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Urchin-like NiO–NiCo2O4 heterostructure
microsphere catalysts for enhanced rechargeable
non-aqueous Li–O2 batteries†
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Jiaoxia Zhang,b,d Jun Wang, *a Tao Ding*e and Zhanhu Guo *b

Urchin-like NiO–NiCo2O4 microspheres with heterostructures

were successfully synthesized through a facile hydrothermal

method, followed by thermal treatment. The unique structure of

NiO–NiCo2O4 with the synergetic effect between NiCo2O4 and

NiO, and the heterostructure favour the catalytic activity towards

Li–O2 batteries. NiCo2O4 is helpful for boosting both the oxygen

reduction reaction and oxygen evolution reaction for the Li–O2

batteries and NiO is likely to promote the decomposition of

certain by-products. The special urchin-like morphology facilitates

the continuous oxygen flow and accommodates Li2O2. Moreover,

benefitting from the heterostructure, NiO–NiCo2O4 microspheres

are able to promote the transport of Li ions and electrons to

further improve battery performance. Li–O2 batteries utilizing a

NiO–NiCo2O4 microsphere electrode show a much higher specific

capacity and a lower overpotential than those with a Super P elec-

trode. Moreover, they exhibit an enhanced cycling stability. The

electrode can be continuously discharged and charged without

obvious terminal voltage variation for 80 cycles, as the discharge

capacity is restricted at 600 mA h g−1, suggesting that

NiO–NiCo2O4 is a promising catalyst for Li–O2 batteries.

1. Introduction

The increasing demand for future energy storage systems has
driven rapid growth of battery research.1,2 In order to meet the
target for applications in electric vehicles and grid storage,
various battery systems, such as lithium–ion, lithium–sulphur
and metal–air batteries, have been studied.3–7 Recently, Li–O2

batteries have attracted enormous attention due to their extre-
mely high theoretical energy density and potential applications
in transportation, portable electronics and grid energy
storage.8–10 The discharge and charge processes in Li–O2 bat-
teries are related to the oxygen reduction reaction (ORR) and
the oxygen evolution reaction (OER), respectively.11–13 The
practical applications of Li–O2 batteries have been restricted by
many problems, including high discharge/charge overpotential
caused by sluggish reaction kinetics,14–16 electrolyte decompo-
sition under high voltage, and safe issues resulting from the
active Li anode.17–19 Developing bifunctional electrocatalysts to
efficiently catalyse both the ORR and OER is one of the keys to
achieve high performance Li–O2 batteries. The electrocatalysts
should be able to facilitate the rapid decomposition of dis-
charge products to improve the capacity, round-trip efficiency
and cycling stability performance of Li–O2 batteries.

20–22

Although noble metals and their alloys have been proved to
be efficient bifunctional catalysts,23–25 high electrocatalytic
performance transition metal oxides, such as Co3O4,

26–29

MnO2,
30–32 MnCo2O4,

33–35 and NiCo2O4,
36–38 are more suitable

for practical uses because of their low cost and abundant
reserves. Among them, NiCo2O4 is one of the most promising
materials due to its large amount of catalytic active sites from
two redox couples of Co3+/Co2+ and Ni3+/Ni2+.20,39 Besides, com-
pared with NiO and Co3O4, NiCo2O4 possesses enhanced electri-
cal conductivity.40,41 It has also been reported that the micro-
structure of catalysts significantly influenced their catalytic
activity.39,42–44 In order to obtain a better Li–O2 battery perform-
ance, NiCo2O4 cathode catalysts with various microstructures
have been prepared and studied, such as nanotubes, nano-
flakes, nanosheets, nanowire arrays and microspheres.40,45–48
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Recently, urchin-like NiCo2O4 microspheres have attracted great
interest, owing to their high specific surface area, short
diffusion path for ions or electrons and enough channels for
mass transport, which are in favour of higher electrocatalytic
performance for Li–O2 batteries.39,49 However, Li–O2 batteries
based on single phase metal oxides still suffer from poor
capacities, high overpotential and unsatisfactory cycling stability
which limited their practical applications. Therefore, many
efforts have been made to design novel hybrid electrodes in
order to achieve synergetic effects between two components.
For instance, it has been reported that one-dimensional
RuO2/Mn2O3 fibers,50 RuO2-δ-MnO2 nanosheets,32 mesoporous
ZnO/ZnFe2O4 nanocages,51 Fe2O3@MnO2 composites,52 and
NiO–RuO2 nanoparticles53 were prepared and they exhibited
favourable battery performance because of the synergetic effects
between two components.

