Journal of Energy Chemistry 31 (2019) 54-78

journal homepage: www.elsevier.com/locate/jechem

Contents lists available at ScienceDirect

JeC

Journal of Energy Chemistry s or e vwere

http://www.journals.elsevier.com/
journal-of-energy-chemistry/

Review

Review and prospect of NiCo,04-based composite materials for

supercapacitor electrodes

Yanmei Li? Xiao Han? Tingfeng Yi*“*, Yanbing He"** Xifei Li¢

aSchool of Chemistry and Chemical Engineering, Anhui University of Technology, Maanshan 243002, Anhui, China
b Engineering Laboratory for the Next Generation Power and Energy Storage Batteries, Graduate School at Shenzhen, Tsinghua University, Shenzhen 518055,

Guangdong, China

¢School of Resources and Materials, Northeastern University at Qinhuangdao, Qinhuangdao 066004, Hebei, China
dInstitute of Advanced Electrochemical Energy, Xi'an University of Technology, Xi’an 710048, Shaanxi, China

ARTICLE INFO

Article history:

Received 15 March 2018
Revised 18 April 2018
Accepted 15 May 2018
Available online 23 May 2018

Keywords:

NiCOZ 04

Electrochemical performance
Synthesis

Morphology

Supercapacitors

ABSTRACT

Supercapacitors known as typical electrochemical capacitors have been considered as one of the most
promising candidates of energy storage systems owing to their advantages such as high-power density,
long life span and lower production cost. The electrode materials play a crucial role on properties of
supercapacitors. Hence, many researches have been focused on the development of novel electrode ma-
terials for high-performance supercapacitors. NiCo,04 as supercapacitor electrode material has drawn
more and more attentions in recent years due to its outstanding advantages, such as high theoretical
capacity, low cost, natural abundance and easy of synthesis. However, the NiCo,04 always suffer from
severe capacity deterioration because of the low electrical conductivity and small surface area. Hence, it
is necessary to systematically and comprehensively summarize the progress in understanding and mod-
ifying NiCo,04-based materials from various aspects. In this review, the structure and synthesis method
of NiCo,04-based materials are discussed in detail. And then, the major goal of this review is to highlight
new progress in using proposed strategies to improve the cycling stability and rate capacity of NiCo;04-
based materials, including synthesis, control of special morphologies and design of composite materials.
Finally, an insight into the future research and development of NiCo,04-based materials for supercapaci-

tors is prospected.
© 2018 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by Elsevier B.V. and Science Press. All rights reserved.
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1. Introduction

The ever-increasing attention on the world energy crisis and en-
vironmental pollution has greatly boosted the development of elec-
trochemical energy storage devices, such as rechargeable batteries,
fuel cells and supercapacitors as energy storage systems for electric
vehicles (EVs), hybrid electric vehicles (HEVs), plug-in hybrid elec-
tric vehicles (PHEVs), and smart grids [1-7]. For example, Ni/MH,
lead acid batteries and lithium ion batteries as typical rechargeable
batteries have been widely used as electrochemical energy storage
devices and systems [8,9]. However, most of batteries suffer from
low power delivery, and cannot satisfy the faster and higher-power
energy requirements. In this situation, supercapacitors (SCs) were
exploited to reserve and deliver energy with high rate capability,
which has been well adapted to provide the electricity demand for
electric vehicles, tramways, diesel-engine starting, wind turbines,
computers, lasers, and cranes [10,11].

SCs, also known as ultracapacitors or electrochemical capaci-
tors, can be fully charge-discharge only in a few seconds, leading
to very higher charge/discharge power density (10kW kg=1) [12].
The Ragone plot as given in Fig. 1(a) exhibits the relationship of
specific power density (W kg=!) vs. specific energy density (Wh
kg=1) for miscellaneous electrical energy storage devices [13]. Ob-
viously, the SCs are capable of perfectly fill the power-energy gap
between conventional dielectric capacitors with great power out-
put and batteries owning high energy density [14,15]. In short, SCs
have the greatest potential in the field of energy storage devices
[16].

According to the species of the electrode material and the
mechanism of energy storage, SCs can originally be divided into
three major categories [17-19], including electrical double-layer
capacitors (EDLCs), pseudocapacitors (PCs) and hybrid capacitors
in which the EDLC and PC coupling work together. In principle,
the energy storage mechanism of EDLCs is on the basis of the
electrostatic interaction between ions on the large specific surface
area of active electrode materials and electrolytes. As shown in
Fig. 1(b), a space charge layer in an electrode, a diffusive layer in

an electrolyte and a tight Helmholtz layer are included in an EDLC,
whose thickness is around 1nm. A fast charge-discharge process
occurring within seconds, and over 100,000 cycles can endure in
EDLC systems. Carbon based materials are regarded as ideal elec-
trode materials for EDLCs owing to their predominant characteris-
tics such as controllable porous structures, flexible and stretchable,
high conductivity, large surface area [20-22]. For instance, the ac-
tivated carbon (AC), carbon aerogel, carbon fiber, carbon nanotube
(CNT), porous carbon, and graphene manifest rapid charge storage
performance [23]. Zhang et al. [24] discussed the advances and
challenges of stretchable supercapacitors based on carbon materi-
als and gave an overview of recent advances towards the develop-
ment of carbon-based SSCs.

Pseudocapacitors mainly store charges by the rapid and re-
versible redox reactions on the surface of electrode materials, as
shown in the right of Fig. 1(b). Typically, the transition metal ox-
ides/hydroxides such as RuO,, MnO,, Ni(OH),, electrically conduct-
ing polymers (polyaniline (PANI), polypyrrole (PPy), etc.) and their
composites could deliver high specific capacitance, but present
poor cycle stability [25]. To improve their energy density, hybrid
supercapacitors incorporating the favorable merits of EDLCs and
pseudocapactiors have been developed, which sustain high power
feature and meanwhile possess high energy density. According to
the difference of two electrode materials adopted, hybrid super-
capacitors could be generally divided into three classes including
composite symmetric supercapacitors, battery-type supercapacitors
and asymmetric supercapacitors (ASCs) [26]. Notably, ASCs consist
of two different electrodes and are becoming a more popular kind
of supercapacitors, which can achieve high energy density close to
batteries and high-power density like supercapacitors (Fig. 1c) [27].

The performance of supercapacitors mainly includes five as-
pects, including work voltage, specific capacitance, specific energy
(energy density), specific power (power density) and cycle life
[28-31]. It is well reported that the energy storage performance of
supercapacitors is directly related to the electrode materials. The
preparation of electrode materials with stable performance and
good electrical conductivity has been a hot research topic [32-35].
To date, grounded on the charge storage mechanism three kinds
of electrode materials have been explored to fabricate the super-
capacitors, including carbonaceous materials, high oxidation state
transition metal oxides and conducting polymers [36-38].

With the desirable structural features and electrochemical ac-
tivity, metal oxides have received more attention as supercapacitor
electrodes. Meanwhile, metal oxide could overcome the poor ca-
pacity of carbon materials and avoid inferior cycle stability. In the
past, pseudocapacitive materials of various transition metal oxides,
such as MnO, [39], NiO [40], Co304 [41], V505 [42] and MoOs3
[43] are widely used because of their increasing specific capaci-
tance, both energy and power densities. Recently, binary or ternary
transition metal oxides have attracted extensive attention because
of their outstanding electrochemical performance and electrical
conductivity compared with the single-metal oxides. Binary metal
oxides such as NiCo,04, MnCo,04, CuCo,04, and ZnCo,04 are of
the origin of Co304. They have provided excellent performance in
supercapacitors [44,45]. It is noteworthy that the electrical conduc-
tivity has the following order: NiCo,04 > NiO > Co304, and many
researchers have also verified that NiCo,04 possessed a much
lower resistance than nickel oxides and cobalt monoxides. The re-
action mechanism for M304 (M = Co or Ni) during the charge stor-
age process is as follows.

M304 + OH~+ H,0<«-3MOOH + e~ (1)
Benefiting from richer redox reaction from both nickel and

cobalt ions than single component nickel oxides or cobalt ox-
ides, the spinel nickel cobaltite (NiCo,0,4) exhibits wonderful
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Fig. 1. (a) Ragone plot for various electrical energy storage devices [13]; (b) Aschematic diagram illustrating the operation principles of: (left) electric double layer capacitor
(EDLC); (right) pseudo supercapacitor (PC) [13]; and (c) Ragone plot of ASCs with various typical electrochemical energy storage devices. Times given in the plot are the time
constants of the devices, obtained by dividing the energy density by the power [27]. Reproduced from Refs. [14,27] with permission from Elsevier.
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Fig. 2. (a) Wide-angle XRD, (b) low-angle XRD patterns of meso-NiCo,04 nanospheres (red curve) and bulk-NiCo,04 (blue curve), (c, d) crystal structure of NiCo,04 (ICSD
No. 24,211) [53] and (e) schematic of the charge storage mechanism of NiCo,04 [57]. Reproduced from Ref. [53] with permission from American Chemical Society. Reproduced
from Ref. [57] with permission from The Royal Society of Chemistry. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

