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Abstract

The recent development of modern electronic devices and the progressive research on renewable
energy-based electrochemical energy conversion systems have fuelled the drive toward advanced high-
performance energy storage devices. Among the various types of energy storage devices, supercapacitors
have been recognized as one of the most promising candidates for high-power applications due to their
outstanding properties, including high power density, long cycle life, fast charge/discharge rate, and
better safety. Basically, carbon materials are best known for their double layer capacitance behavior,
which provides the high power density to the capacitors. Also, pseudocapacitors (metal oxides, polymers,
metal sulfides and metal selenide) generally have high specific capacitance. However, the low specific
capacitance of carbon-based materials and the poor cycling stability and low conductivity of the pseudo-
capacitive materials limits the effective utilization of these electroactive materials in the energy storage
field. To enhance the energy density of supercapacitors, suitable pseudocapacitance materials have been
under progressive research. The suitable pseudocapacitance materials having good electrical conductivity
and high surface area is one of the key issues in the field of supercapacitor. Also, the nanostructured
electrode-electrolyte interface is the heart of every supercapacitor, which determines energy storage
capacity of the device. With the above motivation of enhanced electrochemical performance as well as to
overcome those issues, the design of a hybrid nanostructure based on metal oxide, metal sulfide and metal
selenides with a carbon matrix have been intensively studied in this thesis. The hierarchical hybrid nanos-
tructures combining of EDLCs and pseudocapacitors have large surface area, good electrical conductivity,
and short path for ion diffusion. All the electroactive materials were synthesized using hydrothermal
method with various conditions. The physico-chemical properties of as-synthesized nanomaterials are
investigated in detail and its effect on electrochemical performance and charge storage behavior are also

explored.

Part-I of this dissertation covers the synthesis and electrochemical characterization of vanadium pentoxide
nanobelts and high electrical conductivity graphene decorated vanadium pentoxide nanobelts. The various
ratio of graphene to vanadium pentoxide was tailored and the corresponding charge storage behavior are
studied in detail. Among the V, G, group of electro-active materials, the vanadium-rich composite V;G;,
showed the maximum Cj value of around 288 F g~ at the scan rate of 10 mV s~! and excellent cyclic

stability; the capacitance retention of about 82%, even after 5000 cycles in three electrode system.

To improve the surface area and the effective utilization of electrolyte ions to all the electroactive surfaces,
a layered two dimensional materials were synthesized, characterized and evaluated as supercapacitor
electrodes in part-II. Mainly focuses on the molybdenum disulfide (MoS,), molybdenum diselenide
(MoSe,) based TMDCs and its corresponding composites with various carbon materials such as graphene
and carbon fiber paper (CFP). When compared to TMDCs, transition metal oxides (TMOs) have good
stability, high pseudocapacitance etc., However, the electrical conductivity of oxides are comparatively
lower than the TMDC:s.



The performance of the high surface area MoS, sponge electrode material was tested by assembling a
symmetric supercapacitor with an aqueous electrolyte. The symmetric cell exhibited a device and single
electrode capacitance is 128 F g~ ! and 510 F g~ ! at a scan rate of 2 mV s~!, which is the highest value
reported to date for this material. In addition, the symmetric supercapacitor revealed a high energy density

of approximately 6.15 Wh kg !

and good cyclic stability over 4000 cycles. The amorphous MoS, thin
film coated carbon fiber paper (CFP/a-MoS,) as a binder-free three-dimensional (3-D) electrode was
delivered a device capacitance value of 41.96 mF cm™2 at a scan rate of 1 mV s~!. More interestingly,
the long term cycle test showed the substantial increase in capacitance retention of up to 600% for 4750
cycles is obtained. The increasing in specific capacitance trends indicates the electroactivation process,

allowing more effective intercalation of cations between the layers (exfoliation of 2D materials).

The electrochemical energy-storage behavior of MoSe, nanosheets and its carbon matrix was investigated
for supercapacitor applications using symmetric cell configuration is discussed in the last section. The
MoSe, nanosheets electrode exhibited a maximum specific capacitance of 198.9 F g~! and the symmetric
device showed 49.7 F g~! at a scan rate of 2 mV s~ ! with capacitance retention of approximately 75%
was observed even after 10,000 cycles at a high charge—discharge current density of 5 A g~!. The
MoS,/rGO nanosheets electrode exhibited a specific capacitance of 211 F g~! with excellent cycling
stability (180% capacitance retention for 10,000 cycles), compared to its pristine MoSe,. The amorphous
MoSe, nanostructures (nanoneedles and nanoparticles) were grown on carbon fiber paper 3D substrate.
There were two different pre-treatement methods (plasma cleaning and electro etching) were employed to
induce the hydrophilicity of CFP. Interestingly, different pre-treatment methods induced the formation of
different MoSe, ) nanostructure formation on the CFP. The amorphous MoSe, ) coated CFP electrodes
were tested for the supercapacitor applications. The surface pre-treatment played an important role
on the electrochemical performance. The overall enhanced electrochemical performance of the hybrid
nanostructure electrode is mainly attributed to the improved electron and ion transfer mechanism involving
synergistic effects of both the pseudocapacitance and the electric double layer charge-storage behavior.
These results demonstrate that enhanced electrochemical performance of hybrid nanostructure electrode
based on layered transition metal compounds with carbon matrix has the great potential application for

next generation high-performance supercapacitor devices.

Keywords: Supercapacitor, Reduced graphene oxide, Transition metal dichalcogenides, Vanadium pentoxide,

Molybdenum disulfide, Molybdenum diselenide and Energy storage device
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CHAPTER 1

Introduction

1.1 Global Energy Crisis and the Significance of Energy Storage Devices

Ensuring the availability of energy is a serious concern faced worldwide, and therefore, alternative
energy-conversion systems based on renewable energy sources (solar, wind, hydroelectric, geothermal,
and biomass etc.) have been in the focus of research. The transportation of that kind of sustainable energy
from the point of generation to the end user is yet another challenging task that involves power grids
for large-distance and high-capacity energy-storage devices for small-scale and mobile applications [1].
Moreover, the intermittent nature of such renewable energy resources (for example, the availability of
sunlight only in day time, seasonal wind flow etc. ), an efficient energy storage devices are in demand in
order to store the excess energy and then weehile releasing it when in high demand. Therefore, the energy
storage devices play a vital role to promote the entire reliability and effective usage of whole renewable
energy based power system from the point of generation through transmission and then distribution to the

end user[2].

In recent years, the discovery of modern electronic devices also a requires advanced high-performance
energy storage devices. To date batteries and electrochemical capacitors are considered as most promising
energy storage devices available in the market. The key difference between batteries and electrochemical
capacitors are based on the different electrochemical charge storage mechanism. Batteries stores the
electrical energy via faradaic redox reaction, when charging Li™ ions move from anode to cathode through
a separator, while discharging the Li* ions move to the opposite way (from cathode to anode) and the
discharge current flows through the external circuit [3]. In day to day life, batteries play vital role in all
portable electronic/medical devices, automobiles, industrial equipments etc., due to its light weight, high
energy density and recharging option without memory effect. Although batteries having high energy
density which can be useful for small-scale applications, however, they are limited by a low power
density, slow charge/discharge rate, short cycle life, physical/chemical change of electrode materials and
its crystal structure between the charge and discharge state [4]. On the other hand, traditional capacitors
are best known for their high power density, but have a fundamental flaw in their low energy density [5].
By combining the figure of merit of these two systems, supercapacitors (also known as ultracapacitors
or electrochemical capacitors, ECs) are being developed, resulting in higher power density and energy
density than conventional batteries and traditional capacitors, respectively. The long cycle life and
short charging time of supercapacitors are considered to be some of the important merits rather than
batteries [6].



1.2 Principle and Reaction Mechanism of Supercapacitors

In a typical Electrochemical capacitors consists of a pair of polarizable electrodes attached on a cur-
rent collector substrate (positive and negative electrode), a dielectric porous separator and aqueous or
organic/ionic liquid based electrolyte, which resembles a battery structure. When the voltage is applied
between the electrode terminals, the electrodes attracts the oppositely charged ions, for example the
positive electrode attracts the negative ions from the electrolyte and negative electrode attracts positive
ions as counter reaction. The charges accumulate on the both electrode surface releases electrical energy
while discharging. The charge storage mechanism of electrochemical capacitors are divided into two

types (i) electrochemical double-layer capacitance and (ii) pseudocapacitance [7]

1.2.1 Electrochemical double layer capacitors (EDLCs)

Basically, carbon materials are best known for their double layer capacitance behavior, in which the elec-
trical energy stores via electrostatic accumulation of ions on the surface of carbon pores [8]. The concept
of double layer represents the two array layers of opposite charges separated at the electrode/electrolyte
interface during the polarization of constant electrode surface area A (m?). This model was first proposed
by von Helmholtz, which describes that under the polarization, the ions of opposite charge diffuse via
the electrolyte to form a condensed layer (with a thickness of few nanometer) which is parallel to the
electrode [9]. This phenomenon of accumulation of charges on the electrode surface is called as electrical

double layer (EDL). Figure. 1.1 represents the compact structure of Helmholtz double layer model.

Since the Helmholtz double layer model does not consider the diffusion limitation of ions in the electrolyte
solution and the interaction between the dipole moment of solvent on the electrolyte ions and the electrode,
Guoy-Chapman diffuse layer model was proposed in which the electrolyte ions are solvated and they are
not arranged in a perfect plane [9]. Instead, the solvated ions are diffuse from the electrode surface to the
bulk electrolyte based on the exponential potential difference from the electrode to bulk liquid as shown
in Fig. 1.2. since Guoy-Chapman model is insufficient to explain the highly charge doble layers, In 1924,
Stern proposed a hybrid model which is the combination of Helmholt and Guoy-Chapman models [9].
He included the hydrodynamic motion of ionic species in the diffusion layer and the accumulation of ions

close to the electrode surface as shown in Fig. 1.3.

Fig. 1.1 Helmholtz double-layer model.
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Fig. 1.3 Stern model showing the Stern plane marks the distance of closest approach of ions to the
charged electrode surface.

In case of symmetric capacitors, two porous carbon based electrodes assembled with a porous separator
immersed in an electrolyte medium, when the potential applied between two electrodes, the positively
charged ions are attracted towards negative electrode, simultaneously negatively charged ions are moved
towards positive electrode while in charged state as shown in Fig. 1.4 (top). while discharging, the
electrons are moving from anode to cathode the external circuit via load, and the electrolyte ions are

moving opposite manner as shown in Fig. 1.4 (bottom).

1.2.2 Pseudocapacitors

Pseudocapacitor, where the energy is stored through fast reversible redox reactions between the electrolyte
and the electroactive species on the electrode surface [10]. The accumulation of electrons at the electrode
is a Faradaic process where the electrons generated by the redox reaction are transferred across the
electrolyte/electrode interface. Unlike redox process in battery, the Faradaic processes in a pseudo-

capacitor are arises due to the thermodynamic change of potential (0V') during charge accumulation (6Q)
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Fig. 1.4 Schematic representation of EDLCs showing charged (top) and discharged state (bottom).

and have better reversibility. The derivative C= d(6Q)/d(8V) corresponds to the capacitance, which is
referred to as pseudocapacitance. The theoretical pseudo-capacitance of metal oxide can be calculated
using the Eq. (1.1)
nkF
C=— F 1.1
Mv (F) (4.1
where n is the mean number of the electrons transferred in the redox reaction, F is the Faraday constant,

M is the molar mass of the metal oxide and V is the operating potential window

1.2.2.1 Types of pseudocapacitive mechanisms

The capacitive behavior of electrochemical system is due to the following faradaic mechanisms: (i) under

potential deposition, (ii) redox pseudocapacitance, and (iii) intercalation pseudocapacitance, which have
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Fig. 1.5 Underpotential deposition of lead on gold electrode surface.

been identified by Conway [9]. Under potential deposition occurs due to the adsorption of monolayer
at a surface of metal electrode well above its redox potential. Figure. 1.5 shows the typical schematic

illustration of underpotential deposition of lead atoms on the surface of gold electrode [11].

Psedocapacitive redox reactions occurs when electrolyte ions are electrochemically adsorbed onto the
surface/near surface of a electrode material with the occurrence of simultaneous faradaic charge-transfer
as shown in Fig. 1.6, the redox reaction of protons on the surface of RuO, [12]. There is another type of
pseudocapacitance occurs on the layered electroactive materials when electrolyte ions intercalate into
the tunnels/layers of host redox active electrode material followed by faradaic charge-transfer reaction
without any phase change of the crystal structure. For example, Fig. 1.7, shown the intercalation of

lithium ions into the Nb,Os layered crystal structure [13].

1.2.3 Hybrid supercapacitors

There is a special type of capacitors called ‘hybrid capacitors’ which has been made of combination of
both EDLC and pseudocapacitor materials [14]. The aim of the development of hybrid capacitors is to
utilize both Faradaic and non-Faradaic energy storage process there by achieve higher energy density
and power density with good cycling stability. There is a special category of hybrid capacitors called
asymmetric hybrid supercapacitors [15], in which faradaic reaction takes place on one of the electrodes
and EDLC charge (non-Faradaic) charge storage occurs on the opposite electrode in a single device. The
hybrid supercapacitors are further classified into two different categories such as (i) battery-like hybrids
and (ii) composite hybrids. In general, hybrid supercapacitors were developed based on the combination

of various electrode materials to improve the cell performance. The well-known non-Faradaic EDLC type
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Fig. 1.7 Intercalation pseudocapacitance of lithium ions into the Nb,Os layered host electrode.

charge storage materials are activated carbon, carbon nanotubes, and graphene-based active materials with

high surface area [16]. The typical pseudocapacitors are based on the electrochemical redox reactions, the



examples of pseudocapacitive materials including transition metal oxides (TMOs) such as Fe;O4, MnO,,
RuO,, and NiO [10] and electrically conducting redox active polymers such as polypyrroles, polyanilines

and polythiophenes [17].

1.3 Primary Objectives of Present Work

The major goal of the present thesis is to design, synthesis, physico-chemical characterization and
the evaluation of electrochemical performance of hybrid nanostructured materials based on transition
metal oxide and transition metal dichalcogenides with a carbon matrix to achieve high-energy density,
high-power density, and long cycle life supercapacitors. Following are the primary objectives of the

present study:

(1) Investigation of the effective charge storage performance of V,05 materials by grafting with highly
conducting reduced graphene oxide nanosheets to form graphene decorated vanadium pentoxide
nanobelts (GVNBs).

(2) Investigation of the essential electrochemical properties of transition metal dichalcogenides (TMDCs)
by preparing the layered two-dimensional materials such as molybdenum disulfide (MoS,), molybde-
num diselenide (MoSe,) nanostructures with controllable morphology and high surface area materials

as supercapacitor electrodes.

(3) Design of nanostructured composite materials consist of TMDCs and reduced graphene oxides for

high-performance supercapacitor applications.

(4) Design and synthesis of amorphous phase TMDCs having high defect sites there by enhance the
effective ion intercalation and charge storage. To overcome the poor conductivity issue of amorphous
phase TMDCs, reduction of internal resistance, and also enhance the fast ion/electron transportation,
a novel approach of direct binder-free growth of TMDCs on highly conducting 3D carbon fiber paper

network has been designed for high performance and long-cycle life symmetric capacitors.

In order to achieve the above mentioned objectives, a series of methods were used for the synthesis of
electroactive materials which include hydrothermal, freeze drying, and modified Hummer’s methods.
The physico-chemical properties were well characterized using XRD, Raman, FE-SEM, HR-TEM,
BET, and XPS techniques. The electrochemical performance were evaluated using cyclic voltammetry,
galvanostatic charge/discharge and electrochemical impedance spectroscopy methods. The outcome of
this thesis may provide a facile and effective approach to fabricate the layered two-dimensional materials

(TMDCs) with carbon matrix as the potential electrode materials for high-performance supercapacitors.
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CHAPTER 2

Material Synthesis, Physico-chemical and
Electrochemical Characterizations

2.1 Materials Synthesis

2.1.1 Hydrothermal synthesis of nanomaterials

The nanomaterials can be synthesized by several ways, this dissertation mainly focused on the hydrother-
mal synthesis method due to the following mertits: (i) facile low temperature process, (ii) variety of
nanostructures can be obtained by tuning the pH, temperature, precursor concentration, precursor volume
etc., (iii) green and environmental friendly technique, (iv) the resultant products are mostly high purity
defect free materials and (v) ease of scaling, simple metal salt based precursors, no toxic solvents and

additives.

The hydrothermal process is not such an innovative method. Geological researchers got inspired by the
natural formation of rocks and minerals under high pressure hot water circulation inside the earth crust.
This principle has been adopted by chemists and the varieties of inorganic materials were synthesized
from 18" century. The hydrothermal synthesis is a one of the types of solvothermal process, in which the
chemical reaction takes place in a solvent medium at the temperature above the boiling point of solvent
at a pressure of above 1 bar. If the solvent used is a water then the process is termed as hydrothermal.
By definition, hydrothermal synthesis refers to the heterogeneous reaction in aqueous media at the
temperature of above 100 °C and at the pressure of above 1 bar. A batch reactor is used for conventional
hydrothermal synthesis process. Figure 2.1 shows schematic representation of the laboratory scale reactor
(100 ml capacity) used in this research. The water soluble precursors were dissolved and the precursor
solution was transferred into the Teflon-lined stainless steel autoclave. The autoclave was sealed tightly,
transferred inside the electric oven and then heated to the desired temperature for particular duration.
Depending on the degree of filling inside the autoclave the pressure up to several hundred bar can be

created inside the chamber even at a low temperature heating process.

2.1.2 Synthesis of graphene oxide by modified Hummer’s method

GO was prepared from natural graphite powder according to the modified Hummer’s method [1]. 12 g
of graphite powder (SP-1, Bay carbon), 10 g of K,S,04 (Sigma Aldrich, >99.0%), and 10 g of P,Os
(Sigma Aldrich, 99.99%) were added to 50 mL of concentrated H,SO, solution and heated to 80 °C. The



resultant mixture was kept overnight with 2 L. of DI water. The mixture was then filtered and washed
with DI water several times. The suspension was dried in vacuum under ambient conditions. This
pretreated flake-like graphite was mixed with 460 mL of H,SO, at 0 °C, and then 60 g of KMnO, (Sigma
Aldrich, >99.0%) was added slowly for further oxidation. The mixture was stirred for 2 h at 35 °C
and, subsequently, 920 mL of DI water was added. Shortly afterwards, 2.8 L of DI water and 50 mL
of 30% H,0, (SAMCHUN pure chemical) were added into the concentrated H,SO, solution. The GO
suspension was centrifuged and washed with 5 L of 10% HCI (SAMCHUN pure chemical) solution and,
repeatedly, with 5 L of DI water, followed by filtering of the graphite-oxide solution through dialysis
(dialysis membrane: Spectrum Laboratories, MWCO-12-14,000) for 2 weeks. Finally, GO sheets were
prepared through drying the resulting suspension at 50 °C for 3 days.

2.2 Physico-chemical Characterization

The synthesized nanostructured materials were analyzed using a few characterization techniques in order
to examine the crystal phase, surface morphology, microstructure, particle size, elemental composition

and surface area. The detailed experimental conditions are given below.

2.2.1 X-ray diffraction

X-ray diffraction (XRD) is a non-destructive analytical method to determine the crystal phase, purity,
size and structure. The as-prepared samples were measured by using Bruker (D8 Advance) with Cu Ko
radiation, A = 1.54178 Ain the range of 10-80° with a step of 0.02°.

