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Abstract

Supercapacitors have acquired a considerable scientific and technological posi-
tion in the energy storage field owing to their compelling power capability,
good energy density, excellent cycling stability, and ideal safety. The supercapac-
itor is the burgeoning candidate to cope with the ever-growing need for green
and renewable energy. High-performance supercapacitors are realized by nanos-
tructured electrode designs, which provide ameliorated surface area for abun-
dant electrode-electrolyte interaction, ease of electron transfer and movement,
and short ion-diffusion pathways that lead to increased performance. In this
regard, transition metal oxide (TMO)-based electroactive materials are of sig-
nificant interest owing to the remarkable combination of structural, mechani-
cal, electrical, and electrochemical properties. Besides their high specific capac-
itance and energy density due to rich redox chemistry, highly reversible and
fast charge-discharge processes, low cost due to abundance, and environment-
friendliness make them the most promising materials for next-generation super-
capacitors. But poor electrical conductivity and rate capability, inferior cycling
life, and low power density are some of the major challenges that need to be
addressed. Therefore, various nanostructures of pristine TMOs and their com-
posites with other materials with complementary characteristics have been fab-
ricated and investigated to realize supercapacitors with improved performance.
This review summarizes all such reported pristine TMOs with different nanos-
tructured dimensions namely, 3D, 2D, 1D, and 0D, and their composite structures
for their application as electrode materials in supercapacitors. Design of differ-
ent pristine and composite nanostructures, synthesis strategies, comprehensive
structure-dependent electrochemical properties, present challenges, and future
perspectives are reviewed.
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1 | INTRODUCTION

Energy is indispensable to build and maintain almost
everything around us. But energy production and con-
sumption contribute to two-thirds of the world’s total
greenhouse gas emissions. Exorbitant use of fossil fuels
by mankind has rapidly depleted fossil fuel reserves in
addition to aggravating atmospheric pollution which has
done long-lasting, and possibly irreversible damage to
our climate. It is thus crucial to address the challenge of
climate change for the sustainable development of the
society. At the same time, it is also equally important to
ensure access to energy for economic development and
enhance the quality of life, especially in under-developed
parts of the world. To achieve these goals, the world is now
shifting toward renewable energy resources, such as solar
energy, wind energy, and so on. However, the challenge, in
moving away from fossil fuels, is to economically harvest
and store the energy generated from renewables. Unfor-
tunately, renewable energy resources are intermittent
in nature and also not fully exploitable at the time of
production. So, there is an urgent need for efficient energy
storage devices to use green energy for future usage.
Currently, there are varieties of efficient energy storage
devices available in the market, namely batteries, regular
capacitors, electrochemical capacitors, fuel cells, hydrogen
storage systems, and so on,!!! each having different storage
mechanisms and diverse fields of applications. Figure 1
illustrates various electrochemical energy storage devices
and their charge storage mechanisms. The simplest form
of an energy storage device is a regular capacitor that
consists of two parallel plates separated by a dielectric
medium. The charge is stored between the plates as
electric potential energy, and capacitance values lie in
the microfarad range. By contrast, electrolytic capacitors
in which dielectric is replaced by electronic/ionic con-
ductive medium can deliver capacitance in the millifarad
range with exceptionally high-power delivery capabilities
(>10 kW/kg).[>*] Batteries are another category of energy
storage devices dominating consumer electronics because
of their high energy density but severely lack in power
delivery capability. This is due to the fact that the charge
storage mechanism of batteries involves ion intercala-
tion/deintercalation in the bulk of the active materials
followed by electrochemical redox reactions. Hence, bat-
teries can at best withstand thousands of cycles because
of repeated volume alterations of electroactive materials
during cycling. Other limitations with batteries involve
phase transformations as well as dendrite growth and
heat generation when operated at high rates, which leads
to serious safety issues.l"*! Electrochemical capacitors,
also known as ultracapacitors or supercapacitors, bridge
the gap between high-energy batteries and high-power

capacitors. The charge storage mechanism of electro-
chemical capacitors is similar to conventional capacitors,
but they can store thousands of farads in a single device.
Supercapacitors can deliver 10° times more energy density
and specific capacitance as compared to regular capacitors
in addition to the high-power density in kW range arising
due to the high surface area of electroactive materi-
als, electrode-ion separation in nanoscale regime, and
additional contribution from surface/near-surface based
faradaic redox reactions.I'! Taking advantage of their
high-power density, excellent cycling stability, good rate
capability, reliability, and safety, supercapacitors have been
exploited in various applications, including heavy-duty
machineries, load-leveling systems for renewable energy
sources, hybrid energy storage platforms for commercial
vehicles, and storing energy in electric/hybrid vehicles
through regenerative braking.['*°! Accordingly, superca-
pacitors have garnered niche research interest because of
their potential to complement or even replace batteries
where high power delivery is required for a very short
duration.

1.1 | Basics of electrochemical capacitors

Electrochemical capacitors, also known as supercapaci-
tors consist of two electrodes, an electrolyte, a separator,
and current collectors. Electrodes are the main compo-
nent of supercapacitors, which are fabricated from nano-
sized materials to ensure high specific surface area and
high porosity.l°! Furthermore, electrode materials should
be thermally and chemically stable and should possess
good electrical conductivity to achieve better rate perfor-
mance for supercapacitors. The electrolyte plays a vital
role in determining the operating potential window of
a supercapacitor. Mainly three different classes of elec-
trolytes are used extensively namely, aqueous, organic, and
ionic liquids allowing varying potential windows. The cur-
rent commercial supercapacitor market is dominated by
organic electrolytes and ionic liquids because of their wide
operating potential window in the range of 2.5-2.8 V and
3.5-4 V, respectively.l!] Separators, used to isolate elec-
trodes electrically, should have high ionic conductance,
high electric resistance, and reduced thickness to achieve
better performance.!”! As the role of current collectors is to
transfer the charge from the device to the external circuit
with minimal resistance, they should be electrically highly
conductive, corrosion-resistant, lightweight, and mechan-
ically robust.!*! Depending on the charge storage mecha-
nism and electrode materials used, supercapacitors can be
classified in the following categories: (I) electric double-
layer capacitors (EDLCs), (II) pseudocapacitors, and (III)
symmetric/asymmetric supercapacitors.!’-!
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L1l |
(EDLCs)

Electric double-layer capacitors

The charge storage mechanism in EDLCs is electrostatic
in nature which involves reversible adsorption of elec-
trolyte ions on the electrode surface, as shown in Figure 1.
Spontaneous charge separation occurs when an electron-
ically conductive electrode is dipped in an electrolyte and
subjected to the polarization of the electrode-electrolyte
interface. This results in the formation of Helmholtz
double layer on the electrode surface. Therefore, the
electrode-electrolyte interface can be thought of as a
capacitor, whose capacitance can be calculated using the
following equation:

€0€r
C= TA @
where, €, is the permittivity of vacuum, ¢, is the dielectric
constant of the electrolyte, A is the surface area of the
electrode, and d is the thickness of the double layer.
EDLCs are characterized by rectangular-shaped cyclic
voltammetry (CV) curves along with triangular-shaped
galvanostatic charge/discharge (GCD) profiles.

Classification of electrochemical energy storage devices and conceptual representation of their charge storage mechanisms

Due to the absence of any surface redox reactions,
charge separation at electrode—electrolyte interface is
instantaneous, which leads to high power performance,
and for the same reason, EDLCs can withstand mil-
lions of cycles without any significant fading in device
performance.-**! Although EDLCs are simple in design
and most popular among supercapacitors, they severely
suffer from poor capacitance and hence energy density.[*]
Therefore, current research is directed on enhancing the
energy density of EDLCs to ensure their widespread appli-
cations.

1.1.2 | Pseudocapacitors

To address the challenge of the limited energy density of
EDLCs, efforts have been focused on designing pseudo-
capacitive materials, which involve fast redox reactions at
the surface and/or near-surface regions of the electrode
material. This mechanism allows change in the valence
state of electroactive elements due to electron transfer at
the electrode-electrolyte interface.l!! Additional pseudo-
capacitance, other than double-layer capacitance, is the
reason for enhanced energy density with these materials.
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Pseudocapacitive charge storage mechanism is different
from batteries that involve faradaic redox reactions in
the bulk of the electrode material. Another key feature of
the pseudocapacitive charge storage mechanism is that
there is no phase transformation of electrode material
due to polarization that is reflected by the absence of
sharp and well-defined redox peaks in the CV curve
unlike batteries where sharp redox peaks appear due
to the diffusion-controlled charge storage processes. *!
Here, the term “pseudo” reflects a different kind of charge
storage mechanism whose electrochemical characteristics
are similar to EDLCs. Different pseudocapacitive charge
storage mechanisms involve (1) underpotential deposition,
(I) redox pseudocapacitance, (III) intercalation pseu-
docapacitance, and (IV) doping pseudocapacitance.'*!
Underpotential deposition involves the adsorption of
metal ions or hydrogen atoms at the surface of noble
metals, like Pt, Ru, Rh, and Ir, well above their reversible
redox potentials (e.g., H or Pd** on Pt or Au). This
mechanism can be represented by the following equation.

M + yA®t + yze~ & MA )

where M and A are noble metal and adsorbed atoms,
respectively; y and z are the numbers of adsorbed atoms
and the valence state of the adsorbed ion, respectively. So,
yz represents the number of electrons transferred during
the reaction.[!] In the redox pseudocapacitance, cations
are electrochemically adsorbed on the surface of oxidized
species followed by the fast and reversible faradaic charge
transfer reactions across the electrode/electrolyte inter-
face. This mechanism is demonstrated by the following
equation:

Ox + yC* + ye~ < RedC, 3)

where C* is the electrolytic cation adsorbed on the
surface (like H*, K*, Na*, etc.) and y is the number
of electrons transferred.l'! Doping pseudocapacitance
occurs due to the reversible doping and de-doping in the
conductive polymers.l*! Intercalation pseudocapacitance
involves insertion/extraction of electrolytic ions into the
layered host materials, accompanied by a change in the
valence state of the electroactive material to ensure charge
neutrality, as illustrated in Equation (4).

MA, +yLi* +ye~ < Li,MA, 4)

where MA, is the layered host material and y is the
number of electrons transferred during the reaction.!!!
Interestingly, the electrochemical performance of inter-
calation pseudocapacitance lies between supercapacitors
and batteries, having capacitive electrochemical character-

istics such as reduced charging time, fast transportation of
ions, good rate capability, and superior cycling stability.[!!
In summary, the total charge stored by different charge
storage mechanisms can be segregated into three parts:
(I) faradaic contribution from the diffusion-controlled ion
intercalation process, (II) faradaic contribution arising
from pseudocapacitive charge transfer reactions at the
surface/near-surface regions of the electrode material,
and (III) non-faradaic capacitive contribution due to the
adsorption of ions at electrode/electrolyte interface. To
segregate contributions from these capacitive and diffusive
processes in an electrode material, the following relation
between current obtained in CV analysis and scan rate
can be used:

i = avb (5)

where v is the scan rate, a and b are adjustable param-
eters. The value of b indicates the type of charge storage
mechanism. Linear response of current with scan rate
(b = 1) indicates the capacitive behavior, whereas b = 1/2
represents diffusion-controlled charge storage mechanism
satisfying Cotrell’s equation i = ao!/2.11:3]

Therefore, the total current obtained in a CV can be
written as a sum of the capacitive current (a;v) and diffu-

1

sion controlled faradaic current (a,v?2 ) as per the following
equation:

1

i(V)=a;v+ayv:2 (6)

1 1

or, i(V)/v2=a,v2 +a, @)

Now, the value of current at a given potential and at
different scan rates are obtained from the CV data. There-

fore, the parameters a,and a, can be obtained from the
1

intercept and slope of the straight-line plot of i(V)) and v2,
which can be further used to distinguish the capacitive and
diffusive contributions quantitatively. Researchers have
concentrated more on pseudocapacitive materials because
of their high energy density in comparison to EDLCs
but the former lack in power performance and cycling
stability.

1.1.3 | Symmetric/Asymmetric
supercapacitors

Symmetric capacitors are those in which both the positive
and negative electrodes are made of the same material.
It is just a parallel combination of two similar electrodes
in which the overall potential of the cell is limited by
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the operating potential of the individual electrode, and
hence limited energy-power densities. Asymmetric super-
capacitors were developed to achieve high energy density
in supercapacitors and consist of electrodes made of
different materials. Device configurations of asymmetric
supercapacitors are wide, mainly classified as capacitive
asymmetric and hybrid asymmetric supercapacitors.
Capacitive asymmetric involves a broad range of electrode
combinations including, two EDLC electrodes of different
materials, two pseudocapacitive electrodes of different
materials, and EDLC type electrode combined with a
pseudocapacitive electrode. The latter one can also be
termed as a hybrid capacitor in which one electrode stores
charge through purely capacitive processes while the
pseudocapacitive electrode stores charge through faradaic
processes. 1?1

Here, the important parameter for evaluating the perfor-
mance of a supercapacitor is the energy density, which can
be calculated using the following formula:

E = % cv? (8)

where C is the capacitance and V is the operating potential
window of the cell. Therefore, a twofold increase in the
potential window could lead to a fourfold increase in the
energy density. Thus, enhancing the operating potential
window plays a vital role in improving the energy density
and hence the overall performance of the supercapacitor.
Asymmetric supercapacitors, by taking the advantage of
operating potential windows of two different electrode
materials, can lead to the maximum potential of the full
device.['l Hence, designing asymmetric supercapacitors
with suitable electrode materials could result in a high
energy density without sacrificing high power density and
cycling stability traits.

1.2 | Materials for supercapacitors

The key to improving the performance of supercapacitors
is in designing new electrode materials for asymmetric
supercapacitors. Generally, electrode materials for super-
capacitors are classified into high surface area active
materials that store charge in both electrostatic and pseu-
docapacitive modes.!>°] The key requirements of electrode
materials that store charge electrostatically through the
formation of double-layer are high specific surface area,
high electronic conductivity, porosity, and electrochem-
ical stability. Carbon-based materials like activated
carbon,l'2l carbon nanotubes,!'>'*! graphene,!'>-"]
carbon onions,!'*2° and so on, satisfy all the above-said
requirements. These materials have widely distributed
pore sizes that can be classified into three different cate-

gories, namely micropores (pore size <2 nm), mesopores
(2-50 nm), and macropores (pore size >50 nm).[5! To
find the optimum pore size for achieving the highest
capacitance for double-layer capacitors, Largeot et al.
studied the behavior of carbide-derived carbons in an
ionic liquid electrolyte.[?!] They concluded that the most
efficient adsorption of ions and hence, the highest double
layer capacitance is obtained when ion size is close to pore
size as smaller or larger pore size than ion size leads to
decreased capacitance.!?!! Generally, specific capacitance
obtained from EDLCs is limited to 100-250 F/g and the
supercapacitor devices based on carbon materials can
achieve an energy density in between 3 and 10 Wh/kg.!l
Pseudocapacitive materials, on the other hand, involve
additional surface redox reactions that lead to 10-100
times more capacitance than carbon-based materials
making pseudocapacitive materials more attractive for
supercapacitors.l"*! Conducting polymers and transition
metal compounds are an important class of pseudoca-
pacitive materials that have been explored widely as
supercapacitor electrodes.!?>23] Conductive polymers, like
polypyrrole and polyaniline, have been widely studied
for supercapacitor applications due to their good charge
storage capacity, intrinsic elasticity for flexible electronic
devices, a wide potential window between —1to +1V, easy
synthesis approach, and low cost.[2*25] However, conduct-
ing polymers undergo swelling as well as shrinking during
the insertion/extraction process, which degrades the
mechanical stability of the electrodes and hence deterio-
rates the cycling stability of supercapacitors.!**! Apart from
conducting polymers, various transition metal compounds
have been investigated for supercapacitor applications
with better electrochemical stability than polymer-based
materials and improved capacitance than carbon-based
materials. RuO, was the first discovered pseudocapacitive
material that exhibited a wide potential window of 0-1.2 V
and a specific capacitance of 1450 F/g. Irrespective of its
high proton conductivity and cycling stability,|**! scarcity,
toxicity, and the high cost of ruthenium have limited its
widespread commercial applications.*! To cope with this
issue, the quest for alternative low-cost transition metal
compounds with enhanced performance has been inten-
sified. Further, researchers focused on earth-abundant
transition metal elements that exhibited multivalent
states. These transition metal elements are coordinated
with various elements including O, S, Se, and functional
groups of OH to form a series of oxides, sulfides, selenides,
and hydroxides.!?°] The transition metal sulfides and
selenides are promising materials for the supercapacitors
due to their inherent high electrical conductivity, but
practical capacitance and energy density are still low.
Also, the transition metal hydroxides exhibit high theo-
retical specific capacitance, but low specific capacitance

95U8017 SUOLUWIOD dA1I.D) 3{cedl|dde aup Ag peusenob ale sapie VO '8sn JO Sa|ni 1oy Akeiqi8UIIUO A8]IAN UO (SUOTIPUOD-PUR-SULBIAL0D" AB 1M Alq [BUIUO//:SIY) SUORIPUOD PUe SIS 1 8L 88S *[£202/90/9T] Uo Areiqiaul|uo AB (1M ‘Uelreiqiay L Aq Z8TO0TZ0Z €S P/Z00T OT/I0p/Lod A8 i Akeiq i puljuoadoine-Ais iweyo//sdny Wwolj pepeojumod ‘9 ‘240z ‘2/658692



Chemistry
Europe

European Chemical

Review

60f42 Electrochemical Science Advances

doi.org/10.1002/elsa.202100187

Societies Publishing

is hindering their widespread application.[>°! The process
of preparation, control of morphology and structure, cost,
and performance are some of the important parameters
that need to be considered before widespread commercial
exploitation.