electrochemical performance such as much better electrical con-
ductivity and superior electrochemical activity [46,47]. More im-
portantly, NiCo,04 has some advantages such as low cost,
natural abundance, environmental safety and low toxicity. There-
fore, NiCo,04 has become a more promising and flexible alter-
native electrode material for application in high-performance su-
percapacitors and has drawn more and more attention in recent
years. Various NiCo,0,4 materials with diverse morphologies, such
as nanoparticles [48] and nanowires [49-51] have been reported.
NiCo,04 has multiple redox states and good electrical conductivity
as a P-type semiconductor with a band gap of 2.1eV [52]. Zhang
et al. [53] prepared novel ordered meso-NiCo,04 nanospheres and
present the XRD pattern of meso-NiCo,04 nanospheres and bulk-
NiCo,04. Obviously, there is no difference in wide-angle XRD pat-
terns (Fig. 2a). However, in the low-angle XRD patterns (Fig. 2b),
a sharp diffraction peak (20 =1°) accompanied with a weak peak
(260 =1.8°) was founded in the meso-NiCo,04 pattern, correspond-
ing to the (211) and (332), which reflects 3D cubic Ia3d ordered
mesoporous architecture. As shown in Fig. 2(c and d), the NiCo,04
possesses a face-centered cubic (fcc) spinel structure with Fd3m
symmetry with a=8.11A and a strong (100) orientation, where all
the nickel cations take up the octahedral interstices and the cobalt
cations are occupied among the tetrahedral and octahedral gap
[54]. In other cases, NiCo,04 may be properly regarded as a nickel
atom replacing one of the cobalt atoms in Co304. Obviously, the
difference in physical properties and electrochemical performance
between NiCo,04 and Co30,4 is ascribed to the introduce of the
nickel atom whose grain size is similar to that of cobalt atom that
causes a little change in the crystal structure, in which the defects
have some unexpected effects on electrochemical performance. An
investigation of the cation valences in NiCo,04 has been performed
by means of X-ray absorption near edge structure (XANES), X-
ray absorption fine structure (EXAFS) and 81Ni Méssbauer spec-
troscopy. The oxidation state distributions of nickel cobaltite are
uncertain, and the ionic configuration of NiCo,04 is as the fol-
lowing formula: Coq_x2*Cox3T[Co3*+Nix2tNij_»3+]04 (0<x<1). The
cations before the square brackets are considered to be in the
tetrahedral interstices and those within the square brackets are in
the octahedral interstices [55,56]. As reported in some researches

[57-59], in an alkaline solution, NiCo,04 exhibits a potential win-
dow range of 0-0.55V and its pseudo-capacitive behavior occurred
in the alkaline electrolyte can be presented in the Fig. 2(e).

During the charge-discharge process, fast and reversible faradaic
reactions occur on the surface of the electrode materials, where
the valence state changes of Co3*/Co%t, as well as M2+ M3+
(M=Co or Ni) exist. Interestingly, the specific capacitance of
NiCo,0,4 increased to some extent after several hundred cycles in
some research, which was ascribed to their peculiar morpholo-
gies and the process of electrode activation [60,61]. However, the
rate capability and electrochemical reversibility of NiCo,0,4 elec-
trodes are poor due to the nature of redox reaction. To resolve
this problem, many effective strategies have been reported. Here,
the structure and synthesis method of NiCo,04-based materials
are discussed in detail. And then, the major goal of this review is
to highlight new progress in using proposed strategies to improve
the cycling stability and rate capacity of NiCo,04-based materi-
als, including synthesis, control of special morphologies and design
of composite materials. Finally, an insight into the future research
and development of NiCo,04-based materials for supercapacitors
is prospected.

2. Preparation of NiCo,04 materials

Advanced NiCo,04 electrode material with unique nanostruc-
ture and high performance is expected by researcher and indus-
try, while it is very difficult to find a universal and cost-effective
routine to synthesize all types of NiCo,04 nanomaterials by a
one-pot approach [62-64]. In general, several methods have been
used to prepare nanoscale NiCo,0,4 oxide materials with variety of
microstructures, including sol-gel, bio-template, electrodeposition
process, electrospinning and hydrothermal. These synthesis meth-
ods are summarized and discussed in detail below.

2.1. Sol-gel method
Sol-gel method is a kind of facile and cheap method to

produce ideal nanostructures with homogeneity, porosity and
high purity. The sol-gel method generally covers four steps: the
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Fig. 3. (a) Synthesis procedure for mesoporous NiO/NiCo,04/Co304 composite [69], FESEM images of as-obtained (b) sample (I), (c) sample (Ill) and (d) sample (II) [66], (e)
specific capacitances of Co304, NiO, NiCo,04, and NiO/ NiCo,04/Co304 composite at a controlled current density [69] and (f) stability test in terms of specific capacitance for
sample Ni-Co-0-200 [67]. Reproduced from Refs. [66,67] with permission from Wiley-VCH. Reproduced from Ref. [69] with permission from American Chemical Society.

fabrication of the precursor solutions, the formation of interme-
diate products as sol, the transformation from sol to gel and the
calcination subsequently. In this process, solvents, reaction tem-
perature, reaction time, surfactants have key influences to get
the desired structures with extraordinary electrochemical perfor-
mances [65]. For instance, in Wu’s [66] work, NiCo,04 coral-
like porous crystals, nanoparticles and submicron-sized particles
(Fig. 3b-d) have been methodically synthesized through a simple
sol-gel method, employing H,0 (H,O-DMF) as solvent and citric
acid as the chelating ligand. The results indicate that submicron-

0
=~ \/\/ringnpenin
[B/.[(HZG)KIIH‘ + A + C—-C\m [MDH)(}IZO)X-II(NI}F +

sized NiCo,04 particles show the prime capacitive performance
with high specific capacitance and good cycle stability. Wei et
al. [67] reported the synthesis of NiCo,04 aerogels through an
epoxide-driven sol-gel method for the first time, which exhib-
ited high specific capacitance of 1400 F g-! after additional
500 fully activate cycles of the Ni-Co-0-200 (see Fig. 3f), well
reversibility and excellent cycle stability under a mass loading
of 0.4mg cm~2. The majority of the pores sizes in the range
of 2 to 5nm were appropriate for supercapacitor applications.
Liu and co-workers [68] fabricated NiCo,04 crystals by a sol-

gel method, which presents specific capacitance of 1128 F g!
at a current density of 5mA c¢cm~2 and the specific capacitance
retention is as high as 92.5% after 1000 cycles. In succession, meso-
porous NiO/NiCo,04/Co304 composite with high specific capacity
(Fig. 3e) and high performance is fabricated by a sol-gel process
and then calcined at 250 °C. The typical synthesize process of a
sol-gel process is clarified in Fig. 3(a) and the mechanism of gela-
tion can be described by the following reaction equation where M
represents nickel or cobalt ions, and A~ represents Cl= or NO3~
ions [69].

(2)

Moreover, the submicron-sized NiCo,04 particles with vari-
ous morphologies and excellent properties were prepared using
chelating ligand, different surfactants and organic-water binary sol-
vent via a facile sol-gel process. Extensive researches are on-going
through a sol-gel method to fabricate a better modality of NiCo,04
so as to achieve a higher specific capacitance and excellent cycle
stability. The sol-gel process has been confirmed to be a signif-
icant way to prepare NiCo,0,4 electrode materials with low-cost
and high electrochemical performance.
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2.2. Template method

Mesostructured transition metal oxides have dramatic advan-
tages, such as high specific surface areas, controllable pore sizes
and structures. These characteristics are significant for electrode
materials because the particular morphologies can further accel-
erate the transportation of chargefions in the electrode surface
and electrolyte. Furthermore, the mesopores allow for the fast-
redox reaction [70]. However, it is not easy to prepare mesoporous
binary metal oxides due to the thermal instability. As the ad-
vancement of novel methods for the synthesis of mesoporous bi-
nary metal oxides, the template method is widely adopted com-
bined with solvothermal/hydrothermal method for the fabrication
of mesostructured binary metal oxides [71]. For instance, Yuan
et al. [72] synthesized the uniform mesoporous hollow NiCo,04
sub-microspheres using silica spheres as a hard-template (Fig. 4a).
The obtained mesoporous hollow NiCo,0,4 sub-microspheres self-
assembled thoroughly by ultrathin nanosheets with a thickness
of a few nanometers. They are very uniform in size and struc-
turally robust by taking advantage of the in situ template re-
moval (Fig. 4b). What's more, the hierarchical hollow NiCo,04
sub-microspheres exhibit high specific capacitance of 678 F g~!
and excellent cycling stability of 87% (10 A g=1) after 3500 suc-
cessive cycles. In recent years, biological templates are abundant
reserves, renewable, cheap, readily available and environmentally

benign compared to artificial templates, such as graphene and car-
bon nanotubes (CNTs). There are many kinds of templates with
inherently hierarchical and complex structures. Furthermore, even
the same biology may also have different multilevel structures
and morphologies. Therefore, bio-based carbon templates attract
numerous researchers due to their natural highly ordered archi-
tecture with superior physicochemical properties, such as large
surface area, great flexibility, and good mechanical strength. In
addition, the bio-based carbon templates can be easily obtained
without intricate chemical/physical conditions. Especially, it is pro-
pitious to electrolyte penetration and ion diffusion when they
serve as the conductive substrate [73-76]. Thus, synthesis of sim-
ple and low-cost electrode materials with delicate framework de-
rived from bio-template have obtained extensive exploration in re-
cent years [77]. As shown in Fig. 4(c), Xiong et al. [78] employed
mollusc shell as template and the NiCo,04 nanowires grew directly
on it by a facile hydrothermal strategy (Fig. 4d and e). Meanwhile,
the shell based macroporous carbon material (MSBPC) with well-
aligned microstructure and large number of pores honeycomb-
like architecture was served as the conducting substrate. The as-
synthesized NiCo,04/MSBPC electrode presented large specific ca-
pacitance of 1696 F g=1 (1 A g~1), super rate capability (even 421.8
Fg-1at 50 A g-1), and excellent cycling stability (88% retention af-
ter 2000 cycles), revealing that the gained 3D carbon skeleton con-
sisting of hexangular and highly ordered channels can efficiently
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improve electrolyte penetration and rapid electron transfer. In ad-
dition, Shen et al. [79] exploited a novel and efficient self-template
method for the preparation of uniform NiCo,04 hollow spheres
with a core-in-double-shell interior structure.