2.2.2 Raman spectroscopy

The Raman analysis is sensitive towards the crystallization, structural disorders and defects in nanostruc-
tured materials. Therefore, Raman spectroscopic analysis have been performed for the as-synthesized
nanomaterials. Further, it is also one of the ideal too to investigate the bonding nature of various carbon
materials such as defect free-graphene, graphene oxide and reduced graphene oxide (rGO) and its exten-

sion of reduction. Raman spectra of the samples were studied using a Raman spectroscopy (Alpha 300S,
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Fig. 2.1 Schematic illustration of laboratory scale autoclave.
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WiITec) using a He-Ne laser with a laser excitation wavelength of 532 nm, after calibrating the Raman
shift with a standard silicon reference at 521 cm~'. The Raman system was operated at various range of

laser power from ImW to 10 mW, depending on the properties of material.

2.2.3 Field-emission scanning electron microscopy

The surface morphology, and particle size of the prepared materials were examined using the field
emission scanning electron microscope (FE-SEM (Nano230, FEI co.) with different acceleration voltage
and filament currents based on the nature of samples. Before measurement, the as-prepared samples were
fixed onto a double-face conducted tape mounted on a metal stud and coated with a very thin layer of

platinum/gold using the sputter coater.

2.2.4 High-resolution transmission electron microscopy

The particle size, microstructure, and crystalline phase of the nanomaterials were investigated using
the high-resolution transmission electron microscopy (HR-TEM, JEOL- 2100F, FEI-Titan3 G2 60-300,
FEI-Talos F200X ) with various range of accelerating voltage. For TEM observations, the nanomaterial
samples were prepared by dispersing the NPs in ethanol followed by ultrasonic vibration for 5 min,
and then dropped a drop of the dispersion onto a copper grid, which must be dried before loading in
to the instrument. BFTEM, electron diffraction pattern, and EELS were performed with an image-side
aberration-corrected TEM (Titan3 G2 60-300, FEI) which was operated at 80 kV. High-angle annular
dark field (HAADF) scanning transmission electron microscopy (STEM) was carried out using a probe-
side aberration-corrected TEM (JEOL-2100F, FEI-Talos F200X) operated at 200 kV. To investigate the
microstructure of thin-layer coated CFP material, a slice of TEM sample was prepared using a focused ion
beam equipped scanning electron microscope (FEI, Quanta 3D), after depositing a thin layer of epoxy/Pt

on the sufrace of samples.

2.2.5 X-ray photoelectron spectroscopy

The chemical composition and the oxidation state of elements present in the outermost part of samples
were investigated using X-ray photoelectron spectroscopy (XPS, Thermo Fisher, UK). Here, a monochro-
matic X-ray beam source of Al Ko radiation at 1486.6 eV (Aluminum anode) and 14 kV was used to scan
upon the sample surface. A high flux X-ray source with Aluminum anode was used for X-ray generation,

and a quartz crystal monochromator was used to focus and scan the X-ray beam on the sample.

2.3 Electrode Fabrication and Symmetric Cell Assembly

2.3.1 Electrode fabrication

The working-electrodes of supercapacitors were prepared by various method depending on the nature
of the electroactive materials. In a typical electrode fabrication process, the as-synthesized samples,

conducting acetylene black and poly(tetrafluoroethylene) (PTFE) or polyvinylidene difluoride (PVDF)
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were mixed in the mass ratio of 80:10:10 and ground in a mortar using an N-methyl pyrrolidone (NMP)
or ethanol solvent. The resulting homogeneous paste was then coated on a stainless steel or nickel-foam
substrate (mass loading of approximately ~3 to 5 mg/cm?) using the spatula and then dried at 120 °C for
12 h in a vacuum oven. The mass loading of the electrode active material was measured using balance
before and after loading of electroactive materials on the substrate. The direct deposition of transition
metal dichalcogenides (TMDCs) onto the carbon fiber paper (CFP) electrodes are used as such as a

binder-free electrodes.

2.3.2 Symmetric cell assembly

The working electrodes were fabricated as mentioned in section 2.3.1. An exactly 1 cm? (1 cm x 1 cm)
area of electroactive materials-coated SS substrate was used as a single electrode. A mass loading of each
electrode was controlled in the range of 3-5 mg cm~2. Also, an exactly 1 cm? (1 cm x 1 cm) area of
binder-free TMDCs coated CFP electrode was used as a single electrode with the mass loading of around
30 u cm~2. Two electrodes were sandwiched together with Whatman filter paper as a separator. The
assembled electrodes were placed in a test cell rig, and a few drops of 0.5 M sulfuric acid were added
as the electrolyte. The test cell was sealed with an O-ring and then left for a few minutes to ensure the

uniform soaking of the electrodes into the electrolyte solution before the electrochemical measurements.

2.4 Electrochemical Characterization

24.1 Cyclicvoltammetry

CV is generally considered to be an appropriate tool investigate the difference between the non-Faradic
and Faradic processes in an electrochemical reaction. In CV measurement, the voltage is swept between
a lower limit to an upper limit at a fixed rate. The voltage scan rate is calculated from the slope of
the line. The current evolution was measured as a function of the voltage. The characteristics of the
cyclic voltammogram recorded depend on a rate of the electron transfer reaction, chemical reactivity of
the active species and the voltage scan rate. The cyclic voltammetry (CV) data of the electrodes were
obtained for various scan rates such as 1, 2, 5, 10, 25, 50, 75, 100, 125, 200 and 500 mV s~

2.4.2 Galvanostatic charge/discharge

The galvanostatic charge/discharge (GCD) measurements are one of the most important and direct
approach to evaluate the real-time application of electrode materials for supercapacitors. A repetitive loop
of charging and discharging is called a cycle. Most often, charge and discharge process are conducted at a
constant current (Galvanostatic mode) until a set potential is reached. The galvanostatic charge-discharge

(GCD) curves were recorded for various current densities.

2.4.3 Electrochemical impedance spectroscopy

Electrochemical Impedance Spectroscopy (EILS) is a powerful tool to understand the capacitive behavior

and resistance associated with the as-prepared electrode surface. The advantage of EIS is that it is

13



generally a non-destructive technique which will not affect the electrode/cell system. This enables the
possibility for further electrochemical measurements and post-mortem investigations. EIS is the most
common method to measure the equivalent series resistance (ESR) of supercapacitors. It also allows
creating models to describe the underlying reaction mechanisms. With these models, ideal capacitive
behavior and the extent of deviation from ideality (non-deal behavior) can also be investigated. Generally,
a sinusoidal AC excitation signal is applied into the investigated system during an EIS experiment and
the AC response is measured. Frequency sweeping in a wide range from high-to low-frequency region
enables the reaction steps with different rate constants, such as mass transport, charge transfer, and

chemical reaction, to be separated.

In the present research, the EIS experiments for the prepared electrodes and the assembled symmetric
capacitors samples were measured at a frequency range of 0.1 Hz to 100 kHz. The EIS data were analyzed
using the Nyquist plots by plotting the imaginary component (—Z") of the impedance against the real
component (Z'), which shows the frequency response of the electrode/electrolyte system.

2.5 Calculation of Electrode and Symmetric Cell Performance

The electrochemical performance of the electrode materials was characterized using three-electrode
configuration and the device performance of the symmetric cells was measured using two-electrode
configuration. The electrochemical parameters, such as specific capacitance (C), energy (E), and power
density (P) are important parameters for the investigation of the capacitive behavior of electrochemical

cells.

2.5.1 A single electrode performance using three-electrode setup
2.5.1.1 Gravimetric specific capacitance

The specific capacitance of electrode (Cs, F g~ ') can be calculated based on the CV measurements using

the following equation [2]:

_ J1(V)dv _1
="y (Fg™) 2.1

where, m is the mass of the electroactive material (g), v is the scan rate (V s~!), AV is the potential
window (V), and [I(V)dv is the integral area of the CV loop.

From the GCD curves, the specific capacitance of electrode (Cs, F g_l) can also be computed as [2]:

1At

_ = —1
C=- (Fg) 2.2)

where, I is the discharge current (A), At is the discharge time (s), m is the mass of the electroactive

material (g), and AV is the potential window (V)
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2.5.2 Symmetric cell and it’s single electrode performance using two-electrode setup
2.5.2.1 Gravimetric specific capacitance

From the CV measurements, the specific capacitance of the symmetric cell (C,,, F g~') was computed

according to the following equation [3]:

_ J1(V)dv .
Co=" (Fg™" (2.3)

where, C,, is the gravimetric specific capacitance of the device (F g~ '), m is the total mass of the
electroactive material in the both positive and negative electrodes (g), v is the scan rate (V s~ 1), AV is the
potential window (V), and [ I(V)dyv is the integral area of the CV loop.

From the GCD curves, the specific capacitance of the symmetric cells (C,,) was determined as [3]:

1At
Cp=—- Fg! 2.4
" mAV (Fg™) (2.4)

where, C,, is the gravimetric specific capacitance of the device (F g~!), I is the discharge current (A), m
is the total mass of the electroactive material in the both positive and negative electrodes (g), AV is the

potential window (V), and At is the discharge time (s).

The specific capacitance of the single electrode (Cs, F g_l) can be determined as follows [3]:
Cy=4xGCy, (Fg™ (2.5)

where, C; is the gravimetric specific capacitance of a single electrode (F g~'), C,, is the gravimetric
specific capacitance of the device (F g~!), which can be obtained either from CV or GCD measurements
given by Egs. (2.3) and (2.4).

2.5.2.2 Areal specific capacitance

From the CV measurements, the device capacitance of the symmetric cell (C.;;, F) was determined

according to the following equation [4]:

~JI(V)dv
Ceell = AV (F) (2.6)

where, C,.; is the measured device capacitance (F), v is the scan rate (V s~ 1), AV is the potential window
(V), and [I(V)dpv is the integral area of the CV loop.

From the GCD curves, the device capacitance of the symmetric cell (C,.;;, F) was determined as [5]:

IAt
Ceel] = — F 2.7
cell AV ( ) ( )

where, C..; is the measured device capacitance (F), [ is the discharge current (A), AV is the potential

window (V), and At is the discharge time (s).
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The areal specific capacitance of the device (C,,) and the areal specific capacitance of a electrode (Cy)

was calculated as follows [4, 5]:

Ccell

Cn =% (Fem™2) (2.8)
Ce=2xCeei (F) 2.9)
C,= % (Fem2) (2.10)

where, C,.j; is the measured device capacitance (F), which can be obtained either from CV or GCD
curves using Egs. (2.6) and (2.7), C, is the single electrode capacitance (F), A is the geometric area of
an electrode (cm?), C,, areal specific capacitance of the device (F cm~2), and C; is the areal specific

capacitance of a single electrode (F cm™2).

2.5.2.3 Energy and Power density

1000 x C,,V? i
=" Wh k 2.11
(2 % 3600) (Whie ) 1D

E x 3600 _
P:T Wkg™h (2.12)

where, E is the energy density (Wh kg~!) C,, is the gravimetric specific capacitance of the device (F g~!)
calculated using Eq. (2.4), V is the potential window (V), P is the power density (W kg~!), and At is the
discharge time (s).
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CHAPTER 3

Graphene Decorated V,0; Nanobelts*

*Reproduced in part from S. K. Balasingam et al., Scientific Reports 2015, 5, 8151.
Copyright 2015 Nature Publishing Group (NPG).

3.1 Introduction

In general, carbon materials are best known for their double layer capacitance behavior, which provides
the high power density to the capacitors. To enhance the energy density of supercapacitors, suitable
pseudocapacitance materials have been combined with the carbon-based materials. Various carbon
materials, such as activated carbon, graphite, carbon nanotubes, and graphene have been used. Among
these, graphene, a new class of carbon material has attracted great interest due to its high surface area and
excellent electrical, mechanical, chemical, and thermal properties [1, 2]. In case of pseudocapacitance
materials, conducting polymers and transition-metal oxides are primarily used in order to enhance the
energy density of supercapacitors [3]. Among the various transition-metal oxides, V,05 (VO) has
widely been investigated as a high-potential candidate material because of the following merits: low cost,
abundant resources, layered structure, high energy density, and wide potential window arising from its
multivalent oxidation states [4, 5]. Although VO-based materials have achieved remarkable benchmark
properties in various fields, such as in lithium-ion batteries, field-effect transistors, gas sensors, and
supercapacitors, their poor electronic conductivity and bulk material properties prevent enhanced device

performance [6—10].

In this regard, a large number of VO nanostructures, such as nanowires, nanotubes, and nanobelts have
recently been fabricated in order to obtain a high surface area [11, 12]. Moreover, the combination
of commercially available carbon allotropes and their derivatives with metal-oxide materials enhances
the electronic conductivity of the composites and also prevents agglomeration of metal-oxide nanopar-
ticles during cycling tests [13—15]. Enhanced electrochemical energy storage using nanostructured
VO/graphene composites have been reported recently [16—19]. However, the preparation of nanostruc-
tures of VO/graphene composites commonly followed two-step processes in which reduced graphene
oxide (rGO) was usually prepared either by chemical reduction or by a thermal treatment in order to
obtain higher conductivity [20-23]. Further, very recently, our group synthesized graphene decorated
nanostructured VO by simple mixing of VO particles and graphene oxide (GO) in DI water. However, this
process takes a long time (approximately eight weeks) to fabricate nanostructure [24]. In this paper, we

have reported a facile low-temperature hydrothermal process for the rapid synthesis of graphene-decorated



VO nanobelts (GVNBs) without any harmful oxidizing or reducing chemical agents and surfactants.
During the synthesis of GVNBs, VO particles were converted into uniformly distributed nanobelts with
simultaneous reduction of GO into rGO, even at low temperature. GO played a vital role in this study.
Initially, GO might act as a mild oxidizing agent to synthesize V,05 nanobelts in DI water under hy-
drothermal conditions, in which GO is converted into rGO (generally, oxidizing agents reduce themselves
while chemical reaction occurs). Once the GVNBs are synthesized, the highly conducting reduced
GO provides double layer capacitance (in turn high power density) to the supercapacitors. Overall, the
nanostructured VO involves in the faradaic reaction (psuedocapacitance), which provides high energy
density and the highly conducting rGO having large surface area implicates double layer capacitance,
which delivers high power density to the supercapacitors. The as-prepared GVNBs having vanadium
rich composition showed the enhanced specific capacitance of 288 F g~! due to the combination of

pseudocapacitance and double-layer capacitance behaviour.

3.2 Experimental

3.2.1 Preparation of graphene oxide and reduced graphene oxide

GO was prepared from natural graphite powder according to the modified Hummer’s method [25]. 12 g
of graphite powder (SP-1, Bay carbon), 10 g of K,S,04 (Sigma Aldrich, >99.0%), and 10 g of P,O5
(Sigma Aldrich, 99.99%) were added to 50 mL of concentrated H,SO, solution and heated to 80 °C.
The resultant mixture was kept overnight with 2 L of DI water. The mixture was then filtered and
washed with DI water several times. The suspension was dried in vacuum under ambient conditions.
This pretreated flake-like graphite was mixed with 460 mL of H,SO, at 0 °C, and then 60 g of KMnO,
(Sigma Aldrich, >99.0%) was added slowly for further oxidation. The mixture was stirred for 2 h at
35 °C and, subsequently, 920 mL of DI water was added. Shortly afterwards, 2.8 L of DI water and
50 mL of 30% H,0, (SAMCHUN pure chemical) were added into the concentrated H,SO, solution.
The GO suspension was centrifuged and washed with 5 L of 10% HCI (SAMCHUN pure chemical)
solution and, repeatedly, with 5 L of DI water, followed by filtering of the graphite-oxide solution through
dialysis (dialysis membrane: Spectrum Laboratories, MWCO-12-14,000) for 2 weeks. Finally, GO sheets
were prepared through drying the resulting suspension at 50 °C for 3 days. In this work, two kinds of
rGO were separately prepared by different methods. The first type of rGO was prepared by pyrolysis
of GO in a quartz tube furnace at 1100 °C for 2 h under Ar flow for comparison purpose with GO used
for the synthesis of GVNBs [26]. The other type of rGO was obtained via the hydrothermal route [27]
and annealed in a vacuum furnace to investigate the characteristics of supercapacitors under the same
conditions like those of GVNBs.

3.2.2 Synthesis of graphene decorated V,05 nanobelt composites

Different ratios (3:1, 1:1, 1:3) of pristine V,05 (VO) particles (Aldrich) and of as-synthesized GO were
dispersed in 30 mL of DI water and then stirred vigorously for 2 h at room temperature. The obtained
yellow/brownish slurry was transferred into a 50 mL Teflon-lined stainless-steel autoclave and maintained

at 120 °C for 24 h in a muffle furnace. Then, the autoclave was cooled naturally to room temperature

19



inside the muffle furnace. The resulting material was freeze-dried for 72 h to obtain GVNBs with high
surface area. The final product was transferred into a vacuum furnace and annealed at 400 °C for 2 h

under Ar gas in order to improve the crystallinity of the GVNBs.

3.2.3 Materials characterization

The crystalline structure of the as-prepared samples was characterized using XRD (Bruker D8 Advance
with Cu Ka radiation, A = 1.54178 A). The morphologies of the samples were observed by FE-SEM
(Nano230, FEI co.). XPS (Thermo Fisher, UK) measurements were performed with monochromatic
Al K radiation as X-ray source for the investigation of the surface states. To gain further insight into
the structure of the products, they were additionally investigated by Raman spectroscopy (Alpha 3008,
WITec) using a He-Ne laser with 532 nm in wavelength. The thickness of a single GVNB on SiO,
substrate was measured using AFM (Multimode V, Veeco). BF-TEM, electron diffraction pattern, and
EELS were performed with an image-side aberration-corrected TEM (Titan3 G2 60-300, FEI) which was
operated at 80 kV. High-angle annular dark field (HAADF) scanning transmission electron microscopy
(STEM) was carried out using a probe-side aberration-corrected TEM (JEOL 2100F, JEOL) operated at
200 kV.

3.2.4 Electrochemical characterization

Electrochemical experiments were carried out in the typical three-electrode-cell setup using a poten-
tiostat/galvanostat (Biologic/VSP) at room temperature. The working-electrode paste was prepared by
mixing the corresponding electroactive materials (graphene, V,0s, V,G3, V,Gy, and V;G,), conducting
acetylene black, and a polymeric binder (polyvinylidene difluoride) in the mass ratio of 80:10:10 and
ground in a mortar using an N-methyl pyrrolidone (NMP) solvent. The paste was then coated on nickel-
foam substrate (mass loading ~3.5 mg/cm?) using the spatula and then dried at 120 °C for 12 hiin a
vacuum oven. A large surface area platinum mesh was used as counter electrode, Ag/AgCl (std. KCI) was
used as reference electrode, and 1 M Na,SO, solution was used as electrolyte. Cyclic voltammograms
(CV) were obtained at various scan rates (5, 10, 25, 50, 75, 100, 125 mV s_l) in the potential window of
0t0 0.8 V (Vs Ag/AgCl [std. KCI]). Electrochemical impedance spectroscopy (EIS) measurements were
carried out over the frequency range of 0.1 Hz to 100 kHz with the AC amplitude of 10 mV. Galvanostatic
charge/discharge curves were recorded at different current densities (0.25, 0.5, 0.75, 1 A g~!) in the
potential window of 0 to 0.8 V (Vs Ag/AgCl [std. KCl]).

