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Synthesis of a-MnO; nanowires modified by Co304 nanoparticles
as a high-performance catalyst for rechargeable Li-O, batteries
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The a-MnO2 nanowires uniformly coated with Cos04 nanoparticles were prepared as a bi-functional catalyst for rechargeable
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Li-O; batteries. The a-MnO: nanowires were 5-20 nm in diameter, ranging between 5 and 10 um in length. And the coated

Co304 nanoparticles were around 5 nm in diameter. The a-Mn0/Co304 hybrid had a high specific surface area of 329.5

www.rsc.org/

cm?-g?, and showed excellent catalytic property. Both of the charge and discharge overpotentials are effectively reduced

and the batteries could stably work for more than 60 cycles. It is demonstrated that the catalytic performance of the a-

Mn0O_/Co304 hybrid is not only associated with the morphology and size of the catalyst, but also with their synergetic effects

and the oxygen vacancies produced at the surface of MnO.. The results of charge-discharge cycling tests demonstrate that

this a-Mn0,/Co30s hybrid catalyst is a promising candidate for the Li-O, batteries.

Introduction

Recently, Li-O; batteries have gained worldwide attention due
to the largest theoretical specific energy density (11972 Wh-kg™?)
among all the energy storage devices.'”® The reaction in Li-O,
batteries is based on the catalytic reaction other than the well-
known intercalation reaction in typical lithium ion batteries.*
Moreover, during the cycle process, reactant oxygen is obtained
directly from the environment rather than storaging in inside
the cell. This reaction mechanism determines Li-O, batteries a

10-fold higher energy density than conventional Li-ion batteries.

Therefore, Li-O;, batteries have gained recognition as one of the
most attractive candidates to replace now widely used
conventional Li-ion batteries.

Despite their appealing potential, there are several
significant technical challenges remained with Li-O; batteries.®
Some critical challenges limiting the practical use of this
technology include sluggish oxygen reduction reaction (ORR),
low oxygen evolution reaction (OER) kinetics, low electron
conductivity of the insulating discharge product Li,O,. These
issues should be solved for their practical application. Many
studies have thus focused on developing highly efficient
catalysts for the air cathode in order to significantly improve the
reaction kinetics®. In previous efforts, many types of catalysts,
such as noble metals, transition metal oxides, carbon based
materials, transition-metal carbide have been used as catalysts
to reduce the overpotential and enhance the cycling
performance.” >
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Up to now, MnO, and Co304 as low-cost and environmental
friendly transition metal oxides have been applied as promising
catalysts in Li-O, batteries. MnO, hollow spheres 6, MnO,
nanoflakes 7, MnO, nanorods 8, MnO, nanowires 1° have been
studied. The advantages of MnO; may be attributed to the high
surface area which could deliver a high capacity?® and good
catalytic performance for OER and ORR.” 2! Comparing to MnO,,
Co304 contain a higher electron conductivity. Free-standing
Co304 nanorods 22, mesoporous Coz04 23, flowerlike Co3z04 %4, etc.
studied in Li-O, batteries. Those diverse
morphologies showed different catalytic activity.

In order to further improve the ability of the catalysts for
OER and ORR, hybrid catalysts such as MnO,/CNT?%, MnO,/GN*8,
Co304/Ru0,%%, etc. have also been prepared and used in Li-O;
batteries. But the performance of those catalysts still is not
satisfying. Compound with noble metals such as MnO,/Pd?’,
Pt/Co304%8 could largely reduce the charge potential, but with
low capacity and high price.

Therefore, the design of a low-cost and stable bi-functional
electrocatalyst is a major challenge to the construction of
efficient Li-O, batteries. Transition metal oxides are promising
catalysts for ORR and OER processes because of their low cost
and environmental friendly.” From the current reports,
transition metal oxides hybrids have not drawn much attention.
Few researches have been done about those catalysts in Li-O,
batteries. MnO; is one kind of catalysts which has been widely
used in Li-O; batteries. Due to its easy formation of high specific
surface area nanostructure, the discharge products would have

have been

more deposition area, hence high specific capacity could be
achieved. Theoretical calculation indicate that, good ORR
catalytic performance of a-MnQO, results from the facile oxygen
vacancies formation at its surface.?® Cobaltosic oxide (Co30,) as
another kind of catalysts has low resistivity and high OER
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catalytic activity which can reduce the charge potential
effectively. Combining these two kinds of catalysts to produce
hybrid catalyst with the interaction and coping effects produced
oxygen vacancies which could achieve promoted performance
both for OER and ORR in Li-O; batteries.