2 | MOTIVATION FOR TMOs AS
SUPERCAPACITIVE ELECTRODES

Transition metal oxides (TMOs) are an important class of
pseudocapacitive electrode materials for supercapacitors
in which transition metals (group IV to VII B elements)
are bound to oxygen atoms. The major attraction of TMOs
is their variable oxidation states due to the incomplete d
sub-shell that allows them to show a remarkable combina-
tion of structural, electrical, electrochemical, and mechan-
ical properties. Electronic properties of TMOs depend on
the type of transition metal and the formation of oxide
compounds. By scaling down TMOs to the nanoscale,
outstanding properties can be achieved that is not pos-
sible with their bulk counterparts. Nanoscale morphol-
ogy increases surface area, and high surface-to-volume
ratio promotes efficient utilization of TMOs as electrode
materials in energy storage systems. High specific capaci-
tance, improved energy density, reversible and fast charge-
discharge process, low cost, and environment-friendliness
make them attractive materials for supercapacitors. How-
ever, poor electrical conductivity, inferior cycling capabil-
ity, low surface area, and power density are the major chal-
lenges that need to be addressed.l”’! In short, the basic
characteristics that transition metal oxide should have to
be used as supercapacitor electrodes are: (1) high electronic
conductivity, (2) two or more oxidation states which can
coexist over a range of potential window without phase
change, and (3) fast intercalation/deintercalation of pro-
tons or other cations within three-dimensional lattice dur-
ing redox process. %%

In 1971, RuO, was the first discovered pseudocapac-
itive material,l*”! which was thoroughly explored by
researchers owing to the wide potential window of 1.2 V,
variable oxidation states, and reversible redox reactions.
Other characteristics of RuO, include high proton con-
ductivity, good thermal stability, and a high specific
capacitance ranging between 1400-2000 F/g.!30-34]
Crystalline RuO, is a metallic conductor that has a low
capacitance value as compared to amorphous RuO,!*°! as
protons diffuse to a larger extent in the amorphous phase
in relation to the crystalline phase.[**] Pristine RuO, has
poor chemical stability in acidic medium and shows a ten-
dency to self-aggregate. Electrochemical studies of RuO,
single-crystal in sulfuric acid reveal that crystal faces (101)
and (110) are less reversible as compared to (002) face.[37-38]

Charge storage in RuO, involves surface-based redox reac-
tions where the non-faradaic contribution is lower than
the faradaic contribution. Pseudocapacitive behavior of
RuO, depends on the reaction environments, which in
turn show varying sensitivities toward crystallinity in
acidic and basic mediums. Charge storage mechanism
in the acidic electrolyte can be illustrated through Equa-
tion (9), where rapid and reversible electron transfer is
accompanied by electro-adsorption of protons (H* ions)
on the surface of RuO, particles that leads to a change in
oxidation state of Ru to Ru(II) and Ru(1I) to Ru(IV).[28!]

RuO, + xH* + xe~ < RuO,_,(OH), 9)

It has been found that in anhydrous RuO,, cation has low
ionic conductivity as compared to RuO,.xH,0O because
H*/cation can diffuse between H,0 and OH™ sites.!*%]
It is reported that Ru0O,.0.5H,0 has a capacitance of
900 F/g and Ru0,.0.03H,0 shows a capacitance of 29 F/g,
whereas, RuO, shows a capacitance of 0.5 F/g.[*] The
pseudocapacitive property of RuO, is affected by various
factors such as particle dimension, morphology, porosity,
and surface area. The surface area of active materials plays
an important role in the amount of charge stored because
the better surface area leads to more active sites available
for redox reactions. An efficient way of increasing the
surface area is making nanosized RuO,, by generating
pores large enough to accommodate electrolyte ions easily
during charge and discharge. Thus, the maximum utiliza-
tion of active materials in small-sized particles leads to
high capacitance values.!**?] The discovery of RuO, led
to the exploration of other TMOs as pseudocapacitive elec-
trode materials. TMOs can be divided into two categories:
(I) noble metal oxides and (II) base metal oxides. Noble
metal oxides such as RuO,, IrO,, and so on exhibit good
electrochemical performance but their major shortcoming
is extremely high cost. Low cost and environment-friendly
base metal oxides like MnO,, NiO, Fe;O,4, and so on
with reasonable electrochemical performance are thus
alternatives to noble metal oxides.!**] However, RuO, is
often blended with less expensive transition metal oxides
to realize synergistic pseudocapacitive effects from the
two components with superior electrochemical perfor-
mance. Also, various activated porous nano-carbons have
been intimately blended with different TMOs to form
nanocomposites that exhibited improved conductivity
and charge storage efficiencies.[**'] As discussed earlier,
porous nano-carbons are chemically stable, inexpensive
with good EDLC features along with a good capability
of maintaining high discharge rates. But to supplement
their small intrinsic capacitance, they must be blended
with highly pseudocapacitive TMOs for achieving better
electrochemical efficiency. Motivation for using TMOs
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and their composites as supercapacitive electrodes is
summarized in Figure 2. To date, researchers have studied
various nanostructured morphologies of TMOs including
RuO,, MnO,, Co;0,4, Mn;0,, Fe,05, Fe;0,4, V,05, NiO,
and so on,[®%! and also their composites for superca-
pacitor applications with widely varying electrochemical
performance. In the following sections, we summarize dif-
ferent synthesis methods, characteristics, charge storage
mechanisms, and properties of various nanostructured
TMOs and their composites as pseudocapacitive electrode
materials.

3 | SYNTHESIS OF PRISTINE TMOs
AND THEIR COMPOSITES

The structure and morphology of electrode materials play
a significant role in enhancing the performance of energy
storage devices. Thus, it is seminal to design and fabri-
cate optimized nanostructured materials that are desirable
for high-performance supercapacitors. Various nanostruc-
tures of different dimensions as well as nanostructured
composites have been synthesized by researchers via sev-
eral routes including hydrothermal method, solvothermal
method, chemical bath deposition, electrodeposition, and

/ Metal Oxides | ‘:(giharge storage efficiency T\

| based ,‘ p— e

\ Composites / ‘ Cyclic stability 1 _J
— . Rate capability 1 ::),

Advantages of TMOs and their composites for supercapacitors

so on. The overview of such synthesis methods for TMOs
and their composites is depicted in Figure 3 and described
in this section.

3.1 | Hydrothermal method

The hydrothermal method is used to synthesize TMO-
based materials in an aqueous system at temperature
and pressure above ambient. The aqueous solution of
precursors is placed in a closed Teflon-lined stainless-steel
(SS) autoclave which is usually heated around 100°C.
Accordingly, the pressure within the autoclave increases
dramatically. This one-step process to synthesize crys-
talline material is possible due to the synergistic effect
of high temperature and high pressure.[**! The structure
and morphology of materials can be altered by changing
the precursors, their ratios, and heating temperature. This
method is popular owing to its advantages such as ease
in manipulating morphology and changing particles size,
simplicity, environment friendliness, low cost, and the
possibility of scaling up for large-scale production.!”’!
Various nanostructured morphologies of TMOs such as
MnO,,l%8] Fe, 05,11 Ni0,1°] C0,0,,l°"l CuCo,0,,%!
and so on, have been synthesized by the hydrothermal
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TMOs and their composites for supercapacitors

Summary of various methods used for synthesizing

method. For instance, Paravannoor et al. synthesized NiO
nanowires using this method.[°*] First, the 0.7 M aqueous
solution of nickel chloride and ammonium oxalate were
mixed followed by the addition of triethanol amine. The
solution was transferred to Teflon lined autoclave and
placed at 120°C temperature for 10 h. The green-colored
precipitate was washed thoroughly and annealed at
300°C for 1 h to obtain NiO nanowires. Recently, a-MnO,
nanorods were prepared by Jayachandran et al. using the
hydrothermal method.[®*] In brief, KMnO, was dissolved
in DI water and stirred for 30 min at 50°C. SiO, dissolved
in HNO; was added dropwise to the solution with con-
tinuous stirring. The obtained purple-colored solution
was transferred to Teflon lined autoclave and placed in
an oven at 160°C for 12 h. The product was centrifuged
and dried in a hot air oven at 120°C for 8 h to get a-MnO,
nanorods. Wang et al. prepared NiO/ZnO electrodes using
a soft template and hydrothermal route.[°*] First, ordered
mesoporous ZnO was prepared by soft template route,
followed by hydrothermal treatment for the synthesis of
composite. The precursors, namely C;HsNaOgS.2H,0 and
NiCl,.6H,0, and ordered mesoporous ZnO were taken
in desired amounts and dissolved in DI water, followed
by ultrasonication for 30 min and continuous stirring
for 12 h. The suspension was transferred to Teflon lined
autoclave that was placed in an air oven at 180°C for 12 h.
The obtained green-colored product was centrifuged and
dried, followed by annealing at 500°C for 4 h to obtain the
desired grey-colored composite.

3.2 | Solvothermal method

The solvothermal method is similar to the hydrothermal
method, but instead of an aqueous solution, a non-
aqueous solution is used. In comparison to the aqueous
medium, organic solvents are explored as reaction medi-
ums in a broad range of temperatures, which averts
agglomeration, regulates morphology, and phase structure
of the reaction products. Morphological variations in the
nanostructured materials shorten ion diffusion lengths,
which promote facile movements of electrolyte ions
and electrons and hence, enhance the electrochemical
performance.l’! Solvents may form several complexes
with the ions which in turn affects the nucleation and
growth mechanism and leads to the formation of different
nanostructured TMOs.I°°! A series of oxides including
Ni0,1951 C00,[%] MnFe,0,,®”] and so on, with different
structures such as nanoflakes, nanorods, quantum dots,
etc., have been prepared via this method. As an example,
Su et al. prepared MnFe,0, QDs/N-doped graphene
composite material via a solvothermal synthesis route.[*’]
In detail, GO suspension was obtained by dispersing GO
powder in DMF, followed by sonication for 6h. Mn,(CO);,
and Fe(CO)s; were dispersed in DMF separately under
sonication. Subsequently, the two solutions were mixed
together followed by dripping of octylamine. This mixture
was added to GO suspension and sonicated for some time.
Finally, the suspension was transferred to Teflon-lined SS
autoclave and heated at 170°C for 2 h. The product was
then washed, freeze-dried, and annealed at 400°C for
2 h in Ar atmosphere to remove residual octylamine and
obtain the MnFe,0, QDs/N-doped graphene composite.
Likewise, Wang et al. fabricated 3D CoO QDs/Graphene
hydrogels using the solvothermal method.[°! The CoO,
QDs were prepared by single-step oil bath-assisted heat
treatment method. The CoO,, QDs were dispersed in GO
suspension with continuous stirring for 30 min, followed
by centrifugation to remove free QDs. Finally, the precip-
itate was dispersed again in ethanol and transferred to a
Teflon-lined autoclave that was placed at 180°C for 12 h
to form CoO/GS hydrogel. Sethi et al. also synthesized
NiO nanoflakes using the solvothermal method using
NiCl,, 6H,0, and NaOH as precursors in a mixed solvent
of ethylene glycol and water (1:1).19%

3.3 | Electrodeposition method

Electrodeposition technique is used to deposit a metallic
coating on the substrate by cathodic reduction reaction
from an aqueous or organic precursor solution. It is
broadly used for the preparation of TMOs-based nanos-
tructured electrode materials for uniform deposition over
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varied substrates.!>] It is usually carried out at room tem-
perature, which favors the fabrication of nanostructure
electrodes with precise control over film thickness. Film
thickness can be controlled by tuning the deposition time
and current, and the morphology, as well as the structure,
are controlled by varying the precursor solution. Low
cost and easy synthesis method using simple apparatus,
excellent quality of the product, and the possibility of
deposition over a large electrode area make the elec-
trodeposition method promising for fabricating electrode
materials for supercapacitors.[*! Various TMO materials
including a-Fe,05,/%] Mn0,,!°l Ni0,[”°! NiCo,0,,!7]
and so on, have been fabricated by this technique. For
instance, Yang et al. deposited porous MnO, on Ni foam
using CV electrodeposition.!°] The electrodeposition was
performed by a three-electrode system with Ni foam as
working electrode, Pt wire as a counter electrode, and sat-
urated calomel electrode (SCE) as a reference electrode in
an electrolyte containing 0.1 M Mn(CH;COO), and 0.1 M
Na,SO, maintained at pH 7. For the deposition, CV was
performed within the potential range 0.5-1.2 V (vs. SCE)
at a scan rate of 200 mV/s. The deposition time was varied
to obtain electrodes with varying mass loadings. Finally,
the electrodes were washed with DI water and ethanol,
dried at room temperature, and annealed at 200°C for 2 h
to get the desired material. Also, Yin et al. synthesized
NiCo,0, nanosheets (NSs)@HfC nanowires..”?] First,
HfC nanowires were grown on carbon fiber by catalyst-
assisted low-pressure CVD technique. The HfC nanowire
coated carbon fiber was taken as a working electrode for
the electrodeposition of NiCo,0, NSs from a solution
containing 0.5 mM Ni(NOj3), and 1 mM Co(NOs), using
CV technique performed for 20 Cycles at 20 mV/s within
—1.1 to —0.5 V potential window. The sample was then
heated at 350°C for 3 h to achieve the desired product.
Singh et al. fabricated Ni/NiO core-shell nanowires by
electrodepositing Ni nanowires within the pores of AAO
template followed by template removal to get freestanding
Ni nanowires, and then controlled oxidation of nanowires
in air to get the core-shell structure.[’°! Recently, Wang
et al. fabricated Fe,0; NTs@PPy/CC using a sacrificial
template and electrodeposition route.!”]

3.4 | Chemical bath deposition method

Chemical bath deposition (CBD) process involves a direct
reaction between the precursors in the solution that results
in the formation of products. To synthesize nanocrys-
talline structures with controlled morphologies, reaction
rate should be slow that favors gradual diffusion of ions
over substrates to form thin films of desired morpholo-
gies. On the contrary, fast reaction rates lead to the for-
mation of large particles and precipitations. Thin films

of TMOs have been efficiently fabricated by this method.
Non-requirement of any intricate instrument, the possibil-
ity of deposition over a large area, good control over the
crystallites size in the film, low-temperature method, and
low-cost make this technique promising for the synthesis
of TMOs. Patil et al. obtained 3D nanospheres of 3-MnO,
on SS substrate using this method.[”] They used KMnO,
as a precursor and dissolved it in distilled water to obtain
a matrix solution, followed by the addition of methanol
which acts as a reducing agent. The solution was trans-
ferred to a beaker containing SS substrate and left for 12 h at
room temperature. 3-MnO, deposited on SS substrate was
taken out, washed, and dried at room temperature. Simi-
larly, Tian et al. have grown 3D MnO, film on nickel foam
using CBD method,!”>! in which nickel foam substrate was
dipped vertically in an aqueous solution of 0.04 M MnCl,
and 4 M NaBrO; and kept at 60°C for 12 h. After the
growth, an electrode was washed with DI water and dried.
Likewise, Sarkar et al. deposited NiO nanoflakes on SS
substrate,!’°! and Tian and co-workers prepared 3D hier-
archical Co;0, thin films on nickel foam substrate using
the CBD method.!””]

3.5 | Sol-gel method

Sol-gel method involves the formation of sols (solid
particles dispersed in liquid) and then connecting the sol
particles to form a network (gel) through hydrolysis and
condensation reactions.[”®) The condensation reactions
are affected by various parameters including precursors,
ratio of alkoxide and water, pH, temperature, solvent, and
catalyst used. The advantages of using this method are low
temperature and cost-effectivity, the possibility of coating
on larger substrates due to liquid phase deposition, and
versatility in controlling morphology. This method is also
used for the preparation of TMOs. For instance, Ray et al.
synthesized porous spinel structured NiMn,O, via the
sol-gel method.[””! In brief, the precursors were taken in
desired amounts and dissolved in ethylene glycol. Subse-
quently, PVP was added and the mixture was stirred to get
a transparent solution, which was then heated in a hot oil
bath under magnetic stirring. The precipitate was washed
copiously, dried and the resultant material was annealed
in an air atmosphere to get NiMn, O, nanoparticles. Like-
wise, Maitra et al. synthesized MgCr,0, nanoparticles
using the sol-gel method.[®*] First, MgO was dissolved
in HNO;, and Cr(NO;);.9H,0 was added to DI water
under continuous stirring till a greenish color solution
appeared. This was followed by mixing two solutions and
dropwise addition of Triethanolamine (chelating agent)
and overnight stirring at 150°C. A gel-like substance was
formed that was dried, grounded in pestle and mortar, and
calcined at 600°C for 5 h to obtain the desired material.

