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Abstract

Index No. 109/ 18 / Chem. / 26

“DEVELOPMENT OF MANGANESE BASED NANOMATERIALS FOR

ENERGY STORAGE AND PHOTOCATALYTIC APPLICATIONS”
Submitted by: Manas Mandal

Supercapacitor, also known as electrochemical capacitor or ultracapacitor, has
attracted great attention from the material-researchers due to its unique properties like
high specific power, moderate specific energy, short charging time, high cyclic
stability, etc. Based on their charge-storage mechanism supercapacitors are classified
into two types. The electrical double layer capacitor (EDLC) is the one which mainly
stores the charge electrostatically. Another one is pseudocapacitor in which the
capacitance originates from fast Faradaic redox reactions. Carbonaceous materials
like activated carbon, graphene, carbon nanotube etc. are used as capacitive materials.
On the other hand, transition metal oxides, hydroxides, sulfides and conducting
polymers are used as pseudocapacitive materials. Manganese-based nanomaterials are
promising in the area of energy research. Being a second row transition element Mn
can implement some properties like electron mobility, good conductivity, excellent
charging-discharging profile and high cycle life.

In this thesis manganese oxides such as MnO,, MnzO4, bimetallic hydroxide
MnSn(OH)g, bimetallic sulfides (MnCoS) and co-ordination complex like
Mn[Fe(CN)g] have been described and their electrochemical performances have been
investigated. The as-synthesized materials were structurally characterized by XRD,
FTIR, XPS techniques; the morphology was identified with the help of FESEM and
TEM images; the surface area and porosity was measured form the BET study.
Finally, the electrochemical performances were investigated in terms of CV, GCD
and EIS study. Due to low conductivity of the manganese oxide, it was combined with
highly conductive material such as carbon nanotube to synthesize a composite. An
assymetric supercapacitor has been constructed using Mn3O,-MWCNT and rGO. The
as-fabricated capacitor has achieved high specific energy with high power delivery

rate along with high cyclic stability. A combinatorial transition metal oxide also has
Xiii



been used to get high electroactive surface area and the high electrochemical
performances thereof. The electrochemical performances of a supercapacitor device
not only depend on the active electrode materials solely, but also on the electrolyte,
separator, and design of the supercapacitor fabrication also. Therefore, a redox system
has been incorporated in conventional electrolyte. This redox system surpluses the
electron density of the mother electrolyte and enhances the charge storage also. The
bimetallic sulfides have also been prepared on nickel foam via electrodeposition. The
electrodeposition is a single step technique by which large area nanostructured
materials can be synthesized without going through a harsh reaction condition.
Additionally, the nickel foam can be directly used as current collector. Although
carbonaceous materials are used as negative electrode of supercapacitor, these
materials suffer from low capacitance. Few pseudocapacitive materials like V,0s,
Mn3O, have shown the efficiency to be the promising negative electrode for
supercapacitor. A bimetallic hydroxide such as MnSn(OH)g has been prepared and its
electrochemical performance has been investigated as negatrode for the
supercapacitor. Recently, the coordination complexes like metal hexacyanoferrates
have gained attention due to their semiconducting nature with narrow band gap.
Hence these compounds show promising applications in energy storage and
conversion, photocatalysis, ion sensing etc. Manganese hexacayanoferrates along with
some other metals like cobalt, copper and zinc have been prepared and their
electrochemical performances and photocatalytic activity on the reduction of highly
toxic Cr(VI1) have been studied. The as-synthesized materials have been used for
photocatalytic reduction of Cr(VI) and it showed good reducing capability.

It has been realized how the electrochemical activity of different manganese-based
nanomaterials depends on the nature, architecture, dimension and electrolyte. Hope
the obtained results will be useful in practical application in the field of

supercapacitors.
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Introduction

The day to day discovery of portable electronics and smart technologies needs further
breakthroughs to accomplish high power and energy, and definitely long-running
energy storage strategies [1]. With environmental consciousness, the advancement of
energy conversion and storage has been a great challenge for the fulfillment of the
enormous energy demand of our modern society. An environmentally friendly energy
resource, alternative to the fossil fuel, is urgently required for the fulfillment of this
huge demand [2]. The primitive alternative energy sources such as solar energy and
the wind energy could not fulfill the criteria due to their intermittent nature [3, 4].
This problem can be overcome with the help of the energy storage technologies by
storing the energy for anytime availability. This not only help to develop civilization
but also makes it economically, ecologically, and environmentally sustainable [5].
Now-a-days, the world is targeting to the maximum replacement of fuel cars by
electric vehicles having net-zero emission [6, 7]. Therefore, the major research has
been devoted to the advancement and more breakthroughs in the field of energy
storage. Since the last century lithium ion batteries and capacitors are extensively
used in the consumer portable electronic devices (Figure 1.1) [8, 9]. The lithium ion
batteries store energy through electrochemical reactions and provide excellent specific
energy. Some of the significant drawbacks are: it takes long charging time, very low
specific power and low cycle life (Table I1.1). On contrary the conventional capacitors
store charge electrostatically and provide capacitance in the range of picofarads to
microfarads. The major problem with these capacitors is production of very low

capacitance and specific energy. Therefore, an alternative energy storage system is
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still required which will be able to achieve high specific energy, high specific power

and high cyclic stability.

Figure 1.1 Applications of supercapacitors.

Table 1.1: Comparison between batteries, capacitors and supercapacitors

Properties Battery Capacitor Supercapacitor
Charging time 1-5h 10°-10°s 0.3-30s
Discharging time 03-3h 10°-10°s 0.3-30s
Capacitance - 10 pF to 2.2 mF 100 mF to 1500 F
Specific Energy 10 — 100 Wh/kg <0.1 Wh/kg 1-10 WH/kg
Specific Power 50 — 200 W/kg >10 kW/kg 1000 W/kg
Life Cycles 500 — 2000 >500000 >100000

|.1 Supercapacitor

A conventional capacitor is a charge storage device having low specific energy
whereas a Li-ion battery is an energy storage device with low specific power. In that
context, an electrochemical capacitor also known as supercapacitor has attracted
significant attention of the materials scientist community for its some unique features
like high specific power, moderate specific energy, fast charging capacity, and high
life cycle [10]. Therefore, supercapacitors overcome not only those prior mentioned

drawbacks, but it can also act as a bridge between a conventional capacitor and

4
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battery [11]. The comparative analysis among the batteries, capacitors and

supercapacitors are depicted in Table 1.1 with respect to the different properties [12]:

I.1.1 Taxonomy of supercapacitor

Based on the mechanism of charge storage phenomena supercapacitors can be
categorized into three types (Figure 1.2): electrochemical double layer capacitors

(EDLCs), pseudocapacitors, and hybrid capacitors [13].

Supercapacitors
I
A 4 A 4
Electrochemical Pseudocapacitors
double-layer (Transition metal
capacitors oxides/ hydroxides/
(Carbonaceous sulfides and
Materials) conducting polymers)
\ 4
Asymmetric type | Hybrid _| Battery type hybrid
hybrid supercapacitor supercapacitors “| supercapacitors

Figure 1.2 Taxonomy of supercapacitors.

1.1.1.1 Electrochemical double layer capacitors (EDLCs)

In electrochemical double layer capacitors the charge accumulation occurs at the
interface of electrode/electrolyte resulting in the capacitance [14-17]. In spite of using
any dielectric material like capacitors, it uses only electrolyte in which the active
electrodes are soaked into and a separator is placed between two electrodes which
prevent short circuit. The electrolyte ions move to the oppositely charged electrodes

up on applying the voltage and get selectively absorbed on the surface of the solid
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electrode (Figure 1.3a). Thus two oppositely charged ions line up on the boundary

between electrode and electrolyte forming the electrical double layer.

Current Collector Separator

Figure 1.3 Basic schematics for an (a) EDLC, and (b) a pseudocapacitor (MnO,

depicted center) [18].

Advantages of EDLCs

Q) EDLCs store charge (in order of Farad) which is many times more
compared to the conventional capacitors.

(i)  EDLCs achieve higher specific energy than conventional capacitors.

(ili)  These capacitors can survive millions of charging-discharging cycles as no
chemical reactions are involved; only adsorption/desorption of electrolyte
ions occurs.

(iv)  Unlike battery, overcharging does not affect the life cycle of EDLCs.

(V) EDLCs have a large working temperature range and no special charging-
discharging circuits are needed.

(vi)  The rate of charge-discharge is very high.
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Disadvantages of EDLCs

Q) Very high rate of self-discharge than batteries.

(i) Achieve lower specific energy than batteries.

1.1.1.2 Pseudocapacitors

Pseudocapacitors store charges via fast faradaic reversible redox reactions between
electrode and electrolyte ions (Figure 1.3b) [18, 19]. Unlike an ideal EDLC, the

charge transfer in pseudocapacitors is voltage dependent phenomenon.

Advantages of pseudocapacitors

(i) Pseudocapacitors give very high specific capacitance compared to that of
EDLCs and batteries.

(i) They give high specific energy than EDLCs.

Disadvantages of pseudocapacitor

(i) Low specific power.

(i1) Self-discharge due to uncontrollable Faradaic reactions from the impurities.

1.1.1.3 Hybrid supercapacitors

EDLCs and pseudocapacitors have their own pros and cons. Therefore, a hybrid type
of capacitor can be fabricated taking the advantages from both EDLCs and
pseudocapacitors [20-22]. The EDLC part which stores charge electrostatically,
increases the specific power whereas the pseudocapacitor part improves the specific
energy by storing the charge electrochemically. Thus a hybrid capacitor can supply

high specific power with high specific energy and long cycle life. Depending up on
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the electrode configuration, hybrid supercapacitor can be categorized into two types,

such as asymmetric type and battery type hybrid supercapacitor.
Asymmetric type hybrid supercapacitors

In asymmetric type hybrid electrode mainly pseudocapacitive transition metal or
bimetallic oxides/ hydroxides/ sulfides or it’s composite with conducting polymer or
carbonaceous materials is used as positive electrode and the carbonaceous materials
such as activated carbon, graphene, reduced graphene oxide (rGO), carbon nanotubes
(CNTs) are mainly used as negative electrode [23, 24]. Thus this type of hybrid
supercapacitor consists of both faradaic and non-faradaic processes which help to

increase specific energy and specific power, respectively, along with the life cycle.

Battery type hybrid supercapacitors

Due to the reversible electrochemical reactions lithium ion battery gives high specific
capacitance as well as high specific energy. But it is unable to supply high specific
power due to its slow ion diffusion and involved electrochemical reaction-based
charge transfer process. The electrochemical reactions also reduce the cycle life. On
contrary EDLCs offer high specific power but low specific energy. Therefore, a
hybrid type electrode resulting from the combination of a battery type electrode and
an EDLC electrode can be proficient to supply high specific power and high specific
energy as well [25-27]. The battery type hybrid supercapacitor also offers high cycle

life and fast charging process.
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1.1.2 Electrode materials for supercapacitor

There are mainly three types of electrode materials for supercapacitor such as

carbonaceous materials, pseudocapacitive materials and their composites.

1.1.2.1 Carbonaceous materials

Carbon nanomaterials have been extensively employed in energy storage
application because of its different architectures and tunable surface chemistry.
Furthermore, it has high electrical conductivity, high electrochemical stability,
excellent mechanical properties, and wide operating temperatures [28-30]. However,
the most important criterion is the high specific surface area (SSA) of carbon
materials for enhanced gravimetric capacitance. The different types of carbon-based

materials with high SSA and high conductivity are depicted in Table 1.2 [31].

Table 1.2 Various types of carbon-based materials with their properties. Reprinted

with permission from Simon et al. [31]. Copyright 2013 American Chemical Society

Material Carbon onions | Carbon nanotubes | Graphene Activated carbon | Carbide derived Templated
carbon carbon

Dimensionality | 0-D 1-D 2-D 3-D 3-D 3-D
Conductivity High High High Low Moderate Low
Volumetric Low Low Moderate High High Low
Capacitance
Cost High Moderate
Structure R

S

Every material has its unique structure and distinctive electrochemical

properties. Such as zero- and one-dimensional carbon materials allow fast

adsorption/desorption of the electrolyte ions on their surface, indicating high power

density. On contrary, two-dimensional graphene can deliver high

charging/discharging rate and volumetric energy density. Porous 3D carbon materials

9
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acquire higher surface areas and mesoporous structure, providing higher energy

densities [32].
Activated carbon

Activated carbon (AC) has been widely used as active material for EDLCs because of
the excellent properties such as high specific surface area (~3000 m?%g), high
electrical conductivity (1000 to 3000 S/m), and low cost [33]. Generally, porous
carbon prepared by carbonization-activation method is called activated carbon.
Carbonization is a method by which a carbonaceous residue of organic or natural
substances (pyrolysis) is produced by thermal decomposition under an inert
atmosphere. A large number of different kinds of reactions like dehydrogenation,
condensation, hydrogen transfer, crosslinking and isomerization simultaneously occur
during this process [34]. These reactions help to release the volatile materials leaving
behind the nonporous carbonaceous residue. This residue is also called as coal char or
biochar. In the activation step the nonporous carbonaceous residue is treated with
activating agents, also known as pore-forming agents or porogens. With activating
agents nonporous residue undergoes oxidation reactions to create required pores into
it. Based on the activating agents used in activation methods, these are categorized as
either chemical or physical activation method [35]. The chemical activation process
uses KOH, NaOH, Na,COs, K,COg3, ZnCl,, or H3PO, as activating agents, whereas
COg, Oy, air, or steam are used in physical activation. Both the processes have several
advantages and disadvantages as well. The chemical activation is comparatively low-
temperature process which produces highly mesoporous carbon with high mass of
yields and BET (Brunauer—-Emmett—Teller) surface area. On contrary, physical

activation requires high activation temperatures with longer operation time, producing

10
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relatively lower yields of compounds with small pore sizes and low specific surface
area (SSA). In spite of these disadvantages, physical activation process is more
feasible and useful for industrial scale production than chemical activation, as it
exhibits low corrosion. AC can be able to give the maximum capacitance of 300 F/g
with a potential window of 0.9 V in aqueous electrolyte [36]. However in organic
electrolyte it gives a maximum capacitance of 100 F/g with a large potential window

of 2.7 V.

Graphene

Graphene is a two-dimensional new allotrope of carbon, having monoatomic thick
hexagonal (honeycomb) lattice structure with carbon-carbon distance of 1.42 A. In
other words, it is a single layer of graphite having sp? hybridized carbon atoms.
Graphene is the building block of all other graphitic materials such as, three
dimensional (3D) graphite, one dimensional (1D) carbon nanotubes and zero
dimensional (0D) fullerenes [37]. Due to its attractive physical and chemical
properties such as very high surface area, excellent electronic and thermal
conductivities, superior mechanical and electrochemical stability, good transparency,
graphene has grabbed a great scientific and technological interest in recent years [38].
Moreover, graphene can be easily produced in large scale by the reduction of
graphene oxide. Because of the remarkable properties as well as ease of synthesis of
graphene, it has been widely used in many fields such as polymer nanocomposites,
energy storage and conversion (e.g. supercapacitors, batteries, fuel cells and solar
cells), chemical sensors, flexible electronic and optical devices [39-44]. Graphene
shows double layer capacitance, which results from the charge or ion accumulation on

the surface of electrode/electrolyte interface.

11
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Intrinsic (undoped) graphene behaves like a semi-metal or zero gap
semiconductors. It exhibits amazing electronic and mechanical properties such as,
extremely high charge carriers (electrons and holes) mobility = 230000 cm?/Vs at
room temperature, thermal conductivity = 3000 W/mK, mechanical stiffness =1 TPa
with large surface area 2600 m?/g [45]. Graphene is also transparent material, which
can absorb 2.3% light of the optical region. In the year 2010, Andre K. Geim and
Konstantin S. Novoselov were awarded Nobel Prize for “groundbreaking experiments
regarding the two dimensional material graphene”. They successfully synthesized
free-standing graphene film for the first time by using an effective mechanical
exfoliation method with a scotch tape and silicon substrate [46]. In graphite, adjacent
graphene layers are bonded via weak interaction between p, orbitals. This interaction
between p, orbitals restricts the complete separation of bulk graphite layers into
individual graphene sheets under mechanical actions. Mechanical exfoliation of
graphite results in either stacks of sheets, or a small amount of detached sheets. This
depends on the condition of mechanical exfoliation. Chemical oxidation followed by
reduction of graphite oxide results in graphene like materials termed as reduced
graphene oxide (rGO) which contains defects and residual oxygen-containing
functionalities attached at the periphery of the sheets. Graphene has been considered
as an efficient electrode for EDLCs due to its high SSA (2630 m?%qg), high electrical
conductivity (>1700 S/m) [47], and high theoretical specific capacitance (550 F/g)

[48].
Carbon nanotubes

Carbon nanotubes (CNTSs) are the one-dimensional carbon nanomaterials which have

been extensively used for energy storage application due to its high SSA (500 -1600

12
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m?/g), mechanical and electrical properties (10° S/m) [49]. On the basis of the number
of walls present in the nanostructure, it can be categorized into two types such as
single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTSs). CNTs are generally synthesized by the catalytic decomposition of
hydrocarbons. Although it has high specific surface area, the hydrophobicity nature of
the nanotube restricts its specific capacitance in between 20 to 80 F/g. Modified CNTs
with some pseudocapacitive functional groups can improve the specific capacitance

but it reduces the cyclic stability [50, 51].

1.1.2.2 Pseudocapacitive electrode materials

Transition metal oxides are excellent pseudocapacitive electrode materials because of
their variable oxidation states [52-57]. To be a good pseudocapacitive electrode, it
must possess at least three important characteristics for supercapacitor applications
[58]. Firstly, it should have an appreciable conductivity to exhibit high magnitude of
gravimetric capacitance and large specific energy density. Secondly, the crystalline
phase/morphology of the compound must not change during oxidation state change to
have high electrochemical reversibility. Finally, the smaller ions of electrolyte can
easily intercalate into the lattice of metal compounds to possess long cycle life. The
charge storage mechanism of these transition metal oxides involves the
chemisorption/desorption of electrolyte cations into the active electrode. Due to the
small size and high mobility of H* ion, concentrated H,SO, was considered as most
suitable electrolyte. But most of the metal oxides are not stable in that electrolyte
except RuO,. RuO, shows the excellent electrochemical stability in H* medium and
achieves high specific capacitance [59]. However, the less availability and very high

cost of RuO;, restricted its use. Recently, MnO,, MnzO,4, NiO, Co30,, etc. have been

13
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investigated as pseudocapacitive electrodes [60-63]. Mixed metal oxides are used to
enhance the efficiency of the electrode materials by increasing the electroactive redox
sites. There have been plenty of research works exploring the same idea. Apart from
the oxide, bimetallic hydroxides have been investigated as pseudocapacitive electrode
due to their high electroactive redox sites, easy synthetic method and high theoretical

specific capacitance [64-65].

Systematic investigation of the electrochemical performances of various
transition metal sulfides, an important class of inorganics, such as MnS [66-68], CoS
[69, 70] and NiS [71, 72] reported those as high performances materials. Recently,
binary metal sulfides such as Mn-Ni-S [73-75], Co-Ni-S [76-79], and Mn-Co-S [80-
83] have attracted enormous attention due to their large number of redox active sites,
high thermal stability and electrical conductivity compared to that of their

corresponding unitary metal sulphide [84].
Conductive polymers

Conductive polymers such as polyaniline, polypyrrole, polythiophene and their
derivatives are promising candidates for pseudocapacitor application due to their
excellent conductivity owing to the extensive conjugation, fast charge-discharge
kinetics and ease of synthesis [85, 86]. During charging-discharging, the reversible
redox reactions mainly involve doping and de-doping of ions to or from the backbone
of polymer. The doping process can be two types, such as p-doping and n-doping. The
p- and n-doping refers to the doping with anion counterpart (A’ and cation

counterpart (C), respectively.

CP < CP™(A), + ne’ (p-doping) (1)

14
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CP + ne" < (C,CP™ (n-doping) 2)

The forward and backward reactions are corresponded to the charging and
discharging process, respectively. The pseudocapacitive conductive polymers provide

high specific capacitance due to the fast faradaic redox reactions.

1.1.2.3 Composite materials

Current research on the electrode materials for supercapacitor is focused to design the
composite materials by combining both the electrical double layer capacitive and the
pseudocapacitive active materials [87]. Therefore, the composite materials resulting
from the combination of the carbonaceous material having high specific surface area
and the highly redox active pseudocapacitive materials is capable of storing charge
electrostatically as well as electrochemically. However, better compatibility gives
better synergistic interaction between the components and shows enhanced
electrochemical performance than the pristine components. Such as a superior
synergistic interaction between graphene or CNTs with metal oxides like MnO, or the
conducting polymer like polyaniline give high electrochemical activity than any

single component [88-90].

1.1.3 Electrolytes for supercapacitor

Apart from the active material the electrochemical performance of a supercapacitor
greatly depends on the electrolyte. The electrolyte determines the working potential
window of the device and it’s capacitance as well. Electrolyte ions are soluble either
in aqueous or non-aqueous solvent. These electrolyte ions play the key role whether to
form the double layer in EDLCs or to conduct the reversible faradaic redox reaction in

case of pseudocapacitor. Furthermore, electrolyte is the only conductive connection
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between the positrode and negetrode which are separated by a separator. In nutshell,
an ideal electrolyte should have (i) broad potential window, (ii) high chemical and
electrochemical stability, (iii) high ionic conductivity along with chemical and
electrochemical inertness to the other components such as active materials, separator
current collectors of the device, (iv) wide operating temperature range, (v) low
equivalent series resistance, viscosity, volatility and flammability, and (vi) should be
cheap and environmentally benign [91, 92]. Primarily liquid electrolyte can be
categorized into two types such as aqueous and non-aqueous electrolyte. Aqueous
electrolyte consists of inorganic solutes and water as solvent. The high ionic mobility
and low equivalent series resistance are the main advantage of using aqueous
electrolyte. One major disadvantage is that the devices can be operated only up to 1.2
V in traditional aqueous electrolyte as the decomposition potential of water is 1.23 V.
Therefore, high specific energy cannot be achieved using aqueous electrolyte.
Depending upon pH, aqueous electrolytes are acidic (H,SO,), neutral (Na,SO,4) and
basic (KOH) in nature [93]. To improve the conductivity of conventional aqueous
electrolytes and charge storage, foreign redox system like K3[Fe(CN)g]/ K4[Fe(CN)g]
can be added to it [94]. Non-aqueous electrolytes used in supercapacitor are organic
electrolytes (TEABF4/PC) and ionic liquids (EMIMBF,) [95]. The main advantage of
using non-aqueous electrolyte is the broadening of potential window range which
leads to improved specific energy. Solid or quasi-solid state electrolytes are solid in
nature. The examples are gel polymer electrolyte (PVA/H,SO4-H,0), solid polymer

electrolyte (PEO/LICI) and inorganic electrolyte (Li,S-P,Ss).

16



Chapter-I

1.1.4 Separator

A separator is a permeable membrane sandwiched between two electrodes of a
supercapacitor. The separator acts as an inactive component which plays a vital role in
controlling the energy storage device performance [96]. It mainly acts as a physical
barrier between the two electrodes, thus facilitating transport of the ionic charge
carriers via the interconnected pores of the separator avoiding short circuits. Highly
porous nature of the separator easily permits the electrolyte ions and hence the
equivalent series resistance decreases. Depending up on the nature of electrolyte,
separators are chosen. For example, ceramic or glass fiber separators are commonly
employed in aqueous electrolytes, whereas paper or polymer separators are preferred

in organic electrolyte.
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Figure 1.4 Construction of supercapacitor.

17



Chapter-I

I.1.5 Construction of supercapacitor

Supercapacitors assemble with two electrodes viz. positrode and negetrode immersed
in an aqueous or non-agqueous electrolyte, and an electrolyte ion permeable porous
membrane separator in between them (Figure 1.4) [12]. The electrodes are prepared by
pasting or depositing the active materials such as carbonaceous or pseudocaoacitive
materials, or their composites on the surface of the current collector. If both the
electrodes are of same active materials then the fabricated supercapacitor is known as
symmetric supercapacitor otherwise fabricated supercapacitor is called asymmetric

supercapacitors.
1.1.6 Application of supercapacitor

Supercapacitors have wide range of applications as it can overcome the limitations of
the conventional capacitors and batteries [97, 98]. These can be used as a backup
power system for static random-access memory, microcomputer, measuring and
communication device, digital tuning system, etc. Supercapacitors are also used as a
power source in various high power applications such as electronic toy, display light,
gas igniter, load lifting, etc. It can also provide the starting power to the electrical
vehicle in start and stop systems. Supercapacitor can be used in a micro source system
connected to micro-grid. It can also be used in wind turbines where it helps to smooth

out the intermittent power supplied by the wind.
1.2 Techniques of materials preparation

The synthetic routes not only influence the architecture of the nanomaterials but also

affect the performance of the desired product in various applications. A large number
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of methods have been developed for the synthesis of nanomaterials having
electrochemically active high SSA. The simple and highly used techniques are

hydrothermal method, precipitation method and electrochemical deposition technique.

1.2.1 Hydrothermal method

The term ‘hydrothermal’ refers to the involvement of water and heat. This process
involves growth of the crystals from aqueous solution within Teflon-coated stainless-
steel autoclave at high temperature under high pressure [99]. When other solvent
instead of water is used, the method is termed as solvothermal. In the last few years,
hydrothermal method has attracted great interest from the researchers of different
disciplines for the preparation of nanostructured materials. This method has several
advantages such as its efficiency to produce high yield of products with
standardization in nucleation, growth and aging (which affects size, morphology and
aggregation) and reproducibility. Moreover, it is eco-friendly in nature and needs low
energy consumption over other available conventional fabrication techniques. A large
number of metal oxides, hydroxides and sulfides have been synthesized using

hydrothermal technique for various applications reported elsewhere.

1.2.2 Precipitation method

The chemical precipitation method is more suitable and common method for the
synthesis of nanomaterials with various architecture and porosity due to simplicity,
reproducibility and cost-effectiveness [100]. In this process a substance of a solution
converts itself into an insoluble form and separate out from the solution. Generally, a
precipitating agent like hydroxide is added to the homogeneous solution of desired

metal salt. This type of reactions undergo in room temperature or little high
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temperature. Chemical precipitation routes are categorized into the direct precipitation
(the solution contain on cation only) and co-precipitation (multi-cations are present in

the mixed solution) method [101].

1.2.3 Electrodeposition technique

The electrodeposition method exploits the creation of different kinds of materials with
desired surface morphologies directly from electrochemical reactions in liquid phase
with substrate materials. Unlike some other methods which involve multistep and
complicated process, electrochemical deposition is a simple, low cost, highly effective
and convenient method to fabricate a uniformly extended nanostructure with large-
area coverage in aqueous electrolyte [102]. The main advantage is that it does not
need any harsh condition. Moreover, the morphology and thickness can be tuned
easily by controlling the deposition parameters, such as, concentration of electrolytic
solution, electrodeposition scan rate, current density, and time. The fast nucleation
and growth on a large variety of conducting substrates like Ni foam [68] or wire
[103], Cu foam [104], stainless steel [105], ITO coated glass [106], carbon cloth [107]
or fiber [108] facilitates its use in energy storage devices directly as binder free

electrode.

1.3 Techniques of materials characterizations

The as-synthesized material is characterized structurally, morphologically and

electrochemically.
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1.3.1 Electrochemical characterization

The electrochemical performance of a material is investigated in terms of cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical

impedance spectroscopy (EIS) using a potentiostat (Figure 1.5) [109].

