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Designing oxygen cathodes with both high energy density and
excellent cycling stability is a great challenge in the development of
lithium—oxygen (Li—O,) batteries for energy storage systems. Herein,
we design a novel structure of hierarchical NiCo,0O4 nanosheets on
porous carbon nanofiber films (denoted as NiCo,O04@CNFs) as an
oxygen cathode for lithium—oxygen batteries. The NiCo,04@CNFs
cathode delivers a high specific discharge capacity of 4179 mAh g%,
a high energy density of 2110 W h kg~ and superior cycling stability
over 350 cycles. The excellent electrochemical performance of the
NiCo,04@CNFs cathode can be attributed to the rational design and
engineering of catalysts and porous conductive electrodes. These
results indicate that the NiCo,04@CNFs electrode is a promising
candidate for high energy density and long-life Li-O, batteries.
Additionally, the rational design of the hierarchical catalyst con-
structed low-dimensional nanostructure and the lightweight porous
carbon nanofiber electrode can be also used for other metal-oxygen
batteries, such as zinc—oxygen (Zn-0,) batteries, aluminum—oxygen
(Al-0O,) batteries, and sodium—oxygen (Na—-0,) batteries.

Rechargeable lithium-oxygen (Li-O,) batteries are unmatched
candidates amongst future electrochemical energy storage
devices for electric vehicles due to their high theoretical energy
density of 3505 W h kg™ ', which is about 10 times higher than
that of conventional Li-ion batteries (360 W h kg ').'* In
a typical prototype, a Li-O, battery is composed of an Li" con-
ducting electrolyte, a separator, a lithium anode, and a porous
O, breathing cathode, and its cycling mechanism is based on
the oxygen reduction reaction (ORR) and the oxygen evolution
reaction (OER) between Li" and oxygen on the cathode: 2Li" + O,
+2e” « Li,0,.”® As aresult, the key of the development of high-
performance Li-O, batteries depends on the cathode, which
needs to meet such requirements: highly active bifunctional
ORR/OER catalysts, and porous conductive electrodes for
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oxygen diffusion and electron transport, as well as offering
enough space to meet the needs of Li,O, deposition.>*
Despite their superior theoretical storage capacity, con-
structing cycling stable Li-O, battery cathodes is still facing
materials challenges."** This is traced to the sluggish kinetics
of the ORR/OER giving large discharge/charge overpotentials
and the random deposition of Li,O, blocking the permeation
path for oxygen and the electrolyte, leading to low round-trip
efficiency, poor rate capability, and short cycling perfor-
mance.>** From the catalyst point of view, although the most
efficient catalysts for the sluggish bifunctional ORR/OER are
still noble metals,"™° low cost earth-abundant transition metal
oxides, such as MnO,,%*** NiC0,0,,>*?* C030,4,2°2 MnC0,0,,>**°
and CoMn,0,,*"** are preferred for practical application.
Among these, NiCo,0,-based materials have received consid-
erable attention due to their rich redox reaction sites from both
redox couples of Co**/Co** and Ni**/Ni**, good electrical
conductivity, and affordable cost.***** Hence, low-dimensional
nanostructured NiCo,0,-based catalysts, such as 0D nano-
particles, 1D nanorods/nanowires/nanotubes and 2D nano-
sheets, have been reported as bifunctional ORR/OER catalysts
for rechargeable Li-O, batteries.***' Low dimensional NiCo,0,
nanostructures possess highly exposed active sites and short
diffusion length for the ORR/OER, which can lead to a high
discharge capacity and low overpotentials.*®* However, these
low-dimensional nanostructures cannot ensure enough space
for solid Li,O, deposition, which could cover catalytically active
sites and result in poor cycling performance.** Also, the mass
transport channels of Li* and oxygen are easily clogged due to
relatively small pores of low-dimensional nanostructures,
leading to cell failure.*” Therefore, the fabrication of NiC0,0,-
based catalysts with efficiently sufficient space and an acces-
sible porous structure is highly desirable for Li-O, batteries.
As to the porous conductive electrode, a “binder-free”
cathode has recently been introduced as an ideal electrode to
avoid the side reaction between the binder and electrolyte.*
Among the substrates, Ni foam and carbon textile are most
commonly used because of their good breathability, high
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conductivity and good stability. For example, Liu et al. synthe-
sized a cathode of 3-MnO, assembled by ultrathin nanosheets
on Ni foam coated with graphene, which showed excellent
stability to enhance the cycling stability of Li-O, batteries.*
Zhang et al. described that TiO, nanowires grown on carbon
clothes exhibited good electrochemical performance attributed
to their high mechanical and chemical stability.** However, the
high mass densities of Ni foam and carbon textile will lead to
sacrificing capacity and energy density.*® Thus, it is highly
demanded to design and develop a lightweight cathode with
high catalytic ORR/OER activities for realizing the high energy
density of Li-O, batteries.