95U8017 SUOLUWIOD dA1I.D) 3{cedl|dde aup Ag peusenob ale sapie VO '8sn JO Sa|ni 1oy Akeiqi8UIIUO A8]IAN UO (SUOTIPUOD-PUR-SULBIAL0D" AB 1M Alq [BUIUO//:SIY) SUORIPUOD PUe SIS 1 8L 88S *[£202/90/9T] Uo Areiqiaul|uo AB (1M ‘Uelreiqiay L Aq Z8TO0TZ0Z €S P/Z00T OT/I0p/Lod A8 i Akeiq i puljuoadoine-Ais iweyo//sdny Wwolj pepeojumod ‘9 ‘240z ‘2/658692



Chemistry
Europe

European Chemical
Societies Publishing

Review

10 of 42 Electrochemical Science Advances doi.org/10.1002/elsa.202100187

Also, Bhagwan et al. have prepared CoMn,0, nanofibers
via sol-gel route and obtained a nanofabric morphology
by using tissue paper pieces as a template.[3!)

3.6 | Chemical
precipitation/co-precipitation method

In the precipitation/co-precipitation process, nucleation,
growth, coarsening, and agglomeration processes occur
simultaneously, and the products are formed as a result
of high supersaturation condition. The key step is nucle-
ation that leads to the formation of small particles, and
the second step, namely Ostwald ripening, affects the
morphology, size, and properties. It is a simple, rapid,
low-temperature, and energy efficient process, but the
traces of impurities get precipitated along with the
product.l®?] Recently, Zhang et al. synthesized MnO, and
oxygen-deficient MnO, by precipitation method using
Mn(NOs), as a precursor..®*] The aqueous solution was
maintained at pH 9 by adding aqueous NaOH solution
followed by the addition of hydrogen peroxide. The solu-
tion was ultrasonicated for 1 h. The resulting precipitate
was copiously washed with DI water and ethanol, and
dried. A similar procedure was followed for the synthesis
of oxygen-deficient MnO,, except the addition of sodium
citrate dihydrate before adding NaOH and H,0,. Likewise,
Elanthamilan et al. used the chemical co-precipitation
method for the fabrication of CoFe,0, decorated on
activated carbon (AC) derived from pistachio shell.l**]
They used an aqueous solution of CoCl,.6H,0 and FAS
solution for the synthesis of CoFe, 0, nanoparticles. These
solutions were mixed with CTAB with continuous stirring
and subsequent sonication. Dropwise addition of NaOH
with constant stirring at 90°C results in precipitation,
which was collected, washed, and dried. For the synthesis
of CoFe,0,@AC composite, same procedure was followed
except the addition of AC in the solution before adding
NaOH. Also, Huang et al. have grown Mn;0, nanoflakes
on rGO using a chemical precipitation method.!*! The
solution of precursors MnSO,.H,O and KMnO, were
dripped in an aqueous suspension of GO by a peristaltic
pump and the suspension was sonicated for 20 min. The
products were collected, washed, and freeze-dried. The
obtained powder was annealed in Ar/H, atmosphere for
2 h at 250°C to obtain Mn;0,/rGO composite.

3.7 | Electrospinning method

In this technique, the spinning force and electric field
are used to eject the liquid precursors for the forma-
tion of fibrous nanostructures. This method is useful

for the preparation of nanowires or nanotubes of differ-
ent inorganic nanomaterials irrespective of their crystal
orientation.!*2! The diameter and length of the nanofibers
depend on the liquid flow rate and applied voltage. Thus,
itis a promising method to obtain nanofibers or nanotubes
of TMOs without any restriction on the crystal growth ori-
entation of different materials.[®?] Recently, Lu et al. pre-
pared a composite using 3D hierarchical Co;0, derived
from MOF distributed on electrospun derived polyacry-
lonitrile nanofiber.[3¢] First, the ZIF-67 nanocubes were
prepared and added to DMF. This was followed by ultra-
sonication for 1 h and stirring at room temperature for 2 h.
PAN was added to the solution with a mass ratio 1:1 fol-
lowed by constant stirring of 24 h. Subsequently, the solu-
tion was filled in a syringe with a needle and it was driven
by a syringe pump. The obtained PAN/ZIF-67 nanofibers
were dried at room temperature under vacuum and cal-
cined in air for 2 h to get the desired material.

3.8 | Other methods

Besides the above-mentioned synthesis routes, pulsed
laser ablation,/®”] microwave irradiation, 8! successive
ionic layer adsorption and reaction (SILAR),!*! combus-
tion driven synthesis route,!°°] carbon micro electrome-
chanical systems in fabricating 3D microelectrode array
(C-MEMS),!°!! and so on, have been explored by the
researchers to fabricate TMOs and their composites. The
structure and morphology of the products can be altered
by varying different parameters associated with these syn-
thesis methods to obtain the optimized electrode materi-
als essential for realizing high-performance electrochemi-
cal energy storage devices.

4 | APPLICATION OF TMOs AND THEIR
COMPOSITES IN SUPERCAPACITORS

As discussed earlier, the variable oxidation state of TMOs
allows multiple electron transfer that leads to prolonged
discharge profile through fast faradaic redox reactions and
enhanced energy density, which makes them the most
promising electrode materials for supercapacitors. How-
ever, poor electronic conductivity, poor rate capability, and
inferior cycling capability are some of the issues that need
to be considered and overcome. To resolve these challenges
various attempts have been made by the researchers by fab-
ricating nanostructures of different dimensions and form-
ing composites of TMOs with other materials having com-
plementary traits for comprehensively enhancing their
electrochemical performance. To date, a series of TMOs
of different dimensions as well as their composites have
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been synthesized and explored widely for supercapacitor
applications. Recent advances in 3D, 2D, 1D, and 0D TMOs
and their composites for supercapacitor applications are
summarized in the following sections. Also, advantageous
properties associated with the electrode structures of
different dimensions and the impact of dimension on the
performance of supercapacitor electrodes are described.

4.1 | 3D TMO-based nanostructures for
supercapacitors

It is known that the capacitive performance of electrode
material can be enhanced by increasing the specific sur-
face area and adjusting the porosity. The active surface
area can be improved by manipulating the dimension-
ality of electrode materials that enhance the percentage
of exposed facets in the electrolyte. Hence, the unique
3D microstructures with interconnected pores provide
a more accessible area for electrolyte diffusion as well
as facile pathways for fast charge movement that leads
to better electrical contact. Nevertheless, shortened dif-
fusion pathways due to interconnected pores result in
the acceleration of ion transfer during redox reactions,
which is crucial for the electrode materials exhibiting high
performance.[?*! In this regard, the design and synthesis
of 3D nano/micro-structures play a vital role in improv-
ing electrochemical performance of electrode materials for
supercapacitors.

4.1.1 | Pristine 3D TMOs

The 3D TMOs are promising electrode materials for super-
capacitors due to their interconnected porous structure
and larger accessible surface area for the electrolyte.
Among various TMOs, MnO, has been widely used for
energy storage applications because of its very high the-
oretical capacitance (1380 F/g), low cost due to natural
abundance, and non-toxicity.[”>°*! The common crystal
structures of MnO, are «a, (3, ¥, 6, 4, and R as shown in
Figure 4 with each phase having a different basic [MnOg]
octahedra unit.[%’! Only a few of MnO, are electrochemi-
cally active, among these « (hollandite) and & (birnessite)
are suitable for supercapacitor applications. § -MnO, has
MnOg octahedral structure due to its crystal sharing dou-
ble bonds with the neighboring crystal lattice, and its pore
size is suitable enough to allow the insertion/de-insertion
of ions.[%! a-MnO, is built from double chains of edge-
sharing [MnOg] octahedra that are linked at corners to
form (2 x 2) + (1 X 1) tunnel structures, the size of (2 X
2) tunnel is 0.46 nm that is suitable for accommodation of
alkali metal ions.[7!

Birnesit (®)

FIGURE 4 Common crystal structures of MnO, (Reproduced
with permission from Ref. [95], 2017, ACS)

Different phases of MnO, can be obtained by using dif-
ferent synthesis routes. Synthesis route involving alkaline
medium gives the layered § -MnO, whereas medium to
lower pH values favor denser phases of MnO, like o and
B. Each structure of MnO, has different ionic and elec-
tronic conductivity so does the amount of charge stored
by them. Lee and Goodenough used manganese oxide as
a supercapacitor electrode for the first time in 1999.[%8]
Charge storage in MnO, involves both faradaic and non-
faradaic contributions. Faradaic contribution comes from
near surface-based fast reversible redox reactions involving
the exchange of protons/cations with electrolyte as well as
the transitions between Mn(IV)/Mn(III) within the elec-
trode potential window. Capacitance of MnO,. is governed
by the available valence state and hydrous state but the
lifetime of MnO, based supercapacitors depends on the
microstructure and surface morphology of active mate-
rial. Many factors affect the charge storage mechanism
of manganese oxide such as morphology, crystallinity,
the thickness of the electrode layer, and so on. Morphol-
ogy of MnO, decides the active surface area, larger sur-
face area leads to more active sites for charge storage.
Researchers have reported various morphologies of MnO,,
namely nanoflowers, nanorods, nanowires, nanoneedles,
nanobundles, and so on, which can be obtained by varying
the reaction conditions during the synthesis process. Also,
there is a trade-off between electronic conductivity of oxide
and porous structure, as increasing crystallinity of MnO,
increases electronic conductivity, but with a decrease in

95U8017 SUOLUWIOD dA1I.D) 3{cedl|dde aup Ag peusenob ale sapie VO '8sn JO Sa|ni 1oy Akeiqi8UIIUO A8]IAN UO (SUOTIPUOD-PUR-SULBIAL0D" AB 1M Alq [BUIUO//:SIY) SUORIPUOD PUe SIS 1 8L 88S *[£202/90/9T] Uo Areiqiaul|uo AB (1M ‘Uelreiqiay L Aq Z8TO0TZ0Z €S P/Z00T OT/I0p/Lod A8 i Akeiq i puljuoadoine-Ais iweyo//sdny Wwolj pepeojumod ‘9 ‘240z ‘2/658692



Chemistry
Europe

European Chemical
Societies Publishing

Review

12 0f 42 Electrochemical Science Advances doi.org/10.1002/elsa.202100187

surface area. The thickness of the electrode layer also plays
an important role; higher thickness limits the capacitance
of electrode material as MnO,, has low electronic conduc-
tivity and requires a larger distance to be traveled by elec-
tron before reaching to the current collector. However,
MnO, performance is limited due to its low electronic
conductivity (1076-1073 S/cm), poor stability, and dissolu-
tion of MnO, electrode upon cycling. The dissolution reac-
tions can be understood through Equations (10) and (11),
respectively.!%]

Mn,05(s) + 2H" — Mn(2a+q) + MnO, (s) + H,0 (10)

Or, 2 MnO(OH) — Mn*  + MnO,(s) + 20H~  (11)
Several approaches have been carried out to prevent Mn
oxides from dissolution during cycling, including the
development of new electrolyte salts to avoid the forma-
tion of acidic species in solution and applying a protective
shell to the Mn oxide surface. Other issues such as poor
electronic conductivity and low surface areas of MnO,
materials can be addressed by making MnO, nanostruc-
tures. Recently, 3D structures are leading because of their
higher active surface area and short ion diffusion path-
ways than 2D structures. Yan et al. synthesized MnO, film
with 3D and porous structure by hydrothermal method
on 3D nickel foam substrate.[*] 3D MnO, films contain
nanosheets and nanofibres and have amorphous as well
as hydrous nature. The specific capacitance value obtained
in half-cell at 1 A/g is 241 F/g within 0-1 V potential win-
dow in 1 M Na,SO, electrolyte. The capacitive behav-
ior, superior power characteristics, and cycling stability
of MnO, electrodes are illustrated from the rectangular-
shaped CV profiles, as well as preservation of rectangu-
lar shapes even at higher scan rates and less than 10%
loss in discharge capacity after 1000 cycles. The excellent
supercapacitive performance is due to the dispersion of
MnO, on Ni foam that leads to direct electrical contact
with the current collector, thus shortens the ion diffusion
distance on exposing itself to electrolyte. Likewise, Shah
et al. synthesized hierarchical porous 3D MnO, nanorod
forest on carbon textile via hydrothermal method as shown
in Figure 5..1°°] In the three-electrode system, it displayed
961 F/g at 1 mA/cm? current density with 92% capacitance
retention after 5000 cycles. The binder-free MnO, nanorod
forest on carbon textile is promising for flexible superca-
pacitors, light-weight carbon textiles may lower the over-
all weight of the device as well as allow the high mass
loading due to mesoporous structure. 3D porous MnO,
film on nickel foam substrate was also synthesized by Yang
et al. by CV electrodeposition method.[®] The thickness of
the film and pore size was increased with an increase in

deposition time. The electrochemical measurements were
performed on a half-cell system with an electrolyte com-
posed of 0.1 M Mn(CH;COO), and 0.1 M Na,SO, main-
tained at a pH value 7. The CV curve with redox peaks con-
firms the pseudocapacitive behavior that involves charge
storage through surface redox reactions as shown in
Equation (12).

MnO, + xNa* + yH* + (x + y)e~ & MnOONa,H,
(12)

The specific capacitance value obtained at 2 mA/cm? is
2790 mF/cm? and the retention was above 90% after 5000
GCD cycles at 5mA/cm?. Further, asymmetric supercapac-
itor assembled using MnO, film as a positive electrode and
AC as a negative electrode exhibited a specific capacitance
of 67 F/g, energy density of 37.22 Wh/kg, and 80% retention
of capacitance at 2.5 mA/cm? after 1000 cycles. The 3D net-
work of nanosheets, porous structure, high mass-loading,
and direct deposition of electroactive material on current
collectors lead to enhanced supercapacitive performance.

Similarly, Patil and his co-workers synthesized 3-MnO,
nanospheres using the chemical bath deposition method
shown in Figure 6..7*] The electrochemical measurements
in a half-cell system revealed the pseudo-capacitive behav-
ior of the electrode. The value of specific capacitance
obtained in 1M Na,SO, electrolyte was 994 F/g and 750 F/g
at a scan rate of 5 mV/s, and at a current density of
2mA/cm?, respectively. The cycling stability was estimated
during 3000 cycles within 0 to 0.8 V potential window
at 5 mA/cm?. The increase in capacitance up to 110.78%
between 50 to 250 cycles is due to the activation of electrode
material and finally, it decreased to 94.3% of the first cycle
capacitance after 3000 cycles. Enhancement in the charge
storing capacity is due to interconnected nanospheres lead-
ing to a uniform porous network which facilitates rapid
ion diffusion and charge movement within the electroac-
tive material. Further, 8-MnO, positive electrode was com-
bined with the O-SnS negative electrode to design all solid-
state ASC using PVA-LiClO, gel electrolyte. The assembled
ASC has a specific capacitance of 122 F/g at 5 mV/s, capac-
ity retention up to 95.3% after 5000 cycles, an energy den-
sity of 29.8 Wh/kg, and power density of 1.25 kW/kg.

3D MnO, film on nickel foam was also synthesized
by Tian et al. using CBD method.!””! The 3D porous
microstructure with an average pore diameter of 3.8 nm
was obtained as a result of interlinked round-shaped nano-
platelets of 5-MnO,. Electrochemical measurements were
performed within the potential window of —1.2 to —0.2 V
in 3 M KOH. The redox peaks observed in the CV curve
at —0.8 to —0.2 V confirm the pseudocapacitive behavior
of MnO, film, while other peaks are attributed to the
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FIGURE 5 (a)Schematic diagram of the synthesis of a-MnO, nanorods forest; (b) SEM, (c) TEM, and (d) HRTEM images of a-MnO,
g g

nanorods forest; (e) CV at different scan rates, (f) GCD and (g) specific capacitances at different current densities of =-MnO, nanorods forest
in three-electrode setup with 1 M Na, SO, electrolyte (Reproduced with permission from Ref. [100], 2018, Elsevier)

oxidation/reduction process of Mn(II), Mn(III), and
Mn(IV) as proposed in Equations 13 and (14).