1.3.1.1 Cyclic voltammetry (CV)

CV is an extensively used electrochemical method which gives the basic information
about potential window, charge transfer reaction (if any), specific capacitance and
cycle life of an active material. CV measures the current that develops in an
electrochemical cell as the voltage is swept over a potential window. This can be
performed using a three- or two- electrode system cell. The three electrode system cell
consists of working, reference and counter electrode. Working electrode is made of
the active materials, whereas the reference electrode is a standard electrode with
constant electrochemical potential such as saturated calomel electrode or Ag/AgCI
electrode. Counter electrode is used to complete the circuit of the electrochemical cell.

Generally inert metal like Pt is used as counter electrode for single electrode study.

Figure 1.5 Potentiostat for electrochemical measurement
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The nature of the CV curves is different for the EDLCs and pseudocapacitive
materials. A rectangular CV curve is obtained for EDLCs whereas for a
pseudocapacitive material a deviation is shown from its ideal behavior. The specific

capacitance of the electrode materials can be calculated from CV curve using eq. 1.

2 ivyav

Co= -2 (D)

S 2(V2-V1)vm

where, f:lz i(V)dV is the area of the CV curve, AV = (V2 —V1) is the potential

window (V), v is the scan rate (mV/s) and m is the mass (g) of the active materials.

1.3.1.2 Galvanostatic Charge-Discharge (GCD)

GCD curve helps to understand the electrochemical performance more accurately
towards real-field performance. In GCD test the cell is charged and discharged in the
specified potential range at a constant applied current. Like CV curves, the nature of
GCD curve is different depending upon the nature of electrode materials. Ideal EDLC
gives linear voltage response with triangular-shaped GCD curve, whereas nonlinear
GCD curve indicates pseudocapacitive nature of the electrode. From GCD curve
coulombic efficiency (n), specific capacitance (C), specific energy (E) and specific

power (P) can be calculated using following equations:

N = (ta/te) x 100% (2)
i XAt

CS = m X AV (3)

E =% Csx (AV)? (4)

P =E/At (5)
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where tg, and At represents the discharging time (s), t; is charging time (s), (i/m) is the
measurement of the mass normalized current (A/g), and AV is the potential window

(V).
1.3.1.3 Electrochemical Impedance Spectroscopy (EIS)

EIS is also an equally important electrochemical method which gives the idea about
the various resistive effects happen in the active material during the electrochemical
process [110]. A real versus imaginary part of the complex impedance of an electrode
is plotted, known as Nyquist plot, from EIS. After fitting the curve with an equivalent
electrical circuit various parameters like charge transfer resistance (R, solution
resistance (Rs), double layer capacitance (Cqj), Warburg impedance (W), and constant
phase element (CPE) can be obtained. As these parameters are related to ESR and
therefore they effect on electrochemical performance of an electrode material in an

electrolyte.
1.3.2 Structural characterization

1.3.2.1 X-ray diffraction (XRD) analysis

The XRD analysis helps to examine the crystallographic structure or chemical
composition of a material [111]. When monochromatic X-rays are passed through a
crystalline sample the microcrystals diffract the X-rays due to constructive
interference. The diffracted X-rays from the sample produce a characteristic pattern of
rings on the detector screen. This pattern is analyzed to get insight into the
crystallinity and the phase purity of the sample being analyzed. The working principal
of diffractometer is governed by the Braggs law. From the diffractometer the

diffraction patterns are obtained as absolute intensity vs. 26.
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1.3.2.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is an important analytical tool used to identify the functional groups present in
organic and inorganic materials [112]. Every molecular bond vibrates at a
characteristic frequency depending up on the constituent atoms and the type of bond.
A molecule absorbs the infrared radiation to excite itself to the higher vibrational
state. The wavelength of the absorbed light is a function of the energy difference and
also characteristic of the particular functional moiety. This spectroscopic method
records percent transmittance versus wavenumber. The term ‘Fourier Transform’
means a mathematical algorithm, which is essential to transform the raw data to the

actual spectrum.

1.3.2.3 Raman Spectroscopy

Raman spectroscopy is another important analytical tool used to get information about
the chemical and structural information of a sample [113]. When a single wavelength
laser excites the bonds of a molecule to the higher vibrational level a measurable
scattered light is produced. In an inelastic scattering also known as Raman scattering
process, a transfer of energy between the molecule and scattered photon occurs. If the
scattered photon transfers energy to the molecule, then its wavelength increases due to

decreasing the energy, which is called Stokes Raman scattering.

1.3.2.4 X-ray Photoelectron Spectroscopy (XPS)

XPS is an important spectroscopic technique which mainly gives the idea about
elemental composition of the sample surface [114]. The sample surface is irradiated
with monochromatic x-rays and the kinetic energy of the photoelectrons emitted from

the surface is measured.
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1.3.3 Morphological characterization

1.3.3.1 Field Emission Scanning Electron Microscopy (FESEM)

The surface morphology can be examined by the electron microscopy like FESEM.
This produces images of the sample surface by using focused beam of electrons
instead of light. The FESEM analysis can provide largely magnified images with
higher resolution at a lower voltage compared to that obtained from the conventional
SEM method. The main difference between the SEM and FESEM is the use of

different electron generation system.

1.3.3.2 High Resolution Transmission Electron Microscopy (HRTEM)

In HRTEM, the focused beam of electrons transmits through the sample to form the
image. It can provide highly magnified images with lattice fringes which are really
difficult to get by normal TEM. The HRTEM uses both the transmitted and the

scattered beams to create an interference image.
1.3.4 Surface area measurement

1.3.4.1 Brunauer-Emmett-Teller (BET) analysis

BET surface area analysis provides the specific surface area (m?/g) of a sample trough
gas adsorption analysis. An inert gas like nitrogen is constantly run over a solid
sample and the formation of a monolayer of gas molecules is used to determine the

specific surface area of the sample.
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1.4 Literature Review

The energy storage research in terms of supercapacitor application is mainly focused
on finding the best electrode material which can deliver high specific energy at high
rate of specific power. Therefore, the materials researchers have been using pristine or
choosing the best combination among capacitive and pseudocapacitive materials. In
this section, the electrode materials of supercapacitor based on transition metal
oxides/hydroxides/sulfides, rGO/graphene, CNT and their hybrids/composites have

been reviewed to focus the scope of the present work.

Among pseudocapacitive transition metal oxides, manganese oxides have
some advantages like, high natural abundance, variable oxidation states, high
theoretical specific capacitance, low cost and environmentally benign nature [115].
Generally manganese has four stable oxides such as Mnz04, Mn,O3, MnO, and MnO.
Among them Mn30y is one of the stable spinal oxides (Mn""Mn""',0,). Due to variable
oxidation states of Mn, the charge storage mechanism is governed by the fast faradaic
redox reaction by adsorption of the electrolyte cations on the surface of Mn3O,.
Therefore, the pseudocapacitive Mn3O,4 shows exceptionally high theoretical specific

capacitance of about 1400 F/g [116].

B. Gnana Sundara Raj et al. have reported Mn30,4 nanoparticles prepared by a
simple chemical precipitation method [117]. The active material exhibited maximum
specific capacitance of 322 F/g at areal current density of 0.5 mA/cm? in 1 M Na,SO,
electrolyte. It exhibited high capacitance retention of 77% over 1000 cycles. Y. Luo et
al. have reported Mn3O, cubes prepared by a simple dissolution evaporation method
followed by calcination [118]. The 3D hierarchical architecture with interlocking

structure and higher conductivity of the as-synthesized materials exhibited high
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electrochemical performance. The electrode material showed maximum specific
capacitance of 583 F/g at specific current of 1 A/g in 6 M KOH electrolyte
accompanied with good capacitance retention of 71.8% over 1200 cycles. B. Li et al.
have reported ultrafine Mn3O, nanoparticle which exhibited maximum specific
capacitance of 260 F/g at specific current of 1 A/g [119]. They fabricated an aqueous
asymmetric supercapacitor activated carbon//Mnz0O, which was able to deliver high
specific energy of 40.2 Wh/kg at a power delivery rate of 500 W/kg accompanied

with good capacitance retention of 70.8% over 5000 GCD cycles.

One major drawback of Mn3O, is poor conductivity (107 to 10 S/cm) [120].
The combination with highly conductive material such as rGO/graphene/CNTs can
overcome this intrinsic problem [121]. X. Cui et al. have reported Mn3O,
nanoparticles deposited on carbon nanotube array (CNTA) for electrochemical energy
storage [122]. They first synthesized CNTA via catalytic chemical vapor deposition
technique and then the Mn3O4-CNTA composite via dip-casting process followed by
annealing. The composite exhibited maximum specific capacitance of 143 F/g at 2
mV/s scan rate, indicating high areal capacitance of 1.70 F/cm? in 0.5 M Na,SO,
electrolyte. R. Poon et al. have reported Mnz;O,-MWCNT composite prepared by wet
chemical synthesis [123]. The as-prepared composite exhibited remarkably high areal
capacitance of 3.52 F/cm? at scan rate of 2 mV/s. V. Hiremath et al. have reported
CNT threaded Mn30O,4 nanocomposites prepared by hydrothermal method [124]. In
composite CNTs were well decorated on the surface of Mn3O,4 nanoclusters. CNTSs
improved the conductivity of the composite whereas MnzO, provided more
electroactive sites. Due to the synergistic effect of the component materials, the
composite exhibited high specific capacitance of 81.9 F/g at a specific current of 0.6

Alg with good cycle life.
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To increase the specific energy, an asymmetric device can be fabricated using
Mn3O,4 based composite and carbonaceous material as positive and negative electrode,
respectively. Y. Hu et al. have reported super flexible Mn3zO4-rGO nanohybrid paper
prepared by a simple hydrothermal route followed by electrochemical reduction
[125]. A well dispersion of highly redox active Mn3O,4 on the amply conductive rGO
made the hybrid nanocomposite exceptionally electrochemical active. A flexible
asymmetric supercapacitor fabricated using Mn3O4-rGO paper and rGO paper as
positive and negative electrodes, respectively, was able to provide remarkably high
volumetric capacitance of 54.6 F/cm® accompanied with high energy density (0.0055
Wh/cm®) and power density (10.95 W/cm®). Y. Xiao et al. have reported an
asymmetric supercapacitor using MnzO,@GR and activated carbon (AC) as positive
and negative electrodes, respectively [126]. It exhibited maximum specific energy of

34.6 Wh/kg at a power delivery rate of 500 W/kg in 1 M Na,SO, electrolyte.

Another very stable oxide of manganese, MnO, is also abundant, cheap, and
environmentally benign [121]. MnO, has some remarkable electrochemical properties
such as exceptional theoretical specific capacitance of 1370 F/g [127], large
electrochemical potential window, and ability to perform in mild aqueous electrolytes.
C. Wu et al. have reported hydrothermal synthesis of plate-like MnO, deposited on
nickel foam as a binder free electrode for supercapacitor [128]. Due to the 3D
architecture it achieved high surface area and also remarkable electrochemical
performance. MnO, showed maximum specific capacitance of 583.5 F/g at specific
current of 1 A/g accompanied with good (~91.2%) capacitance retention and 100%
coulombic efficiency even after 4000 cycles. A. Xia et al. have reported 5-MnO,

nanosheets prepared by a simple hydrothermal method [129]. The active material

28



Chapter-I

exhibited maximum specific capacitance of 332.7 F/g at specific current of 0.5 A/g
with capacitance retention of 93.7% after 10000 cycles.

Copper oxide (CuO) is also a promising pseudocapacitive candidate due to its
abundance, chemical stability, ease of synthesis of numerous nanostructure, good
electrochemical performance, non-toxicity and environmental friendliness. J. Ye et al.
have reported porous CuO nanoflowers on flexible Cu foil prepared by a simple
chemical deposition process [130]. The active material exhibited maximum specific
capacitance of 284.5 F/g at areal current of 0.5 mA/cm?® accompanied with 80 %
capacitance retention after 1000 cycles. S.K. Shinde et al. have reported CuO thin
films prepared by chemical bath deposition method using different ionic liquids [131].
Among them CuO nanosheets synthesized using 2-dimethylimidazolium chloride
exhibited maximum capacitance of 464 F/g at 5 mV/s in 1 M Na,SO, electrode. To
improve the shortcomings like limited specific surface area and comparatively low
electrical conductivity, CuO is often combined with other metal oxide (e.g. MnO2)
resulting in a hybrid material having improved specific capacitance. Y. Xin Zhang et
al. have reported CuO-MnO, nanocomposites prepared by hydrothermal method
[132]. In composite the highly porous MnO, nanosheets nicely covered the CuO
nanoflowers. The maximum specific capacitance of 167.2 F/g was calculated for the
composite at a specific current of 0.3 A/g in 1 M Na,SO, electrolyte. M. Huang et al.
reported CuO@MnO, composite prepared using CuO nanotubes and MnO,
nanosheets [133]. The highly porous structure with high SSA of the material improves
redox faradic reactions by enhancing the rate of ion transfer and surface adsorption of
electrolyte cations. They fabricated an asymmetric device using CuO@MnO, and
activated microwave exfoliated graphite oxide (MEGQ) as positive and negative

electrode, respectively. The device exhibited high specific energy 22.1 Wh/kg with
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power delivery rate of 85.6 kW/kg accompanied with high cycling stability. Z. Zhang
et al. have reported hollow dandelion-like CuO wrapped with MnO nanosheets [134].
The active material exhibited maximum specific capacitance of 228 F/g with good

cycling stability.

Apart from the combinatorial metal oxides, the bimetallic sulfides also have
attracted enormous attention due to their large number of redox active sites, high
thermal stability and electrical conductivity [84]. N. Ahmed et al. reported 3D
interconnected Mn—Ni—S nanosheets on Ni foam prepared by a single step
electrodeposition process [73]. The Mn—Ni—S exhibited remarkably high specific
capacitance of 2849 F/g at specific current of 1 A/g with high rate capability. The
fabricated asymmetric supercapacitor using Mn—Ni—S nanosheets as positive and
Fe304-GR as negative electrode achieved high specific energy 40.44 Wh/kg with
power delivery rate 800 W/kg accompanied with high capacitance retention. Y. Li et
al. have reported Ni—Co sulfide nanowire on Ni foam prepared by hydrothermal
technique [135]. The self-supported Ni-Co-S exhibited maximum capacitance of 2415
F/g at the areal current 2.5 mA/cm?. The fabricated asymmetric supercapacitor using
Ni-Co-S nanowire as positive and Fe3O4-GR as negative electrode achieved high
specific energy 40.44 Wh/kg with power delivery rate 800 W/kg accompanied with
high capacitance retention. G. Li et al. have reported electrochemically co-deposited
three-dimensinal hierarchical porous Mn-Co sulphide nanosheets on Ni foam [81].
The binder free electrode exhibited areal capacitance of 1.724 F/cm? at 1 mA/cm?

areal current.

The charge storage properties of the binary metal hydroxides have also been

considered as a recent research topic due to their interconnected arrangement and high
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SSA. The MnSn(OH)g has been chosen for electrochemical application due to its high
electron mobility, good conductivity, excellent charging-discharging profile and high
cycle life due to the transition metal (Mn) along with the robustness achieved from the
post transition metal (Sn). B. Jansi Rani et al. have reported MnSn(OH)s nanocubes
prepared by solvothermal method [136]. The oriented fine edge morphology and
oxygen vacancies in the active material were helpful to improve the electrochemical
performance. A maximum specific capacitance of 525 F/g at the scan rate of 5 mV/s

was achieved.

To increase the specific energy, enhancement of capacitance and the working
potential window of an electrode is very essential according to the equation; E =
0.5CspV2. Fabrication of an asymmetric supercapacitor with a pseudocapacitive
electrode (positrode) as the energy source and a capacitive electrode (negatrode) as
the power source has been accepted as a promising approach. The carbonaceous
materials which are used as negatrode of supercapacitor mostly suffer from low
capacitance. Although the development of negative electrode materials is relatively
slow, recently few transition metal oxides and hydroxides such as a-MnOz, Mn3O4,
Ce(OH), have shown significant performance as negative electrodes for
supercapacitor. Y. Chen et al. reported a-MnO, nanospheres prepared by chemical
precipitation followed by annealing process exhibited maximum specific capacitance
of 736.3 F/g at a specific current of 1 A/g accompanied by excellent cycling stability
[137]. Due to the oxygen vacancies resulting from annealing and high SSA, the a-
MnO, nanospheres exhibited high electrochemical performances as negatrode. J.-X.
Feng et al. fabricated negative electrode based on amorphous porous Mn3;O4/NGP
(Ni/graphite/paper) via electrodeposition [138]. The material achieved a maximum

specific capacitance of 432 F/g at scan rate of 5 mV/s. The multi-valences of Mn (+2
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and +3) and stable negative potential window (-0.8 to 0 V) made the composite
suitable as negatrode of supercapacitor. X. Liang et al. reported Ce(OH), as negative
electrode prepared in-situ by electrochemical method [139]. The electrode was able to

achieve high specific capacitance of 187 F/g at a specific current of 1 A/g.

Recently, the coordination complexes like metal hexacyanoferrates have
gained attention due to their semiconducting nature with narrow band gap, high SSA
and the redox ability i.e., high charge conductive nature. Hence these compounds
show promising applications in energy storage and conversion, photocatalysis, ion
sensing etc. H. Pang et al. have reported manganese hexacyanoferrate hydrate
nanocubes prepared by simple precipitation method [140]. It exhibited excellent
electrochemical performance due to its nanocubic structure with micro- and
mesopores which facilitates efficient charge transfer and mass transport. It achieved
maximum specific capacitance of 690 F/g at 1.3 A/g specific current using 1 M
K>SOy electrolyte. J. Chen et al. prepared Nis[Fe(CN)g].-H20 by simple precipitation
method [141]. The electrode material showed maximum specific capacitance of 574.7
F/g at specific current of 0.2 A/g in 1 M KNOj electrolyte accompanied with good
capacitance retention of 87.46% over 1000 cycles. J.-G. Wang et al. reported cobalt
hexacyanoferrate (CoHCF) submicroboxes prepared by traditional precipitation
method [142]. The nanosized CoHCF having hierarchically mesoporous structure
facilitates the charge storage property due to shorten diffusion path and increased
number of redox active sites. The as-prepared material exhibited high specific
capacitance of 288 F/g at 0.5 A/g with excellent rate capability. A hybrid capacitor
(CoHCF||AC) was prepared providing a high specific energy of 42.5 Wh/kg at
specific power of 990 W/kg accompanied by excellent cycling performance. Q. Zhou

et al. synthesized a composite of nickel hexacyanoferrate (NiIHCF) and surface
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modified reduced graphene oxide (rGO) by co-precipitation method [143]. The
NiHCF nanoparticles were uniformly anchored on the modified rGO and shown the
synergistic effect on electrochemical performance. The composite material exhibited
maximum specific capacitance of 270 F/g at specific current of 0.5 A/g. The
fabricated asymmetric supercapacitor using NiHCF-modified rGO as positive and
sandwiched graphene carbon (SGC) as negative electrode achieved high specific
energy 25.4 Wh/kg with power delivery rate 600 W/kg accompanied with 93%

capacity retention after 2000 cycles.
1.5 Scope and objectives

Although plenty of research works have been reported using different
combination of materials as electrode materials for supercapacitor application, the
detailed literature survey revealed that different type of manganese based materials
can be developed for the further improvement of their electrochemical performance.
The day-to-day discovery of new portable electronics creates high demand of
supercapacitors which should be capable of giving high specific power with high
specific energy. The electrochemical performance of a supercapacitor not only
depends on the electrode materials, but it also depends on the electrolyte, electrode
designs etc. Hence there is huge opportunity to choose the proper electrode materials,

the synthetic route and the electrolyte to get the maximum performance.

1.5.1 Choice of electrode materials

The active materials of the electrode play the vital role in determining the
performance of a supercapacitor. There is a huge scope to investigate the different

types of Mn-based compounds. Being a second row transition element Mn can
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implement some properties like electron mobility, good conductivity, excellent
charging-discharging profile and high cycle life. Instead of that manganese-based
nanomaterials are promising in the area of energy research because of the following
reasons: (i) manganese shows variable oxidation states from +2 to +7. Thus it is
exceptionally redox active. (ii) Mn is highly abundant element in comparison to the
other transition metals. (iii) Manganese oxides show very high theoretical capacitance
along with a wide positive potential window in comparison with other transition metal
oxides. (iv) Manganese compounds can easily form composites with hierarchical
nanostructures by simple and facile conventional methods like hydrothermal,
precipitation and electrodeposition method. The manganese oxide and its composites
with carbon material or other transition metal oxides need thorough investigation with
respect to their different architecture, charge storage mechanism, enhancement of
specific energy in asymmetric supercapacitor designed from them. There is a
possibility for investigation of the electrochemical performance of the Mn-based
bimetallic hydroxides or sulfides. Metal hexacyanoferrates are the new class of energy
materials comparable to others. Hence, there is a lot of possibility to enhance their

electrochemical properties.
1.5.2 Choice of the synthetic route

As the porosity and morphology of an electrode material greatly depend on the
synthetic route, the choice of a simple, cost effective, and environment friendly
method is important for this purpose. The best common, simple and green strategy is
the precipitation method. Except the need of expensive autoclave, the hydrothermal
method is extremely useful to synthesize porous material with hierarchical

architecture. The electrochemical deposition is a simple, low cost, highly effective
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and convenient method to fabricate uniformly extended nanostructure with large-area
coverage in aqueous electrolyte. Furthermore, the fast nucleation and growth on a
large variety of conducting substrates facilitates its use in energy storage devices

directly as binder free electrode.

1.5.3 Choice of electrolyte

A suitable electrolyte also enhances the performance of the electrolyte. Except the
limitation of the potential window, aqueous electrolyte is beneficial for supercapacitor
due to their high ionic mobility and low equivalent series resistance and easy
handling. To improve the conductivity of conventional agqueous electrolytes and
charge storage, foreign redox system like Ks[Fe(CN)s]/ K4[Fe(CN)g] can be added to

it.
1.5.3 Objective of the present work

The objectives of the present research works deal with the synthesis of manganese-
based materials such as oxides/sulfides/hydroxides and their composites with carbon
material or other pseudocapacitive transition metal oxide as electrode materials for
supercapacitor application by some simple techniques such as hydrothermal,
precipitation and electrodeposition method. To increase the specific energy,
asymmetric supercapacitor can be fabricated. The effect of redox system aided

aqueous electrolyte can also be analyzed on the performance of supercapacitor.
1.6 Organization of the Thesis

A total of six chapters are included in the present thesis.
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Chapter | discusses the basic introduction of the present research topic.
Different synthetic routes of the materials and various characterization techniques
have been depicted. Finally, the existing literature related to the research topic has

been discussed in detail along with the scope and objectives of the present work.

Chapter 11 deals with the synthesis and fabrication of a hybrid-type
asymmetric supercapacitor (ASC) by combining Mn3;O,4 nanoparticle-supported multi-
wall carbon nanotube (Mn3;O,@MWCNT) composite as positive and reduced
graphene oxide (rGO) as negative electrodes. A controlled hydrothermal synthesis of
Mn30y in the presence of MWCNT resulted in well-distributed Mn3O,4 nanoparticles
on the MWCNT backbone in the Mn;O,@MWCNT composite. The structure,
morphology and SSA of the as-prepared materials have been investigated by XRD,
FT-IR, XPS FESEM, TEM, and BET analysis. The electrochemical characterizations

were carried out in terms of CV, GCD and EIS analysis.

Chapter 111 deals with a simple and cost-effective precipitation approach
which was carried out to fabricate CuO nano-needle, and its electrochemical
performance was evaluated in a redox-mediated electrolyte (2 MKOH and 0.3 M
KsFe(CN)g). The CuO nanoparticles were further modified with MnO, by a
hydrothermal method, and the electrochemical behavior of the resulting CuO-MnO;
(CMOg) was thoroughly examined. The as-synthesized electrode materials were
structurally and morphologically characterized using XRD, FTIR, XPS, SEM, and
TEM. The electrochemical performances of the CuO and MnO,—CuO composites

have been examined in detail.

Chapter 1V deals with a simple electrodeposition technique which were used

to synthesis of 3D interconnected binary metallic manganese-cobalt sulfide (Mn-Co-
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S) nanosheets on nickel foam. The morphology and elemental composition of the as-
synthesized binder free electrodes were investigated with the FESEM and XPS

technique, respectively.

Chapter V deals with a negative electrode based on MnSn(OH)g nanocubes
prepared by a simple precipitation method at room temperature for supercapacitor
application. The as-prepared material was structurally and morphologically
characterized with the help of XRD, FT-IR, FESEM, and HRTEM analyses. The
electrochemical performance is investigated through a three-electrode cell system in a

negative potential window (-1.0 to 0.0 V).

Chapter VI deals with the synthesis of four different metal hexacyanoferrates,
MHCF (M = Mn, Ni, Cu and Zn) via a simple, cost effective precipitation method.
The as-synthesized MHCF were characterized using XRD analysis and FESEM
images were recorded for the analysis of morphology. The photocatalytic activity of
the four compounds was examined with respect to the photoreduction of Cr(VI) to

cr(in).

Chapter VII summarizes the whole work. The novelty and main findings of

the research work has also been depicted with the full scope of the future work.
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1.1 Introduction

A sustainable and renewable energy resource is required as an alternative to fit
the worlds expanding energy need without causing any environmental
detriment [1, 2]. Electrochemical capacitors also known as supercapacitors (SC)
have drawn tremendous attention with great potential application in energy
storage systems for portable electronic devices and hybrid electric vehicles due
to its unique properties of high power density, long cycle life, low maintenance
cost and green environmental protection [3, 4]. Although, SC delivers very high
power density (~10 to 10* W-kg%), it suffers from lower energy density (~0.2
to 10 Wh-kg ') compared to the conventional batteries (~10 to 200 Wh-kg %)
[5]. The energy density (E) is related with the operating voltage (V) and

capacitance according to the following equation: E = 0.5CV2.

To achieve high energy density along with high power density and long
cycle life, a great effort has been devoted to develop asymmetric
supercapacitors (ASCs) by combining a battery like Faradaic electrode (as
energy source) and a capacitive electrode (as power source) [6]. So far, various
redox active metal oxides or hydroxides such as Mn3O4 Fe304 Co0304,
Co(OH),, Ni(OH), and their composites with carbonaceous materials like
graphene or/and carbon nanotubes have been well investigated as

supercapacitor active material [7-12].

The manganese based material like MnzO,4 can be considered as one of the
most promising electrode materials because of its low cost and environmental

compatibility accompanied with high pseudocapacitance [13]. However, the
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poor electrical conductivity often results in low rate capability in these metal
oxides. In this context an increase in electrical conductivity of the
pseudocapacitive metal oxides can be obtained by formation of nanocomposites

with various carbonaceous materials which are highly conductive in nature.

Recently, activated carbon (AC) is extensively used for the capacitive
electrode of ASCs due to its high specific surface area and moderate cost.
However, it suffers from small pore diameter (0.5 nm), which is not accessible
to hydrate ions (0.6-0.76 nm) resulting in a poor capacitive performance [14,
15]. In order to minimize above mentioned problem reduced graphene oxide
(rGO) nanosheets was employed instead of AC. Nowadays, rGO has attracted
extensive attention in the energy research due to its unique properties such as
flexible porous structure with its mesopores and microspores, high surface area,
high conductivity, high energy density, and good electrochemical stability [6,

11, 16].