To achieve a Li-O, battery with high cycling stability and
high energy density, it is highly necessary to combine a ratio-
nally structured catalyst and a lightweight porous conductive
electrode. Herein, we propose a novel structure of hierarchical
NiCo0,0, nanosheets on porous carbon nanofiber films (deno-
ted as NiCo,0,@CNFs), for high energy density and long-life Li-
O, batteries. The nanostructured cathode integrates several
desirable design rationales for high-performance Li-O,
batteries based on low-dimensional ultrathin nanosheets,
lightweight conductive carbon networks, and a binder-free
cathode. With the help of this rational design, the NiCo,0,@-
CNFs cathode exhibits excellent electrochemical performance
including a high specific discharge capacity of 4179 mA h g™,
an excellent energy density of 2110 W h kg™, and especially
superior cycling stability over 350 cycles.

The fabrication procedure of porous NiCo,0, nanosheets on
carbon nanofiber films and the structure of the Li-O, battery are
described in Fig. 1. Typically, porous carbon nanofiber films
were prepared via a facile electrospinning technique followed by
carbonization. In step I, Ni-Co precursor nanosheets were
grown on carbon nanofiber films by a hydrothermal method to
form core-shell structures. In step II, the Ni-Co precursor
nanosheets were transformed into porous NiCo,0, nanosheets
through annealing and the NiCo,0,@CNFs cathode was finally
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cathode/ separator/ Li metal

2 Discharée: i harge
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Fig.1 (a) Schematic illustration of the fabrication of the NiCo,O4@CNFs
cathode; (b) structure of the rechargeable Li—O, battery containing this
cathode.
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obtained. The morphology and microstructure of the cathode
were investigated by field emission scanning electron micros-
copy (FESEM). As shown in Fig. 2, the randomly arranged
carbon nanofibers form conductive networks with numerous
irregular micrometer-scale pores between the carbon nano-
fibers, which could enhance electron transfer among cathodes
and offer sufficient channels for cathode breathing. From the
high magnification SEM, it can be seen that the as-prepared
carbon nanofibers have an average diameter of about 180 nm
with a smooth surface (Fig. 2b). The X-ray diffraction (XRD)
pattern of CNFs shows no obvious diffraction peaks, indicating
that the carbon nanofibers consist of typical amorphous carbon
(Fig. S1, ESIt). Afterwards, Ni-Co precursors were grown on
carbon nanofibers through a simple hydrothermal method. As
shown in Fig. 2c and d, the low-magnification FESEM image of
NiC0,0,@CNFs (Fig. 2c) displays that the Ni-Co precursor
nanosheets uniformly coat the carbon nanofibers and the pores
between the individual carbon nanofibers are not been covered.
The magnified FESEM image (Fig. 2d) shows that the Ni-Co
precursor nanosheets are around 10 nm thick. After annealing
at 350 °C in a nitrogen atmosphere, the Ni-Co precursor
nanosheets were converted to NiCo,0O, nanosheets. From the
FESEM images (Fig. 2e), it can be clearly observed that the
NiCo,0, shell is still constructed by nanosheet-like subunits on
the carbon nanofibers because of the robust support of the
carbon nanofibers. Interestingly, from the FESEM image of
a single 1D NiCo0,0,@CNFs (Fig. 2f), the NiCo,0, nanosheets
are clearly observed with a rough and porous surface.