Compared with mixture or homogeneous doping bulk,
heterostructures constructed from coupling nanocrystals with
different band gaps have great potential applications in photo-
catalysis, sensors and energy storage because of their interface
effects which offer unprecedented properties.54 Benefiting
from the existing internal electric field, heterostructures are
able to enhance the surface reaction kinetics as well as to
facilitate charge transport.55,56 Thus, from the perspective of
enhancing the electronic conductivity and ion diffusion capa-
bility, the design and fabrication of a complex heterostructure
by employing two different materials might be a feasible strat-
egy to obtain better electrocatalytic performance in Li–O2 bat-
teries. It was also found that NiO played an important role in
decomposing the by-products containing carbonate/carboxylate
species.57,58 The NiO catalyst can promote the formation of
thinner passivation layers to avoid the hindrance of charge trans-
fer from the cumulative passivation layers.58 Therefore, the NiO
catalyst can facilitate efficient oxidation of carbonate/carboxylate
species, as well as promote the peroxide oxidation. Mixed metal
oxides containing NiO were designed to improve their electro-
catalytic performance.59 For example, Tan et al.60 reported a
nanostructured RuO2/NiO cathode which enabled the lithium–

air batteries to be truly operated in ambient air at 500 mA h g−1

for 200 cycles. Liu et al.61 developed a method for synthesizing
ultrafine NiO/CoO catalysts which retained a capacity of
>1000 mA h g−1 after 100 cycles. Many previous studies have suc-
cessfully employed the NiO–NiCo2O4 composite as the electrode
for supercapacitors, and the composites exhibited good catalytic
activity towards the ORR and OER.62–66 Nevertheless, there are
far few reports on NiO–NiCo2O4 composites used as cathode cat-
alysts for Li–O2 batteries. They are expected to effectively facili-
tate the formation and decomposition of Li2O2 with less by-
product accumulation during cycling.

Herein, inspired by the unique advantages of hetero-
structures and the benefits of NiO–NiCo2O4 composites, we
proposed and constructed NiO–NiCo2O4 microspheres with a
heterostructure through a facile hydrothermal method follow-
ing annealing treatment. This unique structure was able to
promote fast transport of ions and electrons to obtain
enhanced battery performance. The capacity, reversibility and

rate performance of the batteries were investigated by electro-
catalytic testing and the results demonstrated that the NiO–
NiCo2O4 microspheres with the heterostructure were favour-
able for the catalytic activity of nonaqueous Li–O2 batteries.

2. Experimental
2.1 Preparation of NiO–NiCo2O4 microspheres with the
heterostructure

In a typical hydrothermal preparation process, 1.25 mmol
NiCl2·6H2O, 2.5 mmol CoCl3·6H2O and 4.5 mmol urea were
dissolved in 25 mL deionized water at room temperature and
the solution was ultrasonically treated for 30 minutes. It was
then transferred to a 50 mL stainless steel autoclave with a
Teflon liner and was heated to 120 °C and maintained for
8 hours. After being cooled down to room temperature, the
product was collected by centrifugation and washed with de-
ionized water and ethanol several times, followed by drying at
60 °C under vacuum for 12 h. Finally, the obtained product
was calcined at different temperatures for 3 h with a heating
rate of 2 °C min−1 in air to obtain urchin-like heterostructure
NiO–NiCo2O4 microspheres. Different NiO–NiCo2O4 micro-
spheres were fabricated by applying calcination temperatures
of 400, 500 and 600 °C and they were designated as NCO-400,
NCO-500 and NCO-600, respectively.