Here, we report a simple hydrothermal method for the synthesis of
Mnz;Os@multi-wall carbon nanotube (Mn3O,@MWCNT) composite as
supercapacitor electrode material with improved rate capability. To obtain an
improved cell voltage in aqueous electrolyte an aqueous asymmetric
supercapacitor was constructed by combining Mn3;O,@MWCNT and rGO as
positive and negative electrode, respectively, which was able to give high cell

voltage of 1.6 V resulting in high energy density of 26.8 Wh/kg.
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11.2 Experimental Section

11.2.1 Materials

All materials were used during experiment without further purification.
MnCl,.4H,0, graphite powder, H,O, were obtained from Loba chemie,
Mumbai. MWCNT was obtained from Iljin Nano Technology, Korea, (95%
purity and 15-35 nm diameter). H,SO,4 ortho phosphoric acid, Ethanolamine,

ethanol and acetone were bought from E. Merck Ltd. India.

11.2.2 Preparation of pure Mn3O4 and Mn3;0,@MWCNT composite

A simple and cost effective hydrothermal method was carried out by using
MnCl,.4H,0 as metal precursor and ethanolamine (EA) as hydrolysing agent
for the synthesis of Mn3O,. For the synthesis of Mn;O,@MWCNT composite,
the hydrothermal reaction was carried out in presence of dispersed MWCNTS.
Briefly, 30 mg MWCNTSs were taken in 20 mL water and ultrasonicated for 45
min. Then the dispersed MWCNTs were poured in 20 mL 0.1 M aqueous
solution of MnCl,.4H,0 and the whole mixture were again ultrasonicated for
15 min. Then ethanolamine (0.4 mL) was slowly added dropwise into the
solution mixture under vigorous stirring condition. The whole solution mixture
was transferred into a 50 mL autoclave and kept in muffle furnace for 6 h at
180 °C. The greenish black precipitate was washed with water and ethanol
mixture for 4-5 times and dried at 70 °C. The pure Mn3O4 was prepared by

following the same procedure without the addition of MWCNT.
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11.2.3 Preparation of rGO

Reduced graphene oxide was prepared by the hydrothermal reduction of
graphene oxide in presence of ascorbic acid. Graphene oxide was prepared by
modified Hummers’ method [17]. Briefly, 1 g of commercially available fine
graphite powder was dispersed in a mixture of conc. H,SO4 (120 mL) and ortho
phosphoric acid (13.3 mL). Then 6 g KMnO,4 was added pinch by pinch to
avoid excess heating. After 12 h stirring, the whole mixture was poured slowly
in a mixture of 30% H,O, (1.5 mL) in ice water. The GO powder was collected
after washing the solid material in succession with 10% HCI, water and ethanol.
Reduced graphene oxide (rGO) was prepared by the reduction of as prepared
GO with ascorbic acid. 50 mg GO with 50 mg L-ascorbic acid was
ultrasonicated in 40 mL H,O for 30 min. Then the mixture solution was
transferred into a 50 mL Teflon autoclave and was kept in muffle furnace at
180 °C for 6 h. The product was washed with water and ethanol mixture and

dried at 60 °C.

1.3 Results and Discussion

Ethanolamine, an organic solvent have been extensively used for the synthesis of a
variety type nanostructured metal oxides such as Mn30,, Fe3O4, C0304, SO etc. as a
hydrolyzing agent [8, 18-20]. The schematic presentation of the formation of
Mn3O,@MWCNT composite is shown in Scheme Il.1. The Mn3O, nanoparticles
were formed via a Mn-EA complex formation (Scheme 11.1b) [21]. Similarly, the
composite with MWCNT followed the same mechanism where the MWCNT served

as a template.
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Scheme 11.1 (a) The schematic diagram of the synthesis of composite; (b) The

mechanism of the formation of Mn3O,4 nanoparticles.

The as prepared materials were characterized by X-Ray Diffraction (XRD)
analysis, Fourier Transform Infrared (FTIR) spectroscopy, Raman Spectroscopy
study, X-Ray Photoelectron Spectroscopy (XPS), Field-Emission Scanning Electron
Microscope (FESEM) and Transmission Electron Microscope (TEM) for structural,
chemical composition and morphological determination. The surface area of the
material was determined by N, adsorption-desorption isotherm. The electrochemical
behavior was analyzed in terms of cyclic voltammetry (CV), galvanostatic charge-

discharge (GCD) curve and electrochemical impedance spectra (EIS).

11.3.1 XRD analysis

The X-ray diffraction analysis was carried out using the Rigaku ULTIMA-III X-ray
diffractometer with Cu Ka radiation (A = 1.548 A). The XRD pattern of Mn3O4 and
Mn3;0O,@MWCNT composite is shown in Figure Il.1a. The diffraction pattern of

Mn3O, is well matched with the JCPDS card no. 04-007-1841. The peaks at 26 =
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18.01, 28.91, 30.99, 32.38, 36.08, 38.09, 44.40, 49.89, 53.86, 56.02, 59.9 and 64.61
degree are corresponding to the plane of (101), (112), (200), (103), (211), (004),
(220), (204), (312), (303), (224) and (314), respectively. All the peaks are also present
in Mn;0,@MWCNT composite with an extra peak at 20 = 26 which attributes for the
characteristic (002) plane of MWCNT [22]. Figure I1.2a shows the XRD pattern of
GO and rGO. For GO, the characteristics peak of (002) plane of GO arises at 26 =

10.2° which is missing in rGO indicating the successful reduction of GO.

JCPDS No. 04-007-1841 (a) Mn30,4 '
(b) Mn30,4@CNT

I lj (a)
a8
_."-EL‘L

(a)

o

(a} Mn304
(b) Mn30,4@CNT

Intensity (a.u.)

% Transmittance (a. u.) 6
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Figure 11.1 (a) XRD pattern, and (b) FTIR spectra of pure Mn3O, and

Mn3;0,@MWCNT composite.

11.3.2 FTIR analysis

The chemical compositions of as prepared materials were also confirmed by FTIR
analyses, which are shown in Figure 11.1b. For this characterization dish-shaped pellet
was prepared first from as-prepared powder samples and then the analysis was done
using NEXUS 870 FTIR (Thermo Nicolet) instrument. The stretching frequency at
615 and 500 cm™ indicate the stretching modes of tetrahedral and octahedral sites of

Mn3O, [23, 24]. The peak at 3405 cm™ attributes the presence of physisorbed water
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molecule in the materials. The -C=C- stretching frequency of MWCNT arises at 1564
cm™ in composite spectrum along with other peaks of MnsO, [25]. Figure 11.2b
shows the FTIR spectra of GO and rGO. The obtained peaks for GO is well-matched
with the literature. The peaks at 1726, 1623, 1400, 1232 and 1049 cm™ are attributed
for C=0 (carboxyl/carbonyl), C=C (aromatic), C-O (carboxy), C-O (epoxy) and C-O
(alkoxy), respectively [26, 28]. In case of rGO almost all peaks were diminished

indicating successful reduction with large extent.
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Figure 11.2 (a) XRD pattern, and (a) FTIR spectra of GO and rGO.

11.3.3 Raman study

The Raman spectroscopy also confirms the successful formation of the
Mn3;0,@MWCNT composite which was carried out at an excitation wave length of
488 nm. All the peaks (Figure 11.3a) observed at 289, 316, 372, 478, and 657 cm™
confirms the crystalline Mn3O,4 nanoparticles in the composite [29, 30]. The most
intense peak at 657 cm™, is considered as the characteristic peak for spinel MnzO,
having Ay symmetry, which appears due to the interior movement of oxygen in the

octahedral unit MnOs. The peaks at 1334 and 1599 cm™ can be attributed to the D
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and G band of MWCNT [31-32]. The D band is mainly originated from the structural

defects on surface of MWCNT and G band stands for the E,4 graphite mode.
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Figure 11.3 (a) Raman spectrum of as prepared Mn;0,-MWCNT composite. The
enlarged peaks for MWCNT (inset); (b) XPS spectrum (survey scan) of Mn3Oy-

MWCNT composite. Magnified view of Mn 2p level (inset).

11.3.4 XPS Study

For the chemical analysis of the composite, X-ray Photoelectron Spectroscopy (XPS)
was carried out using PHI 5000 Versa Probe 11 XPS analyzer with monochromatic Al
Ka X-Ray source (hv = 1486.71 eV). Figure I1.3b shows the total survey scan of XPS
spectra for Mn;0,@MWCNT composites where all the peaks of C, Mn and O can be
seen. The C 1s peak at binding energy of 284.83 eV indicates the presence of
MWCNTSs in the composite [33]. The Mn2p level spectrum is shown inset of Figure
[1.3b. For Mn 2p, the two peaks at 653.0 and 641.27 eV are attributed to the Mn2p1/2
and Mn2p3/2, respectively with spin energy difference of 73 eV, confirming the

Mn30O,4 formation [34].
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Figure 11.4 FESEM images of as prepared (a) Mn30,4, and (c) Mn;O,@MWCNT
composite; TEM images of (b) Mn30,4, and (d) Mn;O,@MWCNT composite; EDAX

spectra of () Mnz0y4, and (f) MnzO,@MWCNT composite.
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Figure 11.5 FESEM images of as prepared (a) GO, and (b) rGO.

11.3.5 Morphological analysis

The morphological analysis of the as prepared Mn3O4, MN3O4,@MWCNT and rGO
were carried out in terms of field-emission scanning electron microscope (FESEM)
and transmission electron microscope (TEM) analyses using Carl Zeiss-SUPRA 40
and TECNAI G2-20S-TWIN, respectively. Figure Il.4a shows the FESEM image of
Mn3;O,4 nanoparticles with the avarage dimension of tens of nanometer. The
coressponding TEM image of the pure Mn3O,4 nanoparticles are represented in Figure
I1.4b, supporting the FESEM observance. In case of the Mn;O,@MWCNT composite,
the MWCNTSs backbone served as the template to grow the MnzO, nanoparticle
(Figure 11.4c). This is also confirmed from the TEM analysis (Figure 11.4d), where
apart from only a few aggolomerated nanoparticles, Mn;O,4 nanoparticles were nicely
distributed. Here MWCNT acted both as a template for the growth of Mn3zO,
nanoparticle as well it connected individual nanoparticles and thereby a conductive
network was formed inside the composite. The energy dispersive X-ray spectroscopy
(EDX) analysis of Mn3O,4 and Mn3O,@MWCNT are shown in Figure 11.4e and I1.4f.

Figure Il.5a illustrates the as prepared reduced graphene oxide merely formed

68



Chapter 11

network like morphology which is clearly seen from the corresponding TEM images

(Figure 11.5b).
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Figure 11.6 N, adsorption-desorption isotherms and BJH pore size distribution profile

(inset) of (a) Mn3O,@MWCNT composite and (b) rGO.

I1. 3.6 Brunauer—-Emmett—Teller (BET) analysis

The effective BET surface area of the composite was calculated using a
Quantachrome ChemBET analyzer as surface area of an electrode material plays a
crucial role in determining the performance. The composites show high surface area
and porosity obtained from N, adsorption-desorption isotherm and Barrett-Joyner-
Halenda (BJH) methods and the plots are shown in Figure Il.6a. According to the
international union of pure and applied chemistry (IUPAC), the BET isotherm exhibit
type-4 isotherm with H3 hysteresis loop. The BET surface area of the composite was
obtained as 64.68 m?/g. BJH pore size distribution profile (inset) shows perfectly
monomodal distribution with the maxima of 17.1 nm for the composites. The surface

area of the rGO was determined to be 95.92 m?/g (Figure 11.6b).
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Figure 11.7 CV curves of (a) Mn3O4, and (b) Mn;O,@MWCNT at different scan rates
of 2, 5, 10 20, 50 and 100 mV/s; (c) Variation of specific capacitance of Mn;O, and

Mn;O0,@MWCNT at various scan rates.
11.3.7 Electrochemical characterizations

The electrochemical properties the MnzO4, MN;0,@MWCNT, and rGO were studied
in three electrode cell system where the active materials coated Ni foam, Pt foil and
saturated calomel electrode (SCE) were used as working electrode, counter electrode
and reference electrode, respectively in 1 M KOH electrolyte using Biologic SP-150
instrument. For the preparation of working electrode, cleaned Ni foam (1 cm x 1 cm)
was taken as current collector on which active materials paste was casted. The Ni
foam was cleaned via ultrasonication for 30 min in 30% HCI to remove the NiO layer

on the surface. The active material paste was prepared by mixing it with carbon black
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(to increase the conductivity) and polyvinylidene fluoride (PVDF, as binder) with
8:1:1 weight ratio in N-methyl-2-pyrrolidone (NMP) solvent. The as prepared paste

was casted onto the cleaned Ni foam and dried under air.

Electrochemical characterization techniques in terms of cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD) and electrochemical impedance spectra
(EIS) were employed for the as prepared electrode materials. The CV plots of the
Mn304, Mn;O,@MWCNT at different scan rates of 2, 5, 10 20, 50 and 100 mV/s are
shown in Figure 6a and Figure 6b, respectively with a potential window of 0-0.6 V
(vs SCE). A pair of redox peaks appeared for both the electrode materials indicating
the occurrence of faradaic redox reaction during the CV cycle in KOH electrolyte.
The redox peak position in the CV plot clearly indicates the reversible redox reaction
of Mn(lI)/Mn(l1), Mn(IV)/Mn(lll) and Mn(VI)/Mn(IV) of Mn3zO, [35]. The
associated redox phenomenon of Mn3O, in an aqueous electrolyte can be expressed as

follows [36]:

MNO,(OH), + 8H,0 + 8¢~ «> MnOy_5(OH)5 + SOH™ (1)
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Figure 11.8 Cyclic voltammetry curves of rGO at different scan rates of 2, 5, 10 20,

50 and 100 mV/s.
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The two oxymanganese species MnOy(OH)y, and MnO,-3(OH)y+s in the
equation are at higher and lower oxidation states, respectively. However, certain
resistive phenomenon was observed as indicated by the positive and negative shifting
of the respective anodic and cathodic peaks in the CV plot with the increasing scan
rate. The non-rectangular nature of the CV plots also suggests the pseudocapacitive

behavior of the active material.

However, the CV plots of rGO (Figure 11.8) showed close to rectangular shape
indicating its double layer capacitive behavior; the soft deviation from perfect
rectangular nature may be due to the residual surface functional group, which in fact
contribute some pseudocapacitance to the total capacitance. The specific capacitance

from the CV plot was calculated using the following equation:

B _ _ BEiwav
Specific capacitance, Cs = o= (1)

where, f;’f i(V)dV is the area of CV curve, (V2 — V1) is the potential window (V), v

is the scan rate (mV/s) and m is the mass (g) of the active materials. The highest
specific capacitance of 428.9 and 471.3 F/g were achieved for MnzO, and
Mn3;0,@MWCNT, respectively at a scan rate of 2 mV/s. For reduced graphene oxide
the obtained maximum specific capacitance was 291 F/g at a scan rate of 2 mV/s with
potential range of 0 to -1.0 V (vs SCE). The specific capacitance of pure Mn30,4 and

Mn3;O,@MWCNT composites at various scan rates is shown in Figure 11.7c.

With the increasing scan rate the fast voltage alternation results in low
diffusion of electrolyte ions inside the active material, which affect the capacitance.

However, the specific capacitance of the composite is always higher than the pure
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Mn3;O,4 at each scan rate. This is mainly because of the synergistic effect between the

high surface area and highly conductive MWCNT and redox active Mn3Oj.
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Figure 11.9 (a) Schematic illustration of as constructed asymmetric supercapacitor by
combining Mn;O,@MWCNT and rGO as positive and negative -electrode,
respectively; (b) CV curves of Mn3;O,@MWCNT//rGO at different scan rates of 2, 5,
10 20, 50 and 100 mV/s; (c) GCD curves of Mn;O,@MWCNT//rGO with a cell
voltage of 1.6 V at current varying from 0.2 to 3 A/g; (d) Cycling performance of

Mn3;O,@MWCNT//rGO at a current of 1 A/g.

An asymmetric supercapacitor was constructed by combining the

Mn3;0,@MWCNT nanocomposites and rGO nanosheets as positive and negative
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electrodes, respectively. The schematic illustration of as constructed asymmetric

supercapacitor is shown in Figure 11.9a.

In order to get the maximum performance in ASCs, there should be a charge

balance between the positive and negative electrode following the equation below:
C+ * V+* ms = C*V.*m.

where C is specific capacitance, V is potential window, m is the mass of
corresponding electrode. From the above equation, the optimum mass ratio of the
positive and negative electrode was found to be unity. Considering the effective
working potential of the individual electrodes, measured in three electrode systems,
the initial working potential was chosen as 0-1.6 V for the asymmetric supercapacitor.
Figure 11.9b indicates the typical CV curves of Mn3;O,@MWCNT//rGO at different
scan rates of 2 to 100 mV/s in 1 M KOH electrolyte within the potential range of 0-
1.6 V. The various specific capacitances obtained at different scan rates are shown in
Table 1. The maximum specific capacitance obtained for the asymmetric
supercapacitor was 173.4 F/g was achieved at a scan rate of 2 mV/s. On increasing the
scan rates the specific capacitance decreased, still high capacitance retention of 71.5
F/g at high scan rate of 100 mV/s indicates excellent rate capability of the as

fabricated supercapacitor.

Table 1 Calculated Specific capacitance (F/g) of Mn;O,@MWCNT//rGO at different

scan rates
Scan rate (mV/s) 2 5 10 20 50 100
Sp. capacitance (F/g) 173.4 154 139.2 | 122.3 95.1 71.5
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The galvanostatic charge-discharge curves of Mnz;O.@MWCNT//rGO at
different current from 0.2 to 3 A/g in 1 M KOH aqueous electrolyte are shown in
Figure 11.9c. The nature of the GCD curves indicates the involvement of
pseudocapacitance in total capacitance. The specific capacitance from GCD curves

was calculated from the following equation:

Specific capacitance, Cs = L At

)

m X Av

where, i is applied current, At is the discharge time, m is the mass of active material,
and Awv is potential window. The calculated specific capacitances of the constructed
ASC are 75.4, 67.5, 57, 49, 42.7 and 31.3 F/g at the current of 0.2, 0.5, 1, 1.5, 2 and 3
Alg, respectively. The achieved specific capacitance is higher than Mn;0,@GR//AC
asymmetric supercapacitor which shows 38 F/g and 62 F/g at 0.5 A/g in 6M KOH and
1M Na,SO, electrolyte, respectively [8]. It is seen that the capacitance gradually
decreases with the increase of current. This is mainly due to limiting diffusion of
electrolytes ion at higher current, hence only the outer surface is used for effective
charge storage. Although the performance of the as fabricated asymmetric
supercapacitor is appraisable, there remains a performance layback regarding the low
coloumbic efficiency. In order to increase the coloumbic efficiency, the

electrochemical tests were repeated within the potential range of 0-1.4V (Figure 11.10).

Figure 11.10a shows the cyclic voltammetry curves of Mn;O,@MWCNT//rGO
at different scan rates of 2 to 100 mV/s in 1 M KOH electrolyte within the potential
range of 0-1.4 V. The highest specific capacitance achieved for the asymmetric

capacitor was 218.16 F/g at 2 mV/s scan rate.
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Figure 11.10 (a) CV curves of Mn;0,@MWCNT//rGO at different scan rates of 2, 50
and 100 mV/s; (b) GCD curves of Mnz;O,@MWCNT//rGO with a cell voltage of 1.4
V at current varying from 0.2 to 10 A/g; (c¢) Cycling performance of

Mn3;0,@MWCNT//rGO at a specific current of 3 A/g.

Figure 11.10b depicts the galvanostatic charge-discharge curves for the
fabricated asymmetric capacitor at different current density from 0.2 to 10 A/g. The
different specific capacitances obtained were 88, 68.6, 40, and 11.75 F/g at the current
of 0.2, 1, 3 and 10 A/g, respectively. The ASC achieved specific energy of 23.95,
18.67, 10.9 and 3.2 Wh/kg at the corresponding power delivery rate of 140, 700, 2100
and 7200 W/kg, respectively. The as fabricated asymmetric supercapacitor within the
potential range of 0-1.4 V showed an excellent cycle stability by retaining 76.9%

specific capacitance at the end of 10000 GCD cycles.
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Figure 11.9d shows standard cyclic stability with 79.3% specific capacitance
retention over 3000 consecutive GCD cycles at 1 A/g current within the potential
range 0-1.6 V. Interestingly, within the potential range of 0-1.4 V, the asymmetric
supercapacitor showed high capacitance retention of 76% after 10000 consecutive
GCD cycles at 3 times higher current density (Figure 11.10c). This may be due to
some sort of irreversible reaction beyond that potential range, that cause a larger

extent of capacitance decay.
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Figure 11.10 (a) Ragone plot of Mn3;O,@MWCNT//rGO in terms of power density vs
energy density; (b) Nyquist plots of MnzOs; Mn;O,@MWCNT, rGO, and

Mn3Os@MWCNT//rGO.

The energy and power density are the main two parameters that play the key
role in determining the performance of supercapacitor. The energy density and power

density was measured by the following equations:

1

2
2X3.6 Cs(4V)

Energy density, E =

Power density, P = = X 3600
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where, Cs is the specific capacitance, 4V is the potential window and T is the
discharging time. The maximum energy density of 26.816 Wh/kg was obtained at a
power density of 160 W/kg which is comparable or higher than some symmetric and
asymmetric supercapacitor such as micro- and meso-porous carbon (<6 Wh/kg) [37],
graphene//graphene (~9.1 Wh/kg) [38], CNT//CNT (6 Wh/kg) [39], GH//MnO,-NF
(23.2 Wh/kg) [40] activated carbon//mesoporous MnO, (10.4 Wh/kg) [41]. Generally,
in supercapacitor energy and power density has inverse relationship. However, the as
fabricated supercapacitor still showed high energy density of 11.128 Wh/kg at a
power density of 2400 W/kg. The highest energy density and power density achieved
for the fabricated ASC are 23.95 Wh/kg and 7200 W/kg, when the potential range
used as 0-1.4V. The various energy and power densities are shown in terms of Ragone

plot in Figure 11.11a.

Table 11.3 Rs and R values obtained from the fitted plot

Values are | Mn3zOs | MN;O4s@MWCNT | rGO | Mn3;Os@MWCNT//rGO

in Ohm
Rs 1.924 1.832 0.914 1.402
Rt 12.7 2.278 0.322 1.211

In order to understand the various resistive parameters involved with the
electrochemical phenomenon occurring within the supercapacitor electrode EIS
analysis was carried out of all three electrode material along with the fabricated
asymmetric supercapacitor within the frequency range of 50 mHz to 50 kHz. The EIS
analysis has been presented in terms of Nyquist plot, shown in Figure I11.11b. All the

Nyquist plots show a starting semicircle followed by a straight line characteristics of
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the charge transfer resistance and Warburg behavior, respectively. The calculated
solution resistance (Rs) and the charge transfer resistance (R¢) values of all the as

prepared electrode materials are tabulated in Table 11.3.

11.4 Conclusions

Herein we have systematically demonstrated the improved energy density and power
density of Mn3O,@MWCNT//rGO over the Mn304@MWCNT electrode with proper
justification. A synergistic interaction between highly electrical conductive MWCNT
and pseudocapacitive Mn3O,4 resulted in higher specific capacitance for the
Mn3;0,@MWCNT//rGO composite compared to that of virgin MnzO4. An aqueous
asymmetric supercapacitor was constructed which was able to show high cell voltage
of 1.6 V in 1 M KOH electrolyte. The high cell voltage combining high capacitance
of positive electrode and high rate capability of negative electrode resulted in high
energy and power density of 26.8 Wh/kg and 2400 W/kg, respectively for the
Mn3;O,@MWCNT//rGO. The high energy and power density accompanied by
standard cycle life strongly demonstrate the high efficiency of the as fabricated

supercapacitor for practical purpose.
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I11.1 Introduction

This chapter can be considered as an extended work of the chapter II, where a
composite based on a pseudocapacitive material like manganese oxide and a
capacitive material like carbon nanotubes was studied for supercapacitor application.
In this chapter we have investigated the electrochemical performance of the
manganese oxide with another transition metal oxide such as CuO. To enhance the
efficiency of the electrode materials, the idea of incorporating combinatorial transition
metal oxides with multiple electroactive redox sites, has been developing. Not only
the choice of electrode materials but also the surface architectures of the material,
electrolyte, separator, etc. can alter the efficiency of the supercapacitor. Recently, in
terms of modification of electrolyte, addition of a foreign redox system into the
mother electrolyte solution as an additional source of pseudocapacitance is being
taken into consideration. CuO-MnQO; is a well-known composite which is previously
reported for various applications like supercapacitors [1-7], Li-ion batteries [8, 9],
heterogeneous catalysts [10-14], sensors [15, 16], etc. However, to the best of our
knowledge this work is the first report on supercapacitor application of CuO-MnO,

composite using redox mediated electrolyte.

Herein, pristine CuO and MnO; nanosheet-wrapped CuO nano-needles were
synthesized by the precipitation method followed by a simple and facile hydrothermal
technique and the electrochemical properties were studied in terms of cyclic
voltammetry (CV), galvanostatic charge—discharge (GCD) curve and electrochemical
impedance spectra (EIS) in redox couple, [Fe(CN)s]*/[Fe(CN)s]*" mediated aqueous

electrolyte.
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111.2 Experimental Section

111.2.1 Materials and reagents

Copper(ll) nitrate trihydrate, potassium hexacyanoferrate(lll), sodium hydroxide,
potassium permanganate were bought from Merck, India. All the chemicals were used

for the experiment without doing any purification.
111.2.2 Synthesis of CuO

The CuO with various morphologies have been synthesized by a large number of
synthetic routes [1-6]. A simple and cost effective precipitation method was carried
out for CuO synthesis [17]. In brief, 30 mL 0.1 M aqueous solution of
Cu(NO3)2*3H,0 was added drop wise to 20 mL 0.1 M aqueous solution of
Ks[Fe(CN)s] with continuous stirring. The solid tawny brown colored precipitation of
Cus[Fe(CN)g]> was formed immediately. The solution was continuously stirred for
another 1 h and then it was kept in undisturbed condition for 12 h. After that 1 M
NaOH solution was poured dropwise to the mixture with continuous stirring. The
prompt color change from tawny brown to deep brown was observed. The solid
product was gently washed with water for 5-6 times and dried it in hot air oven at 60

°C.

111.2.3 Synthesis of CuO-MnO, composites

For the preparation of CuO-MnO, composites, 35 mg of as-prepared CuO was
dispersed in 35 mL 0.025 M aqueous solution of KMnQO,. Then the solution was
poured in to 50 mL stainless steel autoclave and was kept in the furnace at 180 °C for
3 h. After cooling at room temperature, the obtained solid brown product was washed

in succession with water and absolute alcohol for several times and dried at 60 °C for
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12 h. This was labelled as CMO3. The CMO6 composite was prepared following the
same procedure except the time given for hydrothermal synthesis was 6 h. The pure

MnO, was synthesized with same procedure without addition of pure CuO.