As exhibited in Fig. 4(f and g), the NiCo,04 hollow spheres elec-
trode possess excellent high-rate capability. At current densities of
1,2, 5,10, and 15 A g1, the electrode delivers high capacitance of
1141, 1048, 965, 862, and 784 F g~1, respectively. Notably, the spe-
cific capacitance is about 914 F g1 at 5 A g~! after 4000 cycles
with a high capacity retention of 94.7%. These works demonstrate
that template-assisted method has specific advantage in preparing
high-performance electrode materials [80]. Therefore, it is an effec-
tive way to prepare high-performance transition metal oxide elec-
trode materials with high theoretical capacity for supercapacitors
by using template-assisted method because of the advantages of
the particular natural structure of template.

2.3. Electrospinning

Electrospinning is a comparatively complicated but multifunc-
tional and cost-efficient way to fabricate well-established nan-
otubes and nanofibers with size in the range from several mi-
crometers to tens of nanometers. During the preparation process,
many important factors can influence the morphologies, size dis-
tributions, and diameters of the nanotubes and nanofibers, such
as the concentrations of metal precursor, viscosity of precursor so-
lution, type of polymer, and electrospinning parameters (applied
voltage, working distance, and solution feed rate). The composite
electrode materials with high capacitances and long cycle stability
are achieved by the novel electrospinning method using the syner-
gistic effect of different factors. For example, Li et al. [81] synthe-
sized one-dimensional porous NiCo,04 nanotubes (NCO-NTs) with
porous architecture and hollow inside via electrospinning method.
As shown in Fig. 5(b and c), the prepared nanofibers possess a
mean diameter of about 89 nm and a length up to several microm-
eters (NCO-NFs). Because of their unique structure, the fabricated
NCO-NT electrode displays a high specific capacitance of 1647 F
g 1 at 1 A g1, excellent rate capability of 77.3% capacity retention
at 25 A g1, and outstanding cycling stability of 93.6% after 3000
cycles (see Fig. 5e).

Furthermore, electrospinning has been regarded as a valid ap-
proach to prepare continuous fiber membranes as a binder-free
carbonaceous template with micronsized or even nano-sized di-
ameter, large specific surface area and excellent mechanical perfor-
mances [82-84]. Owning to these prominent characteristics, elec-
trospun carbon nanofiber (CNF) membranes are widely used as
the electrode materials of supercapacitors [85-87]. In Addition,
the electrospun CNF can remarkably enhance the conductivity of
transition metal oxides or conductive polymers, which is favor-
able to maintain high specific capacitances of transition metal
oxides even at larger current density [88,89]. The CNFs suffer a
closed attachment for the NiCo,0,4 particles, which could under-
take good mechanical adhesion and excellent cycling stability. Lai
et al. [90] developed a facile approach of growing §-phase and y-
phase MnO, with distinctly different morphologies on highly con-
ductive NiCo,04-doped carbon nanofibers (NCCNFs) through the
combination of electrospinning, solution co-deposition, and redox
deposition methods to form core-sheath nanostructures with high
performance. The formation process of NCCNF@MnO, nanosheet
and nanorod is illustrated in Fig. 5(a). The relationship between
scan rate and the specific capacitance shows an excellent rate sta-
bility (Fig. 5d). For the NCCNF@MnO, NR hybrid membrane, the
specific capacitance reaches 146 F g~! (based on whole materials)
even at a scan rate of 100mV s~

2.4. Electrodeposition

The electrodeposition process occurs in the electrolysis of re-
lated plating solutions where micron- or submicron-size molecules
are dissolved, and large amounts of particles according to the stoi-
chiometric ratio are embedded in the electrochemically produced
composite with special performance [91]. In principle, the elec-
trodeposition process can be classified into three steps, including
preparation of a precursor solution, co-electrodeposition of precur-
sor, and thermal decomposition transformation. Facile electrodepo-
sition synthesis methods and subsequent thermal treatment have
been diffusely adopted to prepare 2D metal oxide nanosheets. Re-
cently, some conductive substrates also have been served as cur-
rent collector to further improve electrochemical performance of
the electrode materials, such as single-walled carbon nanotube,
carbon fabric and nickel foam. For instance, the carbon fabric (CF)
is an ideal conductive substrate for directly growing active mate-
rial because of the excellent electronic conductibility, good flexibil-
ity, advanced mechanical strength and inexpensive [92]. Therefore,
some researchers have used CF as conductive substrate to support
active material. For example, An et al. [93] reported the facile co-
electrodeposition of NiCo,04 radially on carbon cloth with good
electrochemical properties. The schematic illustration of the syn-
thesis of honeycomb-shaped NiCo,04/CC (HSNC) is displayed in
Fig. 6(a). With deposition time goes on 120s, NiCo,04 nanoparti-
cles would voluntarily be attached to the generated sheets because
of the minimization of facet free energy (Fig. 6b) [94].

Wu et al. [95] prepared the homogeneous thin NiCo,04
nanosheets onto nitrogen-doped carbon nanotubes (N-CNTs)
through a facile electrochemical deposition method. The electrode-
posited cubical- and hexagonal-shaped NiCo,04 particles with
some micro porous space were shown in Fig. 6(c). The electro-
chemical performances were displayed in Fig. 6(d and e). The SCs
are 2658, 2200, 2170, 2000, 1866 F g~! at different current densi-
ties of 2, 5, 10, 15, and 20 A g~!, respectively. The result reveals
about 70% of the initial SC is remained even at a high current
density of 20 A g~1, indicating that the obtained NiCo,04/CF com-
posites possess extraordinary rate performance. Moreover, the SC
of the electrode decays approximately 20% after 3000 cycles, in-
dicating high electrochemical stability for long cycle life. Besides,
the electrodeposition is also one of the most common methods
in preparing various nanomaterials composites. Several compos-
ite electrodes such as Co304@NiCo,04 [96] and Ni(OH),@NiCo,04
[97], have also been synthesized by the electrodeposition route.
However, the precise relationship between the composite structure
and electrochemical properties has not been verified yet.

2.5. Hydrothermal method

From the discussion mentioned above, it can be found that
the synthesis method plays a key role on the preparation of
nanomaterials and improvement of pseudocapacitive performance.
In recent years, hydrothermal reaction also has been consid-
ered as a promising approach to synthesize nanostructures due
to its environmentally benign, and good controllability of reac-
tion condition and controlled production of various nanostructures
at high pressure and moderate temperature including nanowires,
nanosheets, nanoflowers and so on [98]. The NiCo,0,4 precursors
were also prepared using hydrothermal reaction by a mixture of
related metal salts reagent, and then were heated in a sealed
Teflon-lined stainless-steel autoclave. As a wide-used method of
preparing NiCo,0y4, it is necessary to synthesis highly monodis-
persed nanoparticles with controllable size and unique morphol-
ogy [99]. In addition, many groups have made great efforts to
optimize the reaction conditions to form special morphologies
with enhanced electrochemical performance of NiCo,04 electrodes
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Weilly-VCH. Reproduced from Ref. [90] with permission from American Chemical Society.

[100-104]. Wang et al. [105] successfully prepared 3D hierarchical
NiCo,04 with tremella-like (T-NiCo,04), flower-like (F-NiCo,04),
urchin-like (U-NiCo,04) and pine-needle-like (P-NiCo,04) struc-
tures through a facile hydrothermal method. As shown in Fig. 7(a),
the morphologies of NiCo,04 can be controlled by varying the cat-
egories of alkali sources and adding NH4F, and the electrochemical
performance can be affected. The important roles of alkali source
and NH4F in fabrication of these nanostructures have been re-
searched. The as-prepared four NiCo,0,4 electrode materials were
designed to continuous galvanostatic charge-discharge (GCD) mea-
surements at a large current density (10 A g=1) for 1000 cycles.
As displayed in Fig. 7(b), there was no obvious capacitance decline
observed for all the four materials, revealing their excellent cycling
ability.

Very recently, some surfactants, such as polyvinylpyrroli-
done (PVP), polyvinyl alcohol (PVA) and hexadecyltrimethyl-
ammoniumbromide (CTAB) [106-108], have also been used as
the structure-directing agent to prepare electrode materials with
unique morphologies and high electrochemical performance. How-
ever, the use of surfactants and growth-directing agents usually re-
duces the charge transfer in the target products and thus weakens
the electrode material performance. Fortunately, a unique laser ab-
lation in liquid (LAL) method could conduce to prepare high activ-
ity precursors by prefabricating ternary oxide nanocrystals (TONs)
with a clean surface, which can acquire enhanced charge transport

in the electrochemical energy storage devices [109]. It is neces-
sary to develop other feasible technology to improve the perfor-
mance of electrode materials, such as ion-doping and transition
metal oxides modification. For example, a porous vanadium doped-
zinc-nickel-cobalt ternary oxide (VZnNiCo) nanostructure has been
used to high performance flexible supercapacitor [3]. Moreover,
dandelion-like Fe-doped NiCo,0,4 microspheres@nanomeshes (Fe-
NCO-M@N-1 h) prepared by a facile hydrothermal method shows
high specific capacitance, excellent rate performance and remark-
able cyclic stability [5]. Successively, self-supported 3D ultrathin
porous quaternary Zn-Ni-Al-Co oxide nanosheets with hierarchi-
cal, porous structures, are regarded as auspicious electrodes for
high-performance hybrid supercapacitors [7]. In summary, various
nanostructured types NiCo,04-based materials with 1D, 2D or 3D
morphology can be obtained by using facile hydrothermal method.