In this report, we prepared a kind of high surface area a-
MnO,/Co304 nanomaterials as a bi-functional catalyst for
rechargeable Li-O, batteries. The Co30s nanoparticles
homogenously coated on the a-MnO; nanowires which was
considered to benefit the charge transfer without affecting the
high surface area. With the synergistic effect and the interfacial
effect between the a-MnO, nanowire and the Co304
nanoparticles which lead to the formation of oxygen vacancies
on the surface of MnO,;, such a well-designed composite
structure showed the improvement on both ORR and OER. The
cycle performance was also greatly improved. More than 60
cycles were achieved with the capacity maintaining at 1000
mAh-gl. It is demonstrated that the a-Mn0O,/Co304 hybrid
could be promising catalysts in Li-O; batteries.

Experimental

1. Synthesis of a-MnO2 Nanowires

The MnO, nanowires were synthesized by a hydrothermal
method somewhat similar to a previous research.3? In a typical
procedure, 8 mmol analytical grade hydrate MnSO4-H,0 and an
equal amount of (NH,4),S,0s were dissolved in 32 mL deionized
water at room temperature. Then 20 mmol of (NH4),SO4 was
added under vigorous stirring to form a clear solution. Finally,
the mixture was transferred into a 40 mL Teflon-lined autoclave,
heated for 12 hours at 140 °C in an air-flow oven. After it
naturally cooled to room temperature, the dark brown product
was collected by filtration and washed with deionized water,
ethanol several times to remove impurities possibly remaining
in the final products. The sample was obtained after finally
drying at 80 °C for 10 hours in vacuum oven.

2. Synthesis of a-Mn0,/C030, hybrid

87 mg as-prepared a-MnO; nanowires were dispersed in 35 mL
deionized water by ultrasonic vibration for over 30 min to
prepare a homogeneous suspension. Immol Co(NOs),:6H,0
was added into the above suspension and the mixed solution
was stirred for another 30 min. Then adjusted pH of the solution
to 11 with ammonia. After that, the mixed solution was
transferred to a 50 mL Teflon-lined stainless steel autoclave.
The autoclave was sealed and maintained at 150°C for 10 hours.
The products were collected by filtration and washed with
deionized water and ethanol. The a-Mn0O,/Co304 samples were
obtained after finally dried at 80°C for 12 hours.

3. Li-O; Cell Assembly and Tests

The air cathodes were formed by mixing the catalyst of a-
MnO,/Co30,, Ketjen black carbon (KB) and PVDF in NMP (with
a weight ratio of 6:3:1), and evenly coated onto a nickel foam.
An air electrode containing o-MnO; nanowires, Co304
nanoparticles, and a-MnO, mixed with Cos04 nanoparticles
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electrodes were also prepared respectively for comparison. The
as-prepared electrodes were dried in vacuum oven at 80 °C for
24 hours. All electrodes loaded the similar material of about 0.8
mg-cm2. The cells used in this experiment were based on a
Swagelok Cell design composed of a Li metal anode, an
electrolyte of LiTFSI in TEGDME, a separator of Celgard 2400,
and the as-prepared porous cathode. The galvanostatic charge
and discharge tests were measured on a LAND CT2001A battery
test system at ambient temperature after an 5 h rest period. All
the specific capacities are calculated based on the mass of
catalyst in the air electrodes.

4. Characterization

The products and electrode were characterized with a variety of
analytical techniques. The crystal structure and phase were
characterized by X-ray diffraction (XRD, Rigaku Ultima
diffractometer) employing a nickel-filtered Cu-Ka radiation.
Sample morphology and structure details were characterized by
transmission electron microscope (TEM, JEM-2100F). Surface
area was measured by a Brunauer—-Emmett-Teller (BET)
analysis using a Tristar 3000 surface area analyzer. The X-ray
photoelectron spectrum (XPS, Thermo Fisher Scientific
ESCAIab250) was also recorded in this experiment to confirm
the surface component.

