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Lithium—oxygen (or Li—air) cells have attracted increasing interest in recent years due to their extremely
high theoretical energy density. A reasonable design of the catalytic cathode is essential to realize a high
performance of Li-O, cells. In this work, a unique core-shell MNO,@NiCo,0, array cathode with a
porous structure has been deposited directly on carbon cloth by a facile hydrothermal route. The array
structure facilitates electrode wetting and oxygen gas transportation. The porous structure supplies free
space for Li,O, loading. The MnO,@NiCo,0, array cathode exhibits a high catalytic effect enabling the
conformal growth of Li,O, with the array structure retained. This growth behavior of Li,O, makes the
decomposition of Li,O, easy upon charging. Li—-O, cells with the MnO,@NiCo,0,4 cathode can sustain a
stable cycling of 168 cycles with a limited capacity of 500 mA h g~ at 400 mA g%, which is superior to
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Introduction

Li-O, (or Li-air) cells have recently received great attention
because of their extremely high theoretical energy density
which considerably exceeds that of state-of-the-art lithium-ion
cells."”® However, many challenges should be overcome before
the practical applications of the Li-O, cells.”"" One of the
critical problems is the sluggish oxygen reduction/evolution
reaction (ORR/OER) kinetics, which is caused by the for-
mation/decomposition of insulating/insoluble Li,0,, leading
to high polarization, poor rate capability and short cycle
life.">"® The use of catalysts has proven to be an effective strat-
egy to improve the ORR/OER kinetics in Li-O, cell
systems.'*™"” Among various candidates, metal oxides, such as
MnO,,>'®* C0,0,,2°*' NiO,** NiC0,0,* and TiO,,** have
attracted special interest since they are efficient in catalyzing
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the ORR/OER and are chemically/electrochemically stable
towards reactive Li,O,/LiO,. In addition, they are cost-effective
compared with noble metal-based catalysts.

Unlike the Li-ion shuttle mechanism in Li-ion cells, the
operation of Li-O, cells is based on the deposition of Li,O, on
the cathode, which inevitably causes the deactivation of the
cathode by blocking the pathways for charge transfer.'>'? As a
result, the Li-O, cells usually exhibit large polarization and
lower capacity than expected. Building an array-type electrode
provides a practical route to improve the electrochemical
performance of Li-O, cells since the space between the arrays
can accommodate Li,O,, thus relieving the electrode
deactivation.”®***>*° Moreover, the array-type catalysts are
usually directly grown on the current collector, avoiding the
binder and conducting agent-related side reactions.?®*' For
the array-type cathodes, it is desirable that Li,O, shows a con-
formal growth on the catalyst surface to achieve as high
deposition amount as possible. However, this growth mode
will easily block the catalytically active sites with the covering
of insulating Li,0,.>*>%

Compared with NiO or Co;0,4,>*?* NiCo,0, has a high elec-
tronic conductivity, and has been widely used as the electrode
material for electrocatalysis,*® supercapacitors®=° and Li-O,
cells.”**%* In addition, NiCo,0, can be directly grown on the
conductive substrate such as Ni and carbon matrix.>>*! In this
work, the NiCo,0, nanowire arrays were directly grown on
carbon cloth by a facile hydrothermal route. The NiCo,0,
nanowires then act as templates to grow 8-MnO,, leading to
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the formation of core/shell MnO,@NiCo,0, nanowires. For
MnO,, 8-MnO, was selected because it is a highly efficient
catalyst for the ORR/OER'® and it usually crystallizes into a
two-dimensional (2D) sheet-like structure with a large specific
surface area.*® Li-O, cells with the MnO,@NiCo,0, cathode
demonstrate a long cycle life due to the good catalytic activity
of MnO,@NiCo,0, and array-type electrode design. This work
will shed light on the design of high-performance catalysts for
advanced Li-O, cells.