2.6. Summary of preparation methods

In short, this section suggests five means to synthesize
NiCo,04-based electrode materials, including sol-gel, bio-template,
electrodeposition, electrospinning and hydrothermal methods. Each
method has advantages and drawbacks. The sol-gel method is
inclined to prepare 0 D structures such as nanoparticles with
homogeneity, porosity and high purity. The template method, es-
pecial biological templates with abundant reserves, renewable and
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different NiCo,04 electrodes at high current density of 10 A g=! [104]. Reproduced from Ref. [104] with permission from The Royal Society of Chemistry.

environmentally benign, can be fabricated highly ordered archi-
tecture electrode materials with special shapes. Electrospinning
is usually used in preparing one-dimensional (1D) fiber with
a diameter in the range from several micrometers to tens of
nanometers. Electrodeposition process possesses some significant
advantages to deposit NiCo,04 onto conductive substrates and to

combine NiCo,04 with some other high-performance materials
with favorable synergistic effect, which can be controlled by
changing concentration and pH value of solution and applying
overpotential or current density. By comparison, the hydrother-
mal process is a direct and effective way to synthesize one-
dimensional (1D), two-dimensional (2D) and three-dimensional
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(3D) nanostructured NiCo,04-based materials with unique archi-
tectures and superior electrochemical performances by adjusting
temperature parameters, the kinds and concentration of surfac-
tants. Many researchers have explored to prepare different mor-
phologies of NiCo,04 including 1D, 2D and 3D nanostructures.
Compared with 1D and 2D nanostructures, 3D nanostructure has
more advantages in energy storage materials. 3D structural mor-
phology not only forms the desired hierarchical porous continuous
channels for electrolyte ions by serving as an ion buffering reser-
voir, but also has higher electrical conductivity and excellent struc-
tural mechanical stability, which can alleviate the volume expan-
sion effect during charge/discharge process.

3. Nanostructured NiCo,0,4 electrodes with different
morphologies

3.1. Pristine NiCo,04

As we know, the physical and chemical properties of materials
are dramatically changed when the particle size is decreased to
the nanoscale. Nanomaterials are expected to bring important
improvements for energy storage devices [110]. The cross-linked
network in nanostructures includes nanowires, nanoneedles,
nanosheets, nanoarrays and nanoflowers. 1D nanostructures
can provide direct current pathways, shorten the ion diffu-
sion length, reduce the charge-discharge time, increase the
electrolyte-electrode contact area, limit mechanical degradation,
and accommodate volume expansion [111]. Due to the inherently
high specific surface area and distinctive electronic properties
of ultrathin sheets, 2D nanomaterials are popular for energy
storage and conversion system. Besides the above advantages, 2D
materials also show other special properties such as flexibility,
high packing densities, mechanical stability and transparency,
which prompt them fit for the development of flexible and wear-
able electrochemical capacitors [112]. Compared with 1D and
2D nanostructures, the complex 3D structures contributed by
1D nanostructures possess unique properties because they incor-
porated the advantages of all related nanoscale building-blocks
[113]. In addition, homogeneous hierarchical 3D nanostructures
assembled from nanotubes, nanoflakes, nanowires, or nanorods
with several levels of structure, also have exhibited super capaci-
tive property because of the large SSA (specific surface area) and
high density of defects arising from nanoscale building blocks
and have numerous promising applications in many professional
fields such as chemical sensors [114], catalysis [115], batteries
[116,117], electrochromic devices [118] and supercapacitors. Gen-
erally, it is important for SCs to achieve large specific surface
area and fitting pore size distribution suitable for decreasing
the consumption of electrolyte by regulating porous structure
of electrode materials. For example, Liang et al. [119] suc-
cessfully prepared NiCo,04 nanosheets@halloysite nanotubes
(Fig. 8a and b) by a facile coprecipitation route followed by a
thermal annealing treatment. The specific capacitance can reach
1728 F g1 at the end of 8600 cycles at a current density of 10
A g1 and a capacity loss of 5.26%. As shown in Fig. 8(c and d),
novel hierarchical NiCo,04 nanosheets@hollow microrod arrays
(NSs@HMRAs) were prepared by a simple and environment-
friendly template-assisted electrodeposition followed through
thermal annealing [120]. Owing to their unique nanostructures,
the NiCo,04 NSs@HMRAs showed a high specific capacitance (Csp)
(678 F g~! at 6 A g~!) and excellent cycle stability (Csp retention
of 96.06% after 1500 cycles). Additionally, a kind of NiCo,04 pseu-
docapacitive materials with an urchin-like hollow micro-sphere
structure (UHMS) ware designed and fabricated (Fig. 8e and f).
The as-synthesized NiCo,04 UHMS sample exhibited an improved

specific capacitance of about 942.2 F g~! at a current density of
0.5 A g! and excellent rate capability [121].

Traditional dielectric capacitors and batteries usually include a
sandwiched separator between two electrodes in an ionic liquid
electrolyte. The electrodes usually include binders, and the binders
often affect the performance of the electrodes, and then affect the
practical engineering applications of the device, such as wearable
flexible SC. Consequently, it is necessary to develop a new tech-
nique, by which nanostructured electrode materials can be in-situ
formed on the surface of conductive substrates, especially on 3D
porous substrates. This is a binder/additive-free electrode for elec-
trochemical capacitors. These binder/additive-free electrodes avoid
the “non-activated surface” in traditional slurry-derived electrodes.
In addition, it also brings high charge-discharge rate capability due
to the shortened transport path length for both electrons and ions
and is beneficial to the charge transfer. And it also provides ef-
fective interface contact between current collector and active ma-
terials, resulting in highly enhanced electrochemical performance.
Compared with powdery nanomaterials, self-supported nanoelec-
trodes offer particular benefits over the slurry-casting electrodes
such as enhanced utilization of electroactive materials and im-
proved charge/ion transport efficiency. One of the most common
ways of getting nanoelectrodes is to directly fabricate electroac-
tive materials into the forms of free-standing either 1D nanoar-
rays, 2D nanoarrays, or 3D nanoporous architectures on conduc-
tive substrates [122-124]. Usually, these nanoelectrodes are called
as self-supported uniform nanoelectrodes (Fig. 9), because the na-
noelectrodes are nanoarrays of only single electroactive material.
Additionally, there are also self-supported heterogenous nanoelec-
trodes for supercapacitors that mean the nanoarrays include ei-
ther electroactive substances with nanostructured current collec-
tors/supporters or more than one type of electroactive substances
in single nanoelectrodes (Fig. 9). Generally, self-supported hetero-
geneous nanoelectrodes with a core-shell structure consists of a
shell of active materials uniformly deposited on a core of indepen-
dent nanostructured current collectors or another kind of active
materials that are directly grown on a conductive substrate [125].

Chen and co-workers directly grew NiCo,04 nanosheets on flex-
ible carbon fabric through an electrochemical deposition method
and the specific capacitances (SCs) of composites are as high as
2658 F ¢! (2 A g 1) [126]. Zou et al. reported a 3D micro-
sphere composed of radial chain-like NiCo,04 nanowires with
a SC of 1284 F ¢! (2 A g1) by a facile hydrothermal route
and thermal decomposition [127]. To improve the electrochem-
ical performance of NiCo,04, the nanostructured NiCo,04 (such
as nanowires, nanosheets, nanotubes) with high specific capac-
itance and excellent rate capabilities can be used as substrates
for NiCo,04-based composite. Other compounds directly grow on
these NiCo,04 substrates, and can form NiCo,04-based composite,
which has more excellent electrochemical performance than pris-
tine nanostructured NiCo,0y4.

3.2. NiCo,04-based composite materials

Unfortunately, single NiCo,0,4 often exhibits limited kinetics
during the redox reaction because of the low electrical conduc-
tivity or easily agglomerate in substrates, leading to the poor
capacitance, inferior cycling stability and bad rate performance.
In addition, the active material near the bottom is difficult to
participate in the electrochemical charge storage process because
of the limited electrolyte diffusion in supercapacitor electrodes,
which results in an unsatisfactory ASC (areal specific capaci-
tance). An efficient solution is to design the nanocomposite ar-
chitectures. Currently, it was discovered that NiCo,04 with well-
organized nanostructures, such as nanowires, nanosheets, nanorods
and nanotubes, can combine with other kinds of materials like car-
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Fig. 8. (a) SEM and (b) TEM image of the halloysite nanotubes [120], (c) and (d) TEM images of NiCo,04 NS@HMRAs [119], (e) SEM and (f) TEM images of the final NiCo,04
UHMS [121]. Reproduced from Refs. [119,121] with permission from The Royal Society of Chemistry. Reproduced from Ref. [120] with permission from American Chemical

Society.

bon, metal oxides/hydroxide, conducting polymers, metal-organic
frameworks (MOFs) and covalent-organic frameworks (COFs) to
improve the performance of NiCo,04. The resulting functional hier-
archical nanostructures or “core-shell” configurations contribute to
a more high-level of electrochemical performance [128]. The elec-
trode material design with “core” and “shell” structure can achieve
a desired synergistic effect [129]. This effective approach to fabri-
cate hybrid materials composites not only possess the advantages
of all the constituents, but also overcome the disadvantages of in-
dividual components. Hence, construction of different structures
with the combination of two different materials has been proved
to be a promising strategy to boost the electrochemical perfor-
mance of metal oxides [130].