Results and discussion

X-ray diffraction (XRD) patterns of the as-prepared a-MnO;
nanowires and a-MnQ,/Co304 hybrid are shown in Fig .1a. All
the peaks of the MnO, pattern can be indexed to a pure

a-Mn02/Co304
—— a-MnO2
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Fig. 1 XRD patterns of the prepared a-MnO, nanowires and a-Mn0,/Co;0, hybrid
(a), and typical N, gas adsorption-desorption isotherm of the a-Mn0O,/Co30, hybrid.
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tetragonal phase [space group: 14/m (87)] of a-MnO, (JCPDS 44-
0141). For a-Mn0,/Co304 hybrid, the diffraction peaks at 19°,
31.3°, 36.9°, 44.8°, 59.4°, 65.2° can be indexed to (111), (220),
(311), (222), (400), (422), (511) and (440) planes of Co30,,
respectively. Fig. 1b is the N, adsorption/desorption curves, the
Brunauer-Emmett-Teller (BET) surface area of the as-prepared
sample is estimated to be about 329.5 m?-g™%, similar to the pure
a-Mn0; (325.4 m2-g't), which is higher than most of the metal
oxides catalysts used in Li-O, batteries up to date.'® 2° This kind
of high specific surface area character could be benefit to the
deposition of the discharge products.

The morphologies of as prepared a-MnO, and a-
MnO,/Co304 hybrid were examined using a transmission
electron microscopy (TEM). As shown in Fig. 2a and b, the a-
MnO; samples show nanowire morphology with diameter 20-50
nm and length ranging between 5 and 10 um. Fig. 2c, d shows
that the Cos304 nanoparticles with average size of 4-8 nm

homogeneously coating on the surface of a-MnO; nanowire. Fig.

2e shows a high-resolution TEM image of a-Mn0,/Co304 hybrid
and indicates clearly the (200) facet of a-MnO, and the (220)
facet of spinel Co30,.

By growing Co3z04 nanoparticles on the MnO; nanowires, we
have synthesized a hybrid catalyst with excellent bi-functional
activity for ORR and OER in Li-O, batteries. Typical cyclic
voltammetry curves of the a-Mn0,/Co304 and a-MnQO,+Co304
at a scan rate of 0.2 mV s between 2.0 and 4.3 V is shown in
Fig. S2. The obviously higher ORR onset potential indicates the
higher catalytic activity of a-Mn0,/C030,. In addition, both the
cathodic and anodic reactions of a-MnO,/Co30; are more
pronounced than those of the a-Mn0O,+Co30,4 electrode. The

Fig. 2 TEM images of (a), (b) a-MnO, and (c), (d) a-Mn0O,/Co30,4 hybrid; HRTEM
image of the interface between MnO, nanotube and Co;0,4 nanocrystals (e).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Discharging and charging profiles of cell based on a-Mn0,/Co30, (a), MnO,
mixed with nano-Co30, (b) and pure a-MnO, (c); the variation of discharge and charge
medium voltage with the cycle number (d).

electrochemical performance of the cathodes of Li-O; cells was
evaluated through a glavanodynamic method. The discharging
and charging profiles of the a-Mn0,/Co304 hybrid catalyst are
shown in Fig. 3.

