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Nanostructured mixed transition metal oxide
spinels for supercapacitor applications

Sasanka Deka

There have been numerous applications of supercapacitors in day-to-day life. Along with batteries and

fuel cells, supercapacitors play an essential role in supplementary electrochemical energy storage techno-

logies. They are used as power sources in portable electronics, automobiles, power backup, medical

equipment, etc. Among various working electrode materials explored for supercapacitors, nanostructured

transition metal oxides containing mixed metals are highly specific and special, because of their stability,

variable oxidation states of the constituted metal ions, possibility to tune the mixed metal combinations,

and existence of new battery types and extrinsic pseudocapacitance. This review presents the key features

and recent developments in the direction of synthesis and electrochemical energy storage behavior of

some of the recent morphology-oriented transition metal oxide and mixed transition metal oxide nano-

particles. We also targeted the studies on a few of the recently developed flexible and bendable super-

capacitor devices based on these mixed transition metal oxides.

1. Introduction

An electrochemical energy storage (EES) or charge storage
system refers to the system of converting electrical energy from
grids into a form that can be stored for converting back to elec-
trical energy when required. Electrochemical supercapacitors
(SCs) are a type of high efficiency and potential rechargeable
EES system that have drawn tremendous attention in the past
few years owing to their fast charging/discharging capability
(fast redox reaction kinetics), high capacity, high power and
energy densities and long cycle life.1,2 Compared to commer-
cial batteries, SCs are becoming most promising EES systems
as here too the electrical and chemical energies share the
same carrier, the ‘electron’.3,4 SCs have shown high credibility
in the field of lightweight portable electronic equipment and
hybrid power cars.5 In general, SCs are divided into three
types, viz. electrical double-layer capacitors (EDLCs), pseudo-
capacitors (PCs) and the asymmetric combination of both
EDLCs and PCs that results in hybrid capacitors (HCs).2,6 In
EDLCs, the energy is stored by the accumulation of charges
across the electrode–electrolyte interface and results in the for-
mation of a Helmholtz double layer. In PCs, the energy storage
processes occur through rapid and reversible faradaic redox
reactions.7,8 The PCs show capacitive performance due to the
ultrafast reversible redox reaction occurring across the elec-
trode/electrolyte interface and not due to the electrostatic inter-

actions. The electrolyte behavior and interaction with the elec-
trode materials have a significant impact on pseudocapacitive
behavior and consequently pseudocapacitance. Apart from
these three types of SCs, two more types of SCs are discussed
nowadays. Even though it is difficult to classify them as new
types of SCs, the electrode materials are newly classified as (a)
battery-type SCs and/or (b) extrinsic pseudocapacitors.9,10 In
extrinsic PCs, the surface-controlled process is more dominant
compared to the diffusive-controlled contribution. This behavior
is mainly seen in nanomaterials, where the bulk phase behaves
as a battery material; however, an increase in the surface area
and pseudocapacitive behavior emerges due to the size
reduction to the nanometer size. In battery-type SCs, the
diffusive controlled contribution dominates over the surface-
controlled process. They follow the intercalation–deintercalation
mechanism inside the bulk phase of the host materials.

With the rapid advancement in the field of nanoscience
and nanotechnology, the electrochemical performances of
supercapacitors have been significantly improved. This is
attributed to the electrode’s high surface area for storing
charges and the ease with which the electrolyte diffuses into
the nanostructured electrodes. However, the current obstruc-
tion in the performance of SCs is their low energy density and
it still remains a bottleneck.11 It is known that the energy
density of a SC relies on both capacitance and applied poten-
tial values. The energy density of a SC can be tuned by increas-
ing the operating potential window and capacitance value of
the electrode material.12 Therefore, it is highly desired to
develop an electrode material which can show excellent energy
storage performance.
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There are various types of electrode materials explored to
date, e.g. carbon materials, conductive polymers, transition
metal oxides (TMOs), transition metal chalcogenides, tran-
sition metal borons, layered double hydroxides (LDHs),
MXenes, etc. Carbon materials like activated carbon (AC),13,14

graphene,15 carbon nanofibers,16 carbon nanotubes (CNTs),17

and g-C3N4
18 have a high surface area, high porosity, good

electrical conductivity and chemical stability in different types
of electrolytes, and they offer EDLC behavior. Although they
have been widely studied, their overall performance is limited,
owing to their low specific capacitance (CSP), high cost and low
energy density.19 Due to these shortcomings, the use of
carbon-based electrode materials is limited for real-life appli-
cations.20 Similarly, conductive polymers exhibit good pseudo-
capacitive performances but they have low stability and get
easily detached from the substrate.21,22 Transition metal sul-
phide based supercapacitors are not highly stable in aqueous
electrolyte medium and are prone to get oxidized.23 Also, tran-
sition metal boranes show good pseudocapacitive perform-
ance24 but they show low rate capability and are not operable
under high temperature conditions.25

Transition metal oxides are highly stable materials and
have higher specific capacitance along with high energy
density, and are found to be suitable against the above-men-
tioned lacunae associated with other materials. RuO2 was the
first state-of-the-art TMO material which was examined for
energy storage applications and showed excellent pseudo-
capacitive performance.26,27 However, the high cost and toxic
nature of RuO2 limited its application in the field of super-
capacitors. Thereafter, non-noble transition metal oxides like
NiO, Co3O4, ZnO and MnO2 were thought to be better alterna-
tives due to their high natural abundance and appreciable
energy storage performance. Some other developments in this
area include blending of TMOs with metal–organic-framework
(MOF) compounds to increase the porosity, electrical conduc-
tivity and chemical stability of the composites,28 introduction
of layered nanoclay and layered nanoclay-based electrodes,29

and so on. Yet, they also exhibit poor electrical conductivity; so
to overcome these issues, mixed transition metal oxides
(MTMOs) came into existence. MTMOs have gained significant
attention in recent times in the field of SCs. MTMOs due to
the presence of two or more metal ions with variable oxidation
states show synergistic effects. The nonlinear cumulative
effects of two metal cations combined with comparable or
related results of their various activities, or with subsequent or
supplemental activities, are what are being referred to as the
synergistic effects in this instance. Due to these synergistic
effects, MTMOs show increased electrical conductivity,
enriched redox-active sites and better electrochemical perform-
ance than normal TMOs and other electrode materials. Among
different MTMOs, spinels are the mostly studied electrode
materials for SC applications because of their exotic pro-
perties, such as enhanced electrochemical activity, low resis-
tance, compatibility with a wide range of electrolytes, low cost,
good chemical durability in long cycling, and environmental
friendliness. Co3O4, Mn3O4, NiCo2O4, MnCo2O4, ZnCo2O4,

CuCo2O4, etc. are a few examples which exhibit extraordinary
properties like high specific capacitance, low cost, high chemi-
cal stability and non-toxic nature.

In this review article, we will be focusing mainly on spinel
based MTMO nanostructured electrode materials for SC appli-
cations. There are plenty of review articles available on basic
SC properties, applications (coin cells and flexible devices),
and different types of electrode materials including LDHs,
TMOs, MXenes, carbon, graphene, etc., without giving much
emphasis on MTMO spinels. Therefore, we found the necessity
of a review article solely based on mixed transition metal oxide
spinels for SC applications. The materials considered and
reasons behind these considerations and types of SCs dis-
cussed in this review are summarized in Fig. 1. The various
strategies for the improvement in the energy storage perform-
ance of MTMO spinel electrode materials and their electro-
chemical charge storage properties are elaborated in detail in
this review article.