111.3 Results and Discussion

The chemical and structural analysis of the as-prepared electrode materials were
carried out by X-ray diffraction (XRD, Rigaku ULTIMA-III X-ray diffractometer
with Cu Ko radiation (A= 1.548 A) analysis, Fourier transform infrared (FTIR,
NEXUS 870 Thermo-Nicolet) spectroscopy, and X-ray photoelectron spectroscopy
(XPS, using a PHI 5000 Versa Probe II XPS analyzer with a monochromatic Al Ka x-
ray source (hv = 1486.71 eV)). From the field emission scanning electron microscopy
(FESEM, Carl Zeiss-SUPRA 40) and tunneling electron microscopy (TEM, TECNAI
G2-20S-TWIN) images, the surface morphology of the electrode materials was
investigated. The surface area of the material was determined by the N, adsorption—

desorption isotherm.
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Scheme 111.1 Synthetic procedure of CuO-MnO, composites.
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The synthesis procedure involves two step chemical reactions: first a quick
precipitation of copper hexacyanoferrate [CuHCFe] (Co-precipitation method) and
then the decomposition of CuHCFe complex in alkaline medium [18, 19]. The

chemical reactions associated with the synthesis procedure are as follows:
3Cu(NO3); + 2K;3[Fe(CN)g] = Cus[Fe(CN)gl. + 6KNO3; (1)
Cus[Fe(CN)g]2 + 6NaOH = 3Cu(OH), + 2Nas[Fe(CN)s].  (2)
Cu(OH), = CuO + H,0 (3)

The MnO, nanosheets are formed from self-decomposition of KMnQO, during

hydrothermal reaction [20]. The total synthesis procedure is schematically represented

in Scheme II1.1.

(a) MnO, =

(b) CuO =T A
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Figure 111.1 XRD patterns of as prepared of pure (a) MnO,, (b) CuO, (c) CMO3, and

(d) CMOG6 composites.
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111.3.1 XRD analysis

The XRD patterns were taken to determine the phase composition of pure MnO,, CuO
and CMO composites as shown in Figure 1. For pure CuO, the peaks at 20 () of 32.4,
35.5, 38.7, 48.7, 53.5, 58.3, 61.5, 66, 68, 72.3, and 75.1 correspond to (110), (-111),
(111), (20-2), (020), (202), (11-3), (31-1), (220), (311), and (22-2) planes of face
centered cubic crystal. All the peaks are well matched with JCPDS Card No: 05-0661
(Tenorite, Syn). The precursor of the CuO is copper hexacyanoferrate which is
confirmed by the XRD pattern as shown in Figure I11.2. For the composites, all the
peaks of CuO are present along with the two basal reflections of (001) and (002) at
12.5 and 24.7 peaks for MnO, which are also present in case of pure MnO, (Figure
[11.1a). The peaks of the composites are less intense than the pure CuO as the MnO,
nanosheets wrap around the CuO nano-needles. Furthermore, the characteristic peaks

of MnO; were more prominent in CMOG.

Intensity (a.u.)

MJ--------.-.

10 20 30 40 50 60 70 80
20 (degree)

Figure 111.2 XRD pattern of Cus[Fe3(CN)s]..
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Figure 111.3 FT-IR spectra of as prepared pure (a) CuO, (b) CMO3, and (c) CMO6

composites.

111.3.2 FTIR analysis

To investigate the chemical and structural property FTIR analysis was carried out and
the results are shown in Figure 111.3. Pressed KBr pellets of CuO and the composites
(CMO3 and CMO6) were used to execute FTIR analysis by NEXUS 870 FTIR
(Thermo Nicolet) instrument. The three main characteristic peaks of CuO were
observed at 597, 497 and 426 cm™ for A, B, and B, mode, respectively which
confirms the formation of CuO nano-needles. The Cu-O stretching values along (-
101) and (101) directions demonstrate the absorption peaks at 597 and 497 cm™,
respectively [21-24]. The broad absorption peaks between 1300 to 4000 cm™ are
ascribed as chemisorbed and/ or physisorbed H,O and CO, molecules [24, 25].
Moreover, there is no peak in between 610 cm™ and 660 cm™ indicating the absence

of any other phases like Cu,O which appears at 615 cm™ [26]. In both the composite,

94



Chapter 111

the two main characteristic peaks are observed at 513 and 485 cm™ corresponding to
Mn-O stretching modes in octahedral environment [27]. The peak at 1385 cm™

appears due to the coordination of Mn by O-H [27].
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Figure 111.4 XPS spectra of CMO6 composite: (a) Cu 2p spectrum, and (b) Mn 2p

spectrum.

Figure 111.5 FESEM image of (a) Cuz[Fe3(CN)s]2, and (b) CMO3 composite.

111.3.3 XPS study

For the chemical analysis of the composite, XPS was carried out which is shown in
Figure 111.4. The XPS spectra were accomplished by taking the reference peaks of

Cls at 284.2 eV. For the Cu2p in CuO, the two major peaks of Cu2pl/2 and Cu2p3/2
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are found at 953.5 and 933.5 eV, respectively, indicating the presence of CuO in
composite [11]. Figure 3b shows XPS spectrum for Mn2p, the two peaks at 653.9 and
642.2 eV are attributed to the Mn2p1/2 and Mn2p3/2, respectively, with spin energy

difference of 11.7 eV [28].
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Figure 111.6 FESEM images of as prepared (a) pure CuO and (b) CMO6 composites;

(c-f) Mapping images of CMO6 composite.
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111.3.4 Morphological analysis

Figure 111.5 presents the corresponding FESEM images of as synthesized CuO and
CMOG6 composites. It can be seen that the CuO particles are having nano-needle like
structure of length 80-100 nm. Copper hexacyanoferrate, the precursor of CuO nano-
needle, consists of small nanoparticles as shown in Figure I11.5a. The FESEM image
of CMO3 is shown in Figure I11.5b, which indicates the CuO nano-needles are
covered up with MnO;, nanosheets. However, for CMO6 composite, the CuO
nanorods are fully wrapped by MnO; nanosheets (Figure I11.6¢), possibly due to
longer time of growth. The element mapping images (Figure 111.6d-f) confirm the

presence of Cu, Mn and O implying the formation of CuO-MnO, composite.

3.75 .00 1225 1650 2075
Energy - keV
-

—
200 nm

Figure 111.7 TEM images of as- prepared (a, b, ¢) pure CuO, and (d, e) CMOG6

composite with different magnification. (f) EDAX spectrum of the CMOG6 composite.

The TEM images of CuO and CMO6 composite are shown in Figure I111.7. The

nano-needle structures of CuO were again supported by the TEM images shown in
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Figure I1l.7a-c. The length and width of each CuO nano-needle is of 80-100 nm and
10-15 nm, respectively. The TEM images of the CMO6 composite are shown in
Figure 111.7d-e having different magnifications. Figure I11.7d-e denote that the CuO
nano-needles were entirely wrapped by MnO;, nanosheets in CMOG6. The energy
dispersive X-ray (EDAX) analysis spectrum (Figure 111.7f) also confirms the presence

of CuO in the composite.
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Figure 111.8 N, adsorption-desorption isotherms of (a) CuO and (b) CMOG6

composite; BJH pore size distribution profile of (¢) CuO and (d) CMOG6 composite.

111.3.5 BET analysis

The surface area plays crucial role in determining the efficiency of a material as an
adsorbent or electrode material. The N, adsorption-desorption isotherms and Barrett-

Joyner-Halenda (BJH) profiles confirm higher surface area and enhanced porosity in
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the composites in comparison with the pure CuO nano-needles. The surface area of
the pure CuO, CMO3 and CMO6 composites were obtained to be 60.43 m?/g, 66.984
m?/g and 78.846 m?/g, respectively, as measured by Brunauer-Emmett-Teller (BET)
method. The BJH pore size distribution profile (Figure 111.8b, 111.9b and 111.8d) shows
perfectly monomodal distribution with the maxima of 7.73 nm, 1.79 nm and 1.96 nm
for CuO nano-needle, CMO3 and CMO6 composite, respectively. According to the
international union of pure and applied chemistry (IUPAC), all the BET isotherms
show type-4 isotherm with H3 hystorysis loop. The highly porous nature of the
composites appears due to the presence of highly mesoporous and ultrafine MnO,
nanosheets which results in high electrochemical capacity of the nanocomposite (vide

infra).
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Figure 111.9 N, adsorption-desorption isotherms (a) and BJH pore size distribution

profile (b) of CMO3 composite.

111.3.6 Electrochemical characterizations

Electrochemical measurements were carried out using a computer-controlled
electrochemical working station (Biologic SP 150 and Autolab potentiostat) with a
conventional three-electrode electrochemical cell in 2 M KOH aqueous solution

containing 0.3 M Kj[Fe(CN)g¢]. The working electrode was prepared on Ni foam. A
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platinum plate and a saturated calomel electrode (SCE) were used as counter electrode
and reference electrode, respectively. The electrochemical behavior was analyzed in
terms of cyclic voltammetry (CV), galvanostatic charge—discharge (GCD) curve and
electrochemical impedance spectra (EIS). The specific capacitance of the electrode
materials were calculated from CV and GCD measurements using eq 1 and 2,

respectively.

_ fiwav
Cs = 2002-v)vm "7 @
i x At
)

where, f:lz i(V)dV is the area of the CV curve, AV = (V2 —V1) is the potential

window (V), v is the scan rate (mV/s) and m is the mass (g) of the active materials, i

is the applied current (A), and At is the discharge time (s).

After fabrication of the working electrode, the electrochemical
characterizations were carried out in terms of cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS). The CV
curves of CuO and CMO6 composites at various scan rates in 2 M KOH electrolyte
solution containing 0.3 M Kj3[Fe(CN)g] are shown in Figure I11.10a and 10b,
respectively. Both the CV curves show very high value of current, indicating the high
activity of the redox electrolyte. The comparison of CV curves of all the as-
synthesized materials at 10 mV/s is shown in Figure I11.10c. The high area of the CV
curve of CMOG indicates higher capacitance of the composite than pure CuO and
CMO3 composite. The redox active electrolyte surpluses electron density in
conventional electrolyte, improving the ionic conductivity of the electrolyte and

enhances the charge storage properties. Furthermore, shift of the oxidation and
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reduction potential peaks with increasing scan rate indicates the quasi-reversible
nature of the pseudocapacitive electrode materials in presence of the redox active
electrolyte. The oxidation peak among the pair of redox peaks in the CV curves
appears due to the charging process, involving the conversion of Ks[Fe(CN)g] to
Ks[Fe(CN)g], whereas the reduction peak involves the reverse reaction. The specific
capacitance of 7521, 1839, 1051, 872, 745 and 615 F/g were calculated for CMO6
electrode at the scan rate of 1, 10, 20, 50, 100, and 200 mV/s, respectively. But the
pristine CuO achieved the capacitance of 7363, 1239, 757, 381, 219 and 125 F/g at
the scan rate of 1, 10, 20, 50, 100, and, 200 mV/s, respectively. Furthermore, the
CMO3 composite shows the specific capacitance of 5354, 1021.5, 686, 391, 244.8
and 152 F/g at the scan rate of 1, 10, 20, 50, 100 and 200 mV/s, respectively. One
interesting point is that the pristine CuO exhibited better electrochemical performance
at low scan rate than at high scan rate. This may be due to lower rate capability of
CuO electrode. The CMO6 composite having high rate capability, shows better
performance throughout the whole range of scan rate. At higher scan rate, the
electrolyte ions do not get enough time to completely diffuse inside the electrode
pores; hence the capacitance comes mainly from the outer surface of the materials.
Whereas at lower scan rate, not only the outer surface Faradaic redox reactions, but
also the diffusion processes within the pores contribute to the total capacitance.
Therefore, the porosity of the materials may affect the ion diffusion Kkinetics
depending on the pore size which influences the rate capability performance. The
BET analysis (Figure 111.8a, and 8b) exhibited that the CMOG6 composite has higher
surface area as well as high pore volume than the pure CuO. Hence the CMO6
exposes more number of redox active site to the electrolyte ions and shows

remarkable performance. Although CMO3 composite has high surface area and pore
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volume as compared to pure CuO, probably the small pore size of CMO3 makes it
barely accessible for the electrolytes ions leading to lower diffusional capacitance of

the composite at low scan rate than that in pure CuO.
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Figure 111.10 CV plot of (a) pure CuO and (b) CMO6 composite in 2 M KOH
containing 0.3 M Kj3[Fe(CN)g] at different scan rate. (c) CV curves of all the materials
at a scan rate of 10 mV/s. (d) Log i, vs log v plot of as-synthesized CuO and CuO-

MnO, composites.

The total current generated in CV is the combination of diffusion controlled
Faradaic redox current and non-diffusion controlled capacitive current. These
different types of current contribution can be calculated quantitatively using Power
law: ip=a v° where, Ip is the anodic peak current, v is the scan rate (mV/s), a and b are

the adjustable parameters [29]. The value of b gives the idea about the extent of
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diffusion controlled Faradaic redox current and non-diffusion controlled capacitive
current. A 0.5 value of b signifies the ideal diffusion controlled Faradaic redox
process, whereas the non-diffusion controlled capacitive current is expressed by a unit
value of b. The value of b is easily calculated from the slope of the log (ip) vs log (v)
linear curve. From the Figure 7d, the value of b is calculated to be 0.51, 0.56 and 0.67
for CuO, CMO3 and CMOSG, respectively, indicating that the capacitances of the
electrodes are mainly contributed by diffusion controlled Faradaic redox charge

transfer process.
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Figure 111.11 GCD curves of (a) pure CuO, and (b) CMO6 composite in 2 M KOH
containing 0.3 M Kj3[Fe(CN)g] at different current density. (c) Capacitance vs specific
current plot and (d) % change in the specific capacitance vs number of CV cycles of

as-synthesized CuO, CMO3 and CMOG6 composite.
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The galvanostatic charge-discharge (GCD) curves of CuO and CMO6 at
various specific current with a potential window of 0.0 — 0.4 V in mixed 2 M KOH
and 0.3 M Kj3[FeCNg] are shown in Figure 1ll.11a and 11b. The non-linear behavior
of the discharge curves indicates the Faradaic redox reactions of pseudocapacitive
electrodes and the redox active electrolyte. Furthermore, it is seen that the discharge
times are always larger than the charging time at all specific current, implies the high
columbic efficiency of the electrode which is really promising. The specific
capacitance of 2690, 1641, 889, 668 and 539 F/g were calculated at specific current of
8, 10, 20, 30 and 50 A/g, respectively, for the CMO6 composite electrode. While the
bare CuO achieved the specific capacitance of 2519, 1492.7, 365, 100 and 1 F/g at
specific current of 8, 10, 20, 30 and 50 A/g, respectively. The CMOG6 composite
shows very high electrochemical performance in redox mediated electrolyte which is

very high compared to previously reported literature (Table 111.1).

With increasing the specific current, specific capacitance of both the electrode
decreases as the electrons and ions gets lower time to diffuse into the electrode at high
current density. Furthermore, with the increase in current density from 8 A/g to 50
Alg, the capacitance of CuO, CMO3 and CMO6 composite retained 0.04%, 7.7% and
20%, respectively (Figure I11.11c). So, the CMO6 composite shows better rate
capability performance in comparison with the bare CuO and CMO3 composite. Even
at high current density of 50 A/g, it provides high capacitance of 539 F/g, indicating
higher stability and better electrochemical performance of the CMOG6 electrode. The
cycle stability of the as-synthesized materials was studied at a scan rate of 40 mV/s in
the same electrolyte which shows the 59%, 73% and 79% capacitance retention after

1500 CV cycles of pure CuO, CMO3 and CMOG6 (Figure 111.11d), respectively.
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Table I11.1: Specific capacitance of CuO-MnO, composite reported earlier.

Materials Capacitance | Specific Electrolyte | Reference
Current
Diatom@CuO@MnO, 240 Flg 0.5 Alg 1 M Na,SO4 7
Cu/Cu0@MnO; 177 mF cm-2 0.5 1M KOH 6
mA/cm?
CuO@MnO, 252.6 Fgl 0.1 Alg 1 M Na,SO, 5
CuO/MnO;, 228 Flg 0.25A/g | 1M Na,SO,4 4
CuO@MnO;, 276 Flg 0.6 Alg 1 M Na,SO4 2
CuO-MnO, 2690 F/g 8 Alg 2 M KOH + | This Work
0.3M
Ks[Fe(CN)e]

The electrochemical impedance spectra were recorded in the frequency range
of 200 kHz-0.2 Hz, with sinus amplitude of 10 mV, and expressed in terms of Nyquist
plot (Figure 111.12) which depicts real and imaginary part of the complex impedance.
The bare CuO nano-needle shows very high magnitude of x-axis (Zge) intercept,
indicating high equivalent series resistance (Rs) than the composite. Further, in high
frequency region, the smaller diameter of the semi-circle of the composite implies that
it has lower charge transfer resistance (R.;) compared to the bare CuO. The Rs and R
values of CMOG6 composite are lower than the pristine CuO and CMO3 composite
[Table 111.2], suggesting the high electrochemical performance of the CMOG6

composite for supercapacitor application.
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Figure 111.12 (a) Nyquist plots for CuO and MnO,-CuO composite (inset: the

corresponding equivalent circuit.

Table 111.2: Values of different parameters calculated from equivalent circuit model

of pure CuO, CMO3 and CMO6 composite

Electrode | Inductor (H) Rs () Ret () W (Qs?)
CuO 1.06 X 10°® 1.47 0.036 0.715
CMO3 0.15 X 10® 0.96 0.012 1.048
CMO6 0.14 X 10° 0.91 0.010 1.251

111.4 Conclusions

A simple and cost effective precipitation approach in combination with conventional
hydrothermal method was adopted for fabrication of MnO,-CuO nanocomposites
(CMO3 and CMOS6). In the composites the CuO nano-needles are uniformly covered
with MnO, nano-sheets. The synthesized materials were characterized using different

microscopic and spectroscopic tools. The work beautifully describes a comparative
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study of the electrochemical behavior of the composites in a redox mediated
electrolyte (0.3 M K3[Fe(CN)g] in 2 M KOH). The as-synthesized CMO6 composite
with highest surface area and porosity displays the highest value of capacitance when
compared to CuO and CMO3. The CMO6 composite achieved high specific
capacitance of 2690 F/g at current density of 8 A/g with better rate capability. The
results of the electrochemical studies imply that the composite CMOG6 could be a

promising electrode material for supercapacitor application.
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Chapter IV

1VV.1 Introduction

Supercapacitor or electrochemical capacitor, with some unique properties such as
high power density, moderate energy density, low charging time, high cyclic stability
and environmental friendliness, can be developed as an alternative energy storage
device which can bridge between battery and conventional capacitors [1, 2]. For this
reason, supercapacitors find promising application in various electronic gadgets like,
smartphones, smartwatches, etc. However, the main disadvantage which creates the
barrier for its practical usage is the lack of high specific energy. To overcome this
issue, scientists are keen to find proper combination of active electrode materials,
electrolytes, and separators which have important role in supercapacitor’s overall

performances [3, 4].

The previous chapter described the electrochemical performance of manganese
based combinatorial transition metal oxides. However, electrochemical performances
of the various transition metal sulfides, an important class of inorganics, such as MnS
[5-7], CoS [8, 9] and NiS [10, 11] have been thoroughly investigated and reported as
high performance supercapacitive electrode materials. Recently, binary metal sulfides
such as Mn-Ni-S [12-14], Co-Ni-S [15-18], and Mn-Co-S [19-22] have attracted
enormous attention due to their large number of redox active sites, high thermal
stability and electrical conductivity compared to that of their corresponding unitary
metal sulphides [23]. Cheng et al. achieved high specific capacitance of 1636.8 F/g at
2 Alg specific current with great cyclic stability for Ni-Mn sulfide hollow ellipsoids
[14]. Also, the electrodeposited Mn-Ni-S attributes exceptionally high specific
capacitance of 2849 F/g at 1 A/g specific current with an excellent rate capability, as

reported by Ahmed et al. [12]. Wang et al. successfully developed vertically cross-
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linked Mn-Co-S on Ni foam which showed high specific capacitance 2084 F/g at a
specific current of 1 A/g [19]. In another work, Li et al. electrochemically co-
deposited three-dimensional hierarchical porous Mn-Co-S nanosheets on Ni foam.
The binder free electrode exhibited areal capacitance of 1.724 F/cm?® at 1 mA/cm?
[20]. Therefore by tuning the composition of the mixed-metal sulfides, required

electrochemical performances can be achieved.

However, the most important point to be taken care of for the supercapacitor
devices is the specific energy lack. With increasing potential window of the devices,
the specific energy increases. The capacitive-type negative electrode has significant
role to improve the specific energy of supercapacitor by offering the wider potential
window in combination with the pseudocapacitor-type positive electrode. So,
choosing a proper negative electrode is essential. The more commonly used negative
electrode is activated carbon [24, 25]. However, graphene [26] or reduced graphene
oxide [27-29], carbon nanotube [30], have been investigated recently as negative
electrode due to their excellent characteristics such as large surface area, high
electrical conductivity and outstanding electrochemical stability. The reduced

graphene oxide (rGO) was used as negative electrode for this work.

Unlike some other methods which involve multistep and complicated process,
electrochemical deposition is a simple, low cost, highly effective and convenient
method to fabricate a uniformly extended nanostructure with large-area coverage in
aqueous electrolyte [31]. Furthermore, it does not need any harsh conditions, even the
morphology and thickness can be tuned easily by controlling the deposition
parameters, such as, concentration of electrolytic solution, potential in potentiostatic
electrodeposition, scan rate in potentiodynamic, current density in galvanostatic

deposition, and time. The fast nucleation and growth on a large variety of conducting
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substrates like Ni foam [8, 12] or wire [32], Cu foam [33, 34], stainless steel [35, 36],
ITO coated glass [37, 38], carbon cloth [18, 39] or fiber [40, 41] facilitates its use in

energy storage devices directly as binder free electrode.

Herein, we report a simple, single-step electrosythesis method for the
construction of three dimensionally interconnected manganese-cobalt sulphide
nanosheets on nickel foam (MnCoS@NF). The MnCoS@NF achieved high specific
capacitance of 1952.8 F/g at 2 A/g scan rate with high performance rate. Thereafter,
an aqueous asymmetric supercapacitor (AAS) was fabricated using Mn-Co-S
nanosheets and reduced graphene oxide (rGO) nanosheets as positive and negative
electrodes, respectively, which delivered the high specific capacitance of 360 F/g at

10 A/g with excellent rate capability.
V.2 Experimental Section

1V.2.1 Materials

The chemicals were purchased from various commercial sources and used in this
project without any prior treatment. Ni foam, cobalt chloride (CoCl,), manganese
acetate (Mn(CH3CO,),), thiourea (CS(NH,),), H,SO, ortho phosphoric acid, ethanol
and acetone were purchased from Merck, India. Fine graphite powder, H,O, were

obtained from Loba chemie, Mumbai.
I1V.2.2 Electrosynthesis of Mn-Co-S nanosheets on nickel foam (MnCoS@NF)

The three dimensional (3D) interconnected Mn-Co-S nanosheets were synthesized via
electrochemical deposition method using Autolab potentiostat (Scheme 1V.1). A
three-electrode cell system, containing Ni foam, Pt foil and Ag/AgCl electrode as

working, counter and reference electrode, respectively, was constructed for the
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deposition. The electrolyte was prepared by mixing of 10 mM CoCl,, 10 mM
Mn(CH3COy),, and 100 mM thiourea in 50 mL millipore H,O. Firstly, the Ni foam (1
cm X 1.5 cm) was immersed in 3 M HCI and ultrasonicated for 15 min to remove the
nickel oxide layer. After that the Ni foam was washed with water and ethanol for 4-5
times and dried, which was directly used as working electrode. For the deposition, six
cycles of the cyclic voltamogram was run with the potential window of -1.2 V and 0.2
V at the scan rate of 5 mV/s. The electrodeposited Ni foam was washed with plenty of
DI water and dried at room temperature. The amount of mass loading on the Ni foam

was calculated to be about 0.7 mg.

Aqueous

| / salt sol”
B
Ni foam/ / T

Ptfoil Ag/AgCl electrode

Potentiostat

Scheme 1V.1 Electrosynthesis of Mn-Co-S nanosheets on nickel foam.

1V.2.3 Synthesis of reduced graphene oxide (rGO) nanosheets

Reduced graphene oxide (rGO) was synthesized by the chemical reduction of
graphene oxide using hydrazine solution. Firstly, graphene oxide (GO) was prepared
by following modified Hummers’ method [42]. Briefly, 1 g of commercially available
fine graphite powder was dispersed in a mixture of concentrated H,SO,4 and ortho-
phosphoric acid with a ratio of 9:1. Then, 6 g of solid KMnO, powder was added

pinch wise to avoid excess heating. After 12 h continuous stirring, required volume of
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30% H,0, was aded to the whole mixture. Here a gradual color change from grenish
to golden yellow to grey was observed. Finally, the GO powder was obtained after

washing the solid material successively with 10% HCI, DI water and ethanol.

Reduced graphene oxide (rGO) was prepared by the reduction of the as-
prepared GO using hydrazine hydrate [29]. Briefly, 50 mg GO powder was
ultrasonicated in 30 mL of H,O for 30 min and then the mixture solution was heated
at 95 °C. Two mL of hydrazine hydrate was added to it and the mixture was kept in
stirring condition for a overnight at the same temperature. The solid product was

collected, washed with water-ethanol mixture and subsequently dried at 60 °C.

IV.24  Construction of aqueous MnCoS@NF|[rGO@NF  asymmetric

supercapacitor

An aqueous asymmetric supercapacitor (AAS) was assembled using MNnCoS@NF and
rGO@NF as positive and negative electrode, respectively, with Whatman filter paper
grade no. 42 (pore diameter of 2.5 um) separator. This separator and both the
electrodes were soaked in 2 M KOH aqueous electrolyte for 1 h and then these were
finally assembled together to make the device. All electrochemical studies of the

device were performed using the two-electrode cell setup.

1VV.3 Results and Discussion

The chemical composition of the as-prepared electrode materials were investigated by
X-ray photoelectron spectroscopy instrument (ESCA+ Omicron Nanotechnology
(Oxford Instruments). Using field emission scanning electron microscopy (FESEM,

Carl Zeiss-SUPRA 40) the surface morphology of the electrode materials was
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investigated. The electrochemical characterizations were performed using Autolab

potentiostat and CorrTest electrochemical analyser.

The 3D interconnected Mn-Co-S nanosheets were grown on cleaned nickel
foam by using cyclic voltammetry. For the uniform deposition of the nanosheets the
CV were performed at slow scan rate. A silvery to yellow colour change was

observed after deposition.

1V.3.1 Morphological analysis

Figure IV.1 FESEM images of the electrosynthesized (a) MnS, (b) CoS, (c) Mn-Co-S
(in low magnification), and (d) Mn-Co-S (in high magnification) nanosheets grown on

nickel foam.

The morphology of the as-prepared electrodeposited materials was investigated with

FESEM and shown in Figure 1V.1. The highly porous MnS, CoS and Mn-Co-S
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nanosheets were grown on Ni foam to form 3D hierarchically interconnected
nanosheets-like structures. This architecture of the as-synthesized materials facilitates
the easy insertion/de-insertion of the electrolyte ions and improves the

electrochemical performances.

Cola S ‘L H
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0Cnts 0.000 keV Det: Octane Elect Super

Figure IV.2 (a-e) Elemental mapping analysis including Mn, Co and S; (f) EDS

spectrum of Mn-Co-S nanosheets.
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The energy dispersive spectroscopy (EDS) element mapping images and EDS
spectrum (Figure 1V.2) of electrosynthesized Mn-Co-S nanosheets confirm the
presence of Mn, Co and S. This can be clearly seen from the mapping images where
the elements Mn, Co and S were seen to be uniformly distributed over the nickel

foam. The nanosheet-like structure of rGO was observed from the FESEM and TEM

images (Figure 1V.3).