The crystallographic phase of the NiCo,0, nanosheets was
characterized by X-ray powder diffraction (XRD), as shown in
Fig. S2 (ESIY). All of the diffraction peaks in the XRD pattern can
be unambiguously assigned to the spinel NiCo,0, (JCPDS no.
20-0781).>*** No other diffraction peaks from possible impuri-
ties are observed, suggesting that the Ni-Co precursor is con-
verted into highly pure spinel NiCo,0,. By thermogravimetric
analysis (TGA, Fig. S3, ESI}), the mass content of NiCo,0, in
NiC0,0,@CNFs is approximately 40%.***° The chemical

Fig. 2 FESEM images of (a, b) carbon nanofiber films at different
magnifications; (c, d) Ni—-Co-O precursor nanosheets grown on
carbon nanofibers at different magnifications; (e, f) NiCo,O4 nano-
sheets grown on carbon nanofibers at different magnifications.
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Fig. 3 (a, b) Typical TEM images of NiCo,O4 nanosheets on carbon
nanofiber films at different magnifications; (c) an HRTEM image of
NiCo,0,4 nanosheets; (d—i) HAADF-STEM and corresponding EDX
elemental mappings (Ni, Co, O, N, C) of NiCo,0O,@CNFs.
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compositions of NiCo,0,@CNFs were further analyzed by
energy dispersive X-ray (EDX) spectroscopy (Fig. S4, ESI{). The
total mass of Ni, Co, and O is 43.8%, which is slightly higher
than the TGA result, which might be caused by the oxygen
atoms of CNFs. In virtue of 1D nanofibers and the ultrathin
sheet-like subunits, these NiCo,0,@CNFs have a relatively large
Brunauer-Emmett-Teller (BET) surface area of about 178 m?
¢~ ' (N, adsorption desorption isotherm is given in Fig. S5,
ESIY).

To further understand the porous nanosheet structure,
transmission electron microscopy (TEM) was performed
(Fig. 3). In Fig. 3a and b, it can be clearly observed that NiCo,0,
nanosheets are uniformly grown on the CNFs (Fig. 3a), and the
surface of NiCo,0, contains abundant mesopores (Fig. 3b).
Furthermore, the high-resolution TEM (HRTEM, Fig. 3c) images
of NiCo,0, nanosheets exhibits lattice fringes with inter-planar
spacings of 0.287 nm and 0.470 nm, corresponding to the (200)
and (111) planes of NiCo,0,. Energy-dispersive X-ray (EDX)
mapping was used to further analyze the distribution of the
catalyst on CNFs, as shown in Fig. 3d-i. The Ni, Co, and O
elements are uniformly distributed around a carbon nanofiber,
and the C element is distributed into the core of the composite.
In addition, energy dispersive X-ray (EDX, Fig. S6, ESIT) spectral
line-scan results show that the C element is mainly detected
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Fig. 4 (a) Initial discharge/charge curves of Li-O, batteries with NiCo,04,@CNFs and CNFs cathodes at a current density of 100 mA g™ (b) CV
curves of NiCo,04@CNFs and CNFs cathodes between 2.0 and 4.5 V at 0.1 mV s~ (c) discharge/charge curves of Li-O, batteries with the
NiCo0,0,4@CNFs cathode at various current densities; (d) the rate capability of Li—O, batteries with NiCo,O4@CNFs and CNFs cathodes at various

current densities.
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inside the NiCo,0,@CNFs, and the Ni, Co, and O elements are
mainly detected on the shell, which could suggest that the CNFs
are covered by a uniform coating layer of NiC0,0,.*

