
Nano Energy 27 (2016) 457–465
Contents lists available at ScienceDirect
Nano Energy
http://d
2211-28

n Corr
E-m
1 Th

Pleas
Ener
journal homepage: www.elsevier.com/locate/nanoen
Sea urchin-like NiCoO2@C nanocomposites for Li-ion batteries
and supercapacitors

Jin Liang a,1, Kai Xi b,1, Guoqiang Tan c,1, Sheng Chen a, Teng Zhao b, Paul R. Coxon b,
Hyun-Kyung Kim b, Shujiang Ding a,n, Yuan Yang d, R. Vasant Kumar b, Jun Lu c,n

a Department of Applied Chemistry, School of Science, State Key Laboratory for Mechanical Behavior of Materials, Xi'an Jiaotong University,
Xi'an 710049, China
b Department of Materials Science and Metallurgy, University of Cambridge, Cambridge CB3 0FS, UK
c Chemical Sciences and Engineering Division, Argonne National Laboratory, Argonne, IL 60439, USA
d Materials Science and Engineering, Department of Applied Physics and Applied Mathematics, Columbia University, NY 10027, USA
a r t i c l e i n f o

Article history:
Received 22 February 2016
Received in revised form
13 June 2016
Accepted 18 June 2016
Available online 13 July 2016

Keywords:
NiCoO2

Hollow concave carbon
Electrochemistry
Lithium ion battery
Supercapacitor
x.doi.org/10.1016/j.nanoen.2016.06.032
55/& 2016 Published by Elsevier Ltd.

esponding authors.
ail addresses: dingsj@mail.xjtu.edu.cn (S. Ding
ese authors contributed equally to this work

e cite this article as: J. Liang, et al.
gy (2016), http://dx.doi.org/10.1016/j
a b s t r a c t

The rational construction of battery electrode architecture that offers both high energy and power
densities on a gravimetric and volumetric basis is a critical concern but achieving this aim is beset by
many fundamental and practical challenges. Here we report a new sea urchin-like NiCoO2@C composite
electrode architecture composed of NiCoO2 nanosheets grown on hollow concave carbon disks. Such a
unique structural design not only preserves all the advantages of hollow structures but also increases the
packing density of the active materials. NiCoO2 nanosheets grown on carbon disks promote a high uti-
lization of active materials in redox reactions by reducing the path length for Liþ ions and for electron
transfer. Meanwhile, the hollow concave carbon not only reduces the volume change, but also improves
the volumetric energy density of the entire composite electrode. As a result, the nanocomposites exhibit
superior electrochemical performance measured in terms of high capacity/capacitance, stable cycling
performance and good rate capability in both Li-ion battery and supercapacitor applications. Such
nanostructured composite electrode may also have great potential for application in other electro-
chemical devices.

& 2016 Published by Elsevier Ltd.
1. Introduction

Various electrochemical energy storage and conversion sys-
tems are becoming more appealing than ever due to the imminent
shortage of fossil fuels and the rapid exhaustion of non-renewable
resources [1–3]. As significant electric energy storage devices, Li-
ion batteries (LIBs) and supercapacitors (SCs) are attracting
worldwide interest spurred on by the demands of lightweight and
reliable power sources for portable electronics, stationary energy
storage and hybrid electric vehicles (HEVs) [4–7]. Nonetheless,
these devices need a considerable improvement for meeting the
requirements of electrical vehicle applications and also for high
energy storage and portable electronics. Transition metal oxides
(TMOs) have been extensively used as functional materials in such
diverse fields as fuel cells, LIBs and ECs [6,8,9]. TMOs with two
different metal cations display higher electrochemical activities
), junlu@anl.gov (J. Lu).
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and higher electrical conductivities than simple TMOs [10,11].
For example, binary NiCoOx have attracted much attention as
electrode materials in both LIBs and ECs due to their inherent
electrochemical advantages, low cost, abundant availablity, and
environmental benignity [6,12–14]. Moreover, NiCoOx exhibit
higher specific capacity/capacitance than that of corresponding
monometal oxides by generating two active metallic components
accompanied by the relatively low activation energy for electron
transfer between the two cations and the resulting metals [10,15].
However, the development of binary oxide electrodes with good
cycling performance has been beset by problems arising from the
poor electron/ion conduction TMOs and pulverization during
charging-discharging [16].