MnO +OH™ —e~ & MnOOH (13)
MnOOH — e~ & MnO, + H* (14)

Electrochemical measurements performed in 3 M KNO;
within the potential window of 0-1 V demonstrated sym-
metric and rectangular cyclic voltammograms that indi-
cate double-layer capacitive behavior in a neutral medium.
A specific capacitance of 1517 F/g was obtained at 1 A/g in
3 M KOH which is significantly higher than 546 F/gin 3 M
KNOj; at similar currents. Miao synthesized cost-effective

marshmallow-like MnO, by simple one-step hydrother-
mal synthesis on carbon cloth.['!] The electrochemical
performance of MnO,/CC is evaluated in 1 M Na,SO, as
well as in 1 M KOH electrolyte. In 1 M Na,SO4, MnO,/CC
exhibited a capacitance of 624 mF/cm? (249.6 F/g) with
97.7% capacitance retention after 2000 cycles but in 1 M
KOH MnO,/CC showed a capacitance of 1092 mF/cm?
(436.8 F/g) with 49.5% capacitance retention after 2000
cycles. The charge storage of MnO,/CC is better in KOH
because K* ion has more ionic conductivity than Na* ion
and as K is smaller in size, so it can intercalate easily,
hence in KOH capacitance is contributed from the surface
as well as bulk intercalation whereas in NaOH charge is
stored mainly at the surface of active material. The cycling
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FIGURE 6 Schematic illustration of (a) synthesis procedure and (b) corresponding bond structure alterations of -MnO, nanospheres;
(c-e) FESEM images of 5-MnO, at different magnifications; (f) CV of 8-MnO, and O-SnS at 100 mV/s and (g) CV and (h) specific capacitance
at different scan rates of 8-MnO,//O-SnS asymmetric cell. (Reproduced with permission from Ref. [74], 2018, RSC)

stability is better in NaOH because the charge is stored
at the surface that leads to the stability of active material,
whereas in KOH continuous intercalation/deintercalation
deforms the crystal structure. Asymmetric coin cell super-
capacitor (ACC) assembled with activated carbon anode
delivered 18.46 Wh/kg energy density at 699.5 W/kg power
density with 97.3 % cycling stability after 2000 cycles. Apart
from MnO,, iron oxides, especially Fe,O; and Fe;0, have
been widely used in supercapacitors due to their abundant
nature, easy accessibility, low-cost, and non-toxicity.
However, to overcome the limitation of poor electronic
conductivity to some extent, iron oxide can be grown over
conducting substrate or nanostructures by altering the
reaction conditions, which reduces the path length trav-
eled by electrons. Li et al. have grown Fe, 03 nanoparticles
on activated carbon cloth (CC) by simple hydrothermal

synthesis.[*’] Fe,0,@CC showed 570 F/g (1472 mF/cm?)
capacitance at 2 mA/cm? current density in the potential
window of —1.0-0.0 V. Better performance of active mate-
rial is due to the large surface area, porous network, and
high conductivity of CC. Capacitive contribution is esti-
mated to be 61% of the total charge stored by Fe,O;@CC at
4 mV/s. Moreover, when coupled with Mn(OH), positive
electrode, the Mn(OH),//Fe,0;@CC ASC delivered a
volumetric energy density of 512 mWh/cm? at a vol-
umetric power density of 14.24 mW/cm? and retained
3.57 mWh/cm?® energy density even at a very high power
density of 123.57 mW/cm? in 1 M LiNO; electrolyte. The
ASC was also able to retain almost 97.1% of its initial capac-
itance after 8000 cycles within a wide potential window
of 0-2.0 V. 3D NiO is explored for supercapacitors because
of its highly reversible charge storage process, very high
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theoretical capacitance (>3700 F/g), low toxicity, and low
cost.[1927105] However, low electronic conductivityl!00-108]
and poor cycling stability due to volume alterations during
repetitive charge/discharge processes as well as active
material degradation during cycling limits their electro-
chemical performance.'®>"!] Zhang et al. fabricated 3D
hierarchical NiO nanosheets through a hydrothermal
method that demonstrated very high areal capacitance of
1.3 F/cm? at 4 mA/cm? and superior cycling stability.['!?]
The assembled ASC with NiO nanosheets as cathode and
Fe, 03 nanorods as anode has exhibited an energy density
of 12.4 Wh/kg and a maximum power density of 951 W/kg.
Meng et al. reported that NiO, synthesized through
perchlorate ion explosion, can deliver a capacitance of
1863 F/g at 0.5 A/g current density..'"*] Panigrahi et al.
fabricated V,05 3D array on carbon fabric that has exhib-
ited a specific capacitance of 1098 F/g at 5 mV/s scan rate
in 0.5 M K,SO,. Assembled SSC delivered 48.32 Wh/kg
energy density at 0.49 kW/kg power density with 92%
capacitance retention after 10,000 cycles at 15 A/g current
density.["] Similarly, several other 3D nanostructured
TMOs such as Mn,0; nanosphere/nanocube,'>! 3D
hierarchical Co;0,,!7%! 3D hierarchical architectures
of hydrous RuO,,!""%! plate-like MnO,!""” have shown
remarkable specific capacitances of 345 F/g, 321 F/g at
0.2A/g, 970 F/g at1 A/g, 743.8 F/g, 628 F/g at 20 A/g, and
680.6 F/g at a scan rate of 1 mV/s, respectively. Currently,
ternary TMOs have gained significant attention due to
their improved conductivity and richer faradaic reactions
than corresponding individual components. CuCo0,0,,!"'%]
NiMn, 04,1 ZnCo,0,,!"°! MgCr,0,,!*° and so on, have
been widely explored for high-performance supercapaci-
tor electrodes; among these CuCo,0, is most prominent
because of its intrinsic advantages such as superior elec-
trochemical activity, excellent conductivity, light weight,
and abundant resource.

Liu et al. fabricated CuCo,0, nano-urchin on nickel
foam substrate by using hydrothermal synthesis route and
subsequent thermal treatment as shown in Figure 7.[6%]
The 3D nano-urchin microstructure that consists of
numerous 1D porous nanowires of CuCo,0, has several
advantages such as (a) vacant spaces between nanowires
leads to easy penetration of electrolyte, (b) 1D structure
facilitates fast ion transportation due to reduced ion diffu-
sion path, (c) porous structure results in large surface area,
and (d) enhanced structural stability that improves the
cycling stability. The electrochemical studies revealed a
high specific capacitance of 1569.9 F/g at a current density
of 0.6 A/g, and 98% capacitance retention after 4000 cycles.
Further, ASC assembled with CuCo,0, as a positive and
AC as anegative electrode in 3 M KOH displayed an energy
density of 23.9 Wh/kg at a power density of 593.2 W/kg and
exhibited excellent cycling stability with 91.5 % capacitance

retention after 2000 cycles. Spinel structured NiMn,0,
nanoparticles were also synthesized by Ray et al. using a
sol-gel method.!”! It exhibited a capacitance of 875 F/g at
2 mV/s scan rate in 1 M Na,SO, electrolyte. The assembled
ASC with a potential window of 1.8 V demonstrated
an energy density of 75.01 Wh/kg at a power density
of 2250.91 W/kg. Similarly, MgCr,0, nanoparticles, !
Zny¢Mn, ,O, nanoparticles,'?°l CuCo,0, composite
octahedrons!"®] have also delivered excellent specific
capacitances. This infers that spinel are promising
materials for high-performance supercapacitors.

4.1.2 | 3D TMO-based composites

Pristine TMOs suffer from intrinsically low electronic
conductivity that results in poor rate performance and
hence, has hindered their widespread use in practical
supercapacitors. Making composites with other electron-
ically conducting materials like conducting carbon, CNTs,
graphene, polymer, Mxenes, and so on, can overcome
the limitation of low electronic conductivity to some
extent. Recently, carbon microelectromechanical systems
(C-MEMS) technology is used to fabricate conducting
carbon fibers on graphite substrate.l”!] Performance has
been improved by making a composite of highly porous 3D
carbon fiber structure with highly electroactive RuO,.[°!]
Maximum specific capacitance of 219.2 F/g is obtained for
RuO, 30 wt.%/CF composite at 0.5 A/g current density,
thatis nearly 2.27 times of pristine carbon fiber (CF). When
the current density is increased to 3 A/g, the composite
electrode still retained 54.8 % capacitance. An SSC was
fabricated using RuO, 30 wt.%/CF as electrodes material
that exhibited a gravimetric energy density 74.2 Wh/kg
with gravimetric power density 4333 W/kg. During the
stability test performed at a current density of 2 A/g, the
SSC retained 80.2% of the initial capacitance value after
3000 cycles. !l Binder-free RuO,/CF composite was syn-
thesized by Chung et al. using the incipient impregnation
method.!"”!] The amount of RuO, in the composite was
increased with the number of impregnation cycles. On
annealing the composite at 300°C, RuO, particles were
converted into wrinkle-like shapes and some amount of
hydrous RuO, was also converted into crystalline RuO,.
The specific capacitance of the composite was found to
depend on the amount of RuO, present in the composite;
it first increased then decreased with RuO, content.
The maximum specific capacitance obtained for 12.23%
RuO, loading, was 544 F/g at 2 mV/s in 2 M H,SOj.
Cycling stability decreased with an increased amount of
RuO, in the composite due to the fracture of carbon fiber
during the electrochemical reaction. At low loading, RuO,
particles are evenly distributed at the carbon fiber surface,
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FIGURE 7 (a-c) Schematic representation of CuCo,0, nano-urchin formation; (d) sketch and (e-h) TEM images of CuCo, 0,

nano-urchin; (i) CV at different scan rates, (j) GCD at different current densities, and (k) specific capacitance at different current densities of

CuCo,0, nano-urchin in 3 M KOH aqueous electrolyte system. (Reproduced with permission from Ref. [62], 2018, Elsevier)

but, when loading is high, then RuO, particles start
aggregating and form bigger isolating particles and lose
coordination with the fiber surface. Also, with increasing
RuO, loading in composites, crystalline RuO, content
increases but hydrous RuO, decreases. Crystalline RuO,
provides electron conductivity whereas hydrous RuO,
hosts proton in acidic medium, but overall capacitance
decreases with an increase in the RuO, loading in the
composite. To augment the performance further, hybrid
composite of TiO,/RuO, was synthesized by Park et al.
using combustion driven synthesis method in which self-
propagating combustion waves pass through the precursor
material TiO, and nitrocellulose provide the sacrificial

layer of carbon on TiO,,[*°! as shown in Figure 8. The

sacrificial layer was later replaced with RuO, nanopar-
ticles by immersing hybrid composite in a solution of
KRuO,. This synthesis method gives two morphologies
namely, core-shell TiO,@RuO, (CSTR) nanostructures or
RuO, clusters embedded with TiO, nanoparticles (RCET)
depending on the reaction parameters. CSTR showed
excellent gravimetric capacitance of 1200 F/g at 0.5 A/g
current density while RCET only gave 760 F/g. CSTR
also exhibited outstanding cycling stability of 95.2% after
10,000 cycles which is far better than the commercial RuO,
capacitor (600 F/g capacitance and cycling stability 72%).
This outstanding performance is due to the fast diffusion
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(Reproduced with permission from Ref. [90], 2020, Elsevier)

of protons which is facilitated by an amorphous RuO, shell
and physiochemically stable TiO, core. Oxygen-deficient
binary hybrid material W;3O49-RuO, synthesized by
Lichchhavi et al. by simple hydrothermal method!'??! has
shown a superior specific capacitance value of 1126 F/g
at a scan rate of 1 mV/s and 1050 F/g at 1 mA, which is
better than the capacitance of 812 F/g at 1 mV/s reported
for pristine RuO, nanoparticles in 1 M H,SO,. Excellent
performance of hybrid material can be attributed to the
synergies between Wi30,49, With high conductivity due
to oxygen vacant sites and high surface area, and RuO,,
providing paths for fast ion movement and availability of
abundant active sites for electrochemical reactions.

Kuo et al. synthesized RuO,-Ta,05/Polyaniline (RuO,-
Ta,05/PANI) ternary hybrid composite by sintering and
electrodeposition.'23] Hybrid composite exhibited a capac-
itance of 428 F/g at 0.5 mA/cm? current density. It also
showed a maximum energy density of 26.7 Wh/kg at a cur-
rent density of 0.5 mA/cm? and a maximum power density
of 2.4 kW/kg at a current density of 4.0 mA/cm?. The syn-
ergistic effect of Ru0,-Ta,05 porous structure and PANI
nano-fibrous structure with high conductivity of PANI
gives an improved performance as compared to single
active material. Zhang et al. synthesized the rich oxygen-
deficient bulk §-MnO,-Carbon composite (MnO,-C) by
complex induced chemical precipitation method.!**! The
overall electrochemical performance is enhanced as com-
pared to oxygen-rich MnO, due to the combined effect of

improved electronic conductivity, enhanced charge trans-
fers due to local electric field around oxygen vacancies,
and low diffusion energy barrier for reaction in MnO,-C.
MnO,-C when electrochemically characterized exhibited
a capacitance of 287 F/g at 1 A/g and could retain a capac-
itance of 225 F/g at a current density of 20 A/g. When
MnO,-C was combined with MoO;, anode, the assem-
bled ASC could provide an energy density of 54.2 Wh/kg
and a power density of 3.3 kW/kg. A cycling durability
test was also performed over 10,000 cycles, which showed
83.9% capacitance retention. Vanadium doped a-MnO, (V-
MnO,) was synthesized by Wu et al. using the hydrother-
mal method.'**! Vanadium doping gave enhanced elec-
tronic conductivity to V-MnO,. Within the potential win-
dow of —0.1 to 0.9 V (vs Ag/AgCl in 1 M Li,SO,), V-
MnO, showed a capacitance of 414 F/g at 5 mV/s scan
rate and could retain 136 F/g at 500 mV/s scan rate. The
assembled V-MnO,(+)//TizC,,(—) ASC delivered a capac-
itance of 76 F/g at 5 mV/s, and retained 53% of capaci-
tance at 200 mV/s. The ASC delivered an energy density of
46 Wh/kg, and even at a high power density of 3.2 kW/kg,
it could deliver an energy density of 36 Wh/kg.

Kumar et al. reported supercapacitive performance of
Mn;0, anchored over CNT prepared by direct decom-
position of Mn-hexacyanoferrate complex on CNT, as
shown in Figure 9.'*° The as-fabricated CNT- Mn;0,
composite electrode showed electrochemical activity
within the potential window of 0-0.8 V versus Ag/AgCl in
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(a) TEM, (b) HRTEM and (c) XRD patterns of CNT-Mn; 0, nanocomposite; comparison of (d) CVs (at 10 mV/s), (e¢) GCD

curves (at 1.12 A/g), and (f) specific capacitances of CNT and CNT-Mn;0, in 1 M Na,SO, electrolyte; (g) schematic illustration of

CNT-Fe;0,//CNT-Mn;0,4 ASC cell, its (h) cycling performance, and (i) Ragone plot comparing its performance with other ASCs reported in

the literature. (Reproduced with permission from Ref. [125], 2018, ACS)

1M Na,SO, electrolyte. The composite electrode exhibited
a capacitance of 453 F/g at 10 mV/s which is much higher
than the pristine CNT electrode. Excellent improvement
in the electrochemical performance of CNT-Mn;0, com-
posite as compared to pristine CNT can be explained by the
synergistic effects from pseudocapacitive Mn;O, and high
electronically conducting CNT. Redox reaction involved in
charge storage can be explained from Equation (15).[126:127]

MnO,(OH), + 6Na* + e~ < NasMnO,(OH),  (15)

CNT-Mn;0, composite electrode showed excellent elec-
trochemical stability over 16,000 cycles and retained
~100% capacitance during the process. When combined
with CNT- Fe;04, the ASC showed a capacitance of
1352 F/g at 10 mV/s within the potential window of
0.0-1.8 V in neutral 1 M Na,SO, electrolyte. moreover,

the ASC device exhibited excellent cycling stability by
retaining 100% capacitance even after 15,000 CV cycles.
Recently, Zhang et al. used triethanolamine (TEA) as a
complexing agent in the synthesis of MnO, by complex
induced chemical precipitation method to optimize the
engineering of Mn atoms in MnO,.['?8] Engineering of
Mn atoms increases electronic conductivity and generates
oxygen defects, while electron dislocation creates built-in
electric potential and results in fast electrolyte ion diffu-
sion. MnO,-TEA exhibited a capacitance of 417.5 F/g at a
current density of 1 A/g. The ASC assembled with MoOs._
anode delivered a high energy density of 57.4 Wh/kg at a
power density of 450 W/kg. Heydari et al. synthesized a
ternary composite of PANI/MoS,-MnO, by hydrothermal
method followed by electrochemical polymerization.!'>"!
Initially, a few layers of MoS, are exfoliated with specific
solvent followed by hydrothermal growth of MnO, over
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those MoS, sheets, and finally, PANI is polymerized
electrochemically over MoS,-MnO, composite. MoS,
provides sub-layer support to the structure, MnO, gives
a good electrochemical performance, and PANI provides
electronic conductivity to composite. Ternary composite
PANI/MoS,-MnO, delivered a capacitance of 479 F/g that
is better than binary composite MoS,-MnO, with a capaci-
tance of 358 F/g at 5mV/s. The SSC exhibited a capacitance
of 259 F/g at a current density of 1 A/g, delivered an energy
density of 35.97 Wh/kg at a power density of 500 W/kg, and
retained 94.1% of initial capacitance after 4000 cycles at a
current density of 16 A/g. Since, Fe-based oxides also suffer
from low electronic conductivity, low charge storage, poor
rate performance, and stability issues, various efforts
have been made to overcome these issues.'*’! Dai et al.
prepared porous core-shell Fe,O;@Fe;C@C nanochains
and used them for electrochemical supercapacitors.’>!]
Fe,0;@Fe;C@C showed 611 C/g capacity at a current den-
sity of 1 A/g with good rate capability. The ASC NiCo-CHH
(carbonate hydroxide hybridized)//Fe,0; @Fe;C@C deliv-
ered an energy density of 95.2 Wh/kg at a power density of
1767.3 W/kg with moderate cycling stability of 84.2% after
10,000 cycles at a current density of 10 A/g. The composite
showed a BET surface area of 150 m?/g and porous struc-
ture with pore size within 3-15 nm, that leads to abundant
charge storage and better cycling stability. The synergic
effect between porous nanostructure of pseudocapacitive
Fe;C and Fe,03 and highly conductive carbon gives rise
to an enhanced performance of the composite. Raut et al.
deposited MWCNTSs on stainless steel (SS) substrate by
dip and fry method followed by the deposition of Fe,0;
nanoparticles by successive ionic layer adsorption and
reaction (SILAR) method.[®"! The solid-state symmetric
supercapacitor (SSS) assembled with MWCNTSs/Fe, 05
in polyvinyl alcohol (PVA) LiCl gel electrolyte showed
capacitance of 70.2 F/g at a current density of 0.57 A/g and
delivered an energy density of 9.74 Wh/kg (equivalent to
24.36 mWh/cm?) at a power density of 487 W/kg (equiva-
lent to 1218 mW/cm?). Moreover, the SSS demonstrated a
good cycling stability with 75% capacitance retention after
1500 cycles. It has been demonstrated that Fe;0, compos-
ites with conducting polymer reduce the degradation of
material during electrochemical reaction. For example,
Fe;0,4-PANI composite prevents decaying of the electroac-
tive materials as well as increases the capacity.!'**] PANI
is a non-toxic and low-cost conducting polymer. In the
composite, it acts as a shell to active material preventing
degradation and hence increasing the cycling stability as
well as capacity.'**13] Recently, Javed fabricated Fe;0,
nanoparticles decorated on PANI by low-temperature
hydrothermal method.!'**! Fe;0, nanoparticle showed
capacitance of 1351.13 F/g at a current density of 1 A/g
that is further improved in Fe;0,/PANI composite with