We subsequently investigated the electrochemical properties
of the NiCo,0,@CNFs as a cathode for Li-O, batteries. Fig. 4a
shows the discharge-charge voltage profiles of NiCo,0,@CNFs
and CNFs cathodes at a current density of 100 mA g~ '. The
NiCo,0,@CNFs cathode shows a high initial discharge capacity
of 4179 mA h g~ ', which is higher than that of the CNFs cathode
(1591 mA h g™'). Furthermore, the NiCo,0,@CNFs cathode
presents lower overpotentials than CNFs, which suggests that
the NiCo,0, catalyst has higher electrocatalytic activities toward
the ORR/OER.***” The NiCo0,0,@CNFs cathode with different
loading masses at the same mass current density was investi-
gated as shown in Fig. S7.7 The specific capacities of the
NiCo,0,@CNFs cathode with loading masses of 0.134, 0.268,
and 0.536 mg cm > were 4179, 2231, and 1992 mA h g™,
respectively. The morphological changes of the NiCo,0,@CNFs
cathode after the 1% full discharge and 1% charge are examined
(Fig. S8, ESIT). As shown Fig. S8b, ESI, the NiCo,0, shell is
constructed by nanosheet-like subunits on the carbon nano-
fibers. The part of 3D spaces with NiCo,0,4 nanosheets was filled
with the discharge product (Li,O,) during the discharge process
from 0 mA h ¢~ to 1000 mA h g~ * (Fig. S8c, ESI{). Then, the 3D
structure was completely covered by the discharge product after
being discharged to 2.0 V (Fig. S8d, ESIt). After the charge
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process, the 3D structure consisting of porous NiCo,0, nano-
sheets was still observed obviously (Fig. S8e, ESIT) suggesting
that the NiCo,0,@CNFs can remain stable enough during the
discharge and charge processes and the discharge product
inside the 3D structure was decomposed completely after
charging, which suggest that the NiCo,O0,@CNFs cathode show
good mass transfer channels during the discharge and charge
processes enhancing its capacity and recovery.”’ In order to
further investigate the electrocatalytic activities of the NiCo,-
0,@CNFs, cyclic voltammetry (CV) was performed at a scan rate
of 0.1 mV s~ ' in the voltage window of 2.0-4.5 V, as shown in
Fig. 4b. The CV behaviors are similar to those previously re-
ported, suggesting that the oxygen electrodes have the same
reaction pathway.*»**** Specifically, one reduction peak can be
clearly observed, which can be ascribed to the oxygen reduction.
In addition, the NiCo,0,@CNFs cathode exhibits a lower onset
ORR potential and larger ORR peak current density than CNFs.
Consistent with the result of the discharge-charge profile, the
CV curve of the NiCo,0,@CNFs cathode shows three oxidation
peaks at around 3.24, 3.44, and 3.93 V, respectively, which is
attributed to the stepwise process of decomposition of
Li,O,."**** Moreover, the NiCo0,0,@CNFs cathode shows
a higher OER peak current density than CNFs. The rate capa-
bility of the NiCo,0,@CNFs and CNFs cathodes was investi-
gated through galvanostatic discharge-charge at various
current densities from 100 to 800 mA g, as shown in Fig. 4c
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and d. The NiCo,0,@CNFs cathode delivers a high discharge
capacity of 1339 mA h g~' with a corresponding coulombic
efficiency (CE) of 97.8% at a high current density of 800 mA g~ "
(Fig. 4c), while the discharge capacity of the CNFs is 603 mA h
g ! with a CE of 74.5% at 800 mA g~ (Fig. S9, ESI{).