2. Transition metal oxides

The excellent pseudocapacitive performance of TMOs is
mainly due to the variable oxidation states caused by the
incomplete d-subshell. These characteristic properties lead to
unique structural, electrical and electrochemical charge
storage properties. Compared to their bulk counterparts, TMO
nanoparticles (NPs) exhibit a high surface area along with a
high surface-to-volume ratio and a porous structure encoura-
ging the efficient use of TMOs in energy storage applications.
In summary, TMOs must exhibit a few basic properties for
energy storage which are as follows: (a) high electrical conduc-
tivity, (b) variable oxidation states with no observed change in
the phase over a wide potential range, and (3) rapid redox reac-
tions due to the switching of ions within the interlayers of the

Fig. 1 Schematic illustration of the TMOs considered in this review and
their SC studies.
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material.30 Until now, various TMOs with different mor-
phologies and composites have been explored for super-
capacitor applications by researchers which include RuO2,
MnO2, Co3O4, Mn3O4, Fe2O3, Fe3O4, V2O5, NiO, and many
more.31

3. Transition metal oxide spinels

‘Spinels’ belong to a wide family of minerals having a general
formula AB2X4 where A is a divalent cation like Mg, Mn, Fe,
Co, Ni, Cu, Zn, etc., B is a trivalent cation like Al, Mn, Fe, Co,
Ni, etc. and X is either oxygen or sulphur. When X is sulphur,
the spinels are known as thiospinels, e.g. CuCo2S4, Co3S4,
etc.32,33 Oxide spinels or transition metal oxide spinels are a
class of TMOs with varieties of magnetic, electrical, magneto-
optic and opto-electronic properties.34 The spinel structures
can be further divided into two types: (a) normal spinels and
(b) inverse spinels. Normal spinels are represented as
(AII)tet(BIII)2

octO4 in which the AII cations occupy 1/8th of tetra-
hedral voids whereas the trivalent BIII cations occupy half (1/2)
of octahedral voids. MgAl2O4, ZnFe2O4, Co3O4, etc. are a few
examples of normal spinels. Inverse spinels are represented as
(BIII)tet(AII)oct(BIII)octO4 where the AII ions occupy 1/4th of the
octahedral voids, whereas one-half of BIII ions occupy 1/8th of
the tetrahedral voids, and the other half occupy 1/4th of the
octahedral sites. Fe3O4, CoFe2O4, NiCo2O4, NiFe2O4, etc., are a
few examples that have inverse spinel structure. The spinel
structures are too affected by the crystal-field stabilization
energy (CFSE) values of metal ions and the methods of prepa-
ration in bottom-up approaches. When the CFSE value of BIII

is more than that of AII ions at an octahedral site, it attains a
normal spinel structure; however, when the CFSE value of AII

ions is more than that of BIII ions at an octahedral site, we
observe an inverse spinel structure. Fig. 2 shows the crystal
structure difference of normal and inverse spinels.35 Studies
show that transition metal oxide spinels are one of the poten-
tial candidates for SC applications. There are many factors that
make the TMO spinels more advantageous than their counter-

parts. Excellent physico–chemical properties, such as captivat-
ing electrical conductivity, stability in harsh electrochemical
systems and low charge transfer resistance of TMO spinels are
prominent.35,36 Another speciality of TMO spinels is their
potential to attain high capacitance at low cost. However, the
best part of TMOs as potent electrode materials in SCs is the
multioxidation states of the constituent metals. Even though
by definition cation A is divalent and cation B is trivalent in
spinels, the possibility of having both AII/III and BII/III/IV

depending on the synthesis conditions made34,37 the TMO
spinels excellent for electrochemical redox reactions and
charge storage.

3.1. Simple TMO spinels

3.1.1. Co3O4 nanostructures. Before exploring the mixed
metal oxide spinels for SCs, here we first tried to learn the EES
properties of two simple TMO spinels, i.e. Co3O4 and Mn3O4

normal spinels. The acquired knowledge from this species will
help us to understand better the MTMO spinel system for SC
applications. Along with RuO2, Co3O4 was a great choice for
SCs at the beginning because of the possible multioxidation
states of cobalt(II,III,IV) in Co3O4 similar to MTMO and its
perfect pseudocapacitance. Co3O4 based NPs are an attractive
class of materials which show redox reactions when they come
into contact with the electrolyte (KOH, NaOH) as described
below:

Co3O4 þ OH� $ 3CoOOH� þ e� ð1Þ
CoOOH� þ OH� $ CoO2 þH2Oþ e� ð2Þ

Because of their relatively high theoretical specific capaci-
tance (3650 F g−1), outstanding electrical conductance with
good chemical and thermal durability, they are considered as a
potential active material.38,39 The hydrothermal synthesis
process is commonly used to develop nanostructured Co3O4

materials. This synthesis method is easy to perform at low cost
and the size, shape, crystal structure of nanomaterials can be
easily controlled by conducting the reactions at lower tempera-
tures.40 As an example, Xia et al.41 used a straightforward
hydrothermal approach for inducing a large area growth of
self-supporting Co3O4 hollow nanowire arrays. These nanowire
arrays have a rough texture consisting of ring structures with a
hollow interior. A β-Co(OH)2 intermediate with (001) orien-
tation played an important role in obtaining the hollow nano-
wire structure of Co3O4. The high specific capacitance and rate
capability (599 F g−1 at 2 A g−1 and 439 F g−1 at 40 A g−1) of
this self-supporting hollow Co3O4 nanowire array in 1.0 M
KOH were attributed to the roughness, high surface area, and
the porosity between individual nanowires which facilitates
electrolyte penetration within the arrays. Another good rate
capability and cycling stability material was single-crystalline
Co3O4 nanowire arrays grown over Ni-foam.42 These nanoarrays
were sharply pointed with an average diameter of ∼70 nm with
the length of the arrays being ∼25 μm. The as-produced mono-
crystal-Co3O4 nanowire arrays exhibited impressive pseudoca-
pacitor capability, with a high capacitance of 610 F g−1 at 40 A

Fig. 2 Schematic representation of the face centred cubic (fcc) crystal
structure of a (a) normal spinel and (b) inverse spinel (Reproduced from
ref. 35 with permission from Springer Nature, copyright 2020).
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g−1 and 754 F g−1 at 2 A g−1. Here, the observed performance
of the nanoarrays was ascribed to their unique 1-dimensional
(1D) porous nanostructure which promotes rapid redox reac-
tions at the electrode/electrolyte interface. Moreover, the high
surface area and open geometry between the nanowires deli-
vered more active sites and allowed easier electrolyte pene-
tration into the inner region of the electrode.

1-Dimensional (1D) Co3O4 hollow nanostructures were pre-
pared via a controlled thermolysis precursor method, where Co
(CH3COO)2 ethanol solution was re-crystallized to produce 1D
hollow nanostructures, which were then transformed into
Co3O4 boxes via the Kirkendall effect. This material possessed
a hollow box-like structure with a consistent length, width, and
height and a polycrystalline SAED pattern (Fig. 3a).43 These
Co3O4 boxes have higher specific capacitance and capacitance
retention compared to commercial Co3O4 powders with the
same specific surface area (Fig. 3b). The high specific capaci-
tance was attributed to their hollow structure with broken
ends and high roughness as revealed by the SEM images. The
high roughness also indicated that boxes might be composed
of Co3O4 NPs. For the production of well-defined hierarchical
Co3O4 hollow nanocubes with consistent porous architectures,
Zhao et al. employed a Cu2O template-assisted method with a
post-calcination process in air.44 Fig. 3d shows the hollow
internal features of Co3O4 nanostructures. It is worth noting
that the morphology and dimensions of Co(OH)2 precursors
were well inherited by Co3O4 hollow nanocubes with
nanosheet thicknesses of roughly 5 nm. The galvanostatic
charge–discharge (GCD) curve derived from the specific capaci-

tance of the Co3O4 electrode was found to be 404.9 F g−1 at a
current density of 0.5 A g−1 (Fig. 3e) and indicated a strong
rate capability and cycling stability at 20 A g−1. However, the
electrode can retain 95% capacitance up to 2000 cycles only
possibly due to the structural deterioration of the Co3O4

materials.44 The high electrochemical performance is attribu-
ted to both nanosheet networks and porous interconnections
within the hollow nanocube structure promoting faster electro-
lyte ion transportation. These results summarize that Co3O4

nanomaterials with different morphological modifications
could be attractive for supercapacitor applications.43,44