Experimental section
Electrode preparation

The NiCo,0, nanowire arrays were grown directly on carbon
cloth (Shanghai Hesen Electric Co., Ltd) by a facile hydro-
thermal method. The precursor solution for NiCo,0O, growth
was prepared by mixing 0.29 mg of Co(NO3),-6H,0, 0.145 mg
of Ni(NOj3),:6H,0 and 0.36 mg of CO(NH,), in 30 mL of de-
ionized (DI) water and absolute ethanol (1: 1 in volume) under
vigorous stirring. The mixed solution with a piece of the
carbon cloth (2.5 cm x 2.5 cm) immersed was sealed into a
Teflon-lined stainless steel autoclave (50 mL in capacity) which
was placed in an electric oven. The hydrothermal reaction was
conducted at 80 °C for 16 h. The carbon cloth with deposits
was then collected, rinsed with DI water and absolute ethanol
repeatedly, and dried first at 60 °C in air overnight and then at
300 °C in air for 2 h. The mass loading of NiCo,0, on carbon
cloth is 0.35 mg cm™>. The weight of NiCo,0, can be deter-
mined by the weight gain of the large-sized carbon cloth
(2.5 em x 2.5 cm) before and after NiCo,0, deposition using a
precise balance. For the subsequent 6-MnO, growth, the pre-
cursor solution was prepared by dissolving 10 mg of KMnO, in
50 mL DI water in a beaker (100 mL in capacity). The above
carbon cloth was immersed in the KMnO, solution which was
placed in the electric oven and heated at 90 °C for 2.5 h. After
this, the carbon cloth with deposits was collected, rinsed with
DI water and absolute ethanol repeatedly, and dried at 60 °C
in air overnight. The final product, the carbon cloth-supported
MnO,@NiCo,0,4, was obtained after heating the above product
at 300 °C in air for 2 h. The mass loading of 3MnO, on
carbon cloth is 0.45 mg cm™>. The weight of -MnO, was deter-
mined by measuring the molar ratio of Mn to Co by inductively
coupled plasma-atomic emission spectrometry (ICP-AES) on
an IRIS Intrepid II XSP system.

Electrode characterization

X-ray diffraction (XRD) patterns of the electrodes were recorded
on a Rigaku D/Max-2550pc powder diffractometer equipped with
monochromatized Cu K, radiation (4 = 1.541 A). The mor-
phologies of MnO,@NiCo,0, or NiCo,0, electrodes or electrode
components in different charge/discharge states were character-
ized by field-emission scanning electron microscopy (SEM) on a
Hitachi (Japan) S-4800 microscope. The microstructure of pris-
tine and discharged MnO,@NiCo,0, was analyzed by trans-
mission electron microscopy (TEM) on a JEM 2100F microscope.

1708 | Inorg. Chem. Front.,, 2018, 5, 17071713

View Article Online

Inorganic Chemistry Frontiers

Electrochemical measurements

Coin-type Li-O, cells were fabricated in an Ar-filled glove box
using lithium foil (>99.9%, Sinopharm Chemical Reagent Co.,
Ltd) as the anode, carbon cloth-supported MnO,@NiCo,0, (or
NiCo,0,4) as the cathode, and a Celgard C480 film as the
separator. The electrolyte used is 1 M LiClO, (>99.99%, Sigma
Aldrich) in tetraethylene glycol dimethyl ether (TEGDME,
>99.0%, Sigma Aldrich). The cathodes were dried at 80 °C in a
vacuum oven overnight before the fabrication of the cells. The
assembled cells were purged with pure O, for 20 min and
rested at open circuit voltage (OCV) for 5 h before the electro-
chemical tests. Galvanostatic cycling was carried out on a
Neware battery cycler (Shenzhen, China) over a voltage range
of 2.0-4.5 V (vs. Li/Li"). For the MnO,@NiC0,0, electrodes, the
specific capacity (mA h g”") and current density (mA g™") of
the cells were normalized to the total mass of NiCo,0O, and
8-MnO,. For the NiCo,0, electrodes, the specific capacity and
current density of the cells were normalized to the mass of
NiCo0,0,. Cyclic voltammetry (CV) measurements were carried
out on a Princeton Applied Research Versa-STAT3 electro-
chemistry workstation between 2.0 and 4.5 V (vs. Li/Li") at
0.05 mV s™'. Linear sweep voltammetry (LSV) measurements
were performed on the Versa-STAT3 electrochemistry worksta-
tion at a sweep rate of 0.1 mV s™". All of the electrochemical
measurements were performed at 25 °C.

Results and discussion

NiCo,0, nanowire arrays were grown directly on carbon cloth
by a facile hydrothermal route. The XRD patterns shown in
Fig. 1a indicate the formation of NiCo,0, (JCPDS: no. 20-
0718). MnO, was grown on the NiCo,0,-loaded carbon cloth
also by a hydrothermal route. The XRD patterns shown in
Fig. 1b suggest that MnO, is §-MnO, (JCPDS: no. 80-1098),
which usually crystallizes into a sheet-like layered struc-
ture,*>** favorable for Li,O, loading.