The cycling tests of Li-O, batteries were performed to eval-
uate the long-term catalytic activity of the NiCo,0,@CNFs
cathode. The cycling performance was tested at a current
density of 200 mA g~ * with a fixed specific capacity of 1000 mA h
g~' (Fig. 5). As shown in Fig. 5a and b, the NiC0,0,@CNFs
cathode shows lower ORR/OER overpotentials and a higher
energy efficiency than the CNFs cathode. As shown in Fig. 5c,
the terminal discharge voltage of the NiCo,0,@CNFs cathode is
still above 2.0 V even after 350 cycles. In contrast, the terminal
discharge voltage of the CNFs cathode declines to under 2.0 V
after only 53 cycles. In addition, to further investigate the
stability of the NiCo,0,@CNFs cathode, the morphologies of
the cathode were characterized by SEM after discharge and
charge cycles, as shown in Fig. S10.f The NiCo,0, nanosheets
on CNFs still have a good structure after the cycles. The full
discharge-charge curves of the Li-O, battery with the NiCo,-
O,@CNFs cathode are shown in Fig. S11 (ESI{). The NiCo,-
O,@CNFs cathode exhibits low overpotentials, especially
a charge potential of under 4.0 V in Fig. S11a (ESIY). In addition,
the NiCo,0,@CNFs cathode achieves the highest capacity of
7168 mA h g~ in the 18™ cycle and still maintains a high
capacity of 5738 mA h g™ after 20 full cycles (Fig. S11b, ESIT).
The excellent cycling stability indicates that the NiCo,0,@CNFs
cathode maintains a good bi-functional catalytic activity for
a long time.®*%*

Compared with reported NiCo,0, based cathodes (Table S1,
ESIt), it is worth mentioning that the Li-O, battery performance
of the NiCo,0,@CNFs cathode is significantly outstanding,
including its cycling stability and capacity. Meanwhile, the
relationship between the discharge capacity and cycle perfor-
mance of reported cathodes is shown in Fig. 6a. The Li-O,
battery performance of the NiCo,0,@CNFs cathode is much
better than those of the reported binder-free cathode. It should
be noticed that the NiCo,0,@CNFs cathode shows better
cycling performance despite lower initial discharge capacity
than the binder-added cathodes. Furthermore, the NiCo,0,@-
CNFs cathode exhibits an extremely high energy density of 2110
W h kg, which is much higher than that of reported Li-O,
batteries (Fig. 6b).'7:232439:50

The excellent cycling performance and high energy density
of the NiCo,0,@CNFs cathode might be attributed to the
rational design and engineering of catalysts and porous
conductive electrodes.*” Specifically, compared with the binder-
free NiCo,0,4-based cathode (<6 wt%) in Table S1,} the hierar-
chical nanostructures with a high NiCo,0, loading mass (40
wt%) could provide more active sites for the ORR/OER and
spaces for Li,O, formation and deposition during cycling
processes. In addition, the low-dimensional NiCo,0O, nano-
sheets facilitate Li*/O, transfer on the shell structure. Mean-
while, the NiCo,0O, shell on CNFs could prevent the side
reaction between carbon and intermediates at high poten-
tial.****>  Furthermore, the “binder-free” NiCo0,0,@CNFs
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power of various oxygen electrodes compared with those of LiCoO,
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cathode with highly conducive CNFs also avoids binder-induced
problems, such as the side reaction of organic binder decom-
position.>***** Thus, combining the hierarchical NiC0,0,
nanostructure and porous conductive electrode, the NiCo,-
O,@CNFs cathode exhibits high capacity and excellent cycling
performance. Simultaneously, with the low mass density of the
porous conductive electrode (CNFs) in NiCo,0,@CNFs, an
extremely high energy density of 2110 W h kg™ ' can be achieved.

Conclusions

In summary, hierarchical NiCo,0, nanosheets grown on carbon
nanofiber films were synthesized via a hydrothermal method
followed by annealing treatment as binder free cathodes for Li-
O, batteries. The NiCo,0,@CNFs cathode simultaneously
integrates an efficient bifunctional catalyst with a rationally
designed electrode for long life, high energy density Li-O,
batteries based on low-dimensional ultrathin nanosheets,
lightweight conductive carbon networks, and a binder-free
cathode. When evaluated as a cathode for Li-O, batteries, the
NiCo,0,@CNFs electrode can manifest high specific capacity,

This journal is © The Royal Society of Chemistry 2017
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high energy density and excellent cycling stability. From these
results, the rational design of the hierarchical catalyst con-
structed low-dimensional nanostructure and the lightweight
porous carbon nanofiber electrode toward oxygen cathodes can
be also used for other metal-oxygen batteries, such as Zn-O,
batteries, Al-O, batteries, and Na-O, batteries.
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