To address these issues, various NiCoOx nanostructures have
been investigated, including nanoparticles [17], nanosheets [18],
nanoplatelets [19], nanowires [20], nanotubes [6] and nanoflakes
[21], resulting in generally improved electrochemical perfor-
mances, which are attributed to the unique electrode properties
manifest at the nanoscale, including enhanced active surface area,
short ion diffusion pathways and better accommodation of the
nanocomposites for Li-ion batteries and supercapacitors, Nano
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strains from volume changes. Recently, the formation of nano-
composites with nanostructured carbonaceous allotropes, such as
amorphous carbon [22,23], ordered microporous carbon [24],
graphene [25] and carbon nanotubes [26], have been widely ex-
plored. High electrical-conductivity, flexibility, and chemical sta-
bility of carbonaceous materials are found to serve as cushions to
alleviate cyclic stress as well as to act as scaffolds for active na-
noparticles to help shorten the ionic diffusion path [27]. It is noted
that nanosheet composites with hollow structrured carbon, such
as nanospheres, nanotubes and nanocubes, demostrated improved
energy storage performance, especially improved cycling stability
from their ability to better sustain the volume variations during
cycling [28,29].

A typical drawback of electrodes fabricated with such hollow
spheres is that they normally suffer from comparatively low vo-
lumetric energy and power densities. These are caused by the
large empty spaces between and insde the hollow spheres arising
from poor packing of the particles and thus the increase the de-
mand for larger amount of electrolyte to infiltrate the space [7,27].
Here, we report on the design of an advanced electrode archi-
tecture consisting of ultralthin NiCoO2 nanosheets (NSs) grown on
a hollow single concave carbon disk with these arranged topo-
graphically in space to decrease the excessive hollow interior
space while miantaining the general merits of hollow structures.

As displayed in Fig. 1, there are three aspects that we could not
ignore for energy storage devices requiring to provide both high
specific gravimetric and volumetric energy densities. The mor-
phology presented here can be described as follows. Imagine a
deflated porous spherical ball which is then pressed in from one
end to form a hollow single concave structure. This modification
will allow the particles to closely pack, when compared with the
original sphere thus giving rise to increased packing density
[30,31] and enhancing volumetric energy density for the same
surface area [7,32]. Additionally, the compact arrangement of the
concave architecture results in a better balanced electrolyte
Fig. 1. Schematic illustration emphasizing the difference between the spherical and sea
section is porous carbon segment; (b) The blue section is electrolyte both outside and
connectivity is improved both accompanied in a better packed structure.

Please cite this article as: J. Liang, et al., Sea urchin-like NiCoO2@C
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distribution at decreased amounts in direct comparison with the
use of the simple spherical material shape. The carbon itself re-
tains its porosity both within the concave structure and at the
outer surface for directly participating in intercalation of Li. Also,
the ultrathin nanosheet and surface porosity can better accom-
modate the strain from volume changes on lithiation of the oxide
and the ensuing metal particle sheets. The distances required for
transfer of ions and electrons are greatly reduced which can fur-
ther enhance the supply of electroactive sites [33–35] In summary,
the sea urchin-like NiCoO2 NSs@C nanocomposite can provide
shorter path lengths for electronic transport and more diffusion
paths for ionic transport in the electrolyte in comparison with
carbon hollow spheres [36]. As anticipated, in view of the above-
mentioned superior properties, the sea urchin-like NiCoO2 NSs@C
composites displayed high specific capacity and capacitance,
enhanced rate capability, and good cycling stability in both the
lithium ion cell and the supercapacitor applications when com-
pared with electrodes based upon spherical NiCoO2 NSs@C com-
posites. The improved electrochemical performance is based on
packing of more active materials per unit volume, which can en-
able potential applications in energy storage devices demanding
both high energy and high power.
2. Results and discussion

The synthesis process and the resulting electrode structure
are schematically illustrated in Fig. S1 (Supporting information).
A hollow polystyrene (PS) disk with a single concavity was
sulfonated with concentrated sulfuric acid, to produce sulfonated
polystyrene (SPS) particles. The SPS particles act as a supporting
backbone to control the growth of ultrathin NiCoO2 NSs for pro-
viding oxide precursor in the electrode. Sodium citrate was in-
troduced to control the pH level in the solution, a defined Ni–Co
precursor NSs could be easily loaded on the uniformly assembled
urchin-like particles in electrolyte distribution and conducting paths. (a) The black
inside the hollow carbon; (c) Liþ conducting paths are decreased, while electron
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hollow concave SPS at temperatures o90 °C, as described by the
following three chemical reactions:

+ → + ( )C H N 6H O 6HCHO 4NH 16 12 4 2 3

+ → + ( )+ −NH H O NH OH 23 2 4

+ + → ( ) ( )+ + −Ni Co 4OH NiCo OH 32 2
4

In the above reaction sequence, amine was used as a source of
ammonia in order to provide the hydroxyl ions to precipitate the
binary metal hydroxide precursor. An heat treatment at 450 °C in
nitrogen is used to convert the Ni–Co precursor into NiCoO2 as
described by the simple calcination in reaction (4). In this proce-
dure, the binary metal oxide is advantageously formed into na-
nosheets (NSs) supported on the outer surfaces of the carbon:

( ) → + ( )NiCo OH NiCoO 2H O 44 2 2

The morphology of the as-prepared samples was examined by
field-emission scanning electron microscopy (FESEM) and trans-
mission electron microscopy (TEM). In Fig. 2a and b, the hollow
PSs have well-defined structures with diameters around 1 mm.
Fig. 2c and d show the uniform NiCoO2 NSs@C spheres that all PSs
are virtually covered by NiCoO2 nanosheets. As a result of applying
Fig. 2. SEM (a) and TEM (b) images of polystyrene microspheres; SEM (c) and TEM (d) im
particles (e) and sulfonated polystyrene particles (f); SEM (g) and TEM (h) images of Ni–C
l) images of representative sea urchin-like NiCoO2 NSs@C hybrid materials; Elemental ma
(m).
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a drying procedure to an emulsion of the hollow PS spheres, these
are transformed by capillary forces into hollow concave PSs. It is
clearly demonstrated that the hollow single concave disk-like
particles are also highly uniform in diameter (identical to the
diameter of the PSs) and with relatively smooth surfaces (Figs. 2e
and S2a). After being treated with concentrated sulfuric acid, the
concave shapes are sulfonated. Fig. 2f has testified that the sulfo-
nated particles mostly preserved the hollow concave structure
with a smooth surface. Fig. S2b provides evidence for the presence
of a unique double layer in the hollow construction with defined
cavity in the center of the disk. In the next step, the Ni–Co binary
oxide precursor is then grown on the surface of the SPSs via a
facile co-precipitation method (Fig. 2g and h), which is then an-
nealed at 450 °C for 3 h in nitrogen in order to form the NiCoO2

which forms a coating as a nanosheet on each of the sulfonated
polystyrene surface with the thickness of the NiCoO2 nanosheets
being around 3–6 nm (Fig. S3). The final morphology that was
obtained can be best described as sea urchin-like NiCoO2 NSs@C
composites. The sea urchin-like NiCoO2 NSs@C composites pre-
serve the concave shape of the template (Fig. 2i), thus proving the
excellent structural stability during chemical precipitation and
annealing treatments. A key feature that stands out as depicted in
Fig. 2j is that the constructed shape is hollow with shorter elec-
trolyte paths, thus offering faster ionic diffusion and increased rate
ages of spherical NiCoO2@C composites; SEM images of hollow concave polystyrene
o precursor@SPS composites; SEM (i and j), TEM (k), HRTEM (l) and SEAD (inserted
pping images (n–q) of an individual sea urchin-like NiCoO2 NSs@C particle shown in
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Fig. 3. (a) XRD patterns of block NiCoO2 (I), sea urchin-like NiCoO2 NSs@C (II) and NiCoO2 NSs@C spheres (III); (b) Raman spectra of sea urchin-like NiCoO2 NSs@C (I), NiCoO2

NSs@C spheres (II) and block NiCoO2 (III); (c) TGA analysis of sea urchin-like NiCoO2 NSs@C; (d) N2 adsorption–desorption isotherms of sea urchin-like NiCoO2 NSs@C
composites (the inset shows the pore-size distribution calculated from the adsorption branch).
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of electrode reactions. Fig. 2k provides the proof that the compo-
site has a porous morphology. As given in a representative high
resolution TEM image (Fig. 2l), the measured interplanar distance
(0.21 nm) corresponds to the (200) facet of NiCoO2 [37]. The se-
lected area electron diffraction (SAED) pattern (inserted in Fig. 2l)
has confirmed the polycrystalline nature of the NiCoO2 na-
nosheets. In addition, the diffraction rings are readily assigned to
the NiCoO2 phase [37]. The sea urchin-like NiCoO2 NSs@C com-
posites are further analysed by energy-dispersive X-ray spectro-
scopy (EDX) elemental mapping. As shown in Fig. 2m–q, the car-
bon is in the core of the material, while the shell consists of Co and
Ni, which gives further evidence for the uniform growth of NiCoO2

nanosheets on hollow concave carbon disks.
The obtained materials are characterized by X-ray diffraction