a capacitance of 1669.18 F/g at similar current densities.
Moreover, the capacitance retention increased from 92% to
96.5% during 25,000 GCD cycles at 15 A/g after the PANI
modification. Enhanced performance can be attributed
to enhanced electron conductivity and mesoporous
network of Fe;O04/PANI composite. PANI increases the
conductivity of Fe;0,/PANI composite because it forms
a covalent bond with Fe;0, nanoparticles responsible for
pseudocapacitive charge storage.l*’! Other than oxides
of ruthenium, manganese, and iron, cobalt-based oxides
are also explored widely because of their high theoretical
specific capacitance of 3560 F/g.!'**] Recently, Rashti
et al. used zeolitic imidazolate framework-67 (ZIF-67)
for designing porous nanostructure of Co;0,/NiCo,0,
composite.[*°] The composite has shown a capacitance of
770 F/g at 1 A/g current density with 80% rate capability
when the current density is increased to 20 A/g and
a 70% capacitance retention after 10,000 cycles. The
assembled Co;0,4/NiCo,0,//AC ASC delivered an energy
density of 38.8 Wh/kg at a power density of 10 kW/kg.
Also, NiO/Ni/CNT composites have demonstrated a
capacitance of 777.5 F/g at a current density of 1 A/g [14°]
and NiO-rGO composite could deliver a capacitance of
171.3 F/g at 0.5 A/g."*!] Samuel et al. prepared ZnO/MnO,
nanoflowers for supercapacitor electrodes.'*2! First, ZnO
nanoflowers were prepared over Ni nanocubes then MnO,
was deposited over ZnO nanoflower petals. A capacitance
of 556 F/g at 1 A/g could be achieved for the ZnO/MnO,
nanocomposite along with 96% cycling stability after
10,000 cycles in Na,SO, electrolyte. Charge storage
reaction for ZnO-based electrodes involves the interca-
lation/deintercalation of Na't ions into ZnO structure
according to the following Equation (16).

ZnO + Nat + e~ < ZnO — Na (16)

The flower-like morphology and intermediate voids allow
easy electrolyte wetting and fast-ion movement for better
charge storage. Moreover, the reversibility of reactions is
enhanced with the help of pseudocapacitive MnO,, which
helps in better absorption of electrolytic ions.[*! The SSC
operated within the potential window of 0-0.9 V, delivered
energy and power densities of 16 Wh/kg and 225 W/kg,
respectively. Wang et al. reported the synthesis of highly
ordered NiO/ZnO p-n heterojunction using a soft template
and facile hydrothermal methods.[°*] The bimetallic oxide
composite has shown a capacity of 1394 C/g at 1 A/g and
can retain a capacity of 560 C/g at 20 A/g. The p-n junction
formed at the interface of NiO and ZnO facilitates charge
transfer, whereas a highly porous 3D structure delivers
enhanced storage performance. Yang et al. prepared
B-Bi,O3; nanoparticles decorated on rGO nanosheets
using the hydrothermal method.!'**] The composite has
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achieved a capacitance of 196 F/g at 1 A/g in 1 M KOH
electrolyte with cycling stability well above 99% after 3000
cycles. Sun et al. deposited V,05 particles over vertically
aligned CNTs to form V,05/VACNTs composite. The
composite has delivered an energy density of 32.3 Wh/kg
with a power density of 118 W/kg and 76% capacitance
retention after 5000 cycles.'**! In recent years, spinel
metal oxide nanoparticles have emerged as promising
materials for energy storage applications.'*>l Also,
carbon-doped with heteroatoms have shown improved
performance because of the change in electron arrange-
ments and enhancement in the electron donor properties.
Furthermore, dual heteroatom doping leads to superior
performance due to synergistic effects. Inspired by these
facts, Li et al. synthesized sulfur and nitrogen co-doped
activated CoFe,0,@C nanotubes.!'*°! The synergistic
effect between spinel metal oxide, heteroatom doping,
and sp? hybridized carbon leads to a superior capacitance
(1053.60 F/g at 1 A/g) in KOH electrolyte, high energy and
power combination as well as good capacitance retention
(93.15% at 30 A/g after 5000 cycles). Mijailovi¢ et al.
reported core-shell carbon fibre@Co; sMn; ;0,4 composite
electrode consisting of redox-active shell (Co;sMn;s0,4)
and conductive core (carbon fiber).l'*”] Benefitted by the
synergies between component materials, the core-shell
structured electrode exhibited a capacitance of 384 F/g
at 0.28 A/g in half-cell configuration, along with a good
cycling stability, similar 3D spinel-based composite elec-
trodes like VCFs@MnCo,0,,["*8] have shown improved
specific capacity of 48.4 mAh/g at 2 A/g as compared to
pristine MnCo, 0y, indicating effectiveness of the process
of composite formation to get the benefit from individual
component materials.

4.2 | 2D TMO-based materials for
supercapacitors

2D materials have shown significant potential in elec-
trochemical energy storage devices due to the following
merits:

* Ton diffusion pathways are minimized significantly
due to ultrathin thickness (one atomic layer thick for
graphene) and large lateral size in a 2D layered porous
structure.

* Surface atoms are exposed from both the sides of 2D
sheets that leads to a very high specific surface area and
provides abundant active sites for electrochemical reac-
tions. The 2D structure also results in a large interface
between electrode and electrolyte and hence the ionic
resistance is minimized.

* In-plane defects in 2D materials act as active sites
to enhance the charge storage capacity, and thus

lead to higher specific capacitance and energy-power
densities.

* The 2D hierarchical porous structure facilitates long
cycling stability because volume changes during
charge/discharge cycles can be greatly buffered by the
free space between interlayers.!2+14]

Hence, the 2D TMOs have huge potential to be exploited
as electrodes for high-performance supercapacitors. In
the following subsections, we will discuss the design and
electrochemical performance of various 2D pristine TMOs
and their composites.

4.2.1 | Pristine 2D TMOs

So far TMO based electrodes have demonstrated electro-
chemical performance far below their theoretical limits
that can be attributed to their intrinsic low-conductivity,
short carrier-diffusion lengths, and so on, and hence
their limited applications in practical devices. How-
ever, researchers have come up with possible solutions
with (a) surface kinetics modification,[">*>'5! (b) binder-
free composite fabrication using conducting substrate
such as graphene,'2! carbon,""'>*] and metal porous
foams!'5*150]; and (c) synthesis of 2D nanostructures with
high porosity and surface area.l'””'8] In this regard, Zhao
et al. has grown oxygen-deficient ultra-thin nanosheets
of MnO, on Ni foam substrate by hydrothermal method
followed by vacuum annealing."! Vacuum annealing
changes some Mn** to Mn**. Maximum specific capaci-
tance is obtained at a current density of 1 A/gis 522.5F/gin
1M Na,S0, electrolyte. When MnO, ultra-thin nanosheets
cathode is assembled in an ASC with activated carbon
anode, it worked in a wide potential window of 0-2.0 V
in aqueous 1 M Na,SO,. Also, the ASC exhibited an
energy density of 18.6 Wh/kg at a specific power density
of 1 kW/kg. A cycling stability test is also performed over
5000 cycles, during which the ASC retains 95.3% of its
initial capacitance value. Defect engineering can change
the electronic and internal structure of MnO,. In this
case, oxygen deficiency increases the electronic mobility
of MnO, as well as generates more surface-active sites
responsible for superior performance. Similarly, Samal
et al. synthesized 2D layered §-MnO, by microwave irradi-
ation method and then oxygen vacancies were created with
UV/0; treatment.[*®] Oxygen deficient §-MnO, (5-MnO,-
UVT) have more surface area, electronic conductivity, and
electroactive sites. 5-MnO,-UVT and pristine §-MnO, have
shown capacitances of 609.6 F/g and 411.1 F/g, respectively,
in KOH electrolyte at a current density of 8 A/g. The assem-
bled -MnO,-UVT//F-MWCNT ASC displayed a potential
window of 0-1.5 V and exhibited a capacitance of 125 F/g
at 0.5 A/g, an energy density of 39 Wh/kg at a power
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(f) specific capacitance of bowl-like MnO, nanosheets at different current densities in 1 M Na,SO, electrolyte and its (g) charge transfer
mechanism illustration. (Reproduced with permission from Ref. [161], 2018, Elsevier)

density of 468.7 W/kg, and a cycling stability of 84.7%
after 5000 cycles. Several other TMOs with 2D nanostruc-
tured morphologies of manganese oxide such as Mn,0;
nanowalls thin film,'%°] bowl-like MnO, nanosheets, %]
MnO, nanosheets,!'®?] and so on, have also been designed
and fabricated which have exhibited high specific capaci-
tance as well as energy-power density values. Liu et al. fab-
ricated bowl-like MnO, nanosheets by template-assisted
hydrothermal method as shown in Figure 10.1'®'] In the
half-cell system, it displayed 379 F/g at 0.5 A/g current den-
sity and retained 87.3% capacitance after 5000 cycles. The
excellent performance is due to a unique nanostructure

with several benefits such as high surface area, higher elec-
troactive sites for redox reactions, and short channels for
diffusion.

Further, hierarchical porous ultrathin nanosheets of
Co30, are deposited on Ni foam (NF) with the help of
PVP as directing agent by Kang and co-workers.['*] The
P-Co;0,-NS@NF achieved a capacity of 1196.5 mC/cm?
at a current density of 5 mA/cm?, with a capacity reten-
tion of 105% after 5000 cycles. In full-cell configuration,
the P-Co;04-NS@NF//AC ASC showed a capacitance of
141.6 F/g at 1 A/g and could deliver an energy density
of 51.7 Wh/kg at a power density of 1125 W/kg along
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with 91.8% capacitance retention ability after 15,000 cycles.
The porous structure and ultrathin nanosheets (4 nm
in thickness) promoted deep diffusion of ions inside the
active material leading to enhanced performance. Simi-
larly, Co;04 nanosheets are also fabricated by Umar et al.
using the hydrothermal synthesis route.[®’] The prepared
electrode has shown enhanced specific capacitance of
1455.64 F/g at 1 A/g current density in 3 M KOH elec-
trolyte. The assembled SSC has shown an energy density of
22.51 Wh/kg and maximum power density of 311.68 W/kg
at 1 A/g with capacitance retention of 82.52% after 2000
cycles. The ASC also exhibited good electrochemical stabil-
ity with 94.1% capacitance retention after 2000 cycles. Like-
wise, ultrathin nanosheets of Co;04 on nickel foam pre-
pared by Zhou et al. using a hydrothermal route, exhibited
a high specific capacity of 882 C/g at 2 A/g, and the assem-
bled ASC has demonstrated an excellent energy density of
66.6 Wh/kg at a power density of 2250 W/kg.['*] Sethi et al.
designed and synthesized NiO nanoflakes using mixed
solvent solvothermal method at low temperature.l%] NiO
nanoflakes showed a specific capacitance of 305 F/g at
5 mV/s scan rate in 2 M KOH electrolyte with high-rate
capability and cycling stability. However, the assembled
SSC could only deliver an energy density of 5.3 Wh/kg at a
power density of 225 W/kg with a cycling stability 84% after
5000 cycles measured at 8 A/g.

2D nanostructures of spinel-based TMOs are fascinating
from energy storage perspective and ZnCo,0y, is particu-
larly attractive due to its natural abundance, low toxicity,
and multiple compositions. However, poor efficiency of
material utilization and low electronic conductivity are
some of the challenges that need to be addressed. To
overcome these obstacles, researchers combined ZnCo,0,4
nanostructures with carbon-based materials and con-
ducting metals, and also introduced oxygen vacancies
to enhance conductivity. This idea was implemented by
Xiang et al. as they synthesized ZnCo,0, nanosheets
with oxygen vacancies using a hydrothermal method and
NaBH, reduction treatment.['®] The prepared superca-
pacitor electrode exhibited excellent specific capacitance
as high as 2110.6 F/g at 1 A/g. Electrochemical results
revealed improved electronic conductivity and rich active
sites of the prepared oxygen-deficient electrode material.
Interestingly, the assembled ASC delivered a high energy
density of 34.6 Wh/kg at a power density of 160 W/kg.
Similarly, Sahoo et al. prepared Fe-Ni-Co ternary oxide
nanoflake arrays on nickel foam substrate.['®°! The
prepared electrode displayed a specific capacitance of
867 F/g and retained 92.3% of capacitance after 10,000
cycles. The assembled ASC delivered an admirable energy
density of 40 Wh/kg and retained 87.4% of its initial
capacitance value after 5000 cycles. The electrochemical
performance of iron oxide-based electrodes is enhanced

by combining it with highly conductive metallic nickel
and high-capacity Co.l'®! Also, a 2D Cu-Ni-Co ternary
metal oxide nanoflake array was synthesized by Hussain
et al. using hydrothermal routel'%’! that exhibited superior
specific capacitance of 2615 F/g at 1 A/g. Similarly, Zn-Ni-
Co oxide on Ni foam,!"*8! and CuCo,0, nanosheets on Ni
foam!'®] have displayed excellent specific capacitances
of 1837 F/g and 1595 F/g, respectively, at a current density
of 1 A/g. From the foregoing, it can be surmised that
2D mixed structures grown on Ni foam are appealing as
supercapacitor electrodes.

4.2.2 | 2D TMO-based composites
Electrochemical performance of 2D electrode materials
can be improved further by composite formation with
other electroactive materials. This results in a further
increase in the electrochemically active sites, facilitation
of electron and ion movements owing to the synergies
between different component materials in the composite
structure. Recently, for the first time, Mao et al. prepared
Ag,0 intercalated hollow MnO, (Ag,0-HMnO,) by a
facile in-situ growth and self-sacrificing template method
as shown in Figure 11.["° Hollow inner space acts as
the channel for fast-ion transportation whereas the vast
space between neighboring MnO, nanosheets acts as a
reservoir for the diffusion/storage of ions. Benefitted by
such an interesting structure, the Ag,0-HMnO, electrode
exhibited a capacitance value of 374 F/g (5.4 F/cm?) at a
high mass loading of 14.52 mg/cm?. When assembled in
an ASC, the Ag,0-HMnO,//PANF@a-FeOOH ASC could
deliver a high volumetric energy density of 7.33 mWh/cm?
at a power density of 1.93 W/cm? that is around six times
higher than the performance exhibited by the ASC assem-
bled with pristine MnO,. The ASC has shown excellent
cycling performance, with 95.25% retention of initial
capacitance after 12000 cycles. Improved performance
of Ag,0-HMnO, can be attributed to its hierarchical
porous structure which prevents buffer solution variation,
accommodate internal strain, prevents structure collapse
and MnO, aggregation.

Also, the heterostructure of CuCo,0, and MnO, is
synthesized by Chanda et al.l'”'! First copper cobaltite
(CuCo,0,) is grown on carbon fabric by simple hydrother-
mal method followed by hydrothermal deposition of MnO,
nanosheets. The nanocomposites have shown excellent
electrochemical performance owing to the morphology-
controlled nanoforms and high electronic conductivity
of the carbon fabric. As a result, the nanocomposite
displayed a capacitance of 1458 F/g at a current den-
sity of 0.5 A/g and a good cycling stability with 93%
capacitance retention after 5000 cycles. The assembled
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SSC device delivered an energy density of 64.1 Wh/kg
and a power density of 1.5 kW/kg. Huang et al. synthe-
sized Mn;0, nanoflakes/reduced graphene oxide compos-
ites with moderate pore size and (O = )C-O-Mn bonds.[%°!
Chemical precipitation method was used to grow Mn;0,4
nanoflakes on the graphene oxide surface. Structural sta-
bility of electrode is due to the (O = )C-O-Mn bonds
between Mn;O, and graphene as a result of annealing.
The 5-10 nm pore size of Mn;0, leads to improved elec-
trolyte ion diffusion and enhanced charge storage capac-

ity. The composite exhibited remarkable electrochemi-
cal performance with a specific capacitance of 351 F/g
at 0.5 A/g and 80.1% capacitance retention after 10,000
cycles. The assembled Mn30,/rGO(+)//AC(—) ASC deliv-
ered 36.76 Wh/kg energy density with 93.5% capacitance
retention after 5000 cycles. Oxygen deficient Co;0, also
exhibited enhanced performancel'’?! due to improved
ionic and electronic conductivity, more electroactive sites,
increased carrier concentration,'”?] and also change in
chemical properties owing to structural modification with-
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out sacrificing structural stability.'”] Oxygen vacancy
also generates a built-in electric field inside the mate-
rial at the nano-level.l'’”! Zhang et al. used an effec-
tive NaBH,-assisted cyanogen hydrolysis method for the
synthesis of oxygen-deficient ultrathin Co;04 nanosheets
(NSs) on CNT surface and named it as Co;0,4-NSs/CNT.
The Co030,4-NSs/CNT nanocomposite with 5 wt.% CNT
achieved a capacitance of 1280.4 F/g at a current den-
sity of 1 A/g and demonstrated an excellent cycling stabil-
ity with 112.5% capacitance retention after 10,000 cycles.
Moreover, the Co;0,4-NSs/CNT//rGO ASC has delivered
an energy density as high as 37.2 Wh/kg at a power
density of 160.2 W/kg. Oxygen deficiency, the high sur-
face area of ultrathin nanosheets, and synergy between
conducting CNT and pseudocapacitive Coz;O,4 NSs result
in enhanced electrochemical performance. In general,
nanocomposite morphology provides enough adsorp-
tion/desorption sites for ions, better electronic conductiv-
ity, and fully exposed surface-active sites for electrochem-
ical reactions.'”®l Co;0,-NSs/CC treated with NaBH,
delivers a capacitance of 920 F/g at a current density of
1 A/gl'77] Similarly, Hu et al. prepared Co;0,@NiMoO,
core@shell hierarchical nanosheets arrays decorated on
Ni-foam via facile two-step method followed by heat
treatment.!'”8] Co,0, nanosheets as “core” derived from
MOF provide higher active surface area, high ionic con-
ductivity, and abundant active chemical sites for further
growth of NiMoO, nanosheets as “shell.” The core@shell
composite exhibited areal capacitance as high as 2.3 F/cm?
at a current density of 1 mA/ cm?, and could retain 73%
capacitance at a high current density of 20 mA/cm?, which
is better than pristine Co;0,4. The charge storage mecha-
nism in such core@shell structure could be summarized
as follows.