The discharge and charge measurement is carried out at 0.1
mA-cm2 in the voltage range of 2.0-4.2 V at room temperature.
The discharge/charge voltage profiles are shown in Fig. 3a. The
first specific capacity of the a-Mn0O,/Co304 hybrid electrode is
3900 mAh-g™* and capacity remain 1360 mAh-g after 10* cycle
which shows good capacity retention. The initial charge-
discharge profiles of a-Mn0,/Co0304 and comparative samples
are shown in Fig. S1. We can find that the discharge/charge
overpotential is efficiently reduced due to its good catalytic
performance. The effect of a-Mn0O,/Co304 hybrid catalysts on
the cycling performance of Li-O, batteries has been further
tested with controlled depth of charge and discharge. The cell
showed excellent cycling performance over 60 cycles with the
specific capacity maintained 1000 mAh-g! at the current
density of 0.1 mA-cm™, much longer than those of MnO, (17
cycles) and mechanical mixture of MnO; and Co304 (23 cycles).
As shown in the charge and discharge voltage curve (Fig. 3c),
the discharge medium voltage was above 2.80V, and the charge
medium voltage below 3.90 V within 20 cycles, which obviously
shows that the prepared a-Mn0,/Co30, catalysts own a high
catalytic performance both in OER and ORR. For comparison,
mechanically mixed catalysts: a-MnO; nanowire and Co304
nanoparticles (a-MnOz+nano-Cos04) as well as the pure a-
MnO; were also investigated in Li-O; batteries (Fig. 3b, c). The
discharge curves have the dramatically decreased after the 25t
and 17" cycle for a-MnO,+nano-Cos04 and pure a-MnO;
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Fig. 4
surface of the MnO,.

Schematic diagram represents the oxygen vacancies generated on the

respectively. As displayed in Fig. 3c, the charge and discharge
overpotential of a-MnO,+Co304 mixture are obviously higher
than that of the a-Mn0,/Cos04 hybrid. To be specific, the
discharge medium voltage of the hybrid was 0.2 V higher than
a-MnO,+nano-Cosz04 and 0.3 V lower for charge voltage.

The above results demonstrated that the a-MnO,/Co304
hybrid electrode has a superior reversibility and a high
performance towards both OER and ORR. The increased cycling
performance may attribute to its high specific surface area
which can supply numerous catalytic active sites and be
beneficial for the efficient diffusion of both Li ion and oxygen.
The good catalytic activity of the a-MnO,/Cos04 hybrid
nanomaterials for the OER and ORR may also be attributed to
the synergistic effect and the interfacial effect between the a-
MnQO; nanowire and the Co3z04 nanoparticles.

In order to characterize the interaction of the hybrid, Fourier
Transform infrared spectroscopy (FTIR) and X-ray photoelectron
spectra (XPS) both were further used. Fig. 5a shows the local
magnified XRD patterns, which reveals a small shift in the peak
position of the a-Mn0,/Cos04 hybrid. This is due to the
variation in lattice constants, which indicates that Co has
entered into MnO; structure.3! Fig. 5b shows the FTIR spectra
of a-Mn0,/Co30,4 hybrid compared with the mixture phase.
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Fig. 5 Magpnified XRD patterns of a-MnO, and a-Mn0,/Cos0, (a), FTIR spectra of
a-Mn0,+C030, mixture and a-Mn0,/Co;30, hybrid (b). XPS spectra of Mn 2p core-level
recorded from the surface of a-MnO, (c) and a-Mn0,/Co30,4 hybrid (d).
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Absorption peaks at the range of 400-1000 cm™ mainly
correspond to the vibrations of Co-O and Mn-O bonds.3% 32 The
XRD spectra of a-Mn0,/Co304 hybrid show identical peaks of
MnO; and Co30,4, but slightly shift in the peak position, due to
the disturbances generated with the interaction between cobalt
and manganese ion.3* To make a further validation, the XPS
spectra was used to provide additional information about the
a-Mn0O,/Co304 hybrid surface. Fig. 5¢c, d illustrates the Mn 2p
XPS spectra acquired from pure a-MnO; and a-Mn0,/Co304
specimens respectively with the Mn 2ps;; peak position
remaining nearly stationary at ~ 642.2eV. Deconvolution of the
Mn 2p spectrum of Fig. 5d, revealed two components of the
principal 2ps. line, namely: the peak at 642.1 eV and the
another one at 640.8 eV, which correspond to Mn (1V), Mn (II)
respectively. More information is available from the Mn 2p
satellite feature. As is known that Mn exhibits satellite features
shifted from the main 2p peak to higher binding energy by
about 5 eV for Mn0.3> The satellite feature noticeable on the
higher-binding-energy side of the Mn 2ps», near 645.0 eV
originates from the charge transfer between outer electron
shell of ligand and an unfilled 3d shell of Mn during creation of
core-hole in the photoelectron process.3%38 These are all
consistent with the presence of Mn (ll), which would originate
from some of the MnO; on the surface reduced during the
hydrothermal treatments.