2.2 Materials characterization

X-ray diffraction (XRD) patterns were recorded on a D8 Advance
X-ray diffractometer using Cu Kα radiation (λ = 1.5418 Å). X-ray
photoelectron spectroscopy (XPS) was carried out on a
ThermoFisher K-Alpha instrument. The XPS data were analysed
by CasaXPS software and all the results were calibrated by using
C 1s = 284.6 eV. The morphology and microstructure of the syn-
thesized materials were examined using a field emission scan-
ning electron microscope (FESEM: SU-70) equipped with an
energy dispersive X-ray (EDX) analyser and a transmission elec-
tron microscope (TEM: JEOL-JEM2100, operated at 200 kV).

2.3 Electrochemical investigation

The electrochemical performance of the Li–O2 batteries was
analysed using a 2032-type coin cell with holes in its top cover.
To prepare the electrodes tested in Li–O2 cells, 40 wt% catalyst,
40 wt% Super P carbon and 20 wt% poly(tetrafluoroethylene)
were mixed in isopropanol to prepare a slurry, which was
homogeneously dispersed on a carbon paper (TGP-H-060,
Toray) and dried at 120 °C under vacuum for 12 h. All the cells
were assembled in a glovebox under an Ar atmosphere, in
which both oxygen and water contents were less than 0.1 ppm.
Li–O2 batteries consist of a Li foil anode, a glass fibre separator
soaked with the electrolyte containing 1 M lithium bis(trifluoro-
methanesulfonyl)imide in triethylene glycol dimethyl ether
(LiTFSI/TEGDME) and a catalyst coated oxygen cathode.
Galvanostatic discharge/charge tests were carried out in an O2-
purged chamber on a multichannel battery testing system
(LAND CT 2001A) in the potential range of 2.35–4.35 V at
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current densities of 100, 200, 300, 400 and 500 mA g−1,
respectively. The specific capacities were calculated based on
the amount of the active material in the cathodes. Cyclic vol-
tammetry (CV) was performed on an electrochemical work-
station (RST5002F) at a scan rate of 0.1 mV s−1 in the potential
range of 2.35–4.35 V (vs. Li/Li+). Electrochemical impedance
spectroscopy (EIS) was tested on the same electrochemical
workstation using a sine wave of 0.01 V amplitude over a fre-
quency range of 100 kHz–0.01 Hz.

3. Results and discussion

The synthetic procedure of NiO–NiCo2O4 microspheres with a
heterostructure, shown in Fig. 1, was carried out through a

two-step route. Firstly, the NiO–NiCo2O4 precursor was pre-
pared by a hydrothermal reaction. Afterwards, the precursor
was calcined to achieve NiO–NiCo2O4 heterostructure micro-
spheres. The crystal structure and composition of the as-pre-
pared materials were characterized by XRD analysis. The XRD
pattern (Fig. S1a†) of the precursor revealed that it was com-
posed of cobalt–nickel bimetallic carbonate hydroxide. Fig. 2a
shows the XRD pattern of the as-prepared NiO–NiCo2O4 micro-
spheres with different calcination temperatures. All the peaks
matched well with the cubic NiCo2O4 (JCPDS no.: 20-0781) and
cubic NiO (JCPDS no.: 65-5745), which clearly demonstrated
that the synthesized products were composed of NiCo2O4 and
NiO. No presence of the NiO peak was observed in the XRD
result of NCO-400, while the cubic phase of NiO peaks
appeared in the XRD result of NCO-500 and NCO-600. This

Fig. 1 Schematic illustration of the formation of NiO–NiCo2O4 microspheres through a two-step method.