Co030,4 + OH™ « 3CoOOH + e~ 17)

CoOOH + OH™ « Co0, + H,O + e~ (18)

NiMoO, + OH™ «< NiMoO,OH + e~ (19)

When assembled with AC anode, the

Co3;0,@NiMo0,//AC ASC delivered an energy den-
sity of 0.249 mWh/cm? at a power density of 1.6 mW/cm?
along with 80.7% capacitance retention after 4000 GCD
cycles at a current density of 10 mA/cm?. To meet the
demand for future electrochemical energy storage devices,
rational fabrication of electrode materials with hierarchi-
cal structure and diverse components is the promising
way forward. Stimulated by the idea, Yin et al., for the
first time, used a network of hafnium carbide nanowires
(HfCNWs) as a frame on carbon cloth to support porous
NiCo,0, nanosheets.”?] The hafnium carbide nanowires
act as a conductive framework with high surface area

and excellent physical/chemical stability. The core-shell
NiCo,0,NSs@HfCNWs/CC displayed superior specific
capacitance of 2102 F/g at 1 A/g current density with
remarkable rate capability (capacitance retention of 85% at
a high current density of 20 A/g) and an excellent cycling
stability (capacitance retention of 98% after 5000 cycles
at 10 A/g) due to the intrinsic structural merits. Further,
the assembled NiCo,0,NSs@HfCNWs/CC//AC/CC ASC
exhibited an outstanding energy density of 53 Wh/kg
at a power density of 800 W/kg. Also, Zhao et al. have
grown hierarchical NiCo,0,@Ni, 5sCo,45Sg composite on
nickel foam substrate using electrodeposition process
followed by annealing.!”!] The vertically grown NiCo,0,
nanosheet arrays act as a frame for the subsequent growth
of Ni, sCo, 5Sg nanosheets that result in enhanced active
sites for redox reactions. The electrode material displayed
a high discharge capacity of 369 mAh/g. Similarly, het-
erostructure arrays of NiMoO, nanoflake on N-doped
graphene,'"””! and Cow0,/CoMn,0, nanoflake compos-
ite on nickel foam substratel’®"] have shown excellent
capacitance values of 1913 F/g at 1 A/g and 2259.6 F/g at
1 A/g, respectively. These studies put forward the idea
of rational design and construction of 2D TMO-based
hierarchical composites for high-performance energy
storage devices.

423 | 1D TMO-based materials for
supercapacitors

1D structures including nanowires, nanotubes, nanorods,
nanofibres, and so on, are the most widely explored struc-
tures for supercapacitor electrodes.!'®!] The essence of
using 1D nanostructures for electrodes in supercapacitors
is that the linear channel in 1D provides direct path for
fast movement of electrons, promoting transmission of
electrons as compared to the electrodes made of nanopar-
ticles where the scattering events give rise to a high
internal resistance. Also, in the case of nanotubes, the
added advantage comes from the hollow structure which
serves as a buffer tank for the electrolyte leading to higher
active contact sites due to the large accessible surface
area than nanowires/nanofibres.'**! Thus, 1D electrode
structures play a vital role in improving the overall per-
formance of supercapacitors. The detailed charge storage
mechanisms and electrochemical performance of 1D
TMOs and their composites are explained in the following
subsections.

42.4 | Pristine 1D TMOs

As discussed earlier, nanostructured materials that have
a high surface area and low diffusion path length are
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promising for supercapacitor electrodes. 1D nanostruc-
tures are advantageous because they provide efficient ways
for the flow of electrons to the current collector, short
ion-diffusion pathways for fast-ion migration, exhibit good
reversibility, mechanical stability, and hence, good cycling
stability.

Susanti et al. reported the synthesis of anhydrous RuO,
nanorods encased in hydrous RuO, through chemical
vapor deposition followed by electrodeposition.82] A
densely packed nanorod structure provides connecting
backbone for easy electron migration during redox reac-
tions, whereas abundant void spaces between nanorods
facilitate infiltration of electrolytic ions. Thermally
reduced nanorods encased in hydrous RuO, showed a
capacitance of 520 F/g at 5 mV/s, which is higher than
260 F/g observed for the hydrous RuO, coated as-grown
nanorods. Hu et al. demonstrated the synthesis of hydrous
RuO, nanotubes using a membrane-template assisted
route.l'®3] Nanotubes are electrodeposited inside the pores
of AAO-coated graphite substrate followed by annealing
at 200°C for 2 h. The total specific capacitance of hydrous
RuO, nanotubes was enhanced from 740 to 1300 F/g
when they were annealed in air. Moreover, the nanotubes
have shown stable electrochemical behavior within a
potential range of 0-0.8 V delivering energy and power
densities of 7.5 Wh/kg and 4320 kW/kg, respectively, at
an applied frequency of 4 kHz, and delivering the perfect
performance for an advanced supercapacitor.

Pristine MnO, based 1D nanostructures have been
widely investigated as supercapacitor electrodes. Yang
et al. designed a low-cost solid-state ASC with MnO,
nanowires as cathode material grown on flexible carbon
cloth substrate using a facile hydrothermal method.['8*]
The densely packed MnO, nanowires have demonstrated
an areal capacitance of 150 mF/cm? (equivalent to a
specific capacitance of 197.4 F/g) at a discharge current
density of 1 mA/cm? (equivalent to 1.4 A/g). Even at a high
current density of 10 mA/ cm?, the nanowires could retain
73.6% of its initial capacitance, indicating excellent rate
capability that can be owed to the outstanding conductivity
of carbon cloth substrate. Maiti et al. reported a cocoon-
like morphology with interconnected MnO, nanowires
as a supercapacitor electrode.s°! Increased surface area,
coexistence of micropores and mesopores, and enhanced
electron transport in these interconnected nanowire
networks result in a capacitance of 775 F/g at a scan rate of
2mV/sin 3 M aqueous KOH solution and within a poten-
tial window of —1 to +1 V. The assembled SSC delivered an
enormous energy density of 344 Wh/kg at a current density
of 0.2 A/g in 3 M KOH solution, however, it could retain
only 1.7 Wh/kg as the current density was increased to
5 A/g, along with delivering a power density of ~6 kW/kg.
During cycling analysis, pristine nanowires showed only

13% capacitance retention in 3 M KOH after 1000 cycles.
However, the cycling performance measured in 3 M KOH
+ 0.1 M K,Fe(CN)g electrolyte demonstrated more than
100% capacitance retention after 3000 cycles, which can be
owed to the Fe(CN)y*~/Fe(CN),>~ redox system that acts
as electron buffer source preventing capacitance fade once
the equilibrium is established. Xu et al. synthesized inter-
connected nanowires of MnO, with weed-like morphol-
ogy grown on carbon cloth substrate by a hydrothermal
method.!"%°] The unique structure has a large interface sur-
face area, and allows rapid electrolyte diffusion through
its hollow/open framework and fast electron transfer
through the carbon skeleton. The electrode exhibited a
high specific capacitance of 1174.3 F/g at the moderate cur-
rent density of 2 A/g, excellent rate capability with ~79%
capacitance retention as the current density was increased
to 40 A/g, and an excellent cycling stability with a negligi-
ble 0.1% decay in specific capacitances after 10,000 cycles.
Further, Chou et al. reported electrochemical deposition of
MnO, nanowires on carbon nanotube paper to be used as
a free-standing, flexible supercapacitor electrode.!'¥”! The
as-synthesized electrode delivered a specific capacitance
of 167.5 F/g at a current density of 77 mA/g within the
potential window of 0.1-0.8 V, along with 60% capacitance
retention even when the current density was increased
by 10 times. The composite paper could retain more than
88% of initial capacitance after 3000 cycles measured at a
current density of 770 mA/g in 0.1 M Na,SO, solution.

In-situ growth of MnO, nanorod forest is reported by
Shah et al.’*8! The binder-free self-supported nanorod
forest network achieved a capacitance of 961F/g at
1mA/cm? in 1mol/L Na,SO, electrolyte. The nanorod net-
work also retained 92% of its initial capacitance after 5000
cycles measured at a current density of 5 mA/cm?. Jay-
achandran et al. synthesized MnO, nanorods by simple
hydrothermal method.[%*! a-MnO, nanorods have tunnel-
like structure, so it can store charge in tunnels by insertion
and de-insertion of electrolyte ions, also by the adsorption
of ions at the surface of active material. a-MnO, nanorods
showed a capacitance of 570 F/g at a current density of
1 A/gin 1M Na,SO,4 + 0.5 M KOH electrolyte solution,
and could retain 80 % of its initial capacitance as the cur-
rent density increased to 10 A/g. Cycling stability was 80%
after 10,000 cycles. Here, the Nat ions are mainly adsorbed
at the surface because of their larger size, and the smaller
sized K™ ions could easily intercalate inside the tunnels fol-
lowed by redox reactions. Yousefi et al. synthesized 1D «-
MnO, nanorods using cathodic electrodeposition followed
by heat treatment.['*"] The nanorod exhibited BET surface
area 93 m?/g and a specific capacitance of 338 F/g at a scan
rate of 10 mV/s.

As nanotubes offer additional surface area for redox
reactions due to their hollow interior, tubular electrode
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structure is far more suitable for high-performance stor-
age system as compared to solid nanowires or nanorods.
Xiao et al. demonstrated the growth of single crystalline
a-MnO, nanotubes by hydrothermal method without
the assistance of template, surfactant, or heat treatment
methods.['°! As supercapacitor electrode, the nanotubes
showed specific capacitance values of 220, 213, 196, 175,
152, and 136 F/g at scan rates of 5, 10, 20, 50, 100, and
200 mV/s, respectively, within a potential window of 0-
0.9 V. Excellent pseudocapacitive properties are attributed
to a nanotubular microstructure and a large tunnel cav-
ity in the a-MnO, crystal structure. Further, tubular struc-
ture of MnO, is synthesized by Zhu et al. by simple
hydrothermal method using carbon nanofibres as a sacrifi-
cial template.!'”!! The morphology was altered by changing
the reaction time as well as the annealing process, poly-
crystalline MnO, nanotubes were formed with less reac-
tion time whereas longer time favors hierarchical tubular
MnO, nanostructures. Supercapacitor with tubular MnO,
electrode demonstrated energy density of 21.1 Wh/kg at a
power density of 13.33 kW/kg with long cycle life.

Apart from RuO, and MnO,, significant research efforts
have been expended to develop 1D nanostructures of iron,
cobalt, and nickel-based oxides too. Lu et al. demonstrated
the synthesis of oxygen-deficient hematite (a-Fe,05) using
a simple hydrothermal method followed by annealing in
an inert atmosphere.['*] The process develops densely
packed a-Fe,03; nanorods on flexible carbon cloth sub-
strate. Post synthetic annealing in inert atmosphere results
in the formation of abundant oxygen vacancies into a-
Fe, 05 matrix that further increases electronic conductiv-
ity of the nanorods. Benefitted from improved conductiv-
ity, the a-Fe, 05 nanords exhibited a high areal capacitance
of 382.7 mF/cm? (equivalent to 89 F/g and 9.5 F/cm?®) at
a current density of 0.5 mA/cm? with a good rate capa-
bility and excellent stability (95.2% capacitance loss after
10,000 cycles). When assembled with a MnO, positive elec-
trode, the MnO,//Fe, 03 ASC delivered a high energy den-
sity of 0.41 mWh/cm? at a current density of 0.5 mA/cm?
and a high-power density of 0.1 W/cm? at a current density
of 6 mA/cm?. The long-term cycling stability of the ASC
device was tested at a scan rate of 200 mV/s that showed a
capacitance retention of 81.6% after 6000 cycles, revealing
its good cycling stability. A similar hydrothermal method
was also employed by Zhang et al. to prepare a-Fe,0;
nanorods on carbon cloth substrate.[''?] The electrode
showed an areal capacitance of 500 mF/cm? at 4 mA/cm?.
At high current densities of 6, 8, 10, and 12 mA/cm?, the
nanorods still possessed areal capacitances of 412, 300,
137, and 75 mF/cm?, respectively. At 12 mA/cm?, the a-
Fe, 05 nanorods retained 92.1% of the initial capacitance
after 3000 GCD cycles. Moreover, the NiO//a-Fe, 03 solid-
state ASC device delivered a capacitance of 57.2 F/g (equiv-

alent to ~229 mF/cm?) at 4 mA/cm? within a working volt-
age of 1.25 V. The device achieved an energy density of
12.4 Wh/kg, a maximum power density of 951 W/kg, and
85% capacitance retention after 10,000 cycles. Yang et al.
also synthesized a-Fe,0; nanotubes on the carbon cloth
substrate using a sacrificial template-assisted hydrolysis
method.!"*! Previously grown ZnO nanowires on carbon
fabric were used as template that was then immersed in a
solution containing Fe3* ions for the hydrolysis method.
During electrochemical analysis, the a-Fe,O3; nanotubes
achieved an areal capacitance of 180.4 mF/cm? (equivalent
to a specific capacitance of 257.8 F/g) at a discharge current
density of 1 mA/cm? (equivalent to 1.4 A/g). Even at a high
current density of 10 mA/cm?, the nanowires could retain
66.5% of its initial capacitance, indicating good rate capa-
bility.

Ali et al. synthesized cobalt oxide nanowires and eval-
uated the electrochemical performance in 3 M KOH elec-
trolyte, as shown in Figure 12.1"2] The electrode has dis-
played a specific capacitance of 1140 F/g at 1 A/g and
retained 93.3 % capacitance value after 5000 cycles.
The assembled Co;0, //AC ASC has shown a capac-
itance of 95 F/g at 1 A/g with a capacitance reten-
tion of 58.26 F/g at 15 A/g, which revealed a good
rate capability. Further, the ASC have demonstrated a
maximum energy-power densities of 18.20 Wh/kg and
11.80 kW/kg, respectively. The enhanced performance
can be attributed to the fast diffusion of ions within
the nanowire architecture, and rapid electron transfer
at the Co;0,4 nanowire electrode/electrolyte interfaces.
Rakhi et al. have demonstrated remarkable pseudocapaci-
tive performance of mesoporous Co;04 nanowires grown
hydrothermally on carbon paper substrate.l'>] Here, sub-
strate dependent self-organization of Co;0, nanowires is
reported. Brush-like morphology with Co;0, nanowires
completely surrounding the carbon fibers was observed
when carbon fiber paper was used as substrate, whereas
Co;0, nanowires were found to self-organize in flower-
like morphology on planar graphitized carbon paper sub-
strate. In half-cell configuration, brush-like and flower-
like morphologies exhibited specific capacitance values
of 1525 and 1199 F/g, respectively, at a current density of
1 A/g. In SSC configuration, the Co3;O4 nanowires with
brush-like and flower-like morphologies achieved maxi-
mum energy/power densities of 55 Wh/kg/71 kW/kg and
55 Wh/kg/37 kW/kg, respectively. Both electrode designs
exhibited excellent cycling stability by retaining ~91-94%
of their maximum capacitance after 5000 cycles of con-
tinuous charge-discharge. Similarly, Kunhikrishnan et al.
fabricated Co;0,4 nanorods using PVA-assisted hydrother-
mal route and post calcination process.'”! It exhib-
ited excellent electrochemical performance with a spe-
cific capacitance value of 1022 F/g value obtained from
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(a) Schematic representation of the synthesis of Co;0, nanowires and their (b, c) TEM and (d) HRTEM images; (e)

variation of specific capacitance with current density for Co;0, nanowires, (f) GCD profiles at different current densities for Co;0,//AC ASC
cell within the potential window of 0-1.5V, and (g) Ragone plot for the Co;0,//AC ASC cell. (Reproduced with permission from Ref. [192],

2018, IOP)

the cyclic voltammograms at a scan rate of 5 mV/s and
88% capacitance retention after 2000 cycles measured at
100 mV/s scan rate. The electrode exhibited a capaci-
tance of 954 F/g calculated using GCD profile at a cur-
rent density of 1 A/g. Paravannoor et al. synthesized porous
thin film NiO nanowires using cost-effective hydrother-
mal method.[®°! The electrochemical studies revealed a
high capacitance of 750 F/g and 88% capacitance retention
after 1000 cycles. Also, Fe,05 nanowire,!'%2! coaxial cable-
like Mn,0; nanofiber,'”! a-Fe,0; nanorods,!"?! and 1D
Co;0, nanostructures!'*! have also been investigated and
these structures have demonstrated good electrochemical
performance.