Fig. 2a and b show the SEM images of NiCo,0, nanowires
on carbon cloth. The NiCo,0, nanowires were uniformly de-
posited on the surface of the carbon cloth (Fig. 2a). The
enlarged view shown in Fig. 2b indicates that the NiCo,0,
nanowires have a length of 1-2 pm and a diameter of
30-60 nm with sharp tips. The SEM image also reveals that the
surface of the NiCo,0, nanowires is smooth. After the 8-MnO,,
growth, the diameter of the nanowires increases with the array
structure retained (Fig. 2¢), indicating that core-shell nanowire
arrays have formed. The image shown in Fig. 2d demonstrates
that after the MnO, growth, the diameter of the nanowires
increases to 100-150 nm, while the length remains almost
unchanged. Unlike the smooth NiCo,0, surface, the surface of
MnO,@NiCo,0, becomes porous, where the 2D &-MnO,
nanosheets have assembled into a three-dimensional porous
structure (Fig. 2e). This structure is desirable since the voids in
the porous arrays provide the free space for Li,O, deposition.
The TEM image shown in Fig. 2f confirms that the nanowires
exhibit a core-shell structure with a sheet-like surface. Fig. 2¢g

This journal is © the Partner Organisations 2018
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Fig. 1 XRD patterns of (a) NiCo,0O4 and (b) MnO,@NiCo,0,4 on carbon cloth.

100 nm

Fig. 2 SEM images of (a, b) NiCo,O4 and (c—e) MnO,@NiCo,0O4 on
carbon cloth, (f) TEM image of a single MnO,@NiCo,0O4 wire, (g)
HAADF-STEM image, and (h) EDS mapping of the single wire.

and h show high-angle annular dark-field (HAADF)-scanning
transmission electron microscopy (STEM) images and the
corresponding energy dispersive X-ray spectrometry (EDX)
mapping, which further proves the core-shell structure. In

This journal is © the Partner Organisations 2018

Fig. 2h, the additional O signal comes from the carbon film.
From the XRD, SEM and TEM results, it is verified that core—
shell structured MnO,@NiCo,0, arrays have formed.

The catalytic ability of the catalysts for the ORR/OER was
evaluated by galvanostatic cycling the Li-O, cells with the
MnO,@NiCo,0, or NiCo,0, cathodes. Fig. 3 compares the
voltage profiles of the cells with the MnO,@NiCo,0, cathode
and Li anode tested in O, and Ar. When tested in Ar, it is a
common Li cell. Note that in Ar, the cell shows a low discharge
capacity of below 200 mA h g™, while in O,, the cell (Li-O,
cell) can yield a much higher discharge capacity of 1723 mA h
¢~ ', The result suggests that the Li-insertion into 8-MnO, con-
tributes minor to total capacity when the cell was tested in O,.
For the NiCo,0, cathode, the Li-insertion contribution to the
total capacity is also minor as seen in Fig. S1 (ESI).} Fig. 3b
and c show the voltage profiles and cycling performance of the
NiCo0,0,-catalyzed Li-O, cell at 400 mA g~' with a limited
capacity of 500 mA h g™". The cycling of the cell lasts 66 cycles
before the discharge capacity is lower than 500 mA h g'. The
cell suffers from progressive polarization upon cycling due to
factors such as Li corrosion by the electrolyte, electrolyte
decomposition, and degradation of catalytic performance of
the catalyst."*"*® As seen in Fig. S2,T at a high charge voltage, a
voltage plateau appears due to the decomposition of the elec-
trolyte.>! On the other hand, NiCo,0, will react with Li ions to
form Co/Ni and Li,O at low voltage,”” which leads to the struc-
tural destruction of NiCo,0,. In addition, the theoretical
working voltage of the Li-O, cell is 2.96 V for Li,0, formation.
Therefore, the cut-off voltage was set at 2-4.5 V to avoid or
reduce the side reactions.

Fig. 3d and e show voltage profiles and cycling performance
of the MnO,@NiCo,0,-catalyzed Li-O, cell at 400 mA g~ with
a limited capacity of 500 mA h g~'. The cell with the
MnO,@NiCo,0, cathode can sustain a stable cycling of 168
cycles, much longer than the cell with the NiCo,0, cathode. At
the same cycle number (66 cycles), the charge terminal voltage
of the MnO,@NiCo,0,-catalyzed cell is 4.25 V, which is lower
than that of the NiCo,O,-catalyzed cell (4.34 V), although the
former has a higher catalyst loading than that of the latter,
indicating a higher catalytic activity of MnO,@NiCo,0, com-