3.3 Results and Discussion

3.3.1 Physico-chemical analysis

Fig. 3.1 illustrates the role of different precursors on the synthesis of GVNBs by the low-temperature
hydrothermal process. The mixing of VO suspension and rGO precursors did not induce the formation of
nanostructure (Scheme a). However, the mixing of GO precursors with the VO dispersion under the same

experimental conditions (scheme c) leads to the formation of GVNBs. In order to confirm the role of GO
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Fig. 3.1 Schemes (a) and (b) represent the absence of nanobelts formation in case of rGO addition and
without carbon material, respectively, via low-temperature hydrothermal synthesis. Scheme (c) represents
the formation of GVNBs by mixing of GO into VO dispersion under the same hydrothermal conditions.

on the nanostructure formation, only VO dispersion was subjected to the low-temperature hydrothermal
process at identical experimental conditions (scheme b), but no noticeable morphological change could

be observed.

Fig. 3.2 presents the field-emission scanning electron microscopy (FE-SEM) images of pristine VO,
VO after the hydrothermal treatment, the composite of VO with rGO, and GVNBs synthesized via the
low-temperature hydrothermal basis of the FE-SEM images, the transformation into nanobelts have been
observed only in case GO was added into the VO suspension, whereas the absence of GO or the use of

rGO at the same conditions did not induce the formation of GVNBs.

The structure of pristine VO, GVNBs, and rGO have been investigated by X-ray diffraction (XRD), as
shown in Fig. 3.3. The peaks of pristine VO well matched the corresponding standard pattern (JCPDS
Card No. 89-0612). The XRD patterns of different composites (V;G;, V,Gy, and V,G;) of GVNBs
contain peaks of GO, rGO, and VO nanobelts (VNBs). The peaks at 6.32°, 25.9°, 28.5°, 32.7°, and
41.7°correspond to the (001), (110), (111), (004), and (005) planes of VNBs, respectively [28, 29].
The interlayer distance of GVNBs at the (001) reflection is calculated to be 1.40 nm, which is larger
than the interlayer distance of pure V,05 nanowires (1.15 nm) reported previously for the same (001)
planes [30, 31]. The peaks at 17.2°, 24.6° are assigned to partially reduced GO and rGO respectively [32].
Usually, GO is reduced to rGO via a high-temperature heat treatment or by strong reducing agents. In this
experiment, partially reduced GO (prGO) was synthesized using the hydrothermal method under identical

conditions for all samples to enable a quantitative comparison of the performance [27, 33, 34]. GO shows

21



Fig. 3.2 SEM images of (a) pristine VO particles, (b) VO after the hydrothermal treatment, (¢) VO with
rGO after the hydrothermal treatment, and calcined GVNBs with the following ratios of VO and GO: (d)
3:1, (e) 1:1, and (f) 1:3.

(001) reflection at the peak position of 10.72° (8.25 f\) [35]. When GO is reduced by external factors like
a heat treatment or reducing chemical agents, etc., the peak position of the GO sheet shifts toward higher
scattering angles, according to the degree of reduction. prGO synthesized by the hydrothermal method
shows the (002) reflection at the peak position of 16° (5.54 A). The new peak appeared the (002) plane at
24° (3.71 A) is the characteristic of rtGO. Most interestingly, the GVNBs show a very sharp characteristic
rGO peak of the (002) plane at 24° (3.71 A) and, simultaneously, the (002) reflection of prGO at the
peak position of 17.5° (5.07 A), which confirms that the mixing of V,05 with GO under the identical
hydrothermal conditions leads to the pronounced reduction of GO to rGO (shift of the (002) peak from
16 to 17.5°) [32, 36, 37].

Figure 3.4a shows a bright-field transmission electron microscopy (BF-TEM) image of VNB with a width
of ~200 nm and the corresponding selective area electron diffraction (SAED) pattern. Orthorhombic
crystal structure with a lattice parameter of a = 12.30 A, b = 3.81 A, ¢ = 13.98 Ais confirmed by the
indexing of diffraction spots, which are larger than the pure VNBs lattice parameter values (a = 11.722 A,
b=3.570 A, c = 11.520 A) [38]. The GVNB preferentially grows along the [010] direction. In order to
identify the existence of carbon element inside the GVNBs, we employed scanning transmission electron
microscopy (STEM, see Fig. 3.4b ) and electron energy loss spectroscopy (EELS) technique. As shown
in EELS, elemental mapping of Fig. 3.4c and 3.4d, carbon is detected at the whole GVNB region, but
the distribution is uneven. Moreover, the point EELS spectrum (see Fig. 3.4e) clearly shows the strong
carbon signal at the marked region of Fig. 3.4d. The bright contrast of STEM image, strong carbon signal,
and increased lattice parameter may be due to the distribution of nano-sized rGO sheets between the

V,05 layers.
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Fig. 3.4 BF-TEM image of VNB and corresponding SAED (inset) (a), HAADF-STEM image of VNB
(b), the corresponding EELS elemental mapping of vanadium (c) and carbon (d), and EELS spectrum (e)
acquired at the point of Fig. (d).

Figure A.1 (See Appendix A) shows the Raman spectrum of V;G;, which reflects the interaction of
VO and GO. The peak at 990 cm~! corresponds to the stretching mode related to the vanadium-oxygen
bond V=0 [39]. The peaks at 519 cm~! and 688 cm-1 are assigned to the bending vibrations of V;-0
(triply coordinated oxygen) and V,—O (doubly coordinated oxygen) bonds, respectively [40]. The peaks

centered at 283 cm ™! and 403 cm ™! are attributed to the modes originating from y- and x-displacements
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of O1 atoms, respectively [41]. High-frequency Raman peaks at 1352 cm ™! and 1590 cm~! matched the
D and G band of GO, respectively. The G band of GVNBs shows a little shift of up to 10 cm™! compared
to that of rGO, which may be due to the interaction between the GO and VO interfaces (Fig. A.1b, See
Appendix A) [42, 43].

As evident from the V2p X-ray photoelectron spectroscopy (XPS) spectrum shown in Fig. A.2 (See
Appendix A), the peaks located at 515.8 eV and 517.5 eV correspond to the +4 and +5 oxidation states of
vanadium ions, respectively. The ratio of the two V2p peaks represents the quantitative information of two
different vanadium ions (+4 and +5) in the composites. If VO and GO are mixed in DI water, after 1day,
a significant amount of V#* ions is oxidized and the seeding is initiated in a direction, which is confirmed
by the reduction in the ratio of V#*/V3* from 0.096 to 0.055. Following the hydrothermal reaction, the
increase in the ratio of V¥*/V>* (from 0.055 to 0.2524) was observed, which could be ascribed to the
metastable state of vanadium oxide. The higher value of V*/V3* (0.2524) compared to the previous
report (0.153) might be due to the effect of external forces such as high pressure and temperature during
the hydrothermal reaction [24]. Therefore, the mechanism of the nanobelts formation can be assumed as
follows: The oxygen-containing functional groups present at the GO surface interact with the vanadium
pentoxide surface. GO acts like an oxidizing agent, which oxidizes the vanadium ions from the partially
existing V#* to the V°* soluble state during the reaction with GO. This intermediate compound is unstable
and turns back into the stable +4 oxidation state (formation of VO seeds by trapping electrons from water
molecules), and forms nanobelts [24, 44]. As suggested by Li et al., seeded V,O5 pieces gather together
in the existence of rGO, gradually grows in a direction to form a nanobelt composite [45-49]. Figure A.3
(Appendix A) presents C1s XPS spectra of GO before and after the hydrothermal treatment, and mixture
of GO and V,05 (V;G)) after the hydrothermal treatment. Compared to pristine GO (GO before the
hydrothermal treatment, Fig. A.3a), a lower amount of oxygen-containing functional groups at the surface
of GO and a higher portion of C-C bonding is observed in Fig. A.3b and ¢, which shows that even
the low-temperature hydrothermal treatment leads to the partial reduction of GO to rGO. Interestingly,
a higher portion of C-C bonding (284.6 eV) is observed in Fig. A.3c, which may originate from the
interaction of V,05 with GO, in addition to the hydrothermal treatment [27, 36, 37, 44, 50]. As shown in
Fig. A.4 (Appendix A), the width and thickness of a single nanobelt has been measured using atomic
force microscopy (AFM) to be (330 & 20) nm and (25 &£ 5) nm, respectively.

3.3.2 Electrochemical performance

The electrochemical performance of VO, rGO and GVNBs was measured in 1 M Na,SO, electrolyte and
the specific capacitance C, (in F g_l) of the electroactive materials was calculated using CV (Eq. (2.1)),
as well as galvanostatic charge/discharge curves (Eq. (2.2)). CV of the electroactive materials was carried
out at a scan rate of 10 mV s~! in the potential window of 0.0 to 0.8 V (Fig 3.5(a). All curves retain their
quasi-rectangular shape, which confirms ideal EDLC of the materials. The vanadium-rich composite
(V3G,) shows a broad redox peak with retention of quasi-rectangular shape. The calculated C, value of
the electroactive materials V3G, V,G;, V,Gs, rGO, and VO are 288, 244, 135, 28.8, and 24.8 F g~
respectively. As expected, the three different composites of V, G, material (V;G;, V,G,, and V,G3)

possess higher C; values than graphene and VO. The enhanced capacitance of the V,G, materials is

24



attributed to the combination of non-faradaic (EDLC) and faradaic (redox) electrochemical processes.
The intercalated rGO sheets provide high electrical conductivity and larger surface area, which enhances
the EDLC (non-faradaic process) of the V, G, materials. Moreover, the V,05 nanobelts have high surface
area, layered crystal structure, and multivalent oxidation states of vanadium ions. These properties
facilitate the insertion and extraction of alkali-metal ions (Li*, Na*, K* etc.,) near the surface of the

electroactive material. The electrochemical sodium-ion insertion process can be expressed as follows [19]:

V,0, +xNat +xe” <2 Vit Natv 0.2~ 3.1)

From Eq. (3.1), the charge/discharge processes involve the reversible intercalation of sodium ions into the
layered V,Oj4 crystal structure with simultaneous electron transfer. This redox reaction leads to the partial
reduction of V3* to V#* (and vice versa during oxidation) and thus provides the pseudocapacitance to the
V, G, composites. Among the V, G, group of electroactive materials, the vanadium-rich composite V,G,
showed the highest C, value of around 288 F g~! (at the scan rate of 10 mV s~!), which is higher than
the previously reported capacitances in the works of Fu et al. [17] (graphene/vanadium-oxide nanotubes,
225F g ! @10 mVs!'inl1M Na,SO, solution ), and Bonso et al. [51] (composite of exfoliated
graphite nanoplatelets and V,05 nanotubes, 35 F g ' @10mVs!'in2MKCL226Fg! @ 10
mV s~! in LiTFSI electrolyte). The graphene-dominated composite V,G; has a low content of V,04
nanowires and also the porosity is limited by the existence of excess graphene (see SEM image Fig. 3.2(f)).
Noticeably, the presently investigated graphene has a lower capacitance than the values reported in the
literature [17, 52, 53]. The lower C, value of graphene is ascribed to the low conductivity, which arises
from the partial reduction of GO to rGO. Since the low-temperature hydrothermal synthesis was adopted
and furthermore, no reducing chemical reagents are added in this work, the degree of reduction of GO to
rGO is less compared to other methods [17-19, 54]. From the XRD analysis, the intensity of the rGO
peak is smaller than that of the GO peak, which confirms the partial reduction of GO to rGO. In general,
GO has lower conductivity than rGO due to the presence of oxygen-containing functional groups in the
sp>-hybridized orbital [32, 33]. The lower C, value of pristine V, 05 particles may arise from the smaller
surface area and lower conductivity in comparison to V,0Os nanostructures [17, 55]. If the V, G, materials
are synthesized hydrothermally at low temperature, the interaction between oxygen-containing functional
groups (present in GO) and the V,Os crystallites is significant, which leads to the pronounced conversion
of GO to rGO (refer also to the XRD section and the mechanism for nanobelt formation). Therefore, all
V, Gy composites possess higher conductivity and capacitance than the individual components. Moreover,
the presence of V,05 nanobelts between the graphene sheets prohibits the re-stacking of graphene sheets,

which further enhances the conductivity of graphene [53].

To further understand the electrochemical reversibility of the V;G; composite, additional CV studies
were performed at different scan rates (5, 10, 25, 50, 75, 100, and 125 mV s HinlM Na,SO,
electrolyte solution. All CV curves retain their ideal quasi-rectangular shape even at higher scan rates
(Fig. 3.5b), which is an indication of ideal capacitive behavior with excellent reversibility of this electrode
material [19]. Fig. 3.5¢c shows the relationship between the specific capacitance of the electrode materials
and the scan rate. By increasing the scan rate, the C, value drops, which is a common phenomenon arising

from the mass-transport limitation of sodium ions at high scan rates [56]. In detail, the interior (bulk
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Fig. 3.5 (a) CV curves of rGO, pristine VO particles, V,G3, V,G, and V;G, electroactive materials
measured at a scan rate of 10 mV s~! in 1 M Na,SO, solution; (b) CV curves of the V;G, electrode
measured at different scan rates ranging from 5 to 125 mV s~!; and (c) Specific capacitance calculated
from the CV curves of Fig. (b) of the VG, electrode at various scan rates.

part) of the electrode cannot sustain the redox transition due to the diffusion limitation of ions within
the electrode. Therefore, the part of the electrode surface is inaccessible for electrochemical reaction at

higher scan rates, which leads to a lower capacitance.

Figure 3.6a shows the galvanostatic charge-discharge (CD) curves of graphene, pristineVO particles,
and the three different V, G, composites obtained using 1 M Na,SO, solution at a current density of
05 A g_l. The C; values of the electroactive materials V5G4, V,G;, V,Gs, rGO, and VO are 128.8,
111.9, 117.5, 8.2, and 6.3 F g~ ! respectively. Consistent with the CV curves, the discharge time and the
specific capacitance of the V, G, materials are higher than those of pristine V,0Os particles and graphene
sheets. The CD profiles of the V;G; and VG, composites are symmetric and resemble an equilateral
triangle, which is an indication of a high rate capability during the CD process. The CD curve of the
V,G; composite deviates from the ideal linear relationship due to the poor conductivity of this material,
which further limits its pseudocapacitance [17]. Fig. 3.6b presents the CD profiles of the V;G; composite
at various CD rates. All CD curves exhibit a nearly linear CD rate from low to high current densities,
which is an indication of balanced faradaic and non-faradaic processes. At very low discharge current
density of 0.25 A g~ !, the pseudocapacitance behavior is clearly visible, reflected in the non-linear shape

of the CD curve, and the specific capacitance of 134 F g~!

was observed. For higher current densities
such as 0.5, 0.75 and 1 A g~ !, the respective specific capacitance values are calculated as 128.8, 108 and
103.9 F g~!. Further the calculated specific capacitance values of VG, at various current densities (0.25,
0.5,0.75and 1 A g~ ') are as follows: 128, 111.9, 105 and 97.5 F g~!. The graphene rich composition
V,G; has specific capacitance values of 121, 117.5, 88.1 and 55 F g~ ! at the same descending order of

current density values.

Electrochemical impedance spectroscopy (EIS) is an ideal tool to analyze the internal resistance and
capacitance of electrode materials. EIS experiments were carried out in the frequency range of 0.01
Hz to 100 kHz in aqueous 1 M Na,SO, solution. Figure 3.6¢ represents the Nyquist plots of graphene,
virgin V,0Os particles, and three different composites of V, G, electroactive materials. Each Nyquist
plot shows a semicircle at high-to-medium frequencies and an inclined line at low frequency, which
represent the charge-transfer and diffusion resistance, respectively. In the high-frequency region, the first

intersection point with the real axis represents the total impedance of the bulk solution (Ry), electrodes
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Fig. 3.6 (a) Galvanostatic charge-discharge curves of rGO, pristine VO particles, V,G3, V,G;, and V,;G,
electroactive materials measured at a constant current density of 0.5 A g~ ! in 1 M Na,SO, solution; (b)
Galvanostatic charge-discharge curves of V;G, electrode material measured at various current densities;
and (c) Electrochemical impedance spectra of rGO pristine V,Oj5 particles, VG5, V, G, and V;G;
electroactive materials measured in 1 M Na, SO, solution. The inset shows an enhanced view of the
high-to-medium frequency region.

(R¢), and the contact resistance (R.) between electrode and current collector. At medium frequencies,
the second intersection point of the semicircle with the real axis indicates the combination of the double-
layer capacitance (Cy;) in parallel with the charge-transfer resistance (R.;). The inclined line in the
low-frequency region represents the Warburg impedance (W) corresponding to the diffusive resistance
of the electrolyte in the interior part of the electrode surface. The R.; values of VO, graphene, V,Gg,
V.G, and V;G, are 27.5,20.2, 13.6, 9.2, and 5.7 Q respectively. The charge-transfer resistance of the
VG, materials is lower than in case of VO and graphene. The lower R, value of the V, G, materials
leads to improved charge transfer and enhanced capacitance due to the following reasons: (i) V,0Os
nanobelts having high surface area enhances the pseudocapacitance of the electrode material, (ii) VG,
materials possess highly conducting graphene sheets with high surface area improved the electronic
conductivity of the GVNB composite and also enhance the electrochemical double-layer capacitance of
the working electrode and (iii) the incorporation of V,05 nanobelts between the graphene sheets prevents

the agglomeration of graphene sheets which also enhances the conductivity.

Electrochemical cycling stability is one of the key factors that determines the applicability of this material
to commercial supercapacitors. The cyclic stability of the V;G; composite was measured by CV in the
potential window of 0 to 0.8 V at a high scan rate of 200 mV s~! for 5000 cycles. According to previous
reports, the capacitance retention of pure vanadium oxide in aqueous electrolyte is very poor due to
the structural damage caused by the insertion and desertion of electrolyte ions [17, 57]. In the present
case, the V,G| material retains 93 % of its initial capacitance value after 1000 cycles and, further, 82%
capacitance retention is observed even after 5000 cycles which demonstrates excellent stability of the
material with superior reversibility during the cycling test (Fig. 3.7a). This capacitance retention is much
higher than that previously reported by Fu et al. [17] (48% retention after 5000 cycles @ 100 mV s~!
scan rate) and the best among vanadium oxide-based composite materials [19, 51]. EIS was measured
after 5000 cycles for the post analysis of the electrode material. The shape of the EIS spectrum was
similar to the initial spectrum, which comprises a semicircular arc in the high-frequency region and an
inclined line in the low-frequency region. The R,; value increased from 2.3 to 6.32 Q after 5000 cycles

(see Fig. 3.7b). This might be induced by the adhesion loss between the electroactive material and the
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Fig. 3.7 (a) Specific capacitance retention of the V;G; electrode as a function of cycle number, measured
by CV at a scan rate of 200 mV s~ ! in 1 M Na,SO, solution; and (b) EIS analysis of the V,G; electrode
at the initial stage and after 5000 cycles.

current collector or due to the dissolution of a small amount of V,Os in aqueous medium at a high scan
rate (the change in color of the solution from white to yellow is an indication) [52, 58, 59]. From the
electrochemical performance described above, we conclude that GVNBs could be a potential candidate

for practical supercapacitor applications.

