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GLOSSARY

Active material: The material in the electrodes of a cell that takes part in the
electrochemical reactions of charge or discharge and electrocatalysis.

Aging: Permanent loss of capacity due to repeated use/passage of time.

Ambient temperature: The average temperature of the surroundings.

Ampere hour capacity: The quantity of electricity measured in ampere-hour
which may be delivered by a cell under specified conditions.

Ampere-hour efficiency: The ratio of the output of a secondary cell measured in
Ampere-hours to the input required to restore the initial state of charge under
specified conditions.

Capacity: The total number of ampere-hours that can be withdrawn from a fully
charged cell under specified conditions of discharge.

Capacity fade: Loss of capacity in a device with cycling.

Capacity retention: The fraction of its full capacity that is available under
specified discharge conditions after a cell has been stored for a period of time.
Charge: The conversion of electrical energy from an external source (in the form
of a current) into chemical energy within a cell or device.

Constant current charge: A method of charging the device using a current
having little variation.

Constant voltage charge: A method of charging the cell or device by applying a
fixed voltage and allowing variations in the current.

Current collector: An inert member of high electrical conductivity used to
conduct current during charge/discharge and electrocatalysis.

Current density: The current per unit active area of the surface of an electrode.
Cutoff voltage: The device voltage at which the discharge is terminated.

Cycle: The discharge and subsequent or preceding charge of a device such that it
is restored to its original conditions.

Diffusion: The movement of ions under the influence of a concentration
gradient.

Discharge: The conversion of chemical energy into electrical energy of a device
and the subsequent withdrawal of that energy into a load.

Discharge rate: The rate usually expressed in amperes, at which electrical
current is taken from the device.

Electrode: The site, area or location at which electrochemical processes take
place.

Electrolyte: The medium which provides the ions/electrons transport
mechanism.

Electron: A negatively charged particle that orbits the nucleus of an atom.
Energy: The output capability of a cell is usually expressed in watt-hours.
Energy density (Wh/kg): The amount of energy stored in a given system or
region of space per unit volume.

Power density (W/kg): Power density is the amount of power (time rate of
energy transfer) per unit volume.
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Negative electrode: The electrode acts as an anode when a cell or device is
discharging.

Positive electrode: The electrode acts as a cathode when a cell or device is
discharging.

Separator: An ion-permeable, electronically non-conductive, spacer or material
which prevents electronic contact between electrodes of opposite polarity in the
same cell or device.

Watt hours: A common measurement of energy produced in a given time,
arrived at by multiplying the voltage by the amp hours.

Overpotential: The difference between the theoretical cell voltage and the actual
voltage that is necessary to cause electrolysis.
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Chapter 1

1.1 Introduction

The climate change along with rapid energy consumption, scarcity of the fossil
fuels and natural resources are becoming major threats to our planet accompanied
by the destruction of ecosystems, habitats, extinction of wild life and
deterioration of the environment. All these factors are encouraging modern
society and researchers towards the development of renewable, efficient and
sustainable resources using environmentally friendly technologies for efficient
energy storage and conversion materials.l’* As a consequence, energy is
enormously being produced from natural resources such as water, wind and
sunlight. Despite their widespread use, they have some limitations, such as the
sun not shining at night, the wind not blowing when needed and so on. As a
result, energy storage systems are becoming increasingly important in our daily
lives. Several electrochemical energy conversion and storage systems such as
fuel cells, batteries, supercapacitors and electrolyzers have been extensively
investigated to achieve higher energy and efficiency.*>*1 The performance of
such devices have to be considerably improved to meet the basic necessities of
human life including portable electronics, hybrid electric vehicles, large
industrial equipment along with the proliferation of new materials and innovation
of electrochemical interface at nanoscale. The traditional capacitors and batteries
are frequently used. But, several drawbacks are accompanied with slow power
delivery or uptake and reactivity of metal electrodes leading to dendrites
formation, which can reduce the cycle life of capacitors. Since, a number of
applications are needed to deliver faster and high energy systems.
Electrochemical capacitors (ECs) or supercapacitors are fulfilling all the
requirements. These are essential substitutes for energy storage systems that have
the opportunity to fulfill rising energy demand and environmental concerns. The
power devices or ECs can be fully charged/discharged in a matter of seconds.
The urgent need for efficient energy storage devices as a consequence, ECs have
a lower energy density than batteries, but they can supply or uptake more power
in a shorter time. The ECs also called supercapacitors (SCs), golden capacitors or
ultracapacitors. When high power uptake or delivery is necessary,
supercapacitors can take the role of batteries. The SCs demonstrate excellent
power density, long cycle life, quick charging, and safety over batteries. Now a
days, the SCs are currently an emerging class of power sources that store the
energy using either ion adsorption or fast surface redox reactions.[*®! Therefore,
based on the accumulation of the charge, the SCs are separated into electrical
double-layer capacitors (EDLCs), pseudocapacitors, and hybrid capacitors. The
EDLCs are composed of carbon-based materials and store the charge
electrostatically or non-Faradaically. Therefore, there is no charge transfer
between the electrode and the electrolyte, and there are no chemical or
composition changes related to a non-Faradaic reaction. The charge can be stored
in EDLCs using a variety of carbon materials including carbon nanotubes, carbon
aerogels, and activated carbons.l**2% Additionally, a pseudocapacitors store
charge faraday by passing electricity from electrode to electrolyte. This is
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accomplished through electrosorption, oxidation-reduction,
intercalation/deintercalation process, achieving higher capacitance properties and
energy density than EDLCs.!?!! These are being developed for a wide range of
applications including common electronic devices, medical utilities,
transportation and defense-related systems. Power density (P) and energy density
(E) are the two key factors that determine energy storage systems. Power density
is the quantity of stored energy that can be supplied per unit volume, whereas
energy density is the amount of energy stored per unit volume. Furthermore,
electrochemical water splitting is receiving much attention to meet global energy
demands and generate sustainable energy.?? The two half-reactions of the
electrochemical water electrocatalysis process are the hydrogen evolution
reaction (HER) and the oxygen evolution reaction (OER). The OER is a four
electron transfer reaction and requires 1.23 V theoretical overpotential, whereas
HER is a two electron transfer process that requires 0.0 V overpotential.’?!
Therefore, the sluggish kinetics of the OER suppresses the water electrocatalysis
process. So, highly efficient and active catalysts are required to accelerate the
kinetics and reduce the overpotential of the OER reaction. The Ru and Ir based
electrocatalysts are very active and exhibit low overpotential.?4?" But, their low
abundance, high cost and instability during long-term electrocatalysis in the basic
medium are restricted for large scale applications. Therefore, extensive research
have been done to search for sustainable and non-precious metal
materials.l782328-31 The electrocatalyst with weak bond strength of metal oxy
hydroxide intermediate exhibits tremendous efficiency and Kinetics during
electrocatalysis.®2% The electrode materials are the core constituent of the
energy storage devices and electrolyzers. Therefore, several materials such as
metal oxides, sulfides, nitrides and hydroxides have been used as electrode
materials,[3435:%637.38.39.40411 Higher energy efficiency and energy storage densities
require multifunctional novel electrode materials with high performance. Control
over micro and nanoscale structures is important in electrochemical processes for
efficient ion and electron movement at the electrode-electrolyte interface. The
self-assembly of active electrode material into ordered architectures via van der
Waals interactions, hydrogen bonding and electrostatic interactions provides ion
transportation channels and active sites for electrochemical applications.?":42
Therefore, the organic-inorganic hybrid materials with non-precious metals are
one of the most promising candidates for next-generation energy storage and
energy conversion applications due to their exceptional intrinsic properties such
as high specific surface area, electrical charge mobility, thermal conductivity,
low cost and excellent electrochemical performance.[?4341 The organic-
inorganic hybrid materials have received a lot of attention for their potential
applications in energy storage and conversion devices due to their unique
architecture and a variety of fascinating properties. The hybrid materials with
ordered architecture is essential to enhance electrochemically active sites and
facile intercalation/deintercalation of the ions.}”#4521 Organic-inorganic hybrid
materials are composed of metal ions or metal ion clusters linked through
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coordinative bonds or electrostatic interactions to organic ligands denoted as
linkers. Ordinarily, aromatic polycarboxylates and organic multi-nitrogen
compounds used as the organic linkers and these two types of compounds
correspond to the two main coordination modes namely oxygen coordination and
nitrogen coordination.[t%465%561  The Organic-inorganic hybrids have the
structural, electronic and chemical properties along with convenient production
to validate the tremendous ongoing research initiatives that are anticipated to
influence different commercial applications such as adsorption, sensing, solar
cell, drug delivery, catalysis, energy storage and energy conversion,[0.23.55.57-6]
The use of organic-inorganic hybrids as electrode materials in energy storage and
conversion is a rapidly growing field that offers the most promising,
environmentally friendly and cost-effective solutions.[%55:56.63.6566.70-721 Qrganic
molecules having acid functional groups have drawn a lot of attention due to
their capacity to combine with inorganic moieties to create organic-inorganic
nanohybrid materials.*57%7281 Qrganic-inorganic hybrid materials have been
synthesized using many techniques, including hydrothermal, solvothermal,
electrodeposition, chemical co-precipitation process, chemical bath deposition
and atomic layer deposition.[#5637282861 The electrodeposition approach allows
for the cost-effective, straightforward, binder-free and in-situ controlled
development of nanostructured metal hydroxide based material over a working
electrode.®* The electrodeposition method eliminates the need of expensive
binders, reduces inactive surface area and extra contact resistance during
electrochemical analysis. [?3:30:40.43.50.87-90]

1.2 Electrochemical methods to synthesize electrode materials

The electrochemical deposition method takes a short synthesis time and operates
in mild conditions. In order to synthesize organic-inorganic nanohybrids
electrochemically, an electrolytic solution containing inorganic and organic
components as well as electrolytes is required. Cross-linking or coordination of
organic and inorganic components in the presence of an electric field resulted in
the formation of nanohybrid materials. A variety of redox mechanisms control
the in-situ synthesis of organic-inorganic nanohybrids in an electrolytic solution
containing precursors generated by an electric field. The electrochemical
deposition method for nanohybrid synthesis can be divided into three categories
depending on the type of precursors and the applied electric field: anodic
electrodeposition, reductive electrodeposition, and electrophoretic deposition.®*-
94]

1.2.1 Anodic electrodeposition

Anodic electrodeposition is also an anodic dissolution in the linkers containing
electrolytes near the electrode surface. The essential charge to oxidize the anode
for the synthesis of organic-inorganic nanohybrid can be applied constant
potential (potentiometric mode) or current (amperometric mode). In the anodic
electrodeposition method, there is no need of metal salts. Therefore, when the
anodic current or voltage applied then the metal substrate (anode) gets oxidized
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and dissolved in electrolyte solutions. The dissolved metal ions simultaneously
interact with organic linkers near the electrode surface in the solution to form
thin layer of organic-inorganic hybrid materials. -6

The anodic coordinated deposition method is schematically illustrated in Figure
1.1. In order to create the deposition bath, 4 g of chitosan (CS) powder were
completely dissolved in 1 L of a 1% acetic acid solution. Then, 50, 100, 150, and
200 mL/L of the AgNPs-containing suspension were added to the newly created
solution. 0.1 M NaOH was used to bring the pH of the created deposition bath
down to 5.5 + 0.1. The solutions underwent a 10 min. ultrasonic treatment before
to trials.
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Figure 1.1 Schematic illustration of anodic CS-AgNP composite deposition
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An Autolab 302N potentiostat/galvanostat was used to carry out the
electrodeposition procedure. The following electrolyte was used to cathodically
deposit the Cu pretreatment layer onto the steel surface: 40 g/L of CuSO, x
5H,0, 100 g/L of H2SO4, and 3 mg/L of thiourea. Deposition was carried out for
25 s at a cathodic current density of 2 A/dm?2. The anode was made of a copper
plate. The surface was then carefully cleaned with distilled water and allowed to
air dry. Such a treatment allowed to exclude the influence of the pre-deposition
bath's components on the characteristics of the CS coatings. The stability of Ag
ions could be improved by adding a little amount of sulfuric acid, though. In a
two-electrode arrangement, copper-coated steel served as the anode while Pt foil
served as the cathode to deposit CS-based coatings. The deposition was carried
out for 20 s at a current density of 2 A/dm?. Initiation of the oxygen evolution
with longer deposition, the hydrogel that forms may flake. After electrolysis,
samples were taken out of the deposition bath, gently rinsed with deionized
water, and allowed to air dry.[*!

Tang et al. fabricated the ordered pattern of HKUST-1 on conductive ITO
substrate. The HKUST-1 was synthesized on the ITO surface using two steps
(Figure 1.2): The first step involves to synthesize thin layer of copper on ITO
cathodically using a precursor solution containing 5 mmol L™* CuSO, and 0.1 mol
L K3SO4 for 500 seconds. In the second step, HKUST-1 was synthesized by
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anodically combining the Cu thin film with 25 mmol L* BTC (linker) and 50
mmol L?! TBAP in a 3:1 v/v ethanol and water mixture (supporting
electrolyte).l®"!

cw 4

0 Electrodeposition Cu/ITO Electrooxidation HKUST-1/ITO

Figure 1.2 Schematic of an electrodeposited Cu film serving as the source for the
quick synthesis of a HKUST-1 film on ITO.

Attfield et al. synthesized the zeolite imidazolate framework (ZIF-67) on Co
electrode via anodic electrodeposition to utilize in energy storage application.
The fixed potential was applied on the Co electrode in the electrolyte containing
imidazolate linker and tributylmethylammonium methyl sulphate (TBMAMS) as
shown in Figure 1.3.

. R

HEAT

Figure 1.3 The experimental setup used to create the ZIF coatings is depicted in
this diagram.

Two Co or Zn electrodes are immersed in a tributylmethylammonium methyl
sulphate (TBMAMS) electrolyte solution containing an imidazolate linker in an
N,N-dimethylformamide (DMF):H,O electrolyte solution. The ZIF coating on the
anode is generated by applying heat while desecrating the solution with N»(g)
and the 2.5 V applied potential difference.

1.2.2 Cathodic electrodeposition

Cathodic electrodeposition (CED) is also known as reductive electrodeposition.
The negative current or potential is applied on the conductive substrate surface in
an electrolyte solution containing inorganic and organic components. After
applying potential, the pH near the working electrode increases due to the
formation of the OH- ions. Simultaneously, the deprotonation of the organic
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component is started and deprotonated linkers combined with metal ions present
in the electrolyte solution and organic-inorganic hybrid materials precipitated on
the working electrode surface. 8991001

Mousavi et al. used a DMF-water mixture as a solvent. The organic linker is
highly soluble in DMF and the water-based electrolyte ensures high electrical
conductivity, produces OH- ions required for in-situ deprotonation of the organic
linker and promotes the dissolution and ionic mobility of the metallic species.
The optimal DMF:H,0 solvent ratio is 50:50 (v/v)% (Figure 1.4). When, the
energy storage/conversion performance is taken into consideration, the pro-base
(NO3) plays an important part in the electrodeposition process by making it
easier for the BDC-NH; ligand to deprotonate in the bulk reaction medium. The
addition of CTAB as a surfactant (at the optimal concentration of 0.09 M) helps
to regulate ion transport in the reaction media, control the processes of nucleation
and development and customize the size and shape of the resultant MOF.

| Potentiostat | ’ Fe MOF

electrodeposition 2

CoMOF
electrodeposition

(Fe/ColNl)a o i

A CTAB () FeMOF & i
Figure 1.4 The diagram of the reductlve electrosynthesis of the Fe-Co-Ni trilayer

MOF.

Another crucial variable that significantly influences the growth and orientation
of the MOF throughout the electrosynthesis process is the applied reductive
potential step. The driving force necessary to initiate and continue the
electrosynthesis of the MOF is the reductive potential step that results in
deprotonation of the linker and reduction of NOs™ close to the surface of the
working electrode. In order to get the required results in terms of structure,
morphology, and performance, it is important to identify the proper reductive
potential. The ideal potential is thought to be the reductive potential of -1.5 V vs.
Ag/AgCl (KCIOg4) reference electrode since it yields the best results. The
following is a general description of the reductive electrodeposition
mechanism:
NO3 + H,0 = NO; + 20H~
H,BDC — NH, + 20H™ = (BDC — NH,)?™ + 2H,0
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(BDC — NH,)?~ + M?* = [ (BDC — NH,)* M?*] (i.e. MOF)

Dincd et al. reported a work to synthesize the MOF-5 organic-inorganic
nanohybrid by potentiostatic reductive electrodeposition and proposed a
mechanism for the fabrication of the hybrid materials. According to their study,
the thin film on the FTO substrate after applying the -1.6 V constant potential for
15 min in the DMF/H;O solution containing the Zn(NOs),, 1,4-benzene
dicarboxylic acid (H.BDC) and tetrabutylammonium hexafluorophosphate
[(NBus)PFe] components, which acts as metals source, organic linkers and

supporting electrolyte respectively.
air

liquid

base delivery and crystallization are confined to the surface
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Figure 1.5 Diagram showing the mechanism underlying the cathodic
electrodeposition of MOFs.

The applied potential plays a vital role in the reduction of the NOs™ to form NOy
ions and OH ions. Therefore, a rise in the local pH enhances the deprotonation of
the linkers (H.BDC) to interact with metal ions for the electrodeposition of the
hybrid materials (Zn;O(BDC)3) as depicted in Figure 1.5.1%

Stupp et al. fabricated the organic-inorganic hybrid materials on stainless steel
substrate by electrodeposition process using a precursor solution of pyrene
butyric acid (PyBA) and Co(NOs3), metal salts. They also synthesized the hybrid
material using non-aromatic side chain organic molecule (decanoic acid) with
Co(NOs), metal salts in water/dimethyl sulfoxide solution to investigate the
effect of the organic molecule. The SEM analysis discloses the PyBA based
hybrid material (Co(OH)./PyBA) exhibits perpendicular nanotubular
morphology. Furthermore, TEM analysis reveals, the nanotubes constituted from
the alternative rings of PyBA and Co(OH), layers (Figure 1.6). Whereas, the
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hybrid materials (Co(OH)./DA) of decanoic acid and Co(OH). exhibit flat film
morphology.

Figure 1.6 Characterization of the layered hybrid nanostructure morphology (a)
Co(OH)2/PyBA nanotubes growing perpendicular to the substrate in a cross-
sectional SEM picture. (b) Co(OH)./PyBA nanotubes are depicted in bright-field
TEM images (left and top right) and a high-angle annular dark field STEM
picture (bottom right). (c) Diagram showing the layering inside a nanotube made
of PyBA bilayers and inorganic Co(OH). tubes and (d) SEM image of a flat
Co(OH)./DA film developed on a substrate.

Furthermore, electrochemical measurements revealed that the Co(OH)./PyBA
hybrid material had better electrochemical performance and stability than the
Co(OH)./DA nanohybrid materials owing to the easy and non-covalent
interactions as well as the well-integrated PyBA and Co(OH); bilayers.!

Das et al. synthesized the in-situ crosslinked organic-inorganic nanohybrids
(Figure 1.7) directly on the conductive surface of the carbon paper via
potentiastatic electrodeposition method. Which were utilized in electrochemical
water splitting.[%?
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Figure 1.7 Diagram illustrating the electrochemical deposition of organic-
inorganic nanohybrids utilizing peptides on a carbon paper electrode.

1.2.3 Electrophoretic deposition

Electrophoretic deposition (EPD) is extensively used technique to allow the
fabrication of the thin films of inorganic nanoparticles or macromolecular
organic components by the influence of an electric field. The deposition can be
performed on flat, cylindrical and any substrate shape. The EPD technique
provides a short processing time, cost-effectiveness, ease of control of the
thickness and morphology of the deposited layer with a simple change in

deposition time and potential.
Bulk MoS2 Exfoliation Separated Mo$S:2 shestsr

R R »

SE0SSet it Intercalation Seeses ittt

DMo s @ ui*

Polymerization Untangling PANI nanowires
MoS, sheets PANI wire

1D PANI- 2D MoS, .
hybrid electrode Electrophoresis PANI- MoS, solution

Figure 1.8 Schematic diagram of the electrophoretic deposition (EPD) process of
the hybrid MoS2/PANI electrode.

Depending on the surface charge associated with the particle, EPD drives through
two steps cathodic and anodic electrophoretic deposition. The motion of the
positively charged particles towards the negatively charged electrode is called
cathodic deposition. Conversely, the mobility of the negatively charged ions or
particles in the direction of the positive electrode is called anodic EPD.
Numerous materials such as oxides, hydroxides, borides, carbides, nitrides,
carbonates, metals, alloys, and polymers can be fabricated with EPD.[2103-107]
This method is more appropriate to fabricate inexpensive, less time consuming
synthesis, electric conductive, magnetic, ferroelectric and other functional
properties materials.t%®1041%81 Hypp et al. have synthesized the four types of
MOFs HKUST-1, Al(1,4-benzenedicarboxylate)(CsHsAlOs, Al-MIL-53), UiO-66
and Zrs(OH)16[1,3,6,8-tetrakis(benzoate)pyrene]z(CssHasOs2-Zrs, NU-1000) with
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using EPD by applying 90 V constant DC voltage in toluene precursor
suspensions via fluorine doped tin oxide (FTO).['%! Nam et al. exploited the
electrophoretic technique to fabricate a binder-free MoS2/PANI hybrid electrode.
The homogeneous colloidal solution of the synthesized 1D polyaniline (PANI)
and 2D MoS; fabrication MoS,/PANI was obtained by dispersing in acetonitrile
(ACN) solvent. The 32 V DC voltage was applied for 20 min. on conducting
stainless steel substrated against the graphite electrode in the precursor solution
to fabricate the MoS2/PANI nanohybrid electrode. Figure 1.8 shows the porous
MoS,/PANI structure that was generated by a synergistic nanohybrid interface
between layered MoS; and PANI nanowires.!**%

1.3 Principles and mechanism of energy storage in supercapacitors
Different types of capacitors have recently become available for energy storage.
Each capacitor has unique properties and uses from high voltage power factor
(supercapacitors) adjustment to minor trimming applications in electronics
(normal capacitors). Research on supercapacitors has risen in recent years to
fulfil the demand for uses that need characteristics like increased specific energy,
improved cycle life and reliability. When confronted with electrochemical
behaviour, supercapacitors have a battery-like configuration. The bi-electrode
configuration of a supercapacitor is separated by an electrolyte-immersed
separator. The main parts of the supercapacitor device assembly are two
electrodes, electrolyte solution, separator, and current collector.[*!
Supercapacitors exploit the processes of charging and discharging at the
electrode-electrolyte interface to store energy. Supercapacitors store energy in the
same way that a traditional capacitor does, but they are better suited for quick
energy release and storage.
Two mechanisms serve as the foundation for the governing principles of energy
storage:
++ The adsorption of Coulombian charge near to the electrode-electrolyte
interface is the cause of the EDL capacitance.
«+ Pseudocapacitance caused by quick redox reactions that are associated
with their respective potential.
«» While, the storing principle of the hybrid supercapacitor is a combination
of both types.

1.4 Electrochemical assessment for energy storage and conversion

The cyclic voltammetry (CV), galvanostatic charge discharge (GCD),
electrochemical impedance (EIS), linear sweep voltammetry (LSV) and
chronopotentiometry measurements were assessed for electrochemical profiling.
These analysis techniques are elaborated in the following sections.

1.4.1 Cyclic voltammetry
CV is a frequently used potentiodynamic technique to estimate the qualitative
and quantitive parameters of the electrode materials. CV analysis helps to

12
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determine the electrochemical kinetics, electrochemical surface area (ECSA),
reversibility of the reactions, reaction mechanism, electrocatalytic processes and
redox properties. The CV analysis is generally carried out with using three
electrodes (reference electrode, counter electrode and working electrode) system.
CV is recorded by scanning the potentials back and forth within the specific
upper and lower limits.

1.4.2 Galvanostatic charge/discharge assessment (GCD)
GCD is one of the best technique for evaluating the specific capacitance of the
electrode materials in one particular potential window with a controlled current
density. The discharging curve is used to estimate the specific capacitance.
Moreover, this measurement is very useful to evaluate the stability of the
materials with the assessment of the several charging/discharging cycles at fixed
potential windows and constant current density.
The electrochemical profile assessment includes the calculation of specific
capacitance (F g?), energy density (W h kg?) and power density (W kg?)
corresponding to specific current density (A g?). These factors determine the
electrochemical performance of an electrode material in any supercapacitor
assembly. An electrode substance can inherit a certain amount of energy
according to the relationship stated in the equation.:['2112
_ IxAt

= xav
Where AV denotes the potential drop, | (A) represents the constant current, At (s)
represents the discharging time on GCD and m (mg) exhibits the mass of active
material on the electrode.
The following equations can be used to estimate the energy and power density of
the asymmetric supercapacitor (ASC) device:["2113-11%]

_Csxav?
= 2x36 (Wh/ke)

3600 X E
P=—p—— (W/kg)
The following formulas are used to estimate the specific capacitance (Cs) value,
energy density (E) and power density (P) of the symmetric supercapacitor
device:[116-118]

2080,

Cs = Fgl

S=nav Fe)

o Csxav? Whig-1)
~ T 8x36 &

p 3600 XE
= AC (W kg

Here, Cs denotes the specific capacitance of the device (F/g), | (A) represents
discharge current, At represents the discharge time (s), m (g) stands for the active
material mass on one electrode and AV (V) represents operating potential window

13
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after internal resistance drop, E stands for the energy density (Wh/kg) and P
represents the power density (W/Kg).

1.4.3 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) measurements are used to
calculate the impedance of electrode materials. EIS analysis is typically carried
out in the frequency range of 0.01 Hz to 100 kHz, with amplitudes ranging from
5 mV to 10 mV. The Nyquist plot is frequently used to calculate solution
resistance, charge transfer resistance and other values.

1.4.4 Linear sweep voltammetry (LSV)

LSV is the electrochemical analysis to examine the efficiency, overpotential and
kinetics (Tafel slope) of the electrocatalysis. It is uni-directional from the initial
point to the end point. It is often used to determine the current response of the
working electrode, which is generated due to the oxidation or reduction of the
active materials during linear scanning of potential between a working electrode
and a reference electrode.

1.5 Characteristic features of the supercapacitors device
The energy storage device must be manufactured for practical use as shown in
Figure 1.9.

Figure 1.9 Schematic illustration for supercapacitor device.

The active material electrode, electrolyte, separator and sealants make up the
supercapacitor device. All of these features contribute to increase the capacity
and performance of the device. As a result, these critical characteristics are
briefly discussed in the following section:

1.5.1 Electrolyte materials
The electrolyte is the most important constituent of the cell, which contains salt

in an aqueous and non-aqueous medium to conduct ions and charge on both
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electrodes of the cell or device. Researchers have developed and employed a
variety of electrolytes including organic electrolytes, aqueous electrolytes, ionic
liquids and solid state polymer electrolytes. The H.SO., KOH, Na,SOa, Li>SOs4,
pyrrolidinium dicyanamide, PVA/H3PO, and PVA/KOH electrolytes are
frequently used for supercapacitors. Based on the solvent nature, the electrolytes
are divided into agueous and non-aqueous electrolytes. The conducting salts
dissolved in the organic solvents are called the organic electrolyte. The organic
electrolytes procure a wider potential window to enhance the capacitive
performance. But, organic electrolytes exhibit some drawbacks like high cost,
lower specific capacitance, inflammability, volatility, toxicity and inferior
conductivity. In contrast, aqueous electrolytes are considered much attention due
to their high ionic concentration, lower resistance and uplift ionic conductivity.
The three categories of aqueous electrolytes are acidic, neutral and basic
electrolyte. Thus, the most widely used electrolytes are H,SOs4, Na;SOs4, and
KOH because of their abundant availability and low price. The smaller potential
window is still a problem for the aqueous electrolytes despite their improved
specific capacitance. Therefore, solid polymer electrolyte-based supercapacitors
have attracted significant attention due to their higher ionic conductivity, high
thermal, chemical and electrochemical stability. Additionally, solid polymer
electrolyte acts as both ionic conducting media and electrode
Separator.[21'111'119'1201

1.5.2 Separator

The separator is the sandwich material between the two electrodes. It prevents
the cell from short circuit, allows ions to pass through and performs vital cell-
sustaining functions. The inferior quality separators play an important role to
sustain the overall cell performance and reduce additional resistance. Therefore,
the selection of a separator is an important task to enhance the ionic conductivity,
which affects the energy and power density of the device.l?!! The separators must
satisfy the criteria as follows:

* Non-conductive separators are required.

» Separator should have minimum ionic resistance with optimum porosity.

* They should possess high mechanical and chemical stability to counter the
volume change of the cell.

» Separators should possess the ease of high electrolyte uptake to provide
sufficient ions to the electrode.

1.5.3 Current collectors

Current collectors aid in the improvement of electrolyte/active materials contact.
Fast current transmission between the electrode and current source as well as
between the electrode and an external medium is made possible by the current
collector.
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Figure 1.10 Substrate materials for building self-supported electrodes for
electrochemical energy conversion and storage.

Active materials coated on current collectors facilitate electrolyte contact, lower
interfacial resistance and enhance electrochemical performance. Nickel mesh,
nickel foam, carbon paper, carbon cloth, graphene sheet, graphene and stainless
steel have been used as current collectors in recent years and their images
depicted in Figure 1.10.[21120-122]

1.5.4 Sealants

Sealants play a supporting role in the supercapacitor assembly and restrict from
performance degradation. Sealant serves as a protective shield against external
pollutants like air, water, chemicals and more.*%! These pollutants may result in
electrode surface oxidation and electrolyte degeneration. As a result, proper
supercapacitor device sealing is essential to avoid contamination and shunt
resistance. Inadequate sealing can result in shunt resistance between the cells
connected to the assembly. This shunt current causes a reduction in charging
efficiency, as well as self-discharging and short circuiting.[*?4
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1.6 Material requirements and their characterizations

The effectiveness of energy storage and catalytic activity are significantly
influenced by the electrode material. And it has received a lot of interest among
the researchers. It is clear that enhancing electrochemical performance, such as
high specific capacitance, low overpotential, good rate capability, and long-term
stability, requires control of the architecture and interface properties of electrode
materials. Fortunately, nanotechnology has widened the scope of materials
science and engineering, and it is becoming more crucial in the advancement and
development of materials to address the issues. An electrode material with a large
surface area and high electric conductivity is expected to emerge to allow the
easy ion penetration, efficient electrode/electrolyte interaction and fast
intercalation/deintercalation of electrolyte ions during energy storage and
conversion performances. Innovative materials design techniques have been used
to examine a number of materials including carbonaceous materials, metal
complexes and conducting polymers. The Engineered nanostructures provide
enough electroactive sites and improve ion and electron transport Kinetics.
Figure 1.11 depicts the general characterization techniques, controllable
architectures and properties of organic-inorganic hybrid materials.

Flexible Material SEM, TEM,STEM —  Morphology |

FTIR, UV, NMR, MS |—| Molecular Structure |

XRD, XANES, EXAFS —  Cpuctal Structure |

- . X K . XPS, Raman, EDS, C o
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Electrochemical Energy Applications
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Interiors
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| Thermal ‘= Thermal conductivity, Stability J
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Interfaces | Electrochemical — Conductivity, Ion Diffusion... |

Figure 1.11 The schematic image depicts the definition, characterizations,
controllable architectures and properties of organic-inorganic hybrid materials.

Moreover, Figure 1.12 represents the synthesis processes, structure, materials

properties and application of organic-inorganic compounds in various processes
and fields.
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Organic
Inorganic
hybrid
materials

Figure 1.12 The image depicts the synthesis processes, structure, materials
properties and applications of organic-inorganic compounds.

Several organic-inorganic hybrid materials have been utilized in energy storage
applications. Wang et al. assembled a device (Figure 1.13) to illuminate an LED
using hydrogel made of Fmoc-EF-NH, and thin layer of TiO,. The dissolution of
peptide electrode in electrolyte was prevented by the thin film coating of TiO,.[!
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Figure 1.13 (a) The image of the peptide-coated electrode (top) and the image of
the fabricated symmetrical double-layer capacitor (bottom). (b) HRTEM image
of a peptide fiber with a thin TiO, layer on it. (c) Peptide electrode cyclic
voltammograms at various scan rates. (d) Cyclic voltammograms for peptide
fiber coated with a thin layer of TiO, at various scan rates. (e) Galvanostatic
charge/discharge analysis of peptide fiber with a thin TiO, coating at various
current densities. (f) The cyclic stability of the peptide@TiO; electrode devices
(pink line) and the areal capacitances computed from the CV curves at various
scan rates (deep green line). The inset image displays peptide@TiO, capacitor
devices connected in series lighting an LED.

Cheng et al. synthesized the nickel terephthalate (Ni-Tp) based organic-inorganic
hybrid material directly on nickel foam using a hydrothermal synthesis process.
The SEM images displayed in Figure 1.14 (a-c) that the NF is fully coated with
uniform and aggregated rectangular crystals.