Figure 1V.3 (a) FESEM and (b) TEM images of rGO.
1V.3.2 XPS study

To examine the surface element with their oxidation state the XPS measurement was
carried out. The nickel-foam supported Mn-Co-S nanosheets were directly used for
XPS analysis. The survey spectrum (Figure 1V.4a) of the Mn-Co-S clearly exhibited
the peak for Co, Mn, S and O. The O may come from surface oxygen-containing
functional groups [43, 44]. The peak for Ni from nickel foam was also observed from
the uncovered places. The high magnified XPS spectra of Co, Mn and S are shown in
Figure IV.4(b-d). The Mn 2p photoelectron spectrum consists of two doublet peaks of
Mn 2py, and Mn 2ps;. The Mn 2ps, spectrum fits with two peaks at 645.8 eV and

642.9 eV corresponding for Mn®* and Mn*", respectively [43]. For Co 2p, two spin-
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orbit doublets with two satellite peaks (787.5 eV and 802.5 eV) were identified in the
spectrum. The peaks at 782.25 eV and 797.9 eV are attributed to Co*" whereas the
peaks at 776.17 eV and 796.6 eV correspond for Co®* [44]. The two main peaks of in
Figure 1V.4d at 162.8 eV and 159.6 eV are consistent with S 2p;;, and S 2pap,
respectively, of metal-sulfur bonds. Therefore, XPS result suggests a composition of

Mn?*, Mn®", Co%", Co®", and S? at the surface of MNnCoS@NF.
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Figure 1V.4 (a) XPS spectrum (survey scan) of the Mn-Co-S nanosheets; Magnified

view of (b) Mn 2p, (c) Co 2p and (d) S 2p level.

1V.3.3 XRD analysis

The X-ray diffraction (XRD) analysis was performed using the Rigaku ULTIMA-I1I

X-ray diffractometer with Cu Ko radiation (A = 1.548 A). The XRD patterns of GO
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and rGO are shown in Figure 1V.5. For GO, the characteristic peak of (001) plane of
GO arises at 20 = 10.2° which is missing in rGO indicating the successful reduction
of GO. The corresponding peaks of (002) and (100) plane of rGO are located at 24.8°

and 43°, respectively [45].
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Figure 1V.5 XRD pattern of GO and rGO.
1V.3.4 Electrochemical characterizations

The electrochemical characterizations, i.e., cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD) and electrochemical impedance spectra (EIS) of the as-
prepared materials were recorded in 2 M KOH electrolyte. Firstly, the electrochemical
performance of the individual electrode was investigated using three-electrode cell
setup using electrodeposited Ni foil, Pt foil and silver/silver chloride (Ag/AgCl) as
working, counter and reference electrode, respectively. The working potential window

of 0.0 — 0.45 V was chosen for MNnCoS@NF electrode, whereas for rtGO@NF it was -
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1.0 — 0.0 V. The specific capacitance from the CV curve was calculated using the
following equation:

I iwyav

Specific capacitance, Cs = 77—/

1)

where, f‘flz i(V)dV is the area of CV curve, (V2 — V1) is the potential window (V), v

is the scan rate (mV/s) and m is the mass (g) of the active materials.

An agueous asymmetric supercapacitor (AAS) was fabricated by assembling
the Mn-Co-S@Ni foam and rGO@Ni foam as positive and negative electrodes,
respectively. The negative electrode was prepared by casting the rGO paste on
cleaned nickel foam. The rGO paste was prepared by mixing 95 wt% rGO and 5 wt%
polyvinylidene fluoride (PVDF) in N-methyl-2-pyrrolidone (NMP) solvent. Then
both the electrodes were sandwiched using a non-conducting Whatman filter paper as
separator in between them. The electrodes and separator were soaked in 2 M KOH
aqueous electrolyte for 1 h before assembling the device. In order to get the maximum
performance in AAS, the charge balance theory (Q. = Q.) was applied to calculate the

mass ratio of the positive and negative electrodes following the equation below:
Q:=Q. )
= C, * V¥ my = C*Vrm. (3)

where, C is specific capacitance (F/g), V is potential window (V), m is the mass of

corresponding electrode (g).

The specific capacitance from GCD curves was calculated from the following

equation:
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i X At

Specific capacitance, Cs =

(4)

m X Av

where, i is applied current (A), At is the discharge time (s), m is the mass of active

material (g), and Avw is potential window (V).

The specific energy (Wh/kg) and specific power (W/kg) were calculated using

the following equations:

1

2x36 o5 75 ®)

Specific energy, E =

Specific power, P = 5 X 3600 (6)

where, Cs is the specific capacitance (F/g), 4V is the potential window (V) and At is

the discharging time (s).
1V.3.4.1 Electrochemical Performance of the as-prepared materials.

The electrochemical performances of the as-prepared materials were carried out in
terms of CV, GCD, and EIS using three-electrode system in 2 M KOH as electrolyte.
The comparison of the electrochemical performances of MnS, CoS and Mn-Co-S
nanosheets are shown in Figure 1V.6. All the cyclic voltammetry curves show a
couple of redox peaks, indicating pseudocapacitive nature of the materials. The
bimetallic sulfide shows more intense specific current than the other two unimetallic
sulfides, signifying high activity and specific capacitance. The redox peaks due to the
redox reactions between M?" and M** (M = Mn and Co) can be expressed as
following equations [46, 8]:
MS + OH™ <> M(OH)S + ¢ (7)

M(OH)S + OH <> MOS + H,0 + ¢ (8)
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Figure 1V.6 Cyclic voltammograms of as prepared MnS, CoS, and MnCoS at (a) 2
mV/s and, (b) 50 mV/s; (c) variation of the specific capacitance with the scan rate;
Galvanostatic charge-discharge curves of as prepared sulfides at (d) 2 A/g and, (e) 50

Alg; (f) Variation of the specific capacitance with the specific current.
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The specific capacitance of the as-prepared materials were calculated at
different scan rate and depicted in Figure IV.6¢c. The highest capacitance of 1599.6
F/g, 2058 F/g, and 3496 F/g were calculated for CoS, MnS, and Mn-Co-S,
respectively, at the scan rate of 2 mV/s. The synergism between two metal sulphides
having high capacitance causes the exceptionally high capacitance of the binary metal
sulfide. Furthermore, at high scan rate of 50 mV/s, the Mn-Co—S sustained very high
specific capacitance of 860 F/g. To investigate the charge storage and delivery
capacity of as-prepared electrodes, GCD measurements were carried out at different
specific current. Figure 1V.6d represents the comparative charge-discharges curves of
the as-prepared electrodes at 2 A/g. From very low specific current of 2 A/g to very
high specific current of 50 A/g, the symmetric nature of the GCD curves indicating
characteristics of battery-like performance. The specific capacitance of Mn-Co-S
calculated from the GCD curves also exhibited exceptional specific capacitance
showing synergism effect between MnS and CoS. The comparison between the
specific capacitance of the as-prepared sulfides at different specific current is drawn

in Figure IV.6f.

The CV curves of Mn-Co-S at different scan rates are shown in Figure IV.7a.
The redox peaks were shifted with varying the scan rate due to the different diffusion
rate of electrolyte ions. It can be seen that the cathodic peak current is approximately
linear with the square roots of the scan rate shown in Figure IV.7c, indicating
diffusion control charge storage process. This can also be calculated quantitatively
using Power law: i, = a v where, Ip is the cathodic peak current, v is the scan rate
(mV/s), a and b are the adjustable parameters [12, 47]. The value of b gives the idea
about the charge storage phenomena. The value of b is easily evaluated by plotting

log (ip) vs log (v) which gives a linear relationship. The value of slope b = 0.5
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signifies the ideal diffusion controlled Faradaic redox process, whereas b = 1 indicates
non-diffusion controlled capacitive process. From the Figure 1V.7d, the value of b is
calculated to be 0.56 for Mn-Co-S, which indicates that charge is stored mainly by
diffusion controlled Faradaic redox process. The specific capacitance were calculated
of 3496, 3040.6, 2547.8, 2019, 1706, 1319.6, and 860 F/g at 2, 5, 10, 20, 30, 50 and
100 mV/s, respectively. The GCD curves of Mn-Co-S at different specific currents are
depicted in Figure 1V.7b, indicating battery like supercapacitive characteristics. The
maximum (1952.9 F/g) and minimum (1577.7 F/g) specific capacitance achieved by

Mn-Co-S were much higher than those of MnS and CoS.
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Figure 1V.7 (a) Cyclic voltammograms of Mn-Co-S at different scan rates; (b)
Galvanostatic charge-discharge curves of of Mn-Co-S at different specific current; (c)
The cathodic peak current vs square root of various scan rates plot of Mn-Co-S

electrode, (d) log (i) vs log v plot of as-synthesized Mn-Co-S nanosheets.
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Figure 1V.8 (a) Digital photographs of Ni foam (i) bare, (ii) after growth of Mn-Co-S
nanosheets, (iii) after pasting with rGO, (iv) schematic illustration of the asymmetric
supercapacitor and (v) digital photograph of the fabricated device; CV curves of (b)
Mn-Co-S and (c) rGO at scan rate of 50 mV s; (d) CV curves at different potential
windows of ASC device; (e) CV curves at different scan rates; (b) GCD curves at

different specific current.
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To further explore the Mn-Co-S electrode for practical application, an aqueous
asymmetric supercapacitor (AAS) was fabricated using MNnCoS@NF and rGO@NF
as positive and negative electrode, respectively, with filter paper separator. Digital
photographs of a bare Ni foam, MnCoS@NF and rGO@NF are shown in Figure
IV.6a(i-iii). A schematic illustration and digital photograph of the fabricated AAS are
given in Figure 1V.6a(iv-v). For the asymmetric supercapacitor, the cyclic
voltammetry curves were first taken using different potential window (0.0 to 1.75 V)
in 2 M KOH electrolyte to find out the stable potential window of AAS (Figure
IV.6d). The more suitable potential window can be accomplished from both the
electrodes. Figure 1V.6e shows the CV curves of the AAS device at different scan
rates (5 to 50 mV s™). The CV curves show redox peaks indicating Faradaic
behaviour of the AAS. The GCD curves of AAS at different specific current (10 to 18
A g™ are depicted in Figure IV.6f. The maximum specific capacitance achieved by
the AAS is 360 F g™ at 10 A g™ specific current. The fabricated AAS showed high
rate capability as it sustained the high specific capacitance of 292.9 F g™ at a high
specific current of 18 A g™. The specific capacitances at different specific current are
shown in Figure IV.9a. The 3D interconnected architecture of the positive Mn-Co-S
electrode facilitates the easy insertion/de-insertion of electrolyte ions. The synergistic
effect of the Mn-Co-S architecture and the highly electrochemically active negative

rGO electrode aid the exceptional rate capability to the AAS.

The fabricated AAS showed excellent electrochemical stability with a very
high Coulombic efficiency (Figure IV.b, inset). The specific capacitance was retained
about 93.9% after consecutive 3000 GCD cycles. Figure IV.c presents the Nyquist
plot of the AAS in the frequency range of 0.01 Hz to 100 kHz. The AAS exhibited

comparatively low charge transfer resistance of (~3 Q) in high frequency regime,

131



Chapter 1V

facilitating faradaic process. Furthermore, almost zero intercept in X-axis indicates
very low internal resistance which means high conductivity providing high

electrochemical activity of the AAS. The specific energy and specific power were

calculated to test the efficiency of the device for real applications.
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Figure IV.9 Electrochemical performance of MnCoS@NF|[rGO@NF AAS: (a)
Calculated specific capacitance at different specific current; (b) Cycling performance
at a current of 20 A/g. First 10 GCD cycles (inset); (c) Nyquist plot; (d) Comparison
of the electrochemical performance with other reported device in terms of Ragone

plot.
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Figure 1V.9d represents the Ragone plot in terms of their specific energy vs
specific power. The AAS exhibited high specific energy of 105.1 Wh/kg at a power
delivery rate of 7.25 kW/kg. Even at high specific power of 13.05 kW/kg, the
fabricated device was able to supply a high specific energy of 85.55 Wh/kg. The
obtained value of the specific energy and specific power of the present device was
higher than recently reported similar kind of asymmetric supercapacitor devices
(Table IV.1) such as NiCoMn-S ||AC exhibited a maximum specific energy of 50
Wh/kg with a specific power of 0.85 kW/kg [48], NiCoMn-S|[rGO achieved a
maximum specific energy of 42.1 Wh/kg at a power delivery rate of 0.75 kW/kg [49],
CoMnS-4 ||AC showed highest specific energy of 85.91Wh/kg at a specific power of
0.8 kW/kg [44], CopsMng5S ||AC exhibited a maximum specific energy of 61.34

Wh/kg at a specific power of 0.85 kW/kg [50].

Figure 1V.10 LED lighting: (a) Two series-connected AAS; (b) One red LED lighting
for 900 s; (c) Five parallel-connected red LED lighting for 180 s, (d) at 30 s, (e) at 150

sand (f) at 180 s.
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Table 1.1 Comparison of the electrochemical performances between our present

work and the similar reported supercapacitors

Devices Csp Isp Esp Psp Demon- Ref.
(F/9) | (A/g) | (Wh/kg) | (W/kg) | strated
practical
apps
MnCoS@NF||[rGO@NF | 360 |10 |1051 |7250 | Yes This
work
NiCoMn-S| AC 1245 |1 50 850 Yes 48
NiCoMn-S||rGO 1347 | 1 42.1 750 Yes 49
CoosMngsS || AC 1529 | 1 61.34 | 850 No 50
NiCoMn-S-1.5[|rGO 1116 |1 36.3 750 No 51
CoMnS-4 || AC 2416 | 1 85.91 | 800 No 44
CoMoS,@Ni-Co-S||AC | 138.2 | 1 49.1 800 Yes 52
Ni-Co-Mn-S||AC 1242 | 2 49.8 1700 | No 53
CoMnS ||AC 51.9 |05 |485 5245 | No 54
MnCoS/fGO/NF||AC | 1129 |1 45.4 850.2 | No 55
C025MngsSx[| GO 713 |1 22.3 750 Yes 56
MnCo,S, || GO 88 |1 31.3 800 No 22
[Cs, = Specific Capacitance; Is, = Specific Current; Es, = Specific Energy; Ps, =

Specific Power; Apps = Application]
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The fabricated AAS was finally demonstrated in real field applications. Two
similar single devices were connected in series to increase the voltage. After charging
the device for 15 s, it was able to light up a red LED for 540 s (Figure 1V.10). Five

parallel connected red LEDs can be lit up for 180 s with the same devices.
IVV.4 Conclusions

In conclusion, 3D interconnected Mn-Co-S nanosheets were grown on nickel foam
using a simple, single-step electrosythesis method. The MnCoS@NF achieved high
specific capacitance of 1952.8 F/g at scan rate of 2 A/g with high rate performance.
Thereafter, a fabricated MnCoS@NF [|[tGO@NF AAS delivered high specific
capacitance of 360 F/g at 10 A/g with excellent rate capability. The AAS delivered
high specific energy (105.1 Wh/kg) at a high specific power (7.25 kW/kg) along with
high electrochemical stability (93.9 % specific capacitance retained after 3000
consecutive GCD cycle). A series-connected device was able to lit up five parallel-

connected red LEDs for 180 s.
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Chapter V

V.1 Introduction

A supercapacitor device mainly consists of two electrodes i.e. positive and negative
electrodes soaked in an aqueous or non-aqueous electrolyte. A porous separator is
placed in between the electrodes to prevent short-circuit allowing only electrolyte ion
permeation [1]. Although the performance of a supercapacitor device depends on
various components or factors such as electrolyte, separator, current collectors, and
device assembling technology, choice of the electrode materials plays the key role [2,

3.

According to the charge storage mechanism, electrode materials are classified
into two categories. The materials such as transition metal oxide/hydroxides/sulfides,
conducting polymers which give the capacitance as a result of first Faradaic redox
reactions are called as pseudocapacitive materials. Such materials have been well
investigated as positive electrode materials for the supercapacitor [4-6]. On the other
hand, carbonaceous materials like graphene, carbon nanotubes, and activated carbons
give the capacitance by charge accumulation at the electrode/electrolyte interface and
have been extensively studied as the negative electrode [7]. But the lower capacitance
of these carbon-based materials triggers the researchers for searching a new class of
negative electrode materials. Although the development of negative electrode
materials is relatively slow, recently few transition metal oxides such as V,0s [8],
Fes304 [9], a-MnO; [10], Mn30O4 [11] have shown significant performance as negative
electrodes for supercapacitor. Feng et al. fabricated negative electrode based on
amorphous porous Mn3O4/NGP via electrodeposition achieved a maximum specific
capacitance of 432 F/g at scan rate of 5 mV/s [11]. Carbon coated SnO, was

considered as negative electrode which provided specific capacitance of 150 F/g at 2
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Alg [12]. Besides that, hydroxide based material such as Ce(OH), was also used as
negative electrode which was able to achieve high specific capacitance of 187 F/g at a

specific current of 1 A/g [13].

Although various bimetallic hydroxides based on cobalt, manganese, nickel
[14-16] are extensively studied and proved to be promising electrode for
supercapacitor, manganese tin hydroxide is scarcely explored. Recently, Rani et al.

investigated the electrochemical performance of MnSn(OH)e electrodes in the positive
potential window of 0.2 to 0.6 V [17]. However, the oxygen vacancy of the material also

makes it possible for the material to act as a negative electrode for supercapacitor.

Herein, we report a manganese based bimetallic hydroxide, MnSn(OH)s
nanocubes, as a promising negative electrode in 2 M KOH electrolyte. The as-
synthesized material was able to achieve the maximum specific capacitance of 330

F/g at a scan rate of 5 mV/s.
V.2 Experimental Section

V.2.1 Materials

Manganese(ll) chloride tetrahydrate, Tin(IV) chloride pentahydrate, Ethanolamine,
Ethanol were taken from Merck, India. All the as-received chemicals were used for

the experiment.

V.2.2 Synthesis of MNnSn(OH)g nanocubes

A facile single-pot cost-effective precipitation method was adopted at room
temperature (25 °C) for the synthesis of MnSn(OH)e nanocubes. Firstly, 20 mL of

0.05 M aqueous solution of MnCl, was taken in a beaker. Then 245 uL ethanolamine
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(EA) was added dropwise under stirring condition at 300 rpm. After 10 minutes, 20
mL of 0.05 M ethanolic solution of SnCl, was added dropwise. The obtained browny

precipitate was washed with water for several times and dried at 60 °C for 12 h.

@ . MnQh:4H,0

o SI]C‘I_“SHZO RT .

o > MnSn(OH),
09 9 g oo Precipitation
Pe%50 °
Q9 \QQN J)

(b) Mn2*(aq) + Sn** (aq.) ———> Mn(OH), + [Sn(OH),J*-

l

MnSn(OH),

Scheme V.1 (a) Schematic depicting the synthetic procedure of MnSn(OH)g; (b) The

mechanism of the formation of MnSn(OH)¢ nanocubes.
V.3 Results and Discussion

The manganese tin hydroxide nanocubes were prepared using a simple chemical
precipitation method (Scheme V.1a). Here, ethanolamine (EA) acts as hydrolyzing
agent forming Mn(OH),. The aqueous solution of SnCl, produces hexaaquatin(lV),

[Sn(OH)e]* which ultimately combines with the pre-formed Mn(OH), to give
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MnSn(OH)g nanocubes via phase transformation depending up on the Ostwald

ripening process (Scheme V.1b) [17-19].
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Figure V.1 (a) XRD pattern, (b) FTIR, and (c) PL spectrum of as-synthesized

MnSn(OH)g nanocubes.
V.3.1 XRD analysis

The crystalline nature of the as-synthesized electrode material can investigated by X-
ray diffraction (XRD, Rigaku ULTIMA-IIl X-ray diffractometer with Cu Ka, A =
1.548 A) study. Figure V.1a shows the XRD pattern of MnSn(OH)s nanocubes which
revealed the cubic polycrystalline structure with Pn3m space group. The peaks
obtained for the material was perfectly matched with the JCPDS card no. 01-074-

0364. The major diffraction peaks at 20 of 15.9°, 19.5°, 22.5°, 28.8°, 32.1°, 36.0°,
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37.9°,39.6°,42.9°,46.0°, 50.5°, 51.9°, 57.3°, 59.8°, 61.1°, 64.5°, 67.2°, 71.9° and 76.4°
correspond to the plane of (110), (111), (200), (211), (220), (310), (311), (222), (321),

(400), (331), (420), (422), (510), (511), (521), (440), (442) and (620), respectively.
V.3.2 FTIR analysis

The chemical composition of the as-synthesized material was investigated by Fourier-
transform infrared (FTIR) Spectrometer (Thermo Nicolet NEXUS 870 FT-IR)
between 400 and 4000 cm™. Figure V.1b shows strong absorption band at 528 and
632 cm™, which is attributed to the Sn-O vibration of MnSn(OH)s nanocubes. The
characteristic Mn-O coupling and the Sn-OH vibrations are located at 752 and 1151
cm™, respectively [20, 21]. The v(OH) stretching vibrations with its corresponding
8(OH) deformations of MnSn(OH)s could be ascribed at 3234 and 1551 cm™,
respectively [22]. The photoluminescence (PL) study was performed to investigate

any intrinsic point defects like oxygen vacancies present in the material.
V.3.3 Photoluminescence spectra

Photoluminescence (PL) spectra were recorded using a spectrofluorometer (RF- 5301,
Shimadzu, Japan). The PL peaks (Figure V.1c) at 356 and 397 nm are attributed to
near band edge emission and the oxygen vacancies are represented by the peak at 451

and 468 nm [20].
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Figure V.2 (a) FESEM image, (b, ¢) HRTEM images with different magnification

and (d) SAED pattern of as-synthesized MnSn(OH)g nanocubes.

V.3.4 Morphological analysis

The morphology was investigated using field emission scanning electron microscope
(FESEM, Carl Zeiss-SUPRA 40) and transmission electron microscopy (TEM,
TECNAI G2-20STWIN). Figure V.2a shows the FESEM image of the as-synthesized
MnSn(OH)g, which suggests the uniform cubic structure having the average arm

length of 75-100 nm. The uniform structure and fine edge morphology having high
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conductivity promises to exhibit the high electrochemical performance. The HRTEM
images (Figure V.2b) also supports the cubic structure. A single nanocube is shown in
Figure V.2c which shows the lattice fringes with the interfringe distance of 0.39 nm
which is close to the interplanar distance of 200 plane. The selected area electron
diffraction (SAED) pattern of MnSn(OH)s nanocubes shows the polycrystalline
nature with diffraction rings of (200), (211), (220), (310), (400), (420) and (422),

shown in Figure V.2d.
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Figure V.3 (a) Nitrogen adsorption—desorption isotherm, and (b) pore size

distribution curve of MnSn(OH)g nanocubes.

V.3.5 BET analysis

As the electrochemical performance of an electrode material depends also its surface
area and pore size distribution, the BET analysis was carried out for the as-
synthesized material. Figure V.3a and 3b represents the nitrogen adsorption-
desorption isotherm and pore size distribution curve, respectively. The nature of the
isotherms falls in the type IV category with a H3 type hysteresis loop indicating the
mesoporous nature of the sample. The pore distribution curve also supports the

mesoporous nature of MnSn(OH)g nanocubes. The calculated BET surface area and
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pore volume were 83.52 m?/g and 0.27 cm®/g, respectively. The high surface area and
pore volume of the as-synthesized material enhances the wettability of the electrolyte

and therefore improves the charge storage property of the material.
V.3.5 Electrochemical characterizations

For the fabrication of working electrode, nickel foam (1 x 1) cm? was used as current
collector. Prior use, the nickel foam was gently washed with 3 M HCI to remove the
oxide layer from the surface. Then a paste of the active material, MnSn(OH)g, carbon
black (CB) and polyvinylidone fluoride (PVDF) with ratio 8:1:1 in N-methyl
pyrrolidone (NMP) was pasted uniformly on the nickel foam and dried it at 60 °C for
overnight. The CB and PVDF are used to increase conductivity and as binder,
respectively. The electrochemical performances were tested by performing cyclic
voltammetry (CV), galvanostatic charge—discharge (GCD) and electrochemical
impedance spectra (EIS) using Biologic SP 150 and Autolab potentiostat. The specific

capacitance was calculated from CV and GCD using Equation 1 and 2, respectively.

_ friwav
€= 2vzviom )
i XAt
5= mxav (@)

where, f;lz i(V)dV = area of the CV curve, AV = (V2 —V1) = potential window

(V), v = scan rate (V/s), m = mass (g) of the active materials, i = applied current (A),

and At = discharge time (s).
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Figure V.4 Electrochemical behaviors of MnSn(OH)g nanocubes: (a) CV curves at
scan rate of 5, 10, 20, 30, 50 and 80 mV/s; (b) GCD curves at specific current of 1, 5,
7, 10 and 15 A/g; (c) Comparison of specific capacitance of as-prepared materials

with the literature.

After preparation of working electrode the electrochemical characterizations in
terms of cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) were
performed to check the electrochemical performance. The CV measurement was
performed using three-electrode cell system within the potential range of -1.0 to 0.0 V
varying the scan rate from 5 to 80 mV/s in 2 M KOH electrolyte (Figure V.4a). The
nickel foam having active material, saturated calomel electrode and Pt foil were used
as working, reference and counter electrode, respectively. The as-synthesized

MnSn(OH)s nanocubes showed excellent performance in negative potential window.

The highest specific capacitance of 330 F/g was achieved at scan rate of 5 mV/s. The

155



Chapter V

uniform structure and fine edge morphology with high conductivity due to oxygen
vacancies promote the redox reaction which results in high pseudocapacitance [20].
Furthermore, oxygen vacancies not only improve the conductivity but also decrease
the diffusion energy and synergistically enhance the capacitive signature

consequently.

To check the energy storage capacity of the as-synthesized MnSn(OH)g
nanocubes the typical galvanostatic charge-discharge (GCD) study was carried out at
various specific current. Figure V.4b shows the GCD profile in the negative potential
window (-1.0 to 0.0 V) indicating the pseudocapacitive nature of the material. The
maximum specific capacitance of 209 F/g was achieved at specific current of 1 A/g.
The specific capacitance versus specific current curve for the as-prepared materials is
depicted in Figure V.4c along with maximum capacitance achieved by some other
negative electrode materials (Table 1) [8, 9, 12, 13, 23, 24]. The MnSn(OH)s

nanocubes achieved the comparable specific capacitance.
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Figure V.5 (a) GCD life cycle at 5 A/g (inset: First 10 GCD cycle); (b) Nyquist plot.

The electrochemical stability was examined by performing the consecutive 3000 GCD
cycles at a specific current of 5 A/g (Figure V.5a), indicating the good stability with

79% retention of the specific capacitance. The small diameter of the semicircle at
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high-frequency region of the EIS spectrum (Figure V.5b) indicates very low charge-

transfer resistance which facilitates the high electrochemical performance.
V.4 Conclusion

In summary, a negative electrode based on MnSn(OH)s nanocubes is successfully
synthesized by a simple precipitation method at room temperature for supercapacitor
application. The as-prepared materials exhibited highest specific capacitance of 209
F/g at a specific current of 1 A/g in 2 M KOH electrolyte with excellent cycling
stability (79% specific capacitance retention after 3000 consecutive GCD cycles). The
uniform structure and fine edge morphology having high conductivity due to oxygen

vacancies promotes the electrochemical performance.
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V1.1 Introduction

The transition metal complex like metal hexacyanoferrate (MHCFs, M = metal ion)
has recently got attention from scientific community, as the hexacyanoferrate
compound shows some unique solid state chemistry and promising applications in the
field of photocatalysis [1], electrocatalysis [2], ion-sensing [3] etc. This coordination
polymer frameworks also known as Prussian blue analogues, have been extensively
studied as promising electrode material for electrochemical capacitor due to their 3D
network structure with high porosity, large electroactive sites, stable reversible redox

properties, facile preparation and low cost [4-9].