(XRD) to identify the crystallographic structure. Fig. 3a shows the
XRD patterns of block NiCoO2 (I), sea urchin-like NiCoO2 NSs@C (II)
and NiCoO2 NSs@C spheres (III). All of the diffraction peaks could
be indexed to the cubic NiCoO2 phase (JCPDS card no. 10-0188)
with no other peaks being detected, indicating good phase purity
of the binary oxides and the presence of amorphous carbon in
both II and III samples [38]. Raman spectroscopy is used to char-
acterize the carbon in the samples. In Fig. 3b, the two peaks (at
�1325 and 1587 cm�1) corresponding to a high D/G ratio of
sample I (sea urchin-like NiCoO2 NSs@C) and sample II (NiCoO2

NSs@C spheres) confirm that carbon in these materials is dis-
ordered such that XRD intensity is not visible [39]. However, the G
peaks confirm that the presence of graphitic layers within the
disordered carbon can help to reversibly intercalate Liþ in the
electrode during charging. Thermogravimetric analysis (TGA) is
applied to optimize the calcination temperature and to estimate
the carbon content in the composite. Fig. 3c shows the thermal
Please cite this article as: J. Liang, et al., Sea urchin-like NiCoO2@C
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decomposition process of sea urchin-like NiCoO2 NSs@C compo-
site. After reaching 600 °C at which carbon is expected to be oxi-
dized away, the total weight of the remaining material is 82.5%,
thus the weight fraction of carbon in the composite is calculated as
17.5%. The nitrogen adsorption/desorption isotherm of sea urchin-
like NiCoO2 NSs@C composites indicates a typical type III curve
with a type H3 hysteresis loop [39], as displayed in Fig. 3d. A
Brunauer–Emmett–Teller (BET) specific surface area of 244 m2 g�1

is obtained arising from the rather high proportion of mesopores
(�4.6 nm, inset of Fig. 3d) present in the NiCoO2 nanosheets and
the close packing of the concave structure. Thus while the total
surface area is unchanged, the addition of mesopore related sur-
face area ─ which is electrochemically very useful ─ has shown a
great increase. The detailed elemental composition and the oxi-
dation state of the sea urchin-like NiCoO2 NSs@C samples are
further characterized by XPS measurements in Fig. S4. Fig. S4a
gives the survey XPS spectrum of the sea urchin-like NiCoO2

NSs@C, which shows it to mainly comprise carbon (C 1s), oxygen
(O 1s), nickel and cobalt, and the absence of other impurities.
Fig. S4b is the Ni 2p XPS spectrumwhich displays two major peaks
with binding energy at 855.4 and 873.8 eV, corresponding to Ni 2p
3/2 and Ni 2p 1/2, respectively. The two satellite peaks at 861.8 and
880.2 eV are due to Ni shakeup at the high binding energy side of
the Ni 2p 3/2 and Ni 2p 1/2. The high-resolution scan of Co 2p of
the sample (Fig. S4c) exhibits two peaks at 781.1 and 796.9 eV,
which can be assigned to the electronic state of Co 2p 3/2 and Co
2p 1/2, respectively, and the two couple of shakeup satellites.
Therefore, we can state with high confidence the chemical com-
position of NiCoO2 mesoporous nanosheets contains Ni2þ , Ni3þ ,
Co2þ and Co3þ ions which is in good agreement with previous
results [40,41].
nanocomposites for Li-ion batteries and supercapacitors, Nano

http://dx.doi.org/10.1016/j.nanoen.2016.06.032
http://dx.doi.org/10.1016/j.nanoen.2016.06.032
http://dx.doi.org/10.1016/j.nanoen.2016.06.032


Fig. 4. (a) Cyclic voltammograms of sea urchin-like NiCoO2 NSs@C composites at a scan rate of 0.5 mV s�1; (b) Charge-discharge voltage profiles of sea urchin-like NiCoO2

