 50
cycles and the eventual failure of the battery after 56 cycles. The
specific surface area decreases from 330 m2g−1 in the pristine
electrode to 128 m2g−1 in the cycled electrode due to the
destruction of the electrode. For bare Co3O4, the discharged
electrode exhibits a rather different morphology. Large-sized
flower-like particles (marked by A) and plate aggregates on
nanowires (marked by B) can be clearly seen (Figure 4e). The
enlarged view in domain C indicates that besides fluffy Li2O2,
round Li2O2 plates also form on the nanowires (Figure 4f).
From the above results, we can see that Pt plays a critical role

in changing the crystallization habit of Li2O2 although its
content is rather low. For Pt/Co3O4, Pt can act as the
nucleation sites for Li2O2 growth at the beginning of the
discharge due to its superior oxygen absorption and ORR
catalytic activities. Once the Li2O2 nanoparticles have formed,
they can act as the nucleation centers for the continuous Li2O2
growth catalyzed by both Co3O4 and Pt. The homogeneous
dispersion of Pt in Co3O4 nanowires ensures uniform growth of
Li2O2 onto the periphery of Pt/Co3O4 nanowires. Due to the

shielding effect of the deposited Li2O2, the catalytic effect of Pt
may become weakened but it may be still active if the Li2O2
layer is not thick enough. This may direct the growth of Li2O2
into loosely stacked fluffy form. The thin, fluffy Li2O2 and its
good contact with Pt/Co3O4 make it possible to decompose at
low potentials, reducing high-potential related side reactions.
Without the inducing effect of Pt, Li2O2 will grow into a large
size and onto a random place on the electrode. The
decomposition of Li2O2 upon recharge will become kinetically
sluggish due to large size of Li2O2 and its poor contact with the
catalyst, leading to high charge overpotentials and the
accompanied side reactions. It becomes mechanically more
stable for Pt/Co3O4 to support Li2O2 when the tips are
bundled together. As a result, Pt/Co3O4 catalyzed Li−O2
battery exhibits better electrochemical performance than the
Co3O4 catalyzed one.
In summary, we fabricated an efficient binder/carbon-free

catalytic cathode for Li−O2 battery by growing tips-bundled
Pt/Co3O4 nanowires directly on the 3D scaffold of Ni foam. Pt
promotes the growth of Co3O4 nanowires in an orderly and
tips-bundled fashion. The uniformly dispersed Pt nanocrystals
direct the uniform growth of Li2O2 into thin, fluffy form, and
only onto the periphery of the Pt/Co3O4 nanowires. This
crystallization behavior of Li2O2 alleviates the passivation of the
electrode and reduces the side reactions by decreasing the
charge overpotentials. In contrast, in the Co3O4 cathode, Li2O2
grows into large particles with sluggish decomposition kinetics.
As a result, Li−O2 battery with Pt/Co3O4 cathode shows
remarkably improved electrochemical performance compared
with that with Co3O4 cathode. The Pt/Co3O4 catalyzed Li−O2
battery can sustain a cycling over 50 times at a capacity of 500
mAh g−1. The results also suggest that both the material and
structure of the catalytic cathode should be optimized in order
to achieve good electrochemical performance of Li−O2
batteries
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