X -

Figure 1.14 SEM pictures of the prepared samples on Ni foam. (a-c) Ni-Tp and
(d-f) Ni-Tp/PANI.

Furthermore, as shown in Figure 1.14 (d-f), the surface of the hydrothermally
synthesized Ni-Tp electrode was completely covered with PANI after
electrodeposition to form Ni-Tp/PANI electrode. The Ni-Tp/PANI electrode
exhibited excellent cycling stability and a specific capacitance of 938.845 F gat
1.818 A g* current density. Moreover, the areal specific capacitance of the Ni-
Tp/PANI electrode (10.327 F cm™) is nearly twice that of the Ni-Tp electrode
(5.353 F cm) as shown in Figure 1.15. As a result, electrochemically deposited
PANI electrodes perform better electrochemically in terms of capacitance.*?]
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Figure 1.15 Electrochemical behaviour of Ni-Tp and Ni-Tp/PANI electrodes
compared using (a) CV curves at a 5 mV s scan rate, (b) GCD curves at a 20
mA cm current density, (c) EIS Nyquist plots and (d) coulombic efficiency at a

50 mA cm2 current density.

Stupp et al. reported the cobalt hydroxide based organic-inorganic hybrid
material that was made using the electrochemical deposition approach.
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Figure 1.16 Electrochemical assessment of hybrid films. (a) Galvanostatic
charge/discharge charcaterisation for a tubular Co(OH)2/PyBA film at various
current densities. (b) Specific capacity and capacitance values for the
charge/discharge curves in (c) Cyclic voltammograms in 1M KOH at a scan rate
of 10 mV of a flat Co(OH)./PyBA film and a nanotubular Co(OH)./PyBA film.
Comparing the estimated specific charge capacity from CV of a nanotubular film
on a flat film. (d) 1M KOH (e) 0.1M TBAP/acetonitrile. (f) CV in 1M KOH for
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b-value estimation of nanotubular and flat films. (g) Nyquist impedance plot of
nanotubular and flat films in 1 M KOH.

Their team tested the effects of organic moiety on electrochemical performance
by replacing the intercalated decanoic acid (DA) molecules in a Co(OH)./DA flat
film with pyrene butyric acid (PyBA) to form nanotubular Co(OH)./PyBA for
comparison as depicted in Figure 1.16. The flat film has a low specific capacity
of 14.0 mA h g* compared to 40.6 mA h g* for nanotubular films at 10 A g*
current density. Furthermore, the capacity of the nanotubular film decreased to
18.5 mA h g? after 10000 cycles. As a result of the charging and discharging,
they noticed changes in surface area and morphology. Moreover, the flat film
retains only 1.5 mA h g capacity after 10000 cycles. As a result, Co(OH)/DA
flat films have a lower specific capacity than nanotubular films, indicating that
film morphology is the most important factor in electrochemical performance.

1.7 Energy conversion application

The extensive demands of energy and environmental concerns have promoted
researchers to look for highly efficient, clean and renewable energy sources.
Electrocatalytic water splitting has received much attention for generating
sustainable energy sources.[*?612%1 However, water splitting is a challenging task
due to the inherent stability of the water molecules. The oxygen evolution
reaction (OER) at the anode and the hydrogen evolution reaction (HER) at the
cathode are both involved in the electrochemical water splitting process.
However, OER is a sluggish kinetics reaction and needs a higher overpotential
(more than 1.23 V) due to the transport of the four protons and four electrons to
generate one molecule of oxygen from two molecules of water.*2”-1%1 Therefore,
highly active and efficient electrocatalysts are required to facilitate
electrocatalysis. The catalyst of precious metal contents and oxides exhibits
tremendous catalytic activity, but their low abundance and high cost restrict
commercial applications. Thus, alternative electrocatalysts with low cost, highly
active, stable and low overpotential are required to compete with precious metal-
based catalysts. Therefore, 3d transition metal based oxides, hydroxides,
sulphides and organic-inorganic hybrid materials are taking much interest to
develop highly efficient electrocatalytic materials.[*32133134 Moreover, significant
efferts have been directed to synthesize efficient electrocatalyst to tune the
binding strength of the intermediate with active sites and facilitate ions and
electrons transport. Markovic et al., explains the trends of electrocatalytic
activity of 3d transition metal ions are in the order of Ni > Co > Fe > Mn for
HER (bifunctional) and OER (monofunctional) in an alkaline medium. This is
inversely related to the strength of the intermediate bond. Moreover, the presence
of greater number of the d-electrons in the 3d orbitals of nickel promote the
electron-electron repulsion as well as electron-lone pairs (2p of oxygen atoms)
repulsion. Therefore, various type repulsion decrease the bond strength of the
metal(oxy)hydroxide intermediate, which enhance the OER activity.?33
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Therefore recent design and synthesis of the electrocatalysts based on 3d-
transition metals are exploring for future perspectives due to their low cost and
high abundance. Moreover, the multi-metallic materials possess good
electrochemical activity than monometallic materials due to synergistic effect
between the metals, which lead to enhance the active sites and
COﬂdUCtiVity.[23’56‘129‘135_141]
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Figure 1.17 (a) ECD method of Fe/Ni-BTC MOF thin films. (b) Design and
fabrication of Fe/Ni-BTC MOFs. (c) Optical image, (d) scanning electron
microscopy (SEM) image and () SEM image of Fe/Ni-BTC@NF at high
magnification.

On the other hand, the organic-inorganic catalyst with monometallic and
bimetallic transition metal ions are taking enormous attention due the exposer of
more electrochemically active sites, facile transport of the ions and enhance
electrical conductivity.[234956.76.126,131,134,138,142-144 \\Wanq et al. fabricated the ECD
Ni-BTC@NF, ECD Co-BTC@NF and ECD Fe/Ni-BTC@NF highly active
organic-inorganic material via cathodic electrodeposition (CED) method (Figure
1.17) without using binder on nickel foam (NF) substrate with applying -1.5 V
potential for 30 s. Among them, the ECD Fe/Ni-BTC@NF exhibits superior OER
performance with 270 mV overpotential at 10 mA cm? and Tafel slope 47 mV
dec™ as depicted in Figure 1.18.124%
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Figure 1.18 (a) ECD Ni-BTC@NF, ECD Fe-BTC@NF, ECD Fe/Ni@NF, ECD
Fe/Ni-BTC@NF and NF LSV curves recorded at 2 mV s*. (b) ECD Ni-
BTC@NF, ECD Fe-BTC@NF, ECD Fe/Ni@NF, and ECD Fe/Ni-BTC tafel
graphs measured at 1 mV s*. (¢c) Comparison of ECD Ni-BTC, ECD Fe-BTC,
ECD Fe/Ni, ECD Fe/Ni-BTC, bulk Ni-Fe oxides, and porous Ni-Fe oxides.

The long-term stability test is a good criteria for determining the robustness and
catalytic stability in practical applications. As a result, there are two common
methods for estimating long-term catalytic performance. Setting a current density
of 10 mA cm or higher for an extended period of time is one method. Another
method for evaluating stability is to use CV or LSV experimental technigues to
evaluate long-term cycling performance.

The total electrode activity is usually determined by using a linear sweep
voltammetry measurement (LSV). The reference electrode was calibrated to the
RHE scale for electrocatalysis in all measurements using the following
equation:["® Erpe = Eagiager + 0.197 + (0.0591 x pH) V. All the tests were carried
out at room temperature. The extra potential needed for the electrochemical
reaction over and above its reversible potential is known as the overpotential (1)
at a specific current density. Intrinsic reaction activation barriers, in addition to
other resistances like solution and contact resistance, are the main causes of the
overpotential.

NHer = Erre - 0 (V)
Noer = Erne - 1.23 (V)

The Tafel diagram illustrates the relationship between the overpotential (1) and
the current density and is obtained from LSV findings (j). Tafel equation: n =a +
blog(j), where b is the Tafel slope. The Tafel slope value is frequently used to
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assess the catalytic activity of the catalyst toward the OER and also offers crucial
details about the reaction mechanism. A low Tafel slope is a necessary
characteristic of an OER electrocatalyst. ECSA = Ca/Cs formula. Where, Cs is
the specific capacitance of real surface area.l?*'4¢1 Whereas, Cq is the double
layer capacitance and estimated from a fitted straight line slope between current
density and scan rates.

Water electrolysis includes deceptively simple reactions, but there are numerous
theoretical and technological issues that must be resolved immediately.
Electrocatalytic water splitting is the process by which electrical energy is
transformed into renewable energy in the presence of a catalyst. Which consists
of two half reactions called the cathodic HER and the anodic OER as shown in
Figure 1.19a. Figure 1.19b depicts the water splitting reactions in acidic and
alkaline media. The HER is a typical two-electron transfer reaction that includes
intermediate adsorption and desorption steps. As illustrated in Figure 1.19¢c and
1.19d, there are two widely accepted mechanisms that relate to the HER in both
acidic and alkaline electrolytes, respectively. The intermediate H™ participates in
the production of hydrogen regardless of whether the process uses the Volmer-
Heyrovsky or Volmer-Tafel mechanism, which makes the hydrogen adsorption
free energy (AGH") into the primary criterion for hydrogen evolution activity.
Additionally, the AGH" of the ideal catalyst should be close to 0. The HER in an
alkaline electrolyte is noticeably different from that in an acid electrolyte Due to
the absence of the H* proton. The dissociation of the H,O molecule adsorbed on
the surface via the Volmer reaction. Whereas, the combination of H" and a
hydrogen through the Heyrovsky step or Tafel step to produce a hydrogen
molecule. Actually, compared to those in acid solution, the activity and exchange
current density of the catalyst are much lower in the alkaline electrolyte. This is
mostly because the succeeding reaction needs excessive dissociation of water
molecules in the Volmer step, which determines the rate of the HER in an
alkaline electrolyte. Moreover, the OER is extensively used in a variety of clean
and green energy storage and conversion technologies, including metal-air
batteries, electrolytic water, photoelectric electrolytic water, and CO, reduction.
However, the energy conversion efficiency is reduced due to the slow kinetic
reaction rate and high reaction overpotential due to the involvement of the four
electron processes. There are two widely accepted OER mechanisms: the
conventional adsorbate evolution mechanism (AEM) and the lattice oxygen-
mediated mechanism (LOM) respectively. As seen in Figure 1.19e and 1.19f,
the OER is a four-electron transfer process with a number of intermediates (M-
OH, M-O, and M-OOH) generating an oxygen molecule. In acidic aqueous
solution, first, the active sites interact with water molecules to generate M-OH
intermediates. Next, MOH interacts with oxygen to form MO. There are two
different ways to generate oxygen in an acidic aqueous solution: One is that the
immediate release of oxygen atoms from two MO intermediates, and the other is
that MO combines with water molecules to produce the MOOH intermediate,
which is then used to liberate O, atoms. The MOOH intermediate has not formed
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in the OER, as illustrated in Figure 1.19e. But, the O-O bond has been formed
through two nearby oxo species making the LOM substantially distinct from the
AEM.[71’147]
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Figure. 1.19 (a) Scheme of a typical water electrolysis system. (b) Water-
splitting semi-reaction under acidic and alkaline conditions. Schematic
representation of the mechanism of the hydrogen evolution reaction under (c)
acidic and (d) alkaline conditions, where M stands for the active sites on the
electrode surface. () The adsorbate evolution mechanism (AEM) of OER
processes in acidic (blue lines) and alkaline (orange lines) electrolytes. The
purple lines denote the reaction of MOOH intermediates to generate oxygen, and
the green lines the reaction of two M-O intermediates to produce an oxygen
molecule. Here, M stands for the active sites on the electrode surface. (f) The
elementary steps of the AEM mechanism under acidic and alkaline conditions.
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The continuous progress and advancement in the field of energy conversion and
storage are offering ample opportunities to design and synthesize the efficient
electrode materials with using scalable techniques. Therefore, different metal
oxides, sulfides, hydroxides and organic-inorganic hybrids have been synthesized
and utilized. More importantly, organic-inorganic hybrid materials based on
mixed metal ions are gaining a lot of attention because of the metal-metal
synergistic effect and the ease of interaction and coordination with the organic
moiety, which makes it very active for electrochemical energy conversion and
storage applications.

1.8 Summery and objectives of the thesis

The introduction stated that the organic-inorganic hybrid materials exhibit
synergistic characteristics and multifunctional activities. The unique nanoscale
architectures of the organic-inorganic hybrid materials enable them to provide
more electrochemically active sites for energy storage and conversion
applications. The following are the goals of our thesis work;

» Synthesis of amino acid functionalized organic molecules using liquid
phase synthesis method and characterized by various spectroscopic
techniques.

» The fabrication of organic-inorganic nanohybrid electrode materials
using different electrochemical methods.

» The analysis of the organic-inorganic hybrid materials with using
advanced characterization techniques to estimate the chemical and
physical properties.

» Further, the estimation of the electrochemical energy storage and
conversion performance of the synthesized organic-inorganic hybrid
materials with using different electrochemical techniques.

» The fabrication of the device to explore the practical applicability of the
synthesized hybrid materials.
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2.1 Introduction

Researchers have shown great interest in the development of new electrode
materials for energy storage.'” Li-ion battery, rechargeable alkaline batteries,
fuel cells and supercapacitors (SCs) have been studied as potential energy storage
devices.!®12 SCs show reversible and fast surface or near-surface redox reactions
on electrodes for charge storage with high power density, specific capacitance
and cyclic stability. Researchers have developed various electrode materials in
order to enhance the charge storage capacity of SCs and their commercial use.
Among the reported materials, RuO. shows high specific capacitance and
excellent electrochemical properties. However, less abundance and expensive
ruthenium have impeded for commercial use.**** On the other hand, relatively
abundant and cheap transition metal oxides and hydroxides like NiO,*! TiO,,[*6]
CuO,1 MnO,, 8 Ni(OH),1**! and Co(OH),?*?! have gained attention due to
their potential electrochemical properties. The use of nickel hydroxide has gained
much attention due to their eco-friendly compatibility, cheap and abundant
resources.%22 Nickel hydroxide based materials have been explored as an active
material for various applications including electrocatalytic and photocatalytic
energy conversion. Ni(OH), with petal-like morphology has shown high
electrocatalytic activity for the oxygen evolution reaction at lower
overpotential.?22%l In present, organic materials and organic-inorganic hybrid
materials have been explored as potential candidates for energy storage. The
organic-inorganic hybrid compounds imply inexpensive, environmentally
friendly features and specially the acid functional groups present in organic
moieties can act as a nucleation site for inorganic materials.?? The structural and
functional flexibility of organic molecules with reversible redox properties of
metal ions display useful electrochemical properties for energy storage
applications. Peptides can be used as an electrode material due to their covalent
bond formation using acid functionalities on the working electrode and their
performance can be improved via TiO- coating.*® The fabricated peptide@TiO;
based SC device showed an outstanding mass-specific capacitance of 125 F g at
0.1 A g* current density in 1M aqueous HsPO; electrolyte.*®! Naphthoquinone
and RuO based hybrid material with graphene hydrogel was fabricated for
asymmetric SCs applications. The naphthoquinone and RuO, based hybrid

material shows significant specific capacitance of 450.8 F g in 1M H,SO,
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electrolyte.® Various methods such as hydrothermal,?>2! electrodeposition, !
chemical bath deposition?” and atomic layer deposition!*®! have been developed
to synthesize organic-inorganic hybrid materials. Liu et al reported the synthesis
of nickel based pillared organic-inorganic hybrid material using solvothermal
method, which showed specific capacitance of 552 F g* at 1 A g[8l One-pot
hydrothermal growth of nickel terephthalate on Ni foam followed by
electrodeposition of PANI nanofibers showed higher capacitance with high
cycling stability.”®! The presence of nickel and organic moieties in organic-
inorganic nanohybrids provides structural stability during fast faradic reactions
which enhances energy storage performance. Stupp et al reported nanotubes of
cobalt hydroxide based organic-inorganic hybrid material, which was fabricated
through the potentiostatic electrochemical deposition method.?!! The nanotubular
morphology provides high accessible surface area for electrochemical redox
activity. The electrodeposition method facilitates inexpensive, easy, binder-free
and in situ controlled growth of nanostructured metal hydroxide based material
over working electrode. The binder-free method allows not using expensive
binders and minimizes inactive surface area and extra contact resistance during
electrochemical analysis. 213031

In the present work, the potentiostatic electrodeposition method was used for in
situ synthesis of organic-inorganic nanohybrid material directly on flexible NF
substrate. The NF substrate is widely used as supporting substrate for active
materials in SCs due to their three dimensional network with large surface area,
high porosity and superior electrical conductivity.®?*®1 Benzoselenadiazole
protected dipeptides containing with different amino acid sequences were
employed as organic moieties. Aromatic diphenylalanine containing BSeFF and
aliphatic dileucine containing BSeLL were explored to study the effect of peptide

chains on organic-inorganic nanohybrids with their electrochemical properties.

2.2 Materials and Experimental Methods

2.2.1 Materials

Chemicals such as, L-phenylalanine (F), L-leucine (L), NN’-
dicyclohexylcarbodiimide (DCC), 1-hydroxybenzotriazole (HOBt) and nickel
nitrate hexahydrate were purchased from SRL chemicals, India. 3,4-Diamino

benzoic acid and selenium dioxide were purchased from Sigma-Aldrich, U.S.A.
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Hydrochloric acid and dimethyl sulphoxide (DMSO) were purchased from SRL
chemicals, India. All chemicals were used without further purification. Solvents
were purchased from Merck India Limited and used after proper drying and
distillation. NF substrate was purchased from J. K. Impex, Mumbai, India.

2.2.2 Instrumentation

All NMR spectra were recorded on Bruker AV 400 MHz spectrometer. The
compound concentrations were in the range of 5-10 mmol L* in (CD3),SO and
CDCls. Mass spectra were recorded on Bruker micro TOF-Q Il mass
spectrometer by positive and negative mode electrospray ionization. The
peptide/Ni(OH), nanostructured hybrid materials were characterized by Fourier-
transform infrared (FTIR) spectroscopy performed on KBr pellets on a Bruker
Tensor 27 FTIR spectrophotometer. The compositions and oxidation states of the
element in the synthesized materials were studied using X-ray photoelectron
spectroscopy (XPS) using a Model/Supplier: PHI 5000 Versa Probe Il, FEI
Inc..The surface morphology and elemental characterization of the peptide/nickel
hydroxide thin film were conducted by Karl Zeiss JEOL FE-SEM together with
EDS and Elemental mapping. Transmission electron microscope (TEM) was
employed to further analyse the microstructure of the prepared peptide/Ni(OH)-
thin film using a FEI Technai 20 U Twin Transmission Electron Microscope. The
mass loading was carried out with weight difference method using electronic
balance. All the electrochemical measurements such as cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD), electrochemical impedance spectroscopy
(EIS) and cyclic stability test were assessed by Metrohm Autolab potentiostat
(PGSTAT302N) in 1M aqueous KOH solution. The solution was prepared

freshly before each experiment to sustain consistency.

2.2.3 Synthesis of organic component
BSe N-protected phenylalanine compound 1 was synthesized using solution
phase peptide synthesis. The synthesized compound 1 and all intermediates was

well characterized by Mass, *H NMR spectroscopy and *C NMR spectroscopy.
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Scheme 2.1. Synthetic procedure of 1.

2.2.4 Synthesis of organic compounds

2.2.4.1 Synthesis of benzo[2,1,3]selenadiazole-5-carboxylic acid (6): An
amount of 3,4-diamino benzoic acid (3g, 19.71 mmol) and selenium dioxide
(4.37 g, 39.38 mmol) were refluxed in methanol (20 mL) and 1IN HCI (10 mL)
for 2 h at 80 °C. The reaction mixture was cooled at room temperature and
methanol was evaporated at reduced pressure. The product was precipitated and
filtered with Milli-Q water. The obtained precipitate was dried in oven at 60 °C to
yield 4.18 g (18.40 mmol, 93%) of 6 as a faint pink colored solid.®* *H NMR
(400 MHz, DMSO-ds): 8 = 13.43 (s, 1H, -COOH), 8.46 (s, 1H, BSe), 8.03-7.96
(dd, 2H, J = 9.32, 9.24 Hz, BSe) ppm; ¥C NMR (100 MHz, DMSO-ds): 6 =
167.34, 161.21, 159.65, 131.69, 128.34, 125.88, 123.74 ppm; MS (ESI): m/z
calcd. for C7H3N20,Se: 226.9360 [M-H]; found: 226.9418.
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Figure 2.2. *H NMR spectrum (400 MHz, DMSO-ds) of 6.
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Figure 2.3. 13C NMR spectrum (100 MHz, DMSO-ds) of 6.
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2.2.4.2 Synthesis of BSeF-OMe (7): A solution of 2 g (8.80 mmol) 6 and HOBt
(1.43 g, 10.58 mmol) was stirred in 5 mL of DMF in a 100 mL round bottom
flask. A neutralized solution of phenyl alanine methyl ester was extracted from
its corresponding hydrochloride salt (3.79 g, 17.57 mmol) and concentrated to
add to the reaction mixture followed by coupling agent NN'-
dicyclohexylcarbodiimide (2.18 g, 10.56 mmol) at 0 °C and allowed to stir at
room temperature for 12 h. The progress of the reaction was monitored by thin
layer chromatography (TLC). After the reaction, the reaction mixture was diluted
with ethyl acetate and washed with 1IN HCI (3x30 mL), saturated Na.CO;
solution (3x30 mL) and brine solution. Solid light yellowish colored compound
of 7 was obtained after evaporating the solvent under reduced pressure.
Compound 7 was purified using flash chromatography. Yield = 2.97 g, (7.64
mmol, 87%); *H NMR (400 MHz, CDCls): & = 8.13 (s, 1H, BSe), 7.89-7.83 (dd,
J =9.36, 9.28 Hz, 2H, BSe), 7.31-7.26 (m, 3H, Ph), 7.16,7.14 (dd, J = 8 Hz 2H,
Ph), 6.76, 6.74 (d, J = 7.88, 1H, NH), 5.15-5.10 (m, 1H, C* H of Phe), 3.80 (s,
3H, -OCHj), 3.33-3.27 (m, 2H, CP H of Phe) ppm; *C NMR (100 MHz, CDCls):
o =167.11, 161.15, 156.40, 155.04, 130.88, 130.21, 124.57, 124.03, 123.03,
122.65, 119.04, 117.34, 49.00, 47.87, 33.11 ppm; MS (ESI): m/z calcd. for
C17H1sN30sSeNa: 412.0176 [M+Na]*; found: 412.0282.
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Figure 2.4. ESI-MS spectrum of 7.
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Figure 2.5. *H NMR spectrum (400 MHz, CDCls) of 7.
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Figure 2.6. 13C NMR spectrum (100 MHz, CDClIs) of 7.

2.2.4.3 Synthesis of BSeF (8): A solution of 7 (1.18 g, 3.03 mmol) in 40 mL
distilled methanol was allowed to react with a solution of 4 mL (1N) NaOH
solution. The reaction mixture was stirred for 4 h. The hydrolysis progress was
monitored by thin layer chromatography. After the completion of the reaction,
excess methanol was evaporated to dryness and diluted with 50 mL milli-Q
water. Then, the water mixture was taken in a separating funnel and slowly
washed with diethyl ether (2x20 mL). The aqueous layer was collected and
cooled in an ice bath. Then, the cooled aqueous solution was acidified with 1N
HCI. The pH of aqueous solution was adjusted to 2 and the product was extracted
with ethyl acetate (3x30 mL). The ethyl acetate layer was dried over anhydrous

Na,SO4 and evaporated under reduced pressure to obtain a solid compound
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8.Yield = 1.05 g (2.80 mmol, 92%); 'H NMR (400 MHz, DMSO-ds): & = 12.82
(s, 1H, -COOH), 9.08, 9.06 (d, J = 8.04, 1H, -NH), 8.34 (s, 1H, BSe), 7.93-7.86
(dd, J = 9.28, 9.24, 2H, BSe), 7.38-7.19 (m, 5H, Ph), 4.73-4.67 (m, 1H, C* H of
Phe), 3.25-3.13 (m, 2H, CP H of Phe) ppm. **C NMR (100 MHz, DMSO-ds): 6 =
173.48, 166.14, 160.76, 159.65, 138.59, 134.50, 129.57, 128.73, 128.16, 126.92,
123.53, 122.83, 54.89, 36.78 ppm; MS (ESI): m/z calcd. for CisH12N3OsSe:
374.0044 [M-H] ; found: 374.0175.

Intens. -MS, 0.8min #50
x1
3.0
ara0175 [M-H]
251
2.0
o]
15 . on
NS N
e H 00442 [2M-H]-
1.07 \ = o
N
05] ﬂ
00 : , . , ; , .
400 500 600 700 800 900 miz
Figure 2.7. ESI-MS spectrum of 8.
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Figure 2.8. *H NMR spectrum (400 MHz, DMSO-ds) of 8.
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Figure 2.9. **C NMR spectrum (100 MHz, DMSO-ds) of 8.

2.2.4.4 Synthesis of compound BSeFF-OMe (9): A solution of compound 8
(0.60g, 1.60 mmol) and HOBt (0.260g, 1.92 mmol) was stirred in DMF (2 mL).
A neutralized solution of H,N-Phe-OMe was extracted from its corresponding
hydrochloride salt. It was concentrated for addition to the reaction mixture
followed by coupling agent N,N’-dicyclohexylcarbodiimide (0.40 g, 1.94 mmol)
at 0 °C and allowed to stir at room temperature for 12 h. After the reaction, the
reaction mixture was diluted with ethyl acetate and the organic layer was washed
with 1IN HCI (3x30 mL), saturated Na,CO3 (3x30 mL) and again with brine. The
organic layer was dried over Na,SO4 and evaporated under vacuum by rotary
evaporator to yield solid compound 9. The purification of compound 9 was
performed by flash chromatography on silica gel (100-200 mesh) with ethyl
acetate and hexane as eluent. Yield = 0.74g (1.40 mmol, 86%): *H NMR (400
MHz, DMSO-ds): & = 8.92, 8.90 (d, J = 8.32 Hz, 1H, -NH), 8.62, 8.60 (d, J =
7.12 Hz, 1H, -NH), 8.32 (s, 1H, BSe), 7.90-7.83 (dd, J = 9.32, 9.20 Hz, 2H,
BSe), 7.40-7.18 (m, 10H, aromatic Hs of Phe), 4.84, 4.82 (d, J = 7.52, 1H, C*H
of Phe), 4.60-4.55 (m, 1H, C*H of Phe) 3.62 (s, 3H, OCH3), 3.16-2.97 (m, 4H,
CPH of Phe) ppm; *C NMR (100 MHz, DMSO-dg): 6 = 172.29, 171.92, 165.98,
160.74, 159.65, 138.70, 137.56, 134.62, 129.65, 129.61, 128.75, 128.55, 128.30,
127.06, 126.76, 123.36, 122.87, 55.13, 54.26, 52.37, 37.47, 37.05 ppm; MS
(ESI); m/z calcd. for CasH24N4OsSeNa: 559.0860 [M+Na]* ; found: 559.0660.
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2.2.4.5 Synthesis of compound BSeFF (1): Compound 9 (0.70 g, 1.31 mmol)
was dissolved in 30 mL distilled methanol. After that, the solution was allowed
to react with 1N solution of NaOH (3 mL). The progress of the reaction was
monitored by TLC. The reaction mixture was stirred for 5 h. Then, the methanol
was removed by rotary evaporator. The residue was diluted with 50 mL milli-Q
water. The aqueous layer was taken in a separating funnel and slowly washed
with diethyl ether (2x20 mL). The pH of the cooled aqueous layer was adjusted
to 2 by using 1IN HCI and extracted with ethyl acetate (3x30 mL). The ethyl
acetate layer was dried over anhydrous Na;SO. and evaporated under reduced
pressure with rotary evaporator to yield a light yellowish solid compound 1.5%
Yield = 0.54 g (1.03 mmol, 79%). *H NMR (400 MHz, DMSO-dg) & = 12.86 (s,
1H, -COOH), 8.92, 8.90 (d, J = 8.52 Hz, 1H, -NH), 8.41, 8.39 (d, J = 7.68 Hz,
1H, -NH), 8.31 (s, 1H, BSe), 7.90-7.82 (dd, J = 9.36, 9.28 Hz, 2H, BSe), 7.39-
7.18 (m, 10H, Phe-Phe), 4.84-4.79 (m, 1H, C*H of Phe), 4.54-4.49 (m, 1H, C*H
of Phe), 3.17-3.13 (m, 2H, CPH of Phe), 3.02-2.98 (m, 2H, C? H of Phe) ppm; *C
NMR (100 MHz, DMSO-d¢): & = 173.38, 173.24, 171.74, 171.54, 165.97,
160.73, 159.64, 138.79, 137.97, 137.92, 134.64, 129.80, 129.68, 129.65, 128.67,
128.55, 128.30, 126.92, 126.74, 123.36, 122.84, 55.23, 54.11, 37.44, 37.10 ppm;
MS (ESI); m/z calcd. for CasH21:N4O4Se: 521.0728 [M-H] ; found: 521.1046.
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Figure 2.13. ESI-MS spectrum of 1.
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Scheme 2.2. Synthetic procedure of 2.

The above-mentioned procedures (Scheme 2.1) were used to synthesize
compounds 10, 11, 12 and 2 (Scheme 2.2). Compounds 10 and 12 were purified
by flash chromatography.

2.2.4.6. BSeL-OMe (10): Yield = 1.32 g, (3.72 mmol, 85%); *H NMR (400
MHz, CDCls): 6 = 8.17 (s, 1H, BSe), 7.85-7.79 (dd, J = 9.44, 9.32 Hz, 2H, BSe),
6.70, 6.68 (d, J = 7.92, 1H, NH), 4.85-4.80 (m, 1H, C* H of Leu), 3.73(s, 3H, -
OCHs), 1.74-1.71(m, 2H, CP H of Leu), 1.67-1.1.65 (m, 1H, C* H of Leu), 0.96-
0.92 (m, 6H, C° H of Leu) ppm; C NMR (100 MHz, CDCls): § = 173.56,
166.19, 161.11, 159.79, 134.99, 127.89, 123.68, 122.08, 52.57, 51.44, 41.76,
25.09, 22.86, 22.07 ppm; MS (ESI): m/z calcd. for C14H17N3OsSeNa: 378.0333
[M+Na]*; found: 378.0336.
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Figure 2.17. *H NMR spectrum (400 MHz, CDCls) of 10.
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Figure 2.18. **C NMR spectrum (100 MHz, CDCls) of 10.
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2.2.4.7. BSeL-OH (11): Yield = 0.59 g, (1.73 mmol, 88%); *H NMR (400 MHz,
DMSO-dg): 6 = 12.68 (s, 1H, -COOH), 8.97, 8.95 (d, J = 7.76, 1H, NH), 8.47 (s,
1H, BSe), 8.01-7.93 (dd, J = 9.36, 9.32 Hz,2H, BSe), 4.55-4.50 (m, 1H, C* H of
Leu), 1.84-1.77 (m, 2H, CP H of Leu), 1.69-1.66 (m, 1H, C" H of Leu), 0.99-0.93
(dd, J = 6.28, 6.28Hz, 6H, C® H of Leu) ppm; **C NMR (100 MHz, DMSO-d¢): &
= 174.48, 166.23, 160.77, 159.69, 134.51, 128.29, 123.45, 122.91, 51.59, 25.04,
23.42, 21.63 ppm; MS (ESI): m/z calcd. for Ci3H14N3O3Se: 340.0200 [M-H];
found: 340.0536.
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Figure 2.19. ESI-MS spectrum of 11.
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Figure 2.20. *H NMR spectrum (400 MHz, DMSO-ds) of 11.
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Figure 2.21. **C NMR spectrum (100 MHz, DMSO-ds) of 11.

2.2.4.8. BSeLL-OMe (12): Yield = 0.44 gm (0.94 mmol, 64%): *H NMR (400
MHz, CDCls): & = 8.18 (s, 1H, BSe), 7.82 (s, 1H, BSe), 7.19 (s, 1H, BSe), 6.85,
6.83 (d, J = 8.16 Hz, 1H, -NH), 6.39, 6.37 (d, J = 8.12 Hz, 1H, -NH),4.70-4.64
(m, 1H, C* H of Leu), 4.58-4.54 (m, 1H, C* H of Leu), 3.69 (s, 3H, -OCH),
1.88-1.84 (m, 2H, CP H of Leu), 1.63-1.60 (m, 2H, C? H of Leu), 1.26-1.22 (m,
1H, C* H of Leu), 1.04-1.01 (m, 1H, C" H of Leu), 0.95-0.84 (m, 12H, C® H of
Leu) ppm; C NMR (100 MHz, CDCls): § = 173.10, 171.65, 166.38, 161.12,
159.83, 156.74, 127.78, 123.70, 122.28, 52.40, 52.28, 50.93, 49.19, 33.96, 25.63,
24.95, 22.92, 22.77, 22.31, 21.87 ppm; MS (ESI); m/z calcd. for CxH2sN4O4Se:
469.1354 [M+H]*; found: 469.1354.
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Figure 2.22. ESI-MS spectrum of BSeLL-OMe 12.
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Figure 2.23. *H NMR spectrum (400 MHz, CDCls) of 12.