Moreover, in comparison, the CV curve shape of Co3O4 nano-
materials is totally different from those of EDLCs (which have
an almost rectangular shape), which reveals that the capaci-
tance characteristics of Co3O4 are those of typical pseudo-
capacitive capacitance (Fig. 3c) and corroborating redox eqn
(1) and (2).45

Furthermore, a NiMoO4@Co3O4/carbon aerogel ternary
composite based asymmetric supercapacitor (ASC) device was
fabricated, which exhibited a large capacitance of 125.4 F g−1

at 0.5 A g−1 (Fig. 3f). The performance of this device is attribu-
ted to the synergistic effect of the good conduction capability
of the porous 3D structure derived from the carbon aerogel
and the large specific capacitance contributed by the tran-
sition metal oxides.46

Shape controlled Co3O4 (nanorods, nanocubes, nanosheets,
hierarchical, etc.) were studied using various approaches which
displayed potential SC properties and performances due to the
aforementioned CoII–CoIII–CoIV interactions, high surface area

Fig. 3 (a) The TEM images of Co3O4 boxes taken after annealing the precursor prisms. The inset shows the HR-TEM image and the SAED pattern of
Co3O4 and (b) GCD curves of Co3O4 boxes and commercial Co3O4 at the same current density of 0.5 A g−1 (Reproduced from ref. 43 with per-
mission from Elsevier, copyright 2013). (c) CV of porous thin-wall hollow Co3O4 spheres (Reproduced from ref. 45 with permission from MDPI, copy-
right 2019). (d) The TEM image shows the hierarchical morphology of Co3O4 hollow nanocubes and (e) capacitance retention curve of the hierarchi-
cal Co3O4 hollow nanocubes at various current densities (Reproduced from ref. 44 with permission from Elsevier, copyright 2015). (f ) Schematic
illustration of the NiMoO4@Co3O4/carbon aerogel ternary composite ASC device (Reproduced from ref. 46 with permission from Hindawi, copyright
2020).
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and porosity, better contact across the electrode/electrolyte
interface and faster ion transport.47–51 Deori et al. developed a
simple solvothermal strategy to synthesize highly stable, pure
phased Co3O4 NPs with controlled size and morphologies viz.,
nanocubes, hexagonal platelets and nanospheres from a Co
(CH3COO)2·4H2O precursor in ethanol solvent at 220 °C
(Fig. 4a–d).40 The hexagonal platelets’ multilayer structural
arrangement and the existence of extraordinarily high
numbers of regularly ordered pores lead to the improved
electrochemical characteristics of Co3O4. The increment in the
current density (0.5 to 2.5 A g−1) slows down the reaction time
between the electrode and electrolyte surface and therefore a
decrement in the specific capacitance from 476 F g−1 to 150 F
g−1 was observed (Fig. 4e and f).52 The spinel cobalt oxide elec-
trode also delivered a higher energy density (42.3 W h kg−1)
and power density (6.4 kW kg−1) and long cycling stability.
Thereafter, hexagonal Co3O4 nanoplatelets were explored for
SC applications due to their high porosity, surface area and
redox behavior.53,54 Recently, reduced graphene oxide (RGO)
was incorporated into metal–organic framework (MOF)-derived
Co3O4 hexagons to achieve high EES performance by full utiliz-
ation of the integrated porous layered architectures.55 A Co3O4

nanocube@Co-MOF composite was prepared via a controllable
and facile one-pot hydrothermal method under highly alkaline
conditions. The solid-state flexible device made from this com-
posite provided space for the electrochemical reaction, interca-
lation/de-intercalation of K+ (from the KOH electrolyte) during

the energy storage process and alkaline stability to increase
redox active sites.56 A reflux condensation mediated deposition
method was used to deposit Co3O4 nanosheets on ZnFe2O4

nanoflakes.57 Here, ZnFe2O4 nanoflake arrays were first syn-
thesized on a stainless-steel mess substrate, and then Co3O4

nanosheets were deposited on these nanoflakes at 90 °C in the
presence of urea and ammonium fluoride. Nanocage mor-
phology is another example to fully utilize the pores in
Co3O4.

58 Further emphases have been given on synthesis
methods, rationally designing the material structure, and evol-
ution of morphology in other Co3O4 EES studies including the
annealing of electrode materials.59,60

3.1.2. Mn3O4 nanostructures. Apart from Co3O4, Mn3O4

(Hausmannite) has also been considered as a potential
material for SC applications. Due to its distinctive character-
istics, including its high theoretical capacitance (1370 F g−1),
changeable oxidation states, pronounced Jahn–Teller effect,
large potential window, environmental friendliness, and
affordability, Mn3O4 has received a lot of attention as an elec-
trode material. The specific capacitance of the material specifi-
cally depends on the morphology, electrical conductivity and
mass loadings. Various morphologies exhibit different surface
areas, surface to volume ratios and porosities.61 Different syn-
thetic approaches such as hydrothermal, solvothermal, chemi-
cal precipitation, cathodic electrodeposition etc. have been
used to develop different morphologies of Mn3O4 like 1D
(nanorods), 2D (nanoplates) and 3D (nanocubes, nanoflowers,

Fig. 4 (a) SEM images of hexagonal Co3O4 nanoplatelets and (b) TEM-SAED pattern. (c) Low magnification TEM image and (d) representative phase
contrast HRTEM image of a single sample spherical Co3O4 NP (Reproduced from ref. 40 with permission from the Royal Society of Chemistry, copy-
right 2013). (e) CV curves at different scan rates and (f ) GCD curves at different current densities of the as-synthesized Co3O4 hexagonal nanoplate-
lets (Reproduced from ref. 52 with permission from American Chemical Society, copyright 2019).
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nano-octahedra and nanospheres).62–64 For e.g., vertically
aligned Mn3O4 nanorods prepared via a one-step cathodic elec-
trodeposition of manganese oxide from chloride exhibited
excellent capacitive behavior with a specific capacitance of 321
F g−1 at a scan rate of 2 mV s−1 and a long cycling stability of
91.7% after 1000 charge–discharge cycles.62 Similarly, various
electrochemical studies have been conducted for this material
but it shows poor conductivity and a change in volume during
the insertion and de-insertion of electrolyte ions.

To overcome these challenges, Mn3O4 NPs was supported
with a carbonaceous material or doping with hetero-atoms in
many ways to achieve a high specific capacitance and a high
retention rate to gain better cycling stability for particular char-
ging–discharging cycles. The synergistic effect dominates here
which increases the material supercapacitor performance
through the support of carbonous materials or doping of
hetero-atoms.61 An electrostatic heterocoagulation process was
used for effective mixing of Mn3O4 and carbon nanotubes
which facilitated enhanced capacitive behavior with a high
specific capacitance (2.8 F cm−2) and a capacitance retention
of 88% in the scan range of 2–100 mV s−1.65 These results
showed that the composite materials can be better substitutes
for practical applications in electrochemical supercapacitors.
Many of the reported Mn3O4 materials have rich voids and
gaps in the structure, and abundant pseudocapacitive sites,
which offer good cycling stability and modifiability.66

Although the literature on Co3O4 and Mn3O4 is pretty much
rich, their electrochemical performance is still hindered by low
specific surface areas, low cycling stability and most impor-
tantly fewer active sites. According to literature reports, these
simple TMO spinel nanostructures can be mixed with carbon
compounds such as graphene, carbon nanotubes, porous
carbon, and other carbon materials to create high surface
areas and effective electrode materials. Table 1 compares some
of the best EES properties of nanostructured Co3O4 and Mn3O4

electrode materials. However, as mentioned, the lacunae faced
by these materials could be well addressed by the development
of MTMO spinels. Due to their (mixed metal ions) synergistic
effects the electrochemical performances were notably
enhanced, which are discussed in the next sections.