3.4 Summary

In summary, we have reported a facile method for the synthesis of GVNBs using a low-temperature
hydrothermal process. GO played a vital role as a mild oxidizing agent for the formation of nanowires,
as well as enhanced the conductivity of GVNBs. The insertion of rGO into the layered V,Os5 crystal
structure is confirmed by EELS analysis. The high surface area and pseudocapacitive nature of VNBs
along with the enhanced conductivity of GVNBs upon addition of graphene resulted in an improved
specific capacitance. Among various GVNBs, the V,0s-rich composition, V;G; showed the highest

capacitance and long-term cycle life with the capacitance retention of 82% even after 5000 cycles.
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CHAPTER 4

Freeze-dried MoS, Nanosheets

4.1 Introduction

Recently, researchers have given much attention to the use of transition metal dichalcogenide-based
electroactive materials in various electrochemical applications, including sensors, catalysis, batteries, and
supercapacitors. This is due to their advantageous properties, which include: (i) high surface area; (ii)
2-dimensional sheet-like morphologies having layered crystal structures; (iii) high electrical conductivity
when compared to metal oxides; and (iv) the potential for Faradaic charge transfer processes on the
multi-valent transition metal centers [1-3]. The electrochemical double-layer capacitance (EDLC) of
MoS, nanowall film was first reported by Soon and Loh in 2007, which inspired the researchers to
investigate various transition metal dichalcogenides (TMDCs) for supercapacitor applications [4]. Since
then, a number of papers have been published on the use of MoS,, MoS,/carbon, and MoS,/conducting
polymer-based composite materials for supercapacitor applications [4—17]. Notably, the reported specific
capacitance of pristine MoS, electrode materials appears to depend mainly on the electrical conductivity
and high surface area of the electroactive material [15, 18]. Although MoS, possesses a maximum theo-
retical capacitance of 1000 A g~! [17], the highest specific capacitance achieved to date is approximately
403 A g~! (at a scan rate of 1 mV s~! in KCl electrolyte using a three electrode configuration), reported by
Ramadoss et al. for a pristine mesoporous MoS, nanostructured material [16, 19, 20]. In a recent report,
highly conductive metallic 1T phase MoS, nanosheet electrodes were also employed in supercapacitors.
Although these electrodes showed high volumetric capacitance, their gravimetric capacitance was quite
low [15]. In general, synthesis of MoS, by various methods forms a 2-D sheet-like morphology with
high surface area. However, the final stage of the filtration and drying process leads to the agglomeration
of these 2-D sheets, which can reduce the effective surface area of the nanomaterials, as illustrated in
Appendix B. In this work, we have synthesized high surface area sponge-like MoS, sheets using a facile

hydrothermal method, followed by freeze-drying.

4.2 Experimental

4.2.1 Synthesis of MoS, sponge material

A schematic illustration of the synthesis of high surface area MoS, sponge material is shown in Fig. 4.1.
Molybdic acid, (MAA, H,Mo0O,) and thioacetamide (TAA, CH;CSNH,) were purchased from Sigma-
Aldrich Corporation. MAA (0.121 g) and TAA (0.225 g) were accurately weighed and then dissolved
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Fig. 4.1 Schematic illustration of the synthesis of MoS, sponge material by the hydrothermal method
followed by freeze-drying.

into 80 ml of deionized (DI) water, with continuous stirring for 15 min in order to achieve complete
dissolution. The resulting solution was transferred into a Teflon-lined autoclave and sealed tightly. The
autoclave was then placed inside an electric oven and heated to 200 °C for 24 h. The solution-based
chemical reaction under high pressure and temperature followed Egs. (4.1a) and (4.1b). Hydrogen sulfide
formed by hydrolysis of TAA, then acted as a reducing agent to convert molybdic acid into MoS, [21, 22].
Once the hydrothermal reaction was completed, the autoclave was kept inside the electric oven until it
cooled down naturally to room temperature. The resulting black precipitate was washed thoroughly with
DI water and filtered through Whatman filter paper. After filtration, the precipitate was dispersed in DI
water and sonicated for an hour to prevent agglomeration of the MoS, sheets. The resulting material was
freeze-dried for 72 h to yield the high surface area sponge-like MoS, structure. For comparison purposes,
some of the filtered precipitate was dried in an electric oven at 50 °C for 12 h. The resultant product was

ground using a pestle and mortar, then examined in the morphological studies.

C,HNS +2H,0 — H,S + NH, + CH,COOH (4.1a)
H,Mo0, + 3H,S — MoS, +4H,0+$ (4.1b)
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4.2.2 Materials characterization

Surface morphology of the freeze-dried material was examined using scanning electron microscopy
(NanoSEM, S-3400N) and high-resolution transmission electron microscopy (HR-TEM, JEOL-2100F).
The crystal structure and elemental composition of the MoS, sponge were confirmed by X-ray diffraction
(XRD, Bruker-D8 ADVANCE) using Cu Ko emission (A = 1.5406 A) with a step-size of 0.02°, X-ray
photoelectron spectroscopy (XPS, Thermo Fisher, UK), and Raman spectroscopy (WITech, alpha300R)

using 532 nm laser excitation, after calibrating the Raman shift with a silicon reference at 521 cm~!.

4.2.3 Cell fabrication and electrochemical measurement of supercapacitors

The high surface area freeze-dried electroactive MoS, material, carbon black, and poly(vinylidene
fluoride) were mixed in a mass ratio of 8:1:1 to obtain a slurry and then coated on a 1 cm? stainless
steel (SS) substrate using brush. The mass loading of each electrode was approximately 5 mg/cm?.
Each 1 cm? area of MoS, sponge material coated SS substrate was used as a single electrode. To
fabricate a symmetrical capacitor, one electrode was placed inside the test cell rig, a Whatman filter
paper separator was placed on it followed by addition of a few drops of 0.5 M H,SO, onto the separator,
and then finally another electrode was placed over the separator. The test cell was sealed with an
O-ring and then left for a few hours to ensure uniform soaking of the electrodes with the electrolyte
solution. All electrochemical experiments were conducted at room temperature using a multi-channel
potentiostat/galvanostat (Biologic/VSP). Cyclic voltammetry (CV) curves were obtained at various scan
rates (2, 5, 10, 25, 50, 75, 100, and 125 mV s~ ') ina potential window of -0.4 to 0.6 V. Galvanostatic
charge-discharge (CD) measurements were performed at various current densities (0.10, 0.25, 0.50,
0.75, 1, 2, and 3 A g~ !) using the same potential window used in CV. Electrochemical impedance
spectroscopy (EIS) measurements were performed over a frequency range of 0.01 Hz to 100 kHz with an
AC amplitude of 10 mV and a 0 V DC bias. The cycle lifetime of the symmetric device was tested using

charge-discharge measurements at a current density of 2 A g~! for 4000 cycles.

4.3 Results and Discussion

4.3.1 Physico-chemical analysis

The structural conformation of the as-synthesized sponge-like MoS, was characterized using X-ray
diffraction (XRD). As shown in Fig. 4.2, the peaks corresponding to the (002), (100), (104), and (110)
planes confirmed the formation of a hexagonal crystal structure (JCPDS 65-0160) belonging to the
space group P63/mmec. To further confirm the structure, the Raman spectrum was also measured and
the corresponding in-plane (E%g) and out-of-plane (Ag) Raman active modes of MoS, were observed at
380.5 and 403.3 cm ™!, respectively (see Fig. 4.3).

The surface morphology of the MoS, sponge material was studied using electron microscopy. Figure. 4.4
(top row) show the field emission scanning electron microscopic (FE-SEM) images of the MoS, sponge-
like material at low and high magnification. The high magnification image clearly shows that the
freeze-dried MoS, sponge had high surface area and that the individual flakes were very thin. The
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Fig. 4.2 XRD spectrum of as-synthesized MoS, sponge materials.
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Fig. 4.3 Raman spectrum of the MoS, sponges showing A, and Eég Raman modes.

high-resolution transmission electron microscopic (HR-TEM) images at low and high magnification are
shown in Fig. 4.4 (bottom row). These indicate that each MoS, flake consisted of less than 10 layers of
MoS, sheets, with interlayer thicknesses of approximately 0.65 nm. The inset displayed in Figure 2f is
the corresponding Fast Fourier Transform (FFT) pattern of the high magnification TEM image, which

further confirms the crystalline nature of the MoS, sponge.

4.3.2 Electrochemical performance of symmetrical cells

The electrochemical performance of the as-synthesized MoS, sponge electrode was tested for superca-
pacitor applications under a symmetric two-electrode cell configuration. Figure. 4.5 depicts the cyclic

voltammogram (CV) curves measured at different scan rates using an aqueous 0.5 M H,SO, electrolyte.

38



Fig. 4.4 FE-SEM images of MoS, sponges at low (top left) and higher magnification (top right). TEM
images of MoS, sponges at low (bottom left) and high magnification (bottom right) with inset indicating
the FFT pattern.

The rectangular shape of the CV curves indicates the capacitive behavior of the MoS, electrodes. The
CV curves retained their quasi-rectangular shape when the scan rate was increased, which confirmed
the excellent reversibility of this electrode material [23, 24]. [29-30] From the CV curves, the specific
capacitance of a device (C,;) and a single electrode (C;) can be calculated using Eqgs. (2.3) and (2.5),
respectively. The symmetric capacitor showed a device capacitance of 128 A g~! at a scan rate of 2 mV
s~!. For comparison, the single electrode capacitance (Cy) was also calculated using the Eq. (2.5). The
highest C; value obtained for a single MoS, sponge electrode was 510 A g~! at a scan rate of 2 mV
s~! using a two electrode configuration. This value is superior to that previously reported by Ramadoss
etal. (403 A g~' at 1 mV s~! using a three-electrode configuration) [16]. When the scan rate was
increased to 5 mV s~!, the single electrode Cy dropped to 411 A g~!, although this is still much higher
than that reported by Acerce et al. (250 A g~! at 5 mV s~! using a three-electrode configuration) [15].
In general, supercapacitor measurement using three-electrode systems shows exaggerated capacitances
of the electrode material (more than twice the actual values), and additionally it does not accurately
mimic the performance of a practical device [6]. In our case, we have calculated the C; by constructing a
symmetric two-electrode cell; therefore, the values are more realistic and closer to those likely to be seen
in real world applications.
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Fig. 4.5 Cyclic voltammograms of MoS, sponge electrode-based symmetric cells measured at various
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Fig. 4.6 Specific gravimetric capacitance of a single electrode versus scan rate.

The high specific capacitance of the as-synthesized material could be due to the following: (i) the

graphene-like 2-D structure exhibited by MoS, allowing more effective intercalation of cations between

the layers, (ii) better electrical conductivity of MoS, when compared to its corresponding oxides leading

to lower charge-transfer resistance and thereby improved charge storage behavior, and/or (iii) the high

surface area originating from the freeze-drying process also enhanced the double layer capacitance of the

electrode material. Figure. 4.6 shows the effect of scan rate on Cy, and it clearly shows that increasing the

scan rate led to a gradual decrease in Cg, possibly due to restricted mass transport of protons from the

electrolyte to the electrode surface causing limited ion adsorption-desorption processes at the interface

of the electrode and electrolyte [25-27]. However, even at a high scan rate of 125 mV s7!, aCy of

approximately 107 A g~! was observed. Such a high capacitance may be ascribed to the higher ionic
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Fig. 4.7 Charge-discharge curves of MoS, sponge electrode-based symmetric cells measured at different
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Fig. 4.8 Specific gravimetric capacitance of a single electrode at various current densities (0.01 A g~! to
3 A g1, derived from charge-discharge measurements.

diffusivity of MoS, sheets, which have large S?>~ ions that induce large anionic polarizability [15, 28].

The galvanostatic charge-discharge (CD) curves of MoS, sponge electrodes measured at various current

densities (0.1-3 A g~ ') are shown in Fig. 4.7. The CD curves show nearly triangular shapes that indicate

almost ideal capacitive behavior [15]. At a low current density of 0.1 A g~!

-1

, a single electrode C; of

approximately 177.3 A g~* was calculated using Egs. (2.4) and (2.5), while on increasing the current

1

density to the industrial standard of 1 A g~!, a C; of 90 A g~! was retained. The relationship between the

calculated specific capacitance (C;) and current density is plotted in Fig. 4.8.

Fig. 4.9 displays the Ragone plot of the symmetric supercapacitor device, whereas the energy density

and power density can be calculated using Eqgs. (2.11) and (2.12), respectively. The symmetric device
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Fig. 4.9 Ragone plot of a symmetric device showing the gravimetric energy and power densities.
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Fig. 4.10 Nyquist plot from the EIS measurements (the inset shows the high frequency region).

delivered an energy density of 6.15 Wh kg~! (equivalent to 44.3 A g~! for the SC ) at a power density of
50 W kg~ !, and it retained half of its energy density (3.12 Wh kg~ ') at a power density of 500 W kg~

At a very high power density of 1.5 kW kg~!, the energy density dropped to 1.15 Wh kg™!

, which could
be due to the fast reversible redox reaction of protons occurring only at the surface of the MoS, film,

while the interior of the MoS, film being inaccessible at a higher current densities.

Fig. 4.10 shows the electrochemical impedance analysis of the symmetric device. The x-intercept of the
Nyquist plot shows the device had a low series resistance (R = 2.33 ), while the small semicircle-arc

observed in the high frequency region (R.; = 0.7 Q) corresponds to the parallel combination of charge-
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Fig. 4.11 Long term cycling stability of the device at a current density of 2 A g~ !.

transfer resistance with EDLC. In the mid-frequency range, an almost 45° slope indicating Warburg-type
resistance can be observed for a short region, which infers a short proton diffusion path from the electrolyte
to the electrode surface. In the low-frequency region, an almost perpendicular straight line is observed
that indicates ideal capacitive behavior of the device [29]. Long-term stability is one of the important
criteria in devices for practical applications. Fig. 4.11 shows the capacitance retention against cycle
number of the device derived from long-term charge-discharge measurements at a current density of
2 A g~!. The capacitance deceased gradually up to 2000 cycles, leveling out between 2000 to 4000

cycles, with approximately 80% of the initial capacitance retained.

4.4 Summary

In summary, we have demonstrated that a freeze-dried MoS, sponge electrode showed high specific
capacitance due to the high surface area, which led to better charge storage behavior via electrochemical
double layer capacitance. The as-fabricated symmetric device showed a high energy density of approxi-
mately 6.15 Wh kg~!, as well as long-term stability over 4000 cycles, indicating that freeze-dried MoS,

sponge electrodes could be a promising candidate for next-generation energy storage devices.
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CHAPTER 5

Amorphous MoS, Thin-layer Coated Carbon
Fiber Paper

5.1 Introduction

Molybdenum disulfide (MoS,), a class of TMDCs, are one of the most studied materials because of
the following advantages: excellent electrocatalytic activity (next to noble metals, as evidenced by the
volcano curve), 2D layered crystal structure that facilitates ion intercalation (Li* or other alkali metal
ion), high surface area, and higher electronic conductivity than that of transition metal oxides (TMOs) [1].
Because of these advantages, MoS, has been utilized for various electrochemical applications such as
sensors, hydrogen evolution catalysts, solar cells, and lithium/sodium ion batteries [2, 3]. Until 2007
when the capacitive behavior of MoS, nanowall films was first reported by Loh’s group, researchers
did not think about using TMDCs for application in supercapacitors [4]. However, from 2007 onward,
a considerable number of articles have been published on MoS, and its composite (MoS,/conducting
polymer and MoS,/carbon)-based electrodes for supercapacitor applications [5]. Most of the MoS,
synthesis methods are high-temperature solution-based chemical methods or involve top-down exfoliation
of bulk MoS, crystals, forming highly crystalline MoS, materials [5, 6]. In general, amorphous phase of
pseudocapacitive materials with low crystallinity show higher specific capacitance (C) than their highly
crystalline counterparts [7]. This phenomenon has been proved by a systematic study on amorphous and
crystalline NiO column structure and its surface and bulk contribution to the C; value [8]. Furthermore, Lu
et al. experimentally verified that the bulk contribution of amorphous NiO electrode was three times higher
than that of its crystalline phase. Very recently, Zhang and co-workers synthesized an amorphous MoS,
shell over the crystalline Ni3S, core (Ni3S, @MoS, core-shell structure), which showed better capacitive
performance than pure Ni5S, [9]. In the present communication, we synthesized amorphous MoS, on a
highly conductive 3-D carbon fiber paper network (CFP/a-MoS, ). To the best of our knowledge, this is
the first report on using CFP/a-MoS, binder-free electrode material for supercapacitor applications.

Here in this chapter, the facile hydrothermal method was adopted to deposit amorphous MoS, thin layer on
the carbon fiber paper. The carbon fiber paper is hydrophobic. Hence, prior to conduct the hydrothermal
growth of MoS,, carbon fiber paper is pretreated with oxygen plasma to induce the hydrophilicity [2].



5.2 Experimental

5.2.1 Synthesis of amorphous-MoS, on carbon fiber paper

Molybdic acid, (MAA, H,Mo0O,) and thioacetamide (TAA, CH;CSNH,) were purchased from Sigma-
Aldrich Corporation. An exactly 0.225 gram of TAA and 0.121 g of MAA were accurately weighed and
then dissolved into 80 ml of deionized (DI) water, with constant stirring for 15 min in order to achieve
complete dissolution. The carbon fiber paper (CFP, Toray, TGP-H-120) substrate is basically hydrophobic
in nature due to its sp> hybridization of carbon atoms present in the graphitic structure. In a typical
hydrothermal synthesis, wettability is of CFP is an important criterion in order to achieve the uniform
deposition (with good adhesion) of MoS, ontor the substrate. To induce the hydrophilicity in CFP, a
small piece of CFP is placed inside the plasma chamber followed by activation using oxygen plasma
with a power of 18 W for 15 min. After plasma cleaning, the CFP is immediately transferred into a
Teflon-lined autoclave followed by the transfer of TAA and MAA mixed precursor solution into the same
autoclave and then sealed tightly. The autoclave was then placed inside an electric oven and maintained
the reaction temperature at 200 °C for 24 h. Once the hydrothermal reaction was completed, the autoclave
was retained inside the electric oven until it cooled down naturally to room temperature. The resulting
amorphous MoS, coated CFP was taken out and washed with DI water for several times to remove the
loose MoS, deposits adsorbed on the substrate. After rinsing, a-MoS, deposited CFP (CFP/a-MoS, ) was

dried in an electric oven at 40 °C for 12 hrs.

5.2.2 Material characterization

Surface morphology of the bare CFP and amorphous MoS, coated CFP (CFP/a-MoS, ) was examined
using scanning electron microscopy (NanoSEM, S-3400N). High-resolution transmission electron mi-
croscopy (HR-TEM, FEI, Talos F200X) was used to examine the cross-sectional image, microstructure,
thickness and amorphous nature of MoS,. A thin slice of TEM sample was prepared using Scanning
electron microscopy equipped with focused ion beam (FEI, Quanta 3D), after deposition of thin layer
of epoxy/Pt on the surface of MoS,. The chemical composition and oxidation state of elements were
analyzed using X-ray photoelectron spectroscopy (XPS, Thermo Fisher, UK). The amorphous nature of
MoS, was examined using X-ray diffraction (XRD, Bruker-D8 ADVANCE) using Cu Ko emission (A =
1.5406 A) with a step-size of 0.02°and the and Raman spectroscopy (WITech, alpha300R) using 532 nm

laser excitation, after calibrating the Raman shift with a silicon reference at 521 cm™!.

5.3 Results and Discussion

5.3.1 Physico-chemical analysis

The as-synthesized CFP/a-MoS, electrode was subjected to X-ray diffraction (XRD) and Raman spec-
troscopic analysis. The results show the absence of any characteristic peaks of MoS,; hence, it can
be inferred that the as-deposited material is amorphous (see the Fig. C.1 and Fig. C.2 in Appendix C).
Figure. 5.1 shows the scanning electron microscopic (SEM) images of bare CFP (Fig. 5.1a and 5.1b)
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Fig. 5.1 SEM images of bare CFP at (a) low magnification and (b) high magnification, and SEM images
of CFP/a-MoS, at (c) low magnification and (d) high magnification.

and those of MoS, coated-CFP (Fig. 5.1c and 5.1d) , both at low and high magnifications. It is clearly
evident that the high-magnification SEM image (Fig. 5.1d) shows uniformly coated MoS, nanosheets on
the 3D-CFP network. To examine the thickness of the MoS, coating, a small portion of the sample was

sliced using a focused ion beam equipped with an SEM instrument (FIB-SEM).