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)

Figure 2.24. 3C NMR spectrum (100 MHz, CDCls) of 12.

2.2.4.9. Synthesis of BSeLL (2): Yield = 0.28 gm (0.62 mmol, 82%): 'H NMR
(400 MHz, DMSO-ds): 6 = 12.49 (s, 1H, -COOH), 8.79, 8.77 (d, J = 8.20 Hz,
1H, -NH), 8.46 (s, 1H, BSe), 8.21, 8.19 (d, J = 7.84 Hz, 1H, -NH) 7.98-7.90 (dd,
J =9.36, 9.32 Hz, 2H, BSe), 4.65-4.59 (m, 1H, C* H of Leu), 4.30-4.25 (m, 1H,
C* H of Leu), 1.75-1.71 (m, 4H, CP H of Leu), 1.62-1.58 (m, 2H, C' H of Leu),
0.97-0.86 (m, 12H, C® H of Leu) ppm; *C NMR (100 MHz, DMSO-dg): & =
174.46, 172.58, 166.04, 160.79, 159.75, 134.81, 128.50, 123.36, 122.96, 52.30,
50.71, 24.91, 24.76, 23.65, 23.38, 21.94, 21.84 ppm; HRMS (ESI); m/z calcd. for
Ci19H25N404Se: 453.1014 [M-H]; found: 453.1192.
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Figure 2.26. *H NMR spectrum (400 MHz, DMSO-ds) of 2.
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Figure 2.27. **C NMR spectrum (100 MHz, DMSO-ds) of 2.
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2.3 Results and discussion

2.3.1 Electrode fabrication

The NF substrate (1cm x 2cm) was treated with 1IN HCI solution for 10 min and
further washed with ultrapure water and ethanol and dried in the oven at 60 °C
for 6 h. For the potentiostatic electrodeposition on NF substrate, the solution of
Ni(NOs)..6H.O and organic peptide surfactant (1 or 2) in water/dimethyl
sulphoxide (DMSO) (1:1) V/V were used. Here, DMSO was used as organic co-
solvent due to the solubilization of peptide moiety as well as its miscible
behavior in water.?] The conventional electrodeposition set-up consists of three
electrodes. The NF was used as working electrode, Pt wire as counter electrode
and Ag/AgCl as reference electrode. The organic-inorganic hybrid material was
grown on flexible NF substrate through a electrodeposition for 10-60 min by
applying -0.9 V constant current and the temperature of the solution was
maintained at 60 °C by water bath with continuous magnetic stirring.*631 After
the electrodeposition, the deposited thin film surface was washed with ultrapure
water, ethanol and dried at 60 °C for 6h.

The specific capacitance (Cs) of active material was calculated on the basis of
charge/discharge data and the equation is as follows: &40

_ I X At
5= m X Av
WhereAv represents the potential drop, | (A) denote constant current, At (s) is the

discharge time on GCD and m (mg) is the mass of active material.

2.3.2 Hybrid material characterization

Benzoselenadiazole protected N-capped dipeptides with aromatic (BSeFF, F =
phenylalanine) and non-aromatic amino acids (BSeLL, L = leucine) were
synthesized using solution phase peptide synthesis and well characterized by *H
NMR, BC NMR and mass spectrometry. The organic-inorganic hybrid materials
were grown by potentiostatic electrodeposition at a constant potential of - 0.9 V
vs Ag/AgCI over NF substrate (Figure 2.28). The layer formed over the flexible
NF substrate indicates the deposition of peptide/Ni(OH), based nanohybrid
material. The electrochemical conversion of dipeptide and Ni(NO3), to
peptide/Ni(OH), can be expressed as follows."41]

NO3 + H,0 +2e~ - NO; + 20H" 1)
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Figure 2.28. Schematic representation of the electrochemical synthesis of
organic-inorganic nanohybrids. Peptides BSeFF and BSeLL were used as organic

compounds.

On applied potential, the nitrate ions reduced on the cathodic surface to form
NO; and OH". The formation of OH" at cathode increases the local pH near the
electrode, resulting in the deposition of nanohybrid peptide/Ni(OH). over the
flexible NF substrate. Structurally, BSeFF and BSeLL peptides are made up by
three elementary units i.e. N-capped heterocyclic aromatic ring, dipeptide
backbone with different amino acid sequence and a carboxylic acid functional
group. In peptide molecules, the polar moieties such as carboxylate anions could
facilitate the interaction with Ni?* ions.[*>* The aromatic rings in peptide
molecules could form attractive intermolecular interactions such as n-m stacking
interactions providing structural stability to the hybrid nanoscale architecture of
the thin films.[**#"1 The amide functional groups over peptide backbone induce
the formation of peptide self-assembly through intermolecular hydrogen bonding
interactions. The carboxylate groups of peptides interact with Ni(OH). to form

peptide/Ni(OH), based organic-inorganic nanohybrids. 42454l

The FT-IR spectroscopy (Figure 2.29) was used to analyse the characteristic
absorption of the functional groups present in BSeFF/Ni(OH). and
BSeLL/Ni(OH), hybrid materials. A broad and strong vibration band ranging

from 3200 cm? to 3500 cm™ observed due to -OH stretching confirms the
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existence of hydroxyl groups in BSeFF/Ni(OH), and BSeLL/Ni(OH);
nanohybrids (Figure 2.29).2"]
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Figure 2.29. FTIR spectra of (a) BSeFF and BSeFF/Ni(OH), and (b) BSeLL and
BSeLL/Ni(OH)..

The typical bands between 3000 cm™ to 2800 cm™ are observed due to the
stretching vibration of the C-H bond.*! The bands between 1600-1700 cm
correspond to amide carboxyl stretching (amide 1) and aromatic C=C stretching
vibrations. The peaks in between 1400-1550 cm™ are observed due to the amide
N-H bending (amide Il) and aromatic ring vibrations of peptide groups present in
both BSeFF/Ni(OH), and BSeLL/Ni(OH), hybrid materials.-5 Besides, the
bands in between 1020-1170 cm™ are observed due to the presence of in-plane
vibration of C-H band and C-N stretching vibration of amide groups of peptides
present in BSeFF/Ni(OH), and BSeLL/Ni(OH), nanohybrids (Figure 2.29)
respectively.® A vibration mode assigned at ~672 cm™ is observed due to to &-
Ni-O-H stretching deformation (Figure 2.29) respectively.® Remarkably, the
carboxyl groups stretching band in between 3000-3100 cm™ (-OH stretching
vibration) and 1700-1720 cm™* (C=0 stretching frequencies) disappeared due to
metal-carboxylate interactions between metal ions and carboxylate group of

peptide moiety (Figure 2.29) respectively. 14548

XPS analysis was conducted to investigate the surface characteristics and
chemical compositions present in organic-inorganic nanohybrids. The XPS
survey scans containing nanohybrid material provide the surface based elemental
composition of the prepared peptide/Ni(OH), (Figure 2.30 and 2.31). The XPS
spectra of BSeFF/Ni(OH), and BSeLL/Ni(OH), show Ni 2p, C 1s, N 1s, O 1s
and Se 3d peaks indicating the presence of Ni, C, N, O and Se elements. Figure
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2.30b shows Ni 2p peaks, which is splitted into four peaks. Two major peaks of
Ni 2p12 and Ni 2psz are observed at 873.6 and 855.9 eV respectively. The energy
separation between Ni 2p1, and Ni 2ps; is 17.6 eV, which indicates the presence
of Ni in +2 oxidation state in the organic-inorganic nanohybrid. In addition, two
satellite peaks at 879.5 (Ni 2p12) and 861.4 eV (Ni 2psp) are also observed in the

Ni 2p spectrum.[295657]
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Figure 2.30. (a) XPS survey spectrum for BSeFF/Ni(OH).. (b) High resolution
XPS spectra of Ni 2p, (¢) O 1s, (d) N 1s, (¢) C 1s and (f) Se 3d for

BSeFF/Ni(OH). nanohybrid.
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Figure 2.31. (a) XPS survey spectrum for BSeLL/Ni(OH).. High resolution XPS
spectra of (b) Ni 2p, (c) O 1s, (d) N 1s, (e) C 1s and (f) Se 3d for BSeLL/Ni(OH).
hybrid.

The fitted O 1s (Figure 2.30c) core level spectrum of BSeFF/Ni(OH); exhibits
three peaks at 530.6, 531.2 and 532.6 eV binding energies, which are assigned to
oxygen-metal bond, hydroxyl groups (O-H) and carboxylate groups (O-
C=0).1262%%8] The carbon bound nitrogen components were confirmed by high-
resolution N 1s spectrum (Figure 2.30d). The fitted peaks for N 1s at 398.9 and
400.3 eV are assigned to C=N bonding (BSe) and amide groups in peptide
moiety. The peak at 406.8 eV is the N 1s satellite feature.®%%%¢° Figure 2.30e
exhibits the peaks at 284.2, 284.6, 285.47 and 288.4 eV which can be observed

due to carbon components of C-C, aromatic rings, C-N and carboxylate/N-C=0
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groups respectively.[26:29505361 Al of the above-stated results support the
successful electrochemical deposition of peptide/Ni(OH). nanohybrids.

2.3.3 Morphological Analysis

Scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) experiments were performed to investigate the morphological alterations
and formation process of the BSeFF/Ni(OH), and BSeLL/Ni(OH),. The
morphological investigation of the synthesized BSeFF/Ni(OH), and
BSeLL/Ni(OH), nanohybrids was examined by SEM, which shows that the
different peptide sequences have significant effect on the morphology of
nanohybrids. As shown in Figure 2.32a and 2.32c, the samples show flower-like
and microsphere-like structures. Several sheets assembled like petals to form
flower-like morphology (Figure 2.32a). The colonial or net-like growth of the

sheets produces flowers like structure with compact constructions.
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Figure 2.32. Structural evolution of synthsized peptide/Ni(OH) thin film with
changing peptide moiety. SEM (a, b) and TEM (c, d) images of BSeFF/Ni(OH):
and BSeLL/Ni(OH), nanohybrids respectively. EDS spectra (e, f) of
BSeFF/Ni(OH); and BSeLL/Ni(OH), nanohybrids respectively.

Nanosheet based ordered flower-like structures (Figure 2.32a) have high
electrocative surface which plays an active role to reduce the interface contact
resistance between electrode surface and electrolyte solution. SEM image
(Figure 2.32a) clearly shows the flower-like structures of the electrodeposited
BSeFF/Ni(OH),.[6>% TEM analysis was also performed to reveal the insights of
the flower-like and microsphere-like texture of organic-inorganic nanohybrids.
Figure 2.32b and Figure 2.32d show TEM images of the BSeFF/Ni(OH), and
BSeLL/Ni(OH), nanohybrids respectively. TEM image shows enlarged view of
flower-like morphology of BSeFF/Ni(OH).. However, Figure 2.32d shows the
microsphere-like structure of BSeLL/Ni(OH),. Morphological characterization of
organic-inorganic nanohybrids suggests nucleation based growth mechanism
during electrochemical deposition process. Structurally BSeFF contains aromatic
phenylalanine residues in peptide sequence while BSeLL contains aliphatic
leucine residues. Aromatic residues present in peptide backbone provide ©-n
stacking interaction for the formation of flower-like morphology. However,
BSeLL/Ni(OH), shows microsphere like morphology which was composed of
tightly concentrated sheets. Furthermore, the chemical composition of the flower-
like and microsphere-like BSeFF/Ni(OH), and BSeLL/Ni(OH), was analysed by
elemental mapping and EDS analysis. The EDS spectra (Figure 2.32e and
Figure 2.32f) show Ni, C, N, O and Se peaks. Further chemical composition of
peptide/Ni(OH), was analysed by elemental mapping. The elemental mapping
images show the presence of Ni, O, N, C and Se elements in Figure 2.33 and
2.34, which confirmed the fabrication of flower and microsphere-like
BSeFF/Ni(OH), and BSeLL/Ni(OH). hybrids. The prepared peptide/Ni(OH),
nanohybrids can potentially exhibit excellent performance in supercapacitor

applications.
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Figure 2.33. Elemental mapping of BSeFF/Ni(OH)..

N

Figure 2.34. Elemental mapping of BSeLL/Ni(OH)..

2.3.4  Electrochemical characterization of BSeFF/Ni(OH), and
BSeLL/Ni(OH).

The electrochemical analysis was performed to investigate the morphological
effects of BSeFF/Ni(OH). and BSeLL/Ni(OH), nanohybrids and their
applicability for electrochemical energy storage application. CV analysis was
perforamed to understand the redox behaviour of the nanohybrids. Figure 2.35a
shows the cyclic voltammograms of the BSeFF/Ni(OH), and BSeLL/Ni(OH);
electrodes in 1M KOH solution at 6 mVs™ scan rate over the potential range of
0.0 to 0.55 V (vs Hg/HgO). Figure 2.35b and Figure 2.36a show the CV curves
of the flower-like BSeFF/Ni(OH), and BSeLL/Ni(OH). nanohybrids at different
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scan rates ranging from 2-10 mV s respectively. All CV curves show a pair of
oxidation and reduction peaks. The peak appeared at ~0.46V is attributed to the
oxidation of Ni(OH). to NiOOH, however, another peak appeared at ~0.20V
corressponds to the reduction process. The redox nature of CV curves suggests
that the specific capacitance of nanohybrids is majorly governed by the Faradic
reactions. Among these electrodeposited electrodes, BSeFF/Ni(OH), possesses
larger enclosed area than BSeLL/Ni(OH).. The difference in surface area is seen
in Figure 2.35a, which might be attributed to the better electrolyte accessibility,
higher diffusion rates and exposure of more electrochemically active sites for the
intercalation of ions.[%8 Based on the surface redox reactions, the corresponding
electrochemical reaction is expressed as follows, 340571

Ni(OH), + OH™ = NiOOH + H,0 + e~ (3)

The energy storage performance of nanohybrids was analysed by GCD to
calculate the specific capacitance of the electrodeposited BSeFF/Ni(OH), and
BSeLL/Ni(OH). over the potential range of 0 to 0.55 V.
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Figure 2.35. Electrochemical characterization of peptide/Ni(OH), in 1M KOH:
() Cyclic voltammograms of BSeFF/Ni(OH), and BSeLL/Ni(OH), nanohybrid
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thin films at 6 mV s. (b) CV curves for flower like BSeFF/Ni(OH); at 2, 4, 6, 8
and 10 mV s scan rate. (c) GCD curves at a current density of 2 A g*. (d) GCD
profiles of flower-like BSeFF/Ni(OH). at various current densities. () Nyquist
impedance plot of flower-like BSeFF/Ni(OH). at 0.05 V amplitude. (f) Cyclic
stability test of flower-like BSeFF/Ni(OH)- at constant current density 10 A g*.

Figure 2.35c presents the GCD curve of BSeFF/Ni(OH), and BSeLL/Ni(OH); at
current density of 2 A g!. BSeFF/Ni(OH). thin film containing flower-like
structures shows much higher specific capacitance of ~1250 F g* at a current
density of 2 A g*. However, BSeLL/Ni(OH), shows specific capacitance of 689
Fg?tat2 A g The higher specific capacitance of BSeFF/Ni(OH), nanohybrid is
attributed to its unique flower-like structure. Figure 2.35d and 2.36b represent
the GCD curves of BSeFF/Ni(OH), and BSeLL/Ni(OH). at different current
densities from 2 to 10 A g*. The specific capacitance of BSeFF/Ni(OH), at
different current densities of 2, 4, 6, 8, and 10 A g* is observed as 1250, 1025,
924, 854 and 260 F g respectively. Similarly, the specific capacitance of
BSeLL/Ni(OH); is observed as 689, 627, 582, 537 and 494 F g at current
densities of 2, 4, 6, 8 and 10 A g respectively.
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Figure 2.36. Electrochemical characterization of BSeLL/Ni(OH). in 1M KOH:
(@) CV curves for microsphere like BSeLL/Ni(OH); at 2, 4, 6, 8 and 10 mVs*
scan rate. (b) GCD profiles of microsphere like BSeLL/Ni(OH), at various
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current densities 2, 4, 6, 8 and 10 Ag™. (c) Nyquist impedance plot of
microsphere like BSeLL/Ni(OH), at 0.05 V amplitude. (f) Cyclic stability test of
microsphere like BSeLL/Ni(OH). at constant current density 10 A g™.

In particular, the BSeFF/Ni(OH). exhibits excellent capacitance performance due
to flower-like structure, which provides more electrochemically active sites for
the intercalation of the electrolyte. The specific capacitance is decreased with
increment in current density whereas the area of CV curves is increased with
increase in scan rates owing to their poor conduction of ions at the electrode
surface.®® BSeFF/Ni(OH), shows high specific capacitance retention of ~72%
(Figure 2.35f) than BSeLL/Ni(OH), (~41%) after 1000 cycles (Figure 2.36d) at
a current density of 10 A g*. Among both prepared electrodes, BSeFF/Ni(OH)
electrode possesses excellent electrochemical performance than BSeLL/Ni(OH)
which is observed due to the exposure of more electrochemically active sites for
intercalation/deintercalation of ions. Table 2.1 lists the difference in
electrochemical performance between BSeFF/Ni(OH). and BSeLL/Ni(OH)s.

Table 2.1. The list of difference in electrochemical performance between
the flower-like BSeFF/Ni(OH). and BSeLL/Ni(OH)..

Electrode Electrolyte | Current Specific Capacitance
Material density | capacitance | retention after
(Ag?) (Fgl) 1000 cycles
BSeFF/Ni(OH), | 1M KOH 2 1250 72%
BSeLL/Ni(OH), | 1M KOH 2 689 41%

The electrochemical properties of the peptide/Ni(OH). hybrid thin films were
further investigated with electrochemical impedance spectroscopy (EIS). The
impedance spectra of BSeFF/Ni(OH), and BSeLL/Ni(OH). thin films were
recorded in the frequency range of 10°- 0.01 Hz at 0.05 V amplitude.®®! Nyquist
plots of the electrodes show the frequency response of the electrode/electrolyte
system in Figure 2.35e and Figure 2.36¢.171 It is known that intersection of the
semicircle on real component axis (Re(Z)) at higher frequency corresponds to

solution resistance (Rs) of the electrode. However, diameter of the semicircle
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shows the charge transfer resistance at electrode and electrolyte interface.[6%
Nyquist plot of BSeFF/Ni(OH). (Figure 2.35e) shows Rs values of 1.53 Q which
is close to Rs value of BSeLL/Ni(OH), (1.63 Q). However, BSeFF/Ni(OH),
exhibits lower intrinsic charge transfer resistance of 418.13 Q than R of
BSeLL/Ni(OH),, which indicates high conductivity and improved capacitive
behaviour of BSeFF/Ni(OH), nanohybrids in KOH solution.8%31 The straight
line in the lower frequency regions corresponds to the diffusive resistance known
as Warburg line which is the result of ion diffusion on electrode-electrolyte

interface.

2.4 Conclusion

The flower and microsphere-like peptide/Ni(OH). nanohybrids have been
successfully grown on NF substrate via one step electrodeposition method.
Peptide/Ni(OH). sample exhibited excellent electrochemical energy storage
performance at higher current densities with high cyclic stability. The specific
capacitance of BSeFF/Ni(OH). (72%) and BSeLL/Ni(OH). (41%) nanohybrids
retained even after 1000 cycles. Among developed nanohybrids, BSeFF/Ni(OH).
showed maximum specific capacitance of 1250 F g while BSeLL/Ni(OH).
showed specific capacitance of 689 F g at current density of 2 A g* The
synthesized flower and microsphere-like peptide/Ni(OH). nanohybrids exhibited
excellent electrochemical performance in 1M KOH electrolyte. The high
capacitance and long cyclic stability can be easily altered by changing the
structural configuration of organic moiety of the studied organic-inorganic
nanohybrids, which provides contribution in the development of high

performance electrode material for energy storage applications.
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3.1 Introduction

Bioinspired hybrid nanomaterials have been explored in the area of sustainable
energy storage considering their promising properties such as, eco-friendly
behavior, flexible nature, low-cost, high energy storage capacity and cyclic
stability.[*® Several electrode materials such as carbon materials,”! oxides,%3l
hydroxides™ and conducting polymers[*s! have been explored to fabricate energy
storage devices. Cobalt hydroxide based hybrid materials have paramount
importance, which provide sustainable energy path for the generation of clean,
cost effective and renewable energy storage properties.'*%! Currently,
researchers are engaged on the development of organic-inorganic nanohybrid
materials."1921-241 Qrganic molecules with acid functionalities have drawn
considerable attention due to their binding with inorganic moieties which form
organic-inorganic nanohybrid materials.[!6:20.252% Therefore, structurally flexible
and environmentally compatible self-assembling peptides with metal interacting
functional groups have been used for the construction of nanchybrid
materials.>11%0 In addition, the reported self-assembling peptides like
diphenylalanine and aromatic derivatives have been exhibited immense
mechanical, electrochemical and optical properties.®4%31 Rosenman et al have
modified carbon electrode with bioinspired diphenylalanine based peptide
nanotubes for supercapacitor applications.! Furthermore, Wang et al have
fabricated a device to light-up a LED by using Fmoc-EF-NH, based hydrogel and
thin layer of TiO,. The peptide was deposited with thin layer of TiO, by atomic
layer deposition to restrict the electrolyte dissolution of peptide electrode.?
Organic-inorganic nanohybrid materials have been explored in the production of
energy storage and conversion devices in recent years. Because of its extended
cycle life, light weight, high charge/discharge rate, and safe and eco-friendly
nature, supercapacitors (SCs) have been appraised as the most encouraging
electrode materials.'Y] The electrochemical charge storage mechanism in SCs
mainly governed by the properties of electrode material. On the electrode-
electrolyte interface, the charge storage process primarily involves the creation of
an electric double layer or quick Faradic redox processes.

Carbon-based substrates including carbon fiber paper and carbon cloth have been
used as conductive electrodes to boost the electrochemical performance. The 3D
carbon substrates have been widely used for SCs applications due to their
efficient electrode-electrolyte contacts.[*#334 Carbon materials fulfill all the
requirements for energy storage applications due to their light weight, high
conductivity and electrochemical stability.[*1635%1 Furthermore, the electrolytes
play a major role on the electrochemical charge storage performance. The charge
storing surface redox process and insertion and de-insertion of electrolytic ions
have vital importance over charge storing capacity and retention. Hence along
with the pseudocapacitive redox properties of electrode material, the ionic
conductivity as well as mobility of electrolytes has more importance to improve
charge storing efficiency. Here, attention was paid on the effect of electrolytic
anions using two different electrolytes i.e. LiIOH and KOH.#*#1 An aromatic
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amino acid based nanohybrid material has shown excellent electrochemical
performance. For the exploration and advancement of these type of nanohybrid
materials, we have synthesized benzo[2,1,3]selenadiazole (BSe) protected
dityrosine peptide (BSeYY) by simple liquid phase synthesis method. BSeYY
and cobalt nitrate hexahydrate (Co(NOs)..6H,O) have been used for the
fabrication of BSeYY/Co(OH)./CP based nanohybrid using one step
electrodeposition method.?242461 The electrochemical performances of hybrid
electrode have been analyzed in alkaline electrolytes and efficient charge storage
performance have been observed in 1M KOH compared to 1M LiOH electrolyte
solution. For the practical application, a symmetric supercapacitor device has
been assembled by using two BSeYY/Co(OH),/CP nanohybrid electrodes. The
nanohybrid electrodes have been emerged in polyvinyl alcohol/potassium
hydroxide (PVA/KOH) gel and integrated together by using Whatman filter
paper as a separator for the construction of solid state symmetric device. "4l

3.2 Materials and Experimental Methods

3.2.1 Materials and Methods

In this work, all the reagents were used without further purifications. L-Tyrosine
(YY), 1-hydroxybenzotriazole (HOBt), N,N’-dicyclohexylcarbodiimide (DCC),
potassium hydroxide (KOH), hydrochloric acid (HCI), dimethyl sulphoxide
(DMSO) and cobalt nitrate hexahydrate (Co(NOs)..6H.0) were procured from
SRL, India. 3,4-Diaminobenzoic acid and SeO, were purchased from Sigma-
Aldrich, USA. Whatman filter paper was procured from Merck India Limited. CP
substrate and Swagelok cell were purchased from Global Nanotech, Mumbai,
India. Bruker AV 400 MHz NMR spectrometer was used to characterize peptide
molecules (concentrations range of 5-10 mmol L?) in CDCl; and DMSO-ds.
Electrospray ionization mass spectrometry was performed using mass
spectrometer (model: Bruker micrOTOF-Q II) by positive and negative modes.
Fourier transform infrared spectroscopy was performed on KBr pellets on a FTIR
spectrophotometer (model: Bruker Tensor 27) in the range of 500-4000 cm™. The
LabRAM HR Evolution, Horiba Scientific Raman spectrometer with a 633 nm
He-Ne laser of 5 mW power at room temperature was used to record Raman
spectra.  X-ray diffraction (XRD) analysis of the synthesized
BSeYY/Co(OH)./CP nanohybrid was characterized by using a Bruker D, phaser
X-ray diffractometer with Cu-Ka irradiation (A = 1.54 A). X-ray photoelectron
spectroscopy (XPS) (model: AXIS Supra, Kratos Analytical) was used to study
the compositions and oxidation states of the element of the electrodeposited
materials. The elemental characterization and surface morphology of the
BSeYY/Co(OH)./CP nanohybrid were analyzed by Carl Zeiss JEOL FE-SEM
together with Elemental mapping and EDS. The textural properties of the
synthesized materials were characterized by Autosorb iQ3 (Quantachrome) gas
sorption analyzer under N, adsorption at 77 K. Transmission electron microscope
(TEM) was assessed to further analyze the microstructure of the synthesized
BSeYY/Co(OH)2/CP nanohybrid using a JEM-2100F, JEOL system. Electronic
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balance was used to carry out the mass loading with weight difference method.
The electrochemical measurements such as cyclic voltammetry (CV), cyclic
stability, electrochemical impedance spectroscopy (EIS) and galvanostatic
charge-discharge (GCD) test were conducted by Metrohm Autolab potentiostat
(PGSTAT302N). The freshly prepared electrolyte solution was used during
electrochemical analysis to sustain consistency.

3.2.2 Synthesis of organic component

BSe N-protected tyrosine compound 3 was synthesized using solution phase
peptide synthesis. The synthesized compound 3 and all intermediates was well
characterized by Mass, *H NMR spectroscopy and 13C NMR spectroscopy.

o

HaN o Se02, HCI, MeOH s’N\ /g;:Or/:e/MeOH
—> e
Reflux (70-80°C) = “DMF, DCC DCC 1N NaOH
HOB, 0 °C
OH

;Q i} ﬁ[@/
H ~IN NaoH > N7

HOBt 0°C
C \Q
Compound 3

Scheme 3.1. Synthetic procedure of compound 3.

3.2.3. Synthesis of compound 3

3.2.3.1. Synthesis of benzo[2,1,3]selenadiazole-5-carboxylic acid (6): 3,4-
Diaminobenzoic acid (3 g, 19.71 mmol) and selenium dioxide (4.37 g, 39.38
mmol) were refluxed in methanol (20 mL) and 1N HCI (10 mL) for 2 h at 80 °C.
The reaction mixture was cooled at room temperature and methanol was
evaporated at reduced pressure. The product was precipitated and filtered with
ultrapure water. The obtained precipitate was dried in oven at 60 °C to yield 4.18
g (18.40 mmol, 93%) of 6 as a faint pink colored solid.*%#1 1H NMR (400 MHz,
DMSO-ds): 8.38 (s, 1H, BSe), 7.94-7.86 (dd, 2H, J = 9.28, 9.20 Hz, BSe) ppm;
13C NMR (100 MHz, DMSO-dg): ¢ = 167.29, 161.13, 159.58, 131.62, 128.29,
125.81, 123.61 ppm; MS (ESI): m/z calcd. for C7HsN,O,Se: 228.9516 [M+H]*;
found: 228.9370.
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Figure 3.1 *H NMR spectrum (400 MHz, DMSO-d) of 6.
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Figure 3.2 3C NMR spectrum (100 MHz, DMSO-ds) of 6.
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Figure 3.3 ESI-MS spectrum of 6.
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3.2.3.2. Synthesis of BSeY-OMe (13): 1 g (4.40 mmol) of 6 and HOBt (0.71 g,
5.28 mmol) was solubilized in 5 mL of DMF in a 100 mL round bottom flask. A
neutralized solution of tyrosine methyl ester was extracted from its corresponding
hydrochloride salt (2.04 g, 8.80 mmol) and concentrated by rotary evaporator to
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add the reaction mixture followed by coupling agent NN’-
dicyclohexylcarbodiimide (1.09 g, 5.28 mmol) at 0 °C and allowed to stir at room
temperature for 12 h. After completion of the reaction, the reaction mixture was
diluted with acetonitrile solvent and filtered by sintered glass funnel (Borosil G4)
to remove the dicyclohexylurea (DCU). Then, the reaction mixture was
concentrated by using rotary evaporator. The ethyl acetate was added to the
reaction mixture and washed with 1N HCI, saturated Na,COs solution and
saturated brine solution. Solid brown colored compound of 13 was obtained after
evaporating the solvent under reduced pressure. Compound 13 was purified using
flash chromatography. Yield = 1.58 g, (3.90 mmol, 89%); 'H NMR (400 MHz,
DMSO-ds): 6 = 9.22 (s, 1H, OH of Tyr), 9.13-9.12 (d, J = 7.56 Hz, 1H, NH),
8.35 (s, 1H, BSe), 7.91-7.85 (dd, J = 9.52, 9.44 Hz, 2H, BSe), 7.13-7.11 (d, J =
7.96 Hz, 2H, Tyr), 6.68-6.66 (dd, J = 7.96 Hz 2H, Tyr), 4.67-4.61 (m, 1H, C* H
of Tyr), 3.66 (s, 3H, -OCHs), 3.10-2.99 (m, 2H, CP H of Tyr) ppm; *C NMR
(100 MHz, DMSO-dg): ¢ =172.60, 166.19, 160.75, 159.60, 156.43, 134.25,
130.49, 128.09, 128.02, 123.53, 122.93, 115.54, 55.31, 52.44, 36.01 ppm; MS
(ESI): m/z calcd. for C17H15N304SeNa: 428.0125 [M+Na]*; found: 428.0179.
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Figure 3.4. *H NMR spectrum (400 MHz, DMSO-ds) of 13.
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Figure 3.5. 13C NMR spectrum (100 MHz, DMSO-dg) of 13.
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Figure 3.6. ESI-MS spectrum of 13.