Inorg. Chem. Front,, 2018, 5, 1707-1713 | 1709
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Fig. 3 (a) Voltage profiles of the Li cells with the MnO,@NiCo,0,4 cathode
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O, cells with (b, c) NiCo,04 and (d, €) MnO,@NiCo,0, catalysts, and CV plots of MnO,@NiC0,0,4 and NiC0,04.

pared with that of NiCo,0,. The long cycle life of the Li-O, cell
with the MnO,@NiCo,0, cathode can be attributed to the
good catalytic performance of MnO,@NiCo,0,, a unique
array-type and porous structure of the cathode, and the binder-
free cathode design. In addition, the exposure of the carbon
cloth substrate to Li,O, (or LiO,) is largely minimized with the
conformal growth of Li,O, as discussed below. We notice that
the Li-O, cell with MnO,@NiCo,0, shows a larger ratio of dis-
charge capacity above 2.96 V (equilibrium potential of Li-O,
cells) than that of the cell with NiCo,0,. It can be attributed to
the residual cell polarization without the rest time during
charge and discharge processes,*® with a relatively low elec-

1710 | Inorg. Chem. Front, 2018, 5, 1707-1713

tronic conductivity of MnO,@NiCo,0,. As shown in Table 1,
the electrochemical performance of our MnO,@NiCo,0,-cata-
lyzed Li-O, cell is better than or comparable to those with the
NiCo,0,4-based catalyst when comprehensively considering the
capacity limitation, applied current density and cycle life. The
good electrochemical performance of our Li-O, cell with the
MnO,@NiCo,0, catalyst is due to the presence of highly
efficient -MnO, and the unique array-type binder-free elec-
trode design with a porous structure. As seen in Fig. 3f, the CV
plots of the two Li-O, cells exhibit similar shapes. However,
for the cell with the MnO,@NiCo,0, catalyst, a couple of
current peaks (marked by the black arrows) can be observed,

This journal is © the Partner Organisations 2018
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Table 1 Cycling performance of some Li—O; cells with NiCo,0O4-based catalysts

Sample Current density Capacity limitation Cycle number Ref.
MnO,@NiCo,0, arrays 400 MA Zeagalyst - 500 MA h Zeacalyst 168 This work
Wave-like NiC0,0, 100 mA Zearalyst_| -t 500 MA h earalyst | 100 23
NiCo,0, nanotubes 200 MA Zearbon 1000 MA h gearbon 110 40
NiCo,0, nanowires 30 MA Zeacalyse 500 MA h gearalyst | 50 49
Mushroom-like Au/NiCo,0, 42.5 mA Zeatalyst -t 510 MA h Zeacalyst 40 50
NiCo0,0, nanorods 400 MA Zearbon 1000 MA h €earbon 15 51
NiCo,0, nanowires 18 MA Zeaatyst 500 MA h geagalyst | 13 52
NiCo0,0, nanosheets 200 MA Zearbon 500 MA h gearalyst | 50 53
CeO,@NiCo0,0, nanowires 100 MA Zeacalyse | 500 MA h Zeacalyst 64 54

which is related to the Li-insertion/removal into/from 8-MnO,
and the small peak intensity agrees with its minor contri-
bution to the total capacity of the cell. LSV measurements in
Fig. S31 show that MnO,@NiCo,0, has a larger cathodic
current than that of bare NiCo,0,, which further proves that
MnO,@NiCo,0, has a better catalytic activity than that of
NiCo0,0,.

To reveal the different catalytic performances of NiCo,0,
and MnO,@NiCo,0, catalysts, the cathodes after discharge
and charge processes were characterized by SEM as shown in
Fig. 4-6. For the NiCo,0, cathode, after the first discharge
process, the array structure is generally preserved, indicating
that the growth of Li,O, shows a surface mode, namely, Li,O,
grows conformally on the surface of the NiCo,O, nanowires.
This growth mode enables the good contact between the cata-
lyst and Li,O,, while the catalytically active sites will be easily
blocked by the insulating Li,0,.*** As marked by the white
arrow in Fig. 4a, large Li,O, particles were also observed,
which form due possibly to the loss of the active sites on
NiCo,0, by Li,O, deposition. Besides on the surface of
NiCo,0,4 nanowires, Li,O, sheets also form between the neigh-
boring NiCo0,0, nanowires (Fig. 4b), which will block the
pathway of electrolyte penetration and O, gas transportation.

200 nm
b

Fig. 4 SEM images of the NiCo,0O, cathodes after (a, b) the first dis-
charge and (c, d) the first charge processes.