Now-a-day’s excessive and indiscriminate uses of organic—mineral complexes
in electronic gadgets as well as usage of inorganic compound in the wood
preservation industry have progressively become the most serious matter of
environmental concern [10]. Mixing of the acid wastewater from mine drainage and
heavy metal like chromium from preservation industry to the ground water is very
dangerous towards aquatic life and mutagenic to human [11, 12]. The waste water
without treatment is hazardous for ecosystem, as most of the synthetic dyes are toxic,
mutagenic, carcinogenic and enhance the chemical oxygen demand (COD) of the
water body. Generally, chromium (Cr) is present in compounds in two common
oxidation states such as Cr(l11) and Cr(VI) [13]. Amongst these, Cr(V1) is immensely
toxic, carcinogenic, whereas Cr(l11I) is less toxic and more easily soluble in water as
Cr(OH)s. Cr (VI) is used in several industrial fields like textile production,
electroplating, metal finishing, leather tanning, dyeing, etc. [14]. As a result, higher
degrees of contamination due to discharges of Cr (VI) in waste water, makes the

aquatic life severely harmful. Presence of Cr (V1) in drinking water causes kidney,
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liver, bladder, and skin cancer [15]. So, there is an urgent demand for effective
methods for efficient reduction of Cr (VI) to Cr (IllI) in industrial waste water.
Different methods including ion exchange, precipitation, reverse 0Smosis,
photocatalysis and adsorption are developed [16-18]. However, each method has its
own advantages along with numerous drawbacks. The photo-catalytic process is

highly efficient and cost effective as compared to the other methods.

In this work, a set of MHCF (M = Ni, Zn, Mn and Cu) was prepared using a
simple precipitation method. Electrochemical performances of the as-prepared
materials were investigated in terms of CV, GCD and EIS analysis. The
photocatalytic activity on the reduction of highly toxic Cr(VI) using sunlight was also

performed.
V1.2 Experimental Section

V1.2.1 Materials

Manganese nitrate tetrahydrate (Mn(NOs),-4H,0), Nickel nitrate hexahydrate
(Ni(NO3),-6H,0), Copper nitrate trihydrate (Cu(NO3),-3H,0), Zinc nitrate
hexahydrate (Zn(NO3),-6H,0), potassium hexacyanoferrate (Ks[Fe(CN)g]), potassium
hydroxide (KOH), potassium dichromate (K,Cr,O;) were purchased from Merck,

India. All reagents were directly used for the experiment without further purification.

V1.2.2 Synthesis of metal hexacyanoferrate (MHCF; M = Mn,Ni, Cu, Zn)

For the synthesis of metal hexacyanoferrate (MHCF), simple precipitation method
was followed. Briefly, 20 mL 0.1 M aqueous solution of M(NO3), [M= Ni, Cu, Zn,
and Mn] was taken in a 100 mL beaker. Then 20 mL 0.1 M aqueous solution of

KsFe(CN)s was slowly added to it under vigorous stirring condition. The solution was
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magnetically stirred for 1 hour. Then the solution was kept for 12 h in undisturbed
condition at room temperature. After that the solid precipitate was filtered, washed
with distilled water and ethanol for 4-5 times. Finally, the desired solid product

(MHCF) was dried in air oven at 70°C for 6 h.
V1.3 Results and Discussion

V1.3.1 Formation of the MHCF

The synthetic procedure involves the precipitation method where a quick precipitation
of metal hexacyanoferrate (MHCF, M = Mn, Ni, Cu and Zn) was achieved. The
chemical reaction involved in this synthetic process can be written as follows:

M(N03)2 + K3[FE(CN)6] — MX[FE(CN)e]y + KNO3
V1.3.2 X-Ray diffraction (XRD) analysis

X-ray diffraction (XRD) analysis was performed by Rigaku ULTIMA-IIl X-ray
diffractometer with Cu K, radiation (A = 1.5418 °A). The XRD patterns of the as-
prepared MHCF (M = Mn, Ni, Cu and Zn) are shown in Figure 1. The observed XRD
peaks of the MHCF (M = Mn, Ni, Cu and Zn) are well-matched with those in the
JCPDS card number 01-074-7327, 01-082-2283, 01-086-0513 and 00-038-0688,
respectively. The peaks at 16.8, 23.9, 34.1, 38.3, 42.1, 48.9, 52.2, 55.2, 63.8, and 66.5
corresponding to the planes (002), (022), (004), (024), (224), (135), (244), (335),
(246), and (137) respectively, indicate the formation of polycrystalline
Mny[Fe(CN)g]2.667-15.84H,0. The peaks at 17.3, 24.4, 35.1, 39.4, 50.4, 53.7, and 56.7
corresponding to the planes (200), (220), (400), (420), (440), (600), and (620)
respectively, indicate the formation of polycrystalline Niz[Fe(CN)g].-H20 with cubic

crystal systems. The peaks at 17.5, 24.9, 35.4, 39.7, 43.7, 50.9, 54.3, and 57.6
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corresponding to the planes (200), (220), (400), (420), (422), (440), (442) and (620)
respectively, indicate the formation of Cu[Fe(CN)gloss7. The peaks at 9.7, 13.4, 14.0,
16.2, 19.5, 21.4, 24.4, 28.1, and 32.7 corresponding to the planes (012), (104), (110),
(113), (024), (116), (300), (119), and (226) respectively, indicate the formation of

polycrystalline Znz(Fe(CN)g), with rhombohedral crystal system.
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Figure V1.1 XRD pattern of as-prepared MHCF (M = Mn, Ni, Cu and Zn).

V1.3.3 FTIR analysis

To determine the structure, the FTIR spectra were recorded of the as-synthesized
metal hexacyanoferrates (Figure V1.2). The sharp absorption peak at 2148.9 cm™' is
assigned to the CN ligand in Fe''-C=N-Mn" [19]. The absorption peaks at 3381 cm™'
and 1610 cm ™' can be assigned to the O-H stretching mode and H-O-H bending mode
of H,O, respectively, owing to the existence of interstitial water in structure [20]. For

NiHCF, the absorption peaks at 2098 cm™ and 2163 cm™ are ascribed to the

characteristic peaks of Prussian blue analogs and the C=N ligand (Fe'"-CEN-Ni"),
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respectively [21]. For CuHCF, the strong absorption peak at 2092 cm ™" attributes to
the C=N ligands stretching [22]. The absorption peaks at 3400 cm™' and 1620 cm™'
can be assigned to the O-H stretching mode and H-O-H bending mode of H,0,
respectively, owing to the existence of interstitial water in structure [20]. For ZnHCF,
the peak at 2094 cm™ and 494 cm™ correspond the C=N ligands and —N—Zn,
respectively [1]. The Fe-C stretching was detected at 602 cm™. For -O—H moiety of
H,O, a broad peak was observed at 3637 cm™ and the H-O-H bending peak was

identified at 1607 cm™.
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Figure V1.2 FT-IR pattern of as-prepared MHCF (M = Mn, Ni, Cu and Zn).
V1.3.4 Morphological analysis

To investigate the surface morphology of the as-synthesized metal hexacyanoferrate
(M = Mn, Ni, Cu and Zn) photo-catalysts, the field emission scanning electron

microscopy (FESEM,Carl Zeiss-SUPRA 40) images were captured (Figure VI.3).
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From the FESEM of MnHCF, it can be seen that this is of cubic structure with an
average length of about 1 um (Figure V1.3a). The NiHCF and CuHCF are nano-sized

particles (Figure VI.3b and c). The FESEM image of ZnHCF suggests the

rhombohedral structure with an average length of 200 - 500 nm (Figure V1.3d).

Figure V1.3 FESEM images of as-prepared metal hexacyanoferrate: MnHCF (a),

NiHCF (b), CuHCF (c) and ZnHCF (d).

VI1.3.5 BET analysis

The textural properties of the as-prepared MHCF were investigated by nitrogen-
adsorption desorption measurements. The N, adsorption-desorption isotherm and their
corresponding pore size distribution curves are shown in Figure V1.4 and the
measured BET surface area, pore volume and the pore sizes are tabulated in Table
VI.1. All the adsorption-desorption isotherms of MHCF exhibited type 11l isotherm

with weak H3 hysteresis loop [23]. The pore-size distribution curves reveal the
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mesoporous nature of the all materials. The increasing order of the BET surface area
IS MNHCF>ZnHCF>CuHCF>NIHCF. Amongst them the MnHCF was achieved high
specific surface area of 664.33 m%g with high pore volume of 0.51174 which is

beneficial for the electrochemical performance.
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Figure V1.4 Nitrogen adsorption-desorption isotherm and their corresponding pore
size distribution curve (in inset) of as-prepared metal hexacyanoferrate: (a) MNnHCF,

(b) NiHCF, (¢) CuHCF, and (d) ZnHCF.
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Table V1.1 Texture properties of as-prepared MHCF samples

Samples | BET surface area (m?/g) | Pore volume (cc/g) | Pore size (nm)
MnHCF 664.33 0.51174 0.7049
NiHCF 56.50 0.1078 1.5149
CuHCF 98.81 0.1140 1.8972
ZnHCF 379 0.3108 0.7374

V1.3.6 UV-vis spectra analysis

The optical properties of the as-synthesized MHCF were investigated by UV-vis

spectroscopy. The band gap was calculated from Tauc plot using the equation below:
ahv=A (hv —Ey)"?

where, a@ = absorption coefficient, A = dimensional constant and Eg = bandgap

energy.

The UV-vis spectra of as-synthesized MHCF are depicted in Figure VI.4a.
The three characteristic peaks of [Fe(CN)s]*~ were appeared at 261, 302 and 422 nm
due to ligand-to-metal charge transfer transitions [24-27] The d-d transition of the
metals was observed within the range of 400-425 nm. The plot of (a4 v)? versus hv
gives the bang gap value by extrapolating value of hv at o = 0. The calculated band
gap was 2.8, 3.05, 3.1 and 1.9 eV of MnHCF, NiHCF, CuHCF and ZnHCF,

respectively. The lower band gap of the ZnHCF suggests its efficiency of showing

visible light driven photocatalytic activity [1].
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Figure VL5 (@) UV-vis spectra of all MHCF and Tauc plots of (b) MnHCF, (c)

NiHCF, (d) CuHCF and (e) ZnHCF.

V1.3.7 Electrochemical Experiments

Electrochemical performances were explored using a computer-controlled
electrochemical working station (Autolab potentiostat and CS313, CorrTest, China)

with a conventional three-electrode electrochemical cell in 1 M Na,SO, aqueous
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electrolyte. The working electrode was prepared by drop casting of ethanolic solution
of MHCF on teflon-coated graphite rod and dried for 6 h. Then, 5 puL of 0.5 (w/v) %
nafion (as binder) was dropped on it and then dried overnight. A platinum plate and a
saturated calomel electrode (SCE) were taken as counter electrode and reference
electrode, respectively. The specific capacitance of the electrode materials were

calculated from CV and GCD measurements using eq 1 and 2, respectively.

_ fypiav
Co= G205 (D)
i x At
s= @)

where, f:zli(V)dV is the area of the CV curve, AV = (V2 —V1) is the potential

window (V), v is the scan rate (mV/s) and m is the mass (g) of the active materials, i

is the applied current (A), and At is the discharge time (s).

The CV curves of the as-synthesized MHCF in 1 M Na,SO, were shown in
Figure VI1.6. The neutral electrolyte was chosen as metal hexacyanoferrates are fairly
stable in acidic or basic condition. All the MHCF materials show redox peaks
indicating pseudocapacitive behavior. These redox peaks can be ascribed to the

reversible faradaic redox reaction of Fe'/Fe""" in the MHCF which are accompanying

with the reversible intercalation/de-intercalation of Na* ion for sustaining local charge

neutrality. The corresponding redox reactions are as follows [28]:
M"[Fe"(CN)s] + Na* + e~ <> NaM"[Fe'(CN)g]

M"[Fe"'(CN)g] + Na* + e~ <> NaM"'[Fe""'(CN)¢]
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Figure V1.6 CV curves of (a) MnHCF, (b) NiHCF, (c) CuHCF, and (d) ZnHCF at
different scan rate of 2 to 50 mV/s; (e) Specific capacitance of as-synthesized MHCF

at various scan rates.

The specific capacitances were calculated from the CV curve. The maximum

specific capacitances of 299 F/g, 221 F/g, 241 F/g and 270 F/g at scan rate of 2 mV/s
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were achieved by MnHCF, NiHCF, CuHCF and ZnHCF respectively. Due to high
specific surface area with high pore volume of MnHCEF, it exhibited high specific
capacitance. The specific capacitance decreases with increasing scan rate. At lower
scan rate, the electrode achieved maximum capacitance due to the complete redox
process due to the highest diffusion of electrolyte ions into the inner active site.

However, it cannot get enough time at high scan rate and produces lower capacitance

[7]1.

The rate performance of the as-prepared electrodes was investigated through
the galvanostatic charge-discharge measurement at different specific capacitance. The
GCD curves are shown in Figure VI.7. The non-linear behavior of GCD curves
indicates the pseudocapacitive behavior of the materials which were well-matched
with the CV experiments. The specific capacitance decreases with increasing the
specific current. The maximum specific capacitance of 208, 149, 163 and 187 F/g at
specific capacitance of 1 A/g were achieved by the MnHCF, NiHCF, CuHCF and
ZnHCF, respectively. MnHCF achieved high specific capacitance probably due to the
high active surface area. It showed 40% capacitance retention at specific capacitance
of 5 A/g, indicating high rate performance amongst the MHCF whereas ZnHCF

showed the lowest rate performance.

The electrochemical stability of the electrodes was explored by consecutive
GCD in 1 M NaySO, electrolyte at a specific current of 5 A/g. The cycling
performance of MHCEF is shown in Figure V1.7f. The retention of specific capacitance
of the MnHCF, NiHCF, CuHCF and ZnHCF, was 84%, 76%, 72% and 61%,

respectively after 1500 cycles.
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different specific current of 1 to 5 A/g; (e) Specific capacitance of as-synthesized

MHCEF at various scan rates; (f) Cycling performance of MHCF at a specific current

of 5 A/g for 1500 cycles.
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V1.3.6 Photocatalytic Reduction of Cr(VI)

The photocatalytic reduction of Cr(VI) was performed by taking the aqueous
dichromate solution containing the different as-synthesized catalyst (MHCF) under
sunlight. A set of four beakers containing 25 mL 2x10™ M aqueous solution of
K2Cr,07 with 25 mg of different MHCF (M = Mn, Ni, Cu and Zn) was taken and
stirred for 1 h in dark condition to reach the adsorption—desorption equilibrium. One
blank test was also performed without catalyst. After that all the beakers were put
under sunlight for 2 h with occasional shaking. The solutions were centrifuged
separately time to time and the UV-vis spectra were recorded.

Figure V1.8 shows the photocatalytic reduction of aqueous Cr(VI) under
sunlight in the presence of the as-synthesized metal hexacyanoferrate, MHCF (M =
Mn, Ni, Cu and Zn). The diversity in the efficiency of different metal
hexacyanoferrate may be a result of several factors, such as composition, particle size,
morphology, crystallinity, crystal defects, specific surface area, band gap, state of
dispersion, adsorption capacity for Cr(VI), etc. [15]. These factors are strongly
coupled with each other and hence it is hard to identify the specific function and
influence of a single parameter in the photocatalytic activity of different metal
hexacyanoferrates. From the Figure V1.8, it can be seen that as-synthesized zinc
hexacyanoferrate nanocubes reveal superior photocatalytic activity when compared to
other catalysts. With increasing exposure time, the main absorption band of Cr(VI)
cantered at 363 nm notably decreases due to decreasing the concentration of Cr(V1). It
is calculated that the as-prepared zinc hexacyanoferrate nanocubes exhibit excellent
photochemical reducing capability. The photo-catalytic activity i.e., reducing
capability of the material is calculated (Equation 3) by monitoring the decrease in the

absorption intensity which is directly proportional to the Cr(IV) concentration. A
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decrease in absorption intensity from 1.02 to 0.33 at 365 nm implies 68% reducing
capability of the as prepared ZnHCF within 2 h. However, the MnHCF, NiHCF and

CuHCF showed the reducing activity of 7%, 17%, and 23%, respectively

|(Final absorption intensity—Initial absorption intensity)|
— 0 X 100% ...(3)
Initial absorption intensity

Catalytic activity (%) =

1.5 1.5
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Figure V1.8 Photocatalytic reduction of 25 mL of 2 x 10™* M aqueous solution of
dichromate under sunlight in the presence of different MHCF (M = Mn, Ni, Cu and

Zn) (25 g).

The reduction of Cr(\VI1) to Cr(l1l) is mainly carried out by the photoexcited
electrons and therefore, good electron—hole pair separation is attained in this
reduction process. The better photocatalytic activity of the as-prepared ZnHCF
catalyst for the reduction of Cr(VI) under sunlight can be explained by taking into

consideration of some unique properties of Zn which is responsible for the
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exceptional behaviour of ZnHCF. Zinc has a completely filled valance shell 3d
orbitals and a narrow band gap. Due to highly dispersive nature of conduction band,
the d*° electronic configuration supports photo-generated electron-hole separation. On
photo-irradiation with sunlight, MHCF semiconductors absorb light and electrons
from valence band are excited to conduction band, generating the holes in the valance
band. These photoexcited electrons in conduction bands of the semiconductors reduce
Cr(VI) to Cr(II) with a visual color change of the solution from leuco to colorless.
The probable reaction pathway for the photocatalytic reduction of Cr(VI) under

sunlight over MHCF in aqueous solution is as follows:

MHCF + hv — MHCF (e + h")
2H,0 + 4h* — O, + 4H"

Cr,04 +14H" +6e — 2Cr" + 7H,0
V1.4 Conclusion

In summary, four different metal hexacyanoferrates, MHCF (M = Mn, Ni, Cu and Zn)
were synthesized via a simple and cost effective precipitation method. The as-
prepared MHCF were structurally characterized using XRD and FTIR analysis and
the morphology was captured with FESEM. The band gap was determined from the
Tauc plot. The electrochemical performances were investigated using three-cell
electrode system in 1 M Na,SO, electrolyte. MnHCF showed good electrochemical
properties with high specific capacitance of 208 F/g at 1 A/g specific current probably
due to high specific area. The ZnHCF semiconductor exhibited more superior
catalytic property for visible-light-driven photoreduction of Cr(VI), with excellent

photochemical reducing capability of about 68%. Thus the as-synthesized metal
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hexacyanoferrates show promising applications in the field of environmental

photocatalysis.
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VI11.1 Conslusions

The thesis mainly deals with the synthesis and electrochemical characterization of
various types of manganese based nanomaterials for energy storage application. The
work described manganese based materials as promising pseudocapacitive electrode
for supercapacitor application. The combination of manganese oxide with
carbonaceous material or other transition metal oxide greatly improved the
electrochemical performance as a synergism effect between both the materials.
Incorporation of some other metal in the manganese based hydroxide or sufide help
greatly to improve the electrochemical properties. The manganese based oxides
(Mn304, MnO,), bimettalic hydroxide (MnSn(OH)e) and sulfide (MnCoS) and
coordination complex (Mn[Fe(CN)g]) have been investigated as supercapacitor
electrode materials. In case of supercapacitor not only the active material but also its
performance is effected by the electrolyte used. By adding redox mediated electrolyte
in conventional electrolyte improved enormously the charge storage property. The
synthesized materials were structurelly characterized by various techniques like X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Raman
spectroscopy etc. and morphologically analysed by Field emission scanning electron
microscopy (FE-SEM) and Transmission electron microscopy (TEM). The
electrochemical performance of the materials were performed in terms of CV, GCD

and EIS study.

Mn30O,4 and Mn3O,@MWCNT composites have been successfully synthesized
using a simple hydrothermal method. The as-synthesized materials were characterized
using different microscopic and spectroscopic tools. In three-electrode cell system,

Mn30O4 and Mn3;O,@MWCNT exhibited maximum specific capacitances of 428.9 F/g
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and 471.3 F/g, respectively, at a scan rate of 2 mV/s. A synergistic interaction
between highly electrical conductive MWCNT and pseudocapacitive Mn3O4 resulted
in higher specific capacitance. An aqueous asymmetric supercapacitor was
constructed using Mn;0,@MWCNT and rGO as positive and negative electrode,
respectively, which was able to show high cell voltage of 1.6 V in 1 M KOH
electrolyte. The high cell voltage combining high capacitance of positive electrode
and high rate capability of negative electrode resulted in high energy and power
density of 26.8 Wh/kg and 2400 W/kg, respectively for the Mnz;O,@MWCNT//rGO.
The high energy and power density accompanied by standard cycle life strongly
demonstrate the high efficiency of the as fabricated supercapacitor for practical

purpose.

A simple and facile precipitation method in combination with conventional
hydrothermal method was adopted for fabrication of MnO,-CuO nanocomposites
(CMO3 and CMOS6). In the composites the pure CuO nano-needles are uniformly
covered with MnO, nano-sheets. The as-synthesized materials were characterized
using different techniques. The electrochemical behavior of the composites were
investigated in a redox mediated electrolyte (0.3 M K3[Fe(CN)e¢] in 2 M KOH). The
CMOG6 composite with highest surface area and porosity displays the highest value of
capacitance when compared to the pristine CuO and CMO3 composite. The CMO6
composite achieved high specific capacitance of 2690 F/g at specific current of 8 A/g
with better rate performance. The CMOG6 exhibited highest cycle stability with 79%
capacitance retention after 1500 CV consecutive cycles at a scan rate of 40 mV/s. The
results of the electrochemical studies imply that the composite CMOG6 could be a

promising electrode material for supercapacitor application.
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Three-dimensional interconnected MnCoS nanosheets were deposited on nickel foam
using a single-step electrosythesis method. The MnCoS@Ni produced high specific
capacitance of 1952.8 F/g at 2 A/g scan rate with high rate performance. A
MnCoS@Ni [tGO@Ni AAS was fabricated which delivered high specific
capacitance of 360 F/g at 10 A/g. The AAS also delivered high specific energy (105.1
Wh/kg) at a high specific power (7.25 kW/kg) along with high cyclic stability (93.9 %
specific capacitance retained after 3000 consecutive GCD cycle). A series-connected
device was able to lit up five parallel-connected red LEDs for 180 s.

A negative electrode based on MnSn(OH)s nanocubes was prepared by a
simple precipitation method at room temperature. The as-synthesized material was
structurally and morphologically characterized using different techniques. The
uniform structure and fine edge morphology having high conductivity due to oxygen
vacancies promote the redox reaction which results in high pseudocapacitance. The
oxygen vacancies of the as-synthesized were confirmed by photoluminescence
spectrum. The electrochemical performance was investigated through a three-
electrode cell system in a negative potential window (-1.0 to 0.0 V) and a maximum
specific capacitance of 209 F/g was calculated at a specific current of 1 A/g. The
electrodes also exhibited excellent cycling stability with 79% specific capacitance

retention after 3000 consecutive GCD cycles.

A set of co-ordination complexes such as metal hexacyanoferrates, (MHCF, M
= Mn, Ni, Cu and Zn) were synthesized via a facile and cost effective precipitation
method. The as-synthesized MHCF were structurally and morphologically
characterized. The band gap was determined from the Tauc plot. The electrochemical
properties were studied using three-cell electrode cell system in 1 M Na,SO,

electrolyte. The MnHCF showed good electrochemical performance with high
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specific capacitance of 208 F/g at 1 A/g specific current probably due to high specific
area. Amongst the MHCF, ZnHCF semiconductor exhibited more superior catalytic
property for visible-light-driven photoreduction of Cr(VI), with excellent
photochemical reducing capability of about 68%. Thus the as-synthesized metal
hexacyanoferrates show promising applications in the field of energy storage and

environmental photocatalysis as well.
V11.2 Scope of future work

Although there are several articles reported on manganese-based pseudocapacitive
electrode materials, but intense research is still required to understand the proper
charge storage mechanism to make it suitable for practical purpose. Making hybrid
supercapacitor with the carboneceous material has shown improved electrochemical
performance. So, there is huge scope to find out the best component composition in
the composites based on the manganese-based materials and other carboneceous
material/ transition metal oxides/ sulfides/ hydroxides and conducting polymers.
Redox mediated conventional electrolyte has shown very high capacitance. Therefore,
an intesive research can be performed to find out the best suitable electrolyte from

various redox active electrolytes.
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ABSTRACT

In the present work, a simple and cost-effective precipitation approach was
carried out to fabricate CuO nano-needle, and its electrochemical performance
was evaluated in a redox-mediated electrolyte (2 M KOH and 0.3 M K;Fe(CN)y).
A high specific capacitance of 2519 F/g was recorded at a specific current of
8 A/g. However, the electrode suffered from poor rate capability as the specific
capacitance was rapidly decreased to 100 and 1 F/g when the specific current
was increased to 30 and 50 A/g, respectively. The CuO nanoparticles were
further modified with MnO, by a hydrothermal method, and the resulting CuO-
MnO, (CMO®) electrode delivered a high specific capacitance of 539 F/g even at
very high specific current of 50 A/g. The as-synthesized electrode materials
were structurally and morphologically characterized using X-ray diffraction
(XRD) analysis, Fourier transform infrared spectroscopy (FTIR), X-ray photo-
electron spectroscopy (XPS), scanning electron microscopy (SEM), and trans-
mission electron microscopy (TEM). The electrochemical performances of the
CuO and MnO,~CuO composites have been examined in detail.
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GRAPHIC ABSTRACT

Synopsis Modification of pristine CuO nano-needles with MnO, nanosheets
improved the electrochemical performance of the material. The composite was
able to deliver a high specific capacitance of 539 F/g even at very high specific

current of 50 A/g.
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Introduction

Enormous energy consumption by our electronically
biased modern daily life triggers the scientists to
search for a sustainable and renewable energy
resource for future energy storage. Solar and wind
energies have drawn global attention as renewable
sources of energy, but their uncertain and discon-
tinuous nature makes them unreliable [1]. Recently,
electrochemical capacitors, also known as ultraca-
pacitor or supercapacitors (SCs), have attracted
remarkable attention in light of their unique proper-
ties of high power density, moderate energy density,
long cycle life, fast charging capacity and green
environmental protection [2, 3]. Based on the charge
storage mechanism, SCs are classified into two pure
types besides the hybrid one: (i) electrical double-
layer capacitors (EDLCs) and (ii) pseudocapacitors.
In EDLCs, the capacitance originates due to charge
accumulation at the interfaces between electrode
surface and electrolyte. The carbonaceous materials
such as graphene and carbon nanotubes (CNTs)
show such type of double-layer capacitance [4]. On
the other hand, pseudocapacitance comes from the
fast Faradaic redox reactions between electrode
materials and electrolyte ions. Due to multiple oxi-
dation states of the transition metals, its oxides,
hydroxides and sulfides are commonly chosen as the
pseudocapacitive electrode materials [5-8]. To
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enhance the efficiency of the electrode materials, the
idea of incorporating combinatorial transition metal
oxides with multiple electroactive redox sites has
been developing. Not only the choice of electrode
materials but also the surface architectures of the
material, electrolyte, separator, etc. can alter the effi-
ciency of supercapacitor. Recently, in terms of mod-
ification of electrolyte, the addition of a foreign redox
system into the mother electrolyte solution as an
additional source of pseudocapacitance is being
taken into consideration.