3.2.3.3. Synthesis of BSeY-OH (14): The solid compound 13 (0.7 g, 1.73 mmol)
was dissolved in 30 mL distilled methanol and allowed to react with a solution of
3 mL (IN) NaOH solution. The reaction mixture was stirred. The hydrolysis
progress was monitored by thin layer chromatography. After the completion of
the reaction, the methanol was evaporated to dryness and diluted with 40 mL
milli-Q water. Then, the water mixture was taken in a separating funnel and
slowly washed with diethyl ether (2x20 mL). The aqueous layer was collected
and cooled in an ice bath. Then, the cooled agueous solution was acidified with
1IN HCI. The pH of aqueous solution was adjusted to 2 and the product was
extracted with ethyl acetate (3x30 mL). The ethyl acetate layer was dried over
anhydrous Na;SO4 and evaporated under reduced pressure to obtain a solid
compound 14. Yield = 0.61 g (1.56 mmol, 91%); *H NMR (400 MHz, DMSO-
de): 6 = 12.77 (s, 1H, -COOH), 9.19 (s, 1H, OH of Tyr), 8.99-8.97 (d, J = 7.84,
1H, -NH), 8.33 (s, 1H, BSe), 7.91-7.85 (dd, J = 9.76, 9.68, 2H, BSe), 7.14-7.12
(d,J=7.76, 2H, Tyr), 6.67-6.65 (d, J = 7.80, 2H Tyr), 4.59 (s, 1H, C* H of Tyr),
3.13-2.95 (m, 2H, CP H of Tyr) ppm. *C NMR (100 MHz, DMSO-ds): 6 =
173.62, 166.14, 160.77, 159.67, 156.36, 134.57, 130.50, 128.58, 128.21, 123.51,
122.84, 115.52, 55.28, 36.05 ppm; MS (ESI): m/z calcd. for CisH13N3OsSe:
389.9993 [M-H]"; found: 390.0138.
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Figure 3.7. *H NMR spectrum (400 MHz, DMSO-ds) of 14.
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Figure 3.8. **C NMR spectrum (100 MHz, DMSO-ds) of 14.
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3.2.3.4. Synthesis of compound BSeYY-OMe (15): A solution of compound 14
(0.55 g, 1.40 mmol) and HOBt (0.230 g, 1.69 mmol) was stirred in DMF (2 mL).
A neutralized solution of H;N-Tyr-OMe was extracted from its corresponding
hydrochloride salt. It was concentrated for addition to the reaction mixture drop
by drop followed by coupling agent N, N’-dicyclohexylcarbodiimide (0.35 g, 1.69
mmol) in ice cold condition and allowed to stir for 12 h. The TLC was used to
confirm the product formation. The reaction mixture was diluted with acetonitrile
solvent and, filtered it by sintered glass funnel to remove the DCU. The excess
acetonitrile was evaporated by rotary evaporator. Then, the reaction mixture was
diluted by the ethyl acetate. After that, the organic layer was washed with 1N
HCI (3x30 mL), saturated Na,COs (3x30 mL) and again with brine. The organic
layer was dried over Na,SO, and evaporated under vacuum by rotary evaporator
to yield solid compound 15. The flash chromatography was used to purification
of compound 15 with ethyl acetate and hexane as eluent. Yield = 0.59 g (1.04
mmol, 74%): *H NMR (400 MHz, DMSO-dg): § = 9.19 (s, 1H, OH of Tyr), 9.15
(s, 1H, OH of Tyr), 8.84-8.82 (d, J = 8.08 Hz, 1H, -NH), 8.47-8.45 (d, J = 6.76
Hz, 1H, -NH), 8.31 (s, 1H, BSe), 7.89-7.82 (dd, J = 9.16, 9.08 Hz, 2H, BSe),
7.16-7.14 (d, J = 7.60 Hz, 2H, Tyr), 7.03-7.02 (d, J = 7.60 Hz, 2H, Tyr), 6.65-
6.63 (d, J = 7.60 Hz, 4H, Tyr), 4.72, (s, 1H, C* H of Tyr), 4.45-4.43 (d, J = 6.28
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Hz, 1H, C*H of Tyr) 3.59 (s, 3H, OCHj3), 3.02-2.83 (m, 4H, CPH of Tyr) ppm;
13C NMR (100 MHz, DMSO-dg): 6 = 172.44, 172.01, 165.99, 160.75, 159.68,
156.53, 156.23, 134.73, 130.60, 130.54, 128.74, 128.34, 127.50, 123.38, 122.85,
115.57, 115.36, 55.54, 54.60, 52.30, 36.73, 36.40 ppm; MS (ESI); m/z calcd. for
Ca6H24N4OsSeNa: 591.0759 [M+Na]* ; found: 591.0871.
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Figure 3.10. *H NMR spectrum (400 MHz, DMSO-ds) of 15.
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Figure 3.11. **C NMR spectrum (100 MHz, DMSO-dg) of 15.
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Figure 3.12. ESI-MS spectrum of 15.

3.2.3.5. Synthesis of compound BSeYY (3): Compound 15 (0.40 g, 0.70 mmol)
was dissolved in 30 mL distilled methanol. The solution was allowed to stirred
for 5 h with adding 2 mL NaOH (1N) solution. The hydrolysis progress of the
reaction was monitored by TLC. After completion the reaction, the methanol was
evaporated by rotary evaporator. The residue was diluted with 40 mL milli-Q
water and taken in a separating funnel. The aqueous layer was slowly washed
with diethyl ether (2x20 mL). The aqueous layer was cooled in ice bath and
adjusts the pH 2 by using 1IN HCI. The aqueous reaction mixture was extracted
with ethyl acetate (3x30 mL). The ethyl acetate layer was dried over anhydrous
Na,SO4 and evaporated under reduced pressure with rotary evaporator to yield a
brownish solid compound 3. Yield = 0.34 g (0.61 mmol, 87%). 'H NMR (400
MHz, DMSO-ds) 0 = 12.72 (s, 1H, -COOH), 9.24 (s, 1H, OH of Tyr), 9.20 (s,
1H, OH of Tyr), 8.88-8.86 (d, J = 8.52 Hz, 1H, -NH), 8.34 (s, 1H, BSe), 8.31-
8.29 (d, J =7.72 Hz, 1H, -NH), 7.93-7.85 (dd, J = 9.32, 9.24 Hz, 2H, BSe), 7.20-
7.18 (d, J = 8.08 Hz, 2H, Tyr), 7.09-7.07 (d, J = 7.92 Hz, 2H, Tyr), 6.68-6.66 (d,
J=6.52 Hz, 4H, Tyr), 4.76-4.72 (m, 1H, C* H of Tyr), 4.46-4.41 (m, 1H, C*H of
Tyr), 3.07-3.00 (m, 2H, CPH of Tyr), 2.92-2.87 (m, 2H, CPH of Tyr) ppm; *C
NMR (100 MHz, DMSO-de): ¢ = 173.37, 171.85, 165.99, 160.73, 159.66,
156.43, 156.19, 134.74, 130.59, 128.77, 128.33, 127.89, 123.37, 122.82, 115.49,
115.36, 55.67, 54.41, 36.69, 36.37 ppm; MS (ESI); m/z calcd. for CzsH22N4OsSe:
553.0626 [M-H]"; found: 553.0638.
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Figure 3.13. *H NMR spectrum (400 MHz, DMSO-ds) of 3.
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Figure 3.14. *3C NMR spectrum (100 MHz, DMSO-dg) of 3.
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Figure 3.15. ESI-MS spectrum of 3.

3.3 Results and discussion

3.3.1 Synthesis and characterization of organic-inorganic nanchybrids
In-situ electrodeposition technique was used for the fabrication of nanohybrid
electrodes (Scheme 3.2). In this process, Co(NOs)..6H.O (0.08 mol) and a
synthesized BSe protected dipeptide (BSeYY) (1 mmol) were mixed in
water/dimethyl sulphoxide (DMSO) (1:1) solution. Before the electrodeposition
of nanohybrid material, a piece of CP substrate was cleaned with 1N HCI, Milli-
Q water and ethanol for 10 min and dried at 50 °C for 6 h. The potentiostat was
used for the electrodeposition with conventional three electrode cell
configuration. The Pt wire (counter), Ag/AgCl (reference) and pretreated CP
(working electrode, 1 cm x 2 cm) were used in electrodeposition. The
electrodeposition was conducted at constant negative potential -0.9 V for 20 min
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at the water bath at a temperature of 65 °C. Finally, the resulted thin film was
washed with milli-Q water (3 times), ethanol (3 times) and dried at 60 °C
overnight prior to use for electrochemical analysis. The active mass loading on
substrate was calculated gravimetrically by measuring the weight difference of
CP before and after deposition. The active material mass loading on the carbon
paper substrate was 1.1 mg. The BSeYY/Co(OH)./CP nanohybrid was formed
due to the electrochemical reactions and deposition.[?23%421 The reactions have
been proposed as follows;

NOz + H,0 +2e~ - 20H™ + NO3 (1)

Co?* + 20H™ - Co(OH),

Potentiostat
WE RE CE

Co(NO,),.6H,0
+
BSeYY

cP Electrochemical setup BSeYY/Co(OH),/CP
(carbon paper) Q -1 and non-covalent
-)koH o Coz interactions
—_— lk%
NO; ———— NO, +20H" =
Co?*
by CO(OH),,

Scheme 3.2. A representation for nanohybrid electrode fabrication using
electrodeposition technique.

FTIR spectroscopy was carried out to analyze the changes of the functional
groups present in BSeY'Y after the synthesis of nanohybrid. Figure 3.16a shows
the characteristic absorption peaks in the region of 3200-3600 cm™ due to
stretching vibration of O-H bonds. %51 The peak at 1640 cm™ is assigned to the
C=0 stretching vibration present in BSeYY/Co(OH)./CP nanohybrid.®* The
FTIR spectrum of BSeY'Y/Co(OH)./CP exhibits the peaks at 600-650 cm™ due to
the bending of Co-OH.F?Z It is noteworthy that the peak of carboxylic acid group
at 1715 cm™ is disappeared in hybrid material due to the interaction between
metal and carboxylate ions.53

Raman analysis was conducted to identify the chemical compositional feature of
the BSeY'Y/Co(OH)./CP nanohybrid. The prominent Raman bands appear in the
Raman spectrum of nanohybrid (Figure 3.16b). The BSeYY/Co(OH)./CP shows
a band at 197 cm? corresponding to F,g mode. The O-Co-O bending band
appears at 482 cm™.%¥ The band at 522 cm is ascribed to CoO (Ay) symmetric
stretching mode.® The band at 482 cm is ascribed to E; mode. A band at 620
cm? is attributed to Fo3 mode and 690 cm™ is ascribed to more polarized Asq
(CoO) symmetric stretching mode.[*4:54-561
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Figure 3.16. (a) FTIR spectra of the peptide BSeYY and BSeYY/Co(OH)./CP
nanohybrid. (b) Raman spectrum of deposited BSeYY/Co(OH). nanohybrid on

CP.

The XPS survey was conducted to characterize the chemical composition and
electronic state of the hybrid material. The XPS survey profile (Figure 3.17a)
unveils the presence of Co, O, N, C and Se elements which are more consistent
with the EDX analysis.[* The high resolution XPS spectrum of the cobalt shows
(Figure 3.17b) two high intensity peaks located at around 781.1 and 796.6 eV
due to Co 2ps2 and 2p1s, spin-orbit separation respectively. The spin-orbit energy
separation between two major peaks is observed at the binding energy of 15.5

eVv.
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(a) ‘S- %l @ (b) — COZPS/Z s
R ° o —— Co2p,, Sat. (g
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Figure 3.17. (a) XPS survey spectrum of BSeYY/Co(OH),/CP nanohybrid. Core
level analysis of (b) Co 2p, (c) Cls and (d) O1s.

94



Chapter 3

—— Raw data (b) Se3d

—C=N

—~
Q
N

—C-N
—— Cumulative fit data

Intensity (a.u.)
Intensity (a.u.)

404 400 396 70 60
Binding energy (eV) Binding energy (eV)

Figure 3.18. High resolution XPS spectra of (a) N 1s and (b) Se 3d for
BSeYY/Co(OH)./CP nanohybrid.

The low intensity and broad peaks appeared at 786.3 and 802.8 eV correlating
with the satellite peaks of Co 2ps» and 2pi» respectively, which confirm the
divalent state of cobalt ions.[5257581 The core level C 1s spectrum (Figure 3.17c)
consists of four fitted peaks including C=C (284.6 eV), C-C (285.2 eV), C-
OH/C-N (286.0 eV), and C=0 (288.5 eV).[2>57% The core level O 1s spectrum is
shown in Figure 3.17d. The well fitted peaks at the binding energies of 531.3
and 532.8 eV are originated from O-H of Co-OH and O-C=0 respectively.?
The high resolution N 1s spectrum (Figure 3.18a) mainly displays two
prominent fitted peaks, which are assigned to C=N (398.2 eV) and C-N (400.2
eV). The Figure 3.18b shows a peak for Se 3d at the binding energy of 58 eV.
The XPS results confirm the formation of BSeYY/Co(OH). based hybrid
material.

FE-SEM study was conducted to examine the surface morphology of the
nanohybrid materials. Figure 3.21a shows that the petal-like sheets are
interconnected and interlaced to constitute open framework-like structures. The
electrodeposited nanohybrids show uniform flower-like surface morphology
which help to enhance the contact with electrolytic ions during the
electrochemical measurements.

0 2 4 6 ] 10 12

Full Scale 3283 cts Cursor; 0.000
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Figure 3.19. EDS analysis of BSeYY/Co(OH),/CP nanohybrid.

The energy dispersive X-ray (EDX) spectroscopy (Figure 3.19) and elemental
mapping analysis (Figure 3.20) were conducted to elucidate the chemical
composition and elemental distribution of the compound respectively. The EDX
and elemental mapping analysis suggest that the nanohybrid material is
composed of Co, C, N, O and Se elements. It is observed that all elements are
distributed uniformly.

Figure 3.20. Elemental mapping and corresponding SEM image of
BSeYY/Co(OH)2/CP nanchybrid.

The petal-like sheets of BSeY'Y/Co(OH)./CP nanohybrid stack to each other to
form flower-like structures which was further confirmed by the TEM
morphological characterization (Figure 3.21b). The average width of the
nanosheets is 2.6 nm. The hierarchical morphology could not only beneficial to
easy transport of the electrolyte ions but also promotes fast charge transport for
Faradic reactions on electrochemical interface. This type of morphology
facilitates the energy storage behavior.[5°
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at different resolutions.

Figure 3.22 shows X-ray diffraction (XRD) profile of the hybrid material. The
absence of additional peaks in electrodeposited BSeYY/Co(OH),/CP nanohybrid

as compared to bare CP is ascribed to the amorphous nature of the nanohybrid. -
63]

’:'; — BSeYY/Co(OH),/CP
w
2
[
g
=
J —— Bare Carbon Paper
N
20 30 40 50 60 70 80
20 (Degree)

Figure 3.22. XRD pattern of electrodeposited BSeYY/Co(OH),/CP nanohybrid
and bare carbon paper (CP).

The selected area electron diffraction (SAED) pattern (Figure 3.23) confirms the
amorphous nature of the hybrid nanomaterial.[28.64
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Figure 3.23. Selected area electron diffraction of the electrodeposited hybrid
material.

The expensive binder-free method does not minimize the inactive surface area
but also reduces the extra contact resistance during the electrochemical analysis.
In this work, In-situ potentiostatic electrodeposition method was used to
synthesize binder-free BSeYY/Co(OH)2/CP nanohybrid. In electrodeposition
process, the NOs™ gets reduced in the solution to generate NO, and OH" on
applied potential. The Co?* ions react with carboxylate ions of dipeptides and
OH- ions on the electrode surface using Coulombic attractions resulting in the
formation of sheet-like nanostructure over CP surface. Structurally, the peptide
molecule (BSeYY) is constituted with N-capped benzoselenadiazole ring,
peptide backbone and a carboxylic acid group. Carboxylate anions of peptide
molecules facilitate the interaction with Co?* ions. However, the aromatic rings
and amide groups in the peptides could induce the attractive hydrogen bonding
and m-m stacking interactions which provide the structural stability to the
nanohybrid. It enhances the structural stability of the nanohybrid during fast
Faradic reaction and improves the electrochemical active sites. The sheet-like
nanostructures crosslink with each other for the construction of flower like
morphology.

The nitrogen adsorption/desorption measurements were conducted to investigate
specific surface area and porous structure of the prepared materials (Figure
3.24). The obtained surface area and pore size characteristics are summarized in
Table 3.1. Based on the IUPAC classification, the obtained isotherm is classified
as Type 4 isotherms with slit-like mesoporous structures.® The specific surface
area of BSeYY and BSeYY/Co(OH); are calculated as 3.775 m? g and 6.699 m?
gl respectively using standard multipoint Brunauer-Emmett-Teller (BET)
method.
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Figure 3.24. Nitrogen adsorption-desorption isotherm of (a) BSeYY and (b)
BSeYY/Co(OH). samples (the inset corresponds to BJH pore size distribution
curve).

Table 3.1. Summary of the BET surface areas and pore structures of BSeYY and
BSeYY/Co(OH)..

Sample Sger (M? gt) | Pore Volume (cm®g?) | Pore Diameter
(nm)

BSeYY 3.77 0.009 3.80

BSeYY/Co(OH), | 6.70 0.082 3.79

Moreover, the BSeYY/Co(OH), and BSeY'Y exhibit ~0.082 cm® g and ~0.009
cm® gt pore volume according to the Barrett-Joyner-Halenda (BJH) pore size
distribution at the desorption branch respectively. The BSeYY/Co(OH),
nanohybrid exhibit narrow pore-size distribution with a peak pore size of ~3.79
nm, which is shown in insets Figure 3.24b. All the results suggest that the
BSeYY/Co(OH). composite has excellent textural properties for the efficient
charge storage process by providing more number of electrochemical active
sites, 16569

3.3.2 Electrochemical performance of the hybrid material.

Electrochemical surface area (ECSA) determines the surface area of electrode
material in electrolytic solution, which is as an effective way for the estimation of
active surface area. The electrochemical double layer capacitance (Cq) of
nanohybrid in non-Faradic regions was used to estimate the ECSA of
electrodeposited BSeYY/Co(OH). nanohybrid. The Ca (Figure 3.25b) of the
BSeY'Y/Co(OH), nanohybrid was calculated using capacitive current densities vs
scan rates (Figure 3.25a). The ECSA of nanohybrid was calculated using
equation (5);

ECSA = Cq/Cs (®)

where, Cs is specific electrochemical double layer capacitance of flat surface
with 1 cm? of real surface area. Here, Cs is 0.04 mF cm? for flat surface.[53 A
straight line slope representing the Cq of nanohybrid was obtained by varying
current densities in relation to scan rates (Figure 3.25b). The Cg of the
BSeYY/Co(OH); nanohybrid is 0.329 mF cm2 with an ECSA of 8.22 cm?. The
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high capacitive behavior of nanohybrids can be ascribed to their large active
surface area.
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Figure 3.25. (a) CV diagrams of BSeYY/Co(OH)./CP within the range of 0.49-
0.6 V at scan rates of 5, 10, 15, 20, 25, 30, 40, 50 and 60 mV s respectively. (b)
Linear relationship between current density (corresponding to 0.59 V) and scan
rate.

The electrochemical performances of the fabricated BSeYY/Co(OH)./CP
electrode were evaluated to determine the redox and capacitive behavior in 1M
KOH and LiOH electrolytes using three electrode system. Cyclic voltammetry
(CV) was conducted in the range of the potential window -0.15 to 0.45 V in 1M
KOH solution (Figure 3.26a) and 1M LiOH solution (Figure 3.28a) at different
scan rates. The possible chemical reaction is mentioned as follows considering
the surface redox peaks.

Co(OH), + OH™ = CoOOH + H,0 + e~ 3)

The anodic and cathodic redox peaks appear due to the intercalation and
deintercalation of the ions.["™ The high symmetric reversibility of the redox peaks
exhibit the Faradic behavior of the BSeYY/Co(OH)./CP nanohybrid. The
galvanostatic charge-discharge (GCD) of BSeYY/Co(OH),/CP electrode was
examined in 1M KOH (Figure 3.26b) and 1M LiOH (Figure 3.28b) electrolytes
to know the capacitive properties at various current densities. The following
equation is used to evaluate the specific capacitance (Cs) of the three electrode

setup:®

_ IXAt -1
Cs =19 (p g1y @

where AV (V) denotes the discharge potential window excluding IR drop, | (A)
represents discharge current, At (s) is the discharge time and m (g) is the mass of
active material.

The Cs of the BSeY'Y/Co(OH),/CP electrode at 1, 2, 3, 5, 7, 10 and 15 A gt in
1M KOH (Figure 3.26b) and 1M LiOH (Figure 3.28b) electrolytes are
calculated as 974.78, 914.12, 887.51, 862.57, 844.05, 835.42, 756.85 F g and
441.23, 436.31, 431.50, 421.53, 410.94, 398.71, 364.43 F g respectively. The
transport properties of charge carriers within the electrode were evaluated using
electrochemical impedance spectroscopy (EIS). EIS analysis was carried out in
1M KOH over the frequency range from 100 kHz to 0.1 Hz shown in Figure
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3.26¢. The EIS spectrum of BSeYY/Co(OH)./CP nanohybrid consist of a linear
line at lower frequency range and semicircle at higher frequency range. The
solution resistance (Rs) can be aroused due to the electrode/ electrolyte interface
resistance, the electrolyte resistance and the electrode contact resistance. The
diameter of semicircle at higher frequency level is generated due to the
participation of OH" ions in Faradic redox reaction on the electrodes indicating
the charge transfer resistance (R.). Warburg resistance, which appears owing to
OH- ion diffusion and transport in the electrolyte, is attributed to the straight line
at post-semicircle in the low frequency area. The BSeYY/Co(OH),/CP
nanohybrid electrode shows vertical line at lower frequency region
corresponding to ideal capacitive behaviors.['%72781 The GCD cycling
performance (Figure 3.26d) of BSeYY/Co(OH),/CP hybrid electrode is obtained
with 78.62% capacitance retention after 3000 cycles at 18 A g* in 1M KOH
electrolyte solution. Figure 3.27a represents the comparative CV analysis of the
BSeYY/Co(OH)./CP hybrid electrode and bare CP electrode in 1M KOH and
1M LiOH electrolytes. It is noteworthy that hysteresis area of
BSeYY/Co(OH)2/CP in 1M KOH is higher as compared in 1M LiOH electrolyte
and bare CP electrode in 1M KOH electrolyte. The GCD (Figure 3.27b) of
BSeYY/Co(OH),/CP and bare CP was performed in 1M KOH and 1M LiOH
electrolytes. BSeYY/Co(OH)./CP electrode exhibits enhanced performance in
1M KOH than 1M LiOH at a constant current density of 1 A g, whereas bare
CP shows negligible capacitive properties in 1M KOH electrolyte. The larger
hysteresis area and enhanced capacitive properties of BSeYY/Co(OH)./CP
electrode in 1M KOH than 1M LIiOH are attributed to the better access and
intercalation/deintercalation of the electrolytic ions.*%¢! The fitted EIS spectrum
of the BSeYY/Co(OH)/CP in 1M LiOH is shown in Figure 3.27c. The
calculated Rs values for the BSeY'Y/Co(OH)2/CP electrode are 1.56 Q and 1.78 Q
in 1M KOH (Figure 3.26¢c) and 1M LiOH (Figure 3.27c) electrolytes
respectively. The values of R¢ in 1M KOH and LiOH are 2.20 Q and 7.01 Q
respectively. The lower value of R¢ in 1M KOH electrolyte suggests that the
transfer and mobility of electrolytic ions are favorable in 1M KOH than 1M
LiOH electrolyte due to the smaller size of hydrated sphere of ions.[“*727 Figure
3.27d displays the Cs vs current density plot of BSeY'Y/Co(OH)./CP electrode
performed in 1M KOH and LiOH electrolytes. The Cs of the hybrid electrode
decrease with the increase in current densities due to the minimum time to
respond for the active material and less utilization of the electrochemically active
sites. The capacitive ability of BSeYY/Co(OH)./CP in 1M KOH electrolyte is
higher than the 1M LiOH electrolyte at 1 A g. The hydrated ionic radius of the
Li* ions is larger than hydrated K* ions (rLi*(H20)* > rK*(H.0)%) which creates
hindrance in ionic mobility and intercalation/deintercalation of the ions during
electrochemical performances.“*4%61 Therefore, BSeYY/Co(OH),/CP hybrid
electrode exhibits largest Cs and low solution and charge transfer resistance in
1M KOH as compared to 1M LiOH. The BSeYY/Co(OH)./CP hybrid electrode
exhibits higher electrochemical performance as compared to recently developed

101



Chapter 3

cobalt hydroxide and organic-inorganic hybrid based electrodes.
electrochemical activity of cobalt based nanomaterials and hybrids has been
compared with BSeY'Y/Co(OH). nanohybrids in Table 3.2.05450.71.74-77]
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Figure 3.26. (a) CV curves of BSeYY/Co(OH)2/CP in 1M KOH at different scan
rates. (b) GCD curves of BSeYY/Co(OH),/CP at 1, 2, 3, 5 and 7 A g* current
densities. (c) EIS Nyquist plot in the range of 0.1-10° Hz. (d) Cyclic stability
curve of BSeY'Y/Co(OH),/CP electrode at 18 A g.
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Figure 3.27. (a) CV curves of BSeYY/Co(OH)./CP nanohybrid and bare
electrodes at 50 mV s in 1M KOH and LiOH electrolytes. (b) GCD profiles of
BSeYY/Co(OH)./CP and bare electrode at 1 A g* in 1M KOH and LiOH
electrolytes. (c) EIS Nyquist plot in the range of 0.1-10° Hz and their circuit fit in
1M LiOH electrolyte. (d) Cs vs current density plots of BSeYY/Co(OH)./CP
compared in 1M KOH and LiOH electrolytes.
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Figure 3.28. Electrochemical analysis of BSeYY/Co(OH)./CP electrode in 1M
LiOH aqueous electrolyte. (a) CV curves at 5, 10, 20, 30, 40 and 50 mV s scan
rates. (b) GCD curves of BSeYY/Co(OH)./CP electrode at various current
densities.

Table 3.2. A comparison with recently developed cobalt hydroxides/oxides and
organic inorganic hybrid electrode materials and electrochemical performances

Cycle number &
S. Electr_ode Specn‘_lc Curr_ent Electrolyte | %  capacitance | Ref.
No. | materials | capacitance | density ]
retention
1 [ Co0OH: |6k gt 2Ag! |1MKOH 53
rods
2 g‘l’\l(gH)Z/ 693.8Fg! |[2Ag! |1MKOH |3000and91.9% |58
3 rcg(()OH)z' 734 F g 1Ag! |2MKOH |1000and95% |65
MOF-
4 derived 6045F g* 0.1Ag*' | 6MKOH 2000 and 70% 69
Co(OH);
Flower-
5 like 429 F g* 1Ag? 2 M KOH 70
Co(OH):
6 Co(OH), |416Fg* 1Ag! |2MKOH |500and93% 71
7 | cobalt 427 C gt 1Ag! |1MKOH 72

103




Chapter 3

oxides/hy
droxides

BSeYY/
8 | Co(OH). | 974.78Fg® |1Ag! |1MKOH | 3000 and 77.62%
CP

A gel was prepared by the addition of 2 g polyvinyl alcohol (PVA) and 1.2 g
KOH in 20 mL deionized water. The mixture was heated and stirred at 80 °C till
the solution became transparent. The fabricated two electrodes were dipped in
PVA/KOH gel for 3-4 min. To assemble symmetric solid state device, two
BSeYY/Co(OH)./CP electrodes were separated using Whatman filter paper
(Scheme 3.3) and placed in a Swagelok cell for -electrochemical
characterization.[*!

PVA/KOH n !
w coated hybrid .

5 S electrode | J
=0
= © —
§ (Y ey — 1m
EC OH- K W= , :
o o —
=2

PVA/KOH

coated hybrid Swagelok cell

electrode

[

Scheme 3.3. A representation for the construction of solid-state symmetric
supercapacitor device.

3.3.3. Electrochemical analysis of the assembled device.

The electrochemical analysis of the assembled device was assessed using the
combination of CV, GCD and EIS techniques. Figure 3.29a shows the CV
curves for the assembled device at different scan rates (from 10 to 150 mV s?)
within the potential window of 0.0 to 1.6 V. The cyclic voltammograms exhibit a
nearly symmetric redox peaks at scan rate of 150 mV s, which is an indicative
of excellent contact with the electrolytic ions and high electric conductivity. The
current response of the CV increases with increase in scan rate and vice-versa.
CV voltammograms of different potential window 1.0 to 1.6 V at 50 mVs™ scan
rate are shown in Figure 3.29b. GCD (Figure 3.29c) measurements were
performed at wvarious current densities which exhibit good capacitive
performance for the assembled device. The Figure 3.29d shows GCD profiles at
different potential window ranging from 1.0 to 1.55 V at 1 A g™. These results
indicate that the capacitance of the device decreases with the decrease in
potential window. The Cs versus current densities are plotted based on the
equations 7 and 8 (Figure 6e). The values of power density (P) and energy
density (E) are important criteria for the assessment of constructed symmetric
supercapacitor device. The Cs (F g?%) , P (W kg?') and E (Wh kg?) of the
symmetric solid state device were estimated using following equations:[® 8
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2IXAt

— -1
Cs= 2% (Fg) (6)
__ 1 2 -1
iy Cs X AV- (Whkg™) (7)
P= 3'6Aj £ %1000 (W kg™!) (8)

Here, | (A) stands for discharge current, At stands for discharge time (s), m () is
active material mass on one electrode and AV (V) is the potential window after
ohmic drop.
The symmetric device shows a maximum energy density of 16.35 Wh kg? at 0.5
A g! and higher power density of 617.37 W kg* at 2 A g The cycling
durability of the device was tested via GCD at a current density of 2 A g™. The
capacitor device exhibits 81.04% retention of their initial capacitance after 5000
cycles (Figure 3.29f). For the practical applications, the symmetric solid-state
device was constructed to light up a LED (Scheme 3.2). Two assembled devices
were arranged in a series for light up a LED (Figure 3.30) for few seconds. The
device works in the range of 2.8-3.2 \.[27980]
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Figure 3.29. (a) CV of the BSeYY/Co(OH),/CP based symmetric supercapacitor
obtained at various scan rates within potential window of 0.0 to 1.6 V. (b) CV
curves for BSeYY/Co(OH),/CP measured in different potential window at 50
mV s scan rate. (c) GCD profiles of symmetric SCs device at different current
densities. (d) GCD profiles of symmetric SCs device with upper voltage limit
values ranging from 1.0 to 1.55 V at fixed current density of 1 A g*. (e) Cs vs
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current density plot of symmetric capacitor device at various current densities. (f)
Cyclic stability of symmetric SCs device at constant current density 2 A g* for
5000 cycles.

150 sec : 180 sec

Figure 3.30. The photographs show LED lighted by BSeYY/Co(OH),/CP
symmetric solid state devices assembled in a series.

3.4 CONCLUSION

In summary, a dipeptide based nanohybrid material was synthesized using
electrodeposition process on carbon paper without any binder. The
electrochemical analyses were performed to know the redox and capacitive
behavior of the synthesized hybrid material in 1M KOH and 1M LiOH aqueous
electrolytes. The prepared BSeYY/Co(OH)./CP nanohybrid achieved an
outstanding capacitance of 974.78 F g at 1 A g* current density and 78.62%
capacitance retention after 3000 cycles at 18 A g. The fabricated all solid-state
symmetric SCs device with PVA/KOH electrolyte exhibited maximum energy
density of 16.35 Wh kg™ at 0.5 A g* and highest power density of 617.37 W kg*
at 2 A gt with excellent cyclic stability (81.04%) even at 5000 cycles. The
lightening of the LED was demonstrated the excellent findings of peptide-based
hybrid material. These findings indicate that the peptide-based supercapacitor
device offers uppermost importance for the ever-growing green and implantable
energy storage applications.
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4.1 Introduction

The researchers are engaged to develop sustainable and effective energy storage
materials and technologies due to the rising demand of energy and the quick
depletion of natural resources. Therefore, several electrochemical energy storage
systems including fuel cells, batteries, supercapacitors and electrolyzers have
been thoroughly studied to produce and store more energy.?2 The
electrochemical capacitors (ECs) or supercapacitors meet all requirements by
virtue of their rendering high power density, rapid charge-discharge process and
long term performance. The primary component of electrochemical devices are
the electrode materials. Therefore, the control over micro and nanoscale
architectures and the optimized concentration of the materials are important in
electrochemical processes for efficient ion and electron transportation at the
electrode-electrolyte interface, which improves the electrochemically active sites
and facilitates the intercalation/deintercalation of the ions.[***®1 Therefore, sol-
gel, atomic layer deposition, hydrothermal, solvothermal, electrodeposition
methods have been used to synthesize efficient materials including metal oxides,
sulphides, nitrides, hydroxides, conducting polymers and organic-inorganic
hybrid materials.[36816-251 However, the electrodeposition method enables low-
cost, simple handling, binder free, controlled growth and uniform distribution to
exploit the high surface area and exposes more electrochemically active sites for
smooth electrolyte ions diffusion and transport of electrons during
electrochemical measurements to achieve high energy storage property. [
Moreover, sustainable bio-derived nanomaterials have attracted enormous
attention due to their eco-friendly, easy to handle, light weight, renewable and
highly stable properties.?-?l The fabrication of nanohybrid materials with
distinct characteristics and functions could be achieved by the cross-linking of
organic and inorganic components. The aromatic rings and heteroatoms in the
organic molecules can enhance the intermolecular interactions through =n-m
stacking, hydrogen bonding and Van der Waals interactions, which stabilize the
nanoscale architecture of the nanohybrids through the self-assembly process.
Moreover, the use of non-precious metals with organic moiety to fabricate
organic-inorganic hybrid electrode materials with distinctive architectures is one
of the most promising, economical and environmentally friendly solutions in the
field of energy storage and conversion.["812183034  The asymmetric
supercapacitors exhibit better energy density than simple supercapacitors.
However, balancing the charges between the cathode and anode involves a
number of complex steps. Therefore, symmetric supercapacitors have benefited
in this regard due to both electrodes are made of the same materials. In order to
maintain the high energy density of the device, it is necessary to employ the right
electrode and electrolyte while making symmetric supercapacitors. =3
Therefore, the organic molecules with acid functionalities have drawn a lot of
attention due to their ability to bind with inorganic moieties to form organic-
inorganic nanohybrid materials for electrochemical applications.%3-41 Herein,
we synthesized several nanohybrid electrodes by varying the metal salt
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concentrations via one pot galvanostatic electrodeposition method at room
temperature without any binders to achieve the best electrochemical properties of
synthesized nanohybrids. Among all the fabricated electrodes, the 2:2 hybrid
electrode exhibits better electrochemical properties due to the facile synergistic
characteristics and functionalities between organic and inorganic components,
which provide more electrochemically active sites. Moreover, all solid-state
symmetric devices (SSC) have been constructed by assembling two pieces of the
electrodeposited electrodes. The fabricated SSC device yields an energy density
18.27 Wh/kg at a power density of 571.97 W/kg. In addition, the device retained
85.25% of its initial capacitance at 7 A g* after 5000 cycles.