3.2. Mixed transition metal oxide spinels for supercapacitor
applications

MTMOs have gained significant attention as a sought-after
energy-storage material. This is due to mixed transition metal
oxides’ unique features, which include variable multiple oxi-
dation states of constituted mixed metals that provide excellent
pseudocapacitance activity, the ability to intercalate ions and
electrons into the MTMO lattice, and their intrinsic high stabi-
lity.88 Nanostructured MTMOs (e.g. CuCo2O4, ZnCo2O4, and
NiCo2O4 etc.) have gained significant attention as working elec-
trode materials since they deliver rich redox activity and high
surface area which provide exposed storage surface sites and
the multiple oxidation states of metal ions that allow efficient
faradaic reactions. Furthermore, thin/flexible electrodes with
good mechanical and chemical stability can also be integrated T
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in future flexible electronic devices. Two-dimensional (2D)
materials exhibit enchanting physiochemical properties impor-
tant for SC applications. Ultrathin nanosheets provide a high
specific surface area due to exposed surface atoms, have more
chemically active edge sites rather than basal planes, and
better intercalation of electrolyte ions due to open van der
Waals gaps. They can be employed in next-generation wearable
electronics with higher capacitance, specific capacity, energy
density and power density because of their exceptional
mechanical strength and flexibility at atomic scales. NiCo2O4

nanomaterials, for illustration, have recently received much
attention as they form a strong interaction with the electrolyte
ions and exhibit ultrafast faradaic reactions corresponding to
the Co2+/Co3+/Co4+ and Ni2+/Ni3+ redox combination, and store
their charges both on the surface and in the bulk adjacent to
the solid electrode’s surface. In the next section we will discuss
a few of the MTMO spinels for SC applications.

3.2.1. CuCo2O4 nanostructures. CuCo2O4 is found in both
normal and inverse types of spinel crystal structures. The con-
version of normal spinel CuCo2O4 to inverse spinel CuCo2O4

takes place when the formula is CuxCo3−xO with the x being
higher than 0.2.89,90 CuCo2O4 has gained attention as it has a
high theoretical specific capacitance of 984 F g−1 along with
high conductivity. CuCo2O4 shows a higher electrochemical
performance than single metal oxides because cobalt cations
improve electrochemical activities while copper cations
increase electrical conductance. The contribution of Cu in
enhancing the electrical conductance is also manifested in
other systems, such as in CuCo-LDH by the authors’ group
recently.91 There are several reports where different mor-
phologies of CuCo2O4 were prepared via different synthetic
routes for SC studies.92 CuCo2O4 octahedron NPs were devel-
oped using an EDTA-assisted hydrothermal method (Fig. 5a)
and also CuCo2O4 quasi-spheres were developed without the
use of EDTA. CuCo2O4 octahedron NPs exhibited a high
specific capacitance of 969 C g−1 at 5 mV s−1 and an average
cycling stability with ∼87% retention of the original specific
capacitance after 5000 cycles (Fig. 5b and c) compared to
CuCo2O4 quasi-spheres demonstrating their applicability as an
active material for SC applications.93 The capacitance perform-
ance was attributed to the exposed (111) crystal facets similar
to certain active materials which also have exposed (111) sur-
faces and showed extraordinary supercapacitor performance.
Similarly, an all-solid-state ASC was fabricated using triple-
shelled hollow-CuCo2O4 as the positive electrode, AC as the
negative electrode, and polyvinyl alcohol (PVA)/KOH as a gel
electrolyte. Interesting TEM images of CuCo2O4 hollow
spheres with different shells were observed at different reac-
tion times (Fig. 5d–f ).94 These hollow spheres were formed by
adding the metal precursors to ethylene glycol and isopro-
panol to form a homogeneous and transparent solution,
which was further treated with a hydrothermal procedure at
180 °C and annealing in air at 350 °C. This cell can maintain
80.3 F g−1 capacitance at a current density of 2 A g−1 and
achieved an energy density of 25.2 W h kg−1 at a power density
of 1.05 kW kg−1 (Fig. 6g and h). For faradaic redox reactions,

this unique hollow nanoporous structure provided a sizable
surface area with lots of electroactive sites along with synergis-
tic effects between the components for facile electron transfer,
short ion diffusion distance, and fast kinetics.95 Additionally,
it was discovered that porous and thin shells were extremely
helpful for electrolyte penetration and quick ion/electrode
transport, improving the rate performance.96

A binder-free CuCo2O4 nanowire electrode prepared over Ni
foam using an electrospinning method depicted a high capaci-
tance (467 mF cm−2 at a current density of 1 mA cm−1), with
90% initial capacitance retention after 1500 cycles.97 Similarly,
morphology oriented CuCo2O4 porous nanostructures (flakes,
flowers, blades and wires) were synthesized by varying the
solvent and PVP binder concentration as shown in Fig. 6a–d.98

All the GCD curves are non-linear and symmetric revealing
that all the nanostructures show capacitive nature arising from
the reversible faradaic redox reactions (Fig. 6e–h). The specific

Fig. 5 (a) Schematic procedure for the synthesis of an octahedron-
shaped CuCo2O4 nanomaterial. (b) Comparison of GCD plots of the
octahedron and quasi-spherical shaped CuCo2O4 nanomaterials taken
at 2 A g−1. (c) Plot of morphology vs. specific capacity (Reproduced from
ref. 93 with permission from Elsevier, copyright 2018). TEM images of
CuCo2O4 hollow spheres with different shells obtained with times of (d)
3 h, (e) 6 h, and (f ) 8 h, respectively. (g) CV curves of triple-shelled
CuCo2O4 at 50 mV s−1 and (h) cycling stability (Reproduced from ref. 94
with permission from Elsevier, copyright 2019).
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capacity order was found to be as follows: CuCo2O4 nano-
flowers > CuCo2O4 nanowires > CuCo2O4 nanoflakes > and
CuCo2O4 nanoblades, respectively.98 The high capacitance of
CuCo2O4 nanoflowers over CuCo2O4-flakes, blades and wires is
attributed to the high surface area and porosity after modifi-
cation in the synthetic route. These uniform 3D CuCo2O4-
nanoflowers facilitate effective faradaic redox reactions due to
shorter ion–electron transport lengths and stronger inter-
actions between the electrode and the electrolyte, exhibiting
high capacitance and strong cycling stability.