According to above analysis, the coated Co304 nanoparticles
are not just in the physical contact with MnO,, the cobalt ions
can dope into MnO; lattice during the hydrothermal treatments.
Through the interaction between MnO, and Cos04, more
oxygen vacancies would be generated on the surface of the
MnO; nanowires.

The defect reaction for formation of oxygen vacancy can be
described as follows:

Co,0, =2V, +Co},, +2Co},, +405,

Previous work has shown that the presence of oxygen
vacancies at the surface of MnO;, can enhance its catalytic
activity for ORR.%% 3% 40 Though the catalytic mechanism in Li-O;
batteries is unclear, it was shown that oxygen vacancies on the
surface of metal oxides played a significant effect on
electrocatalytic processes of both ORR and OER in Li-air
batteries.*! Theoretical calculations and experimental analysis
indicate that the strong chemical bond between metal and
adsorbed oxygen on oxygen vacancy site would cause the
elongation of O-O bond, which results in the furtherance of the
activation and partial dissociation of O-O bond.3% %2 Tompsett
also reported that the presence of oxygen vacancy at MnO,
surface enhances its catalytic activity in ORR.*® Therefore, the
presence of surface oxygen vacancy is beneficial and imperative
to the chemical reactions because it can bind the O, more
strongly and can also accelerate their dissociation. Another
reason may contribute to the catalytic activity of both MnO, and
Co304. There are two kinds of surface sites in the a-Mn0O,/Co304
system. Both of them can contribute to the catalytic effect
towards ORR and OER. The surface synergistic effect also plays
an important role in the catalytic reaction in Li-O, batteries. Fig.
S3is the SEM images of the two cathodes after discharge. Due
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to the high catalytic activity, the discharge products mainly
deposit on the surface of a-Mn0,/Co30,4 cathode. In contrast, it
disorderly aggregated on the a-Mn0O,+Co304 cathode. Because
of the uniform growth of the discharge products on the surface
of a-Mn0,/Co304 hybrid, the discharge products could be easier
and more completely decomposed during charge process,
resulting in less side-reaction associated with carbon and
electrolyte. That is why the cycle performance of the a-
MnO,/Co304 hybrid cathode is stabler.

Finally, we also used X-ray photoelectron spectra to
character the discharge products after charge and discharge
processes. As shown in Fig.6, the Li 1s and O 1s XPS spectra were
collected and fitted. We could clearly see that the peaks at 532
eV* in O 1s XPS spectrum (Fig. 6a) and 54.8 eV*® in Li 1s XPS
spectrum (Fig. 6b) correspond to Li,0,, indicating the formation
of Li,O, during discharge process. And these peaks disappear at
the end of charge process, which reveals that the main
product’s reversible formation and decomposition. Obviously,
Li,CO3 and other by-products also formed during the cycling
process, which could be the main reason for the decay of the Li-
O, batteries. The main reason would be due to the
decomposition of the carbon and electrolyte. It has been
reported that carbon is unstable above 3.5 V at the presence of
Li,0,.¢ The decomposition of the electrolytes at a high voltage
range has also been suggested as a possible cause of the
capacity loss upon cycling.

Conclusions

In summary, nanoscale a-Mn0,/Co30,4 hybrid catalyst for Li—O,
batteries was synthesized by two steps hydrothermal method.
The hybrid catalyst exhibited excellent OER and ORR activities
in Li-O; batteries. The causation may be possible because of the
oxygen vacancies produced on the surface of the MnO,
nanowire, and more active sites produced on the MnO; surface.
It may improve the catalytic reactions of the OER and ORR. The
overpotential of the cell was significantly reduced and the
cycling performance is very stable. We believe that hybrids
based on MnO; and Co3z04 nanoscale catalysts which are low
cost and efficient will be promising electrocatalysts for
enhancing the sluggish kinetics of ORR and OER in Li-O;
batteries.
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