4.2 Materials and Experimental Methods

4.2.1 Materials

Selenium dioxide and 3,4-diaminobenzoic acid were purchased from Alfa Aesar
Pvt. Ltd. and L-tyrosine (Y), L-tryptophan (W), N,N -dicyclohexylcarbodiimide
(DCC), 1-hydroxybenzotriazole (HOBt) were purchased from SRL chemicals,
India. All chemicals were used without further purification. The solvents ethanol,
dimethyl sulfoxide (DMSO), hexane, ethyl acetate and N, N’ -dimethylformamide
(DMF) were purchased from Merck India Ltd. The solvents were dried and
distilled before used. The pre-coated silica gel thin layer chromatography
(Kieselgel 60 F2s4) plates were purchased from Merck K GaA. Ni(NO3)2.6H.0
and Co(NOs)..6H,O were purchased from SRL chemicals. Carbon paper (CP)
was obtained from Global Nanotech, Mumbai, India.

4.2.2 Methods

The Flash  Chromatography  (TELEDYNE ISCO, USA; model:
CombiFlash®Rf+) using silica gel (100-200 mesh) column was used to purify
the compound and their intermediates. The ethyl acetate/hexane solvents were
used as eluent. The NMR analysis was performed on Bruker AV 400 MHz
spectrometer in CDCl; and DMSO-ds and the concentration of the compound
was in the range of 5-10 mmol L. The positive and negative mode electrospray
ionization mass spectrometry was recorded on a Bruker micrOTOF-Q Il mass
spectrometer. The characteristic absorption of the functional group present in the
compound was carried out on a Bruker Tensor 27 FTIR spectrophotometer by
using KBr pellets. X-ray diffraction (XRD) analysis of the materials was
characterized by using a Bruker D, phaser X-ray diffractometer with Cu-Ka
irradiation (A = 1.54 A®). The Raman spectra were performed at room
temperature on Raman spectrometer (LabRAM HR Evolution, Horiba Scientific)
with a 633 nm He-Ne laser of 5 mW power. The compositions and oxidation
states of the element in the synthesized materials were studied using X-ray
photoelectron spectroscopy (XPS) using a PHI 5000, VersaProbe 111, Physical
Electronics. The Karl Zeiss JEOL FE-SEM was used to characterize the
morphology, EDS and elemental mapping of synthesized hybrid materials. The
morphology was further characterized by transmission electron microscope using
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a JEM-2100F, JEOL system. The BET of the synthesized materials was
characterized by Autosorb iQ3 (Quantachrome) gas sorption analyzer under N
adsorption at 77 K. Metrohm Autolab potentiostat (PGSTAT302N) was used to
perform all the electrochemical measurements.

4.2.3 Synthesis of organic component

[e

o]
H2N OH Se0, HCI, MeOH ,N\ OMe 1N NaOH _
> Se Dry MeOH
HN Reflux (70-80 °C) ~N/ Dry DMF DCC ry Me
2!

HOB, 0 °C

OH
N
OMe H
H,N
OMe _INNaOH \)kOH

S5 \ Dry DMF DCC / Dry MeOH
N HOBt, 0 °C N Compound4

Scheme 4.1. Synthetic procedure of compound 4.

4.2.4 Synthesis of compound 4

4.2.4.1 Synthesis of benzo[2,1,3]selenadiazole-5-carboxylic acid (6): 3,4-
Diaminobenzoic acid (1 g, 6.57 mmol) and selenium dioxide (1.46 g, 13.15
mmol) were refluxed in methanol (15 mL) and 1N HCI (10 mL) for 2 h at 80 °C.
The reaction mixture was cooled at room temperature and methanol was
evaporated by a rotary evaporator. The precipitate of the product was filtered by
sintered glass funnel (Borosil G4) with Milli-Q water. The faint pink colored
solid precipitate was dried in oven at 60 °C to yield 1.37 g (6.01 mmol, 91%) of
6.142431 1H NMR (400 MHz, DMSO-de): 6 8.43 (s, 1H, BSe), 8.00-7.91 (dd, 2H, J
= 9.32, 9.28 Hz, BSe); *C NMR (100 MHz, DMSO-ds): § 167.33, 161.17,
159.63, 131.66, 128.33, 125.86, 123.62; MS (ESI): m/z calcd. for C;HiN,O,Se:
226.9360 [M-H]; found: 226.9512.

Intens. m chem AKD-DS-77B-_RD3_01_5005.d: -MS, 0.5min #28

x104
226.9512 [M_H]'

0.8

0.6
/NﬁOH
Sg _
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0.2+

ool o . “ @Lllm i
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Figure 4.1. ESI-MS spectrum of 6.
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Figure 4.2. *H NMR spectrum (400 MHz, DMSO-ds) of BSe-OH (6).
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Figure 4.3. *C NMR spectrum (100 MHz, DMSO-ds) of BSe-OH (6).

4.2.4.2 Synthesis of BSeY-OMe (13): A solution of 1 g 6 (4.40 mmol) and
HOBt (714.1 mg, 5.28 mmol) was solubilized and stirred in 4 mL of DMF in a
100 mL round bottom flask. In the reaction mixture a neutralized solution of L-
tyrosine methyl ester was extracted from its corresponding hydrochloride salt
(2.04 g, 8.80 mmol) and added after concentrated by a rotary evaporator. The
coupling agent N, N -dicyclohexylcarbodiimide was added (1.09 g, 5.28 mmol) at
0°C and allowed to stir at room temperature for 12 h. After completion of the
reaction, the reaction mixture was diluted with acetonitrile solvent and filtered by
sintered glass funnel to remove the dicyclohexylurea (DCU). Then, the filtrate of
the reaction mixture was concentrated by using rotary evaporator. The
concentrated reaction mixture was diluted with ethyl acetate and washed with 1N
HCI (3%x30 mL), saturated Na,COs solution (3x30 mL) and saturated brine
solution (2x30 mL). The extracted ethyl acetate layer was dried over Na;SOa.
Solid brown colored compound of 13 was obtained after evaporating the solvent
under reduced pressure. Compound 13 was purified by using flash
chromatography. Yield = 1.56 g, (3.90 mmol, 87%); *H NMR (400 MHz,
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DMSO-ds): 6 9.42 (s, 1H, OH of Tyr), 9.32, 9.30 (d, J = 7.72, 1H, NH), 8.52 (s,
1H, BSe), 8.09-8.03 (dd, J = 9.52, 9.24 Hz, 2H, BSe), 7.31,7.29 (d, J = 8.32 Hz,
2H, Tyr), 6.86, 6.84 (dd, J = 8.32 Hz 2H, Tyr), 4.85-4.79 (m, 1H, C* H of Tyr),
3.84 (s, 3H, -OCHj3), 3.30-3.16 (m, 2H, CP H of Tyr); *C NMR (100 MHz,
DMSO-ds): & 172.77, 166.39, 160.92, 159.77, 156.59, 134.43, 130.66, 128.27,
128.19, 123.71, 123.09, 115.72, 55.48, 52.62, 36.18; MS (ESI): m/z calcd. for
C17H15N304SeNa: 428.0125 [M+Na]*; found: 428.0109.
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Figure 4.4. ESI-MS spectrum of BSe-Y-OMe (13).
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Figure 4.5. *H NMR spectrum (400 MHz, DMSO-ds) of BSe-Y-OMe (13).
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Figure 4.6. *C NMR spectrum (100 MHz, DMSO-ds) of BSe-Y-OMe (13).

4.2.4.3 Synthesis of BSeY-OH (14): 0.8 g (1.98 mmol) of the solid compound
13 was dissolved in 40 mL distilled methanol. The reaction mixture was allowed
to react with a solution of 5 mL (0.5 N) NaOH solution. The reaction mixture
was stirred and the progress of the hydrolysis was monitored by thin layer
chromatography. After the completion of the reaction, the excess methanol was
evaporated with a rotary evaporator till dryness and diluted with 30 mL milli-Q
water. Then, the aqueous mixture was taken in a separating funnel and slowly
washed with diethyl ether (2x20 mL). The aqueous layer was collected and
cooled in an ice bath. Then, the cooled aqueous solution was acidified with 1N
HCI. The pH of the aqueous solution was adjusted to 2 and the product was
extracted with ethyl acetate (3x30 mL). The ethyl acetate layer was dried over
anhydrous Na;SOs and evaporated by a rotary evaporator to obtain a solid
compound 14. Yield = 0.67 g (1.71 mmol, 87%); *H NMR (400 MHz, DMSO-
ds): & =9.40 (s, 1H, OH of Tyr), 9.18, 9.16 (d, J = 8.04, 1H, -NH), 8.51 (s, 1H,
BSe), 8.09-8.03 (dd, J = 9.4, 9.24, 2H, BSe), 7.33,7.30 (d, J = 8.12, 2H, Tyr),
6.86, 6.83 (d, J = 8.12, 2H Tyr), 4.80-4.74 (m, 1H, C* H of Tyr), 3.32-3.13 (m,
2H, CP H of Tyr). 3C NMR (100 MHz, DMSO-ds): & = 173.76, 166.32, 160.90,
159.80, 156.48, 134.71, 130.64, 128.71, 128.35, 123.66, 122.97, 115.66, 55.42,
36.18; MS (ESI): m/z calcd. for CigH12N304Se: 389.9993 [M-H]; found:
390.0381.
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Figure 4.7. ESI-MS spectrum of BSe-Y-OH (14).
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Figure 4.8. *H NMR spectrum (400 MHz, DMSO-ds) of BSe-Y-OH (14).
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Figure 4.9. 13C NMR spectrum (100 MHz, DMSO-ds) of BSe-Y-OH (14).
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4.2.4.4 Synthesis of compound BSeYW-OMe (16): The compound 14 (0.40 g,
1.02 mmol) and HOBt (0.166 g, 1.23 mmol) were stirred in DMF (3 mL) at ice
cold condition. A neutralized solution of L-tryptophan methyl ester was extracted
from its corresponding hydrochloride salt. It was concentrated at reduced
pressure for addition to the reaction mixture drop by drop followed by coupling
agent N,N’-dicyclohexylcarbodiimide (0.254 g, 1.23 mmol) in ice cold condition
and allowed to stir for 12 h at room temperature. After completion of the
reaction, the reaction mixture was diluted with acetonitrile solvent and filtered it
by sintered glass funnel (Borosil-G4) to remove the DCU. The excess acetonitrile
was evaporated at reduced pressure. Then, the reaction mixture was diluted by
ethyl acetate. After that, the organic layer was washed with HCI (1N, 3%x30 mL),
saturated Na,COs3 (3x30 mL) and again with brine (2x30 mL). The organic layer
was dried over Na;SO4 and evaporated under reduced pressure to yield a solid
compound 16. The flash chromatography was used to purification of compound
16 with ethyl acetate and hexane as eluent. Yield = 0.49 g (0.83 mmol, 80%): 'H
NMR (400 MHz, DMSO-dg): 6 10.97 (s, 1H, NH of Trp ), 9.23 (s, 1H, OH of
Tyr), 8.91, 8.89 (d, J = 8.4 Hz, 1H, -NH), 8.64, 8.62 (d, J = 7.24 Hz, 1H, -NH),
8.37 (s, 1H, BSe), 7.95-7.89 (dd, J = 9.44, 9.32 Hz, 2H, BSe), 7.59,7.57 (d, J =
7.6 Hz, 1H, Tyr), 7.41, 7.39 (d, J = 7.96 Hz, 1H, Tyr), 7.29-7.03 (m, 5H, Indole
side chain of Trp), 6.72, 6.70 (d, J = 8.24 Hz, 2H, Tyr), 4.85-4.64 (m, 2H, C*H of
Tyr and Trp), 3.65 (s, 3H, OCHs), 3.32-2.89 (m, 4H, CPH of Tyr and Trp); °C
NMR (100 MHz, DMSO-dg): 6 172.73, 172.16, 166.08, 160.78, 159.71, 156.25,
136.59, 134.77, 130.64, 128.78, 128.38, 127.59, 124.26, 123.38, 122.89, 121.50,
118.97, 118.49, 115.39, 111.95, 109.78, 55.66, 53.75, 52.38, 36.86, 27.47; MS
(ESI); m/z calcd. for CasH2sNsOsSeNa: 614.0919 [M+Na]*; found: 614.0702.
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Figure 4.10. ESI-MS spectrum of BSe-YW-OMe (16).
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Figure 4.11. *H NMR spectrum (400 MHz, DMSO-ds) of BSe-YW-OMe (16).
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Figure 4.12. *3C NMR spectrum (100 MHz, DMSO-ds) of BSe-YW-OMe (16).

4.2.4.5 Synthesis of compound BSeYW (4): Compound 16 (0.3 g, 0.51 mmol)
was dissolved in 25 mL distilled methanol. The solution was allowed to stir with
adding 4 mL NaOH (0.5 N) solution. The progress of the reaction was monitored
by TLC. After the completion of the reaction, the methanol was evaporated at
reduced pressure. The residue mixture was diluted with 30 mL milli-Q water and
taken in a separating funnel. The aqueous mixture was slowly washed with
diethyl ether (2x20 mL). The pH of the aqueous layer was adjusted 2 in cold
conditions with using HCI (1N). The product was extracted with ethyl acetate
(3x30 mL). The ethyl acetate layer was dried over anhydrous Na,SO, and
evaporated by a rotary evaporator to yield a yellowish solid compound 4. Yield =
0.25 g (0.43 mmol, 86%). *H NMR (400 MHz, DMSO-ds) 5 10.89 (s, 1H, NH of
Trp), 9.18 (s, 1H, OH of Tyr), 8.84, 8.83 (d, J = 8.25 Hz, 1H, -NH), 8.42, 8.40
(d, J = 6.65 Hz, 1H, -NH), 8.30 (s, 1H, BSe), 7.88-7.82 (dd, J = 9.30, 9.15 Hz,
2H, BSe), 7.58,7.56 (d, J = 7.40 Hz, 1H, Tyr), 7.35,7.33 (d, J = 7.80 Hz, 1H,
Tyr), 7.23-6.97 (m, 5H, Indole side chain of Trp), 6.66,6.64 (d, J = 7.40 Hz, 2H,
Tyr), 4.76-4.56 (m, 2H, C*H of Tyr and Trp), 3.28-2.86 (m, 4H, CPH of Tyr and
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Trp); 3C NMR (100 MHz, DMSO-dg): & = 173.74, 172.00, 166.04, 160.72,
159.66, 156.18, 136.53, 134.76, 130.60, 128.83, 128.34, 127.70, 124.12, 123.34,
122.82, 121.40, 118.88, 118.65, 115.34, 111.84, 110.15, 55.72, 53.52, 36.82,
27.45; MS (ESI); m/z calcd. for CyHNsOsSe: 576.0786 [M-H]; found:
576.0536.

Intens. ] -MS, 1.1min #66
OH
4000] 576.0536 [M-H]
3000 2 o
N
Ns N \.)]\OH
Sg _ H o z
20007 N
~ NH
1000
l 1153.1534 [2M-H]'
0 Al . ik
500 1000 1500 2000 2500 miz

Figure 4.13. ESI-MS spectrum of BSe-YW-OH (4).
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Figure 4.14. *H NMR spectrum (500 MHz, DMSO-ds) of BSe-YW-OH (4).
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Figure 4.15. *3C NMR spectrum (125 MHz, DMSO-ds) of BSe-YW-OH (4).
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4.3 Results and discussion

4.3.1 Procedure Through Electrodeposition: A new chemical formulated small
organic molecule BSeYW and the inorganic compounds Ni(NOs)..6H.O and
Co(NOs)..6H,O were used as precursor materials for electrodeposition. The
benzo[2,1,3]selenadiazole-capped tyrosine-tryptophan (BSeYW) based organic
molecule was synthesized by the solution phase synthetic method and well
characterized by NMR and mass spectrometry. A pretreated carbon paper (CP)
was used as a working electrode, which served as the backbone and current
collector. The treatment of the working electrode was carried out by 1N HCI,
Milli-Q water and ethanol with the assistance of ultrasonic washing. The three-
electrode system with CP (working electrode), platinum wire (counter electrode)
and Ag/AgCl (reference electrode) was used for the electrodeposition process.
The inorganic compounds (40 mM overall) and small organic molecule (2 mM)
were dissolved in 50 mL solvent (1:1 dimethyl sulphoxide and milli-Q water) for
the fabrication of electrodes. Several electrodes were electro-synthesized with a
constant concentration of the BSeYW (2 mM) and varying the concentrations of
Ni(NO3)..6H,0 and Co(NOs)2.6H20 metal salts as 40:0 (4:0), 0:40 (0:4), 30:10
(3:1), 20:20 (2:2) and 10:30 (1:3) by galvanostatic deposition with applying
constant current -1 mA/cm? for 480 seconds (Scheme 4.2). In the
electrodeposition process, the nitrate ions of the metal salts are reduced, which
increases the electrolyte pH and subsequently deprotonates the carboxylic acid
groups of organic molecule molecules by applying the current. Therefore, metal
ions bind with carboxylate groups to form nanohybrids which subsequently
deposit on the electrode substrate. The synthesized BSeYW/NCDH hybrid
electrodes were washed several times with Milli-Q water and ethyl alcohol to
avoid surface salt impurities. Then, the electrode was properly vacuum dried and
used for electrochemical analysis.

Scheme 4.2. Schematic diagram of the fabrlcatlon of BSeYW/NCDH nanohybrld
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The changes in vibrations of functional groups of BSeYW/NCDH nanohybrids
were analyzed by FTIR analysis (Figure 4.16). The stretching peak of -O-H
functional groups is assigned in the range 3300-3500 cm™. Furthermore, the peak
at 1721 cm is assigned in the BSeYW spectrum due to the stretching mode of
C=0 in the carboxylic acid group. However, this peak is disappeared in all
nanohybrid spectra due to the interactions of the metal-carboxylate ions.
Moreover, the prominent bands at 1642 and 1565 cm are attributed to amide
C=0 stretching and —N-H bending of the nanohybrids respectively. The
nanohybrids exhibit the vibrational mode of M-OH (M=Ni and Co) in between
600-700 cm.[44-47]

O-H stret. C=0 stret. N-H bend.M-OH stret.
(vi) T —1:3 H ./ ,\l
! W
8 —(\73\{/ —_2:2 1 : 1
) s AV aVan e g
Sl I
E (iif) —0:4 \L}M
0 W —4:0 1l 1
c ' i ;
© L_l—\__i/\, —— BSeYW ﬁ‘:’h \gf
S I WV
4000 ' 3000 2000 1000

Wavenumber (cm™)
Figure 4.16. FTIR spectra of (i) BSeYW and BSeYW/NCDH nanohybrids with
various Ni/Co ratios of (ii) 4:0 (iii) 0:4 (iv) 3:1, (v) 2:2 and (vi) 1:3 materials.
Figure 4.17 represents the XRD diffraction patterns of the synthesized
BSeYW/NCDH nanohybrids. No additional peak is observed except the peaks of
carbon paper in X-ray diffraction patterns due to the amorphous nature of the
synthesized materials.[*¢-5]
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Figure 4.17. XRD patterns of (i) bare CP and electrodeposited BSeYW/NCDH
nanohybrids with various Ni/Co ratios of (ii) 4:0, (iii) 0:4, (iv) 3:1, (v) 2:2 and
(vi) 1:3.
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The chemical compositional feature of BSeYW/NCDH was identified by Raman
spectroscopy (Figure 4.18). The nanohybrids show several peaks at 206, 466,
573, 618 and 663 cm™ indicative of Ni(OH), and Co(OH). phase. The band
appeared at 206 cm is assigned to F.g mode. The broad band at 466 cm™ is
ascribed to a Ni-OH/Co-OH symmetric mode. Similarly, the band located at 573
cm? indicates the asymmetric bending of the M-O bond. The band is appeared at
618 cm™ due to Fog mode. The Raman band at 663 cm™ is the indicative of Aig
symmetric mode of the cobalt hydroxide phase.[%5"]

206 466 573618 663

200 300 400 500 600 700 800
Raman Shift (cm™)
Figure 4.18. Raman spectra of BSeYW/NCDH nanohybrids with various

bending and stretching mode peaks in different Ni/Co ratios of 4:0, 0:4, 3:1, 2:2
and 1:3.

Intensity (A.U.)

The SEM characterization of the synthesized nanohybrids with different Ni-Co
ratio was conducted to analyze the morphology of the nanohybrids. The surface
of the CP is uniformly covered with various ratios of Ni-Co based nanohybrids as
shown in Figure 4.19. The architecture of the 2:2 (Figure 4.20a) BSeYW/NCDH
is formed with aggregated crosslinked network like architectures on the CP with
an average width of 20 nm. It is noteworthy that the numerous crosslinked
network-like architectures are more convenient for facile transport,
intercalation/deintercalation, the lowering of the electrode/electrolyte interface
contact resistance and enhance the electrochemically active sites to boost the
contact between electrode and electrolyte ions during the electrochemical
performances for the effective utilization of the active materials.

2 um
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Figure 4.19. SEM images of (a) bare CP and BSeYW/NCDH nanohybrids with
different Ni-Co ratios of (b) 4:0 (c) 0:4 (d) 3:1 (e) 2:2 and (f) 1:3.

Figure 4.20. (a) Crosslinked network-like SEM image of BSeYW/NCDH(2:2)
nanohybrid. (b) TEM image and inset of SAED pattern of BSeYW/NCDH(2:2)
nanohybrid with crosslinked architecture and amorphous nature. (c) High
resolution TEM image of BSeYW/NCDH(2:2) nanohybrid.

TEM image of BSeYW/NCDH(2:2) nanohybrid (Figure 4.20b) further discloses
the nanosheets stacking each other to generate network like structures and 2 nm
is the measured average width of the nanosheets. The interconnected network
like morphology would be highly desirable and convenient for facile ion
diffusion and fast electron transport during electrochemical measurements. 8
Furthermore, the halo diffused and broad ring is observed in a selected area
electron diffraction (SAED) pattern (inset of Figure 4.20b), which indicates the
amorphous properties of the hybrid materials.[**4?1  Additionally, the high
resolution TEM image (Figure 4.20c) does not exhibit the characteristic lattice
fringes due to the amorphous nature of the 2:2 nanohybrid material !

The EDX was performed to elucidate the chemical composition of the
nanohybrids as shown in Figure 4.21 for various nanohybrids. The
BSeYW/NCDH is composed of Ni, Co, O, N, C and Se elements.
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Full Scale 10114 cfs Cursor: 0.000

Figure 4.21 EDS analysis of BSeYW/NCDH nanohybrids with various Ni/Co
ratios of (a) 4:0 (b) 0:4 (c) 3:1 (d) 2:2 and (e) 1:3.

Moreover, elemental mapping analysis proves the composition of hybrid
materials as well as the uniform distribution of elements on the surface of the CP
substrate. It clearly indicates that all elements are uniformly distributed on the CP
substrates as depicted in Figures 4.22, 4.23, 4.24, 4.25 and 4.26 for 4:0, 0:4, 3:1,
2:2 and 1:3 nanohybrids, respectively.

(@) N

Figure 4.22 Elemental mapping and corresponding SEM image of
BSeYW/NCDH(4:0) nanohybrid.
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oL ____________ N\

Figure 4.23 Elemental mapping and corresponding SEM image of
BSeYW/NCDH(0:4) nanohybrid.
; ©

Figure 4.24 Elemental mapping and corresponding SEM image of
BSeYW/NCDH(3:1) nanohybrid.

O

Figure 4.25 Elemental mapping and corresponding SEM image of
BSeYW/NCDH(2:2) nanohybrid.
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Figure 4.26. Elemental mapping and corresponding SEM image of
BSeYW/NCDH(1:3) nanohybrid.

XPS was performed to investigate the elemental compositions and binding
energy of the elements present in the nanohybrids. The XPS survey spectrum
(Figure 4.27a) of BSeYW/NCDH(2:2) nanohybrid reveals the presence of Ni,
Co, C, O, N and Se elements. Figure 4.27b represents the core-level spectrum of
Ni 2p, which demonstrates the intense peaks of Ni 2pi, and Ni 2ps, at the
binding energies of 873.8 and 856.3 eV, respectively. Furthermore, the 17.5 eV
spin-energy separation between Ni 2pi2 and Ni 2ps» peaks demonstrates the
existence of Ni?* in BSeYW/NCDH(2:2). Moreover, Ni 2p spectrum is
associated with two satellite peaks positioned at 879.6 and 861.7 eV for Ni 2p1,
and Ni 2pa; respectively.*”% |n the case of the core level spectrum of Co 2p
(Figure 4.27c), a couple of main peaks are present at 797.5 and 781.6 eV and two
satellite peaks are located at 803.7 and 785.3 for Co 2p1, and Co 2ps, signals,
respectively. The spin-orbit splitting value between the main peaks of Co 2pi.
and Co 2ps; is determined as 15.9 eV, which confirms the characteristics of
Co?*.147% According to previously published research works and our findings,
the transition metal switches to a higher binding energy when it binds with the
carboxylate group of the organic moiety (M-O) than the M-O bond of M(OH).
materials. It is thought that the carboxylate group of organic moiety performs
better electron acceptor from the transition metal center. As a result, the M-O
bond of organic and inorganic materials has a higher binding energy than the M-
O bond between M(OH), containing materials.[**6621 The high resolution
spectrum of C 1s (Figure 4.27d) represents the binding energies of bonding
interactions. The peaks are assigned at 284.7, 285, 286 and 288.2 eV, which can
be attributed to C=C (sp?C), C-C (sp°C), C-O/C-N and O-C=0 bonding
interactions, respectively.5°64 The core-level spectrum of O 1s is displayed in
Figure 4.27e. The two fitted peaks are assigned at 531.4 and 532.8 eV for the
C=0/M-OH (M=Ni or Co) and C-O bonding interactions, respectively.[*"5
Furthermore, the N 1s signals in the N 1s high resolution spectrum (Figure 4.27f)
are centered at 398.2, 399.7 and 400.2 for C=N (benzoselenadiazole bonding
interaction), amide C-N and N-H interactions, respectively.*>65661 The Se 3d
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spectrum (Figure 4.28) shows the peak at 61.6 eV for the N-Se-N bonding
interaction.
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Figure 4.27. XPS spectra of BSeYW/NCDH(2:2). (a) XPS full scan survey
spectrum. (b-f) Core-level spectra of (b) Ni 2p, (c) Co 2p, (d) C 1s, (e) O 1s and
(f) N 1s.
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Figure 4.28. High resolution XPS spectra of Se 3d for BSeYW/NCDH(2:2)
nanohybrid.

The surface area and porous structure of the BSeYW/NCDH nanohybrids were
investigated using N, adsorption-desorption isotherms depicted in Figure 4.29.
The obtained isotherms correspond to typical 1\V-type hysteresis with the slit-like
pores in the nanosheets. The BSeYW/NCDH (2:2) has a maximum specific
surface area of 24.28 m? g and pore volume of 0.035 cm? g* compared to other
nanohybrids (Table 4.1).
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Figure 4.29. Nitrogen adsorption-desorption isotherm of (a) 4:0 (b) 0:4 (c) 3:1
(d) 2:2 and (e) 1:3 BSeYW/NCDH nanohybrid samples (the inset corresponds to
BJH pore size distribution curve).

The insets of Barrett-Joyner-Halenda (BJH) curves (Figure 4.29) clearly validate
the mesoporous feature of the samples with an average diameter ranging from 3
to 5 nm within the nanosheets. The enhanced surface area and suitable pore size
structure can efficiently facilitate the interfacial active sites during
electrochemical performances. Furthermore, excellent textural properties could
enhance the electrode/electrolyte interfaces with higher order electrolytic ions
migration within the pores, which play a vital role in enhancing supercapacitive
performance. 67681
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Table 4.1. Summaries of the BET surface areas and pore structures of various
BSeYW/NCDH nanohybrids

Samples SeeT Pore Volume Pore Diameter
(BSeYW-NCDHSs) | (m?g?) (cmég?) (nm)
4:0 11.783 0.015 3.387
0:4 4.590 0.008 3.795
3:1 16.036 0.019 3.791
2:2 24.278 0.035 3.394
1:3 10.908 0.018 3.386

The density of catalytically active sites is measured by ECSA to reflect the
intrinsic electrochemical activity. The electric double layer capacitance (Cal) is
determined from current density vs voltage curves in a non-faradaic area (Figure
4.30), which is proportional to the ECSA. ECSA reveals the principal surface
active area, which is a useful method for the estimation of the electrochemically
active surface area. The following equation was used to compute the ECSA of
the nanohybrid.
Car

ECSA = T

Where, Cs (0.04 mF cm?) represent the specific electrochemical double-layer

capacitance of the flat surface with an actual surface area of 1 cm2.% The Cq of
the nanohybrid was derived as a straight line slope (Figure 4.31) by current
densities vs scan rates. The BSeYW/NCDH (2:2) nanohybrid exhibits higher Cg
= 0.303 mF cm2 with an ECSA of 7.57 cm? than other nanohybrids as shown in
Table 4.2.
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Figure 4.30. CV curves of (a) 4:0, (b) 0:4, (c) 3:1, (d) 2:2 and (e) 1:3 nanohybrid
electrodes at different scan rates from 10-30 mV s in a potential window
ranging from 0.1 to 0.2 V vs Hg/HgO in 1 M KOH electrolyte.
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Figure 4.31. Linear relationship between current density and scan rate of (a) 4:0,
(b) 0:4, (c) 3:1, (d) 2:2 and (e) 1:3 nanohybrid electrodes at a potential of 0.19 V.

Table 4.2. Cy and ECSA results of various BSeYW/NCDH nanohybrids

Materials 4:0 0:4 3:1 2:2 1:3
(BSeYW/NCDH)

Ca (mF cm?) 0.139 [ 0.092 |0.175 | 0.303 | 0.110
ECSA (cm?) 347 |2.30 4.37 7.57 2.75

The electrochemical performance of two (full-cell) and three electrodes (half-
cell) cell configurations were employed with Metrohm Autolab potentiostat
(PGSTAT302N). The GCD, CV and electrochemical impedance spectroscopy
(EIS) were investigated to evaluate electrochemical performance in 1M KOH
electrolyte with three electrode system. The specific capacitance values of the
electrodes were computed from the GCD curves via the formula: Cs = LLAt/m.AV,
where, Cs represents the specific capacitance in F g, At (s) is the discharge time,
I is the current value in ampere (A), AV (V) is the potential window and m (g)
represents the total active mass (subtracting the weight of CP). Figure 4.32a
represents the comparative study of CV at 10 mV s* with 4:0, 0:4, 3:1, 2:2 and
1:3 composition of BSeYW/NCDH nanohybrid electrodes in the potential
window range of 0.0-0.55 V. The CV profile of 2:2 hybrid electrode exhibits a
larger hysteresis loop area and peak current compared to 4:0, 0:4, 3:1 and 1:3
electrodes due to its greater exposure of electrochemically active sites, surface
area and higher charge storage nature. The higher current response of 2:2 enables
due to the well aligned small sheets are directly attached to the 3D substrate,
which exposes the higher electrochemically active sites for the Dbetter
accessibility of the aqueous electrolytic ions during electrochemical
performances.
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Figure 4.32. Comparative electrochemical analysis of BSeYW/NCDH
nanohybrid electrodes with Nickel-Cobalt ratio of 4:0, 0:4, 3:1, 2:2 and 1:3 in 1M
KOH electrolyte. (a) CV curves detected at 10 mV s in the 0.0-0.55 V potential
window. (b) GCD measured at 2 A g* current density for all the hybrid
electrodes. (c) EIS analysis of the organic molecule based nanohybrid electrodes
obtained with various BSeYW/NCDH nanohybrid electrodes. (d) Specific
capacitance vs current density plot of nanohybrid electrodes as obtained from the
GCD.