3.2.1. NiCo,04-metal oxide composites

Recently developed hierarchical nanostructures obtained by
metal oxide directly grown on an active material (current collec-
tor) show remarkable merits [131]. Generally, they can enlarge
the contact area between active materials and the electrolyte, in-
crease the porosity, and provide more active materials in a given

unit area without any auxiliary components, resulting in higher
electrochemical properties [132,133]. Recently, significant efforts
have been taken to controllable synthesis of perfected core/shell
nanowire heterostructures by combination of two types of mate-
rials, which show improved electrochemical performances. For ex-
ample, Chen et al. [134] obtained a heterostructures composite by
coating a NiWO4 nanosheets on self-supported NiCo,04 nanowire
arrays, which presents a high enhancement of specific capacitance
of 1384 F g~! at a current density of 1 A g~! and superior cy-
cling stability (87.6% retention over 6000 cycles at a current den-
sity of 5 A g-1). However, the pristine NiCo,0, electrode only
shows a specific capacitance of 865.3 F g1 at the corresponding
current density. NiCo,04 has relatively high electrical conductiv-
ity but low capacitance. Conversely, MnMoO4 possesses high ca-
pacitance but inferior electrical conductivity. The combination be-
tween MnMoO4 and NiCo,04 can reach their full advantages of
both materials. For example, Wang and co-workers [135] synthe-
sized the NiCo,0,@CoMo0, nanowire/nanoplate arrays, and the
capacitance could reach 14.67 F cm~2 at the current density of
10mA cm—2, with a capacitance decrease of 25.9% after 1000 cy-
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cles. Besides, many groups [136-138] grew MnMoO, nanowires
onto the backbone material NiCo,04 nanowire arrays in the
aqueous solution system to prepare hierarchical 3D heterostruc-
tured NiCo,04@MnMo0O,4 nanocolumn arrays (NCAs) on Ni foam.
The crystal growth method during the complicated nano-
architecture process was “self-assembly” and “oriented attach-
ment”. As shown in Fig. 10(a, b), firstly, the NiCo,04 nanowire
array was directly grown on nickel foam. In the hydrother-
mal process, the as-prepared NiCo,04 nanowires on nickel foam
acted as templates and then MnMoO, nanosheets were uni-
formly wrapped in the surface of the NiCo,04 nanowires, forming
NiCo,0,@MnMo0O,4 composite nanocolumn arrays. The core-shell
structure could supply short electron/ion transfer path and signifi-
cantly improve the electrochemical property.

The as-synthesized NiCo,0,@MnMo0O,4 and NiCo,04@NiMoO,
core-shell nanoflowers are uniformly attached on the sub-
strate, the MnMoO,; and NiMoO,; nanoflowers are very
thin, which can be observed in the magnified images of
Fig. 10(c-e). NiCo,04 nanowire is fully wrapped by a great
amount of MnMoO,4 nanosheets. The electrochemical test reveals

that the obtained hybrid NiCo,0,@MnMoQO4 electrode exhibits
superior pseudocapacitor performances with high capacitance of
1705.3 F g1 at 5mA cm~2, and retaining 92.6% after 5000 cycles.
However, the bare NiCo,04 electrode only shows a capacitance
of 839.1 F g! and a retention of 90.9% at the corresponding
current density after 5000 cycles. In addition, the charge-transfer
resistance (Rct) of NiCo,04 and NiCo,0,@MnMo0O, electrodes
before and after cycles is investigated. It can be observed that
the R¢ increased with the increase of cycling number with 0.12
©Q at 50 cycles, 0.17 €2 at 2500 cycles, and 0.56 €2 at 5000
cycles, respectively. There is a conductance deterioration dur-
ing cycling. However, the R¢ is still satisfactory, indicating that
there is no great change of R for both electrodes even after
5000 cycles. Notably, the NiCo,04,@MnMoO, shows higher ASC
(area specific capacitance) than pristine NiCo,04. As shown in
Fig. 10(f), the ASCs of NiCo,0,@MnMo0O, are 191, 1.78, 1.62,
1.39, and 119 F cm~2 at current densities of 1, 2, 5, 10, and
20mA cm~2, respectively. However, the corresponding ASCs of
pristine NiCo,04 are only 0.93, 0.84, 0.73, 0.62, and 0.52 F cm~2,
respectively. Obviously, NiCo,0,@MnMo0O, has much higher ASCs
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than the pristine NiCo,04 at each current density. In addition,
the cycling stability of the NiCo,0,@MnMo0O, hybrid elec-
trodes was more excellent than NiCo,04 electrodes, as shown in
Fig. 10(g).

The conductivity of NiCo,04 is two orders of magnitude larger
than NiO or Co304, but it is necessary to explore the effects of
the combination between NiCo,04 and other oxides on the elec-
trochemical performance. In fact, the NiCo,04 composites are also
potential candidates for high-performance supercapacitor. NiCo,04,
NiO, ZnO and Co304 were P-type semiconductors with the energy
band gap of 2.1 [139], 3.6 [140], 3.37 [141] and 2.2eV [142], re-
spectively. To forecast the electrochemical performance of these
transition metal oxides electrode materials, it is necessary to con-
sider essential influences, such as pore structure [143-146G], the
electrical conductivity [147,148] and the degree of crystallization
[149,150]. The electrical conductivity of transition metal oxides can
be improved by changing band effects, and the improved electronic
conductivity can usually the improve charge-transfer processes
and reduce internal resistance of the electrodes [151,152]. The
electrochemical activity of metal oxides usually depends on the
crystallinity. The appropriate microstructure will contribute high

specific surface area and the electrolyte permeation [153-155]. In-
terestingly, smarter integrated architectures combined with differ-
ent genres of materials, such as MnO,, NiO, and Co304, possess
many competitive advantages, including rich approachable elec-
troactive sites, high electron aggregation efficiency, short ion trans-
fer pathways, and even excellent synergetic effects or multifunc-
tional properties of the nanostructure components [156]. For these
reasons, it is vital to coordinate microstructure, crystallinity, and
electrical conductivity of these metal oxides-based materials for
their potential application in ECs. In summary, researchers man-
ifest that the fabrication of oxides composite with unique struc-
ture is an effective way to improve electrochemical behavior of the
electrodes.

Recently, Zhou et al. [157] successfully anchored two types
hierarchical core-shell arrays, namely, homogeneous NiCo,04
nanosheet@NiCo,04 nanorod and heterogeneous NiCo,04
nanosheet@NiO nanoflake (NiCo,04 sheets regard as the core
skeleton for bearing shell materials) via facile solution hydrother-
mal methods and chemical bath deposition process in combination
with a simple thermal treatment. NiCo,04 nanorods disperse on
the NiCo,04 nanosheets in many directions. NiCo,04 nanorods
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Society. Reproduced from Refs. [160,161] with permission from Elsevier.

and NiCo,04 nanosheets are interconnected. Similarly, for the
NiCo,04@NiO hybrid nanoarrays, the whole nanosheets obviously
become thicker and the surfaces are fully covered by plentiful
leaf-like NiO nanoflakes, forming a highly porous core-shell
structure with convenient ion/electron transport paths, enhanced
reactivity, and improved structural stability (Fig. 11a). When the
two as-synthetized hierarchical nanoarrays were evaluated as
supercapacitor electrodes, they exhibited high specific capacitance
and enhanced rate capability, and improved cycling stability. It is
observed from Fig. 11(h), that the specific capacitances retentions
of NiCo,04@NiCo,0,4 and pristine NiCo,0,4 nanosheets are 76.4%
and 73% when the current densities fall from 0.5 to 20 A g1, and
both electrodes are higher than the NiCo,04@NiO (43.2%). If exces-
sive amounts of NiO nanoflakes cover the NiCo,0,4 nanosheets, the
formed NiO shell will impede electrolyte diffusion during rapid
charge/discharge processes, resulting in the low electrochemical
performance of NiCo,04@NiO. Even so, the NiCo,04@NiO nanoar-
rays also exhibit higher specific capacitances (955 F g~!) than
the bare NiCo,04 nanosheets (685 F g~1) at high current density
of 20 A g-1. Hierarchical NiCo,04@NiCo,0, core/shell nanoflake
arrays (Fig. 11b) were also synthesized by Liu et al. [158] via

the facile hydrothermal and chemical bath deposition for high-
performance supercapacitor materials. The TEM images of NiCo,04
nanosheets arrays and NiCo,0,@MnO, core-shell nanosheet arrays
were displayed in Fig. 11(f and g). Notably, NiCo,0,4 nanosheets
with wrinkles are beneficial to the composite between NiCo,04
nanosheets and MnO, nanosheets because of the enhanced specific
surface area. In addition, it seems that the NiCo,04 nanosheets
were covered with ca. 40-70nm MnO, nanosheets. As shown in
Fig. 11(i), the effective electron transfer and faster ion diffusion
in the core/shell nanoflake arrays are further verified by the EIS
measurements. The semicircle of the Nyquist plot corresponds to
the Faradic reactions and its diameter stands for the interfacial
charge-transfer impendence, and the result indicates that the
interfacial charge-transfer impendence of the NiCo,04@NiCo,04
core/shell nanoflake arrays is smaller than that of the bare one.
It is noteworthy that the framework of the 3D NiCo,04@NiO
structure with huge amounts of mesopores offers a shortened
diffusion distance for electrons/ions, which improves the full use
of the high pseudocapacitance of NiCo,04@NiO and relieves the
tension caused by the volume change and phase transformation
[159]. Sennu group [160]| also reported the preparation of high
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energy asymmetric supercapacitor (ASC) adopting pseudocapac-
itive 3D microstructured composite NiCo,04@Co304 and double
layer forming activated carbon (AC), obtained from the bio-waste.
The NiCo,04@Co30,4 consisted of rod-like NiCo,04 microstructure
was grown on full surfaces of Co;04 nanosheets (Fig. 11d). The ASC
could deliver a high energy density of 42.5Wh kg~! and power
density of 80W kg~!. Additionally, the ASC provides excellent
cycle ability, the capacitance retention maintains ~97% of initial
capacitance after 7000 cycles. A novel hierarchical NiCo,0,@Mn0O,
core-shell nanosheet arrays composite directly grown on nickel
foam formed integrated electrode for supercapacitors was de-
signed and fabricated through simple two-step hydrothermal
method [161]. Remarkably, it is discovered that the density of
MnO, nanosheets has been increased as the extended reaction
time. When the reaction time of MnO, nanosheets deposited
on bare NiCo,04 nanosheet lasts for 9h, the particle size of a
core-shell nanostructure is about 500nm (Fig. 11c¢). The unique
nanostructure has high electrochemical performance, displaying a
capacitance of 2.39 F cm~2 as well as excellent cycling stability,
which is superior to the pure NiCo,04 nanosheet arrays. In these
above electrode design, not only both the “core” and “shell” active
materials can be fully utilized but also a strong synergistic effect
can come true.