This journal is © the Partner Organisations 2018
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Fig. 5 SEM images of the MnO,@NiCo,0,4 cathodes after (a, b) the first
discharge and (c, d) the first charge processes, and (e) TEM image and
(f) SAED patterns of the discharged MnO,@NiC0,04.

As expected, the large particles and sheets are difficult to be
decomposed upon charging as marked by the white arrows in
Fig. 4c and d due to the insufficient contact with the catalyst.
In contrast, Li,O, on the NiCo,0, surface has been removed
after the charge process. As shown in Fig. 4c, only after one
cycle, some NiCo,0, nanowires have broken (see the black
arrow), which will result in the deactivation of the catalyst and
the degradation of the cell performance.

Fig. 5a and b show the SEM images of the MnO,@NiC0,0,
cathode after the first discharge and charge processes. Similar
to NiCo,0y, its array structure was also retained after the first
discharge process. Compared with that of the pristine nano-
wires (Fig. 2c), the diameter of MnO,@NiCo,0, after the dis-
charge process increases while the voids between the nano-
wires are still visible, suggesting that Li,O, also adopts a

Inorg. Chem. Front,, 2018, 5, 1707-1713 | 1711
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Fig. 6 SEM images of the MnO,@NiCo,0, cathodes after (a, b) the
50th discharge and (c, d) the 50th charge processes.

surface-growth mode. 8-MnO, is usually rich in defects and
has abundant oxygen vacancies,”” which act as the catalytically
active centers to promote the formation of LiO, on the surface
during the early ORR stage. Li,O, adopts a surface growth
mode through the reaction LiO, + Li* + e — Li,0, as the ORR
proceeds with the strong absorption of LiO, with §-MnO, and
the synergetic catalytic effect of NiCo,0, and §-MnO,. In
addition, the porous structure assembled by sheet-like -MnO,
facilitates this surface growth mode. As seen in Fig. 5b, the
original porous structure is invisible due to the filling of the
pores with Li,O,. No large Li,O, particles form since there is
large space in porous MnO,@NiCo,0, for housing Li,O,. In
addition, thin sheets are also observed between the discharged
MnO,@NiCo,0, nanowires. However, voids between the
MnO,@NiCo,0, nanowires are still present for barrier-free O,
transportation and electrolyte penetration. After the charge
step, the diameter of the nanowires decreases with the porous
structure appearing again, which suggests the sufficient
removal of Li,O, after the charge process (Fig. 5¢ and d). The
TEM image shown in Fig. 5e also indicates that the diameter
of the nanowire increases after the discharge process. The
discharged product is confirmed to be Li,O, by selected area
electron diffraction (SAED) as shown in Fig. 5f. After 50 cycles,
the array structure is generally maintained. This can explain
the relatively durable catalytic activity of the MnO,@NiC0,0,
cathode and long cycle life of the Li-O, cell. However, morpho-
logical changes have occurred which may underlie the per-
formance degradation of the cell. As discussed above, since
Li,O, adopts a conformal growth mode, repetitive loading/
unloading of Li,0, will induce stress within MnO,@NiC0,0,,
leading to the progressive damage of the structure and
accompanied degradation of the catalytic performance. As
seen in Fig. S4,7 after 168 cycles, the array-structure of
MnO,@NiCo,0, has almost been destroyed and large particles
can be observed even after the charge process. This indicates

1712 | Inorg. Chem. Front, 2018, 5, 1707-1713
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that the byproducts are accumulated after long-time cycling.
The electrochemical performance of the cell will thus deterio-
rate and the cell failure finally occurs. As a result, these ex situ
SEM characterization studies agree well with the electro-
chemical performance of the Li-O, cells.

Conclusions

In summary, we propose a unique design of a core-shell
MnO,®@NiCo,0, array-type cathode without using the binder.
In this design, the array-type structure is favorable for elec-
trode wetting by the electrolyte and oxygen gas transportation.
The porous structure of MnO, makes high Li,O, loading
possible even though it adopts a conformal growth mode. The
conformal growth of Li,O, on MnO,@NiCo,0, enables its easy
decomposition upon charging. The binder-free electrode
design and the conformal growth of Li,O, also exclude
(or minimize) the side reactions related to the binder and
carbon cloth substrate. As a result, Li-O, cells catalyzed by
MnO,@NiCo,0, exhibit good cycling stability (168 cycles with
a limited capacity of 500 mA h g™"). This work provides a new
design of an efficient catalytic cathode for Li-O, cells.
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