Recently, Kumar et al. synthesized Zn-Ni-Co-O
(Zn1.,xNi,Co,04; 0.2 < x < 0.8) nanorods using solvother-
mal method."°! With the increase in nickel content, the

size of the rods was found to decrease whereas capacity
was enhanced from 266 C/g to 463 C/g at 3.12 A/g. The
assembled hybrid aqueous SC exhibited energy density
values of 26.4-7.0 Wh/kg at power densities ranging from
787 to 2035 W/kg. Bai et al. fabricated comb-like NiCo,0,
nanoneedles on nickel foam substrate by pulsed laser
ablation method.!*’! The prepared electrode displayed
superior electrochemical performance due to the large
surface area (261.4 m?/g), porous structure, and con-
ductive nature of scaffold. It exhibited a capacitance of
1650 F/g at 1 A/g current density and retained 91.78%
capacitance after 12,000 cycles at 10 A/g. The assembled
ASC displayed a capacitance of 126.9 F/g at 1 A/g current
density with an energy density of 56.7 Wh/kg at 756 W/kg
power density. Other than these, spinel cobaltite MCo,0,
(M = Ni, Co, and Mn),??°] NiCoFeO, nanorods,>!
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and CoMn,0, nanofibres!®!! have been synthesized and
found to demonstrate good electrochemical performance
suitable for next-generation supercapacitors.

4.2.5 | 1D TMO-based composites

To further enhance the electrochemical performance of
1D TMO-based electrode materials, various composites of
nanostructured TMOs with other high surface areas, high
electronically conductive materials have been designed
and developed by researchers. For instance, Jeon et al. syn-
thesized carbon nanofibers (CNFs) by electrospun method
followed by the growth of RuO, nanorods over CNFs
by precipitation and recrystallization method at varying
temperatures.!’’?l Composites formed after heat treat-
ment at 220°C have shown the optimal performance.
RuO,-CNFs composite exhibited maximum capacitance of
188 F/g at 1 mA/cm? current density in 1 M KOH elec-
trolyte. Composite can retain 93% capacitance of the first
cycle capacitance even after 3000 charge/discharge cycles
at a current density of 1 mA/cm?. Moreover, fabricated
device delivered an energy density of 22 Wh/kg at power
density of 400 W/kg, and it could retain an energy density
of 15 Wh/kg when power density increased by 10 times.
Such performance is attributed to the mesoporous struc-
ture with high surface area and a large number of active
sites available in RuO,-CNFs composite. Mesoporous net-
work further provides better diffusion pathways for the
electrolytic ions to move inside the material which enables
the electrode to store a higher amount of charge. Due to the
presence of diverse oxidation states of metal oxides and an
excellent electronic conductivity of 2D MXene’s, their com-
posites demonstrate good electrochemical performance
with high energy-power densities, good rate capability, and
excellent cycling stability. Restacking issues with MXene
layers and poor electrical conductivity of TMOs are key
barriers to their efficient electrochemical performance
when these materials are used separately. However, to
address these challenges, unique manganese oxide/MXene
(MnO,/MXene) composite material was proposed by Mah-
mood et al.l>**] In between MXene layers, 50 nm thick
MnO, nanowires were grown to prevent restacking at the
same time increasing the surface area of the composite
electrode material. Unique control over the thickness of
nanowires not only allows them to be adjusted inside
the MXene layers but also provides a large surface area.
In comparison to individual MXene and MnO,, electro-
chemical investigations reveal that the MnO,/MXene com-
posite acts as an excellent electrode material for hybrid
SCs. The maximum specific capacitances of MXene, MnO,
nanowires, and MnO,/MXene composite were found to
be around 527.8, 337.5, and 611.5 F/g, respectively, with

the MnO,/MXene composite showing 96% of capaci-
tance retention after 1000 cycles. Recently, Allado et al.
fabricated binder-free bimetallic oxide composite.[294] §-
MnO,/Co30, metal oxide composites were deposited
on super-aligned electrospun carbon nanofibers (SA-
ECNFs) by low-current slow electrodeposition method. &-
MnO,/Co;0,@SA-ECNFs exhibited a specific capacitance
of 728 F/g whereas 6-MnO,@ SA-ECNFs could achieve
only 622 F/g at a scan rate of 5 mV/s in 6 M KOH elec-
trolyte. 6-MnO,/Co;0,@SA-ECNFs delivered an energy
density of 64.5 Wh/kg and a power density of 1276 W/kg
measured at 2 A/g. Cycling test was performed at 2 A/g
for 11000 cycles during which the device retained 71.8%
of initial charge. Co;0, and MnO, wrapped around car-
bon nanofibers provide more electron conduction path-
ways as well as enhanced surface area for improved per-
formance. Sarkar et al. fabricated nanoheterostructured
array of a-Fe,03;/MnO, nanowires via electrodeposition
followed by wet chemical deposition methods.[%8! The
idea was to make core-shell nanowire electrode in which
the MnO, “shell” stores charge through redox reactions
while the higher conductive a-Fe,0; “core” would trans-
fer electrons to the current collector. The a-Fe,03/MnO,
heterostructure electrode displayed an excellent specific
capacitance value of 838 F/g at 2 mV/s scan rate in 1 M
KOH electrolyte. Also, it exhibited an energy density of
17 Wh/kg with 30.6 kW/kg power density at 50 A/g cur-
rent density and an excellent cycling stability with only
1.5% capacitance fading after 1000 cycles. The outstanding
electrochemical performance is due to the unique geom-
etry of 1D heterostructure with a high surface area that
facilitates fast redox reactions and easy diffusion of ions
enabled by porous surfaces. To augment the idea further, a-
Fe,03/MnO, core-shell nanorod electrode was also fabri-
cated on carbon cloth substrate as shown in Figure 13.[2%]
The a-Fe,03/MnO, core-shell nanorod electrode exhibited
an areal capacitance of ~217.8 mF/cm? (equivalent to a spe-
cific capacitance of 322.6 F/g) at a scan rate of 10 mV/s
which is much higher than 176 mF/cm? (equivalent to spe-
cific capacitance of 251.4 F/g) obtained with the MnO,
electrode at similar scan rate. Moreover, the assembled a-
Fe,03/C//a-Fe,03/MnO,. core-shell nanorod ASC demon-
strated a volumetric capacitance of ~1.28 F/cm? at a scan
rate of 10 mV/s with nearly 78% capacitance retention at
the scan rate of 400 mV/s within a potential window of
0-2 Vin 1M Na,SO,. The ASC also delivered energy and
power density values of ~0.64 mWh/cm? and 155 mW/cm?,
respectively.

Similarly, Lu et al. reported H-TiO,@MnO, core@shell
nanowires as supercapacitive electrode to avail the higher
electronic conductivity of H-TiO, nanowires.2°°! The H-
TiO,@MnO, nanowires delivered the highest specific
capacitance of 449.6 F/g at the scan rate of 10 mV/s, which

95U8017 SUOLUWIOD dA1I.D) 3{cedl|dde aup Ag peusenob ale sapie VO '8sn JO Sa|ni 1oy Akeiqi8UIIUO A8]IAN UO (SUOTIPUOD-PUR-SULBIAL0D" AB 1M Alq [BUIUO//:SIY) SUORIPUOD PUe SIS 1 8L 88S *[£202/90/9T] Uo Areiqiaul|uo AB (1M ‘Uelreiqiay L Aq Z8TO0TZ0Z €S P/Z00T OT/I0p/Lod A8 i Akeiq i puljuoadoine-Ais iweyo//sdny Wwolj pepeojumod ‘9 ‘240z ‘2/658692



Chemistry

Review Europe
European Chemical

29 of 42 Electrochemical Science Advances doi.org/10.1002/elsa.202100187 Socicties Publishing

7 MnO,

(@)

Electrodeposition
a-Fe,0y NRs on CC it @=Fe;03/ MnO, core / shell NRs on CC

100 nm
1.2 & 250 —~ 20
R LU) —— aFe;0; 3 —=—ore0;, (9) | &, | (h)
o 1901 MnO, L 200 i 9 101
» - x = i ——MnO_ P
© 081 —— o-Fe,03/MnO,. Y . &— o Fe,0,/MnO, £ o
< 064 2 =
= © o -104
© = c
= 044 o 1004 7]
c © T -20-
9o % £ ——o-Fe,0; : -ve electrode
o 0.2 o 504 @ 4l ——a-Fe,0,/C : -ve electrode
0.0- g '.—I—l—.—i—._.___. 8 ——a-Fe,0,/ MnO, : +ve electrode
T y T T T T T < O v T T v T T -40 T v ¥ T v
0 10 20 30 40 50 60 70 0 2 4 6 8 10 10 -05 0.0 0.5 1.0
— Time (s) Current (mAlcmz) Potential (V) vs SCE
[ T 10? 120
O 144 i —_
g 1) s 0 |2, ()
;’ 1.24 x E.- J
o é o
S 1.04 2, 2 80-
P > 2
S 08 @ 2 604
g 3 10" 3
© 0.6 el C
o > S 404
-2 041 2 S
5 02 —o—aFe)04/C // 0-Fe,05/MaO, ASC E:_), —a&—o-Fe,0;// a-Fe,0;/MnO_ASC < 20 —0—0-Fe,0,/C// o-Fe,0,/MnO,_ ASC
£ ©
5 o —0—0.Fe,0; // 0-Fe,05/MnO, ASC —8—0-Fe,0,/C// a-Fe,05/MnO, ASC | O . —0—0-Fey0;// 0-Fe,04/MnO, ASC
o U T T T T T T T T oy Y oy -y oy T T T T T
> 0 1 2 3 4 5 6 7 8 10° 10" 10* 10* 10* 10° 10° 0 1000 2000 3000 4000 5000
Current (mA) Power density (W/kg) Cycle number

FIGURE 13 (a)Scheme of a-Fe,0;/MnO, core-shell nanorod fabrication; (b) SEM and (c) TEM images of a-Fe,O; nanorods; (d) SEM
and (e) TEM images of a-Fe,0;/MnO, core-shell nanorods; comparison of (f) GCD plots (at 5 mA/cm?) measured in 1 M Na,SO, electrolyte
and (g) areal capacitances (at different currents) of a-Fe,0;, MnO,, and a-Fe,0;/MnO,; (h) comparison of CVs of positive and negative
electrode materials for the assembled ASCs; comparison of (i) volumetric capacitances at different currents, (j) energy-power densities, and
(k) cycling stabilities of the fabricated ASCs with a-Fe,0;/MnO, as positive electrode material (Reproduced with permission from Ref. [205],
2017, IOP)

is higher than 325.8 and 359.7 F/g observed for the MnO, of 0.70 F/cm?® and 139.6 F/g at 0.5 mA/cm? (~1.1 A/g)
and TiO,@MnO, electrodes, within a potential window  within an operating voltage window of 0-1.8 V, yielding an
of 0-0.8 V in 5 M LiCl electrolyte. When assembled in  excellent stability with 91.2% retention of the initial capac-
a device, the solid-state H-TiO,@MnO,//H-TiO,@C ASC itance after 5000 CV cycles measure at 100 mV/s. Zilong
achieved a maximum volumetric and specific capacitance et al. synthesized MnO,/ZnO core-shell nanorods which
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FIGURE 14 (a)Scheme of Co;0,@Au@CuO core-shell nanowires; (b) FESEM and (c) TEM images of Co;0,@Au@CuO core-shell

nanostructures; comparison of (d) GCD profiles (at 4.8 A/g) and (e) specific capacitances at different current densities for different electrodes
in half-cell configuration using 1 M Na,SO, as electrolyte; for Co;0,@Au@CuO//a-Fe,0; ASC: GCD profiles (f) within different potential
windows and (g) at different current densities measured within the potential window of 0-1.4 V, (h) Ragone plot comparing energy-power
densities of the ASC with other reported state-of-t, and (i) cyclic stability (inset to figure shows a few CV collected during cycling test)

(Reproduced with permission from Ref. [208], 2017, RSC)

exhibited a specific capacitance of 230 mF/cm at a scan
rate of 10 mV/s and 54.6% retention when the scan rate
was increased to 200 mV/s.[2°7] The MnO,/ZnO core-shell
nanorods//r-GO ASC delivered volumetric energy and
power density of 0.234 mWh/cm? and 0.133 W/cm? within
a potential window of 0-1.8 V, and also demonstrated an
excellent cycling stability with only 1.5% capacity fade after
5000 cycles. Singh et al. demonstrated a facile approach
to design Coz;0,@Au@CuO core-shell nanowire arrays
for supercapacitors, as shown in Figure 14.1298] Ultra-
thin interconnected nano-sheets of Co;04 were deposited
over Au@CuO nanowires, formed via Au sputtering on
CuO nanowires directly grown on Cu foil. The unique
structure provides abundant surface area for redox reac-
tions together with the Au interlayer serving as the cur-
rent accumulator as exhibited by enhanced capacitance
and rate capability of Co;0,@Au@CuO as compared to

Co30,@CuO. Moreover, the a-Fe,03// Co;0,@Au@CuO
ASC exhibited an impressive volumetric energy density of
0.23 mWh/cm? (equivalent to 33.8 Wh/kg) with a high-
power density of 270 mW/cm? (equivalent to 40.4 kW/kg)
and a remarkable capacitance retention of ~100% over
10,000 CV cycles.

Binary TMOs are preferred over single TMOs due to
various reasons like, binary TMO has more available oxi-
dation states, two metal ions gave enhanced electronic
conductivity and rate capability,!29%?'°] better cycling sta-
bility, and charge storage capability.[*'"! Morphology of
active material decides its performance toward charge stor-
age. Various morphologies of binary TMOs have been
used for energy storage applications like nanoflowers,
nanostructures, nanofibers, and so on.82] Nanofibers have
a 1D structure that provides a more accessible elec-
trolyte/electrode contact area, creates more electron path-
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ways and decreases diffusion path length, gives better
ion conduction, cycling, and mechanical stability.!32-212-214]
Recently, binary composite of Fe,O;@Na, WO, is synthe-
sized to enhance capacitance, rate capability, and cycling
performance.l?>! a-Fe,0;@Na, WO, nanofiber was syn-
thesized by a single-step coaxial syringe electrospinning
of PVP-Na,WO, and PVP-Fe(NO;); followed by calcina-
tion. Fe,O;@Na, WO, nanocomposite exhibited a capaci-
tance of 265.54 F/g at a current density of 6 mA/g. Calcu-
lations have revealed that the composite can store 75.6%
of its total charge through capacitive processes, the rest is
stored through ion diffusion mechanism. Symmetric coin
cell (SCC) provided a potential window of 0-1.6 V with a
capacitance of 160 F/g in 3 M Na,SO, electrolyte. The SCC
could deliver an energy density of 50 Wh/kg at a power
density of 514.28 W/kg with 93% cycling stability after 200
charge-discharge cycles. 2]

TMO composites with conducting polymers facilitate
electron conduction and enhancement of overall per-
formance. Recently, Wang synthesized Fe,O; nanotubes
covered in conducting polypyrrole (Ppy) polymer on
CC by a combination of sacrificial template followed by
electrodeposition method.!”*! Fe,0; nanotubes@Ppy/CC
could store 237 mF/cm? capacitance at 1 mA/cm? current
density in 1 M Na,SO, electrolyte, and cycling stability
was 80% after 10,000 cycles measured at a current den-
sity of 10 mA/cm?. Morphology of composite allowed
more electrolyte ion storage at the Fe,0;-Ppy interface
that further leads to enhanced stability, increased ionic
conductivity, and higher capacitance values. The Fe,0;
nanotubes@Ppy/CC//MnO, ASC delivered an energy
density of 24.2 Wh/kg at a power density of 408.2 W/kg
within 0-2 V potential window. Ppy decorated on Fe,0;
nanotubes increased active material stability. Structural
stability and ion transport is enhanced because Ppy works
as a physical buffer that is able to absorb volume change
effects in Fe,O; nanotubes during charge/discharge
cycles.l?’27] Similarly, a-Fe,0;@ polyaniline (PANT)
core-shell nanowire arrays were synthesized by Lu
et al. by a simple and cost-effective electrodeposition
method that showed improved capacitance and rate
performance.[?’8! a-Fe,0;@PANI electrode delivered a
maximum capacitance of 103 mF/cm?, which is twice
of that obtained for pure a-Fe,0; (33.93 mF/cm?). The
improvement of capacitance can be attributed to the
coating of PANI, which is highly conductive and thus
enhances the electrical conductivity of the overall elec-
trode. After 2500 CV cycles at 100 mV/s, the capacitance
retention is 100 % for a-Fe,O;@PANI, whereas it was
~93% for pure a-Fe,0;. The a-Fe,0;@PANI//PANI
nanorods ASC device has delivered a volumetric capaci-
tance of 2.02 F/cm? at 5 mV/s within a potential window
of 0-1.5 V, a maximum energy density of 0.35 mWh/cm?

at a power density of 120.51 mW/cm?, and an excellent
(~95.8%) cycling stability after 10,000 CV cycles. Yang
et al. developed an electrically and ionically conducting
framework consisting of a-Fe,0; nanorods, multi-walled
carbon nanotubes (CNTs), and PANI hydrogel for superca-
pacitor electrode.[?°] The electrode delivered a high areal
capacitance of 2434.7 mF/cm? and a capacitance retention
of 96.3% after 10,000 cycles. The 1D hydrogenated Ni/NiO
core-shell nanoheterostructured array was synthesized
by Singh et al.,l”®] first the Ni nanowires are grown via
template-assisted electrochemical deposition that was
followed by oxidation at high temperature and subsequent
hydrogenation of NiO thin layer deposited over Ni wires.
1D Ni/NiO core-shell nanoheterostructured array dis-
played 717 F/g specific capacitance value at a scan rate of
2mV/s, that was increased to 1635 F/g after hydrogenation.
Also, it exhibited good rate capability, and good cycling
stability with 57% capacitance retention after 1200 cycles.
Enhanced performance is due to the hydroxyl groups
present on NiO surface that leads to the improved electro-
chemical activity. Similar nanoheterostructures including
TiO,/BiFeO;  nanoheterostructure,?°!  NiO@Co;0,
nanotubes,?”!l  CeO, nanoparticle modified porous
MnO, nanorods,!??! 1D Co-Ni/Co0;0,-NiO core/shell
nano-heterostructures,!’”?!  ZnO/a-Fe,0; core shell
nanorods,!”**! ' WO;/MnO, core-shell nanorods,!?*!
C030,-MnO,-NiO ternary hybrid 1D nanotube array,!220)
and so on, have been explored as electrode materials
for supercapacitor applications and these materials have
displayed intriguing electrochemical performance.