Apart from these reports, CuCo2O4 is also found to be in
different interesting morphologies and offers morphology-
oriented charge storage characteristics.92 Some of these rele-
vant and interesting results are CuCo2O4 nanobelts showing
487 F g−1 within 0–0.45 V with 127% capacity retention,99

onion-like CuCo2O4 hollow spheres showing 1700 F g−1 within
0–0.4 V with 93.7% capacity retention,100 double-shelled
CuCo2O4 hollow microspheres showing 1472 F g−1 with 93.8%
capacity retention,101 CuCo2O4 cauliflowers showing 338 F g−1

with 96% capacity retention,102 grass-like CuCo2O4/NFs
showing 611 F g−1 with 98% capacity retention,103 and chest-
nut-like CuCo2O4/NFs with 1256 F g−1, within the 0–0.4 V
potential window and 85.2% capacity retention after a few
thousands of cycles.104

All these examples of morphology-oriented nanostructured
CuCo2O4 manifested that morphology plays a crucial role in
EES cells. This is the same for other TMOs too. However, it is
difficult to classify all the properties according to a specific
morphology. Notwithstanding, it can be stated that NPs with
2D morphology having maximum exposed active surfaces,
high surface areas, porous structures, and high energy facets
are essential and common factors in all cases. These pro-
perties help in the intercalation of electrolyte ions in a better
way and provide more space for redox reactions.

3.2.2. ZnCo2O4 nanostructures. Similar to other first row
transition metals, Zn is also used for developing binary metal

oxide spinels and further examined for energy storage appli-
cations. ZnCo2O4 is considered as a good candidate for super-
capacitor applications owing to its uniform porous nature,
better reversible capacities, good cycling stability and non-
toxic nature. ZnCo2O4 microspheres having a surface area of
36 m2 g−1 and an average pore size of 6.96 nm deliver a
specific capacitance of 542.5 F g−1 at a current density of 1 A
g−1 and good stability up to 2000 cycles.105 A ZnCo2O4-rGO
composite with a mesoporous sheet-like morphology via a
nickel substrate was developed using a hydrothermal method
(Fig. 7a and b).106 A suitable faradaic reaction of the ZnCo2O4

component was ensured by the hierarchically porous texture of
the ZnCo2O4-rGO composite with a high surface area and
effective ion diffusion channels. Therefore, the ZnCo2O4-rGO//
AC ASC offered relatively high specific capacitance (Fig. 7c)
and the asymmetric cell delivered a high energy and power
density of 49.1 W h kg−1 and 400 W kg−1, respectively, and
attained 93% capacitance retention after 5000 cycles as shown
in Fig. 7(d).106 Here, it was suspected that the mesoporous
microspheres can largely increase the number of electroactive
sites and provide extra free space to effectively alleviate the
structural strain that positively interferes with the charge–dis-
charge process, and hence high reversible capacity and
cyclability.105,107 A deep eutectic solvent (DES)-mediated
ionothermal process was applied for the synthesis of porous
ZnCo2O4 nanoflakes. The ZnCo2O4//AC ASC exhibits highly
interesting stability, with no capacitance loss up to 10 000
cycles (Fig. 7e).108

The facile synthesis of ZnCo2O4 nanowire cluster arrays
(NWCAs) on Ni-foam was also performed for this high-per-
formance ASC. The NWCAs on Ni foam were directly used as
integrated electrodes for supercapacitors and exhibited a high
specific capacitance of 1620 F g−1 at 8 A g−1 in 3 M KOH
aqueous solution, and an excellent cycling stability at various
current densities up to 100 mA cm−2 (at 40 A g−1), with 90% of
the initial capacitance being retained after 6000 cycles.109 In a

Fig. 6 SEM images of porous CuCo2O4 (a) nanoflakes; (b) flowers; (c) blades and (d) wires. (e–h) Corresponding GCD patterns of CuCo2O4 with
different morphologies (Reproduced from ref. 98 with permission from John Wiley and Sons, copyright 2019).
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binder free ASC made-up of ZnCo2O4 nanoflowers on a 3D
CNT/nitrogen-doped graphene film (ZnCo2O4/NGN/CNT)
demonstrated a superior specific capacitance (1802 F g−1),
energy density (≈37.19 W h kg−1 at 750 W kg−1) and power
density (≈14.992 kW kg−1 at 14.16 W h kg−1).110 The electro-
chemical results of these zinc cobaltite and carbon based
hybrids are attributed to (a) a large number of active sites for
the faradaic reaction and readily accessible electrolyte ion pas-
sageways for quick transportation; (b) an improved rate of elec-
trolyte ion contact with the NGN/CNT film; and (c) the pres-
ence of pyridine nitrogen, which could increase the wettability
between the electrode materials and electrolyte ions and
improve graphene’s electrical conductivity, leading to an
increase in specific capacitance.109,110 Similarly, the hierarchi-
cal ZnCo2O4/nickel foam structure retained the original nickel
foam’s outstanding elasticity, making it easier to create wear-
able technology for flexible energy storage applications. It
exhibited outstanding electrochemical performance in super-
capacitors with high specific capacitance (∼1400 F g−1 at 1 A
g−1), rate capability (72.5% capacity retention at 20 A g−1), and
good cycling stability at 6 A g−1.111 The source of total capaci-
tance arises primarily from the redox pseudo-capacitance of
the loaded porous ZnCo2O4 nanorods and 1D shape. The 1D

ZnCo2O4 active material gets stuck tightly to the nickel foam
achieving excellent adhesion and electrical contact. They also
confirmed that the as-prepared structures can be employed in
high power density applications, such as electric vehicles, flex-
ible electronics, and energy storage devices, in addition to
high energy density domains.

Thereafter, ZnCo2O4 with various nanostructured mor-
phologies have been exploited for SC applications. Some of
these interesting applications are: mesoporous, hierarchical
core/shell structured ZnCo2O4/MnO2 nanocone forests for
high-performance SCs;112 urchin-like ZnCo2O4 microspheres
assembled from nanowires on Ni-foam for SCs;113 porous
ZnCo2O4 films by successive ionic layer adsorption for solid-
state symmetric SC devices;114 porous thin layered nanosheet
assembled ZnCo2O4 grown on Ni-foam for hybrid SCs;115

ZnCo2O4 micro-flowers and micro-sheets on Ni-foam for pseu-
docapacitor electrodes;116 free-standing 2D mesoporous
ZnCo2O4 thin sheets consisting of 3D ultrathin nanoflake array
frameworks for ASCs;117 a ZnCo2O4–reduced graphene oxide
composite with balanced capacitive performance in ASCs;118

etc. All these reports reminded that the mixed metal oxidation
states of cobalt in ZnCo2O4 play a crucial role in enhancing the
EES properties.

3.2.3. NiCo2O4 nanostructures. With some of the great fea-
tures, such as high theoretical capacity (greater than 3000 F
g−1 or 891 mA h g−1), relatively low cost and natural abun-
dance, and ease of synthesis, nickel-cobalt oxide (NiCo2O4) has
emerged as a new type of energy storage material for electro-
chemical SCs. NiCo2O4 also known as ‘nickel cobaltite’ is a
mixed transition metal oxide belonging to the class of the
spinel family with an inverted spinel structure.119 Similar to
other MTMOs, NiCo2O4 NPs too can be synthesized by various
preparation techniques such as hydrothermal, solvothermal,
high temperature colloidal, sol–gel, and also solid state syn-
thesis methods.120 At the beginning, Hu et al. prepared
NiCo2O4 via a sol–gel process by forming nickel cobaltite aero-
gels with the epoxide-addition procedure, followed by drying
in supercritical carbon dioxide.121 The propylene oxide/metal-
ion molar ratio was 11 : 1 and the dried aerogel was further cal-
cined at 200–300 °C for 5 h to convert the metal hydroxides to
oxides. The obtained mesoporous NPs were targeted for EES,
which manifests an ultrahigh specific capacitance of 1400 F
g−1 due to the high specific surface area, porosity, electronic
conductivity, electrochemical activity and multiple oxidation
states/structures.121 Thereafter, there were several advance-
ments where NiCo2O4 was used as a promising EES electrode
material. The exceptional behavior of this NiCo2O4 material
can be attributed to the redox reaction that occurs at the elec-
trode surface during the charge storage mechanism in an
aqueous medium as shown below.