Fig. 2 (a) XRD patterns of NCO-400, NCO-500 and NCO-600; XPS spectra of NCO-500: (b) survey, (c) Ni 2p, (d) Co 2p and (e) O 1s.

Communication Nanoscale

52 | Nanoscale, 2019, 11, 50–59 This journal is © The Royal Society of Chemistry 2019

Pu
bl

is
he

d 
on

 2
6 

N
ov

em
be

r 
20

18
. D

ow
nl

oa
de

d 
on

 2
/2

7/
20

19
 9

:3
2:

00
 P

M
. 

View Article Online

http://dx.doi.org/10.1039/c8nr08457b


was consistent with the observation of the NiO phase when the
firing temperature was raised to 500 °C.67 The cubic NiO phase
was initially formed in the sample annealed at 500 °C and co-
existed with NiCo2O4 as surface coverage. It was possibly
because the spinel NiCo2O4 was decomposed with the loss of
NiO.67–69 However, the specific mechanism still needs further
study to confirm.

XPS measurement was carried out to further understand
the chemical composition and the elemental oxidation state of
NiO–NiCo2O4 samples. Fig. 2b shows the survey spectrum of
NCO-500, which indicates the presence of C, O, Co and Ni
elements. In Fig. 2c of the high-resolution spectrum of Ni 2p,
the peaks were well-fitted with two spin–orbit doublets and
two shakeup satellite peaks. The fitting peaks with binding
energies of 856.5 and 874.1 eV were indexed to Ni2+ signals,
while the peaks with those of 854.8 and 872.0 eV were indexed
to Ni3+ signals. The satellite peaks at 861.9 and 880.7 eV were
shakeup peaks of Ni.70,71 In a similar way, Co 2p can be fitted
to two spin–orbit doublets (Fig. 2d). The fitting peaks at 782.5
and 797.0 eV were indexed to Co2+ signals, while the peaks at
780.4 and 795.4 eV were indexed to Co3+ signals.71,72 These
results indicated that in NCO-500, both Ni and Co were

partially oxidized and reduced, respectively, to balance the for-
mation of oxygen vacancies.73,74 The spectrum of O 1s (Fig. 2e)
shows two oxygen contributions. The fitting peak at 530.1 eV is
assigned to the metal–oxygen bond, and the peak at 531.8 eV
is usually associated with a high number of defect sites.75,76

The morphology and microstructure of the NiO–NiCo2O4

samples were characterized by FESEM and TEM. The images
in Fig. S1b† show the morphology of the NiO–NiCo2O4 precur-
sor. It generally presented a spherical urchin shape structure
with a uniform diameter of about 5 μm. The FESEM images of
the as-prepared NCO-500 in Fig. 3a and c show that the structure
did not change after calcination. It was observed from Fig. 3a
that each urchin-like NCO-500 sphere displayed a uniform dia-
meter of 5 μm with numerous small nanorods radially-grown
from the center. The elements in the NCO-500 sample were
characterized by EDS and the results are shown in Fig. 3b, which
confirmed the presence of Ni, Co and O elements. Element
mapping results in Fig. 3d, e and f show the uniform distri-
bution of Ni, Co and O elements in an NCO-500 sphere. The
FESEM images of NCO-400 and NCO-600 with the according
element mapping results are shown in Fig. S2 and S3,† respect-
ively, and the morphology is similar to that of NCO-500.

Fig. 3 FESEM images of NCO-500 at (a) low and (c) high magnifications; (b) EDS result of NCO-500; element mapping images of NCO-500: (d) Ni,
(e) Co and (f ) O; (g) TEM images of NCO-500; (h) high resolution TEM image; (i) selected area electron diffraction of NCO-500.
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NCO-500 was tested for TEM to further examine its detailed
morphology and component structure. Fig. 3g shows the nano-
rods which constituted the NiO–NiCo2O4 urchin-like micro-
spheres. The HRTEM image in Fig. 3h clearly presents the
lattice fringes with spacings of about 0.288, 0.244 and
0.240 nm, corresponding to the (220) and (311) planes of
NiCo2O4 and the (111) planes of NiO, respectively, which are
consistent with the results of the XRD pattern. The corres-
ponding SAED pattern in Fig. 3h shows well-defined rings
indexed to the NiO and spinel NiCo2O4 phases, indicating the
polycrystalline characteristic of NiO–NiCo2O4 urchin-like
microspheres.