CuO-MnO; is a well-known composite, which is
previously reported for various applications like
supercapacitors [2, 3, 9-12], Li-ion batteries [13, 14],
heterogeneous catalysts [15-19], sensors [20, 21], etc.
However, to the best of our knowledge this work is
the first report on supercapacitor application of CuO-
MnO, composite using redox-mediated electrolyte.
Herein, pristine CuO and MnO; nanosheet-wrapped
CuO nano-needles were synthesized by the precipi-
tation method followed by a simple and facile
hydrothermal technique, and the electrochemical
properties were studied in terms of cyclic voltam-
metry (CV), galvanostatic charge-discharge (GCD)
curve and electrochemical impedance spectra (EIS) in
redox couple, [Fe(CN)g]>~ /[Fe(CN)gl*-mediated
aqueous electrolyte.
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Experimental section
Materials and reagents

Copper(I) nitrate trihydrate, potassium hexacyano-
ferrate(Ill), sodium hydroxide, potassium perman-
ganate were supplied by Merck, India. All the
reagents were directly used for the experiment
without doing any purification.

Synthesis of CuO

A large number of synthetic routes have been
developed for the preparation of CuO with different
morphologies [2, 3, 9-11]. Herein, the co-precipitation
method was followed for the synthesis of CuO [22].
Briefly, 30 mL 0.1 M aqueous Cu(NOj3),-:3H,O solu-
tion was added dropwise in 20 mL 0.1 M aqueous
K;[Fe(CN)g] solution with a continuous stirring. The
tawny brown colored precipitate of Cus[Fe(CN)sl»
was formed immediately. After one-hour continuous
stirring, the solution was kept for 12 h in undisturbed
condition. Then, 1 M NaOH was added dropwise to
the mixture with a continuous stirring. The prompt
color change from tawny brown to deep brown was
recognized. The obtained solid product was washed
with water for several times and dried at 60 °C in hot
air oven.

Synthesis of CuO-MnO, composites

A set of two solutions was prepared, each by dis-
persing 35 mg of as-prepared CuO in 35 mL 0.025 M
aqueous solution of KMnOy. Then, the solutions were
transferred in two 50 mL stainless steel autoclaves
and were kept in the furnace at 180 °C for 3 and 6 h,
respectively. After cooling at room temperature, the
solid brown products obtained from the two solu-
tions were carefully washed in succession with water
and absolute alcohol for several times. The desired
materials were obtained after drying at 60 °C for
12 h, and the two products were labeled as CMO3
and CMO®6, respectively. The same procedure with-
out the addition of pure CuO was followed for the
preparation of pure MnO,.
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Material characterization

The chemical and structural analyses of the as-pre-
pared electrode materials were carried out by X-ray
diffraction (XRD, Rigaku ULTIMA-III X-ray diffrac-
tometer with Cu Ko radiation (A = 1.548 A) analysis,
Fourier transform infrared (FTIR, NEXUS 870
Thermo-Nicolet) spectroscopy, and X-ray photoelec-
tron spectroscopy (XPS, using a PHI 5000 Versa Probe
I XPS analyzer with a monochromatic Al Ko X-ray
source (hv = 1486.71 eV)). From the field emission
scanning electron microscopy (FESEM, Carl Zeiss-
SUPRA 40) and tunneling electron microscopy (TEM,
TECNAI G2-20S-TWIN) images, the surface mor-
phology of the electrode materials was investigated.
The surface area of the material was determined by
the N, adsorption—desorption isotherm.

Electrochemical measurements were taken using a
computer-controlled electrochemical working station
(Biologic SP 150 and Autolab potentiostat) with a
conventional three-electrode electrochemical cell in
2 M KOH aqueous solution containing 0.3 M Kj.
[Fe(CN)¢]. The working electrode was prepared on
Ni foam. A platinum plate and a saturated calomel
electrode (SCE) were used as counter electrode and
reference electrode, respectively. The electrochemical
behavior was analyzed in terms of cyclic voltamme-
try (CV), galvanostatic charge-discharge (GCD)
curve and electrochemical impedance spectra (EIS).
The specific capacitance of the electrode materials
was calculated from CV and GCD measurements
using Eqs. 1 and 2, respectively [23].

V1.
V)dv
G =2 AV )
2(V2 - V1)vm
i x At
Co= AV’ (2)

where f“//zl i(V)dV is the area of the CV curve, AV =
(V2 — V1) is the potential window (V), v is the scan
rate (mV/s) and m is the mass (g¢) of the active
materials, i is the applied current (A), and At is the
discharge time (s).

Results and discussion

The synthesis procedure involves two-step chemical
reactions: first a quick precipitation of copper hexa-
cyanoferrate [CuHCFe] (co-precipitation method)
and then the decomposition of CuHCFe complex in
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Figure 1 XRD patterns of as-prepared pure MnO, (a), CuO (b),
CMO3 (c) and CMO6 (d) composites.

alkaline medium [24]. The chemical reactions asso-
ciated with the synthesis procedure are as follows.

3Cu(NO3),+2K3 [Fe(CN),]

— Cus[Fe(CN), ] ,+6KNO; (3)
Cujs [Fe(CN);],+6NaOH = 3Cu(OH),+2Naj3 [Fe(CN)],

(4)

Cu(OH),= CuO + H,O (5)

The MnO, nanosheets are formed from self-de-
composition of KMnO, during hydrothermal reaction
[25]. The total synthesis procedure is schematically
represented in Scheme 1.

The XRD patterns were taken to determine the
phase composition of pure MnO,, CuO and CMO
composites as shown in Fig. 1. For pure CuO, the
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Figure 2 FTIR spectra of as-prepared pure CuO (a), CMO3
(b) and CMO6 (c) composites.

peaks at 20 () of 32.4, 35.5, 38.7, 48.7, 53.5, 58.3, 61.5,
66, 68, 72.3, and 75.1 correspond to (110), (— 111),
(111), (20 — 2), (020), (202), (11 — 3), (31 — 1), (220),
(311), and (22 — 2) planes of face-centered cubic
crystal. All the peaks are well matched with JCPDS
Card No: 05-0661 (Tenorite, Syn). The precursor of
the CuO is copper hexacyanoferrate, which is con-
firmed by the XRD pattern as shown in Figure S1(a).
For the composites, all the peaks of CuO are present
along with the two basal reflections of (001) and (002)
at 12.5 and 24.7 peaks for MnO,, which are also
present in case of pure MnO, (Fig. 1a). The peaks of
the composites are less intense than the pure CuO as
the MnO, nanosheets wrap around the CuO nano-
needles. Furthermore, the characteristic peaks of
MnO, were more prominent in CMOé.

To investigate the chemical and structural proper-
ties, FTIR analysis was carried out and the results are
shown in Fig. 2. Pressed KBr pellets of CuO and the
composites (CMO3 and CMO6) were used to execute
FTIR analysis by NEXUS 870 FTIR (Thermo Nicolet)
instrument. The three main characteristic peaks of
CuO were observed at 597, 497 and 426 cm ™! for A,
B, and B, modes, respectively, which confirms the
formation of CuO nano-needles. The Cu-O stretching
values along (— 101) and (101) directions demon-
strate the absorption peaks at 597 and 497 cm™',
respectively [26-29]. The broad absorption peaks
between 1300 and 4000 cm ™' are ascribed as chemi-
sorbed and/or physisorbed H,O and CO, molecules
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[29, 30]. Moreover, there is no peak in between 610
and 660 cm™' indicating the absence of any other
phases like Cu,0O, which appears at 615 cm ™' [31]. In
both the composites, the two main characteristic
peaks are observed at 513 and 485 cm™' corre-
sponding to Mn-O stretching modes in octahedral
environment [32]. The peak at 1385 cm™' appears
due to the coordination of Mn by O-H [32].

For the chemical analysis of the composite, XPS
was carried out, which is shown in Fig. 3. The XPS
spectra were accomplished by taking the reference
peaks of Cls at 284.2 eV. For the Cu2p in CuO, the

Mn Kal

OKal

Figure 4 FESEM images of as-prepared pure CuO (a) and
CMO6 composites (b). Mapping images of CMO6 composite (c—
f).

Binding Energy (eV)

two major peaks of Cu2p1/2 and Cu2p3/2 are found
at 953.5 and 933.5 eV, respectively, indicating the
presence of CuO in composite [16]. Figure 3b shows
XPS spectrum for Mn2p; the two peaks at 653.9 and
642.2 eV are attributed to the Mn2p1/2 and Mn2p3/
2, respectively, with spin energy difference of 11.7 eV
[33].

Figure 4 presents the corresponding FESEM ima-
ges of as-synthesized CuO and CMO6 composites. It
can be seen that the CuO particles are having nano-
needle-like structure of length 80-100 nm. Copper
hexacyanoferrate, the precursor of CuO nano-needle,
consists of small nanoparticles as shown in Fig-
ure S1(b). The FESEM image of CMO3 is shown in
Figure S2, which indicates the CuO nano-needles are
covered up with MnO, nanosheets. However, for
CMO6 composite, the CuO nanorods are fully
wrapped by MnO; nanosheets (Fig. 4c), possibly due
to longer time of growth. The element mapping
images (Fig. 4d—f) confirm the presence of Cu, Mn
and O implying the formation of CuO-MnO, com-
posite. The TEM images of CuO and CMO6 com-
posites are shown in Fig.5. The nano-needle
structures of CuO were again supported by the TEM
images shown in Fig. 5a—c. The length and width of
each CuO nano-needle is of 80-100 nm and
10-15 nm, respectively. The TEM images of the
CMO6 composite are shown in Fig. 5d, e having
different magnifications. Figure 5d, e denotes that the
CuO nano-needles were entirely wrapped by MnO,
nanosheets in CMO6. The energy-dispersive X-ray
(EDAX) analysis spectrum (Fig. 5f) also confirms the
presence of CuO in the composite.

The surface area plays a crucial role in determining
the efficiency of a material as an adsorbent or elec-
trode material. The N, adsorption—-desorption
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CMO6 composite (f).

isotherms and Barrett-Joyner-Halenda (BJH) profiles
confirm higher surface area and enhanced porosity in
the composites in comparison with the pure CuO
nano-needles. The surface area of the pure CuO,
CMO3 and CMO6 composites was obtained to be
60.43, 66.984 and 78.846 m?/g, respectively, as mea-
sured by the Brunauer-Emmett-Teller (BET) method.
The BJH pore size distribution profile (Figs. 6¢c, d and
S3b) shows perfectly monomodal distribution with
the maxima of 7.73, 1.96 and 1.79 nm for CuO nano-
needle, CMO6 and CMO3 composites, respectively.
According to the International Union of Pure and
Applied Chemistry (IUPAC), all the BET isotherms
show type-4 isotherm with a H3 hysteresis loop. The
highly porous nature of the composites appears due
to the presence of highly mesoporous and ultrafine
MnO; nanosheets, which results in high electro-
chemical capacity of the nanocomposite (vide infra).

After fabrication of the working electrode, the
electrochemical characterizations were carried out in
terms of cyclic voltammetry (CV), galvanostatic
charge—discharge (GCD) and electrochemical impe-
dance spectroscopy (EIS). The CV curves of CuO and
CMO6 composites at various scan rates in 2 M KOH
electrolyte solution containing 0.3 M K;[Fe(CN)¢] are
shown in Fig. 7a, b, respectively. Both the CV curves
show very high value of current, indicating the high
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activity of the redox electrolyte. The comparison of
CV curves of all the as-synthesized materials at
10 mV/s is shown in Fig. 7c. The high area of the CV
curve of CMO6 indicates higher capacitance of the
composite than pure CuO and CMO3 composites.
The redox-active electrolyte surpluses electron den-
sity in conventional electrolyte, improving the ionic
conductivity of the electrolyte and enhances the
charge storage properties. Furthermore, the shift of
the oxidation and reduction potential peaks with an
increasing scan rate indicates the quasi-reversible
nature of the pseudocapacitive electrode materials in
the presence of the redox-active electrolyte. The oxi-
dation peak among the pair of redox peaks in the CV
curves appears due to the charging process, involv-
ing the conversion of K4[Fe(CN)¢] to Ks[Fe(CN)¢l,
whereas the reduction peak involves the reverse
reaction. The specific capacitance of 7521, 1839, 1051,
872, 745 and 615 F/g was calculated for CMOG6 elec-
trode at the scan rate of 1, 10, 20, 50, 100 and 200 mV /
s, respectively. But the pristine CuO achieved the
capacitance of 7363, 1239, 757, 381, 219 and 125 F/g at
the scan rate of 1, 10, 20, 50, 100 and 200 mV/s,
respectively. Furthermore, the CMO3 composite
shows the specific capacitance of 5354, 1021.5, 686,
391, 244.8 and 152 F/g at the scan rate of 1, 10, 20, 50,
100 and 200 mV/s, respectively. One interesting
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Figure 6 N, adsorption—desorption isotherms of CuO (a) and CMO6 composite (b); BJH pore size distribution profile of CuO (c) and

CMOG6 composite (d).

point is that the pristine CuO exhibited better elec-
trochemical performance at a low scan rate than at a
high scan rate. This may be due to lower rate capa-
bility of CuO electrode. The CMO6 composite having
high rate capability shows better performance
throughout the whole range of scan rate. At the
higher scan rate, the electrolyte ions do not get
enough time to completely diffuse inside the elec-
trode pores; hence, the capacitance comes mainly
from the outer surface of the materials, whereas at the
lower scan rate, not only the outer surface Faradaic
redox reactions, but also the diffusion processes
within the pores contribute to the total capacitance.
Therefore, the porosity of the materials may affect the
ion diffusion kinetics depending on the pore size
which influences the rate capability performance. The
BET analysis (Fig. 6a, b) exhibited that the CMO6
composite has higher surface area as well as high
pore volume than the pure CuO. Hence, the CMO6
exposes more number of redox-active site to the

electrolyte ions and shows an remarkable perfor-
mance. Although CMO3 composite has high surface
area and pore volume as compared to pure CuO,
probably the small pore size of CMO3 makes it barely
accessible for the electrolytes ions leading to lower
diffusional capacitance of the composite at low scan
rate than that in pure CuO.

The total current generated in CV is the combina-
tion of diffusion-controlled Faradaic redox current
and non-diffusion-controlled capacitive current.
These different types of current contribution can be
calculated quantitatively using Power law: i, = a v’
where i, is the anodic peak current, v is the scan rate
(mV/s), a and b are the adjustable parameters [34].
The value of b gives the idea about the extent of
diffusion-controlled Faradaic redox current and non-
diffusion-controlled capacitive current. A 0.5 value of
b signifies the ideal diffusion-controlled Faradaic
redox process, whereas the non-diffusion-controlled
capacitive current is expressed by a unit value of
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Figure 7 CV plot of CuO (a) and CMO6 (b) in 2 M KOH containing 0.3 M K;3[Fe(CN)g] at different scan rates. CV curves of all the
materials at a scan rate of 10 mV/s (c). Log i, versus log v plot (d) of as-synthesized CuO and CuO-MnO, composites.

b. The value of b is easily calculated from the slope of
the log (i) versus log (v) linear curve. From Fig. 7d,
the value of b is calculated to be 0.51, 0.56 and 0.67 for
CuO, CMO3 and CMO6, respectively, indicating that
the capacitances of the electrodes are mainly con-
tributed by diffusion-controlled Faradaic redox
charge transfer process.

The galvanostatic charge-discharge (GCD) curves
of CuO and CMO6 at various specific currents with a
potential window of 0.0-0.4 V in mixed 2 M KOH
and 0.3 M K;[FeCNg] are shown in Fig. 8a, b. The
nonlinear behavior of the discharge curves indicates
the Faradaic redox reactions of pseudocapacitive
electrodes and the redox-active electrolyte. Further-
more, it is seen that the discharge times are always
larger than the charging time at all specific currents,
implying the high columbic efficiency of the elec-
trode, which is really promising. The specific capac-
itance of 2690, 1641, 889, 668 and 539 F/g was

@ Springer

calculated at a specific current of 8, 10, 20, 30 and
50 A/g, respectively, for the CMO6 composite elec-
trode. While the bare CuO achieved the specific
capacitance of 2519, 1492.7, 365, 100 and 1 F/g at a
specific current of 8, 10, 20, 30 and 50 A/g, respec-
tively. The CMO6 composite shows very high elec-
trochemical  performance in  redox-mediated
electrolyte, which is very high compared to previ-
ously reported literature (Table 1).

With increasing the specific current, specific
capacitance of both the electrode decreases as the
electrons and ions get lower time to diffuse into the
electrode at high specific current. Furthermore, with
the increase in specific current from 8 to 50 A/g, the
capacitance of CuO, CMO3 and CMO6 composites
retained 0.04, 7.7 and 20%, respectively (Fig. 8c). So,
the CMO6 composite shows better rate capability
performance in comparison with the bare CuO and
CMO3 composite. Even at high specific current of
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in the specific capacitance versus number of CV cycles (d) of as-
synthesized CuO, CMO3 and CMO6 composites.

Table 1 Specific capacitance of CuO-MnO, composite reported earlier

Materials Capacitance Specific current Electrolyte Reference
Diatom@CuO@MnO, 240 F/g 0.5 A/g 1 M Na,SO, [12]
Cu/CuO@MnO, 177 mF cm ™2 0.5 mA/cm? 1 M KOH [11]
CuO@MnO, 252.6 F gl 0.1 A/g 1 M Na,SO4 [10]
CuO/MnO, 228 Flg 0.25 A/g 1 M Na,SO,4 [9]
CuO@MnO, 276 Flg 0.6 Alg 1 M Na,SO, [3]
CuO-MnO, 2690 F/g 8 Alg 2MKOH + 03 M This work
K;[Fe(CN)s]

50 A/g, it provides high capacitance of 539 F/g,
indicating higher stability and better electrochemical
performance of the CMO6 electrode. The cycle sta-
bility of the as-synthesized materials was studied at a
scan rate of 40 mV/s in the same electrolyte, which
shows the 59, 73 and 79% capacitance retention after
1500 CV cycles of pure CuO, CMO3 and CMO6
(Fig. 8d), respectively.

The electrochemical impedance spectra were
recorded in the frequency range of 200 kHz-0.2 Hz,
with sinus amplitude of 10 mV, and expressed in
terms of Nyquist plot (Fig. 9) which depicts real and
imaginary parts of the complex impedance. The bare
CuO nano-needle shows very high magnitude of x-
axis (Zge) intercept, indicating high equivalent series
resistance (Rs) than the composite. Further, in the
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Figure 9 Nyquist plots for CuO and MnO,—-CuO composite
(inset: the corresponding equivalent circuit).

high-frequency region, the smaller diameter of the
semicircle of the composite implies that it has lower
charge transfer resistance (R.) compared to the bare
CuO. The R, and R values of CMO6 composite are
lower than the pristine CuO and CMO3 composites
[Table S1], suggesting the high electrochemical per-
formance of the CMO6 composite for supercapacitor
application.

Conclusions

A simple and cost-effective precipitation approach in
combination with conventional hydrothermal
method was adopted for fabrication of MnO,~CuO
nanocomposites (CMO3 and CMO6). In the com-
posites, the CuO nano-needles are uniformly covered
with MnO, nano-sheets. The synthesized materials
were characterized using different microscopic and
spectroscopic tools. The work beautifully describes a
comparative study of the electrochemical behavior of
the composites in a redox-mediated electrolyte (0.3 M
K;5[Fe(CN)el in 2 M KOH). The as-synthesized CMO6
composite with the highest surface area and porosity
displays the highest value of capacitance when
compared to CuO and CMO3. The CMO6 composite
achieved high specific capacitance of 2690 F/g at
specific current of 8 A/g with better rate capability.
The results of the electrochemical studies imply that
the composite CMO6 could be a promising electrode
material for supercapacitor application.

@ Springer
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Abstract. Four different metal hexacyanoferrates, MHCF (M = Mn, Ni, Cu and Zn) were
synthesized via a simple, cost effective precipitation method. The as-synthesized MHCF were
characterized using XRD analysis and FESEM images were recorded for the analysis of
morphology. Among the four compounds, ZnHCF exhibited most effective catalytic property
for visible-light driven photoreduction of Cr(VI) to Cr(Ill), with excellent photochemical
reducing capability of 68% within 2 h.

1. Introduction

Now a day’s excessive and indiscriminate uses of organic—mineral complexes in electronic gadgets as
well as inorganic compound in the wood preservation industry have progressively become the most
serious matter of environmental concern [1]. Mixing of the acid wastewater from mine drainage and
heavy metal like chromium from preservation industry to the ground water is very dangerous towards
aquatic life and mutagenic to human [2-3]. The waste water without treatment is hazardous for
ecosystem, as most of the synthetic dyes are toxic, mutagenic and carcinogenic and enhance the
chemical oxygen demand (COD) of the water body. Generally, chromium (Cr) is present in
compounds in two common oxidation states such as Cr(IlI) and Cr(VI) [4]. Amongst these, Cr(V]) is
enormously toxic, carcinogenic, whereas Cr(Ill) is less toxic and more easily soluble in water as
Cr(OH);. Cr (VD) is used in several industrial fields like textile production, electroplating, metal
finishing, leather tanning, dyeing, etc. [5]. As a result, higher degrees of contamination due to
discharges of Cr (VI) in waste water, makes the aquatic life severely harmful. Presence of Cr (VI) in
drinking water causes kidney, liver, bladder, and skin cancer [6]. So, the urgent demand for effective
methods for efficient reduction of Cr (VI) to Cr (III) in industrial waste water has been raised.
Different methods including ion exchange, precipitation, reverse osmosis, photocatalysis and
adsorption are developed [7-9]. However, each method has its own advantages along with numerous
drawbacks. The photo-catalytic process is highly efficient and cost effective as compared to the other
methods.

The transition metal complex like metal hexacyanoferrate has recently got attention from scientific
community, as the hexacyanoferrate compound shows some unique solid state chemistry and
promising applications in the field of electrochemical energy storage [10-11], electrocatalysis [12],
photocatalysis [13], ion-sensing [14] etc. Jassal et al synthesized potassium zinc hexacyanoferrate
nanocubes which were able to degrade Malachite Green up to 94.15% and Eriochrome Black T up to
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about 76.13% under optimum condition [13]. Herein, a set of MHCF (M = Ni, Zn, Mn and Cu) was
prepared using precipitation method for photocatalytic reduction of Cr (VI) under sunlight.

2. Experimental Section
2.1. Materials and Method

Manganese nitrate tetrahydrate, Nickel nitrate hexahydrate, Copper nitrate trihydrate, Zinc nitrate
hexahydrate, potassium hexacyanoferrate(Ill), sodium hydroxide, potassium permanganate, potassium
dichromate were purchased from Merck, India. All reagents were directly used for the experiment
without further purification.

2.2. Synthesis of metal hexacyanoferrate (M = Mn, Ni, Cu, Zn)

For the synthesis of metal hexacyanoferrate (MHCF), simple precipitation method was followed.
Briefly, 20 mL 0.1 M aqueous solution of M(NO3), [M= Ni, Cu, Zn, and Mn] was taken in a 100 mL
beaker. Then 20 mL 0.1 M aqueous solution of K;Fe(CN)s was slowly added to it under vigorous
stirring condition. The solution was magnetically stirred for 1 hour. Then the solution was kept for 12
h in undisturbed condition at room temperature. After that the solid precipitate was filtered, washed
with distilled water and ethanol for 4-5 times. Finally, the desired solid product (MHCF) was dried in
air oven at 70°C for 6 h.

3. Results and Discussions

3.1. Formation of the Metal hexacyanoferrate:

The synthetic procedure involves the precipitation method where a quick precipitation of metal
hexacyanoferrate [MHCF], where M = Mn, Ni, Cu and Zn was achieved. The chemical reaction
involved in this synthetic process is as follows:

M(NO;3), + Ks[Fe(CN)e] — My[Fe(CN)sy + KNO;

3.2. X-Ray diffraction (XRD) analysis

X-ray diffraction (XRD) analysis was performed by Rigaku ULTIMA-IIl X-ray diffractometer
with Cu K, radiation (A = 1.5418 °A). The XRD patterns of the as-prepared MHCF (M = Mn, Ni, Cu
and Zn) are shown in Figure 1. The observed XRD peaks of the MHCF (M = Mn, Ni, Cu and Zn)
(Table 1) are well-matched with those in the JCPDS card number 01-074-7327, 01-082-2283, 01-086-
0513 and 00-038-0688, respectively.

Table 1. List of important powder X-ray diffraction peaks and corresponding (hkl) values of the as
prepared MHCF (M = Mn, Ni, Cu and Zn)

Mn, [Fe(CN)d 2.667'15.84H,0 Ni [Fe(CN)ﬁ]szO Cu[Fe(CN)6]0667 Zn; [Fe(CN)6]2

JCPDS No. JCPDS No. JCPDS No. JCPDS No.

01-074-7327 01-082-2283 01.086.0513 00-038-0688
200) (hkl) 200) (hkl) 200) (hkl) 200) | (hkl)
16.8 (002) 173 (200) 175 (200) 9.7 (012)
23.9 (022) 244 (220) 249 (220) 134 | (104)
34.1 (004) 35.1 (400) 35.4 (400) 140 | (110)
38.3 (024) 394 (420) 39.7 (420) 16.2 (113)
421 (224) 50.4 (440) 43.7 (422) 195 | (024)
489 (135) 537 (600) 50.9 (440) 214 | (116)
52.2 (244) 56.7 (620) 543 (442) 24.4 (300)
55.2 (335) 57.6 (620) 281 | (119)
63.8 (246) 327 | (226)
66.5 (137)
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Figure 1. XRD pattern of as-prepared MHCF (M = Mn, Ni, Cu and Zn)

3.3. Morphological analysis

To investigate the surface morphology of the as-synthesized metal hexacyanoferrate (M = Mn, Ni,
Cu and Zn) photo-catalysts, the field emission scanning electron microscopy (FESEM,Carl Zeiss-
SUPRA 40) images were captured (Figure 2). From the FESEM of MnHCEF, it can be seen that this is
of cubic structure with an average length of lum. The NiHCF and CuHCF are nano-sized particles.
The FESEM image of ZnHCF suggests the cubic structure with an average length of 200 - 500 nm.

S ZnHCF
o - I\

A s

Figure 2. FESEM imges of as-prear metal hexacyanoferrate: MnHCF (a), NiHCF (b), CuHCF
(c) and ZnHCEF (d).

3.4 Photocatalytic Reduction of Cr(VI)

The photocatalytic reduction of Cr(VI) was performed by taking the aqueous dichromate solution
containing the different as-synthesized catalyst (MHCF) under sunlight. A set of four beakers
containing 25 mL 2x 10*M aqueous solution of K,Cr,O; with 25 mg of different MHCF (M = Mn, Ni,
Cu and Zn) was taken and stirred for 1 h in dark condition to reach the adsorption—desorption
equilibrium. One blank test was also performed without catalyst. After that all the beakers were put
under sunlight for 2 h with occasional shaking. The solutions were centrifuged separately time to time
and the UV-vis spectra were recorded.
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Figure 3 shows the photocatalytic reduction of aqueous Cr(VI) under sunlight in the presence of the
as-synthesized metal hexacyanoferrate, MHCF (M = Mn, Ni, Cu and Zn). The diversity in the
efficiency of different metal hexacyanoferrate may be a result of several factors, such as composition,
particle size, morphology, crystallinity, crystal defects, specific surface area, band gap, state of
dispersion, adsorption capacity for Cr(VI), etc. [15]. These factors are strongly coupled with each
other and hence it is hard to identify the specific function and influence of a single parameter in the
photocatalytic activity of different metal hexacyanoferrates. From the Figure 3, it can be seen that as-
synthesized zinc hexacyanoferrate nanocubes reveal superior photocatalytic activity when compared to
other catalysts. With increasing exposure time, the main absorption band of Cr(VI) cantered at 363 nm
notably decreases due to decreasing the concentration of Cr(VI). It is calculated that the as-prepared
zinc hexacyanoferrate nanocubes exhibit excellent photochemical reducing capability. The photo-
catalytic activity i.e., reducing capability of the material is calculated (Equation 1) by monitoring the
decrease in the absorption intensity which is directly proportional to the Cr(IV) concentration. A
decrease in absorption intensity from 1.02 to 0.33 at 365 nm implies 68% reducing capability of the as
prepared ZnHCF within 2 h.