Furthermore, the CV curves of the 4:0, 0:4, 3:1, 2:2 and 1:3 nanohybrids were
investigated at different scan rates of 1, 3, 5, 7 and 10 mV s (Figure 4.33). The
distinguishable oxidation and reduction (redox) peaks of the entire hybrid
electrodes are increasing in opposite directions with the increase in scan rates. It
suggests that the charge diffusion polarizations as well as the increase in Ohmic
resistance within the electrode enhance the redox current shift with the increase
in scan rates. Furthermore, fast intercalation/deintercalation of the electrolytic
ions could be responsible for the shifting in redox peaks with the increase in scan
rates.[47'56'58]
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Figure 4.33. CV curves at 1, 3, 5, 7 and 10 mV s scan rates of BSeYW/NCDH
nanohybrid electrodes under the various Ni-Co ratio with (a) 4:0 (b) 0:4 (c) 3:1
(d) 2:2 and (e) 1:3.

The galvanostatic charge-discharge (GCD) was performed to understand the
capacitive properties of these electrodes at 2 A g* (Figure 4.32b). It is observed
that BSeYW/NCDH(2:2) electrode exhibits superior capacitive properties of
1734 F g than BSeYW/NCDH hybrid electrodes with the ratio of 4:0 (848 F g
1,0:4 (421 Fg?),3:1 (1195 Fg?t) and 1:3 (676 F g*) at 2 A g* current density in
1M KOH. The specific capacitances of the BSeYW/NCDH(2:2) hybrid electrode
are estimated as 1734, 1604, 1549, 1484 and 1394 Fg*at2,5,7,10and 15 A g*
respectively. Furthermore, the GCD analysis of different BSeYW/NCDH
nanohybrids 4:0, 0:4, 3:1, 2:2 and 1:3 are depicted in Figure 4.34 (a), (b), (c), (d)
and (e) at various current densities respectively. It is noted that the small ultrathin
sheets are stacked to each other to form network-like morphology of
BSeYW/NCDH(2:2). The well-integrated ultrathin sheets of
BSeYW/NCDH(2:2) nanohybrid electrode and perfect synergistic effect between
multi-metal hydroxides phase and organic moiety make the unique composites.
So, the BSeYW/NCDH(2:2) composite shows superior electrochemical
performances due to good electrical conductivity, the facile transportation and
diffusion of the ions at the electrode/electrolyte interface. In addition, network-
like morphology provides the large number of electrochemically active sites and
low internal resistance to enhance the specific capacity.[6!
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(e) 1:3.

The EIS was used to elucidate the electrochemical kinetics of the electrodes and
explore the electrochemical performance. Figure 4.32c represents the plots of Z*
and Z'" parts of the impedance of BSeYW/NCDH hybrid electrodes. All the
Nyquist plots reveal semicircle curves on the real axis at the higher frequency
region and linear shapes at the lower frequency region. The solution resistance
(Rs) is the collective behaviors of the ionic resistance of the electrolyte, the
internal resistance of the active materials and the contact resistance between the
interface of active materials and the current collector.
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Figure 4.35. Electrochemical impedance spectroscopy circuit fit of

BSeYW/NCDH nanohybrid materials: (a) 4:0 (b) 0:4 (c) 3:1 (d) 2:2 and (e) 1:3.
Furthermore, the cyclic performance of the BSeYW/NCDH(2:2) nanohybrid
electrode was estimated by galvanostatic charge-discharge analysis at 25 A g*
(Figure 4.36). The electrode exhibits excellent GCD capacitance retention of
86.18% after 3000 cycles.
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The diameter of the partial semicircle on the real axis is generated due to charge
transfer resistance (Rc) at the electrode/electrolyte interface. The straight line at
the low frequency region corresponds to the Warburg element (W), which is
generated due to the ion diffusion into the surface of the electrode.6%87% The
comparative EIS analysis and electrochemical circuit fit (Figure 4.35) results
exhibit the low Rs (1.54 Q) and R (3.05 Q) of the 2:2 nanohybrid as compared
to 4:0, 0:4, 3:1 and 1:3 BSeYW/NCDH nanohybrids owing to its superior
electrochemical performances. The specific capacitance at various current
densities of different BSeYW/NCDH (4:0, 0:4, 3:1, 2:2 and 1:3) nanohybrids are
depicted in Figure 4.32d. Moreover, Table 4.3 exhibits the summary of the
electrochemical performances of the BSeYW/NCDH nanohybrids.
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Figure 4.36. Cyclic performance of BSeYW/NCDH(2:2) hybrid electrode at 25
Agt

Table 4.3: The summary of the electrochemical performances of the
BSeYW/NCDH nanohybrids.

Materials | Current Specific Solution | Charge transfer | ECSA
density | capacitance | resistance | resistance (Rct) | (cm?)
(Ag?) (Fg?) (V)] Q)
4.0 2 848 3.42 8.77 3.47
0:4 2 421 4,72 15.7 2.30
3:1 2 1195 2.58 8.63 4.37
2:2 2 1734 1.54 3.05 7.57
1:3 2 676 3.88 16.6 2.75

For the practical application of the nanohybrids, the solid-state symmetric
supercapacitor device was assembled using BSeYW/NCDH(2:2) nanohybrid
electrodes. 20 mL of ultrapure water mixed with 1 g KOH and 2 g PVA was
sonicated to prepare PVA/KOH gel. After that, the solution was stirred at 85C in
an oil bath until clarification of the solution. Here, the binder free
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BSeYW/NCDH(2:2) nanohybrid electrode was used for assembling a symmetric
supercapacitor device. The hybrid electrodes were utilized as a positive electrode
as well as a negative electrode and a piece of cellulose paper was used as a
separator. During the construction of the SSCs, the surfaces of the electrodes
were coated with the gel electrolyte. After evaporation of the water at room
temperature, two identical electrodes were sandwiched face to face with
cellulosic paper. The entire device was placed in a Swagelok cell.5¢1 The
electrochemical measurements of the fabricated SSCs were evaluated by CV,
GCD and cyclic stability test. The following formulas were used to estimate the
Cs value, energy density (E) and power density (P) of the SSCs: 277172
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Figure 4.37. The solid state electrochemical characterization of the
BSeYW/NCDH(2:2) nanohybrid electrode device. (a) CV results of the device
detected at various scan rates. (b) CV curves of the device performed at different
voltage windows. (c) GCD results of the device at different current densities. (d)
GCD cyclic performance for 5000 cycles at 7 A g. (e) Specific capacitance and
current density plot of SSC device. (f) Ragone plot of the SSCs.
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Here, | (A) is the discharge current, At represents the discharge time (s), m (g)
stands for the active material mass on one electrode and AV (V) represents the
operating potential window after resistance drop.

Figure 4.37a represents the CV curves of the SSC device in the potential window
of 0 to 1.6 V from 20 to 200 mV s* scan rates. Interestingly, the CV curves
exhibit significant distortion with the increase in scan rates due to the charge
diffusion polarization within the SSCs. Moreover, CV voltammograms of SSCs
at various potential windows 1.0 to 1.6 V at 100 mV s scan rate are depicted in
Figure 4.37b. The GCD measurements were performed at 1.5, 2, 3, 4,5and 6 A
g current densities (Figure 4.37c) and their corresponding specific capacitances
were calculated as 226.19, 220.52, 204.31, 194.60, 183.89 and 175.52 F g*,
respectively. In addition, to validate the longer cyclic stability, the GCD cycles of
the SSC devices were performed at 7 A g for 5000 cycles. The SSC devices
show 85.25% capacitance retention (Figure 4.37d).

The current density and specific capacitance are plotted based on GCD analysis
at various current densities (Figure 4.37¢). The essential parameters E and P are
estimated to evaluate the performance of the SSC devices. The Ragone plot
(Figure 4.37f) displays the relationship between E and P for the
BSeYW/NCDH(2:2) based SSC devices. The electrochemical performance of
BSeYW/NCDH(2:2) nanohybrid is considerably better than previously reported
materials (Table 4.4).[27:68.70-80]

Table 4.4: Comparative study of the previously reported materials for
supercapacitor applications

Materials Specific Energy density | Power density | Ref.
Capacitance (W hkg?) (W kg?)
(Fg™)

SLSAC-5 330 18.6 199.2 27
4M-P@NiCo 7Fcm? 18.1 750 66

LDH//AC
A-LAC2 3175 6.7 3486 69
AAWHC 374 11.46 70
Ni/Co-ZIF-67 696 7 100.4 71
Ni/Zn-BDC-MOF 1198 28 748.9 72
Mn/Mo-MOF 1162 31 388.3 73
NiCo-MOF 1315 36.98 801.5 74
CoNi-MOF 1235.9 21.9 348.9 75
HC/N/KOH 492 12 1008 76
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C/KOH-700 348 8.3 1105 77

CGS-700 268 9.0 51.9 78
BSeYW/NCDH(2:2) 1734.32 18.27 571.97 This
work

In addition, the SSC device can efficiently light-up a light-emitting diode (LED)
for few minutes (Figure 4.38) as well as spinning of a small fan (insets of Figure
4.37d and 4.37¢).

0 min 1 min 3 min

5 min 2 10 min

Figure 4.38. The photographs show LED lighted by BSeYW/NCDH(2:2)
symmetric solid state devices assembled in a series.

4.4 Conclusion

We optimized the successful synthesis of BSeYW/NCDH nanochybrids with
various ratios of metal ions via in situ one step galvanostatic electrodeposition.
The well aligned uniform nanosheet-like networks of BSeYW/NCDH(2:2) were
synthesized on conductive CP for utilization in symmetric supercapacitor
applications. Moreover, the BSeYW/NCDH(2:2) nanohybrid electrodes
attributed the outstanding electrochemical performances. The excellent
electrochemical performances were achieved due to the well-defined nanosheet
arrays with 3D conductive scaffold of CP substrate as well as binder-free
synthesis, which could allow efficient ion diffusion and small intrinsic resistance
of the electrode to reduce the energy dissipation. For practical utilization, the
assembled SSC device with BSeYW/NCDH(2:2) electrodes delivered excellent
energy density, power density and capacitance retention. Moreover, the
assembled device can light-up a LED for few minutes as well as the spinning of a
small fan. These electrochemical findings demonstrate its promising application
for portable energy storage systems.

4.5 References

(D) Noori, A.; EI-Kady, M. F.; Rahmanifar, M. S.; Kaner, R. B.; Mousavi, M.
F. (2019) Towards Establishing Standard Performance Metrics for
Batteries, Supercapacitors and Beyond. Chem. Soc. Rev., 48, 1272-341
(https://doi.org/10.1039/c8cs00581h).

(2) Ghosh, S.; Basu, R. N. (2018) Multifunctional Nanostructured
Electrocatalysts for Energy Conversion and Storage: Current Status and
Perspectives. Nanoscale, 10, 11241-11280

144



Chapter 4

©)

(4)

()

(6)

(")

(8)

(9)

(10)

(11)

(12)

(https://doi.org/10.1039/c8nr01032c).

Gongalves, J. M.; Silva, M. N. T.; Naik, K. K.; Martins, P. R.; Rocha, D.
P.; Nossol, E.; Munoz, R. A. A.; Angnes, L.; Rout, C. S. (2021)
Multifunctional Spinel MnCo,Osbased Materials for Energy Storage and
Conversion: A Review on Emerging Trends, Recent Developments and
Future  Perspectives. J. Mater. Chem. A, 9, 3095-3124
(https://doi.org/10.1039/d0tal1129%e).

Zhang, F.; Sherrell, P. C.; Luo, W.; Chen, J.; Li, W.; Yang, J.; Zhu, M.
(2021) Organic/Inorganic Hybrid Fibers: Controllable Architectures for
Electrochemical Energy Applications. Adv. Sci.,, 8, 2102859
(https://doi.org/10.1002/advs.202102859).

Hussain, 1.; Igbal, S.; Lamiel, C.; Alfantazi, A.; Zhang, K. (2022) Recent
Advances in Oriented Metal-Organic Frameworks for Supercapacitive
Energy  Storage. J. Mater. Chem. A, 10, 4475-4488
(https://doi.org/10.1039/d1ta10213c).

Farahani, F. S.; Rahmanifar, M. S.; Noori, A.; El-Kady, M. F.; Hassani,
N.; Neek-Amal, M.; Kaner, R. B.; Mousavi, M. F. (2022) Trilayer Metal-
Organic Frameworks as Multifunctional Electrocatalysts for Energy
Conversion and Storage Applications. J. Am. Chem.Soc., 144, 3411-3428
(https://doi.org/10.1021/jacs.1¢10963).

Abdel Maksoud, M. I. A.; Fahim, R. A.; Shalan, A. E.; Abd Elkodous,
M.; Olojede, S. O.; Osman, A. L.; Farrell, C.; Al-Muhtaseb, A. H.; Awed,
A. S.; Ashour, A. H.; Rooney, D. W. (2021) Advanced Materials and
Technologies for Supercapacitors Used in Energy Conversion and
Storage: A Review; Environmental Chemistry Letters, 19, 375-439
(https://doi.org/10.1007/s10311-020-01075-w).

Silva, M. I. da; Machado, “ltalo R.; Toma, H. E.; Araki, K.; Angnes, L.;
Gongalves, J. M. (2022) Recent Progress in Water-Splitting and
Supercapacitor Electrode Materials Based on MOF-Derived Sulfide. J.
Mater. Chem. A, 10, 430-474 (https://doi.org/10.1039/d1ta05927k).
Karmakar, A.; Karthick, K.; Kumaravel, S.; Sankar, S. S.; Kundu, S.
(2021) Enabling and Inducing Oxygen Vacancies in Cobalt Iron Layer
Double Hydroxide via Selenization as Precatalysts for Electrocatalytic
Hydrogen and Oxygen Evolution Reactions. Inorg. Chem., 60, 2023-2036
(https://doi.org/10.1021/acs.inorgchem.0c03514).

Santos, D. M. F.; Sljuki'c, B. (2021) Advanced Materials for
Electrochemical Energy Conversion and Storage Devices. Materials, 14,
7711 (https://doi.org/https://doi.org/10.3390/ mal4247711).

Lu, C.; Chen, X. (2021) Recent Progress in Energy Storage and
Conversion of Flexible Symmetric Transducers. J. Mater. Chem. A, 9,
753-781 (https://doi.org/10.1039/d0ta09799c).

Qiu, T.; Liang, Z.; Guo, W.; Tabassum, H.; Gao, S.; Zou, R. (2020)
Metal-Organic Framework-Based Materials for Energy Conversion and
Storage. ACS Energy Lett., 5, 520-532

145



Chapter 4

(13)

(14)

(15)

(16)

17)

(18)

(19)

(20)

(21)

(22)

(23)

(https://doi.org/10.1021/acsenergylett.9b02625).

Kumar, S.; Saeed, G.; Zhu, L.; Nam, K.; Hoon, N.; Hee, J. (2021) OD to
3D Carbon-Based Networks Combined with Pseudocapacitive Electrode
Material for High Energy Density Supercapacitor : A Review. Chem. Eng.
J., 403, 126352 (https://doi.org/10.1016/j.cej.2020.126352).

Zhong, Q.; Liu, W.; Yang, Y.; Pan, W.; Wu, M.; Zheng, F.; Lian, X.; Niu,
H. (2021) Conductive NiMn-Based Bimetallic Metal-Organic Gel
Nanosheets for  Supercapacitors. Mater. Adv., 2, 4362-4369
(https://doi.org/10.1039/d1ma00390a).

Wang, K. B.; Bi, R.; Wang, Z. K.; Chu, Y.; Wu, H.; Wang, K. B. (2020)
Metal-Organic Frameworks with Different Spatial Dimensions for
Supercapacitors. New J. Chem., 44, 3147-3167
(https://doi.org/10.1039/c9nj05198h).

Zhang, R.; Russo, P. A.; Buzanich, A. G.; Jeon, T.; Pinna, N. (2017)
Hybrid Organic-Inorganic Transition-Metal Phosphonates as Precursors
for Water Oxidation Electrocatalysts. Adv. Funct. Mater., 27, 1703158
(https://doi.org/10.1002/adfm.201703158).

Hu, K.; Zheng, C.; An, M.; Ma, X.; Wang, L. (2018) A Peptide-Based
Supercapacitor and Its Performance Improvement via TiO, Coating. J.
Mater. Chem. A, 6, 8047-8052 (https://doi.org/10.1039/c8ta01102h).
Wang, T.; Zhang, S.; Yan, X.; Lyu, M.; Wang, L.; Bell, J.; Wang, H.
(2017) 2-Methylimidazole-Derived Ni-Co Layered Double Hydroxide
Nanosheets as High Rate Capability and High Energy Density Storage
Material in Hybrid Supercapacitors. ACS Appl. Mater. Interfaces, 9,
15510-15524 (https://doi.org/10.1021/acsami.7b02987).

Ruiz-Montoya, J. G.; Quispe-Garrido, Lady V.; Calderén Gémez, J. C;
Baena-Moncada, A. M.; Goncalves, J. M. (2021) Recent Progress in and
Prospects for Supercapacitor Materials Based on Metal Oxide or
Hydroxide/Biomass-Derived Carbon Composites. Sustain. Energy Fuels,
5, 5332-5365 (https://doi.org/10.1039/d1se01170g).

Zhu, Y.; Lin, Q.; Zhong, Y.; Tahini, H. A.; Shao, Z.; Wang, H. (2020)
Metal Oxide-Based Materials as an Emerging Family of Hydrogen
Evolution Electrocatalysts. Energy Environ. Sci., 13, 3361-3392
(https://doi.org/10.1039/d0ee02485f).

Yu, L.; Zhu, Q.; Song, S.; McElhenny, B.; Wang, D.; Wu, C.; Qin, Z,;
Bao, J.; Yu, Y.; Chen, S.; Ren, Z. (2019) Non-Noble Metal-Nitride Based
Electrocatalysts for High-Performance Alkaline Seawater Electrolysis.
Nat. Commun., 10, 5106 (https://doi.org/10.1038/s41467-019-13092-7).
Wu, F.; Guo, X.; Wang, Q.; Lu, S.; Wang, J.; Hu, Y.; Hao, G.; Li, Q.;
Yang, M. Q.; Jiang, W. (2020) A Hybrid of MIL-53(Fe) and Conductive
Sulfide as a Synergistic Electrocatalyst for the Oxygen Evolution
Reaction. J. Mater. Chem. A, 8, 14574-14582
(https://doi.org/10.1039/d0ta01912g).

Chen, G.; Wan, H.; Ma, W.; Zhang, N.; Cao, Y.; Liu, X.; Wang, J.; Ma,

146



Chapter 4

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

R. (2020) Layered Metal Hydroxides and Their Derivatives: Controllable
Synthesis, Chemical Exfoliation, and Electrocatalytic Applications. Adv.
Energy Mater., 10, 1902535 (https://doi.org/10.1002/aenm.201902535).
Zhuo, W.-J.; Wang, Y.-H.; Huang, C.-T.; Deng, M.-J. (2021) Enhanced
Pseudocapacitive  Performance of Symmetric  Polypyrrole-MnO;
Electrode and Polymer Gel Electrolyte. Polymers, 13, 3577
(https://doi.org/10.3390/polym13203577).

Sanati, S.; Abazari, R.; Albero, J.; Morsali, A.; Garcia, H.; Liang, Z.; Zou,
R. (2021) Metal-Organic Framework Derived Bimetallic Materials for
Electrochemical Energy Storage. Angew. Chemie - Int. Ed., 60, 11048-
11067 (https://doi.org/10.1002/anie.202010093).

Lau, G. C.; Sather, N. A.; Sai, H.; Waring, E. M.; Deiss-Yehiely, E.;
Barreda, L.; Beeman, E. A.; Palmer, L. C.; Stupp, S. I. (2018) Oriented
Multiwalled Organic-Co(OH). Nanotubes for Energy Storage. Adv. Funct.
Mater., 28, 1702320 (https://doi.org/10.1002/adfm.201702320).

Hou, S. P.; Liao, M. D.; Peng, C.; Min, D.; Li, X. Y.; Chen, J.; Yu, G. T,;
Lin, J. H. (2021) Honeycomb-like Hierarchical Porous Activated Carbons
from Biomass Waste with Ultrahigh Specific Surface Area for High-Rate
Electrochemical Capacitors. Energy and Fuels, 35, 16860-16869
(https://doi.org/10.1021/acs.energyfuels.1¢01690).

Escobar, B.; Rosas, D.; Morales, L.; Liao, S. J.; Huang, L. L.; Shi, X.
(2021) Research Progress on Biomass-Derived Carbon Electrode
Materials for Electrochemical Energy Storage and Conversion
Technologies. Int. J. Hydrogen Energy , 46, 26053-26073
(https://doi.org/10.1016/j.ijhydene.2021.02.017).

Li, W.; Zhao, X.; Bi, Q.; Ma, Q.; Han, L.; Tao, K. (2021) Recent
Advances in Metal-Organic Framework-Based Electrode Materials for
Supercapacitors. Dalt. Trans., 50, 11701-11710
(https://doi.org/10.1039/d1dt02066h).

Imaduddin, I. S.; Majid, S. R.; Aziz, S. B.; Brevik, I.; Yusuf, S. N. F.;
Brza, M. A.; Saeed, S. R.; Kadir, M. F. Z. A. (2021) Fabrication of C030.
from Cobalt/2,6-Napthalenedicarboxylic Acid Metal-Organic Framework
as Electrode for Supercapacitor Application. Materials, 14, 573
(https://doi.org/10.3390/mal14030573).

Li, J.; Huang, W.; Wang, M.; Xi, S.; Meng, J.; Zhao, K.; Jin, J.; Xu, W.;
Wang, Z.; Liu, X.; Chen, Q.; Xu, L.; Liao, X.; Jiang, Y.; Owusu, K. A;;
Jiang, B.; Chen, C.; Fan, D.; Zhou, L.; Mai, L. (2019) Low-Crystalline
Bimetallic Metal-Organic Framework Electrocatalysts with Rich Active
Sites for Oxygen Evolution. ACS Energy Lett, 4, 285-292
(https://doi.org/10.1021/acsenergylett.8002345).

Li, Y.; Peng, H.; Wei, X.; Xiao, P. (2017) Controlled Growth of
Hierarchical Nickel and Cobalt Hybrid Inorganic-Organic Nanosheet-
Supported Nanowires for Energy Storage. CrystEngComm, 19, 1555-1563
(https://doi.org/10.1039/c7ce00189d).

147



Chapter 4

(33)

(34)

(35)

(36)

37)

(38)

(39)

(40)

(41)

(42)

(43)

Sun, J.; Yu, X.; Zhao, S.; Chen, H.; Tao, K.; Han, L. (2020) Solvent-
Controlled Morphology of Amino-Functionalized Bimetal Metal-Organic
Frameworks for Asymmetric Supercapacitors. Inorg. Chem., 59, 11385-
11395 (https://doi.org/10.1021/acs.inorgchem.0c01157).

Raza, N.; Kumar, T.; Singh, V.; Kim, K. H. (2021) Recent Advances in
Bimetallic Metal-Organic Framework as a Potential Candidate for
Supercapacitor Electrode Material. Coord. Chem. Rev., 430, 213660
(https://doi.org/10.1016/j.ccr.2020.213660).

Shaikh, J. S.; Shaikh, N. S.; Kharade, R.; Beknalkar, S. A.; Patil, J. V;
Suryawanshi, M. P.; Kanjanaboos, P.; Kook, C.; Hyeok, J.; Patil, P. S.
(2018) Symmetric Supercapacitor : Sulphurized Graphene and Ionic
Liquid. J. Colloid Interface Sci., 527, 40-48
(https://doi.org/10.1016/j.jcis.2018.05.022).

Wang, Y. Z.; Shan, X. Y.; Wang, D. W.; Sun, Z. H.; Cheng, H. M.; Li, F.
(2018) A Rechargeable Quasi-Symmetrical MoS; Battery. Joule, 2, 1278-
1286 (https://doi.org/10.1016/j.joule.2018.04.007).

Li, Y.; Luo, Z.; Qin, H.; Liang, S.; Chen, L.; Wang, H.; Zhao, C.; Chen,
S. (2021) Benzoate Anions-Intercalated Cobalt-Nickel Layered
Hydroxide Nanobelts as High-Performance Electrode Materials for
Aqueous Hybrid Supercapacitors. J. Colloid Interface Sci., 582, 842-851
(https://doi.org/10.1016/j.jcis.2020.08.097).

Chen, Q.; Lei, S.; Deng, P.; Ou, X.; Chen, L.; Wang, W.; Xiao, Y.;
Cheng, B. (2017) Direct Growth of Nickel Terephthalate on Ni Foam with
Large Mass-Loading for High-Performance Supercapacitors. J. Mater.
Chem. A, 5, 19323-19332 (https://doi.org/10.1039/c7ta05373h).

Wang, S.; Zhu, Z.; Li, P.; Zhao, C.; Zhao, C.; Xia, H. (2018) In Situ
Conversion of Sub-4 Nm Co(OH), Nanosheet Arrays from Phytic Acid-
Derived Coz(HPO.)2(OH), for Superior High Loading Supercapacitors. J.
Mater. Chem. A, 6, 20015-20024 (https://doi.org/10.1039/c8ta05212c).
Ge, R.; Ren, X.; Ji, X.; Liu, Z.; Du, G.; Asiri, A. M.; Sun, X.; Chen, L.
(2017) Benzoate Anion-Intercalated Layered Cobalt Hydroxide
Nanoarray: An Efficient Electrocatalyst for the Oxygen Evolution
Reaction. ChemSusChem, 10, 4004-4008
(https://doi.org/10.1002/cssc.201701358).

Jadhav, R. G.; Singh, D.; Krivoshapkin, P. V.; Das, A. K. (2020)
Electrodeposited Organic-Inorganic Nanohybrid as Robust Bifunctional
Electrocatalyst for Water Splitting. Inorg. Chem., 59, 7469-7478
(https://doi.org/10.1021/acs.inorgchem.0c00227).

Jadhav, R. G.; Singh, D.; Mobin, S. M.; Das, A. K. (2020) Engineering of
Electrodeposited  Binder-Free  Organic-Nickel Hydroxide Based
Nanohybrids for Energy Storage and Electrocatalytic Alkaline Water
Splitting. Sustain. Energy Fuels, 4, 1320-1331
(https://doi.org/10.1039/c9se00483a).

Maiti, S.; Jadhav, R. G.; Mobin, S. M.; Mukherjee, T. K.; Das, A. K.

148



Chapter 4

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(83)

(2019) Insights into the Aggregation Behaviour of a Benzoselenadiazole-
Based Compound and Generation of White Light Emission.
ChemPhysChem, 20, 2221-2229
(https://doi.org/10.1002/cphc.201900476).

Inoue, S.; Fujihara, S. (2011) Liquid-Liquid Biphasic Synthesis of
Layered Zinc Hydroxides Intercalated with Long-Chain Carboxylate lons
and Their Conversion into ZnO Nanostructures. Inorg. Chem., 50, 3605-
3612 (https://doi.org/10.1021/ic1025729).

Zambare, R.; Song, X.; Bhuvana, S.; Antony Prince, J. S.; Nemade, P.
(2017) Ultrafast Dye Removal Using lonic Liquid-Graphene Oxide
Sponge. ACS Sustain. Chem. Eng., 5, 6026-6035
(https://doi.org/10.1021/acssuschemeng.7b00867).

Du, P.; Dong, Y.; Liu, C.; Wei, W.; Liu, D.; Liu, P. (2018) Fabrication of
Hierarchical Porous Nickel Based Metal-Organic Framework (Ni-MOF)
Constructed with Nanosheets as Novel Pseudo-Capacitive Material for
Asymmetric Supercapacitor. J. Colloid Interface Sci., 518, 57-68
(https://doi.org/10.1016/j.jcis.2018.02.010).

Ramachandran, R.; Lan, Y.; Xu, Z. X.; Wang, F. (2020) Construction of
NiCo-Layered Double Hydroxide Microspheres from Ni-MOFs for High-
Performance Asymmetric Supercapacitors. ACS Appl. Energy Mater., 3,
6633-6643 (https://doi.org/10.1021/acsaem.0c00790).

Xing, J.; Wu, S.; Ng, K. Y. S. (2015) Electrodeposition of Ultrathin
Nickel-Cobalt Double Hydroxide Nanosheets on Nickel Foam as High-
Performance Supercapacitor Electrodes. RSC Adv., 5, 88780-88786
(https://doi.org/10.1039/c5ral7481c).

Lu, X.; Zhao, C. (2015) Electrodeposition of Hierarchically Structured
Three-Dimensional  Nickel-lron Electrodes for Efficient Oxygen
Evolution at High Current Densities. Nat. Commun., 6, 6616
(https://doi.org/10.1038/ncomms7616).

Li, H. B.; Yu, M. H.; Wang, F. X,; Liu, P.; Liang, Y.; Xiao, J.; Wang, C.
X.; Tong, Y. X,; Yang, G. W. (2013) Amorphous Nickel Hydroxide
Nanospheres with Ultrahigh Capacitance and Energy Density as
Electrochemical Pseudocapacitor Materials. Nat. Commun., 4, 1894
(https://doi.org/10.1038/ncomms2932).

Sayeed, M. A.; Herd, T.; O’Mullane, A. P. (2016) Direct Electrochemical
Formation of Nanostructured Amorphous Co(OH). on Gold Electrodes
with Enhanced Activity for the Oxygen Evolution Reaction. J. Mater.
Chem. A, 4, 991-999 (https://doi.org/10.1039/c5ta09125j).

Rovetta, A. A. S.; Browne, M. P.; Harvey, A.; Godwin, I. J.; Coleman, J.
N.; Lyons, M. E. G. (2017) Cobalt Hydroxide Nanoflakes and Their
Application as Supercapacitors and Oxygen Evolution Catalysts.
Nanotechnology, 28, 375401 (https://doi.org/10.1088/1361-6528/aa7flb).
Salunkhe, R. R.; Bastakoti, B. P.; Hsu, C. T.; Suzuki, N.; Kim, J. H.; Dou,
S. X.; Hu, C. C.; Yamauchi, Y. (2014) Direct Growth of Cobalt

149



Chapter 4

(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)

Hydroxide Rods on Nickel Foam and Its Application for Energy Storage.
Chem.-A Eur. J., 20, 3084-3088
(https://doi.org/10.1002/chem.201303652).

Ortiz-Quifionez, J. L.; Pal, U.; Villanueva, M. S. (2018) Structural,
Magnetic, and Catalytic Evaluation of Spinel Co, Ni, and Co-Ni Ferrite
Nanoparticles Fabricated by Low-Temperature Solution Combustion
Process. ACS Omega, 3, 14986-15001
(https://doi.org/10.1021/acsomega.8b02229).

Dalai, N.; Mohanty, B.; Mitra, A.; Jena, B. (2019) Highly Active Ternary
Nickel-Iron Oxide as Bifunctional Catalyst for Electrochemical Water
Splitting. ChemistrySelect, 4, 7791-7796
(https://doi.org/10.1002/slct.201901465).

Ye, L.; Zhao, L.; Zhang, H.; Zhang, B.; Wang, H. (2016) One-Pot
Formation of Ultra-Thin Ni/Co Hydroxides with a Sheet-like Structure for
Enhanced Asymmetric Supercapacitors. J. Mater. Chem. A, 4, 9160-9168
(https://doi.org/10.1039/c6ta02436j).

Huang, L.; Chen, D.; Ding, Y.; Feng, S.; Wang, Z. L.; Liu, M. (2013)
Nickel-Cobalt Hydroxide Nanosheets Coated on NiCo0.0. Nanowires
Grown on Carbon Fiber Paper for High-Performance Pseudocapacitors.
Nano Lett., 13, 3135-3139 (https://doi.org/10.1021/n1401086t).

Huang, Z. H.; Sun, F. F.; Batmunkh, M.; Li, W. H.; Li, H.; Sun, Y.; Zhao,
Q.; Liu, X.; Ma, T. Y. (2019) Zinc-Nickel-Cobalt Ternary Hydroxide
Nanoarrays for High-Performance Supercapacitors. J. Mater. Chem. A, 7,
11826-11835 (https://doi.org/10.1039/c9ta01995b).

Xu, J.; Ma, C.; Cao, J.; Chen, Z. (2017) Facile Synthesis of Core-Shell
Nanostructured Hollow Carbon Nanospheres@nickel Cobalt Double
Hydroxides as  High-Performance  Electrode  Materials  for
Supercapacitors. Dalt. Trans., 46, 3276-3283
(https://doi.org/10.1039/c6dt04759a).

Ma, M.; Ge, R.; Ji, X.; Ren, X.; Liu, Z.; Asiri, A. M.; Sun, X. (2017)
Benzoate Anions-Intercalated Layered Nickel Hydroxide Nanobelts
Array: An Earth-Abundant Electrocatalyst with Greatly Enhanced
Oxygen Evolution Activity. ACS Sustain. Chem. Eng., 5, 9625-9629
(https://doi.org/10.1021/acssuschemeng.7b02557).