NiCo2O4 þ OH� þH2O $ 2NiOOHþ 2CoOOHþ e� ð3Þ

CoOOHþ e� $ CoO2 þH2Oþ e� ð4Þ
Nanostructured NiCo2O4 with various morphologies were

prepared over the decade, which showed diverse and interest-

Fig. 7 (a and b) SEM and TEM images of ZnCO2O4 attained sheet-like
morphology. (c) GCD curves at different current densities from 0.5 to 10
A g−1. (d) Retention of specific capacitance up to 5000 cycles
(Reproduced from ref. 106 with permission from Elsevier, copyright
2018). (e) Cycling stability of the ZnCo2O4//AC ASC. Capacitance reten-
tion and coulombic efficiency with respect to the cycle number. The
inset shows the GCD curves of the 1st and 10 000th cycles (Reproduced
from ref. 108 with permission from Elsevier, copyright 2021).
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ing SC performances mainly attributed to reduced interfacial
polarization, high ion diffusion, composite formation, and
reduced charge transfer resistance.122,123 Yet and unfortu-
nately, in most cases the observed charge storage character-
istics have faced issues such as (i) low specific capacitance, (ii)
narrow potential window, (iii) low cycling life, and (iv) low
power and energy density. To overcome all these issues, novel
approaches have been adopted to develop new NiCo2O4 NPs as
an excellent electrode material with new optimized synthetic
methods which positively address all these issues.

In some key developments, Deka and co-workers developed
two-dimensional and three-dimensional NiCo2O4 nano-
structures (hexagonal platelets, coral-shaped and octahedron
NPs) which demonstrated excellent battery type energy storage
activity due to the ultra-fast intercalation reaction of electrolyte
ions with nickel cobaltite at the electrode surface.124–126 In
terms of a traditional three-electrode approach and a coin-cell
device, the material’s charge storage capabilities and depend-
ability as an active electrode have been established. The
NiCo2O4 hexagonal nanoplatelets have an average diameter of
65 nm as shown in Fig. 8a with a high specific surface area of
59 m2 g−1 and a pore volume of 0.44 cm3 g−1. This NiCo2O4

offered 1084 to 300 F g−1 CSP at different current densities and
were 98% stable up to 20 000 measured GCD cycles (Fig. 8d).
These high performances were attributed to the ultrafast inter-
calation reaction of electrolyte ions with nickel cobaltite at the
electrode surface.124,126 50–60 nm monodisperse perfect octa-
hedron NPs without any structural deformation were prepared
using a low-cost hydrothermal method (Fig. 8b). This material
delivered a battery like faradaic capacitance of 516 F g−1 at a
current density of 13.68 A g−1 (Fig. 8e) and a high energy

density (16.33 W h kg−1) and power density (2800 W kg−1).125

Faster ion switching across the electrode–electrolyte interface,
NP based extrinsic-pseudocapacitance and preferably the octa-
hedron morphology (high packing) of the electrode material
are attributed to the driving force for the observed outstanding
SC performances.

Interesting coral-shaped NiCo2O4 NPs were prepared using
the oriented attachment pathway of nanocrystal building
blocks where the less stable and highly reactive (111) planes of
NiCo2O4 small single crystals were grown at the expense of the
(100) planes in the <111> direction to reduce the total inter-
facial free energy and become attached to each other leading
to the formation of coral-shaped nanostructures (Fig. 8c).126

Their exceptional supercapacitive behavior (maximum CSP

1297 F g−1, energy density 45 W h kg−1 and minimum stability
of 10 000 cycles) was ascribed (Fig. 8f) to the faster switching
of ions between the electrode material and the electrolyte, the
high surface area, and the high porosity reducing the diffusion
distances.126 Therefore, NiCo2O4 two- and three-dimensional
nanostructures facilitate faster charge-transfer routes ensuring
lower contact resistance and thus act as a potent material for
advanced energy storage applications.

Developing and synthesising NiCo2O4 with interesting and
novel morphologies for excellent SCs still remain a hard task.
Co3O4/NiCo2O4 double-shelled nanocages (DSNCs) or box-in-
box nanocages from ZIF-67 were prepared and this novel mor-
phology not only showed efficient SC performances, but the
cell was also stable up to 12 000 cycles (Fig. 9a and b).127 Gao
and co-workers described a modified hydrothermal method to
synthesize hierarchical porous NiCo2O4 microboxes (Fig. 9c).
In electrochemical supercapacitor applications, hollow mor-

Fig. 8 TEM image of NiCo2O4 nanostructures: (a) hexagonal nanoplatelets, (b) octahedra and (c) coral-shaped synthesized by various synthetic
routes. Corresponding GCD patterns of NiCo2O4 nanostructures: (d) hexagonal nanoplatelets, (e) octahedra and (f ) coral-shaped (Reproduced from
ref. 124, 125 and 126 with permission from American Chemical Society, copyright 2018, 2019, 2020).
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phology, rich active sites, high ion transportation and the
surface area play significant roles in achieving high capaci-
tance. These NiCo2O4 systems delivered a capacitance of 1820
F g−1 and 96.6% capacitance retention after 4000 cycles at a
current density of 5 A g−1 (Fig. 9d and e), concluding that
hollow or porous structures are highly desirable to achieve
high capacitance values. The literature of NiCo2O4 on a three-
electrode and two-electrode coin cell study is very rich, hence,
here we will discuss a few more highly interesting reports
which gained attention from the community due to their new
features. Some of them are: interaction based
NiCo2O4@polyaniline nanotube heterostructures anchored on
carbon textiles,129 “OH– ion-buffering-reservoir” based electro-
mechanical stability in Co3O4/NiCo2O4 perforated
nanosheets,130 synergistic effect and stable structure based
highly stable Ni–Mn–oxide,131 ZIF-derived NixCo3−xO4 nano-
tube array hierarchical structures based on the self-assembly
of 1D and 2D structures (crosslinking structures provide large
surface areas and more active sites),132 morphology controlled
urchin-like porous hierarchical NiCo2O4/RGO electrodes,133

KCu7S4@NiCo2O4 in situ grown on Ni-foam and asymmetric
KCu7S4@NiCo2O4//AC (high energy density of 125.56 W h
kg−1)134 flower-like NiCo2O4@Ni(OH)2/NiOOH composites sup-
ported on Ni-foam by the green solvent dimethyl sulfoxide,135

etc. including other bifunctional, hierarchical and exotic Ni–
Co–O NPs.136,137 All these results argued that NiCo2O4 has the
upper hand over the other TMOs at least in SC applications. A
few of the MTMOs’ electrochemical performances are com-
pared in Table 2.

4. Commonly used electrolytes with
spinel oxides

For SC applications, electrolytes play a crucial role as they
provide an ionic medium for charge movement processes.159

An ideal electrolyte for SC applications is the one that has high
ionic conductivity, a wide potential window, electrochemical
stability and inertness, thermal stability, low volatility and
non-flammability properties. Such an ideal electrolyte is also
eco-friendly, non-expensive and compatible with electrode
materials. The SC applications involve several electrolytes,
such as aqueous, organic, ionic liquids (IL), and solid poly-
mers,160 which are used to fabricate different types of devices
in combination with MTMO spinels. In the next sections we
will discuss these popular electrolytes according to the
classifications.