Different CV curves of the Li–O2 cells containing the NiO–
NiCo2O4 microspheres and pure SP electrodes in the LiTFSI/
TEGDME electrolyte were studied, as shown in Fig. S4.†
Compared with the pure SP electrode, the NiO–NiCo2O4 elec-
trodes exhibited considerably larger cathodic and anodic
current values and higher cathodic potentials, indicating
higher bifunctional electrocatalytic activity towards the ORR
and OER in non-aqueous Li–O2 batteries. Particularly, the
NCO-500 electrode showed the highest current value among all
samples, indicating its excellent catalytic activity. As a result, it
demonstrated that the NiO–NiCo2O4 electrode may have
remarkable electrochemical properties towards both the for-
mation and decomposition of discharge products during dis-
charge and charge processes.

The Li–O2 battery performances of NiO–NiCo2O4 hetero-
structure microspheres and pure SP electrodes were further
studied by galvanostatically discharge and charge tests. Fig. 4a
shows the initial full discharge/charge profiles for the Li–O2

batteries with NCO-400, NCO-500, NCO-600 and pure SP elec-
trodes at a current density of 100 mA g−1 from 2.35 to 4.35 V
vs. Li+/Li. The NiO–NiCo2O4 based Li–O2 battery showed a
lower overpotential and a much higher specific capacity than
that of a pure SP based Li–O2 battery. The discharge/charge
capacities of the pure SP electrode were 1750/1619 mA h g−1.
The electrodes with NiO–NiCo2O4 exhibited dramatically
improved discharge/charge capacities. In brief, the NCO-400,
NCO-500 and NCO-600 electrodes delivered discharge/charge
capacities of 7092/7563, 9231/8349 and 5429/4622 mA h g−1,
respectively. In order to eliminate the capacity influence of the
carbon paper, a Li–O2 cell using only the carbon paper as a
cathode material was also assembled. It was observed from
Fig. S5† that the discharge/charge capacities of the carbon
paper were quite limited, indicating that the contribution of
the carbon paper to the total capacity was negligible.
Therefore, it is reasonable to use carbon paper as the current
collector in the testing of Li–O2 batteries.

In Fig. 4b, as the current densities varied from 200, 300,
400 to 500 mA g−1, the NCO-500 electrode also showed a rela-
tively high discharge/charge performance of 8406/8162,
5461/4257, 4113/3292 and 3711/2254 mA h g−1, respectively,
indicating that the NCO-500 composite delivered a good rate
capability. Fig. 4c exhibits the typical initial discharge and
charge profiles of the NCO-500 electrode and the SP electrode
with a fixed capacity of 600 mA h g−1 at a current density of

100 mA g−1. The NCO-500 electrode showed a much lower dis-
charge and charge overpotential. Fig. 4d exhibits the selected
discharge/charge profiles for the NCO-500 electrode at a
current density of 100 mA g−1 with a fixed specific capacity of
600 mA h g−1 and the specific capacity showed no loss up to
80 cycles. The cycling stability of the NCO-500 and SP based
electrodes was also manifested by the discharge/charge term-
inal voltage at the current density of 100 mA g−1 with a fixed
capacity of 600 mA h g−1, and the NCO-500 electrode demon-
strated a favourable cycling performance for the Li–O2 bat-
teries. As shown in Fig. 4e, the discharge/charge terminal
voltage for the NCO-500 electrode remained stable over 80
cycles (2.32 and 4.25 V respectively), while for the SP electrode,
its discharge terminal voltage dropped quickly after the first
2 cycles.