To further confirm the structural information and thickness, the as-prepared thin slice of CFP/a-MoS, was
examined using high-resolution transmission electron microscopy (HR-TEM). Figure. 5.2a shows the
high-magnification TEM image of CFP/a-MoS,, which shows that the average thickness of the MoS, thin
film was around (20£2) nm. The absence of clear lattice fringes and the corresponding FFT pattern (inset
of Fig. 5.2a) confirms the amorphous nature of MoS,, which is in agreement with the XRD and Raman
measurements. Figure. 5.2b shows the STEM image of the CFP/a-MoS, and the Fig. 5.2c shows the
corresponding energy dispersive spectrum (EDS) of a-MoS, as marked in the small (red square) region
of Fig. 5.2b. From the EDS spectrum, the presence of molybdenum and sulfur has been confirmed. The
detection of copper may be due to TEM grid and gallium impurity originates from the FIB-slicing of
TEM sample preparation. Figure. 5.3 shows the low magnification STEM image of elemental mapping of

CFP/a-MoS, and the large area elemental mapping of corresponding elements.

The chemical composition and oxidation state of the elements were analyzed using X-ray photoelectron
spectroscopy (XPS). Fig. 5.4a shows the Mo 3d spectra of amorphous MoS, . The doublets of 3d orbital
clearly resolved into two different peaks at 3ds, and 3d3 ; centered at 228.99 and 232.41 eV, respectively,

49



(6):

8004

17 .54 30 Acquire EDX Acquire HAADF Area 1 BG Fit
W 17 54 30 Acquire EDX Acquire HAADF Area 1

6004

Counts

400 4

200 4

] Mo
L _-u‘-r"f""ﬂ-/ i el
20 30
Energy (keV)

Fig. 5.2 (a) HR-TEM cross-sectional image of CFP/a-MoS, with inset displaying the FFT pattern; (b)
HAADEF-STEM cross-sectional image of CFP/a-MoS, where the area within green dotted rectangle
indicates the thin layer of MoS,; and (c) a small area EDS spectrum of MoS, taken at the red highlighted
square in Fig. (b).
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Fig. 5.3 STEM image and elemental maps of CFP/a-MoS, . Reprinted with permission from [2].
Copyright 2015 American Chemical Society.

which confirms the +4 oxidation state of Mo (i.e., Mo(IV)). The sulfur 2s orbital appears at the binding
energy of 226.43 eV and a small hump of a Mo®" peak appears at a higher binding energy of 235.8 eV;
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Fig. 5.4 High resolution XPS spectra of (a) Mo 3d, and (b) S 2p regions of a-MoS, .

the latter may have formed because of the formation of oxides during the sample-preparation process [10].
Because of the amorphous nature of MoS,, an unresolved broad hump of a sulfur 2p peak is also observed
(Fig. 5.4b). From the atomic concentration table, the sulfur to molybdenum stoichiometric ratio was
estimated at around 2.17. The excess sulfur present in the compound may be owing to the formation
of MOS3(MO4+[S2_][SZZ_]), rather than MoS,. Upon deconvolution, the doublet of s> appears at lower
binding energies and that of Szz‘ at higher binding energies.

5.3.2 Electrochemical performance of symmetric cells

The electrochemical properties of the CFP/a-MoS, binder-free electrode material were investigated for
supercapacitor applications by using a symmetric two-electrode cell with aqueous 0.5 M sulfuric acid
electrolyte. Fig. 5.5 represents the cyclic voltammetry (CV) curves of the CFP/a-MoS, symmetric cell
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Fig. 5.5 CV curves of CFP/a-MoS, at various scan rates ranging from 1 mV s~! to 125 mV s~

at various scan rates in the potential range varying from -0.3 to 0.6 V. At low scan rates, two pairs of
prominent redox peaks can be clearly seen, which are attributed to the redox reaction of Mo atoms:
Mo — Mo(1V) <— Mo(VI) [9]. When the scan rate is increased, an obvious shift was seen in the redox
peaks. Broad redox peaks are observed even at a higher scan rate, which confirmed that a predominant
charge-storage reaction occurs via a redox reaction (pseudocapacitance). Apart from pseudocapacitance,
non-Faradaic processes owing to the adsorption and desorption of protons (or in some cases, alkali metal
ions) on the surface of MoS,, which involves the double layer (capacitance) charge-storage mechanism,
has also been reported [4, 11-15]. In some cases, the Faradaic process is only observable at a very lower
scan rate; when the scan rate is increased due to the Kinetic limitation of cation diffusion, the non-Faradaic
process (EDLC behavior) becomes dominant [4, 12]. In our study, however, even at a higher scan rate of
125 mV s~!, broad redox peaks were observed with distorted rectangular CV curves, which confirmed

that both pseudocapacitance and EDLC-type charge-storage mechanism were involved.

Equations. (2.6) and (2.7) were used to measure the cell capacitance using CV and CD curves, respectively.
The corresponding areal specific capacitance of a cell (C,,), and a single electrode (Cy), were calculated
using Eqgs. (2.8) and (2.10), respectively. The relationship between the scan rates and C; is correlated
(Fig. 5.6). When the scan rate is increased gradually from 1 to 125 mV s~!, the C; value decreases,
probably owing to the insufficient time available for the insertion/extraction of protons into the interior
(bulk) of the electrode [16]. Based on this observation, it can be inferred that the electrochemical
reaction kinetics is controlled by the protonic diffusion process at higher scan rates. When the scan
rate was 1 mV s~!, a single electrode showed a C; value of 83.9 mF cm 2 and the device showed a
C,, value of 41.96 mF cm~2. The C; value obtained in our study using two-electrode configuration is
still higher than that reported by Soon et al. (70 mF cm ™2 @ 1 mV s~ !, obtained using three-electrode
configuration) [4]. When the scan rate is increased to 5 mV s~1, C,, decreased to 20.4 mF cm~2; however,
the C,, value obtained using our cell is much higher than that reported by a recent work on exfoliated
MoS, (1.83 mF cm~2) and graphene-exfoliated MoS, composite (4.29 mF cm~2) based symmetric

devices at the same scan rate [15]. On further increasing the scan rate to 10 mV s! the corresponding
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Fig. 5.7 Charge-discharge curves of CFP/a-MoS, at current densities.

C; value dropped to 33.6 mF cm~2 and the C,, value decreased to 16.8 mF cm~2. However, the C,, value
obtained in the present work is eight times higher than that in a previous report on exfoliated-MoS,
2mFcm™2 @ 10 mV s~ !) and 33 times higher (0.5 mF cm~2 @ 10 mV s~!) than that obtained with

bulk MoS,-based symmetric devices [14].

To further evaluate the electrochemical performance of the CFP/a-MoS, electrode material, galvano-
static charge-discharge measurements were carried out for the symmetric device at current densities
of 0.05 — 0.6 mA cm ~2 (Fig. 5.7). The nonlinear shape of the discharge curves further confirmed the
pseudocapacitive charge-storage behavior. The relationship between C; and the various current densities
is shown in Fig. 5.8. When the discharge rate was 0.3 mA cm~2, the corresponding C; was 8.76 mA cm™
which is more than five times that of exfoliated MoS, (1.65 mF cm 2 @ 0.25 mA cm~?) [15]. The
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high specific capacitance of the CFP/a-MoS, material may be due to the following reasons: (i) High
surface area of the 3D porous carbon fiber network with good electrical conductivity that increases
the electron-transfer reaction rate, even though as-synthesized MoS, is poorly crystalline. (ii) A thin
amorphous MoS, film (thickness is found to be approximately (22£3) nm as determined from the TEM
measurements) made of high-density grain boundaries with fine grains that act as diffusion channels for a
more efficient intercalation of protons, which leads to an effective utilization of bulk electrode materials

when compared to their crystalline counterparts [7].

The electrochemical impedance spectroscopy is one of the ideal tools to investigate the charge transfer
mechanism at the electrode-electrolyte interface. In the impedance spectrum (Fig. 5.9), a high-frequency
intercept on the x-axis represents electrochemical series resistance (ESR) of the symmetric device. The
semicircle arc at the high- to medium-frequency range represents the charge transfer resistance (R.),
which is determined to be 0.5 Q. An almost 90° straight line (perpendicular to x-axis) is observed at the

medium-to-low frequency region, which represents the capacitive behavior of the device.

The long-term cyclability is one of the key criteria for the real-time application of the device for
commercial use. The symmetric capacitor has been tested to investigate the continuous long-term
charge-discharge process at a current of 0.3 mA cm~2. The C; value in the first cycle was around
8.46 mF cm~2, which increased to 50.4 mF cm ™~ at the 4750 cycle. Most of the previous reports on
long-term stability of pseudocapacitive materials, including MoS, electrode materials, showed generally
either decrease in capacitance retention or a stable value over many cycles [9, 11-14, 17, 18]. In
contrast, the capacitance retention of CFP/a-MoS, synthesized in our study continuously increased
up to 600% for 4750 cycles (Fig. 5.10). This type of increase in capacitance is rarely observed in
binder-free graphene-based supercapacitors (using KCl electrolyte) because of the “electroactivation”
of electrode materials via continuous (K*) ion intercalation/deintercalation, which leads to partial re-

exfoliation process [19-21]. Very recently, Bissett et al. also observed the same trend on exfoliated MoS,
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Fig. 5.9 EIS spectrum of the symmetric supercapacitor with inset showing the high-frequency region.

thin-film-based symmetric capacitors (using Na,SO, electrolyte), wherein the capacitance retention
increased up to 800% over the first 3000 cycles [15]. The authors investigated the charge storage
mechanism by CV analysis before and after long-term cycling. Before cycling, the CV curves show
the EDLC-type charge-storage behavior; however, after long-term cycling for over 10,000 cycles, the
shape of the post-CV curve distorted with enhanced current density. Hence, the authors concluded
that the electrochemical charge- storage mechanism changes from EDLC to pseudocapacitive nature
because of the continuous ion intercalation/deintercalation process. Also, they proposed a mechanism
involving continuous intercalation/deintercalation of relatively large Na* ions over a long cycling process
that further increased the active surface area by partial re-exfoliation of MoS, layers, and hence, led to
enhanced current density value in post-CV curves. In our case, energy storage occurs predominantly by
pseudocapacitance (from the first cycle to 4750 cycle and even for a high scan rate CV curves); hence,
clear redox peaks are observed from the CV curves. After long-term cycling, post-CV analysis was done
at the same scan rate, which shows characteristic redox peaks with an enhanced current density value
(Fig. 5.11). Moreover, Bissett et al. investigated liquid-phase exfoliation of crystalline MoS, powder,
and the resultant exfoliated MoS,- flakes are also crystalline. However, in our case, the as-synthesized
MoS, is amorphous and has many defect sites. Also, the electrolyte used in our study is 0.5 M sulfuric
acid; H* cations act as shuttle ions, which are much smaller than Na* ions. The observed increase in the
current density value, as evident from the pre- and post-CV analyses, may be due to the “electroactivation”
process. However the re-exfoliation of amorphous MoS, by H* ions is not yet understood. In general,
Li" ion intercalation into bulk MoS, facilitates the formation of highly conducting 1T phaseMoS, [22];
however, a recent report on MoS, and rGO hybrid showed that a heterostructure comprising 1T MoS,
formed at the MoS,/rGO interface and 2H MoS, at the bulk [18]. In our case, the as-synthesized material
is amorphous. Hence, the in-depth structural analysis of electrodes, both before and after long-term

measurement, does not give any detail information. The trend of increasing capacitance retention is
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interesting to researchers working on electrochemical energy storage devices. However, the increasing

trend reaction mechanism is still unclear and under investigation.

5.4 Summary

In summary, a thin layer of amorphous MoS, on a highly conducting 3-D network carbon fiber paper was
synthesized by the facile hydrothermal method. The as-synthesized binder-free electrode material with
excellent electrochemical energy-storage capability and a symmetric device showed a high specific device

capacitance value of 41.96 mF cm~2. More interestingly, because of “electroactivation”, the capacitance
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retention increases up to 600% for amorphous MoS, in the presence of a sulfuric acid medium. Although

the exact mechanism of the increasing trend in capacitance retention is still under investigation, we

believe that our primary observation and the obtained results may be interesting to the energy storage

research community and may open up futuristic outcomes in this field.
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CHAPTER 6

A Few-layered MoSe, Nanosheets®

*Reproduced in part from S. K. Balasingam et al., Dalton Transactions 2015, 44 (35), 15491.
Copyright 2015 The Royal Society of Chemistry (RSC).

6.1 Introduction

Recently, TMDCs have received much attention from researchers because of their 2D sheet-like mor-
phology, higher electrical conductivity (than the oxides), high surface area and the multivalent oxidation
states of transition metal ions [1-3]. Analogous to graphite, TMDCs consists of graphene like layers
of MX, sheets (where M can be any metal ions of IV, V and VI group transition elements and X is a
chalcogen, X may be S, Se and Te) which are stacked together by weak van der Waals force. As like
graphene, a monolayer or few layers of MX,, can be exfoliated from their bulk counter part, which has a
very distinct physical and chemical properties and also has a diverse application in electronic devices,

photo transistors, sensors, catalysis, and electrochemical energy storage systems [4—6].

In 2007, a first report on the electrochemical double-layer capacitance measurement of MoS, nanowall
films was published by Soon & Loh [7], which opened up the field of TMDC-based electrode materials for
supercapacitor applications. Later, different morphologies of MoS, -, WS, -, and their composite-based
materials were investigated as supercapacitor electrodes [8—21]. Other sulfide materials such as, VS,
nanosheets were employed as an electrode material for in-plane supercapacitors, CoS, and NiS sheets
were also demonstrated as an active material for supercapacitor electrodes due to their large surface
area and enhanced structural stability. When compared to the sulfides, selenides are rarely studied for
capacitive properties [22-27]. Moreover, recent reports on MoSe, based anode materials for lithium ion
and sodium ion batteries, which showed them as a promising electrodes for energy storage applications.
Shi et al. [28] reported mesoporous crystalline MoSe, using silica SBA-15 as a hard template which
showed a high reversible lithium storage capacity of 630 mAh g~!, Ko et al. [29] synthesized a yolk-shell
structured MoSe, microspheres via selenization of MoO; microspheres, which demonstrated a high
sodium ion storage capacity of 433 mAh g~!. Wang et al. [30] also synthesized MoSe, nanoplates using
thermal-decomposition process, which could deliver high sodium ion storage capacity of 513 mAh g~
The enhanced energy storage capacity of the two dimensional MoSe, electrode materials render our
attention to investigate this material for supercapacitor applications. When compare to the bulk MoSe,, a
few-layered sheets show high surface area and unique electronic (quasiparticle bandgap) properties due to

interlayer coupling and screening effects [31]. Generally few-layered MoSe, nanosheets are synthesized



via CVD or rapid thermal processing method which are very expensive and user-hostile techniques for
the synthesis of large quantity of electrode materials [32—35]. In this work, we have synthesized a large
quantity of few-layered MoSe, nanosheets using a facile hydrothermal method, and their electrochemical
capacitance was measured in aqueous electrolyte (H,SO,) under a two-electrode configuration. We
obtained a maximal specific capacitance of 199 F g~! at a scan rate of 2 mV s~! and also the capacitance
retention of approximately 75% was observed over 10,000 cycles long-term stability test showed them as

a suitable material for electrochemical capacitors.

6.2 Experimental

6.2.1 Material synthesis

The precursors, sodium molybdate (Na,MoO, - 2 H,0), selenium powder (Se), and sodium borohydride
(NaBH,), were purchased from Sigma Aldrich (ACS grade) and used without further purification. In
a typical hydrothermal synthesis, precisely 1.32 g of (Na,MoO, -2H,0, 1.24 g of Se, and 0.2 g of
NaBH, were weighed and dissolved in 80 ml of DI water. The mixture was continuously stirred until a
red-colored solution was obtained, which is an indication of uniform distribution of the selenium metal
powder. The as-prepared precursor solution was transferred into the autoclave, sealed, and then heated at
200 °C for 12 h in an electric oven. The autoclave was then naturally cooled down to room temperature.
After that, the MoSe, nanosheets were filtered off and washed with DI water for several times to remove

the residuals and then dried at 40 °C for a few hours.

6.2.2 Materials characterization

The morphology of the as-prepared sample was examined using high-resolution transmission electron
microscopy (HR-TEM) (JEOL). The crystal structure and elemental composition of MoSe, was confirmed
by X-ray diffraction (XRD, Bruker) measurements using Cu Ko emission (A=1.5406 A ) from 10 -
90° range with a step size of 0.02°, Raman spectroscopy (WITec) using 532 nm laser excitation, after
calibrating the Raman shift with a silicon reference at 521 cm™!, and X-ray photoelectron spectroscopy
(XPS) (Thermo Fisher, UK).

6.2.3 Cell fabrication and electrochemical measurements

The as-synthesized electroactive material (MoSe,), carbon black and poly(vinylidene fluoride) were
mixed in a mass ratio of 80:10:10 to obtain a slurry and then coated on the stainless steel (SS) substrate
using the brush. An exactly 1 cm? (1 cm x 1 cm) area of MoSe, nanosheets-coated SS substrate was
used as a single electrode. . A mass loading of each electrode is around 4 mg cm™2. Two electrodes were
sandwiched together with Whatman filter paper as a separator. The assembled electrodes were placed
in a test cell rig, and a few drops of 0.5 M sulfuric acid were added as the electrolyte. The test cell was
sealed with an O-ring and then left for a few minutes to ensure the uniform soaking of the electrodes into
the electrolyte solution before the electrochemical measurements. Electrochemical experiments were

performed using a potentiostat/galvanostat (Biologic/VSP) at room temperature. Cyclic voltammetry
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Fig. 6.1 XRD spectrum of MoSe, nanosheets.
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Fig. 6.2 Raman spectrum of MoSe, nanosheets showing two distinct A, and Eég Raman modes.

(CV) curves were obtained at various scan rates (2, 5, 10, 25, 50, 75, 100, and 125 mV s~ !) in the
potential window of 0 to 0.8 V. Electrochemical impedance spectroscopy (EIS) measurements were
performed over the frequency range of 0.1 Hz to 100 kHz with an AC amplitude of 10 mV. Galvanostatic
charge-discharge (CD) curves were recorded at various current densities (0.10, 0.25, 0.50, 0.75, 1, 2, 3, 4,
and 5 A g~!) in the potential window of 0 to 0.8 V.

6.3 Results and Discussion

6.3.1 Physico-chemical analysis

The crystal structure and phase purity of the as-prepared MoSe, nanosheets were characterized using
X-ray diffraction. Fig. 6.1 presents the XRD pattern of the MoSe, nanosheets. Diffraction peaks of the
as-synthesized MoSe, nanosheets appear at 20 = 13.3°, 31.6°, and 56°, which can be assigned to the
(002), (100), and (110) planes of hexagonal phase of MoSe, (JCPDS No. 29-0914), respectively. The
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Fig. 6.3 (a) High resolution XPS spectra of Mo 3d, and (b) Se 3d regions of MoSe, nanosheets.

broadness of the (002) peak indicates the formation of few-layered MoSe, nanosheets. [8, 36]

Raman spectroscopy was employed to further study the structure of the as-synthesized MoSe, nanosheets.
The typical peaks of MoSe, nanosheets at 239 cm~! and 287.11 cm~! are observed in the spectra
(Fig. 6.2), which corresponds to the out-of-plane A, mode and in-plane Eég mode of MoSe,, respec-
tively [37]. For bulk MoSe,, the A|g mode appears at 242 cm™ ! The downward red shift of approximately
3em~! (A ¢ mode @ 239 cm~!) indicates the formation of few-layered MoSe,. The Eég mode of bulk
MoSe, appears at 286 cm~!; however, the blue shift of this in-plane mode observed in our study also

confirms the few-layered nanosheet formation [33, 38].