NSs@C composites at a current density of 0.4 A g�1; (c) Cycling performances of sea urchin-like and spherical NiCoO2 NSs@C composites; (d) Rate performance of sea urchin-
like and spherical NiCoO2 NSs@C composites at different current densities between 0.01 and 3.0 V.
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To ascertain the benefits of using sea urchin-like NiCoO2 NSs@C
composites, we have investigated their electrochemical properties
as an electrode material for LIBs. Fig. 4a shows the cyclic voltam-
mograms (CVs) of the hybrid material for the 1st, 2nd, and 5th
cycles in the potential range of 0.01–3.0 V at a scanning rate of
0.5 mV s�1. The peak in the first cathodic scan at 0.7–0.8 V can be
assigned to the decomposition of NiCoO2 into Ni and Co ions [42].
The peaks at around 0.46 V and 0.02 V are attributed to the re-
duction of Ni/Co ions and carbon to Ni°/Co° (Eq. (5)) [43] and LixC
[44] as well as simultaneously the irreversible decomposition of
the electrolyte as a solid electrolyte interface (SEI) layer. During
the following anodic sweep, the two peaks at around 1.6 V and
2.3 V are attributed to the oxidation of Ni° to Ni2þ and Co° to Co2þ .

In the subsequent cycles, the main reduction peaks are shifted to
higher potentials at 1.5 V and 0.8 V, which might be originate from
the pulverization of the NiCoO2 [45]. There is no significant change
in the potentials of the oxidation peaks at ca. 1.6 V and 2.3 V (Eqs.
(7) and (8)), respectively [46].

+ + → + + ( )+ −NiCoO 4Li 4e Ni Co 2Li O 52 2

+ + → ( )+ −xC Li xe Li C 6x

+ ↔ + + ( )+ −Ni Li O NiO 2Li 2e 72

+ ↔ + + ( )+ −Co Li O CoO 2Li 2e 82

Fig. 4b gives the charge-discharge voltage curves cycled at a
current density of 0.4 A g�1 in a voltage range of 0.01–3.0 V vs. Li/
Liþ . In the charge-discharge profiles, poorly defined plateau re-
gions can be observed which are consistent with the CV results
above. The initial discharge and charge specific capacities are 1776
and 1114 mA h g�1, respectively, based on the whole weight of the
resulting hybrid material. It should be noted that the reversibility
Please cite this article as: J. Liang, et al., Sea urchin-like NiCoO2@C
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is significantly enhanced with an average Columbic efficiency of
62.7%, 88.6% and 93.5% from the first, second and fiftieth cycles,
demonstrating that the formed SEI during the subsequent cycles is
stable and electrochemically favorable. The low initial Coulombic
efficiency (CE) can be improved by surface coating or modification
[47,48] and is left for future work. Impressively, the discharge
capacity after 200 full charge/discharge cycles (Fig. 4c) is still as
high as 913 mA h g�1 at a current density of 0.4 A g�1, which is
76% of that of the second cycle (1201 mA h g�1). For comparison,
the hollow NiCoO2 NSs@C spheres and block NiCoO2 materials
have been tested under identical conditions. After 200 cycles, the
remaining capacity of NiCoO2 NSs@C spheres is 574 mA h g�1

(Fig. 4c) and for the block material is only 184 mA h g�1 (Fig. S5),
both exhibiting relatively fast capacity fading. Similarly, the
Coulombic efficiency and the volumetric specific capacity
(Table S1) of sea urchin-like composites are superior to the
hollow spherical material. After 200 cycles, a reversible volumetric
specific capacity of the urchin-like NiCoO2 NSs@C remained high
at 885 mA h cm�3 while a capacity of spherical NiCoO2 NSs@C was
only 476 mA h cm�3.

The sea urchin-like NiCoO2 NSs@C composites also showed
better rate performance. Fig. 4d demonstrates the rate capacity of
the samples at room temperature with increasing charge/dis-
charge current densities successively. With increasing current
densities from 0.1 to 1.6 A g�1, the sea urchin-like NiCoO2 NSs@C
composites demonstrate a higher capacity than that of the hollow
NiCoO2 NSs@C spheres. When the current density is returned to
0.1 A g�1, the sea-urchin like hybrid still exhibited a discharge
capacity of 1111 mA h g�1 after 60 cycles. Cycling at the same
current density, the hollow NiCoO2 NSs@C spheres based electrode
fades to 599 mA h g�1 as the current density drops back to
0.1 A g�1. Clearly, the unique structure of sea urchin-like NiCoO2