3.2.2. NiCo,04-conducting polymer composites

In 1976, conducting polymers with good electric conductiv-
ity, large capacitance, low cost was discovered and then ap-
plied in capacitors. The conducting polymers is an important
genre of electrode material for pseudocapacitors [162]. In the
past few years, great effort has been devoted to conducting poly-
mers owing to their huge latent applications in supercapacitors.
Commonly, the most commonly used conducting polymers of-
ten include polypyrrole (PPy), polyaniline (PANI), and poly [3,
4-ethylenedioxythiophene] (PEDOT) and their derivatives [163].
Conducting polymers can be compounded via chemical and elec-
trochemical methods, which are operated by polymerization of the
monomer. In general, these polymers have several redox states
from insulator to metal, which could be used in supercapacitors
with a pseudocapacitance mechanism [164]|. Commonly, conduct-
ing polymer possess a very relative large specific capacitance com-
pared with the clear majority carbon materials, e.g., 1284 F/g for
PANI, 480 F g~! for PPy, and 210 F g~! for PEDOT [165]. More-
over, works would pay more attention to their advantages, such as
relatively low cost, environment-friendly, high charge density, and
high electrical conductivity in doped states.

Recently, great efforts have been taken to increasing the capac-
itance of NiCo,0,4 through exploring miscellaneous nanostructures
to provide huge specific surface area and shorten ion diffusion path
[166,167]. However, the poor conductivity problem of NiCo,04 is
still limited its further applications. The conducting polymer, like
polyaniline (PANI), due to the high theoretical capacitance (up to
3407 F g~1), controllable electrical conductivity, low cost and facile
synthesis has drawn intensive attention among various pseudo-
capacitive materials [168]. Ppy is also a desired electrode mate-
rial with high charge density and superior electrical conductivity
in doped states (10—100 S cm~!), which has also been widely
adopted as electrode for SCs. For example, Ppy and PEDOT were
wrapped up mesoporous NiCo,04 nanosheet arrays via a facial
and controllable electrodeposition process by Xu et al. [169]. Re-
sults indicate that the NiCo,04@PPy electrode has the highest
areal capacitance of 41 F cm~2 at 2mA cm~2, which is much
higher than the values obtained for the NiCo,04@PEDOT elec-
trode (0.86 F cm~2) and NiCo,0, electrode (0.65 F cm~2). What's
more, even at high current density of 30mA cm~2, the areal ca-
pacitance of 2.7 F cm~2 can be achieved for NiCo,0,@PPy elec-
trode. Moreover, the NiCo,04@PPy electrode shows much smaller

equivalent series resistance (ESR) than NiCo,04@PEDOT and
NiCo,04 electrodes. By wrapping the highly conductive and porous
polymer support, the distinct core-shell heterostructure is available
for the best use of the pseudocapacitive behavior of PANI layer, of-
fering a feasible measure to develop high-performance electrodes
for supercapacitors [170]. Additionally, conducting polymers have
reversible electrochemical redox properties, good environmental
stability and strong charge storage capacity, especially, high electri-
cal conductivity. Recently, conducting polymer-metal nanocompos-
ites are widely researched as electrode materials because of their
excellent stability under universal environmental conditions, good
electrical conductivity and compatibility with high charge density,
which has also been widely adopted as electrode material for high
performance SCs by solving the poor electron transport and ion
diffusion issues [171].

Typically, in the synthesis process, self-supported NiCo,04
NWAs on carbon textiles were prepared by a modified hydrother-
mal growth method, and then the PPy or other conducting poly-
mers was fabricated by the polymerization of pyrrole monomer
and related reagent via carried out at 0—5 °C. For example, the
synthesis of 3D hierarchical NiCo,04@PPy coaxial nanowire arrays
on carbon textiles as electrode for high-performance SCs was first
reported by Kong group [172]. As shown in Fig. 12(a), the inlayer
mesoporous NiCo,04 nanowires work as the “core” with high ca-
pacitance and the coated PPy nanospheres serve as the “shell” with
excellent conductivity. The 3D PPy nanospheres coupled with 3D
NiCo,04 nanowire arrays (NiCo,04@PPy NWAs) electrode exhibit
a high specific capacitance (~2244 F g-1) at the current density
of 1 A g-! in 3M KOH aqueous solution, excellent rate capabil-
ity of ~60.5% and good cycling stability with the capacity reten-
tion of 89.5% after 5000 cycling as well as 82.9% after 10,000
cycling (Fig. 12d and e). The NiCo,0,@PPy NWAs obtained after
1.5h polymerization exhibit the highest specific capacitance and
lowest internal resistance (IR) among all samples. The (IR) of the
NiCo,0,4@PPy NWAs hybrid electrode was ~0.016 V, which is much
smaller than that of the NiCo,04 NWAs electrode (0.03 V). The re-
sult shows that the PPy shell can effectively reduce the total resis-
tance and thus improve the charge transport and electron collec-
tion efficiency. However, the thick and dense PPy layer could pre-
vent the ion penetration to the inner core of NiCo,04 NWAs. As a
result, the PPy polymerization time is a key factor in the design of
high-performance NiCo,04@PPy electrode.

Compared with PPy, PANI has a much higher theoretical capaci-
tance. Furthermore, ordered PANI nanowire arrays are supposed to
have a good capacitance performance owing to their special struc-
ture [173]. A reasonable design with an easy synthesis of PANI-
based composite electrode has been realized by constructing novel
core-shell architecture and adopting porous NiCo,04 nanorod ar-
rays as substrate. Typical structures of the NiCo,04@PANI NRAs
(Fig. 12b and c) were synthesized by Jabeen’s group [174]. It can
be found that the surface of NiCo,04 NRAs is thoroughly covered
with a thin PANI film (about 40 nm), indicating a representative
core — shell heterostructure. As displayed in Fig. 12(f), the mean ca-
pacitance retention achieved as high as 91+4% at 10 A g1 after
3000 continuous cycles in 1M H,;SO4 aqueous solution. The su-
per cycling stability can be ascribed to the optimized synergetic
effects and logical design of the patent core — shell NiCo,04@PANI
NRAs. The inset in Fig. 12(f) suggests typical charge —discharge
plots from the 3000 successive cycles. The curves were symmetric
corresponding to charge — discharge process, demonstrating no sig-
nificant structural collapse of the NiCo,04@PANI NRAs electrode.
Generally, the metal/conductive polymer composite electrode ma-
terials with unique core-shell structure are easy to be prepared.
In the meantime, the high capacitance of metal oxides can be
fully achieved. The microscale supercapacitors can meet the energy
demand of different electronic devices on chips. The combination
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Fig. 12. (a) Schematic illustration of the fabrication process of hierarchical mesoporous NiCo,04@PPy hybrid NWAs on carbon textiles (left: NiCo,04@PPy NWAs top view;
right: schematic representation of rechargeable supercapacitor based on NiCo,0,@PPy NWAs on carbon textiles) [172], (b) TEM images of the NiCo,0,@PANI NRAs, (c) an
individual core — shell nanorod [174], (d) current — density dependence of the specific of the NiCo,04 NWAs and NiCo,0,@PPy NWAs electrode [172] and (e) cycling perfor-
mance of the NiCo,0,@PPy NWAs electrodes (10,000 cycles), compared to NiCo,04 NWAs electrodes (5000 cycles) [172]. (f) Cycle performance of the NiCo,0,@PANI NRAs
electrode for 3000 successive charge — discharge cycles at a large current density of 10 A g~! and corresponding Coulombic efficiency (inset is the typical charge — discharge

curves) [174]. Reproduced from Refs. [172,174] with permission from American Chemical Society.

of new functions between metal oxides and conductive polymer
composites could further widen the application field of superca-
pacitors.

3.2.3. NiCo,04-MOFs (metal-organic frameworks) composites

The discovery of metal-organic frameworks (MOFs), as a new
class of crystalline porous materials (CPMs) with high surface
areas, remarkable porosity, enormous structure diversity, and
multifunctional tunability with accuracy at the molecular level has

unlocked the potential opportunities for scientists to solve some
pressing problems related to sustainable energy, adsorption, sen-
sors, supercapacitors, and catalysts [175]. MOFs are assembled by
joining inorganic metal nodes (secondary building units, SBUs)
with organic linkers (Fig. 13a), which are consisted of metal ions
and organic binding ligands and have increasingly drawn urgent
attention [176-178]. The pseudocapacitance behavior can be found
in MOFs, and pseudocapacitive MOFs are mainly from 3d tran-
sition metals, where the metal nodes supply the redox activity
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[179]. Compared with familiar inorganic porous materials, their
crystalline structures with high-porosity, larger specific surface ar-
eas, diversity of structures and controllable functionalities [180-
186]. Recently, owing to their porous structures with high sur-
face areas, MOFs have been used as desired sacrificial templates
to support various porous active materials, such as carbonaceous
materials, metal oxides, and metal phosphides [187-191]. In ad-
dition, its structure is novel and strange. As shown in Fig. 13(b),
the as-prepared products of metal oxides/hydroxides with various
structures, such as hollow nanocages, nanoframes, multishelled mi-
croboxes, can be obtained [192-196].