The chemical composition and oxidation state of the elements were investigated using X-ray photoelectron
spectroscopy. Mo 3ds, and Mo 3ds, peaks (Fig 6.3a) appeared at binding energies of 232 and 228.8 eV,
respectively, which confirms the +4 oxidation state of molybdenum [39]. In addition, the 3d peaks of

selenium split into two well-defined peaks (Fig 6.3b) such as 3d3 ; and 3ds», which appeared at binding
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Fig. 6.4 TEM images of MoSe, nanosheets. (a) and (b) show low magnification, (c) high magnification;
and inset of (c) shows the FFT pattern.

energies of 55.2 and 54.5 eV, confirming the -2 oxidation state of selenium in MoSe, nanosheets [40].

From the atomic concentration table, the mole ratio of Mo:Se was calculated to be 1:2.

The surface morphology of the as-synthesized MoSe, was investigated using HR-TEM. Figure 6.4
presents HR-TEM images of the as-synthesized MoSe, nanostructure. The low-magnification TEM
images (Fig 6.4a and 6.4b), showed MoSe, nanosheets. Figure 6.4c provide clear evidence of the
formation of few-layered nanosheets at higher magnification. In addition, the HR-TEM images of the
MoSe, nanosheets reveal a layered crystal structure with clear crystal lattice fringes of approximately
(0.62 £0.03) nm, corresponding to the standard d-spacing for the (002) basal plane of the hexagonal
crystal structure. Notably, the porous nature of the MoSe, nanosheets morphology provides a high surface

area for the electrochemical reaction.

6.3.2 Electrochemical performance of symmetrical cells

The MoSe,-nanosheets-coated stainless steel substrates were assembled in a two-electrode configuration

(a symmetric cell in a parallel-plate geometry, which is typically used in supercapacitor measurements),
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Fig. 6.5 (a) Cyclic voltammograms of MoSe, nanosheets in 0.5 M H,SO, electrolyte measured at
different scan rates ranging from 2 mV s~! to 125 mV s~!, and (b) Specific capacitance value calculated
from the CV curves of Fig (a) at different scan rates.

with Whatman filter paper as the separator and 0.5 M sulfuric acid as the electrolyte. The electrochemical
behavior of the MoSe, electrodes was characterized using CV, EIS, and CD cycling measurements.
Figure 6.5a shows the typical CV curves of a symmetric device (MoSe,-nanosheets coated on a stainless
steel substrate as working and counter electrodes) at various scan rates (2 mV s~! to 125 mV s~!). All the
CV curves retain their nearly rectangular shape at the various scan rates, which confirms the ideal EDLC
behavior (non-faradaic process, as indicated in Eq. (6.1b) of this material with excellent reversibility.
Moreover, the broad peak appearing in both the anodic and cathodic scan indicates the redox behavior
of the MoSe, nanosheets resulting from the faradaic electrochemical process, as shown in Eq. (6.1a).
Notably, the redox peaks appeared even at higher scan rates with the usual peak shift. The symmetric

device exhibited a measured device capacitance (C,,) of approximately 49.7 F g~! at a scan rate of 2
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Fig. 6.6 (a) Galvanostatic charge-discharge curves of MoSe, nanosheets in 0.5 M H,SO, electrolyte
measured at different current densities ranging from 0.1 A g~! to 5 A g~!, and (b) Specific capacitance
value calculated from the CD curves of Fig. (a) at different current densities.

mV s~!. For the single electrode, a high specific capacitance of (Cy) 198.9 F g~! was calculated at the
same scan rate. The high C, value may be attributed to the combination of both faradaic and non-faradaic
processes of the 2D MoSe, nanosheets [7].

(MoSe,) + H' + e~ <= MoSe—SeH* (6.1a)
(MoSe, ) surface + H +e~ <= (MoSe,—H™ )surface (6.1b)

The detailed derivation of the specific capacitance for a single electrode and device is given in
Egs. (2.3), (2.4), and (2.5) (in Chapter 2). Figure 6.5b shows the relationship between the specific
capacitance of the MoSe, nanosheets (a single electrode) at various scan rates. By increasing the scan
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rate up to 20 mV s, a sudden drop of the C; value is observed, and upon further increasing the scan
rate up to 125 mV s!, a gradual decrease of C; value is recorded. This observation is a common
phenomenon in supercapacitors because at higher scan rates, the mass-transport limitation of H™ ions
(from the electrolyte) to the interior (bulk) part of the electrode limits the electrochemical performance,
which leads to a lower capacitance.[41-44] The specific capacitance value observed for few-layered
MoSe, electrodes were compared with the previously reported state of the art MoS, and WS, based
supercapacitors. Under similar two-electrode configuration, Winchester et al. [45] reported a specific
capacitance of 2 mF cm™2 @ 10 mV s~ ! scan rate in 6 M KOH electrolyte for liquid phase exfoliated
MoS, layers. The material showed a poor capacitance retention of 68% within 200 cycles in same
electrolyte. Cao et al. [21] synthesized MoS, nanosheets for micro-supercapacitors, a high specific
capacitance of 8 mF cm ™2 @ 10 mV s~! scan rate was observed in 1 M NaOH, however the authors did
not show the long-term cycle stability of this material. Ratha & Rout [8] synthesized WS, nanosheets by
a facile hydrothermal method and the specific capacitance of 70 F g~! @ 2 mV s~! scan rate was reported.
Under same scan rate, our material (few-layered MoSe, nanosheets) showed a specific capacitance of
198.9 F g1, which is almost 2.8 times higher than the WS, based materials. Although a recent report
on metallic 1T phase MoS, electrode for supercapacitors measured under three-electrode configuration
showed high volumetric capacitance of around 650 F cm ™3 @ 20 mV s~ !, their gravimetric capacitance
is approximately 190 F g=! @ 5 mV s~!. Where as the gravimetric capacitance value of our MoSe,
nanosheet electrodes measured under two electrode configuration (120 F g=! @ 5mV s~!) is comparable

to the previous report [46].

Figure 6.6a presents the galvanostatic CD curves of a symmetric device (MoSe, nanosheets as the
positive and negative electrodes) at various current density values. The CD curves are almost symmetric,
which indicates the electrochemical capacitive behavior with remarkable reversible redox reaction. At

the very low discharge current density of 0.1 A g~!

, a non-linear shape of the CD curve is observed
with the pseudocapacitive behavior of the electrode material. The symmetric supercapacitor device
exhibited a measured device capacitance of 10.4 F g~!, and the single electrode exhibited a specific
capacitance of approximately 41.5 F g~! at a discharge current density of 0.1 A g~!. The rate capability
of a single MoSe, nanosheet electrode was investigated under various current densities, as shown in
Fig 6.6b. Consistent with the CV analysis, the C; value of the electrode material decreases at higher
current density. As explained in CV, the diffusion rate of the electrolyte ions is limited at higher current
density. Therefore, only the surface area of the MoSe, nanosheets is accessible at higher current density.
For a lower-current-density CD process, the electrolyte ions could penetrate into the interior part of the

electrode surface, thereby resulting in a higher C; value.

Long cycling life is another important criteria for the application of this material in commercial super-
capacitors. The cyclic stability of MoSe, nanosheet electrodes was measured at a high current density
of 5 A g~!, as observed in Fig. 6.7a. The capacitance retention is dramatically decreased for the first
few hundred cycles, which may be due to the active site saturation of the surface of MoSe, nanosheets
during the charge-discharge process [21]. Thereafter, a gradual decrease is observed until 10,000 cycles.
Notably, a cycling performance of approximately 75% capacitance retention is observed even after 10,000
cycles, which indicates that MoSe, nanosheets are promising electrode materials for high-performance

supercapacitors. The remaining 25% capacitance loss may be due to the chemical instability of MoSe,
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Fig. 6.7 (a) Specific capacitance retention of the MoSe, nanosheets as a function of cycle number,
measured by charge-discharge at a high current density of 5 A g~!in 0.5 M H,SO, electrolyte, and
(b) Electrochemical impedance spectra of a symmetric device measured at the initial stage and after
10000 cycles (The inset shows an enhanced view of the high-to-medium frequency region).

in aqueous electrolyte, which can be improved by the usage of organic/ionic liquid based non-aqueous

electrolytes.

EIS was performed to analyze the internal resistance and capacitance of the device. Figure 6.7b presents
a Nyquist plot of the symmetric device at the initial stage and after 10,000 cycles. In the high-frequency

region, the x-axis intercept of the semicircle on the z-real axis represents the electrochemical series
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resistance (ESR) of the device, which was determined to be 0.43 Q. The depressed semi-circle in
the high-to-medium frequency range is modeled by the parallel combination of an interfacial charge
transfer resistance and double-layer capacitance. In the mid-frequency region, a typical 45° slope is
observed for a short region, which is known as the Warburg impedance due to the frequency dependence
of ion diffusion/transport in the electrolyte. A short Warburg region on the plot indicates a short ion
diffusion path and, in turn, effective diffusion of electrolyte ions into the electrode surface [47]. In the
low-frequency region, an almost 90° straight line is observed, which indicates the excellent capacitive
behavior of the device [48]. EIS was performed after 10,000 cycles for the post-analysis of the device.
The shape of the spectrum after 10,000 cycles is similar to the initial shape, except for the diameter of the
semi-circle arc in the high-to-medium frequency range. The semi-circle arc of the device increased from
1 to 1.5 Q after 10,000 cycles, which might be due to the adhesion loss of some electroactive materials
from the stainless steel current collector or dissolution of some electroactive materials during the repeated
charge/discharge process [49-51]. The superior electrochemical performance of the few-layered MoSe,
nanosheets may be attributed to the following reasons: (1) the 2D sheet-like structure provides a high
surface area and more active sites for the fast reversible redox reaction on the surface of the electrode
and (2) the few-layered MoSe, nanosheets stacked together with van der Waals force allow the effective

intercalation of H* ions from the electrolyte.

6.4 Summary

In summary, this work reports the facile synthesis of few-layered MoSe, nanosheets and their capacitive
properties in the two-electrode configuration using aqueous electrolyte. The symmetric device exhibited

a measured capacitance of approximately 49.7 F g~!

, and the single electrode exhibited a specific
capacitance of approximately 199 F g~ ! at a scan rate of 2 mV s~ !. The excellent capacitive performance
of the device is mainly attributed to the graphene-like 2D layered crystal structure, which provides a high
surface area and allows effective diffusion of H" ions for the fast reversible redox process. The good
cyclic stability and capacitance retention of approximately 75% are observed even after 10,000 cycles,

which indicates that MoSe, nanosheets could be a potential candidate for electrochemical capacitors.
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CHAPTER 7

MoSe,/rGO Hybrid Nanosheets Electrode

7.1 Introduction

Electrode materials for EDLCs are usually carbon-based materials such as activated carbon, carbon
nanotubes, carbon nanofibers, and graphene [1-4]. However, the specific capacitance of carbon-based
materials is generally low due to the limited specific surface area and non-uniform pore size distribution
of these materials, which in turn limits the effective utilization of these electroactive materials in
supercapacitors [5, 6]. On the other hand, transition metal oxides [7, 8], metal hydroxides [9-11],
conducting polymers [12], and transition metal dichalcogenides [13, 14] have been widely used as
electrode materials for pseudocapacitors due to their much higher specific capacitance. Although,
pseudocapacitors generally have high specific capacitance, the poor cycling stability and low conductivity
of the pseudocapacitive materials limit their practical application in the energy storage field [15, 16].
In order to overcome these issues as well as to achieve enhanced electrochemical performance, novel
hierarchical hybrid nanostructures combining EDLCs and pseudocapacitors have emerged, where these

systems have a large surface area, good electrical conductivity, and a short path for ion diffusion.

Recently, transition metal dichalcogenides (TMDCs), MX, (M = Mo, W; X =S, Se), with a layered
structure (analogous to graphene) have emerged as one of the most prominent candidates for energy
storage, catalysis, photo-transistors, and sensor systems due to their unique crystal structures and diverse
material properties [13, 14, 17-19]. In these materials, metals and chalcogens interact via strong
chemical bonds in the molecular layers, whereas the individual layers interact via weak Van der Waals
forces, forming a graphene-like layered structure. This structure is beneficial for the insertion and
extraction of a variety of electrolyte ions and can be exploited in the field of energy storage [14, 20, 21].
Among the TMDC materials, molybdenum diselenide (MoSe,), which is an important narrow-band-gap
semiconductor that has a layered structure (Se-Mo-Se), similar to MoS,, might be a good choice for
energy storage devices [22, 23]. Furthermore, the interlayer spacing of MoSe, (0.646 nm) is larger than
that of graphite (0.335 nm) and MoS, (0.615 nm) [21]. Therefore, MoSe, is considered as one of the
most promising electrode materials for lithium-ion batteries, sodium-ion batteries, and supercapacitors.
Nevertheless, very little research has been carried out on the electrochemical performance of lithium-ion
batteries, sodium ion batteries, and supercapacitors employing MoSe, [20, 21, 24-27]. Although, MoSe,
has been applied in energy storage, the poor electrical conductivity of MoSe,, similar to that of other

metal oxides, hinders its electrochemical performance and practical implementation.

A commonly employed strategy to further enhance the electrochemical performance of MoSe, involves the



design of a hybrid nanostructure with a carbon matrix. Compared with other carbon materials, graphene
is considered as the most auspicious matrix to support host materials because of its intriguing advantages,
including large specific surface area, superior electrical conductivity, good chemical stability, and excellent
mechanical flexibility [28-31]. Due to its outstanding properties, graphene shows excellent potential
as an electrode material for high-performance supercapacitors. Moreover, the graphene nanosheets in
the hybrid nanostructure serve as a powerful support, which could provide better electrical conductivity,
curtail aggregation of the target nanomaterials, and shorten the transport paths for effective mass and
charge transport. Furthermore, grafting with MoSe, can also effectively reduce restacking of the graphene
nanosheets, thereby facilitating complete utilization of the surface active sites and further accelerating
ion diffusion. Hence, it is expected that the hybrid nanostructure of MoSe,/graphene, in which MoSe,
nanosheets are uniformly distributed in the graphene matrix, should be an effective and competitive
platform to achieve outstanding electrochemical performance by combining the advantages of the

individual components while exploiting their synergistic effects in the electrode matrix [21].

To the best of our knowledge, only a few studies have explored the use of MoSe, and graphene/MoSe,
composites for energy storage applications. For instance, Huang et al. utilized the direct growth
of pristine MoSe, and graphene/MoSe, composites on a Ni-foam current collector via a hydrothermal
method. Although the binder-free electrodes showed very high specific capacitance values of 1114.3 F g~!
(MoSe,/Ni) [26] and 1422 F g_1 (MoSe,-graphene/Ni) [25] at 1 A g_1 using a three electrode system
with 6 M KOH electrolyte, the structural conformation of the as-synthesized product was unclear from
comparison of the XRD data with the standard JCPDS card. Moreover, the stability of molybdenum
sulfide and selenides in high pH alkaline medium is very poor according to the pour-biax diagram [13].
Furthermore, not much improvement in the specific capacitance of graphene-MoSe,/Ni composites
was observed relative to the MoSe,/Ni counterparts, highlighting the need to study the electrochemical
performance of pristine MoSe, in more stable electrolyte media. Recently, we demonstrated the synthesis
of few-layered MoSe, nanosheets for use in symmetric supercapacitors, achieving a specific device
capacitance of 30 F g~! (corresponding to a single electrode specific capacitance of 120 F g~!) at a scan
rate of 5 mV s~! [24]. The long-term stability of pure MoSe, was approximately 75% at a high charge-
discharge current density of 5 A g~!. Hence, enhancement of the electrode performance of MoSe,-based

supercapacitors remains a pertinent undertaking to meet the demands of commercial applications.

Herein, a facile, low cost, and scalable approach for synthesis of MoSe,/rGO nanosheet electrode
materials via a hydrothermal method is introduced. The MoSe,/rGO nanosheet hybrid nanostructure
results in intimate hybridization of the conductive reduced graphene network with the evenly distributed
MoSe, nanosheets. The hybridized nanostructure improves the electrical conductivity; in turn, the
electrochemical redox reaction of MoSe, and the presence of the rGO nanosheets enhance the electrical
double layer capacitance of the supercapacitor electrodes through effective electron transport and fast
ion diffusion. The structure, morphology, and chemical composition of the as-synthesized MoSe,/rGO
nanosheets are characterized herein. The as-prepared hybrid nanostructure exhibits a maximum specific
capacitance of 211 F g~! at a scan rate of 5 mV s~! and a good capacitance retention ratio of 180% even

after 10,000 cycles at a current density of 5 A g~
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7.2 Experimental

7.2.1 Synthesis of MoSe,/reduced graphene oxide nanosheets

All of the chemicals and reagents used in the experiments were of analytical grade and were used without
any further purification. Graphene oxide (GO) was synthesized from natural graphite powder by a
modified Hummer’s method [32, 33]. Approximately 0.46 g of GO was dispersed in water and sonicated
for 30 min in 30 ml of deionized (DI) water. Exactly 15.7 mmol selenium metal powder (Se) and 0.2 g
of sodium borohydride (NaBH,) were mixed in 50 ml of deionized (DI) water under vigorous stirring
for 15 min. Precisely 5.455 mmol sodium molybdate (Na,MoO, -2 H,0) was weighed and added to
the NaBH, and Se mixture, followed by continuous stirring until a red solution was obtained. The GO
dispersion was added dropwise to this solution with continuous stirring for 30 min in order to ensure
uniform dispersion of GO in the precursor solution. The as-prepared precursor solution was poured
into a Teflon-lined stainless steel autoclave that was then tightly sealed. The autoclave was immediately
transferred into an electric oven and the reaction temperature was maintained at 200 °C for 12 h. After
completion of the hydrothermal reaction, the autoclave was kept inside the oven and the temperature was
allowed to gradually decrease to room temperature. The resultant MoSe,/rGO nanosheets were filtered
off using Whatman filter paper and washed several times with DI water to remove residual materials and
then dried in an electric oven at 40 °C overnight. For comparative purposes, pristine MoSe, nanosheets

were also synthesized via a similar method without addition of GO.

7.2.2 Materials characterization

The crystal structure of the as-prepared sample was analyzed using an X-ray diffractometer (XRD, Bruker)
with Cu Ko radiation (A= 0.15141 nm) and Raman spectroscopy (WITec) using 532 nm laser excitation,
after calibrating the Raman shift with a silicon reference at 521 cm~!. The surface morphology of the
hybrid nanostructure was examined by field emission scanning electron microscopy (FE-SEM, Nano230,
FEI Co.). The chemical composition of the sample was examined using X-ray photoelectron spectroscopy
with Al Ka radiation (XPS, Thermo Fisher, UK).