complex structures is beneficial for enhanced lithium storage
properties. In particular, the existence of ultrathin nanosheets and
nanocomposites for Li-ion batteries and supercapacitors, Nano
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pores is especially beneficial for Liþ diffusion within the electro-
lyte by shorter paths, resulting in better capacity and rate cap-
ability. Additionally, the special sea urchin-like and hollow con-
cave conductive interior structure has the greater ability to buffer
the large volume variation associated with the Liþ insertion/ex-
traction processes, thus relieving the pulverization issue asso-
ciated with the phase changes of metal to oxides and vice versa
and improving the cycling stability. To further investigate charge
transfer and Liþ diffusion kinetics in the samples, the electro-
chemical impedance spectroscopy (EIS) was used for the three
samples. The results after the first cycle are shown in Fig. S6 [49].
The plots consist of a semicircle in the high-frequency region and a
sloped straight line in the low frequency region. The semicircle is
assigned to the charge-transfer resistance of the electrode/elec-
trolyte interface while the inclined line corresponds to solid state
diffusion of Liþ into the bulk of the electrode material. The si-
mulated electrochemical parameters are given in Table S2 by using
the equivalent circuit in Fig. S6, in which Rs is solution resistance,
Rct is charge-transfer resistance, Wo is assigned to the semi-in-
finite Warburg diffusion impedance in the bulk. The diameter of
the semicircle in the high-frequency of the sea urchin-like NiCoO2

NSs@C electrode is smaller than that of the spherical NiCoO2

NSs@C and aggregated NiCoO2 NSs samples, indicating a lower
charge-transfer resistance (32.9Ω) value for the structure pro-
posed in this paper. The sea urchin-like NiCoO2 NSs@C electrode
can also offer a lower Warburg diffusion impedance (14.5Ω) than
Fig. 5. (a) Cyclic voltammograms of sea urchin-like NiCoO2 NSs@C composites at 8, 10
urchin-like NiCoO2 NSs@C composites at 8, 10, 20, 40 and 50 A g�1; (c) Cycling performa
NiCoO2.

Please cite this article as: J. Liang, et al., Sea urchin-like NiCoO2@C
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that of spherical NiCoO2 NSs@C at 35.5Ω. Therefore, the results
from EIS show that the proposed sea urchin-like electrode offers
rapid electron/ion transport during the electrochemical Li inser-
tion/extraction reaction, leading to excellent electrochemical
performances.

The sea urchin-like NiCoO2 NSs@C composites are also suitable
for use as an electrode material in a supercapacitor. The pseudo-
capacitive properties of sea urchin-like NiCoO2 NSs@C composites
are demonstrated by CV and galvanostatic charge-discharge
measurements in three electrode configurations. In Fig. 5a, the
typical CV curves of the hybrid electrode at different scan rates
ranged from 8 to 50 mV s�1. Particularly, a pair of redox peaks
which have survived within 0–0.45 V (vs SCE) are displayed in all
the curves, which can be referred to the Faradaic redox reactions
related to M–O/M–O–OH (M refers to Ni or Co) [42]. The possible
The redox reactions in the alkaline electrolyte are based on the
equation below [50,51].

+ ↔ + + ( )− −NiCoO 2OH NiOOH CoOOH 2e 92

+ ↔ + + ( )− −CoOOH OH CoO H O e 102 2

The curve shapes show negligible changes as the scan rate is
increased from 8 to 50 mV s�1, demonstrating this material allows
for fast redox reactions [6]. Galvanostatic charge-discharge mea-
surement was used to further evaluate the pseudocapacitive
, 20, 40 and 50 mV s�1; (b) Galvanostatic charge-discharge voltage profiles of sea
nce of sea urchin-like NiCoO2 NSs@C, spherical NiCoO2 NSs@C composites and bulk
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properties of the sea urchin-like NiCoO2 NSs@C electrode materi-
als in 2 M KOH solution between 0 and 0.45 V (vs SCE) at various
current densities ranging from 8 to 50 A g�1. All the curves in
Fig. 5b are nonlinear, which further suggests the pseudocapaci-
tance behavior of the sea urchin-like NiCoO2 NSs@C composites.
The specific capacitance at different current densities are mea-
sured by galvanostatic charge-discharge voltage profiles in Fig. 5b.
The Csp is calculated by following equations:

= *Δ *Δ ( )C I t m V/ 11sp

where I is the discharge current,Δt assigned the discharge time, m
is the active material mass, andΔV is the electrochemical window
(0.45 V).