Zhu, D.; Guo, C.; Liu, J.; Wang, L.; Du, Y.; Qiao, S. (2017) Two-
Dimensional Metal-Organic Frameworks with High Oxidation States for
Efficient Electrocatalytic Urea Oxidation. Chem. Commun., 53, 10906-
10909 (https://doi.org/10.1039/c7cc06378d).

Li, S.; Wang, Y.; Peng, S.; Zhang, L.; Al-Enizi, A. M.; Zhang, H.; Sun,
X.; Zheng, G. (2016) Co-Ni-Based Nanotubes/Nanosheets as Efficient
Water Splitting Electrocatalysts. Adv. Energy Mater., 6, 1501661
(https://doi.org/10.1002/aenm.201501661).

Chen, Q.; Lei, S.; Deng, P.; Ou, X.; Chen, L.; Wang, W.; Xiao, Y.
Cheng, B. (2017) Direct Growth of Nickel Terephthalate on Ni Foam with

150



Chapter 4

(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

Large Mass-Loading for High-Performance Supercapacitors. J. Mater.
Chem. A, 5, 19323-19332 (https://doi.org/10.1039/c7ta05373h).

Zhao, C.; Wang, X.; Wang, S.; Wang, Y.; Zhao, Y.; Zheng, W. (2012)
Synthesis of Co(OH),/Graphene/Ni Foam Nano-Electrodes with Excellent
Pseudocapacitive  Behavior and High Cycling Stability for
Supercapacitors. Int. J. Hydrogen Energy, 37, 11846-11852
(https://doi.org/10.1016/j.ijhydene.2012.05.138).

Narayanan, S.; Raghunathan, S. P.; Poulose, A. C.; Mathew, S.;
Sreekumar, K.; Sudha Kartha, C.; Joseph, R. (2015) Third-Order
Nonlinear Optical Properties of 3,4-Ethylenedioxythiophene Copolymers
with Chalcogenadiazole Acceptors. New J. Chem., 39, 2795-2806
(https://doi.org/10.1039/c4nj01899K).

Salman, M.; Chu, X.; Huang, T.; Cai, S.; Yang, Q.; Dong, X.; Gopalsamy,
K.; Gao, C. (2018) Functionalization of Wet-Spun Graphene Films Using
Aminophenol Molecules for High Performance Supercapacitors. Mater.
Chem. Front., 2, 2313-2319 (https://doi.org/10.1039/c8qm00260f).
Young, C.; Salunkhe, R. R.; Alshehri, S. M.; Ahamad, T.; Huang, Z,;
Henzie, J.; Yamauchi, Y. (2017) High Energy Density Supercapacitors
Composed of Nickel Cobalt Oxide Nanosheets on Nanoporous Carbon
Nanoarchitectures. J. Mater. Chem. A, 5,  11834-11839
(https://doi.org/10.1039/c7ta01362k).

Wang, G.; Jin, Z.; Zhang, W. (2019) A Phosphatized NiCo LDH 1D
Dendritic Electrode for High Energy Asymmetric Supercapacitors. Dalt.
Trans., 48, 14853-14863 (https://doi.org/10.1039/c9dt02955a).

Ren, H.; Pan, Y.; Sorrell, C. C.; Du, H. (2012) Assessment of
Electrocatalytic Activity through the Lens of Three Surface Area
Normalization Techniques. J. Mater. Chem. A, 8, 3154-3159
(https://doi.org/10.1039/c9tal13170a).

Wang, Y.; Wei, H.; Lv, H.; Chen, Z.; Zhang, J.; Yan, X.; Lee, L.; Wang,
Z. M.; Chueh, Y. L. (2019) Highly Stable Three-Dimensional Nickel-
Cobalt Hydroxide Hierarchical Heterostructures Hybridized with Carbon
Nanotubes for High-Performance Energy Storage Devices. ACS Nano, 13,
11235-11248 (https://doi.org/10.1021/acsnan0.9b04282).

Lu, Y.; Chen, N.; Bai, Z.; Mi, H.; Ji, C.; Sun, L. (2018) Acid-Assisted
Strategy Combined with KOH Activation to Efficiently Optimize Carbon
Architectures from Green Copolymer Adhesive for Solid-State
Supercapacitors. ACS Sustain. Chem. Eng., 6, 14838-14846
(https://doi.org/10.1021/acssuschemeng.8b03377).

Lu, Q.; Zhou, S.; Zhang, Y.; Chen, M.; Li, B.; Wei, H.; Zhang, D.; Zhang,
J.; Liu, Q. (2020) Nanoporous Carbon Derived from Green Material by an
Ordered Activation Method and Its High Capacitance for Energy Storage.
Nanomaterials, 10, 1058 (https://doi.org/10.3390/nan010061058).

Huang, T.; Song, X. Z.; Chen, X.; Chen, X. L.; Sun, F. F.; Su, Q. F.; Li,
L. D.; Tan, Z. (2018) Carbon Coated Nickel-Cobalt Bimetallic Sulfides

151



Chapter 4

(74)

(75)

(76)

(77)

(78)

(79)

(80)

Hollow Dodecahedrons for a Supercapacitor with Enhanced
Electrochemical Performance. New J. Chem., 42, 5128-5134
(https://doi.org/10.1039/c7nj04806h).

Li, G. C.; Liu, M.; Wu, M. K.; Liu, P. F.; Zhou, Z.; Zhu, S. R.; Liu, R;;
Han, L. (2016) MOF-Derived Self-Sacrificing Route to Hollow NiS,/ZnS
Nanospheres for High Performance Supercapacitors. RSC Adv., 6,
103517-103522 (https://doi.org/10.1039/c6ra23071g).

Yan, Z. S.; Long, J. Y.; Zhou, Q. F.; Gong, Y.; Lin, J. H. (2018) One-Step
Synthesis of MnS/MoS,/C through the Calcination and Sulfurization of a
Bi-Metal-Organic Framework for a High-Performance Supercapacitor and
Its Photocurrent Investigation. Dalt. Trans.,, 47, 5390-5405
(https://doi.org/10.1039/c7dt04895e).

Mei, H.; Mei, Y.; Zhang, S.; Xiao, Z.; Xu, B.; Zhang, H.; Fan, L.; Huang,
Z.; Kang, W.; Sun, D. (2018) Bimetallic-MOF Derived Accordion-like
Ternary Composite for High-Performance Supercapacitors. Inorg. Chem.,
57, 10953-10960 (https://doi.org/10.1021/acs.inorgchem.8b01574).

He, S.; Li, Z.; Wang, J.; Wen, P.; Gao, J.; Ma, L.; Yang, Z.; Yang, S.
(2016) MOF-Derived NixCo1.x(OH), Composite Microspheres for High-
Performance  Supercapacitors. RSC  Adv.,, 6, 49478-49486
(https://doi.org/10.1039/c6ra03992h).

Gao, F.; Shao, G.; Qu, J.; Lv, S.; Li, Y.; Wu, M. (2015) Tailoring of
Porous and Nitrogen-Rich Carbons Derived from Hydrochar for High-
Performance Supercapacitor Electrodes. Electrochim. Acta, 155, 201-208
(https://doi.org/10.1016/j.electacta.2014.12.069).

Gao, F.; Qu, J.;; Geng, C.; Shao, G.; Wu, M. (2016) Self-Templating
Synthesis of Nitrogen-Decorated Hierarchical Porous Carbon from
Shrimp Shell for Supercapacitors. J. Mater. Chem. A, 4, 7445-7452
(https://doi.org/10.1039/c6ta01314q).

Zhang, G.; Zhang, J.; Qin, Q.; Cui, Y.; Luo, W.; Sun, Y_; Jin, C.; Zheng,
W. (2017) Tensile Force-Induced Tearing and Collapse of Ultrathin
Carbon Shells to Surface-Wrinkled Grape Skins for High Performance
Supercapacitor Electrodes. J. Mater. Chem. A, 5, 14190-14197
(https://doi.org/10.1039/c7ta03113kK).

152



Chapter 5

Multifunctional Benzoselenadiazole-capped
Organic  Molecule-based  Nanohybrid  for
Efficient Asymmetric  Supercapacitor and

Oxygen Evolution Reaction

153



Chapter 5

154



Chapter 5

5.1 Introduction

The sustainable energy and a clean environment are important to all aspects of
human development at present time. The ever-growing need for energy and the
increase in environmental challenges have stimulated to develop the greener,
inexpensive and scalable technology for energy storage and conversion
applications.[**l The advancement of energy storage and conversion devices have
emerged to explore the earth-abundant and efficient materials./*'4 SCs are also
known as ultracapacitors, which have taken a lot of attention because of their
various benefits and potential for future applications in power storage devices.
SCs are expected to be broadly used in a variety of applications including
portable electronics, biomedical devices, space systems, electric vehicles, power
back-up, hybrid electric vehicles and high power applications.[>*>"1 Moreover,
water splitting is a facile way to generate clean, sustainable and eco-friendly
energy. Now a days, electrochemical water splitting is taking much attention to
produce high purity of O, and H.. The oxygen evolution reaction (OER) takes
place at the anode, while the hydrogen evolution reaction occurs at the cathode
during electrochemical water splitting. This process converts the renewable
energy into chemical energy. However, OER is a sluggish Kinetics reaction due
to the 4 electrons transfer reaction and requires more threshold potential (1.23 V)
than HER (0.0 V).[B17-211 Although, the more efficient, cheap, abundant and
robust electrocatalyst requires to accelerate the OER activity and decrease the
energy loss in water electrolysis. In general, low abundance Ru and Ir based
electrocatalysts exhibit efficient electrocatalysis, but high cost restricts them for
commercial use. So, the researchers are taking attention towards the use of 3d
transition metal-based compounds.l6%2>%1  The materials with enormous
abundance, low cost and competitive electrochemical properties with novel
transition metals need to develop for the enhancement of electrocatalytic
activities and cost effectiveness.[?>27281 Therefore, the monometallic and
bimetallic oxides, sulphides and hydroxides have been employed as
electrocatalysts and energy storage materials.?22329-351 However, bimetallic
systems with organic moiety have attracted lots of interest owing to their facile
synergistic effect between bimetallic system with organic moiety, reversible
redox reactions, environmental friendliness and relatively low fabrication cost for
commercial applications. Organic-inorganic nanohybrids represent a new class of
material, which offers exciting opportunities for the development of a new class
of electronically, optically and electrochemically active materials.[%6-421
Organic-inorganic nanohybrids have been synthesized using a variety of methods
including hydrothermal method,“#4 solution phase method,! atomic layer
deposition[*él and electrochemical deposition for energy conversion and storage
applications.*”481 The electrochemical deposition is a viable approach to
fabricate ordered morphology, low cost, no need of temperature and binder-free
synthesis among various synthetic methods. In addition, nickel foam (NF) is
significantly used as current collector due to its high conductivity, flexible
behavior and three-dimensional (3D) nature.*®l The 3D nature of NF would
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efficiently reduce the ion diffusion paths, which significantly helps in electrode-
electrolyte contacts and easily provides electroactive sites of electrode materials
for energy storage and energy conversion.4164% Here, a heterocyclic moiety
benzoselenadiazole protected organic molecule BSeFY was used to synthesize
organic-inorganic nanohybrids due to its various physical and chemical
properties. The negatively charged carboxylate groups, amide bond and aromatic
side chain play fundamental role in binding with inorganic metal ions through
electrostatic and non-covalent interactions. We fabricated the organic-inorganic
nanohybrid electrodes with the monometallic and bimetallic system by
galvanostatic electrodeposition process (applying -1 mA/cm? current density) to
identify the best combination of the metal ions with organic template for the
exploration in electrochemical area. The fabricated BSeFY/NCDH electrodes
0:40, 40:0, 20:20, 10:30, 30:10 and NCDH-20:20 exhibit good electrochemical
properties but bimetallic 20:20 nanohybrid demonstrate superior electrochemical
performance in both energy storage and conversion application. Therefore, the
20:20 nanohybrid provides favorable synergistic effect between metal ions and
organic template enhances Faradaic redox properties due to the plentiful valence
transition and offers adequate electrochemically active sites for smooth diffusion
of the ions and transports the electrons to attain superior supercapacitive and
OER performances.

5.2 Materials and Methods

5.2.1 Materials

The chemicals and materials were obtained commercially and used without
further purification. Selenium dioxide and 3,4-diaminobenzoic acid were
purchased form Alfa Aeser Pvt. Ltd. and L-phenylalanine (F), L-tyrosine (YY),
N,N’-dicyclohexylcarbodiimide (DCC), 1-hydroxybenzotriazole (HOBt) were
purchased from SRL chemicals, India. All the solvents such as dimethyl
sulfoxide (DMSO), hydrochloric acid, hexane, ethyl acetate and N,N'’-
dimethylformamide (DMF) were purchased from Merck India Ltd. All the
solvents were proper dried and distilled from standard procedures prior to use.
The pre-coated silica gel thin layer chromatography (Kieselgel 60 Fzs4) plates
were purchase from Merck K GaA. Ni(NO3)..6H,0 and Co(NOs3)2.6H.0O was
purchased from SRL chemicals. Nickel foam (NF) was purchased from Global
Nanotech, Mumbai, India.

5.2.2 Methods

The purification of peptides and their intermediates were done by Flash
Chromatography (TELEDYNE ISCO, USA; model: CombiFlash®Rf+) using
silica gel (100-200 mesh) column with ethyl acetate/hexane eluent. NMR
spectroscopy was recorded on Bruker AV 400 MHz spectrometer in DMSO-ds
and CDClssolvents. The positive and negative mode electrospray ionization mass
spectrometry was performed on Bruker microTOF-Q Il mass spectrometer. FTIR
spectroscopy was performed on KBr pellets on a Bruker Tensor 27 FTIR
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spectrophotometer. The compositions and oxidation states of the element in the
synthesized materials were studied using X-ray photoelectron spectroscopy
(XPS) using a Model/Supplier: PHI 5000 Versaprobe-Il, FEI Inc. SEM, EDS and
elemental mapping were performed by Karl Zeiss JEOL FE-SEM. Transmission
electron microscope (TEM) was assessed to further analyse the morphology of
the synthesized BSeFY/Co(OH)./NF nanohybrid material using a FEI Technai 20
U Twin Transmission Electron Microscope. All the electrochemical
measurements such as cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), electrochemical impedance spectroscopy (EIS) and cyclic stability
performance were conducted by Metrohm Autolab potentiostat (PGSTAT302N)
in 1M aqueous KOH solution. The electrolyte solution was prepared freshly
before each experiment to sustain consistency.

o

HoN OH S€0z HCI, MeOH MeOH N /qgo"/'e MeOH
Reflux (70-80 °C) DMF, DCC S 1N NaOH
HoN

HOBt, 0 °C

o
i H\i NN N iOH
Qk MeOH N 7 OMe=— O Se Hol
1NN on® N o 3 L oee N

Scheme 5.1. Synthetlc scheme for solution phase preparation of BSeFY
dipeptide molecules.

5.2.3 Synthesis of compound 5

5.2.3.1 Synthesis of benzo[2,1,3]selenadiazole-5-carboxylic acid (6): The
mixture of 3,4-diaminobenzoic acid (1 g, 6.57 mmol) and selenium dioxide (1.46
g, 13.15 mmol) were refluxed in methanol (20 mL) and 1N HCI (15 mL) for 2 h
at 80 °C. The reaction mixture was cooled at room temperature and methanol was
evaporated by rotary evaporator. The precipitate of the product was filtered by
sintered glass funnel (Borosil G4) and washed with Milli-Q water. The faint pink
colored solid precipitate was obtained and dried it in oven at 60 °C to yield 1.385
g (6.1 mmol, 92%) of 6.5 'H NMR (400 MHz, DMSO-de): 6 8.41 (s, 1H, BSe),
7.98-7.89 (dd, 2H, J = 9.36, 8.80 Hz, BSe); *C NMR (100 MHz, DMSO-ds): &
167.32, 161.15, 159.61, 131.64, 128.31, 125.83, 123.60; MS (ESI): m/z calcd. for
C7HiN,0,Se: 226.9360 [M-H]; found: 226.9566.
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Figure 5.1. ESI-MS spectrum of 6.
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Figure 5.2. *H NMR spectrum (400 MHz, DMSO-ds) of 6.
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Figure 5.3. **C NMR spectrum (100 MHz, DMSO-ds) of 6.

5.2.3.2. Synthesis of BSeF-OMe (7): A solution of 6 (1 g, 4.40 mmol) and HOBt
(711 g, 5.28 mmol) was stirred in 5 mL of dry DMF in a 100 mL round bottom
flask. A neutralized solution of phenylalanine methyl ester was extracted from its
corresponding hydrochloride salt (1.89 g, 8.76 mmol) and concentrated to add in
the reaction mixture followed by coupling agent N, N’-dicyclohexylcarbodiimide
(1.08 g, 5.28 mmol) at 0 °C and allowed to stir at room temperature for 12 h. The
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progress of the reaction was monitored by thin layer chromatography (TLC).
After the completion of the reaction, the reaction mixture was diluted with ethyl
acetate and washed with 1IN HCI (3x30 mL), saturated Na,CO;z solution (3x30
mL) and brine solution. Solid light yellowish colored compound of 7 was
obtained after evaporating the solvent under reduced pressure. Compound 7 was
purified using flash chromatography. Yield = 1.51 g, (3.88 mmol, 88%); 'H
NMR (400 MHz, CDCls): & = 8.06 (s, 1H, BSe), 7.82-7.76 (dd, J = 9.44, 9.32
Hz, 2H, BSe), 7.26-7.08 (m, 5H, Ph), 6.71, 6.69 (d, J = 7.16, 1H, NH), 5.08-5.04
(m, 1H, C* H of Phe), 3.74 (s, 3H, -OCH3), 3.26-3.16 (m, 2H, CP H of Phe) ppm;
13C NMR (100 MHz, CDCls): & =171.88, 165.92, 135.64, 134.95, 129.32,
128.78, 127.79, 127.40, 123.79, 122.09, 53.75, 52.63, 37.86 ppm; MS (ESI): m/z
calcd. for C17H1sN3O3SeNa: 412.0176 [M+Na]*; found: 412.0182.
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Figure 5.4. ESI-MS spectrum of 7.
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Figure 5.5. *H NMR spectrum (400 MHz, CDCls) of 7.
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Figure 5.6. *C NMR spectrum (100 MHz, CDClI;) of 7.

5.2.3.3. Synthesis of BSeF-OH (8): The compound of 7 (0.7 g, 1.80 mmol) was
taken in round bottom flask with 40 mL distilled methanol and allowed to react
with a solution of 4 mL (1IN) NaOH solution. The reaction mixture was stirred
for 4-5 h. The hydrolysis progress was monitored by thin layer chromatography.
After the completion of the reaction, excess methanol was evaporated to dryness
with rotary evaporator and diluted with 40 mL milli-Q water. Then, the water
mixture was taken in a separating funnel and slowly washed with diethyl ether
(2x20 mL). The aqueous layer was collected and cooled in an ice bath. Then, the
cooled aqueous solution was acidified with 1N HCI and adjusted to pH 2. The
product was extracted with ethyl acetate (3x30 mL). The ethyl acetate layer was
dried over anhydrous Na.SO. and evaporated under reduced pressure to obtain a
solid compound 8. Yield = 0.602 g (1.6 mmol, 89%); *H NMR (400 MHz,
DMSO-dg): 6 =12.87 (s, 1H, -COOH), 9.10, 9.08 (d, J = 8.08, 1H, -NH), 8.35 (s,
1H, BSe), 7.94-7.87 (dd, J = 9.48, 9.28, 2H, BSe), 7.39-7.20 (m, 5H, Ph), 4.75-
4.69 (m, 1H, C* H of Phe), 3.17-3.11 (m, 2H, C? H of Phe) ppm.*C NMR (100
MHz, DMSO-ds): 6 = 173.48, 166.16, 160.75, 159.64, 138.57, 134.49, 129.56,
128.72, 128.16, 126.91, 123.52, 122.82, 54.89, 36.77 ppm; MS (ESI): m/z calcd.
for C16H13N303861 374.0044 [M-H]'; found: 374.0368.
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Figure 5.7. ESI-MS spectrum of 8.
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Figure 5.8. *H NMR spectrum (400 MHz, DMSO-ds) of 8.
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Figure 5.9. 13C NMR spectrum (100 MHz, DMSO-ds) of 8.

5.2.3.4. Synthesis of compound BSeFY-OMe (17): A solution of compound 8
(0.2 g, 0.534 mmol) and HOBt (0.866 g, 0.64 mmol) was stirred in DMF (2 mL).
A neutralized solution of H.N-Tyr-OMe was extracted from its corresponding
hydrochloride salt (0.248 g, 1.07 mmol). It was concentrated for addition to the
reaction mixture followed by coupling agent N,N’-dicyclohexylcarbodiimide
(0.132 g, 0.64 mmol) at 0 °C. The reaction mixture was allowed to stir at room
temperature for 12 h. After the reaction, the reaction mixture was diluted with
ethyl acetate and the organic layer was washed with 1IN HCI (3x30 mL),
saturated Na,CO;z (3%x30 mL) and brine solution. The organic layer was dried
over Na,;SO4 and evaporated under vacuum by rotary evaporator to yield solid
compound 17. The purification of compound 17 was performed by flash
chromatography on silica gel (100-200 mesh) with ethyl acetate and hexane as
eluent. Yield = 0.229 g (0.415 mmol, 77%): *H NMR (400 MHz, DMSO-de): 6 =
9.32 (s, 1H, -OH of Tyr), 8.97, 8.95 (d, J = 8.44 Hz, 1H, -NH), 8.59, 8.57 (d, J =
7.32 Hz, 1H, -NH), 8.36 (s, 1H, BSe), 7.94-7.86 (dd, J = 9.32, 9.28 Hz, 2H,
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BSe), 7.44-7.22 (m, 5H, aromatic Hs of Phe), 7.10,7.08 (d, J = 8.08 Hz, 2H, Hs
of Tyr), 6.72, 6.69 (d, J = 8.08 Hz, 2H, Hs of Tyr), 4.90-4.49 (m, 1H, C*H of Phe
and Tyr) 3.66 (s, 3H, OCHjs), 3.18-2.96 (m, 4H, CPH of Phe and Tyr) ppm; *C
NMR (100 MHz, DMSO-ds): 6 = 172.44, 171.92, 166.09, 160.75, 159.66,
156.53, 138.68, 134.66, 130.56, 129.68, 128.59, 128.31, 127.51, 126.81, 123.40,
122.85, 115.60, 55.18, 54.64, 52.35, 37.47, 36.38 ppm; MS (ESI); m/z calcd. for
Ca6H24N4O4SeNa; 575.0810 [M+Na]* ; found: 575.0814.
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Figure 5.10. ESI-MS spectrum of 17.
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Figure 5.12. **C NMR spectrum (100 MHz, DMSO-ds) of 17.

5.2.3.5. Synthesis of compound BSeFY-OH (5): Compound 17 (0.17 g, 0.308
mmol) was dissolved in 30 mL distilled methanol. After that, the solution was
allowed to react with 1N solution of NaOH (3 mL). The progress of the reaction
was monitored by TLC. The reaction mixture was stirred for 5 h. Then, the
methanol was removed by rotary evaporator. The residue was diluted with 50 mL
milli-Q water. The aqueous layer was taken in a separating funnel and slowly
washed with diethyl ether (2x20 mL). The pH of the cooled aqueous layer was
adjusted to 2 by using 1N HCI and extracted with ethyl acetate (3x30 mL). The
ethyl acetate layer was dried over anhydrous Na,SOs and evaporated under
reduced pressure with rotary evaporator to yield a light yellowish solid
compound 5. Yield = 0.137 g (0.254 mmol, 82%). *H NMR (400 MHz, DMSO-
de) & = 12.77 (s, 1H, -COOH), 9.16 (s, 1H, -OH of Tyr), 8.84, 8.82 (d, J = 8.64
Hz, 1H, -NH), 8.47, 8.45 (d, J = 8.36 Hz, 1H, -NH), 8.30 (s, 1H, BSe), 7.88-7.80
(dd, J = 9.40, 9.36 Hz, 2H, BSe), 7.38-7.14 (m, 5H, aromatic Hs of Phe),
7.05,7.03 (d, J = 8.24 Hz, 2H, Hs of Tyr), 6.62, 6.60 (d, J = 8.16 Hz, 2H, Hs of
Tyr), 4.83-4.39 (m, 1H, C*H of Phe and Tyr), 3.02-2.76 (m, 4H, CPH of Phe and
Tyr) ppm; C NMR (125 MHz, DMSO-de): & = 173.32, 171.66, 165.99, 160.72,
159.64, 156.43, 138.78, 134.66, 130.57, 129.64, 128.52, 128.28, 127.86, 126.71,
123.34, 122.80, 115.48, 55.23, 54.40, 37.42, 36.38 ppm; MS (ESI); m/z calcd. for
CasH22N404Se: 537.0677 [M-H] ; found: 537.0708.
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Figure 5.13. ESI-MS spectrum of 5.
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Figure 5.15. *3C NMR spectrum (125 MHz, DMSO-dg) of 5.

5.3 Results and Discussion

A heterocyclic aromatic benzoselenadiazole-capped® organic molecule BSeFY
and metal salts in water/dimethyl sulphoxide (DMSO) (1:1) V/V were used as
precursors for electrochemical galvanostatic electrodeposition. We used different
concentrations of Ni(NO3)..6H.O and Co(NOs)..6H,O metal salts in mmol/L
ratios of 0:40, 40:0, 20:20, 10:30 and 30:10 with a constant concentration of
organic material (2 mM) for the synthesis of organic-inorganic nanohybrids and
termed as 0:40, 40:0, 20:20, 10:30 and 30:10 respectively. We also fabricated the
NCDH-20:20 electrode without organic material using the same parameters and
conditions for comparative studies. The electrodeposition (ED) was performed
with three electrodes assemblies NF, platinum wire and Ag/AgCl (working
electrode), platinum wire (counter electrode) and Ag/AgCl (reference electrode).
Prior to its use as a growth process, the NF (1cm x 1cm) was cleaned with HCI
(IN), ultrapure water and ethanol consequently with ultrasonication to avoid
surface impurities. The galvanostatic electrodeposition was performed to
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synthesize the organic-inorganic nanohybrids on NF substrate by applying a
constant -1 mA/cm? current density for 600 seconds at room temperature. The
formation of hybrid material can be seen in the black layer formed over the
flexible NF substrate. We used NF as the substrate for the growth of nanohybrids
due to its high conductivity, 3D nature, large surface area and good mechanical
properties. After applying the current, the pH of the precursor electrolyte was
enhanced near the working electrode due to the reduction of the NOjs ions to
NO; and simultaneously the formation of the hydroxyl ions. The acid groups of
the small organic molecules deprotonate due to the enhancement of the precursor
pH and form carboxylate anions. As a result, the deprotonated small organic
molecules interact with metal ions to form BSeFY/NCDH organic-inorganic
nanohybrids. Moreover, non-covalent interactions such as 7-m stacking and
hydrogen bonding facilitate the intermolecular interaction during the fabrication
of the nanohybrids.?552 The chemical reactions occurred during the
electrodeposition process are discussed in Scheme 5.2.

Scheme 5.2: Schematic depiction for the formation of organic-inorganic
nanohybrids

Hydrogen bonding interactions
o H o
N o X O . =

BSeFY [ | e
oH OL\T,sz;

Ni(NO,),.6H,0
and
Co(NO;),.6H,0

xNi?* +yCo?* + 2(x + y)OH —>Ni,Co,(OH),,.,

The changes in vibrations of functional groups of BSeFY/NCDH nanochybrids
were analyzed by FTIR analysis (Figure 5.16). The stretching peak of -O-H
functional groups appeared 3300-3500 cm™. Furthermore, the peak at 1719 cm™
is assigned in the BSeFY spectrum due to the stretching mode of C=0 in the
carboxylic acid group. However, this peak is disappeared in all nanohybrid
spectra due to the metal-carboxylate ions interactions. Moreover, the prominent
bands at 1636 and 1567 cm™ are attributed to amide C=0 stretching and —N-H
bending of the amide functional group present in nanohybrids, respectively. The
nanohybrids exhibit the vibrational mode of M-OH (M=Ni and Co) in between
600-700 cm2.[53-58]
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Figure 5.16. FTIR spectra of 0:40, 40:0, and 20:20 nanohybrids.

The X-ray photoelectron spectroscopy (XPS) is a quantitative procedure to detect
the oxidation states and chemical composition of the nanchybrids. The
composition of the BSeFY/NCDH(20:20) nanohybrid was detected by the XPS
survey (Figure 5.17a) and Ni, Co, O, N, C and Se elements present in the XPS
spectra.
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Figure 5.17. (a) XPS survey spectrum for BSeFY/NCDH (20:20) nanohybrid.
The high resolution XPS spectra of 20:20 nanohybrid in the (b) Ni 2p, (c) Co 2p
and (d) C 1s areas.

Furthermore, the core level spectrum of Ni 2p (Figure 5.17b) shows two intense

peaks at 872.8 (Ni 2pi2) and 855.3 (Ni 2ps2) eV due to the spin-orbital energy
change (17.5 eV) and corresponding satellite peaks at 878.7 and 860.8 eV,
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respectively.357:596 Similarly, the core level spectrum of Co 2p (Figure 5.18c)
exhibits two peaks at 796.3 and 780.8 eV and two low intensity satellite peaks at
801.6 and 784.8 eV for Co 2py2 and Co 2psp, respectively. The difference in spin
energy between Co 2pi1, and Co 2p3, is observed as 15.5 eV. The satellite peaks
are associated to the existence of divalent species in nanohybrids.>7:59-61
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Figure 5.18. Core level XPS spectra of (a) O 1s, (b) Se 3d and (c) N 1S.

Moreover, Figure 5.17d corresponds to the C 1s high resolution spectrum, which
is associated with 284.4, 285.5 and 287.6 eV binding energy due to the presence
of C=C, C-C/C-N and O-C=0 bonding interactions, respectively.[#359.60.6263 The
core-level spectrum of O 1s is displayed in Figure 5.18a. The two fitted peaks are
assigned at 5309 and 5325 eV for the -O-H and O-C=0 groups
respectively.[**621 The peak at 55.8 eV binding energy in Se 3d enlarged spectrum
(Figure 5.18Db) appears for the N-Se-N bonding interaction. Furthermore, the N 1s
core level spectrum (Figure 5.18c) is attributed to the fitted peaks at 399.1 and
400.2 eV for C=N and C-N groups, respectively.5646

Figure 5.19 represents the XRD diffraction patterns of the synthesized
BSeFY/NCDH nanohybrids. No additional peak is observed except the peaks of
nickel foam in X-ray diffraction patterns due to the amorphous nature of the
synthesized nanohybrids. 667
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Figure 5.19. XRD patterns of (i) bare NF and nanohybrids of (ii) 0:40, (iii) 40:0,
(iv) 20:20 and (v) after OER 20:20.

Figure 5.20 demonstrates the high-magnification SEM images of as-synthesized
NCDH-20:20 (a), 0:40 (b), 40:0 (c), 30:10 (d), 10:30 (e) and 20:20 (f) materials,
which disclose the comprehensive morphological information. The uniform
network-like morphology is gained from NCDH-20:20, 0:40, 40:0, 30:10, 10:30
and 20:20 materials, which exhibit the crosslinked thick sheets and
interconnected granular sheet architecture. Moreover, the architecture of the
20:20 sample looks like small petal-like sheets staked to each other and exhibits
network-like morphology. The thin network like architecture of 20:20 provides
more open spaces and electrochemically active sites, which enhance the rate of
redox reaction, increase the rapid transport of ions and electrons, reduce the
transport pathway leading to improved storage capacity and electrocatalytic
performances. The TEM measurement (Figure 5.20g) was performed to further
characterize the morphology of the 20:20 nanohybrid. The TEM image further
reveals the presence of petal-like sheets, which are stacked to each other. The
formation of the interconnected network-like architecture of 20:20 nanohybrid is
more suitable for electrochemical measurement due to the exposure of the more
electrochemically active spaces. The selected area electron diffraction (SAED)
pattern (inset of Figure 5.20g) exhibits a halo diffused ring due to the amorphous
nature of the nanohybrid material. Moreover, the HR-TEM image (Figure 5.20h)
reveals that the synthesized nanohybrid material is amorphous in nature due to
the absence of distinctive lattice fringes.®

(a) N T (O i T ©
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Figure 5.20. The magnified SEM images of (a) NCDH-20:20, (b) 0:40, (c) 40:0,
(d) 30:10, (e) 10:30 and (f) 20:20 materials. TEM (g) and HR-TEM (h) image of
synthesized 20:20 nanohybrid.

Furthermore, EDS was performed to detect the elemental composition of the
nanohybrids. Figure 5.21 exhibits the peaks due to the presence of Ni, Co, O, N,
C and Se elements in the nanohybrids.

o 2
Full Scale 4967 cts Cursor: 0.000

Figure 5.21. EDS study of (a) 0:40, (b) 40:0, (c) 20:20, (d) 10:30 and (e) 30:10
nanohybrids.