4.1. Aqueous electrolytes

Aqueous electrolytes can be prepared and employed without
too tight control of the production process. As the name
suggests, water acts as the popular solvent in this case.
Aqueous electrolytes provide higher ionic concentrations,
possess higher conductivity (e.g., 0.8 S cm−1) and lower resis-
tance compared to other electrolytes due to its low dynamic
viscosity.160,161 However, the potential window range of
aqueous electrolytes is narrow (∼1.23 V) due to the thermo-
dynamic decomposition of water, yet they are employed for
energy-storage applications due to their unprecedented advan-
tages.162 The aqueous electrolytes can be categorized into
three types: (i) acidic solution, where H2SO4 is the most promi-
nent one as it not only has high ionic conductivity/concen-
tration but also low equivalent series resistance. Therefore,
adding redox additives to H2SO4 aqueous solution is a good
way to optimize the electrolyte and improve the performance
of MTMO spinel SCs. (ii) Alkaline solution, e.g. KOH, NaOH,
and LiOH. Out of these KOH is found to be most frequently
used and the best choice in MTMO based SCs. (iii) Neutral
solution, where the most frequently used aqueous electrolytes
with MTMO are Na2SO4, KCl, Li2SO4, (NH4)2SO4, K2SO4,
Li2SO4, MgSO4, NaCl, KNO3, etc.

163

Fig. 9 (a) Schematic illustration of the formation process of Co3O4/NiCo2O4 DSNCs and (b) TEM image of an individual Co3O4/NiCo2O4 DSNC
(Reproduced from ref. 127 with permission from American Chemical Society, copyright 2015). (c) FESEM images of NiCo2O4 boxes having a size in
micrometres. (d) GCD curves at different current densities (2, 5, 10 and 15 A g−1). (e) Cycling stability test up to 4000 cycles (Reproduced from ref.
128 with permission from John Wiley and Sons, copyright 2020).
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4.2. Non-aqueous electrolytes

Organic electrolytes and ionic liquid (IL) electrolytes are non-
aqueous type electrolytes used with MTMO spinels in SCs to
increase the voltage window (up to 3.0 V) and stability. Organic
electrolytes typically consist of conducting salts dissolved in
organic solvents (acetonitrile, CAN and propylene carbonate,
PC). Tetraethylammonium tetrafluoroborate (TEABF4) in PC
and ACN are some commonly used organic electrolytes.164

Similarly, ILs have also gained significant attention, and are
defined as molten salts at room temperatures having charac-
teristic features of low vapour pressure, high thermal stability,
excellent ionic conductivity, wide potential window (0.0–3.0 V),
non-flammability and eco-friendliness. Thus, IL electrolytes
circumvent the disadvantages related to the most common
electrolytes, hence there is an indispensable need to incorpor-
ate ionic liquids (ILs) into the MTMO spinel electrodes and
replace the aqueous and organic electrolytes to achieve excel-
lent performance of the EES devices. Some of the popular ILs
for SCs are 1-ethyl-3-methylimidazolium trifluoromethanesul-
fonate [EMIM] [TRIFLATE], 1-ethyl-3-methylimidazolium tetra-
fluoroborate [EMIM][BF4] and 1-hexyl-3-methylimidazolium
hexafluorophosphate [HMIMPF6].

24,165,166 Nonetheless,
despite several advantages, the major drawback of IL electro-
lytes is their high cost which limits their application at the
commercial scale.

4.3. Solid state and redox active electrolytes

Solid-state electrolytes have advantages over other electrolytes
such as good ionic conducting media, simple packaging, and
liquid-leakage free components. In addition, for the fabrica-
tion of blended and flexible SCs with MTMOs, solid-state elec-
trolytes appear to be the best choice.167 Moreover, the capaci-
tance of supercapacitors can be increased by inducing pseudo-
capacitive contribution in the case of redox-active electrolytes.
However, these types of electrolytes are rarely explored with
MTMOs for SC applications.168,169

5. MTMO based flexible
supercapacitors

Flexible, lightweight, bendable and wearable patch devices or
SC devices composed of a TMO based electrode material have
attracted immense attention for their potential commercial
application. Fabrication of a flexible SC cell has many limit-
ations, starting from the stiffness of substrates and current col-
lectors, leakage of electrolytes, lower areal capacitance, strain
and stress related to the mechanical stability of the entire cell,
etc. To overcome all these limitations, a lot of research has
been done and are discussed further in this review covering a
few of the majorly explored MTMO based flexible devices. Out
of these examples, NiCo2O4 is found to be extensively studied,
because it is low-cost, has high thermal and chemical stability,
good electrical conductivity, feasible oxidation states/struc-
tures, high specific area and pore volume, low charge-transferT
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resistance and low interaction time with the electrode/electro-
lyte interface.170 Due to these features, NiCo2O4 has been
found superior to other TMOs. Similar to the three-electrode
cell and the coin cell, flexible supercapacitors too can use a
non-faradaic energy storage process (EDLC) or a faradaic
mechanism (surface or diffusion controlled).

There have been several works on NiCo2O4 based flexible
devices as they are cost-effective, environment-friendly, and
show high electrochemical performance due to their MTMO
nature.171 Flexible cells, where NiCo2O4 NPs are grown on
different substrates such as carbon fiber paper, Ni-foam, and
Ti-sheets showed good cycling stability, power density and
high capacitance.171–173 Highly flexible symmetric and asym-
metric solid-state supercapacitor devices were fabricated by
sandwiching electrodes of morphology oriented NiCo2O4 nano-
crystals on various substrates.174–176 These devices showed
excellent EES performances including cycling stability and rate
capability, suggesting that the NiCo2O4 electrode material is
highly suitable for the fabrication of high-performance flexible
supercapacitor devices working at variable temperatures.

A flexible carbon/NiCo2O4 network was prepared by an
electrospinning method along with in situ carbonization to
gain flexibility using a PAN/PVP binder.177 Fig. 10a shows the
SEM image of the carbon/NiCo2O4 network. The growth of the
porous NiCo2O4 nanotube by electrodeposition on carbon
nanofibers was done in order to fabricate flexible electronic
and wearable flexible devices. The fabricated flexible electrode
delivers a maximum specific capacitance of 1403.5 F g−1 at 1.0
A g−1 current density and 95.7% cycling stability up to 2000
cycles. Fig. 10b depicts the folding capability and cycling stabi-
lity of the as-prepared flexible cell from this work. The present
author’s group also developed all solid-state flexible SC devices
having high mechanical strength and bending stability fea-
tures with the help of a solid electrolyte cum separator and
NiCo2O4 octahedral NPs (the TEM image is shown in
Fig. 8b).125 For making an effective flexible cell assembly, a
flexible substrate was first prepared. A flexible separator cum
electrolyte was prepared using [EMIM][BF4] and PVDF precur-
sors and the schematic cross-section of the cell is shown in
Fig. 10c. The device exhibited a high specific capacity (97.9 mA
h g−1) and capacitance value (117.3 F g−1) at a current density
of 0.625 A g−1operated at a high potential window (3.0 V) as
shown in Fig. 10d. No kind of deformation was observed and
the LEDs were also lit at different bending angles (Fig. 10e).125

It is found that a successful integration of MTMOs with ionic
liquid electrolytes provides several advantages such as high
thermal stability, chemical and electrochemical stability, negli-
gible volatility, and nonflammability, which could not be
found with other electrolytes for flexible SCs. Flexible carbon
cloth is also found to be an interesting substrate in SC devices.
An assembled all-solid-state symmetric supercapacitor cell of
NiCo2O4 NPs with a PVA–H2SO4 gel electrolyte offered a high
energy density of 2.07 mW h cm−3 at a current density of 2 mA
cm−2.179 The CV curves of this cell at different bending states
and the pictorial representation of the flexible device devel-
oped using a nickel wire are shown in Fig. 10f.178 A sandwich-

like CNTs/NiCo2O4 hybrid paper flexible electrode consisting
of a layer of conductive CNT buckypaper coated with honey-
comb-like NiCo2O4 nanosheets at both sides was developed
which exhibited almost identical CV curves at different
bending angles.176 At 0.1 mA cm−1 current density, the calcu-
lated areal capacitance was found to be 337.3 mF cm−1 and
the specific capacitance was found to be 268.4 F g−1. The flex-
ible device shows a very slow decrease of specific capacitance
after 2000 GCD cycles at a current density of 2 mA cm−1. One
or more key factors, such as, (a) a faster ion intercalation
between the electrode and the electrolyte interface, (b) ultrafast
faradaic reactions corresponding to the Co2+/Co3+ and Ni2+/
Ni3+ redox couples, (c) surface area and porosity related to the
morphology and (d) ability to store charges both on the
surface and in the bulk near the surface of the solid electrode,
are found to be responsible for the high-performance charge
storage of these NiCo2O4 based flexible SCs.