MOFs are promising porous precursors for the construction of
various functional materials for high-performance electrochemical
energy storage and conversion system because they can offer abun-
dant active sites and shorten ion diffusion distance as well as re-
lax the tension during the electrochemical reactions, thus keep-
ing the wholeness of the electrodes [197-205]. For making use
of the advantage of MOF materials possibly and well, it is neces-
sary to further study situation of all sides in supercapacitors. In
recent years, Wang et al. covered the recent research advancement
in utilizing MOFs and their composites or derivatives by focusing
on the relationship of architecture, composition, and function for
energy storage and conversion systems [206]. Choi et al. [207] re-
ported the electrochemical performance of M7M-MOF-74 contain-
ing seven different metal elements, such as Co, Mg, Ni, Zn, Mn,
Fe and Cd. For example, a novel hollowed cubic NiS nanoframe
electrode was synthesized by anion exchange of a Ni-Co MOF with
S2- ions, which exhibited improved electrochemical performance in
supercapacitors [208]. According to early research, it is notewor-
thy to explore the effect of surface properties of MOFs on their
capacity of charge storage. For this purpose, Lee et al. [209] stud-
ied Co MOFs with different pore dimensions and morphology and
reported the influence of pore dimensions and morphology on
the supercapacitive performance, which is under the guidance of
coordination copolymerization of topologically different linkers

with identical coordinating functionality. Wang et al. [210] re-
ported a novel tactic for fabricating high performance SCs and
solved the insulating problems of MOFs by introducing polyaniline
(PANI) chains into Co-MOF crystals (ZIF-67) (Fig. 13c) with an ex-
traordinary areal capacitance of 2146 mF cm™2 at 10mV s~!. Re-
cently, Hu et al. developed a MOFs template-engaged method to
prepare multicompositional Fe,03-SnO, microboxes, and it exhib-
ited more excellent lithium storage performance than the single-
compositional micro-boxes [211]. Notably, a kind of amphoteric
metal oxide (such as ZnO) can be dissolved in acid or alkali,
which impedes its extensive applications as an excellent elec-
trode material in SCs [212-214]. To solve this problem, Zeng
and co-workers [215] introduce a metal-organic framework (MOF)
structure to effectively protect the ZnO nanorods from corrosion
in the alkali electrolyte such as KOH or NaOH solution. Ulti-
mately, the carbon coating ZnO nanorods array derived from ze-
olitic imidazole framework-8 (ZIF-8) was obtained (Fig. 14d and e).
Cao et al. [216] reported a facile two-step solution method to de-
sign a novel hollow NiCo,04 nanowall arrays electrode on flexible
carbon cloth substrate (Fig. 14a and b). As exhibited in Fig. 14(c),
it is obvious that the hollow characteristic is presented clearly by
the top cross section, and the surface of the nanowall arrays has
been wrapped with cross-linked ultrathin nanoflakes. These re-
sults show that hollow and porous structure is successfully pre-
pared on the carbon cloth. The as-obtained NiCo,04 nanostruc-
ture arrays can provide rich reaction sites and shorten ion diffu-
sion path. When evaluated as a flexible electrode material for su-
percapacitor, the as-fabricated NiCo,04 nanowall electrode shows
remarkable electrochemical performance with excellent rate capa-
bility and long cycle life. In addition, the hollow NiCo,04 nanowall
electrode exhibits promising electrocatalytic activity for oxygen
evolution reaction. The CC@ NiCo,0,4 exhibits a high capacitance
of 1055.3 F g~! at a small current of 25mA cm~2 and a high
capacitance of 483.3 F g~! at the current density increased to
60mA cm~2. The capacitance retention can reach 45.8% even the
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current increased 24 times. Additionally, hollow structures with
high complexity in shell architecture and composition have at-
tracted tremendous interest because of their great importance for
both fundamental studies and practical applications. Recently, Hu
et al. [217] reported the synthesis of novel box-in-box nanocages
(NCs) with different shell compositions, namely, Co304/NiCo;04
double-shelled nanocages (DSNCs). The particles still retain a poly-
hedral shape but exhibit a rougher surface constructed by small
nanosheets, as shown in Fig. 14(f). The Co304/NiCo,04 DSNCs ex-
hibits a high capacitance of 972 F g-! at a current density of 5 A
g~! and an impressive capacitance of 615 F g~! even at a current
density of 50 A g~!. This means that the capacitance retention can
retain 63.2% even the current density increases from 5 to 50 A g1,
indicating superior rate capability. Compared with Co304/NiCo,04
DSNCs, the Co304 NCs delivers inferior performance in terms of
much lower specific capacitance and poor rate capability. Further-
more, the electrochemical stability over cycling is evaluated at a
current density of 10 A g1 by repeated charging and discharging
for 12,000 cycles. As shown in Fig. 14(g), the specific capacitance of
870 F g1 for the first cycle gradually decreases to a value of 805 F
g1 after 12,000 cycles with a capacitance retention of 92.5%. The
superior cycling stability is likely related to the excellent structural
stability of the Co304/ NiCo,0,4 DSN.

In general, the applications of transition-metal (Fe, Co, Ni) MOFs
and their derivatives in supercapacitors and batteries are attracted
by many researchers. The conductivity of most transition-metal
(Fe, Co, Ni) based MOFs electrodes is poor. However, it could be
enhanced by combining with materials of high conductivity such
as conducting polymer, carbon nanotube, reduced graphene oxide.
Additionally, MOFs material is a new type of multi-functional com-
pound material which has many excellent properties the other ma-
terials do not have [218]. Hence, the composite between MOFs and
NiCo,0,4 electrode usually shows unique characteristic.

3.2.4. NiCo,04-metal sulfide composites

Transition metal oxides and their compounds are widely
applied to supercapacitors due to their high abundance, high
theoretical capacitances (>1000 F g-!) and environmentally
friendly. However, the low intrinsic conductivity [219], inferior
rate capability and poor cycling stability hindered the further
practical applications in the field of energy storage [220]. In
addition, the rate capability and efficiency of NiCo,0,4 electrode
material are still unacceptable despite its remarkable high theoret-
ical capacitance. The rate capability of the electroactive material,
as well-known, is principally determined by the kinetics of ion
diffusion and electron transport, electronic conductivity [221].
Whereas, transition metal sulfides (TMS), especially nickel sulfide
(NiyS3, etc.), cobalt sulfide (CogSg, Co3S4, etc.) and AB,S; (A
and B=Fe, Co, Ni, etc.) spinel structures bimetallic sulfides were
generally served as the promising pseudocapacitive electrode
materials owing to their superior electrical conductivity and
high electrochemical activity [222,223]. Moreover, the synthesis
methods of sulphide are usually simple. Such metallic sulfides
with unique and variable morphologies can be easily transformed
from their corresponding metal oxide/hydroxide precursors by
anion exchange reactions and Kirkendall effects. Therefore, a
combination between transition metal oxides and sulphides has
drawn much attention as excellent pseudo-capacitors materials
owing to their excellent electrical conductivity and more available
metal oxidation states to further redox reactions. As a result,
various metal sulfides have been introduced into the NiCo,04
material to form composite materials, and the rate capability
performance and cycling stability of NiCo,04 can be obviously
improved due to the synergistic effect. For exam-
ple, as shown in Fig. 15(a), Chu et al. [224] have re-
ported that electrodeposition of nickel sulfide (Ni-S) on

NiCo;04 (NiCo,04@Ni-S) nanoplate arrays forms a novel
hierarchical NiCo,04@NiS functional-material, which delivers
high specific capacitances of 1.85 F cm~2 at 8mA cm™2. As can
be seen, the NiCo,04 nanoplate has a width of about 30 nm, and
a thickness ranging from 0.5 to 1.5nm. Ni-S nanoplates were
uniformly covered by a thin layer nanostructure, forming thicker
core-shell NiCo,04@Ni-S nanoplate arrays. Three-dimensional hi-
erarchical core/shell nanostructure is favourable for faster ion and
electron transfer owing to large specific areas and small bandgaps
for anion exchange. Consequently, NiCo,04@Ni3S, core/shell arrays
[225,226], can be synthesized by stepwise synthesis approach,
which includes hydrothermal synthesis and electrodeposition or
hydrothermal sulfurization process. Moreover, Fig. 15(d and g)
confirms that the NiCo,04@Ni3S, has a core/shell nanostructure,
and it makes the NiCo,04 as the core and Ni3S, as the shell. In
addition, 3D hierarchical NiCo,04 nanosheets/Co3S; nanoneedle
hybrid nanostructure were synthesized firstly by Shi’s group [227].
The optimized NiCo,04/Co3S, electrode shows excellent pseudo-
capacitor behaviors with high specific capacity of 1468 F g~! (1
A g~1). Co3S; nanoneedles can be observed attached tightly on
the surface of NiCo,04 (Fig. 15e), which can increase the specific
surface area and shorten the diffusion path of ions and electrons
during electrochemical reaction process. TEM image in Fig. 15(f)
further confirms that the detailed microstructure of composite
electrode material is composed of Co3S4 nanoneedles and NiCo;04
nanosheets. It's noteworthy that MoS, exhibits greatly enhanced
electrical conductivity due to the intrinsic small bandgaps for
the anion exchange [228]. MoS, nanowires/NiCo,04 nanosheets
hybrid nanostructure grown on Ni foam network as binder-free
composite electrode was prepared through a facile hydrothermal
method [229]. As displayed in Fig. 15(b and c), the NiCo,04
nanosheets stick to the Ni foam surface, which can offer a mass
of sites to grow MoS, nanowires. The nanowires and nanosheets
are twined together to form composites, and then restrain the
agglomeration of nanosheets. Hence, the specific surface area is
increased, and the transport path of ions/electrons is shortened.
Notably, compared with corresponding single-component nickel
sulphides and cobalt sulphides, NiCo,S4 possesses more redox re-
actions with mixed valence state [230]. It also shows lower optical
band gap energy than NiCo,0,4 [231]. Importantly, it shows high
electrical conductivity of ~1x 103 S cm~! [232], which is about
100 times as much as NiCo,04. Interestingly, three-dimensional
NiCo,04/NiCo,S4 hybrid nanostructure on Ni-foam as a conductive
substrate by a facile ammonia evaporation technique, exhibited a
striking specific capacitance of 3671 F g~! at a current density of
1.8 Ag ' and 2767 F g-! at 9 A ¢! with a capacity retention of
84% at 10 A g~! after 2000 cycles [233]. These capacitance per-
formances were much more superior to bare NiCo,04 nanosheets
(see Fig. 15h and i). It indicates that the synergistic effect between
NiCo,04 and NiCo,S,4 improves the capacitance at the high current
density due to the high electrical conductivity of NiCo,S,.