7.2.3 Electrochemical characterization

All electrochemical measurements were performed in a conventional three-electrode system using an
electrochemical workstation (Biologic/VSP); 0.5 M H,SO, solution was used as the electrolyte. The
working electrodes were prepared by mixing the as-synthesized electroactive material, carbon black, and
poly(vinylidene fluoride) in a mass ratio of 80:10:10 in N-methyl-2-pyrrolidone solvent. The obtained
slurry was then coated onto a stainless-steel current collector and dried at 90 °C for 24 h. A large surface
area platinum mesh and Ag/AgCl were used as the counter and reference electrodes, respectively. The
electrochemical performance of the fabricated electrodes was characterized by cyclic voltammetry (CV),
galvanostatic charge/discharge (GCD), and electrochemical impedance spectroscopy (EIS) measurements.
The EIS measurements were carried out in the frequency range of 0.1 Hz to 100 kHZ with an AC
amplitude of 10 mV.
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Fig. 7.1 XRD spectrum of MoSe,/reduced graphene oxide nanosheets.

7.3 Results and Discussion

7.3.1 Physico-chemical analysis

Structural analysis of the as-prepared MoSe,/reduced graphene oxide nanosheets was performed via X-ray
diffraction (XRD). Figure 7.1 shows the XRD pattern of the MoSe,/rGO nanosheets. The diffraction
peaks appearing at 20 = 12.3°, 31.9°, 38.2 °, 45.3 °, and 56.3° correspond to the (002), (100), 103), (105),
and (110) planes of hexagonal MoSe, (JCPDS card No: 29-0914), respectively [34]. Moreover, when the
diffraction peaks of MoSe, are excluded, the small peak located at 26 = 24.6° could be ascribed to the
(002) plane of rGO [33].

The structural information was further confirmed by Raman analysis. Figure 7.2 shows the Raman
spectrum of the MoSe,/rGO nanosheets. The characteristic Raman peaks centered at 238 and 286 cm ™!
are related to the out-of- plane A;, and in-plane Eég Raman modes of MoSe, [23, 35]. In addition to
these peaks, two other high intensity bands appeared at 1349 and 1593 cm™!, which are assigned to
the characteristic D and G bands of rGO, respectively. The G band corresponds to vibration of the
sp? carbon atom in the two-dimensional hexagonal lattice, while the D band is related to the structural
defects and disorder of the graphene nanosheets[33]. The D-band to G-band intensity ratio (Ip/Ig) of
the MoSe,/rGO nanosheets was 1.51, implying an increase in the size of the sp?> domains and a larger
number of defects distributed over the graphene sheets during the reduction of GO via the hydrothermal
process [36]. These results confirmed formation of the MoSe,/rGO nanosheets. The morphology of the
as-prepared MoSe,/rGO nanosheets was examined using FE-SEM. Figure 7.3 show FE-SEM images of
the MoSe,/rGO nanosheets. The FE-SEM images revealed that the MoSe, nanosheets were uniformly

distributed on the surface of the rGO nanosheets.

XPS analysis was used to further verify the chemical composition of the as-prepared sample. Figure 7.4a
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Fig. 7.3 FE-SEM images of MoSe,/rGO nanosheets at (a) lower and (b) higher magnifications.

shows the survey spectrum of the MoSe,/reduced graphene oxide nanosheets.The wide scan XPS spectrum
confirmed the existence of Mo, Se, and C in the corresponding oxidation states for the MoSe,/rGO hybrid
structure. The presence of O in the sample may be due to surface-adsorbed CO, and O, [37]. The
core-level spectrum of the Mo 3d spin orbital (Fig. 7.4b) was split into two well defined peaks of the 3ds ,
and 3d3 , states at respective binding energies of 228.6 and 231.7 eV, which confirms that molybdenum
was in the tetravalent state [23, 34, 35, 38]. The Se 3d core-level spectrum (Fig. 7.4c) shows peaks
located at 54.2 and 54.9 eV that can be assigned to the 3ds/, and 3d3 > spin orbit couple, indicative of
the divalent state of Se in MoSe, [23, 34, 35, 38]. Figure 7.4d displays the C 1s core-level spectrum of
the MoSe,/rGO nanosheets. The main peak appearing at 284.4 eV corresponds to the non-oxygenated
carbon (C—C). There are no additional peaks related to the C—O (hydroxyl groups), C=0 (carbonyl
groups), and O—C=0 (carboxyl groups) in the C1s spectrum, which confirms complete reduction of most

of the oxygen-containing functional groups (fully removed) during the high temperature hydrothermal
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Fig. 7.4 XPS spectra of MoSe,/reduced graphene oxide nanosheets (a) survey, (b) Mo 3d, (c) Se 3d, and
(dCls.

process [37]. These results further verified the formation of the MoSe,/rGO nanosheets.

7.3.2 Electrochemical performance of MoSe,/rGO and MoSe, electrodes

The electrochemical performance of the MoSe, and MoSe,/rGO nanosheet electrodes was evaluated
using cyclic voltammetry, galvanostatic charge/discharge, and electrochemical impedance spectroscopy
techniques in 0.5 M H,SO, electrolyte. Figure 7.5 presents a comparison of the CV curves of the MoSe,
and MoSe,/rGO nanosheet electrodes, acquired at a scan rate of 25 mV s~!. Both CV curves clearly
exhibited a near rectangular shape, indicating EDLC behavior. A pair of redox peaks was also observed,
corresponding to the reversible redox reaction of Mo active atoms (from MoSe,) with the electrolyte ions,

indicating pseudocapacitance behavior as represented in Eqn.(7.1) [24].
(MoSe,) + H' + e~ <= MoSe—SeH" (7.1)

Compared with the CV curve of MoSe,, the MoSe,/rGO electrode showed a larger integrated area,

indicating the higher specific capacitance of the composite. This enhanced electrochemical charge storage
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Fig. 7.5 Cyclic voltammetry curves of MoSe, and MoSe,/rGO nanosheets electrodes at a scan rate of 25
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behavior might be due to the synergistic effect of MoSe, and reduced graphene oxide. The CV profiles
of the MoSe,/rGO electrode acquired at various scan rates are shown in Fig. 7.6. Increasing the scan
rate led to an increase in the area of the CV curves and the peak current density with retention of the
deviated rectangular shape; a pair of redox peaks was still clearly apparent, even at the high scan rate
of 125 mV s~!, with no obvious distortion. The specific capacitance of the MoSe, and MoSe,/rGO
nanosheet electrodes was calculated from the CV curves using Eq.(2.1). The specific capacitance as a
function of the scan rate is shown in Fig. 7.7. At the scan rate of 5 mV s~!, the specific capacitance
values of the MoSe, and MoSe,/rGO nanosheets were 67 and 211 F g~!, respectively. The enhanced
electrochemical performance of the MoSe,/rGO nanosheets is mainly attributed to the following features:
(i) the hybrid nanostructure provides more electroactive sites for charge storage via electric double
layer capacitance (EDLC) as well as pseudocapacitance (Faradaic reaction), (ii) MoSe, anchored on the
rGO nanosheets effectively reduced agglomeration of the electroactive materials and also reduced the
internal resistance, thereby enhancing the electronic conductivity of the electrode materials for fast charge

transport.

Further, the capacitive behavior for real-time application of the as-prepared electrode materials was
demonstrated in galvanostatic charge/discharge tests. Figure 7.8 shows the GCD curves of the MoSe, and
MoSe,/rGO nanosheet electrodes at 0.5 A g~ in 0.5 M H,SO, electrolyte. The charge/discharge curves
clearly have a nearly triangular shape with a voltage plateau (slight deviation from linearity), indicating
the contribution of electrical double layer capacitance as well as pseudocapacitance, which is consistent
with the CV results. Furthermore, at a constant current density, the MoSe,/rGO nanosheet electrodes have
a higher discharge time than pristine MoSe,, as expected, which indicates the large storage capacity of the
electrode material. The galvanostatic charge/discharge curves of the MoSe,/rGO nanosheet electrodes at

various current densities are presented in Fig. 7.9. All of the charge/discharge profiles displayed an almost
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Fig. 7.7 Specific capacitance of MoSe, and MoSe,/rGO nanosheets electrodes at different scan rates.

triangular shape with slight distortion from linearity, demonstrating that the hybrid material exhibited

better electrochemical charge storage behavior via both the EDLC and pseudocapacitance mechanisms.

The specific capacitance of the as-prepared electrodes could be calculated from the GCD using eqn.(2.2).
Based on the discharge time, the calculated specific capacitance values of the MoSe, and MoSe,/rGO

nanosheet electrodes were 13 and 29 F g~ ! at the current density of 0.5 A g~!

, respectively. Moreover,
the relationship between the specific capacitance and current density is shown in Fig. 7.10. The specific
capacitance of the MoSe,/rGO nanosheet electrode was clearly enhanced relative to that of pristine
MoSe, at all the current densities, which is ascribed to the higher electrical conductivity and electrical

double layer charge storage nature of rGO in addition to the redox (pseudocapacitance) behavior of
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Fig. 7.8 Galvanostatic charge-discharge curves of MoSe, and MoSe,/rGO nanosheets electrodes.
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Fig. 7.9 GCD curves of MoSe,/rGO nanosheets electrode at different current densities.

MoSe,. The specific capacitance decreased as the current density increased from 0.5 to 5 A g~!. This
may be due to the insufficient time available for diffusion of the electrolyte ions into the inner electrode

surface (kinetics of mass-transport limitation) [39, 40].

Long-term cycling stability is a crucial parameter for utilization of the electrode material for real-time
application in supercapacitors. The cycling stability of the MoSe,/rGO nanosheet electrode was measured
by repeating the charge/discharge test at a current density of 5 A g~! for 10,000 cycles, as shown
in Fig. 7.11. The capacitance retention gradually decreased over the initial 4000 cycles, after which,
interestingly, the capacitance retention increased continuously upon repeated cycling up to 10,000 cycles.
The initial decrease of the capacitance may be due to the loss of a few loosely attached nanosheets or
dissolution of some of the pseudocapacitive electroactive materials during the repeated cycling. The

increasing trend beyond 4000 cycles may be due to "electroactivation” of the two-dimensional active
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Fig. 7.10 Specific capacitance vs. current density of MoSe,/rGO nanosheets electrode.

materials (rGO and/or MoSe,) via continuous intercalation/deintercalation of the electrolyte ions, resulting
in partial re-exfoliation, which also provides a large surface area for electrochemical charge storage.
This partial re-exfoliation process causes a continuous increase in the specific capacitance with repeated
charge/discharge cycling. A similar "electroactivation" process and increasing capacitance retention
trend has previously been observed in graphene and MoS,-based supercapacitor materials [27, 41-43].
After 10,000 cycles, the MoSe,/rGO nanosheet electrode retained 180% of its initial specific capacitance,
which demonstrates that the electroactive material has good cycling stability and reversibility during the
repetitive charge-discharge cycling process. The inset of Fig. 7.11 presents the charge/discharge curves
of the first and last four cycles of the 10,000 cycles. It can be seen the charge/discharge profiles display a
linear and symmetrical shape in the first and last four cycles of the 10,000 cycles, further confirming the

better capacitive behavior and electrochemical reversibility of the composite.

In order to further understand the cycling stability and fundamental behavior of the as-prepared elec-
troactive materials, EIS analyses were performed before and after the cycle test of the MoSe,/rGO
nanosheets and pristine MoSe, electrodes. Figure 7.12 shows the Nyquist plots for pristine MoSe, and
the MoSe,/rGO nanosheets before and after 10,000 cycling tests. In the high-frequency region, the
x-intercept at the beginning of the semicircle on the Z-real axis represents the equivalent series resistance
(ESR), including the electrolyte resistance, contact resistance at the interface between the electro-active
material and substrate, and intrinsic resistance of the electro-active material [44, 45]. The ESR of the
pristine MoSe, and MoSe,/rGO nanosheets before and after the cycling tests were estimated to be 1.16,
0.96, and 0.98 Q, respectively. Further, all the curves consist of a semi-circular arc in the high-medium
frequency region, followed by an inclined line in the low frequency region. The semi-circle in the
high-medium frequency region is related to the charge transfer resistance (R,;) at the electrode/electrolyte
interface, and the inclined line in the low frequency region corresponds to the diffusive resistance of elec-

trolyte ions inside the electrode materials (Warburg impedance) [3, 46, 47]. The respective charge transfer
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Fig. 7.11 Cycling performance of MoSe,/rGO nanosheets electrode at 5 A g~! for 10,000 cycles. The
inset shows the charge-discharge curves of the initial and the final four cycles.

resistance values of the MoSe, and MoSe,/rGO nanosheet electrodes were 3.86 and 1.64 Q. Compared
to MoSe,, the MoSe,/rGO nanosheet electrode exhibited lower ESR and R, values, indicating the higher
electrical conductivity of the composite electrode. After 10,000 cycles, the R.; value of the MoSe,/rGO
nanosheet electrode decreased to 0.47 €, which demonstrates higher electrical conductivity and better
charge transport of electrolyte ions by the composite. Furthermore, the inclined line in the low frequency
region is almost perpendicular to the real axis, indicating the near-ideal capacitive behavior [48]. These
results confirmed the better electronic conductivity and cycling stability of the as-prepared MoSe,/rGO

nanosheet electrode.

7.4 Summary

In summary, we successfully synthesized MoSe,/rGO nanosheet composites via a facile hydrothermal
method. The MoSe,/rGO hybrid nanostructure exhibited improved electrochemical performance in terms
of the specific capacitance (211 F g~! at 5 mV s~!) and enhanced cyclic stability (180% capacitance
retention for 10,000 cycles) relative to pristine MoSe,. The enhanced electrochemical performance
of the MoSe,/rGO electrode is mainly attributed to the combined effects of pseudocapacitance and
EDLC. Further, the hybrid nanostructure provides more electroactive sites for charge storage, higher
electrical conductivity, and a short ion/electron diffusion path length for fast charge transport, which
ensures excellent electrochemical performance and in turn high charge storage capacity. These results
suggest that the MoSe,/rGO hybrid nanostructure has great potential for application in high performance

supercapacitor devices.
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CHAPTER 8

Amorphous MoSe, Nanostructures Coated
Carbon Fiber Paper

8.1 Introduction

Traditional carbon based capacitors are best known for their high power density, still their energy density
is low. In order to obtain both high power and energy density in a single device, supercapacitors (also
known as ultracapacitors or electrochemical double-layer capacitors, EDLC) are developed by researchers
with the combination of double layer capacitance materials with the redox active pseudocapacitance
materials [1]. Carbon based materials provide double layer capacitance to the traditional capacitors.
Redox active materials provide pseudocapacitance (faradaic behaviour), which is the key factor to obtain
the high energy density in supercapacitors. Various redox active materials such as transition metal
oxides, transition metal hydroxides, transition metal dichalcogenides, conducting polymer etc. have been
investigated [2—7]. Of these transition metal dichalcogenides (TMDC) have attracted many researchers
due to its superior electronic, magnetic and electrochemical properties [8]. Various TMDC class of
materials such as MoS,, WS,, SnS, NiS, Ni;S,, VS,, MoSe,, WeS,, etc. have been investigated as active
materials for supercapacitor applications [4, 9]. To the best of our knowledge, a few number of articles
only published on molybdenum selenide based materials for supercapacitor applications [8, 10, 11].
Therefore, the combination of carbon based materials with the redox active molybdenum selenide based
pseudocapacitance materials provide high energy and power density in supercapacitors. Moreover
a highly conducting carbon based materials increase the conductivity and reduces the IR drop. So
far many different carbon based materials such as activated carbon, graphite, carbon nanotube and
graphene have been investigated either individually or mixed with the redox active materials to get higher
performance [12]. Usually, the electrode materials are mixed with the polymeric binder to make a proper
adhesion on the conducting substrate. In general metal foil based current collectors are used as a highly
conducting substrate. The binder and the heavy metal substrates have a bottle neck that gravimetric specific
capacitance of the final product is reduced, which prevent the commercialization of supercapacitors from
the practical applications [13, 14]. Also the polymeric binders are usually ionic conductors, therefore
electrical resistance of the electrode increases which in turn affect the electrochemical reaction kinetics.
In this article, we have employed a binder free deposition of amorphous molybdenum selenide on the
three dimensional (3-D) carbon fiber paper (CFP) substrate via facile hydrothermal route. CFP has a light
weight, high conductivity and chemical stability. Moreover, 3-D network structure provides high porosity

which enhances the surface area for the effective loading of electrode materials.



8.2 Experimental

8.2.1 Synthesis of amorphous MoSe, nanostructures coated carbon fiber paper

The precursors sodium molybdate (Na,MoO, -2 H,0), selenium powder (Se) and sodium borohydride
(NaBH,) were purchased from Sigma Aldrich (ACS grade) and used without further purification. In a
typical hydrothermal synthesis, exactly 1.32 g of Na,MoO, -2H,0, 1.24 g of Se and 0.4 g of NaBH,
were weighed and dissolved in 80 ml of DI water. The mixture was continuously stirred until to get red
color solution, which is an indication of uniform distribution of selenium metal powder. The low weight,
three-dimensional carbon fiber paper was used as a substrate. The as purchased CFP is hydrophobic in
nature. The hydrophobicity of CFP should be converted into hydrophilic to make a uniform contact of
precursor solution with the substrate by the plasma cleaning. The appropriate dimension of CFP was
placed into the chamber and then activated with the oxygen plasma for 15 minutes. This plasma cleaned
carbon fiber paper was abbreviated as PC-CFP. Also, another CFP with different geometrical dimension
was pretreated using electrochemical method. In a conventional three-electrode setup, 1 M H,SO, was
used as electrolyte, CFP was used as a working electrode, Ag/AgCl and large area Pt-gauze were used as
reference electrode and counter electrode, respectively. The electrochemical pretreatment was conducted
via potentiostatic method at a constant voltage of 2 V for 10 min. This electrochemically etched CFP is
abbreviated as EE-CFP. The both pre-treated PC-CFP and EE-CFP were placed into the same Teflon-lined
stainless steel autoclave. The previously prepared precursor solution was transferred into the autoclave,
sealed tightly and then placed inside the electric oven. The hydrothermal reaction was carried out at 200
°C for 12 h, after that the autoclave was turned off and wait for few hours until it cooled down naturally
to room temperature. After that, amorphous MoSe, coated PC-CFP (PC-CFP/a-MoSe,) and amorphous
MoSe, coated EE-CFP (EE-CFP/a-MoSe,) were taken out and washed with DI water for several times in
order to remove the residuals and then finally both MoSe, coated CFPs were dried at 40 °C for few hours

in an electric oven.

8.2.2 Materials characterization

The crystal structure of the as-prepared sample was analyzed using an X-ray diffractometer (XRD,
Rigaku) with Cu Ko radiation (A= 0.15141 nm) and Raman spectroscopy (WITec) using 532 nm laser
excitation, after calibrating the Raman shift with a silicon reference at 521 cm~!. The surface morphology
of the hybrid nanostructure was examined by field emission scanning electron microscopy (FE-SEM,
Nano230, FEI Co.). The chemical composition of the sample was examined using X-ray photoelectron
spectroscopy with Al Ko radiation (XPS, Thermo Fisher, UK).