Apart from NiCo2O4, other MTMOs were also used to fabri-
cate flexible SC devices. NiFe2O4 NPs were directly grown on a
flexible carbon cloth (CC) substrate by a facile surfactant-

Fig. 10 (a) SEM image of NiCo2O4 nanosheets grown over carbon
nanofiber. (b) CV curves of before and after 8000th folding of the
flexible cell at a scan rate of 50 mV s−1 (Reproduced from ref. 177 with
permission from John Wiley and Sons, copyright 2021). (c)
Demonstration of a flexible solid-state wearable supercapacitor patch
device. (d) CV curves of the flexible device at different bending angles at
a scan rate of 200 mV s−1. (e) Lighting of different colour LED lights
using the cell connected in series (Reproduced from ref. 125 with per-
mission from American Chemical Society, copyright 2019). (f ) CV curves
in different bending states and pictorial representation of the flexible
device of NiFe2O4 fabricated on a nickel wire (Reproduced from ref. 178
with permission from Elsevier, copyright 2014).
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assisted hydrothermal method.180 Here, to address the issue of
serious aggregation, the low specific surface area of active sites
and the low specific capacitances of NiFe2O4, the active
material was directly grown on three-dimensional conductive
CC substrates. The assembled all-solid-state symmetric super-
capacitor cell showed a voltage window of 2 V using PVA–
H2SO4 as the gel electrolyte and offered a high current density
of 2.07 mW h cm−3 at 2 mA cm−2 current density. A flexible sym-
metric supercapacitor device was manufactured using two
NiFe2O4 nanosheet electrodes (SS/NiFe2O4 nanosheets
(+)//NiFe2O4 nanosheets (−)/SS) using the PVA–KOH solid-state
electrolyte.181 Faradaic redox charge storage behavior and sym-
metrical CV curves without apparent polarization were observed,
indicating the fast charging–discharging and excellent reversi-
bility of flexible SCs. Vadiyar et al. fabricated a flexible solid
state asymmetric device by the reflux condensation mediated
deposition of Co3O4 nanosheets and ZnFe2O4 nanoflakes.

57 This
device delivers a maximum specific capacitance of 156 F g−1, a
maximum energy density of 36 W h kg−1 at a higher power
density of 8.8 kW kg−1 along with 98% retention of the original
capacitance over 12 000 cycles. The same group has also pre-
pared another flexible asymmetric cell with low cost 3-D aligned
and cross-linked ZnFe2O4 nano-flakes as the negative electrode
and Ni(OH)2 as the positive electrode. The cell sustained capaci-
tance at varying degrees of bending angles with smaller relax-
ation times and response frequencies.182

CuCo2O4 also remains an attractive material for flexible
device applications. CuCo2O4 nanowires were used to prepare
a highly flexible ASC device using polypyrrole (PPy) as the
counter electrode on a CNT yarn substrate.183 The flexible ASC
of CuCo2O4@CQD//Fe2O3@CQD (carbon quantum dot, CQD)
configuration on graphite paper delivers a high operation
voltage of 1.55 V, a high capacitance of 288.3 C g−1 at 1 A g−1,
an energy density of 39.5 W h kg−1 at 1203.7 W kg−1, and a
long cycling life and high rate capability.184 CuCo2O4 was used
with other metal oxides too to form high performance ASC
cells. For instance, an ASC cell derived from core–shell
CuCo2O4@MnO2 nanowires on carbon fabrics delivered
714 mF cm−2 capacitance at 1 mA cm−2 current density. It also
delivered a high energy density of 94.3 W h cm−2 at a power
density of 0.4757 mW cm−2 for a voltage window of 1 V.185

MnO2 nanoflakes are vertically grown on CuCo2O4 nanosheets
to form a core–shell architecture on Ni foam. The
CuCo2O4@MnO2 arrays and activated graphene (AG) were tai-
lored to the same size and then assembled together with a
separator and electrochemical measurements were performed
in 1.0 M Na2SO4 electrolyte. This flexible device worked in a
wide voltage region as high as 2.0 V and exhibited a specific
capacitance of 78 F g−1 at a current density of 1 A g−1 with a
maximum energy density of 43.3 W h kg−1.186 Some other flex-
ible SC devices based on CuCo2O4 are CuCo2O4@Ni(OH)2 3D
hierarchical core–shell structure,187 peculiar 3D intercon-
nected aligned porous nanowall morphology of CuCo2O4,

188

etc. ZnCo2O4 nanorods on a Ni wire as the fiber electrode were
prepared using a simple and rapid single-step hydrothermal
process. This flexible supercapacitor exhibited remarkable

electrochemical stability when subjected to bending at various
angles.189 Another all-solid-state, lightweight, and flexible ASC
was prepared using cabbage-like ZnCo2O4 as the positive elec-
trode material, porous VN nanowires as the negative electrode
material, and flexible CNT films as the collector. This device
offered a specific capacitance of 196.43 mF cm−2, a large
voltage window of 1.6 V, and a volume energy density of
64.76 mW h cm−3 with 100% coulombic efficiency and
mechanical stability.190 All these mentioned high perform-
ances are attributed to the superior electrochemical stability of
the MTMOs, a quicker infiltration process of the electrolyte by
decreasing the transmission time of ion penetration, faster
switching of electrolyte ions, high rate of adsorption/desorp-
tion of ions, high surface area, and low charge transfer resis-
tance. Hence, flexible supercapacitors remain highly attractive
for a large number of emerging portable lightweight consumer
devices, and mixed transition metal oxide based working elec-
trodes play a crucial role in these devices.

6. Outlook and challenges

In this review article, we focused mainly on the mixed tran-
sition metal oxides for supercapacitor applications, which
offer high capacitance with longer cycling lives, higher energy
and power densities, and faster charge–discharge capabilities
due to their internal quick ion switching properties. These pro-
perties make them one of the most promising EES materials.
It is found that the nanostructured MTMOs positively address
issues like non-matching uncertainties between electrode
materials and innovative electrolytes, low energy density, high
cost of some electrolytes and most importantly the existence of
a smaller number of active electro-active sites. It is seen that
MTMO NPs draw huge attention for SCs as they have unique
structural features, high stability, variable oxidation states, and
can undergo innovative morphological modifications for
higher surface area. Due to their better interaction with the
electrolyte, MTMOs provide excellent charge storage behavior
with the help of large active sites and shorter ion transfer resis-
tance. Flexible SCs based on MTMOs have high conductivity
and plenty of active sites and play a significant role in achiev-
ing wearable real-life application devices.

Despite these encouraging results, purposeful design and
facile, large-scale, and cost-effective fabrication of MTMOs
with superior EES performance still remain a challenge.
Moreover, in-depth studies on the relationship between the
structure/composition/morphology and the EES properties of
these MTMOs have not yet been systematically achieved.
Despite these challenges, it is found that the discussed metal
oxide spinels have great potential for future SC applications
and energy-storage devices.
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