. .. Final absorption intensity—Initial absorption intensit
Catalytic activity (%) = I L L4 L M %100 % (1

Initial absorption intensity

1.5 1.2
Amay = 261 nm Amax = 363 nm
After 2h
=363 nm :

10 After 2h ~ 054 ! Initial/without MHCF
3 : E i MnHCF
3 : Initialiwithout MHCF & i CUHCF
g : MnHCF g i NIHCF
= : = :
% : C_uHCCF _§ i ZnHCF
g 0.54 : NIiHCF g 0.4+
Z i ZnHCF 2
= =

0.04 0.04

L L L] L L L L L] L) L) L L
300 400 500 600 700 800 325 350 375 400 425 450 475 500

Wavelength (nm) Wavelength (nm)

Figure 3. Photocatalytic reduction of 25 mL of 2 x 10~* M aqueous solution of dichromate under
sunlight in the presence of different MHCF (M = Mn, Ni, Cu and Zn) (25 g)

The reduction of Cr(VI) to Cr(IlI) is mainly carried out by the photoexcited electrons and therefore,
good electron—hole pair separation is attained in this reduction process. The better photocatalytic
activity of the as-prepared ZnHCEF catalyst for the reduction of Cr(VI) under sunlight can be explained
by taking into consideration of some unique properties of Zn which is responsible for the exceptional
behaviour of ZnHCF. Zinc has a completely filled valance shell 3d orbitals and a narrow band gap.
Due to highly dispersive nature of conduction band, the 4’ electronic configuration supports photo-
generated electron-hole separation. On photo-irradiation with sunlight, MHCF semiconductors absorb
light and electrons from valence band are excited to conduction band, generating the holes in the
valance band. These photoexcited electrons in conduction bands of the semiconductors reduce Cr(VI)
to Cr(Ill) with a visual color change of the solution from leuco to colorless. The probable reaction
pathway for the photocatalytic reduction of Cr(VI) under sunlight over MHCF in aqueous solution is
as follows:

MHCF + hv — MHCF (e +h")
2H,0 +4h" — O, + 4H"
Cr,0,7 +14H" +6e — 2Cr’" + 7TH,0
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4. Conclusion

In summary, four different metal hexacyanoferrates, MHCF (M = Mn, Ni, Cu and Zn) were
synthesized via a simple and cost effective precipitation method. The as-prepared MHCF were
characterized using XRD analysis and the morphology was investigated with FESEM images. The
ZnHCF semiconductor exhibited more superior catalytic property for visible-light-driven
photoreduction of Cr(VI), with excellent photochemical reducing capability of about 68%. Thus the
as-synthesized metal hexacyanoferrates show promising applications in the field of environmental
photocatalysis.
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Abstract - We have demonstrated a simple and cost effective
precipitation approach to fabricate CuO nano-needle
electrode and evaluated its electrochemical performance in a
redox electrolyte (0.3 M K;[Fe(CN)g] and 2 M KOH mixed
solution). A high specific capacitance of 2519 F/g was
recorded from galvanostatic charge-discharge cycle at 8 A/g.
However, the electrode suffered from poor rate capability.
The CuO nano-needles were further modified with MnO,
nanosheets by a hydrothermal method, and the MnO,@CuO
electrode is able to deliver a high specific capacitance of 112.5
F/g even at very high current of 50 A/g. The physiochemical
properties and the electrochemical performance of the CuO
and MnO,@CuO nanocomposites have been analyzed in
detail.

Keywords - MnO,@CuO; Redox electrolyte; Supercapacitor

INTRODUCTION

Enormous energy consumption by our electronically biased
modern daily life triggers the scientists for searching a
sustainable and renewable energy resource for future
energy storage. Recently, electrochemical capacitors, also
known as ultracapacitor or supercapacitors (SCs), have
attracted remarkable attention in light of their unique
properties of high power density, moderate energy density,

long cycle life, fast charging capacity and green
environmental protection [1]. The transition metal oxides,
hydroxides, sulfides are commonly wused as the

pseudocapacitive electrode materials due to multiple
oxidation states of the metal ions [2]. To enhance the
efficiency of the electrode materials, the idea of
incorporating combinatorial transition metal oxides with
multiple electroactive redox sites, have been developing.
Not only the choice of electrode materials but also the
surface architectures of the electrode materials, electrolyte,
separator, etc. can alter the efficiency of supercapacitor [3].
Recently, in terms of modification of electrolyte, addition
of a foreign redox system into the mother electrolyte
solution as an additional source of pseudocapacitance is
being taken into consideration [4].

Herein, pristine CuO nano-needle and MnO, nanosheet
wrapped CuO nano-needle were synthesized by the
precipitation method followed by a simple and facile
hydrothermal technique and the electrochemical properties

were studied in terms of cyclic voltammetry (CV),
galvanostatic charge—discharge (GCD) and electrochemical
impedance spectra (EIS) in redox [Fe(CN)s]*/[Fe(CN)s]*
mediated electrolyte.

A. Experimental

Copper(ll) nitrate trihydrate, potassium
hexacyanoferrate(lll), sodium hydroxide, potassium
permanganate were purchased from Merck, India. All the
reagents were directly used for the experiment without
doing any purification.

1. Synthesis of CuO

A large number of synthesis routs have been developed for
the preparation of CuO with different morphology [5-6].
Herein, the co-precipitation method was followed for the
synthesis of CuO. Briefly, 30 mL 0.1 M aqueous Cu(NO3),
solution was added drop wise in 20 mL 0.1 M aqueous
K3[Fe(CN)g] solution with continuous stirring. The tawny
brown colored precipitate of Cuz[Fe(CN)g], was formed
immediately. After one hour continuous stirring, the
solution was kept for 12 h in undisturbed condition. Then 1
M NaOH was added slowly the mixture solution with
continuous stirring. The prompt color change from tawny
brown to deep brown was recognized. The solid product
was washed with water for several times and dried at 60 °C
in hot air oven.

2. Synthesis of MnO,@CuO composites

The as-prepared 35 mg CuO was dispersed in 35 mL 0.025
M KMnO, aqueous solution. Then the solution was
transferred in 50 mL stainless steel autoclave and was kept
in furnace for 3 h at 180 °C. After cooling at room
temperature, the solid brown product was carefully washed
in succession with water and absolute alcohol for several
times. The desired material was obtained after drying at 60
°C for 12 h.

B. Characterizations

The chemical and structural analysis of the as-prepared
electrode material were carried out by X-ray diffraction
(XRD, Rigaku ULTIMA-III x-ray diffractometer) with Cu
Ko radiation (A = 1.548 A) analysis, Fourier transform
infrared (FTIR, NEXUS 870  Thermo-Nicolet)
spectroscopy. From the field emission scanning electron
microscopy (FESEM, Carl Zeiss-SUPRA 40) and
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Abstract

Generation, storage, and utilization of most usable form, viz., electrical energy by renewable as well as sustainable protocol are the key
challenges of today’s fast progressing society. This crisis has led to prompt developments in electrochemical energy storage devices
embraced on batteries, supercapacitors, and fuel cells. Vast research and development are being executed worldwide on each of these
systems. Although fuel cells and batteries possess higher energy density but excessive installation cost, bulkiness, low power capabil-
ities, and short life time are major limitations till date. The performances of supercapacitors at present lie in-between these batteries and
conventional capacitors, hence serve as supporting or secondary devices for uninterrupted power supply systems. Nonetheless,
supercapacitors possess some indigenous qualities such as light weight, easy portability, high cycle life, and low maintenance
requirement with the potentiality for high specific and energy densities. These attractive features have proposed scientific challenges
that have promoted the urge for replacing conventional massive, low-lasting batteries. In recent past, nano-composite materials have
been developed with improved energy density to replace the “first-generation supercaps.” Moreover, hybridizing with high energy
battery materials can successfully solve the existing limitation of the available supercapacitors without sacrificing their cycling
performances substantially. Thus, a novel concept of “supercapatteries” (supercapacitors + batteries) has emerged combining the
merits of the charge storage mechanisms of both batteries and electrochemical capacitors so as to attain improved electrochemical
performances. At the same time, scientists are trying to pursue cost effective designing methods without compromising with device
efficiencies. The paper outlines the progress of supercapacitor technology with special emphasis on the tuning of nature, composition,
electronic, and structural designing of electrode materials and electrolytes, cell fabrication along with other related parameters that may
assist in enhancing the overall electrochemical device performances.

Keywords Supercapatteries - Electrochemical energy storage - Supercapacitors - Electrode materials - Electrolytes -
Nano-morphology

1 Introduction concerns leading to extensive research to focus on discovering

adequate alternatives of energy storage and conversion from
Adverse environmental impacts of present day fossil fuels  various renewable as well as sustainable energy sources [1, 2].
along with their restricted accessibility have stimulated serious  In this circumstance, developments in electrochemical energy
storage (EES) devices are enormously significant to store the
electrical energy when generated in excess and to meet the
ever rising demands of non-stop energy delivery [3, 4]. Till
date, heavy weight and voluminous batteries are the primarily
accepted and extensively employed electrochemical energy
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Vanadium pentoxide (V,0;) is renowned among the highly
efficient supercapacitor electrode-materials for high power and
energy densities, excellent specific capacitance, prolonged cycle
lives, variable oxidation states of V, reversible nature of
interconversions, theoretical importance, etc. Various synthetic
methodologies and morphologies, formation of composites,
and doping for tuning properties are the additional causes of
interest. Different synthetic techniques like sol-gel, solvother-
mal, electro-deposition, electro-spinning, atomic layer deposi-
tion, etc. are employed to prepare V,Os-based electrode
materials with merits and demerits. High rate of material
agglomeration and poor conductivity limit its usage in pristine
morphology. Accordingly, the impact on charge storage
behavior of V,O0; on blending with various carbon-based
systems has been explored for materials like activated carbons,

1. Introduction
1.1. Supercapacitors as Energy Storage Devices

Development of renewable, sustainable and environment
benign devices for superior chemical energy storage and
conversion to useful electrical energy has been the most
demanding among the different motivating topics and cultivat-
ing areas to the scientists and technologists engaged in
harvesting of energy for solving critical issues of energy crisis
and environmental pollution since last two decades." An
essential answer to this problem is to store energy “electro-
chemically” as it is convenient, controllable and sustainable. It
faces lower installation cost compared to other renewable
energy production and storage techniques.”’ There are various
types of electrochemical energy generation and storage tech-
nologies, namely, fuel cells, batteries, supercapacitors, etc. that
have been intensively studied for the last three decades.*™
Fuel cells are considered as open systems with anode and
cathodes merely act as media for charge-transfer while active
masses (fuel), generally delivered from external sources (air/fuel
tanks, etc.) experience the cell redox reactions. On the other
hand, batteries and supercapacitors are treated as closed
systems where the “active masses” of the electrodes most often
actively participate in the redox reaction and responsible for
charge storage behavior. However, the fundamental difference
lies — unlike batteries and fuel cells that involve generation of
electrical energy from chemical energy through redox reactions

[a] Dr. D. Majumdar
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Hooghly, Pin-712136, WB, India
E-mail: wbesdmajumdar@gmail.com
[b] M. Mandal
Department of Chemistry
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conducting polymers, carbon nanotubes and functionalized
graphene systems as binary/ternary composites. The aim has
been to optimize the key factors such as reduced nanostructure
lumping, minimal interfacial resistance and ultrafast charge
diffusion across hollow porous structures which may eventually
lead to the theoretically expected high specific capacitance (>
1000 Fg™). In this review, we have discussed on the recent
progress in the research of V,0s;-based materials and high-
lighted on the correlation between morphology and electro-
chemical performances. In the course, we have attempted to
delineate the advantage-disadvantages of different composite
morphologies that may help to outline the present status and
future aspects of these materials that the authors believe will
be of first-hand assistance especially to the beginners in the
field of research.

at the electrodes; the supercapacitors may not necessarily
involve redox reactions (pseudocapacitors) but often utilize
simple electrical double layers (electrical double layer capaci-
tors) for electrochemical energy storage purposes.”

“Supercapacitors”, also commonly addressed as ultracapaci-
tors or electrochemical capacitors, have been accorded great
importance due to their superior power density compared to
batteries as well as appreciable energy density than common
capacitors along with a long cycle life and enhanced energy
utilization efficiency.®” They are being designed for wide-
applications in electrical vehicles to portable micro-electronic
devices.® If secondary batteries are conjoined with super-
capacitors in electronic devices, it extends the batteries’ period
of occupation, reduces the volume of devices and prolongs the
batteries’ longevity and reduces voltage instability.'”

A typical supercapacitor set-up comprises of electrodes, a
separator and an electrolyte (Figure 1); where the electrode
material plays the main role in controlling the overall device
performance.™"? It is indeed a very critical task to search smart
electrode materials with excellent execution of desired effi-
ciency. The basic working principle declares that electrode
materials and electrolyte should have effective contacts, so that
faster transport of ions/charges occurs in the electrode bulk
portion as well as at the electrolyte-electrode interfaces so as to
achieve excellent electrochemical properties.*'¥

Cathode Anode

2 electrolyte electrolyte -

separator

Figure 1. Fabrication-design of a typical supercapacitor.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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We demonstrate a straightforward process for the synthesis and fabrication of
a hybrid-type asymmetric supercapacitor (ASC) by combining MnzO4
nanoparticle-supported multi-wall carbon nanotube (Mn;O,@MWCNT) com-
posite as positive and reduced graphene oxide (rGO) as negative electrodes. A
controlled hydrothermal synthesis of Mn3O4 in the presence of MWCNT re-
sulted in a well-distributed Mn3O4 nanoparticles on the MWCNT backbone in
the Mn30,@MWCNT composite. The structure and morphology of the as-
prepared materials have been investigated by x-ray diffraction, Fourier
transform infrared spectroscopy, field-emission scanning electron microscopy,
transmission electron microscopy, Brunauer—-Emmett-Teller analysis and x-
ray photoelectron spectroscopy measurements. The electrochemical charac-
terizations were carried out in terms of cyclic voltammetry, galvanostatic
charge—discharge (GCD) and electrochemical impedance spectroscopy analy-
sis. The constructed ASC with 1 M KOH-supporting electrolyte was able to
provide high-specificity capacitance of 173.36 F/g at 2 mV/s scan rate and
high-energy density of 26.8 Wh/kg accompanied by high cycle stability with
79.3% capacitance retention over 3000 GCD cycles.

Key words: Asymmetric supercapacitor, composites, Mn30O,, reduced
graphene oxide, pseudocapacitance

INTRODUCTION

A sustainable and renewable energy resource is
required as an alternative to the world’s growing
energy needs without causing any environmental
detriment.! Solar energy and wind energy as
renewable sources have attracted global attention,
but these are unreliable energy sources due to their
uncertain and intermittent behavior.”? Recently,
electrochemical capacitors, also known as superca-
pacitors (SCs), have drawn tremendous attention
with their great potential application in the field of
energy storage due to their unique properties of

(Received September 9, 2015; accepted March 24, 2016;
published online April 12, 2016)

high power density, long cycle life, low maintenance
cost and green environmental protection.®*
Although SCs deliver very high power density
(~10 W/kg to 10* W/kg), they suffer from lower
energy density (~0.2 Wh/kg to 10 Wh/kg) compared
to conventional batteries (~10 Wh/kg to 200 Wh/
kg).” The energy density (E) is related to the
operating voltage (V) and capacitance according to
the following equation: E = 0.5CV?2. To achieve high
energy density along with high power density and
long cycle life, efforts have been devoted to devel-
oping asymmetric supercapacitors (ASCs) by com-
bining a battery-like Faradaic electrode (as energy
source) and a capacitive electrode (as power
source).® So far, various redox active metal oxides
or hydroxides, such as Mn3O,,"® Fe304,9 Co30y,
Co(OH),,' Ni(OH),'"'? and their composites with
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ABSTRACT: In this pandemic situation it is evident that viruses and bacteria, more specifically,
multiple drug resistant (MDR) bacteria, endanger human civilization severely. It is high time to
design smart weapons to combat these pathogens for the prevention and cure of allied ailments.
Metal—organic frameworks (MOFs) are porous materials designed from metal ions or inorganic
clusters and multidentate organic ligands. Due to some unique features like high porosity, tunable
pore shape and size, numerous possible metal-ligand combinations, etc., MOFs are ideal candidates
to design “smart biotechnological tools”. MOFs construct promising fluorescence based biosensing
platforms for detection of viruses. MOFs also exhibit excellent antibacterial activity due to their
ability for sustained release of active biocidal agents. There are several reviews that summarize the
antibacterial applications of MOFs, but the biosensing platforms based on MOFs for detection of
viruses have scarcely been summarized. This review carefully covers both the aspects including
virus detection (nucleic acid recognition and immunological detection) with underlying
mechanisms as well as antibacterial application of MOFs and doped MOFs or composites. This

review will deliver valuable information and references for designing new, smarter antimicrobial agents based on MOFs.
KEYWORDS: antimicrobial, MOFs, pathogens, biosensor, biotechnological, bactericidal

B INTRODUCTION

In this postpandemic situation, it is clear that the fast changing
nature of pathogens and their resistance to existing drugs are
the most serious threats to modern civilization. Drug resistance
can grow through different mechanisms such as a change in the
metabolic pathway or the target site of an antibiotic, less drug
accumulation in a cell, or drug inactivation. For this reason, it
is an ultimate necessity to develop new smart materials for
faster detection and easy eradication of the pathogens.
Metal—organic frameworks (MOFs) constitute a new class
of developing functional materials with versatile applications.
MOFs are constructed from metal ions or inorganic clusters as
nodes and organic ligands as linkers which form one, two, or
three-dimensional (1D, 2D, or 3D) extended coordination
networks. This class of compounds is exceptional with respect
to high porosity, structural tunability, large internal surface
area, and excellent thermal stability. The pore size, shape, and
surface area of the MOFs can be tuned according to
requirements with proper choices of organic linkers, metal
ions, and reaction conditions.' > MOFs have promising
applications in the field of ion exchange, gas adsorption,
storage of small molecules,”™” gas separation,'’ heterogeneous
catalysis,1 =16 Tuminescence,'” ™"’ and magnetism.zo_22 Re-
cently, MOFs have been extensively used for sensing various
biomolecules such as antibodies and nucleic acids.”*~>” Due to
their construction, composition, and large internal surface area,
MOFs can act as reservoir for antimicrobial agents. This

© 2021 American Chemical Society
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property makes MOFs a new class of high-performance
material having potential biotechnological application.** ™
The common techniques used for detecting harmful viruses
include serological tests,”* cell culture,® reverse transcription
polymerase chain reaction (RT-PCR 3637 polymerase chain
reaction (PCR),*®?’ enzyme-linked immunoassay
(ELISA),***" fluorescence resonance energy transfer (FRET)
assays, " high—quantity sequencing,” nucleic acid augmenta-
tion tests," antigen tests, ™ IgA antibody tests,*® combined
IgM-IgG antibody tests’’ and electrochemical sensors, etc.
These processes are time-consuming and require sophisticated
instrumentation and complicated manipulations. Nanoscale
MOFs are promising candidates to be employed as platforms
for detection of nucleic acid by fluorometric methods.”*>"
MOFs are chosen for this work because of their structural
diversity, unlimited number of metal—ligand combinations,
easy synthesis and characterization, and low cost. The first
work on nucleic acid detection using a Cu(II)-MOF was
reported by the Chen group in 2013.>” Afterward, various
other MOFs, including UiO-66-NH, (UiO = University of
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ARTICLE INFO ABSTRACT

Keywords:

Platinum decorated binary hetero-junctions of NiO and TiO; of various mole-ratios have been synthesized for use
of these as anode catalysts in the oxidation of methanol in alkali. The as synthesized composites are characterized
by X-ray diffraction, spectroscopic and microscopic investigations. The ternary composite having 25.3 mass% of
Pt deposited on the binary composite containing 34.36 mass% NiO and 40.34% TiO is found to be the best
catalyst both in dark and illuminated condition. The peak current density in cyclic voltammetry, the charge
transfer conductance, and the steady chronoamperometric current density are increased by about 1.8, 4, and 1.5
times respectively, on the illumination of anode, in comparison to these in the dark. The electrochemical
impedance spectroscopy (EIS) and photo responsive current measurements indicate that mixing of NiO with TiOz
demonstrates a superior photo-electro catalytic performance for methanol oxidation plausibly due to enhance-
ment of the electron-hole separation efficiency. Product analysis by HPLC reveals that the formation of form-
aldehyde, sodium formate, and methyl formate is facilitated on illumination while additional carbonate is

Ternary hetero-junctions
Photo-catalysis
Methanol oxidation
Mechanism

formed in the dark.

1. Introduction

Direct methanol fuel cell (DMFC) is considered as a promising power
source for application in cars and portable electronic devices because of
high energy density [6.09 kWh Kg 1, low volume occupancy, low cost,
advantage in handling, transport, and storage [1-7] of fuel, methanol.
The smart application of DMFC at a marketable price remains still an
issue due to its limitations like sluggish anode kinetics, instability of
catalyst, etc. [8-13]. To date, the most frequently used catalyst material
is based on Pt in DMFC but it is less abundant and very costly. In
addition, Pt catalyst tends to get poisoned by strongly adsorbed CO like
intermediates. This leads to the rapid deactivation of Pt catalyst during
electro-chemical methanol oxidation reaction (MOR). To mitigate the
above poisoning and cost effect, many efforts have been committed in
developing generation of Pt-based binary and ternary catalysts. A
common strategy is allowing Pt to combine with other relatively oxo-
philic metals such as Ni, Sn, Ir, Ru, Au, etc. [14-18]. The utilization of
the second metal in such alloys can generate oxygen-containing species
such as M-OH (adsorbed OH ™) which promotes the oxidation of strongly
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adsorbed intermediates like CO,q to CO2 [19-20]. Another strategy is to
prepare composite catalysts by coupling Pt with different oxides (Such
as CeOz, SnOy MnO,, TiO2, ZnO, BiyO3, etc.) which can be employed
both as support carrier and rescuer from poisoning to improve electro-
catalytic activity and stability [21-23]. TiO, being a semiconductor
has low electric conductivity which can be overcome by making a thin
film and using high conductivity carbon materials as inert support [24].
As one of the most studied oxides, TiO, has also found wide applications
especially in photo-catalytic activity like water splitting, dye decom-
position reaction, etc. assisted by visible-UV light [25-30]. When irra-
diated with sunlight, TiO, nanoparticles can only absorb in the UV part
of light, a small portion of solar spectrum (5% in the sunlight) [31,32].
To increase absorption capability and co-catalytic activity and stability,
several composites of TiO, with carbon materials, polymers have been
used along with Pt [33-35]. Since the catalytic performance of semi-
conductor oxides can be improved by exposing the electrode to UV-vi-
sible light, a recent trend has been developed to oxidize the fuels in
presence of light and thus photo-assisted fuel cells are constructed
[33,34]. Recently, it is reported that coupling TiO2 with NiO (Eg = 3.4
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The CuO nanostructures and CuO-NiO nanocomposites of various compositions were successfully syn-
thesized by simple hydrothermal method followed by calcination for investigation of their pseudocapacitive
performances. The UV-vis spectroscopy, x-ray diffraction, field emission scanning electron microscopy
(FESEM) and high-resolution transmission electron microscopy were used to characterize the as-synthe-
sized electrode materials. Among these different CuO-NiO nanocomposites, CuO(x)NiO(100 — x), that’s
with equal mole ratio, CuO(50)NiO(50) exhibits the highest specific capacitance of 35.63 F g~' at current
density of 0.3 A g~'. In addition, it shows excellent cycling stability with capacity retention of 85.7% at
1000th cycle at current density of 10 A g_l. The morphology of CuO(50)NiO(50) nanostructures as
determined by FESEM and HRTEM studies, revealed aggregated three-dimensional (3D) hierarchical
networks due to aggregation of various parallel 2D thin nanosheets. The supercapacitive activity of the
synthesized CuO and CuO-NiO nanomaterials was found to follow the order: CuO(50)NiO(50) >

CuO(20)NiO(80) > CuO(100) > CuO(80)NiO(20).

Keywords energy storage, hydrothermal synthesis,

nanocomposites, pseudocapacitors

1. Introduction

Of late significant investigations are made to develop
sustainable and renewable energy storage devices with high
energy, power and reliability to meet the challenges of fossil
fuel depletion, global warming, atmospheric pollution, needs in
medical and electronic equipments, use of intermittent energy
sources, etc. (Ref 1-4). Electrochemical capacitors or superca-
pacitors have been considered as the most promising energy
storage device for sustainable development of human beings
than others like lithium-ion batteries, owing to their fast
charging-discharging rate, high power density, excellent cyclic
stability, safe operation and wide range of working temperature
(Ref 5, 6). These may be utilized as primary storer of non-
conventional energy like wind, sunlight, etc., and auxiliary
(secondary) storer with batteries and fuel cells implanted in
cars, mobiles, cordless tools etc., where high power is needed
for limited span of time at least occasionally (Ref 7, 8). In
general, supercapacitors can be classified into three categories:
electrochemical double layer capacitors (EDLCs), pseudoca-
pacitors and hybrid capacitors based on energy storage
mechanism (Ref 9, 10). The energy storage mechanism in
EDLC:s is only non-faradic process. No redox reaction occurs
between the electrode and electrolyte. Pseudocapacitors store
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charges mainly by reversible faradic redox reactions, where the
combination of both faradic and non-faradic processes occur in
hybrid supercapacitors (Ref 2, 11-13). The most significant
component of electrochemical supercapacitors is active elec-
trode material (Ref 14, 15). Therefore, to design and fabricate
low price and environment friendly novel active electrode
materials for high-performance supercapacitors is a crucial task.
Nowadays, nickel oxide and copper oxide both are emerging
electrode materials among various metal oxide pseudocapacitor
electrode materials such as RuO, and IrO, etc., for pseudoca-
pacitor application owing to their low cost, enormous thermal
stability, natural abundance and eco-friendliness. Despite nickel
oxide and copper oxide both have high theoretical value of
capacitance (2573 and 1800 F g™, respectively), their low
electrochemical active surface area, poor electrical conductiv-
ity, and poor cycling stability limit their wide application in
high-performance supercapacitors (Ref 16-19).

Mixed transition metal oxide (MTMO) is considered
promising candidate for wide applications in catalysis, electro-
catalysis, sensing, charge storing, etc., (Ref 20-26). MTMO
nanocomposites improve the electrochemical performance by
enhancing the electrochemical active surface area and charge
transfer efficiency. Moreover, when a semiconductor metal
oxide nanomaterial of narrow band gap is mixed with that of
broad band gap, the composite may exhibit enhanced physio-
chemical properties compared with each single material.
Among the various transition metal oxides, p-type CuO
semiconductor oxide has narrow band gap (£, = 1.2 eV),
while p-type NiO semiconductor oxide has a wider band gap in
the range of 3.6-4.0 eV (Ref 27). Homogeneous precipitation,
co-precipitation, sol-gel, thermal decomposition and hydrother-
mal methods have been successfully employed for the synthesis
of mixed metal oxides nanoparticles (Ref 12, 28-30). The
physiochemical properties of these nanocomposites largely
depend on their size, shape, surface area and porosities. It is
reported that the lattices of NiO in NiO-based nanocomposites
could produce more electrochemical active sites for superca-
pacitive activity (Ref 19, 31). For example, Li et al. (Ref 32)
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