Table S1† summarizes the Li–O2 battery performance of the
NCO-500 electrode in comparison with some representative
NiO-based and NiCo2O4-based electrodes reported in the litera-
ture. It clearly demonstrated that the NCO-500 composite
electrode showed a better performance than most of the other
electrodes under similar testing conditions, especially in terms
of capacity and cycling stability, making the NCO-500 compo-
site a promising material for advanced Li–O2 batteries.
Compared with other NiO-based and NiCo2O4-based materials,
NCO-500 combined the benefits of NiO and NiCo2O4. The
synergetic effect between NiCo2O4 and NiO favors enhancing
the catalytic activity towards Li–O2 batteries. NiCo2O4 can help
boost both the ORR and OER, while NiO is likely to promote
the decomposition of certain by-products. Moreover, the
unique urchin-like heterostructure also provides advantages.
The special morphology facilitates the continuous oxygen flow
and the heterostructure promotes the transport of Li ions and
electrons to further improve the battery performance.

EIS analysis was also conducted on different samples in the
frequency range from 0.01 Hz to 10 kHz, as shown in Fig. 5a.
Each curve consists of two parts, a small semicircle at the
high-frequency region attributes to the charge-transfer resis-
tance and a slope line at the low-frequency region is associated
with the ion diffusion process within the electrode.76–78 From
the Nyquist plots, it was found that the NCO-500 electrode
delivered the lowest charge transfer resistance among all the
four samples, indicating that it enabled an efficient charge
transport on the electrode/electrolyte interface and ensured
the electrochemical activity during cycling. The EIS test of the
NCO-500 electrode at different discharge/recharge stages
(Fig. 5b) was also performed to further identify the discharge
and recharge characteristics. After the first discharge, a larger
charge-transfer resistance was observed compared with that of
the fresh electrode. This is because of the formation and
accumulation of Li2O2 on the electrode, which was hypo-
thesized to prevent the transfer of electrons and lead to high
electrical resistivity.79,80 After being recharged, the charge-
transfer resistance of the NCO-500 electrode slightly changed
compared with that of the fresh electrode, suggesting that the
formation and decomposition of the reaction product is revers-
ible. The charge-transfer resistance experienced almost no
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Fig. 4 The initial discharge/charge profiles of (a) NCO-400, NCO-500, NCO-600 and pure SP electrodes at 100 mA g−1, (b) the NCO-500 electrode
at different current densities; (c) initial discharge/charge plots of the NCO-500 and SP electrodes under a capacity limit of 600 mA h g−1 at
100 mA g−1; (d) typical discharge/charge profiles of NCO-500 electrode under a capacity limit of 600 mA h g−1 at 100 mA g−1; (e) cycling perform-
ances of the NCO-500 and SP electrodes under a capacity limit of 600 mA h g−1 at 100 mA g−1.
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change after the 80th cycle, mainly because less irreversible by-
products existed on the electrode, confirming its remarkable
catalytic properties.81,82

To have a further understanding of the changes in the com-
position and morphology of the NCO-500 electrode at different
discharge/recharge stages, ex situ XRD and FESEM investi-
gations were conducted. Fig. 5c shows the XRD patterns of the
NCO-500 electrode obtained before discharge, after discharge
to 2.35 V, after recharge to 4.35 V and after 80th cycle, respect-
ively. Compared with the XRD pattern of the fresh electrode,
the characteristic Li2O2 peaks were distinctly observed in the
electrode after the 1st full discharge to 2.35 V. These two peaks
were assigned to the (100) and (101) of Li2O2, and this indi-
cated that Li2O2 is the major crystalline discharge
product.16,21,83 After being recharged to 4.35 V and after the
80th fixed-capacity cycle, the peaks of Li2O2 were not found in

the XRD pattern. The result demonstrates that the NCO-500
electrode exhibited an excellent cycling stability and can
efficiently catalyse the formation and decomposition of Li2O2

during cycling. As shown in Fig. 5d, the urchin-like sphere was
wrapped up with a Li2O2 film after the cell was fully dis-
charged to 2.35 V. Whether Li2O2 was formed as particles or as
films was controlled by the solubility of LiO2.