As shown in Fig. S7, the special electrode delivers good pseudo-
capacitances of 1433, 1411, 1258, 1013 and 944 F g�1 at 8, 10, 20, 40
and 50 A g�1, respectively. It is worth noting that about 66% of the
capacitance is retained after the charge-discharge current rate is
raised from 8 to 50 A g�1. The results confirm that this electrode can
dispaly high specific capacitance even at high current densities. In
addition, the cycling performance of sea urchin-like NiCoO2 NSs@C
composites is examined as a significant paramater for the pratical
application. Fig. 5c illustrates the cycling life of sea urchin-like
NiCoO2 NSs@C composites, spherical NiCoO2 NSs@C particles and
block NiCoO2 at a current density of 10 A g�1. As expected., the ca-
pacity of block NiCoO2 is unfavorable, while the other two electrodes
seem to have shown relatively positive results. Interestingly, the in-
itial specific capacitance is about 1429 and 1027.5 F g�1 of sea
urchin-like NiCoO2 NSs@C composites, spherical NiCoO2 NSs@C
particles, respsectively. After 6000 cycles, the corresponding specific
capacitance decreases to 1250 and 840 F g�1 with 87.5% and 81.8%
retention. The hollow structure shows better results than a solid
structure as reported in previous literature [52,53]. These results
convincingly demonstrate that the electrochemical properties of sea
urchin-like NiCoO2 NSs@C composites are superior than hollow
spherical NiCoO2 NSs@C particles. Until now, such remarkable elec-
trochemical performance has never been reported in batteries or
supercapacitors based on Ni–Co materials [54–56].

The following reasons are advanced in the understanding of
our results. 1) the homogeneous combination of ultrathin NiCoO2

nanosheets with a hollow carbon substrate can effectively alleviate
the physical strain, resulting in less break-up and pulverization of
the active materials during the charge-discharge processes. 2) the
ultrathin NiCoO2 nanosheets with appropriate pore volume can
offer convenient paths for charge-carrier transport between the
electrolyte and active materials. The material synthesis allows fa-
cile penetration of the electrolyte, which can help promote the
surface and near surface redox reaction during cycling [10].
Moreover, they can provide rich accessible electro-active sites,
thus can facilitate the participation of the active material in redox
for efficient energy storage, especially at relevant high rates [6,57].
3) The highly-specific morphology and structure of the electrode
architecture not only possesses the advantages from using na-
nosheet and hollow structures, but also by being more efficiently
packed (Fig. S8) with improved interconnection between the
particles, all combined together for offering remarkable enhance-
ment in the electrochemical performance. Such a design strategy
for electrode materials can be easily generalized to other nano-
porous metal architectures, such as ZnO NSs@C (Fig. S9), Co3O4

NSs@C (Fig. S10) and CoFe2O4@C nanoparticles (Fig. S11).
3. Conclusion

We have designed a new hollow sea urchin-like structure
combining the high conductivity of nanosheets with a mesoporous
Please cite this article as: J. Liang, et al., Sea urchin-like NiCoO2@C
Energy (2016), http://dx.doi.org/10.1016/j.nanoen.2016.06.032i
concave carbon disk. As an electrode for Li-ion batteries, the
composite material exhibits a reversible capacity of around
1210 mA h g�1 at a current density of 0.4 A g�1, retaining
913 mA h g�1 after 200 cycles. In addition, a high specific capaci-
tances of 944 F g�1 at 50 A g�1 with remarkable cycling stability
(12.5% specific capacitance decay after 6000 cycles at 10 A g�1)
was achieved as an electrochemical supercapacitor electrode. The
good electrochemical performance was considered to be attrib-
uted to the desirable composition and unique structure. It is pos-
sible that such synthetic strategies could be adoped to fabricate
other binary or ternary metal oxide-based nanostructures. We also
anticipate these electrode materials can be applied in many energy
storage devices.
4. Experimental section

4.1. Synthesis of hollow concave sulfonated polystyrene (SPS)
templates

All the chemicals were directly used after purchase without
further purification. The hollow concave polystyrene (PS) particles
were obtained according to a reported method [7]. 35 mL of con-
centrated sulfuric acid and 2 g of PS were mixed for 30 min at
40 °C. After that, the precipitate was collected by centrifugation
and washed with ice water and ethanol. As a result, primrose
yellow hollow concave SPS templates were obtained.