Since the design and fabrication of multi-component
electrode materials result in enhanced performance as
supercapacitors, Jayasubramaniyan et al. synthesized
CuCo0,0,4/rGO composite via microwave hydrothermal
method.!??” The prepared material displayed a specific
capacity of 677 C/g at a current density of 1 A/g and 97.4%
capacitance retention after 2000 GCD cycles at 10 A/g.
Excellent performance can be attributed to the porosity of
CuCo,0, which provides more redox-active sites and pro-
motes deep penetration of electrolyte ions inside the elec-
trode material. Moreover, the conductive network for the
facile movement of electrons during cycling is due to the
incorporated rGO. Similarly, Xu et al. fabricated CuCo,0,
nanowire arrays wrapped in metal oxides nanosheets (NiO,
Co50,, and MnO,).[??®] Among these composites, elec-
trodes of CuCo,0,@NiO displayed the best electrochem-
ical behavior with an areal capacitance of 2.3 F/cm? at
2mA/cm?. The assembled ASC exhibited a capacitance of
124.6 F/g at 1 A/g with an energy density of 38.9 Wh/kg
at a power density of 750 W/kg. A capacitance retention
of 81.3% was also achieved after 6000 cycles. Similarly,
rGO/NiCo0,0, heterostructure,!??*l  FeCo,0,/PANL, 2]
and CuCo,0,@Ni-Co-S core-shell arrays/?*'! have dis-
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played an areal capacitance of 4.37 F/cm? at 2 mA/cm?, the
specific capacity of 940 C/g at1 A/g, and areal capacitance
of 12.10 F/cm? at 20 mA/cm?, respectively. These studies
highlight their potential for application in future energy
storage devices.

4.2.6 | 0D TMO-based materials

Apart from 3D, 2D, and 1D nanostructures of TMOs as well
as their composites with promising electrochemical perfor-
mance as supercapacitor electrodes, 0D materials such as
quantum dots (QDs) also hold significant potential owing
to their high specific surface area, good electrical conduc-
tivity, and good ion mobility as generated by nanoscale
effects.|?*] Therefore, 0D TMOs and their composites may
be used to enhance the overall electrochemical perfor-
mance of electrodes. In this regard, Siwatch et al. synthe-
sized NiCo,0, quantum dots (NCO-QDs) as supercapac-
itor electrode.[?*2! Firstly, nickel-cobalt oxide (NiCo,0,)
flower like 3D nanostructures were prepared by hydrother-
mal route and then subsequent annealing at different tem-
peratures. NCO-QDs were formed at the calcination tem-
perature of 300°C. The NCO-QDs displayed a capacitance
of 362 F/g at a current density of 0.5 A/g. The assembled
NCO-QDs//rGO ASC demonstrated a capacitance of 81 F/g
at a scan rate of 5 mV/s with 86% capacitance retention
after 1000 cycles. The ASC delivered energy density and
power density of 69.5 Wh/kg and 2.22 kW/kgat 1.5 A/g cur-
rent density within the potential window of 2.5 V. More-
over, composites of metal oxides quantum dots are also
widely explored for supercapacitor electrodes. Su et al.
fabricated a composite of MnFe,0, QDs and nitrogen-
doped graphene (NG) by solvothermal method, in which
MnFe,0, QDs were uniformly sprinkled over the surface
of NG.[”] The powdery MnFe,0, QDs@NG worked in a
negative potential window (—1 to 0 V) in an aqueous solu-
tion of KOH and exhibited capacitance of 517 F/g, which
was increased further to 905 F/g when the potential win-
dow was extended to —1.2 V. Encapsulation of carbon on
QDs leads to an improved rate capability with a capaci-
tance retention of 150 F/g at 200 A/g as well as an outstand-
ing cycling stability up to 65,000 cycles.

Wang et al. prepared electrode material that involves
3-6 nm sized CoO QDs decorated on 3D graphene
hydrogels using solvothermal process.®l The 3D
CoO QDs/graphene hydrogels displayed specific capaci-
tance values of 889.7 to 822 F/g at current densities of 2
to 50 A/g with 92.4% capacitance retention. The hybrid
QDs/graphene hydrogel//pure graphene hydrogel ASC
delivered energy density values of 28.7 and 23.0 Wh/kg
at power densities of 1600 and 12000 W/kg with no
capacitance loss even after 5000 cycles. Enhanced electro-
chemical performance is due to the rational designing of

electrode material by taking advantage of the high surface
area of nanosized QDs, better electronic conductivity
of graphene, and overall 3D microstructures. Xia et al.
reported the electrochemical performance of Fe,0; QD
decorated functionalized graphene sheets (FGS).[?**] The
Fe,03; QDs/FGS composites demonstrated a large specific
capacitance of 347 F/g at 10 mV/s within a potential
window between —1 and 0 V (versus Ag/AgCl) in 1 M
Na,SO, electrolyte. When coupled with MnO,/FGS
cathode, the Fe,0;QDs/FGS//MnO,/FGS ASC delivered
a capacitance of 73.2 F/g at 10 mV/s within 0-2 V voltage
window. Noticeably, the ASC could deliver an energy
density of 50.7 Wh/kg at a power density of 100 W/kg
along with 95% capacitance retention after 5000 GCD
cycles at a current density of 0.5 A/g. Similarly, Yang
et al. developed Fe,0; quantum dots (Fe,05-QDs) and
G-Fe,05-QDs (G stands for graphene).!?**] The composite
electrode demonstrated capacitance of 1216 C/g (1105 F/g)
at 2 A/g, which is far higher than that of pure Fe,05-QDs
(314 C/g), along with 55.4% capacitance retention at
50 A/g. The assembled G-NiMoO,//G-Fe,05-QDs ASC
delivered a superior energy density of 130 Wh/kg, which
is maintained to 56 Wh/kg even at a power density of
33.6 kW/kg. It possessed excellent cycling stability with
113% capacitance retention after 40,000 cycles. Liu et al.
developed an advanced electrode material incorporating
Nb,Os QDs in nitrogen-doped porous carbon derived
from ZIF-8 dodecahedrons (NQD-NC)![2%¢! and assembled
NQD-NC//AC HIC with organic electrolyte. The HIC
delivered an energy density of 76.9 Wh/kg and a power
density of 11250 W/kg with 85% capacity retention at
5 A/g after 4500 cycles within the potential window of 0.5-
3.0 V.Y. Zhang et al. prepared two different materials, ZnO
QDs/carbon/CNTs and porous N-doped carbon/CNTs
from a single ZIF-8/CNTs template as illustrated in
Figure 15.1°*] The ZnO QDs/carbon/CNTs and porous
N-doped carbon/CNTs displayed specific capacitances
of 185 F/g at 0.5 A/g and 250 F/g at 1 A/g, respectively.
The assembled ZnO QDs/carbon/CNTs//N-doped car-
bon/CNTs ASC worked within the potential window of
0-1.7 V and delivered an energy density of 23.6 Wh/kg with
a power density of 16.9 kW/kg. Lian et al. prepared anode
material for lithium-ion capacitor by coating Nb,O5 QDs
of 4 nm in size over heteroatom-rich biomass-derived
carbon.!?*’ The biomass-derived carbon enhances the
electrical conductivity as well as stability of electrode
by maintaining the stable solid-liquid interface. The
composite electrode retained 82.1% capacity even after
3000 cycles. The results thus revealed the competitive-
ness of TMO-based QDs with other nanostructured
TMOs in supercapacitor applications, and may there-
fore facilitate the progress of QD-based electrodes
for next-generation electrochemical energy storage
applications.
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FIGURE 15 (a)Schematic illustration of the synthesis process of ZnO QDs/carbon/CNTs and N-doped carbon-CNTs; (b) XRD, (c, d)

TEM, (e, f) HRTEM images of ZnO QDs/carbon/CNTs; (g) specific capacitances versus current for different electrode materials measured in

half-cell configuration; (h) GCD curves at different current densities, and (i) corresponding specific capacitances for
QDs/carbon/CNTs//N-doped carbon-CNTs ASC cell with a working potential of 0-1.7 V in PVA-NaNOj; gel polymer electrolyte (Reproduced

with permission from Ref. [233], 2013, RSC)

5 | SUMMARY AND PROGNOSIS

Pseudocapacitive materials are interesting because of their
redox-based charge storage mechanism providing higher
energy density as compared to EDLCs, fast power delivery
capability, however, suffer from poor rate capability and
cycling stability issues. The main motive in this direction
is to comprehensively enhance the performance of pseu-
docapacitors in terms of capacitance, energy-power den-
sity, rate capability, and cycling stability. The key to achieve
these goals is by designing nanostructured electrode mate-
rials which could significantly enhance the capacitance
values by providing high specific surface area and provide
high-rate capability by minimizing diffusion path length
for fast movement of electrolytic ions. Accordingly, the
review begins with a brief description of the charge stor-
age mechanism in pseudocapacitors and the importance of
designing nanostructured electrodes of pseudocapacitive
materials for realizing high-performance supercapacitors.

Next, we focused our attention on TMOs as potential pseu-
docapacitive materials because of their multiple advan-
tageous traits including high theoretical specific capaci-
tance, good energy density, low cost, etc., and also high-
lighted the challenges associated with TMOs like, low elec-
tronic conductivity, poor rate capability, low power density,
and cyclability issues. This further signifies the importance
of nanostructured electrode design as well as the necessity
of fabricating composites of TMOs with highly conductive
and electrochemically active materials. Subsequently, we
summarize different well-established synthesis strategies
used for the synthesis of various nanostructures of pristine
TMOs and their composites having dimensions including
3D, 2D, 1D, and 0D (QDs). Next, the electrochemical per-
formance of such pristine and hybrid nanostructured elec-
trodes is compared and analyzed comprehensively both
in three-electrode (half-cell) and two-electrode (full-cell)
configurations, as summarized in Table 1. Emphasis is
given to the observed specific capacitance values, energy
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density, power density, rate capability, and cycling stabil-
ity because these are important performance metrics for
characterizing energy storage devices. Along with this,
we have presented detailed discussions on how different
traits of nanostructured design strategy and pseudocapac-
itive TMOs have synergized to offer much better perfor-
mance necessary for next-generation supercapacitors. In
brief, 3D microstructure with interconnected pores pro-
vides a larger surface area for electrolyte diffusion, short-
ened diffusion path lengths, and facile pathways for charge
movement that results in good electrical contact. The dif-
fusion of electrolyte ions throughout the electrode sur-
face and accessibility of electrode surface to electrolyte
ions are important in determining the performance of elec-
trode, and the aforesaid advantages can be realized using
2D materials. The linear channel in 1D structures pro-
vides a direct path for the flow of charges, promoting the
transmission of charges that leads to the enhanced rate
capability for 1D electrodes. By reducing all the dimen-
sions to nanoscale, specific surface area, ion mobility, and
electronic conductivity can be further enhanced. Thus,
using 0D materials such as QDs may be advantageous
as electrode materials for high-performance supercapac-
itors. Further, composites of TMOs with other conduct-
ing materials like CNTs, graphene, Mxenes, polymers, and
so on, and other pseudocapacitive materials for achieving
enhanced performance are elaborated. Although tremen-
dous progress has been made with TMO-based materials of
different dimensions in the field of electrochemical energy
storage in recent years, there are still some challenges that
need to be addressed as summarized below.

[66]
[236]

Cycle stability Ref
5000 cycles

~100% after
~85% after
4500

Energy Density

@ Power

Density
28.7 Wh/kg at
1600 W/kg

76.9 Wh/kg at
450 W/kg

Capacitance
81F/gat2Alg

Full-Cell Measurements
EC/DMC

2M KOH

gel//Graphene

hydrogel
Nb,Os QDs/porous 1.0 M LiPF, in -

carbon//AC

Full-Cell (+)//(—) Electrolyte
hydro-

889.7F/gat2 A/g CoO/Graphene

Capacitance
198 mAh/g at
0.2A/g

1. Although researchers have widely explored various syn-
thesis routes for pristine and hybrid TMOs, still the
synthesis methods need to be optimized further before
being considered for large-scale production of the afore-
mentioned materials at low cost and in an environ-
ment friendly manner. Therefore, selection of elec-
trode materials, design of optimized electrode struc-
ture, and optimization of various experimental param-
eters using state-of-the-art simulation techniques must
be explored.

2. Though TMOs exhibit high theoretical capacitance val-
ues in three-electrode configuration, their performance
in full-cell or two-electrode configuration is not satis-
factory. This is because of the capacitance achieved with
TMO-based nanostructures is far less than their theo-
retical values. It is necessary to find a suitable counter
electrode to match the electrochemical performance
(similar capacitance, working potential window, etc.) of
TMO- based working electrodes to achieve maximum
output from the ASC. Further understanding to effec-
tively control the morphology and structure of TMO-

EC/DMC

Half-Cell Measurements

Electrolyte
2 M KOH

MOF based process 1.0 M LiPF in

Synthesis

Methods

Solvothermal
process

(Continued)
Electrode
Sl. No. material
0D-CoO
QD/Graphene
hydrogel
0D-Nb, O
QDs/porous
carbon

TABLE 1
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based electrode materials as well as to find out the suit-
able combinations of positive and negative electrodes is
thus highly coveted.

3. Researchers have so far synthesized various TMO-
based composite nanostructures by combining TMOs
with other materials with complementary character-
istics to improve their capacitive performance. For
instance, hierarchical heterostructure composite is one
of the promising electrode materials that enhances
the redox-active sites as well as leads to improved
cycling stability of the energy storage process. Never-
theless, a deep understanding of the synergistic mech-
anism is still unknown and comprehensive studies for
exploring the structure-property correlation are highly
desired for a better choice of materials for heterostruc-
ture formation. Besides, facile and green fabrication
technologies must be explored as the existing tech-
nologies are still in the laboratory stage due to their
complexity.

4. Structure-property correlation of TMO-based electrode
materials through in-situ and in-operando spectro-
scopic studies is scanty because of the unavailabil-
ity and complexity of required technologies. However,
such studies are highly useful for a complete under-
standing of the charge storage mechanism in elec-
trode materials by probing the changes at the electrode-
electrolyte interface, and monitoring the charge trans-
fer and changes in the coordination environment
around metal sites during electrochemical redox reac-
tions.

5. Theoretical simulations through DFT calculations
could also help in understanding different traits of a
particular electrode material, and in identifying an opti-
mized structure of that material that would provide
better electrochemical performance. Such studies are
required for optimum usage of materials with high the-
oretical specific capacitances but having high cost due
to scarcity and toxic nature.

6. To enhance the energy-power densities of superca-
pacitors, the idea of hybrid ion capacitors (HICs) has
been introduced recently, which is the key to mini-
mize the gap between high-energy batteries and high-
power supercapacitors. HICs combine a battery-type
anode material, a capacitor-type cathode material and
an organic electrolyte for allowing a stable operational
potential as high as 4 V. As the energy density varies
with the square of the operating potential, HICs can
provide significantly higher energy density than aque-
ous based supercapacitors. However, the progress in
this direction is still in the primary stage, and charge
storage mechanisms in such HICs are not clearly under-
stood, and hence, a comprehensive understanding is
required.

In the light of the foregoing and considering the ever-
growing demand for high-performance supercapacitors
for a variety of civil and military applications, cumula-
tive efforts are required for developing state-of-the-art syn-
thesis methods for supercapacitor materials, understand-
ing intricate electrochemical mechanisms, designing opti-
mized device configurations, and, finally, for their large-
scale manufacture at low-cost.
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