84 The particle-
shaped Li2O2 grew via a solution mechanism due to the high
soluble LiO2, while the film-shaped Li2O2 grew through a
surface growth model of low soluble LiO2. In this case, film-
like Li2O2 was formed via a surface growth pathway on the
urchin-like NiO–NiCo2O4 cathode, providing a large contact
area between the discharge product and cathode surfaces.85 As
a benefit, the electron transfer during the charge process was
facilitated, contributing to a reduced charge overpotential and
good rechargeability.86,87 After being recharged to 4.35 V, the

Fig. 5 (a) EIS plots of NCO-400, NCO-500, NCO-600 and SP electrodes; (b) EIS plots of NCO-500 electrodes at fresh, 1st cycle discharged, 1st
cycle recharged, and 80th cycle recharged states; (c) XRD patterns of the NCO-500 electrode at fresh, 1st cycle discharged, 1st cycle recharged,
and 80th cycle recharged states; FESEM images of NCO-500 electrodes at (d) the 1st cycle discharged to 2.35 V, (e) the 1st cycle recharged to 4.35
V and (f ) the 80th cycle recharged stages.

Fig. 6 Schematic illustration for the reaction mechanism during discharge and recharge process.
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film disappeared, and the urchin-like structure of the NCO-500
electrode appeared again as shown in Fig. 5e. The morphology
of the electrode also retained after 80th cycle at a fixed capacity
of 600 mA h g−1, as shown in Fig. 5f.

Fig. 6 shows the schematic illustration for the formation
and decomposition of film-like Li2O2 during the discharge and
recharge process in Li–O2 batteries with the NiO–NiCo2O4 elec-
trode. The urchin-like morphology promoted the diffusion of
oxygen and electron and provided sufficient space for loading
Li2O2 to mitigate volumetric variation during cycling. The
heterostructure microspheres effectively prevented the
diffusion of discharge products and accelerated electron trans-
fer for Li2O2 conversion reactions. The synergetic effect among
NiCo2O4, NiO and the heterostructure also contributed to the
superior electrocatalytic ability of NiO–NiCo2O4 electrodes.57

Therefore, this NiO–NiCo2O4 heterostructure exhibited excel-
lent electrocatalytic performance in Li–O2 batteries.

4. Conclusions

In summary, urchin-like NiO–NiCo2O4 microspheres with
heterostructures were successfully synthesized through a facile
hydrothermal-assisted method and presented favourable cata-
lytic activity towards both the ORR and the OER for non-
aqueous Li–O2 batteries. The assembled batteries employing
NCO-500 as a catalyst delivered a high discharge/charge
capacity of 9231/8349 mA h g−1 at the current density of
100 mA g−1. Besides, NCO-500 also exhibited good rate capa-
bility and cycling stability. Even when the current density
increased to 500 mA g−1, discharge/charge capacities of 3711/
2254 mA h g−1 were still achieved. When discharge/charge
capacities are limited to 600 mA h g−1, Li–O2 batteries contain-
ing the NCO-500 electrode could be continuously cycled for 80
cycles without obvious terminal voltage variation and exhibited
no capacity loss at the current density of 100 mA g−1. This
superior electrocatalytic performance resulted from the unique
heterostructure of NiO–NiCo2O4. It can facilitate continuous
oxygen flow and charge transport during cycle as well as
provide enough reaction sites for Li2O2 deposition and
decomposition. Furthermore, according to the reported litera-
ture,57 the introduction of the NiO phase is likely to promote
the decomposition of certain by-products. This study suggests
that the NiO–NiCo2O4 microspheres with heterostructures are
promising cathode catalyst materials for Li–O2 batteries.
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