4.2. Synthesis of sea urchin-like NiCoO2 NSs@C hybrid structure

For the typical synthesis of the NiCoO2 NSs@C hybrid structure,
50 mg of the hollow concave SPS powder was first mixed with
40 mL of deionized water dissolved with 0.25 mM of nickel nitrate
hexahydrate (Ni(NO3)2 �6H2O), 0.5 mM of cobalt nitrate hexahy-
drate (Co(NO3)2 �6H2O), 0.25 mM of hexamethylenetetramine
(C6H12N4) and 0.025 mM of trisodium citrate. In order to achieve a
homogeneous dispersion, the upper solution was sonicated for
15 min. Then, the solution was heated up to 90 °C in an oil bath
with stirring. After reaction for 9 h, the Ni-Co precursor@SPS hy-
brid was collected by centrifugation. Then, the samples were wa-
shed by deionized water and ethanol several times after the so-
lution was cooled to room temperature (25 °C) naturally. After
annealing the Ni–Co precursor@SPS at 450 °C for 3 h in nitrogen at
a heating rate of 1 °C min�1, the sea urchin-like NiCoO2 NSs@C
hybrid structure was formed. Significantly, it is also a general
principle to control the size and thickness of the nanosheets by
regulating the concentration of HMT and SCT, displayed in Fig. S12.

4.3. Synthesis of spherical hollow NiCoO2 NSs@C sphere

Spherical hollow NiCoO2 NSs@C spheres were prepared by a
similar procedure using hollow PS spheres without any treatment
of the template so that the two morphologies can be compared.

4.4. Synthesis of bulk NiCoO2 flake

Bulk NiCoO2 flakes were prepared by a similar procedure with
0.25 mmol of cobalt nitrate hexahydrate (Co(NO3)2 �6H2O) and
without using any template.

4.5. Materials characterization

The composition and crystal structure were characterized by
X-ray diffraction (XRD; SHIMADZU, Lab X XRD-6000). Thermo-
gravimetric analysis (PerkinElmer TGA 7) was carried out under air
with a temperature ramp of 10 °C min�1 from room temperature
nanocomposites for Li-ion batteries and supercapacitors, Nano

http://dx.doi.org/10.1016/j.nanoen.2016.06.032
http://dx.doi.org/10.1016/j.nanoen.2016.06.032
http://dx.doi.org/10.1016/j.nanoen.2016.06.032


J. Liang et al. / Nano Energy 27 (2016) 457–465464
to 600 °C. The Raman spectra was measured on a Raman spec-
trometer under a backscattering geometry (k¼633 nm; HORIBA
JOBIN YVON, HR 800). And the specific surface area and pore size
distribution data of samples were performed by a BET analyzer
(Autosorb-iQ, Quantachrome Instruments U.S.) at 77 K. Field-
emission scanning electron microscopy (FESEM) images were
gained by a HITACHI SU-8010 microscope. Transmission electron
microscopy (TEM) and selected area electron diffraction (SAED)
images were obtained on a JEOL JEM-2100F microscope.
4.6. Electrochemical measurements

Lithium-ion battery performance test The electrochemical
behavior of the sea urchin-like NiCoO2 NSs@C hybrid composite
was performed using CR2025 coin-type cells assembled in an
glove box (Dellix, [O2]o1 ppm, [H2O]o1 ppm) in argon with li-
thium serving as the anode. The working electrode was prepared
by compressing a mixture of active materials, conductive material
(carbon black, C-NERGYTM Super C65), and binder (poly-vinyldi-
fluoride, PVDF) in a weight ratio of 70:20:10 and pasted on Cu foil
(D¼12.6 mm) current collector, drying at 80 °C for 24 h and then
dried at 120 °C overnight under vacuum. The loading mass of ac-
tive materials is about 0.8 mg cm�2. The relative digital photo and
SEM images are shown in Fig. S13. The electrolyte used was a
mixture of ethylene carbonate and dimethyl carbonate (EC/DMC)
(1:1 in volume) containing 1 M LiPF6. Microporous membrane (PP/
PE/PP) from Celgard was used as the separator. Cyclic voltammetry
was performed using an electrochemical workstation (CHI 660D).
Galvanostatic discharge/charge cycles were tested on a NEWARE
battery tester over a voltage range of 3.0–0.01 V at room tem-
perature (25 °C).

Supercapacitor property test The prepared slurry was pressed
onto nickel foam (1*1 cm2) with loading mass of 1.2 mg cm�2. The
capacitive performance was tested on a CHI 660D electrochemical
workstation with cyclic voltammetry and chronopotentiometry
functions using a three-electrode cell where Pt foil serves as the
counter electrode and a standard calomel electrode (SCE) as the
reference electrode. The distance between the working electrode
and the counter electrode is about 0.5 cm.
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