Furthermore, elemental mapping was studied to identify the distribution of the
elements present in nanohybrids. The Figures 5.22, 5.23, 5.24, 5.25 and 5.26
disclose the uniform distribution of elements present in 0:40, 40:0, 20:20, 10:30
and 30:10 nanohybrids, respectively.

Q) ] 0:40 |®

Figure 5.22. Elemental mapping study of 0:40 nanohybrid.
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Figure 5.23. Elemental mapping study of 40:0 nanohybrid.

Figure 5.25. Elemental mapping study of 10:30 nanohybrid.
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Co

Figure 5.26. Elemental mapping study of 30:10 nanohybrid.

5.3.1 Electrochemical Measurements

The electrochemical measurements of the BSeFY/NCDH were investigated in
1M KOH electrolyte with three electrode setup. The electrodeposited material on
NF, Ag/AgCl and platinum wire were used as working electrode, reference
electrode and counter electrode, respectively. An electrochemical workstation
Metrohm Autolab potentiostat (PGSTAT302N) was utilized to perform all
electrochemical measurements.

The following formula was used to estimate the specific capacitance (Cs).[6%

_ IxAt
Cs = m XAV (Sl)

Here AV denotes the potential window, | (A) represents constant current, At (s)
exhibits the discharge time of GCD and m (mg) represents the active mass.

The 20:20 and AC electrodes were used as the positive and negative electrodes to
assemble the asymmetric supercapacitor device. The following equation was
used to get the optimal mass ratio between the positive electrode and the negative
electrode: (8

m C_AV_
—— Cy AV, (S2)
Where, m. and m. are the mass of positive and negative electrode materials,
respectively, C. and C. are the specific capacitance of the positive and negative
electrodes, respectively and AV and AV. are the potential window of the positive
and negative electrodes respectively.
The energy and power density of the asymmetric supercapacitor (ASC) device
can be estimated using following equations:[#36°701

CsXAV?
3600 X E
P === (W/kg) (S4)

Where E represents the energy density (Wh/kg), Cs denotes for the specific
capacitance of the device (F/g), AV represents the operating potential window
(V), P denotes the power density (W/kg) and At represents discharge time (s).

The electrocatalytic oxygen evolution reaction was carried out in 1M KOH
electrolyte at room temperature. All the potential were calibrated to the RHE
scale based on the following equation: Erxe = Eagiager + 0.197 + (0.0591 x pH) V.
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All Nyquist plots were obtained with the frequency range of 100000 to 0.1 Hz at
0.41V.
The following equation can be used to determine the turn over frequency (TOF)
of catalysts:[6271]

JA

TOF = 2= (S5)

Where J is the current density (A cm™) at an obtained overpotential, A refers to
geometric area of the electrode (cm?), 4 possesses the 4 electrons involved in the
oxidation and reduction reactions of O, F is the Faraday constant (96,485 C mol
1y and m stands for number of moles of the active sites (mol).

n? F?2 AT,
TaRT (S6)

The CV curves of the catalysts at various scan rates were used to estimate slopes
(peak current vs scan rate plot). The obtained slope is used to determine the m
(which is equivalent to A T'g). A is the geometric surface area (cm?), I is the
surface concentration of active sites (mol cm2), R is the ideal gas constant (J mol-
1 K1), and T is the absolute temperature (K).

Furthermore, exchange current density (Jo) is another important factor for
assessing catalytic efficiency, which can be calculated as follows.:[?]

RT
Jo= NFRy (S7)

where, R stands for gas mole constant (8.314 J mol*K?), T represents the
temperature (298 K), n stands for the electron transfer number, F is Faraday's
constant (96485 C mol™?) and Rct represents the charge transfer resistance.

Slope =

The cyclic voltammetry (CV) was investigated in the potential window of 0.0-
0.55 V to reveal the redox properties of the BSeFY/NCDH electrodes. The
Figure 5.27a shows the comparative study of the CV at 50 mV/s of the 0:40,
40:0, 20:20, 10:30, 30:10 and NCDH-20:20 electrodes. CV curves clearly
indicate that the BSeFY/NCDH(20:20) hybrid electrode exhibits a higher
hysteresis area than other electrodes suggesting the unique structural design and
greater electrochemical activity. Moreover, Figure 5.28 exhibits the CV studies
of 0:40, 40:0, 20:20, 10:30, 30:10 and NCDH-20:20 hybrid electrodes at 10, 15,
20, 30, 40 and 50 mV/s scan rates. The BSeFY/NCDH hybrids assign a pair
redox peak, which originates mainly from the Faradaic reactions due to the
generation of the metal oxyhydroxide in the alkaline electrolyte during
electrochemical measurements. The following reactions explain the formation of
metal oxy species with OH" ions and the generation of redox peaks: !
Ni(OH), + OH™ < NiOOH + H,0 + e~
Co(OH), + OH™ & CoO0OH + H,0 + e~

Figure 5.27b (comparative study at 2 A/g) and Figure 5.29 (at various current
densities) exhibit the galvanostatic charge-discharge (GCD) analysis to measure
the Cs (Equation S1) of the 0:40, 40:0, 20:20, 10:30, 30:10 and NCDH-20:20
electrodes. It is observed from GCD analysis (Figure 5.27b) that the specific
capacitance of the 20:20 nanohybrid (1338.46 F/g) is higher than the 0:40
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(661.36 F/g), 40:0 (845.17 F/g), 10:30 (817.30 F/g), 30:10 (1145.83 F/g) and
NCDH-20:20 (808.33 F/g) electrode materials at the current density of 2 A/g.
The highest specific capacitance of the 20:20 hybrid electrode reveals that the
ordered nanoarchitecture of hybrid and synergistic effect between bimetallic ions
make it more facile to enhance the specific capacitance as well as favorable
intercalation/deintercalation of the ions. The GCD performance of nanohybrids
(Figure 5.29) at different current densities exhibits the decrease in the charging-
discharging time due to the diffusion of the electrolyte ions on the outer surface
of the electrode materials instead of overall active materials.
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Figure 5.27. Comparative electrochemical analysis of 0:40, 40:0, 20:20, 10:30,
30:10 and NCDH-20:20 electrodes in 1M KOH electrolyte. (a) CV curves
measured at 50 mV/s in the 0.0-0.55 V voltage window. (b) GCD performed at 2
Alg current density for all the hybrid electrodes. (c) Nyquist plots of nanohybrids
in the frequency range of 0.1 to 10° Hz. (d) Cyclic stability analysis of 20:20 for
2500 cycles at 20 A/g current density.

The electrochemical impedance spectroscopy (EIS) was carried out between
100000 to 0.1 Hz frequency to examine the electrical conductivity, internal
resistance and diffusion resistance. Figure 5.27c exhibits the Nyquist plots for
0:40, 40:0, 20:20, 10:30, 30:10 BSeFY/NCDH nanohybrid electrodes and
NCDH-20:20 electrode and the plots exhibit semicircle in high frequency region.
The semicircle radius of 20:20 is smaller than the 0:40, 40:0, 10:30, 30:10 and
NCDH-20:20 electrode materials revealing the lower charge transfer resistance
(Rct), which indicates the higher electrical conductivity of the nanohybrid
electrodes. The Rct values of the 0:40, 40:0, 20:20, 10:30, 30:10 nanohybrid
electrodes and NCDH-20:20 electrode were estimated from the circuit fit of EIS
(Figure 5.30) and corresponding values are 4.64 Q, 589 mQ, 384 mQ, 4 Q, 446
mQ and 3.84 Q electrode respectively. The straight line in low frequency region
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indicates Warburg impedance, which denotes the ionic diffusion resistance.[®!
Furthermore, the long-term stability of 20:20 nanohybrid was investigated with
GCD at 20 A/g current density and the 20:20 nanohybrid retains 80.74%
capacitance after 2500 cycles (Figure 5.27d). It is clearly observed from the
electrochemical results that the facile synergistic effect between bimetallic ions
as well as organic moiety makes BSeFY/NCDH (20:20) nanohybrid as a most
promising material to enhance the redox activity, promotes better binding of
hydroxide ions in electrolyte towards active sites and reduce Rct. The
electrochemical results suggest that BSeFY/NCDH (20:20) exhibits excellent
electrochemical properties due to the nanoarchitecture of the 20:20 hybrid, which
allows smooth electrolyte penetration as well as ion transport and reduces the
electrons and ions diffusion pathway. Moreover, the nanohybrid offers high
conductivity, faster kinetics and provides higher electrochemically active sites.
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Figure 5.28. CV measurements of BSeFY/NCDH (a) 0:40, (b) 40:0, (c) 20:20,

(d) 10:30, (e) 30:10 and (f) NCDH-20:20 electrodes at scan rates of 10, 15, 20,
30, 40 and 50 mV/s.
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Figure 5.29. GCD analysis of (a) 0:40, (b) 40:0, (c) 20:20, (d) 10:30, (e) 30:10
and (f) NCDH-20:20 electrodes at current densities of 2, 5, 8, 10, 12 and 15 F/g.
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Figure 5.30. EIS circuit fit of (a) 0:40, (b) 40:0, (c) 20:20, (d) 10:30, (e) 30:10

and (f) NCDH-20:20 electrodes.

Table 5.1 exhibit the all electrochemical results of the synthesized materials.

Table 5.1. Electrochemical performance of synthesized materials with three

electrode system in 1M KOH electrolyte

Materials | Cs at Csat Csat Csat Csat Csat | Rs | Rct

2 Alg 5Alg 8 Alg 10A/g |12A/g |15A/g| (Q) | (Q)
0:40 661.36 | 652.48 | 643.11 | 640.33 | 632.47 | 636.16 | 1.96 | 4.64
40:0 845.17 | 825.93 | 813.11 | 769.45 | 754.73 | 730.98 | 1.50 | 589
20:20 1338.46 | 1319.45 | 1181.44 | 1104.83 | 1024.21 | 902.7 | 1.34 | 384
10:30 817.30 | 780.35 | 688.59 |657.59 | 616.21 | 600.41 | 1.66 | 4.00
30:10 1145.83 | 1135.42 | 1116.67 | 1083.33 | 1075 1000 | 1.33 | 446
NCDH- 808.33 | 791.66 | 783.33 | 770.83 | 725 656.25 | 1.80 | 3.84
20:20

5.3.2 Electrochemical measurements of the activated carbon electrode (AC):
The activated carbon, carbon black and polymer binder were used to make the
negative electrode on NF. The slurry was prepared using activated carbon,
carbon black and polyvinylidene fluoride (PVDF) in the ratio of 80:15:5 and
mixed well with a few drops of N-methyl-2-pyrrolidine solvent to get a
homogeneous slurry using a pestle and mortar.t”®! The slurry was applied on the
NF uniformly and kept for dry at 80 °C for 4 h. After that, the slurry pasted NF
was pressed with compressing machine to get AC/NF negative electrode. The
electrochemical measurements of the prepared AC/NF electrode were conducted
in 1M KOH electrolyte using three electrode assemblies. The obtained quasi-
rectangular CV curves at various scan rates (Figure 5.31a) without any redox
peaks suggest the electric double-layer capacitance nature of the electrode
materials. There is no obvious distortion appeared when the scan rates are
increased from 20 to 100 mV/s in the potential window of -1 to 0.0 V, indicating
that the electrode has good ion diffusion. Figure 5.31b depicts the GCD curves
for various current densities ranging from 1 to 10 A/g. GCD reversibility is
indicated by the symmetric triangular profile. Figure 5.31c represents the CV
measurement of the activated carbon (AC) electrode and 20:20 hybrid electrode
at 50 mV/s.
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Figure 5.31. Electrochemical measurements of AC electrode: (a) CV curves at
various scan rates and (b) GCD measurement at different current densities (c) CV
of (i) AC electrode and (ii) 20:20 nanohybrid electrode at 50 mV/s in combined
graph.

The CV of the AC electrode was investigated in the potential window of 0.0 to -
1.0 V, which shows non-faradaic CV. Moreover, CV analysis of the 20:20
nanohybrid electrode exhibits the Faradaic redox CV in the voltage window of
0.0-0.55 V. The CV results suggest that the high voltage window of the SC
device can be achieved by combining the positive and negative electrode
materials potential window. All of these findings indicate that the AC electrode
exhibits good electrochemical properties, making it a good candidate for use in
supercapacitor devices. The charge stored and mass loading ratio on positive
(20:20) and negative (AC) electrodes of the asymmetric device was balanced by
equation S2.16873

For the practical application, the asymmetric supercapacitor (ASC) device was
assembled with the BSeFY/NCDH(20:20), AC, PVA/KOH and cellulosic paper
which acts as a positive electrode, negative electrode, gel electrolyte and
separator, respectively. The electrodes were soaked in the electrolyte for 1 h prior
to assembly for the device. The separator (cellulosic paper) was used to restrict
any short-circuit. The ASC device (BSeFY/NCDH(20:20)//AC) was
electrochemically characterized and the results are displayed in Figure 5.32.
Figure 5.32a exhibits the CV analysis in the potential window of 0.0-1.6 V at
various scan rates. The CV analysis reveals that the current response increases
with the increase in scan rates and vice-versa. Furthermore, Figure 5.32b displays
the CV profiles at various potential windows at the constant scan rate 200 mV/s.
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The specific capacitances of the device at various current densities were
estimated from GCD performance (Figure 5.32c). Thus, the ASC device shows
the specific capacitance of 106.25, 101.25, 90.62, 83.12 and 75.10 F/g at the
current densities of 1, 2, 5, 7 and 10 A/g. The GCD measurement (Figure 5.32d)
represents that the specific capacitance decreases as the potential window shrink.
The ASCs device’s Ragone plot is depicted in Figure 5.32¢ with the comparative
study of previously reported literatures. The energy density (E) and power
density (P) are well known benchmark criteria for assessing the efficiency of the
device and calculated from the equations S3 and S4 respectively.
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Figure 5.32. The electrochemical characterization of the
BSeFY/NCDH(20:20)//AC asymmetric device. (a) CV results of the device
detected at various scan rates. (b) CV curves of the device performed at various
potential windows. (c) GCD results of the ASC device at various current
densities. (d) GCD performances at various voltage windows. (e) Ragone plot of
the ASCs. (f) Long-term stability test for 5000 GCD cycles at 7 A/g current

density and inset of Figure represents the lightening of red LED and spinning of a
small fan.
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The ASC device achieves maximum energy density of 35.48 W h/kg at 751.36
W/kg power density. Moreover, the ASC device could remain 17.91 W h/kg
energy density at 5373.79 W/kg power density. In addition, Figure 5.32e also
demonstrates that the fabricated device exhibits good energy density and power
density as compared with previously published asymmetric supercapacitors.l’4-81
The long-term performance of the ASC device was investigated by repeating the
5000 GCD cycles within the potential window of 0.0 to 1.6 V at a current density
of 7 A/g. The assembled ASC device retained 91.24% capacitance of its initial
capacitance. Furthermore, the inset of Figure 5.32f shows that the ASC device is
capable of efficiently lighting a red LED (2V) and running a small fan.
Moreover, Figure 5.33 shows that the ASC device can light-up a red LED for few
minutes. Therefore, the obtained promising consequences indicate (Table 5.2)
that the BSeFY/NCDH(20:20)//AC based ASC device have great potentials for
energy storage applications.

Table 5.2. Electrochemical results of the fabricated BSeFY/NCDH(20:20)//AC
device

Current density | Specific capacitance | Energy density | Power density
(A/g) (F/g) (Whkg) (W kg™)

1 106.25 35.48 751.36

2 101.25 32.53 1445.89

5 90.62 26.07 3236.4

7 83.12 22.02 4173.27

10 75.10 17.91 5373.79

0 min

7 min 10 min

Figure 5.33. The pictures show LED lighted by BSeFY/NCDH(20:20)//AC two
asymmetric devices connected in a series.

5.3.3 Electrochemical surface area (ECSA) measurements: The CV (Figure
5.34) was carried out in the non-Faradaic potential region to obtain double-layer
capacitance (Ca) value by the fitted linear relationship of the graph between
current vs scan rates.
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Figure 5.35. Cq curves of (a) 0:40, (b) 40:0, (c) 20:20 (d) 10:30, (e) 30:10 and (f)
NCDH-20:20 electrode materials.

The value of Cq (Figure 5.35) was utilized to estimate the electrochemical
surface area (ECSA) of the nanohybrids by using ECSA = Ca/Cs formula. Cs is
the areal capacitance of nickel foam and the value is 1.7 mF/cm2'H Cy
represents the double layer capacitance and it is estimated from the fitted straight
line slope. The Cq of the 20:20 (0.286 mF/cm?) is obtained higher than the 0:40
(0.074 mF/cm?), 40:0 (0.178 mF/cm?), 10:30 (0.148 mF/cm?), 30:10 (0.268
mF/cm?) and NCDH-20:20 (0.123 mF/cm?). Therefore, the 20:20 hybrid is
attributed more ECSA (0.168 cm?) as compared to 0:40 (0.043 cm2), 40:0
(0.0104 cm?), 10:30 (0.087 cm?), 30:10 (0.157 cm?) and NCDH-20:20 (0.072
cm?). The larger electrochemical active surface area of 20:20 can afford more
accessible electrochemically active sites, smooth intercalation/deintercalation of
ions and rapid transport of electrons to enhance the OER activity. Additionally,
The TOF was estimated (equation S5) to know the improved catalytic activity of
the catalysts. The slope was calculated using the CV curves (Figure 5.36) of the
catalysts at varied scan rates (peak current vs scan rate plot). In order to calculate
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the m (which is comparable to A T'g), the obtained slope is used (equation S6).
Therefore, the 20:20 nanohybrid possesses the highest TOF 0.091 s? at an
overpotential of 212 mV. These findings (Table 5.3) show that superior OER
performance of the 20:20 nanohybrid catalyst can be attributed to its high ECSA
and TOF and the facile synergistic interactions between its metal active sites.
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Figure 5.36. CV curves of (a) 0:40, (b) 40:0, (c) 20:20 (d) 10:30, (e) 30:10 and
(f) NCDH-20:20 electrode materials in 1 M KOH. Insets of Figure (a) 0:40, (b)
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5.3.4 Exchange current density (Jo):

Furthermore, exchange current density (Jo) is another important factor for
assessing catalytic efficiency and calculated by equation S7 using Rct values.[?
The Jo of 20:20 (3.84 mA/cm?) is higher than those of 40:0 (1.24 mA/cm?), 0:40
(0.57 mA/cm?), 10:30 (1.04 mA/cm?), 30:10 (1.6 mA/cm?) and NCDH-20:20
(0.98 mA/cm?). A direct relationship exists between the catalytic active area and
the exchange current density. The greater Jo of 20:20 indicates the greater the
specific active sites of the materials, which is more favourable to increasing
catalytic efficiency. As a result, the prepared 20:20 exhibits significant OER
catalytic efficiency due to its higher value of exchange current density.

Table 5.3. Electrocatalytic performance of all synthesized materials

Materials | Overpotential Tafel Rct | TOF | J Cal ECSA
(J =10 mA/cm?) | slope Q@ | (Y | (mA/cm?) | (mF/cm?) | (cm?)
mV/dec
0:40 212 118 11.1 | 0.068 | 0.578 0.074 0.043
40:0 151 96 5.16 | 0.082 | 1.244 0.178 0.104
20:20 141 87 1.67 | 0.091 | 3.844 0.286 0.168
10:30 170 108 6.16 | 0.077 | 1.042 0.148 0.087
30:10 146 91 3.98 | 0.085 | 1.612 0.268 0.157
NCDH- 187 112 6.52 | 0.074 | 0.984 0.123 0.072
20:20
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5.3.5 Electrochemical oxygen evolution performance: The OER
electrocatalytic activity of BSeFY/NCDH was examined in 1M KOH using
three-electrode setup. The reversible hydrogen electrode scale was used to
calibrate all potentials for linear sweep voltammetry (LSV) curves. For
comparison, 0:40, 40:0, 20:20, 10:30, 30:10 and NCDH-20:20 were tested under
same conditions. The 20:20 nanohybrid is highly active material for OER having
low overpotential of 141 mV at the current density 10 mA/cm? than 0:40 (212
mV) and 40:0 (151 mV), 10:30 (170 mV), 30:10 (146 mV) and NCDH-20:20
(187 mV) without iR compensation. The Tafel plots (Figure 5.37b) were
obtained from LSV curves using the Tafel equation: 1 = a + b log j, where j
represents current density, b denotes for Tafel slope, and a exhibits the intercept
relative to the exchange current density.
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(insets) of 0:40, 40:0, 20:20,10:30, 30:10 and NCDH-20:20 electrode materials at
0.41 V in between 10! to 10° Hz. (d) Chronopotentiometry stability test at 10
mA/cm? current density. (e) Multistep chronopotentiometry in between 5-50
mA/cm? current density. (f) LSV curves of 20:20 nanohybrid before and after
electrocatalytic performance.

The obtained Tafel values of 0:40, 40:0, 20:20, 10:30, 30:10 and NCDH-20:20
are 118, 96, 87, 103, 91 and 112 mV/dec, respectively. The lower Tafel slope
value of the 20:20 hybrid suggests that the rapid catalytic kinetics towards the
OER activity than 0:40, 40:0, 10:30, 30:10 and NCDH-20:20 electrocatalysts.
The EIS measurement was used to elucidate the internal resistance of the
materials. Figure 5.37¢c exhibits the EIS Nyquist plots and Bode plots (insets of
Figure 5.37c) of 0:40, 40:0, 20:20, 10:30, 30:10and NCDH-20:20 electrode
materials in the range of 0.1Hz to 100 MHz at 0.41V. The Nyquist plot of 20:20
nanohybrid shows a lower semicircle radius than the 0:40, 40:0, 10:30, 30:10 and
NCDH-20:20 electrodes, which suggests the facile intercalation/deintercalation
of ions, high conductivity and more efficient for electrocatalytic performances.
The values of charge transfer resistance (Rct) for 0:40, 40:0, 20:20, 10:30, 30:10
and NCDH-20:20 electrodes are 11.10 Q, 5.16 Q, 1.67 Q, 6.16 Q, 3.98 Q and
6.52 Q respectively. Furthermore, The Bode plot offers a deeper understanding
of the gain and phase characteristics of the catalyst for various frequencies. The
insets of Figure 5.37¢ exhibits the phase angle values of 44.3°, 29.6°, 20.9°, 35.6°,
26.2° and 37.8° for 0:40, 40:0, 20:20, 10:30, 30:10 and NCDH-20:20 materials
respectively. The low phase angle value of 20:20 nanohybrid exhibits better OER
activity than other electrocatalysts.®2  Moreover, chronopotentiometry
measurement (Figure 5.37d) exhibits the slight loss in the efficiency after
continuous 20 h electrolysis of 20:20 nanohybrid electrode. The long-term
stability result suggests that the catalyst is highly robust and durable for
electrolysis measurements.  Furthermore, multistep chronopotentiometry
measurement was performed in the current density range 4 to 40 mA/cm? with
increase in 4 mA/cm? current density for each step (Figure 5.37e). All steps
reveal that the applied potential rapidly levels off and remains constant in the
next 400 s. The similar results of multistep chronopotentiometry indicate rapid
electron transportation, high conductivity and electrochemical robustness of the
20:20 hybrid material even at high current densities. Figure 5.37f represents the
LSV analysis before and after electrochemical performance at 2 mV/s scan rate
of 20:20 nanohybrid. The LSV measurement exhibits 161 mV overpotential at 10
mA/cm? current density even after long-term performance. It is observed from
the electrocatalytic performances (Table 5.3) that the 20:20 exhibit significant
performance than 0:40, 40:0, 10:30, 30:10 and NCDH-20:20 due to the facile
electrode/electrolyte interactions, smooth ion transport and presence of more
electrochemically active sites. Moreover, 20:20 hybrid material (Table 5.4)
demonstrating good electrocatalytic performances compared to previously
reported non-noble metal based electrocatalysts. [3%41.87-%]
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Figure 5.38a and b show the SEM images of 20:20 nanohybrid material and the
inset of Figure 5.38a exhibits smooth surface of the bare NF. The SEM
characterization reveals that the material is uniformly intact on the NF substrate
even after electrocatalytic performance. Furthermore, XPS analysis was used to
evaluate the change in the chemical composition after the electrochemical
analysis. Figure 5.39a reveals that Ni, Co, O, N, C and Se elements are present
after electrocatalytic performances. Moreover, M-O and C-O-M bonding
interactions can be seen in the high-resolution XPS spectrum of C 1s (Figure
5.38e) and O 1s (Figure 5.39b) after electrocatalytic analysis. In addition,
changes in the high-resolution Ni 2p, Co 2p spectrum and C 1s XPS spectrum
were observed. The characteristic peaks of Ni 2piz, Ni 2ps2 and their
corresponding satellite peaks appear at different binding energies in the Ni 2p
high resolution spectrum (Figure 5.38c) and an additional NiO peak appears at
853.7 eV. Moreover, the core level spectrum (Figure 5.38d) of Co 2p exhibits Co
2p12, Co 2ps2 and their corresponding satellite peaks at different binding
energies with an additional CoO peak appearing at 779.7 eV.[®] The high-
resolution C 1s XPS spectrum (Figure 5.38e) supports the formation-deformation
of active sites at the electrocatalytic interface by showing characteristic C-C, C-
N, C-O=0, and C=C bonding interactions with an additional peak of the -COOH
group at 289 eV after the electrocatalytic process.®#1 The additional peaks
appear in high resolution spectra of various elements due to the continuous
formation and deformation of active sites during the electrocatalytic process,
which results in a localized compositional change on the electrode surface.
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Figure 5.38. (a) FE-SEM image of 20:20 electrode before electrocatalytic
stability performance (b) FE-SEM image of 20:20 electrode after electrocatalytic
stability test. The high resolution XPS spectra of 20:20 nanohybrid for (¢) Ni 2p,
(d) Co 2p and (e) C 1s elements.
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Table 5.4. Comparison of the electrocatalytic OER activity of the 20:20 catalyst
with other previously reported literatures.

Materials Current | Overpotential | Tafel slope | Ref.
density (mV) (mV/dec)
(mA/cm?)
Ni-Fe/oA-POM/CPE 10 330 113 87
NiC0,0:@0MC 10 281 96.8 88
NiCoEDA 10 330 99.2 41
CoFe LDH 10 218 59.9 89
Ni>CoFeos-LDH/NF 10 240 65 90
NiFe-LDH/RGO-3 30 273 49 91
MPN@Fe30, 10 260 33.6 39
Ni-Fegs2 10 344 97 92
Ni-ZIF/Ni-B 10 234 57 93
Co-NCNTFs||NF 10 230 94 94
NiFe(dobpdc) 10 207 36 95
Ni11(HPOs)s(OH)s 10 231 91 96
BSeFY-NCDH(20:20) 10 141 87 This
work
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5.4 Conclusion

In conclusion, we have designed and prepared BSeFY/NCDH nanohybrid
electrodes using a facile galvanostatic electrodeposition process at room
temperature without using any binder and additives. The 20:20 nanohybrid
demonstrated higher specific capacitance 1338.46 F/g at 2 A/g current density
and the nanohybrid electrode kept 80.74% of its initial capacitance even after
2500 GCD repetition at 20 A/g current density. Furthermore, the asymmetric
device assembled with BSeFY/NCDH(20:20) and AC electrodes exhibited the
highest energy density of 35.48 Wh/kg. The device retained its initial capacitance
of 91.24% after 5000 GCD cyclic stability test at 7 A/g current density.
Furthermore, the nanohybrids were highly active towards OER performance and
showed low overpotential. However, the 20:20 nanohybrid demonstrated low
Tafel slope 87 mV/dec and 141 mV overpotential at the current density 10
mA/cm?. Moreover, long-term chronopotentiometry at 10 mA/cm? and multistep
chronopotentiometry at different current densities results suggested that the 20:20
nanohybrid is highly robust and durable. Therefore, the unique nanoarchitecture
and composition of the 20:20 nanohybrid electrode make it highly active material
for energy storage and energy conversion applications.
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6.1 Introduction

The organic-inorganic hybrid materials are one of the most promising materials
in the field of energy storage and conversion. The linkers bind to the metal ions
via hydrogen bonding, non-covalent and coordinative interactions to form
organic-inorganic nanohybrids. It is important to find out the easy approach to
control the nanoarchitecture, binder-free and scalable technique for the
enhancement of the electrochemically active sites and activity. The
electrochemical deposition method is one of the simple ways to achieve high
electrochemical performance. The electro-synthesized materials could be used in

energy storage and conversion applications.

6.2 Brief outcome of thesis work

Chapter 1 describes organic-inorganic nanohybrids as a new class of functional
material with their use in electrochemical energy storage and energy conversion
applications. We provided a summary of electrochemical deposition techniques
for the synthesis of organic-inorganic nanohybrids and applied in the field of
energy storage and conversion.

Chapter 2 depicted the synthesis of the benzo[2,1,3]selenadiazole (BSe) capped
dipeptide of phenylalanine (BSeFF) and leucine (BSeLL) for the fabrication of
the BSeFF/Ni(OH), and BSeLL/Ni(OH), nanohybrids respectively on nickel
foam via one step in-situ potentiostatic electrodeposition technique with identical
metal system and parameters to elucidate the effect on morphology and
electrochemical performances. Organic components (benzoselenadizole
functionalized amino acids with free -COOH) and inorganic salt cross-linked
with applying negative potential in the electrolytic solution. More importantly,
these organic-inorganic nanohybrids possess desirable characteristics such as
chemical and physical stability, nanoscale morphology, structural flexibility and
good electrochemical performances. The binder-free organic-inorganic
nanohybrid electrodes were used to achieve electrochemical energy storage.

In chapter 3, we synthesized the BSeYY/Co(OH)./CP electrode materials by
potentiostatic electrodeposition method using benzo[2,1,3]selenadiazole-5-
carbonyl-protected BSeYY (BSe = benzo[2,1,3]selenadiazole; Y = tyrosine)
dipeptide molecule. The fabricated electrode material was utilized to estimate the

effect of various electrolytes during electrochemical performances and fabricated

197



Chapter 6

a symmetric supercapacitor device for practical application to light-up a LED.
The energy storage parameters such as specific capacitance, energy density and
power density were used to estimate the energy storage performances.

In the chapter 4, Several bioinspired organic-inorganic nanohybrid electrodes
were synthesized via one step galvanostatic electrodeposition process at room
temperature and optimizes the best combination of the metal salts with organic
moiety to achieve the excellent capacitive properties. Moreover, two serially
attached symmetric full-cell devices efficiently light up a LED and spinning of a
small fan. Bioinspired nanohybrids offer as promising electrode materials for
energy storage applications.

Chapter 5 depicted the development of the organic-inorganic hybrid materials for
multifunctional asymmetric supercapacitor and oxygen evolution reactions. We
synthesized the organic-inorganic nanohybrids (BSeFY/NCDH) directly on
nickel foam (NF) substrate by in situ galvanostatic electrodeposition using
monometallic and bimetallic compositions of nickel, cobalt metal salt and
organic molecule to examine the effect of all nanohybrids on electrochemical
properties. Moreover, we fabricated an asymmetric device for practical
application (light up a LED and run a small fan). Furthermore, the designed and
fabricated materials are highly efficient towards the oxygen evolution reaction
(OER). This study emphasizes the potential of electrodeposited organic-inorganic
nanohybrid materials as multifunctional electrode materials without binders for

electrochemical energy storage and energy conversion applications.

6.3 Future Outlook

Electrochemical energy storage and conversion could be extremely essential in
the future due to the increasing challenges relating to energy resources. This
research could be continued to develop organic-inorganic nanohybrids for the use
in real-world electrochemical energy storage and energy conversion applications.
Additionally, the industrial production of the necessary fuels and chemicals
heavily depends on fossil fuel resources. However, fossil resources suffer greatly
from their erratic availability and environmental pollution. One of the most
fascinating solutions to the challenging energy demands of the world is the direct
conversion (and storage) of energy into chemical bonds. For instance, one can

envisage the synthesis of alternative chemical fuels using either solar energy
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(photocatalysis), electrochemical energy (electrocatalysis) and both (photo-
electrocatalysis) to produce fuels such as hydrogen (by water splitting) and
carbohydrate feedstock molecules (by CO; reduction). The engineered organic-
inorganic nanohybrids are anticipated to be used as an active catalyst in bio-
electrocatalysis to mimic enzymatic processes as well as various organic
transformations using organic electrosynthesis. The developed organic-inorganic
nanohybrids can be utilized as an active catalyst for the electrochemical
conversion of H,O, CO; and N to value-added chemicals and products like
hydrogen, oxygen, methane, ethanol and ammonia. Moreover, organic-inorganic
hybrid materials can be used for effective electrochemical energy storage such as

batteries, supercapacitors and micro-supercapacitor devices.
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