In general, both the NiCo,0,4 with high theoretical capacity and
metal sulfide with relatively good conductivity are good pseudo-
capacitive materials. The unique hierarchical core/shell nanostruc-
tures with enhanced mechanical stability would provide a short
and fast transport pathway, thus accelerate the efficient electro-
chemical reaction process. It provides a feasible way to improve
the electrochemical performance of other pseudo-capacitive mate-
rials in the future research development.

3.2.5. NiCo,04-carbon based composites

Carbon materials such as templated porous carbons, carbon
aerogels, carbon nanotubes, graphene [234-236], are the most
commonly used supercapacitor materials. They possess large ac-
tivated surface areas, excellent electrical conductivity, strong me-
chanical strength and high chemical stability however. However,
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MoS,/NiCo,04 supported on Ni foam at different magnifications [229], (c) typical TEM image of the MoS,/NiCo,04 supported on Ni foam [229], (d) TEM of NiCo,04 and
NiCo,04@Ni3S, core/shell mesoporous nanothorn arrays [226], (e) typical SEM image of NC-6 [227], (f) typical TEM image of NC-9 [227], (g) the NiCo,04@Nis3S, hierar-
chical nanostructure [225], (h) summary of specific capacitance as a function of current densities [233] and (i) cycling stability of electrodes [233]. Reproduced from Refs.
[224,227,229] with permission from Elsevier. Reproduced from Refs. [225,226,233] with permission from The Royal Society of Chemistry.

the specific capacitance of carbon is much lower than that of
transition metal oxides, which limits their practical applications
to a certain degree. Fortunately, carbon modification can improve
the electrical conductivity of NiCo,04-based electrode materials.
In fact, various carbon additives such as carbon nanotubes (CNTs),
graphene, have been introduced into the transition metal oxides
material to form composite materials, and the rate capability per-

formance and cycling stability of NiCo,04 can be obviously im-
proved due to the improved conductivity [237-239]. In conclusion,
a combination between NiCo,04 and carbon materials may take
full advantage of the superior electrical conductivity and large spe-
cific surface areas of carbon materials as well as the high specific
capacitance of NiCo,04. So far, great efforts have been made in this
field and the following section will describe briefly.
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sion from Royal Society of Chemistry.

Typically, graphene as a type of two-dimensional carbon with
large specific area and high conductivity, has been investigated
as electrode material incorporated with metal oxides [240,241].
Especially, NiCo,04/graphene composite exhibited outstanding
electrochemical performance owing to the synergetic effect be-
tween conductive graphene and high theoretical capacity of

NiCo,04. For example, Zhang et al. reported few-crystalline, porous
NiCo,04 nanosheets (FCP-NiCo,04/RGO/CNTs) grown on graphene
and carbon nanotubes synthesized in reflux at 100 °C for 12h
(Fig. 16a). The FCP-NiCo,04/RGO/CNTs not only provide an effec-
tive charge transport path due to high conductive graphene and
CNTs, but also avoid the aggregation of individual components and
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facilitate the diffusion of charge/ions within the electrode. As can
be seen in Fig. 16(b), there are lots of the NiCo,04 nanosheets
attached on the RGO surface to form porous structure, which is
in favor of enhancing the charge storage capability of NiCo,04
nanosheets [242]. The hollow NiCo,04 nanoparticle/graphene com-
posite was firstly prepared through a template-free method [243].
As shown in Fig. 16(c and d), the hollow NiCo,04 nanoparti-
cle/graphene composite presents high specific capacitance (1238
Fg'at1Ag!)and excellent cycle stability (604 F g~ at 10A
g~1 for 1000 consecutive cycles). In a subsequent study, Li et al.
[244] prepared C@NiCo,04 hollow microspheres (HSs) composite
by a two-step strategy of hard-template method. Fig. 16(e and f)
displays the SEM image of the C@NiCo,0,4 material with and with-
out templates, respectively. Obviously, an obvious morphology dif-
ference of both samples can be found, and the C@NiCo,04 sam-
ple synthesized by template shows obvious core-shell structure. As
shown in Fig. 16(g), NiCo,0,4 nanoparticles were tightly grown on
the sidewall of CNTs, forming a 3D core-shell network structure
with open space size ranging from several hundred nanometers
to several micrometers, resulting in much reduced specific surface
area [245]. Carbon nanofibers (CNFs) are cylindric nanostructures
with graphene layers, which also possess large specific surface area
and high conductivity. Therefore, porous NiCo,0,4/C nanofibers are
synthesized with cotton as template via mild hydrothermal route
[246]. As exhibited in Fig. 16(h), the porous NiCo,04/C nanofibers
deliver a specific capacitance of 1029 F g~! at a current density of
1 A g, which is much higher than that of bare NiCo,04 nanopar-
ticles. More notably, NiCo,04/C nanofibers material shows remark-
able rate capability. Even though the current density is up to 60
A g1, its specific capacitance still retains at 771 F g~1. Obviously,
the charge-transfer resistance (Rct) of NiCo,04/C nanofibers elec-
trode is very low, indicating an efficient ion diffusion and rapid
redox reaction process (see Fig. 16i).

At the end, taking full use of the good conductivity and high
surface area of carbon materials are the key points in prepar-
ing NiCo,04@C materials composite electrodes. The synergistic ef-
fects of NiCo,04 and carbon nanomaterials can maximize the
properties of different components, for example, to further im-
prove the conductivity of the NiCo,04 materials. The carbon coated
NiCo,04 nanocomposites have large surface areas, resulting in bet-
ter electrolyte wettability and high conductivity, which contribute
to cycling stability. Therefore, the excellent electrochemical perfor-
mance and reasonable architectural design of NiCo,04@C materi-
als exhibits promising potential for practical application in energy
storage.

4. Conclusions and perspectives

Generally, supercapacitors possess a very wide range in energy
storage field applications prospect. Recent advances in frequently-
used synthesis method and structures of NiCo,04-based electro-
chemical capacitors, including pristine NiCo,04 and their compos-
ites with diverse morphology, have been summarized in this re-
view. The review emphasizes the advantages of NiCo,04 as the
materials of supercapacitors with super rate capability, high energy
density, good power density, and excellent cycling stability. Mean-
while, we have advanced reasonable improvements in the electro-
chemical performance of NiCo,04 electrode materials and antic-
ipate that this review can facilitate further studies and advance-
ments in this field:

(1) Many methods have been used to prepare NiCo,04-based
electrode materials, including sol-gel, bio-template, elec-
trodeposition, electrospinning and hydrothermal methods. By
comparison, the hydrothermal process is a direct and effec-
tive way to synthesize 1D, 2D and 3D nanostructured NiCo,04-

based materials with unique architectures and superior elec-
trochemical performances by adjusting temperature parame-
ters, the kinds and concentration of surfactants. Compared with
1D and 2D nanostructures, 3D structural morphology not only
forms the desired hierarchical porous continuous channels for
electrolyte ions by serving as an ion buffering reservoir, but
also has higher electrical conductivity and excellent structural
mechanical stability, which can alleviate the volume expansion
effect during charge/discharge process.

(2) The electrochemical performance of NiCo,04-based materials
can be improved by controlling the pore properties and mor-
phology. The novel nanostructures such as hollow, core-shell
and hollow-core-shell are explored to further improve the elec-
trochemical performances with feasible approaches. NiCo,04-
based materials with 3D hierarchical core-shell structure have
attracted much attention because of the high surface/volume
ratios, larg surface areas, excellent permeabilities and more
surface-active sites, which is vital to achieve high energy/power
densities in electrochemical supercapacitors.

(3) The electrochemical performance of NiCo,04-based materials
can be improved by taking full advantage of the synergistic ef-
fects of NiCo,04 and other metal oxides, sulfides, conducting
polymers or carbon nanomaterials. The synergistic effects can
maximize the properties of different components, for example,
to further improve the conductivity or capacity of the NiCo,04
materials.

(4) The spinel NiCo,04 shows high performance, but there still are
many challenges to be conquered before commercialization. In
concept, the NiCo,04 material as a hybrid supercapacitor or
battery-type supercapacitor is being in controversy. There is no
doubt that high theoretical capacitance of spinel NiCo,04 was
known very well. In addition, the working voltage window of
NiCo,04 in alkali electrolyte is only approximately 0.45-0.5V,
which shows a relatively low energy and power density. There-
fore, it is necessary to assemble with a carbon material into
an asymmetric capacitor to build a stable and higher operating
voltage window.

In general, NiCo,04-based supercapacitor devices may play a crit-
ical role in renewable energy, and it may be expected to solve
environmental pollution problems and reduce the use of hydro-
carbon fuels. With rapid development of NiCo,04-based elec-
trodes, the high-performance supercapacitors with safe operation
and friendly environment are suitable as practical energy stor-
age devices. Therefore, the excellent electrochemical performance
and reasonable architectural design of NiCo,04-based materials ex-
hibits promising potential for practical application in energy stor-
age.
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