8.2.3 Cell fabrication and electrochemical characterization

An exactly 1 cm 2 (1cm x lcm) area of MoSe, coated CFP was used as a single electrode. The two
electrodes were sandwiched together with the Whatman filter paper as a separator. The assembled
electrodes were placed in a test cell rig, few drops of 0.5 M sulfuric acid was added as electrolyte. The test

cell is sealed with the O-ring and kept it for few minutes to ensure the uniform soaking of electrodes into
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Fig. 8.1 FE-SEM images of (a-c) PC-CFP/a-MoSe, and (d-f) EE-CFP/a-MoSe, at different
magnifications.

the electrolyte solution prior to the electrochemical measurements. Electrochemical experiments were
carried out using a potentiostat/galvanostat (Biologic/VSP) at room temperature. Cyclic voltammograms
(CV) and galvanostatic charge/discharge curves were obtained at various scan rates and current densities,
respectively. Electrochemical impedance spectroscopy (EIS) measurements were carried out over the
frequency range of 0.1 Hz to 100 KHz with the AC amplitude of 10 mV s~

8.3 Results and Discussion

8.3.1 Physico-chemical analysis

FE-SEM images of PC-CFP/a-MoSe, and EE-CFP/a-MoSe, are shown in Fig. 8.1. Due to the difference
in surface activation using plasma cleaning and electro etching process, the different MoSe, nanostructures
are formed on the PC-CFP and EE-CFP. There are less dense uneven distribution of MoSe, nanoneedles
are observed on PC-CFP, where as an uniform coating of MoSe, nanoparticles are deposited on the
EE-CFP. From the XRD (Fig. 8.2), there is no obvious MoSe, peaks are observed. The MoSe, coated
on EE-CFP shows only carbon fiber paper peak. From the Raman spectrum (Fig. 8.3) also there is
no obvious Raman active modes of MoSe, observed, which confirmed the formation of amorphous
molybdenum selenide. XPS spectra of MoSe, coated EE-CFP are shown in Fig. 8.4. A typical survey
spectrum of MoSe, coated EE-CFP is shown in Fig. 8.4a, which indicates the presence of Mo, Se, O
and C elements [15, 16]. The high resolution spectrum of Mo 3d displayed in Fig. 8.4b. The two strong
peaks appeared at 228.8 and 232.0 eV corresponds to the Mo 3ds, and Mo 3d3, spin orbits of Mo-Se
bonds [15, 16]. The two minor characteristics peaks located at 229.8 and 235.2 eV can be assigned to the
Mo-O bonds. The high resolution Se 2p spectrum (Fig. 8.4c) shows the unresolved broad peak, which

upon deconvolution clearly shows the two well-defined peaks at 54.5 and 55.2 eV corresponds to the
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Fig. 8.3 Raman spectra of bare CFP and EE-CFP/a-MoSe,

binding energies of Se 3ds, and Se 3d; , spin orbits of Se-Mo bonds [15, 16]. The presence of O and
C (Fig. 8.4d) in MoSe, coated EE-CFP is un-avoided surface contamination from absorbed gaseous

molecules.

8.3.2 Electrochemical performance

The electrochemical performance of the bare-CFP, MoSe, on plasma cleaned CFP (PC-CFP/a-MoSe,),
and MoSe, on electrochemical pretreated CFP (EE-CFP/a-MoSe, ) electrodes were investigated using
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical impedance spec-
troscopy measurements in a two electrode configuration using 0.5 M H,SO, as the electrolyte. As shown
in Fig. 8.5, the CV curves of the bare-CFP symmetric supercapacitor, exhibited a typical rectangular
shape, demonstrates an electrochemical double layer capacitive behavior (EDLC) of conventional carbon

electrodes. However, the symmetric capacitor made of PC-CFP/a-MoSe,-based electrodes and the sym-
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metric capacitor made of EE-CFP/a-MoSe, electrodes-based electrodes displayed a quasi-rectangular

shape CV curves with a couple of clear redox peaks, which indicates the combination of EDLC with
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Fig. 8.6 Galvanostatic charge/discharge curves of CFP, PC-CFP/a-MoSe, and EE-CFP/a-MoSe, at a

current density of 0.1 mA cm™2.

pseudocapacitive characteristics. The observed anodic/cathodic peaks is related to the redox reaction of

molybdenum atoms.

While compared to the bare-CFP based symmetric capacitors, PC-CFP/a-MoSe, and EE-CFP/a-MoSe -
based symmetric supercapacitors delivered a larger enclosed area in the CV curve, which demonstrates
the high charge-storage capacity in turn the higher specific capacitance value at the same scan rate.
Figure. 8.6 represents the galvanostatic charge-discharge curves of the symmetric supercapacitors made
using bare-CFP, PC-CFP/a-MoSe, and EE-CFP/a-MoSe, electrodes at a constant current density of 0.1
mA cm 2. The bare CFP-based symmetric capacitor shows symmetrical and triangular in shape GCD
curve, which signifying an ideal capacitive behavior. In case of PC-CFP/a-MoSe, and EE-CFP/a-MoSe, -
based symmetric capacitor the charge-discharge profiles follow non-linear behavior and they showed the
voltage plateaus during the charge/discharge process that implies a pseudocapacitive characteristics of the
electrodes, which is in well agreement with the CV curves. Also the GCD curve of EE-CFP/a-MoSe, -
based supercapacitors exhibited longer discharge time than the PC-CFP/a-MoSe, and bare-CFP based

capacitors, which indicates the higher capacitance of EE-CFP/a-MoSe,-based symmetric capacitors.

The CV curves of symmetric supercapacitors based on PC-CFP/a-MoSe, and EE-CFP/a-MoSe, electrodes
at various scan rates are displayed in Fig. 8.7a and 8.9a, respectively. It can be seen that the CV curves are
maintained the quasi-rectangular shape with a couple of redox peaks even at higher scan rates indicating
the remarkable capacitive performance attained from the combination of EDLC with pseudocapacitance.
With increasing scan rate, the current is also linearly increased. In addition, the anodic and cathodic peaks
shifted towards positive and negative potential directions with the rise of scan rates, specified the larger
kinetic irreversibility in the redox process due to the increased polarization and ohmic resistance during

the faradaic process in electroactive materials [17].

The areal capacitance of a single electrode and the device (symmetric supercapacitors) are calculated
from the CV curves according to the Eqgs. (2.10) and (2.8). The PC-CFP/a-MoSe, and EE-CFP/a-
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Fig. 8.7 Cyclic voltammetry profiles (a) and specific capacitances (b) of PC-CFP/a-MoSe,-based
supercapacitors at various scan rates,

MoSe, electrodes based-symmetric supercapacitors exhibits the maximum specific capacitance of 8.32
and 101.9 mF cm~2 at a scan rate 5 mV s~ !, respectively. The device capacitance of the symmetric
supercapacitors based on PC-CFP/a-MoSe, and EE-CFP/a-MoSe, electrodes are 4.16 and 50.95 mF cm 2,
respectively. The relationship between specific capacitances and the scan rates of PC-CFP/a-MoSe,
and EE-CFP/a-MoSe, are shown in Fig. 8.7b and 8.9b, respectively. It can be seen that, the EE-CFP/a-
MoSe, exhibited a higher specific capacitance than the PC-CFP/a-MoSe,. The specific capacitances
of EE-CFP/a-MoSe, are calculated to be 154.3, 101.9, 90.3, 79.5, 71.2, 67.9, 66.1, 64.3, 62.8, and
54.8 mF cm~2 at a scan rates of 2, 5, 10, 25, 50, 75, 100, 125, 200 and 500 mV s !, respectively. As
specified by the outcomes, the specific capacitance decreases gradually with the increase of scan rates,
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Fig. 8.8 GCD curves (a) and specific capacitances (b) of PC-CFP/a-MoSe, -based supercapacitors at
various current densities.

which can be attributed to the diffusion and migration limitation of electrolytic ions into the electroactive
materials (most of the bulk inner electrode region of electrodes are inaccessible for the charge storage)
at higher scan rates [18, 19]. Even at the highest scan rate of 500 mV s ! the EE-CFP/a-MoSe,
still retains 35% of its initial specific capacitance, which is an evidence of high rate capability of this
electrode material. The obtained cell capacitance value of EE-CFP/a-MoSe, electrode-based symmetric
supercapacitor (45.15 mF cm™2 @ 10 mV s~!) is much higher than those of the previously reported
MoS, (1.83 mF cm~2 @ 10 mV s~ '), graphene-exfoliated MoS, (4.29 mF cm~2@ 10 mV s~ '), and bulk
MoS, (0.5 mF cm™? @ 10 mV s~ ). The enhanced electrochemical performance of EE-CFP/a-MoSe,
electrode-based symmetric supercapacitor might be due to the following points: (i) By direct growth
of MoSe, on CFP without any polymeric binders, and conductive additives, lead to the low interfacial

resistance, good mechanical adhesion which improves the fast charge transfer rate. (i) MoSe, grafted on
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the CFP backbone are beneficial for enhancing the electrochemical capacity and cycling stability of the
electrode due to the high conductivity, EDLC characteristics and structural stability of CFP. (iii) The three
dimensional (3-D) highly porous architecture with a high specific surface area of CFP resulting to the
higher mass loading of MoSe, when compared to the corresponding geometrical area of CFP that ensures
a large density of electroactive sites for better ionic transport. (iv) Although, the pseudocapacitive MoSe,
materials having amorphous nature and poor conductivity (when compared to its crystalline counterpart),
a thin layer coating of MoSe, on highly conducting CFP-network reduced the electron/ion diffusion path
of the active species and beneficial for the fast penetration of the electrolyte ions into the inner (bulk)
region of the MoSe, thin film which also resulting to an enhanced capacitance and high rate capability.
(v) When compared to the surface plasma cleaning process, the electrochemical pretreatment roughens
the specific surface area of CFP via formation of more number of oxygen functional group that support
the dense MoSe, nuclei formation and uniform distribution of MoSe, nanoparticles on the CFP surface.
However in case of PC-CFP, plasma cleaning just activate the physical absorption of oxygen functional

groups, therefore the less dense and uneven distribution of nanoneedles are formed.

Further to evaluate the rate capability of the symmetric supercapacitors, the galvanostatic charge/discharge
test was performed at various current densities. Figure. 8.8a and 8.10a shows the charge/discharge curves
for symmetric supercapacitors based on PC-CFP/a-MoSe, and EE-CFP/a-MoSe, electrode materials. The
GCD curves are obviously non-linear which displays a pair of clear charge/discharge plateau at each curves
that indicating the pseudocapacitance characteristics, which is consisted well with the redox properties
of CV results. The specific areal capacitances of the symmetric supercapacitors are also calculated
from the discharge profiles using Eqs. (2.7) and (2.8). The areal capacitance of the PC-CFP/a-MoSe,
and EE-CFP/a-MoSe, electrode- based supercapacitors are 1.88 and 51.6 mF cm™2 at constant current
density of 0.1 mA cm~2, respectively. The cell capacitance of the PC-CFP/a-MoSe, and EE-CFP/a-
MoSe, electrodes - based symmetric capacitors are 0.94 and 25.8 mF cm ™2, respectively. Figure. 8.8b
and 8.10b shows the specific capacitance of PC-CFP/a-MoSe, and EE-CFP/a-MoSe, electrodes based
supercapacitors at various current densities. The specific capacitance of EE-CFP/a-MoSe, symmetric
capacitors remarkably higher than that of the PC-CFP/a-MoSe, and the capacitance performance of
EE-CFP/a-MoSe, symmetric capacitors is better. The specific capacitance values for the EE-CFP/a-
MoSe, -based supercapacitor (Fig 8.10b) is calculated to be 51.6, 43.5, 41.3, 37.9, 36.4, 35.4, 34.5, 32.9,
31.6, and 27.8 mF cm ™2 at current densities of 0.1, 0.15, 0.2, 0.4, 0.6, 0.8, 1, 1.5, 2 and 4 mA cm 2,
respectively. Further, it can be observed that, the specific capacitance gradually decreases with the
increase of charge/discharge current densities, which may be due to the fact that electroactive material
cannot fully participate in redox reaction (Diffusion limitation at higher current densities) [20]. Moreover,
it can be found that the specific capacitance obtained at a high current density of 4 mA cm ™2 still retains
54 % of its specific capacitance at 0.1 mA cm™2, specifying the better rate capability, which is significant

to the real-world application of the electrode materials for high-performance supercapacitors.

Long-term cycling stability of supercapacitors is an important parameter for practical application of
the device in day-to-day applications. Life cycle testing of M PC-CFP/a-MoSe, (Fig. 8.11a) and EE-
CFP/a-MoSe, (Fig. 8.12a) supercapacitors were conducted by repeated charge/discharge cycling process
at galvanostatic mode for 10,000 and 25,000 cycles, respectively. For the PC-CFP/a-MoSe, based
symmetric capacitors, the initial specific capacitance value slightly decreases, which may be due to the
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Fig. 8.9 Cyclic voltammetry curves (a) and specific capacitances (b) of EE-CFP/a-MoSe,-based
supercapacitors at various scan rates

fact that electroactive materials are not fully activated before 1000 cycles. After 1000 cycles, the specific
capacitance in turn the capacitance retention was gradually increased and even after 10,000 cycles 114%
capacitance retention was observed. Interestingly, the EE-CFP/a-MoSe, -based supercapacitors showed
gradual increasing trend of specific capacitance and finally even after 25,000 consecutive charge/discharge
cycles, the capacitance retention of 150% of the initial capacitance was observed. Furthermore, the
increase in specific capacitance with the consecutive charge/discharge process are ascribed to the electro-
activation process [13, 21, 22]. Most of the electroactive materials are fully active after several thousands
of charge/discharge cycles, resulting the increase in capacitance. These results demonstrate that the

symmetric capacitors made of MoSe, deposited on electrochemical pre-treated CFP (EE-CFP/a-MoSe,)
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various current densities.

electrodes showed enhanced energy storage (inturn high specific capacitance), a superior long-term

electrochemical stability which confirms that the material could be a promising candidate for next

Current density (mF cm2 )

(b)

generation high-performance supercapacitors.

In order to further understand the fundamental behavior of the electrodes for supercapacitors, EIS was
performed before and after completing charge/discharge cycles. Figure. 8.11b and 8.12b shows the
Nyquist plots of PC-CFP/a-MoSe, (Fig. 8.11b) and EE-CFP/a-MoSe, (Fig. 8.12b) supercapacitors before
and after long-term cycling test. The intercept at the Z-real axis in the high-frequency region is related
to the internal resistance (R;), which is a contribution of solution resistance, the intrinsic resistance

of electroactive materials and the contact resistance of electrode-electrolyte interface [23, 24]. The
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Fig. 8.11 (a) Cycling performance of PC-CFP/a-MoSe,-based supercapacitors. (b) EIS spectra of before
and after 10000th cycles; inset is the magnified portion of high-frequency region.

internal resistance of the PC-CFP/a-MoSe, supercapacitor before and after cycling test is 0.41 and 0.34 Q.
Likewise, the internal resistance of EE-CFP/a-MoSe, supercapacitor is 0.72 and 0.54 Q. Further, the
negligible semicircle at the high-medium frequency region before and after cycling test indicating the
better electrical conductivity and fast charge- transfer reaction. The inclined line at low frequency region
signifies the diffusion of electrolyte ions. Almost a 90° vertical line to the imaginary axis at low frequency
region, indicates an ideal capacitive behavior. After the long-term cycling test, the vertical line at low
frequency regions are inclined towards real axis, which indicating the easy access of the electrolyte ions
into the electroactive materials (lower diffusion resistance). This result demonstrated that the assembled
symmetric supercapacitor showed better electronic conductivity (fast charge transfer process), ionic

conductivity, low internal resistance, and well attachment of electroactive material and current collector
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Fig. 8.12 (a) Cycling performance of EE-CFP/a-MoSe -based supercapacitors. (b) EIS spectra of
EE-CFP/a-MoSe, -based supercapacitors before and after 25000th cycles; inset is the magnified portion
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throughout the cycling process.

8.4 Summary

In summary, the binder free amorphous MoSe, nanostrucures were grown on three-dimensional carbon
fiber paper substrate. Due to the different surface pre-treatment conditions of CFP, nanoneedles of MoSe,
are formed on the PC-CFP and nanoparticles are formed on the EE-CFP. The exact mechanism of the effect

of pretreatment of CFP on the different MoSe, nanostructure formation is still under investigation. When
compared to the PC-CFP/a-MoSe, electrode-based symmetric capacitors, EE-CFP/a-MoSe, electrode-
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based symmetric capacitors showed better charge storage behavior. One possible reason may be that

PC-CFP has less dense and uneven distribution of MoSe, nanoneedles, however in the case of EE-CFP,

the nanoparticles are uniformly covered all over the surface of CFP.

References

[1]

[9]

[10]

[11]

Ramadoss, A., Saravanakumar, B., Kim, S.J., Vanadium pentoxide/reduced graphene oxide com-
posite as an efficient electrode material for high-performance supercapacitors and self-powered
systems, Energy Technology 2015, 3 (9), 913-924. doi:10.1002/ente.201500059.

Faraji, S., Ani, FE.N., Microwave-assisted synthesis of metal oxide/hydroxide composite electrodes
for high power supercapacitors — a review, Journal of Power Sources 2014, 263, 338 — 360.
doi:10.1016/j.jpowsour.2014.03.144.

Lang, X., Hirata, A., Fujita, T., Chen, M., Nanoporous metal/oxide hybrid electrodes for electro-
chemical supercapacitors, Nat Nano 2011, 6 (4), 232-236. doi:10.1038/nnano.2011.13.

Pumera, M., Sofer, Z., Ambrosi, A., Layered transition metal dichalcogenides for electrochemical
energy generation and storage, Journal of Materials Chemistry A 2014, 2 (24), 8981-8987. doi:10.
1039/C4TA00652F.

Shi, F, Li, L., Wang, X.1., Gu, C.d., Tu, J.p., Metal oxide/hydroxide-based materials for supercapac-
itors, RSC Advances 2014, 4 (79), 41910-41921. doi:10.1039/C4RA06136E.

Snook, G.A., Kao, P,, Best, A.S., Conducting-polymer-based supercapacitor devices and electrodes,
Journal of Power Sources 2011, 196 (1), 1-12. doi:10.1016/j.jpowsour.2010.06.084.

Yang, Q., Lu, Z., Liu, J., Lei, X., Chang, Z., Luo, L., Sun, X., Metal oxide and hydroxide nanoarrays:
Hydrothermal synthesis and applications as supercapacitors and nanocatalysts, Progress in Natural
Science: Materials International 2013, 23 (4), 351-366. doi:10.1016/j.pnsc.2013.06.015.

Balasingam, S.K., Lee, J.S., Jun, Y., Few-layered MoSe, nanosheets as an advanced electrode
material for supercapacitors, Dalton Transactions 2015, 44 (35), 15491-15498. doi:10.1039/
C5DTO01985K.

Chia, X., Eng, A.Y.S., Ambrosi, A., Tan, S.M., Pumera, M., Electrochemistry of nanostructured
layered transition-metal dichalcogenides, Chemical Reviews 2015, 115 (21), 11941-11966. doi:10.
1021/acs.chemrev.5b00287.

Huang, K.J., Zhang, J.Z., Fan, Y., Preparation of layered MoSe, nanosheets on ni-foam substrate
with enhanced supercapacitor performance, Materials Letters 2015, 152, 244-247. doi:10.1016/j.
matlet.2015.03.130.

Huang, K.J., Zhang, J.Z., Cai, J.L., Preparation of porous layered molybdenum selenide-graphene
composites on ni foam for high-performance supercapacitor and electrochemical sensing, Elec-
trochimica Acta 2015, 180, 770-777. doi:10.1016/j.electacta.2015.09.016.

102


http://dx.doi.org/10.1002/ente.201500059
http://dx.doi.org/10.1016/j.jpowsour.2014.03.144
http://dx.doi.org/10.1038/nnano.2011.13
http://dx.doi.org/10.1039/C4TA00652F
http://dx.doi.org/10.1039/C4TA00652F
http://dx.doi.org/10.1039/C4RA06136E
http://dx.doi.org/10.1016/j.jpowsour.2010.06.084
http://dx.doi.org/10.1016/j.pnsc.2013.06.015
http://dx.doi.org/10.1039/C5DT01985K
http://dx.doi.org/10.1039/C5DT01985K
http://dx.doi.org/10.1021/acs.chemrev.5b00287
http://dx.doi.org/10.1021/acs.chemrev.5b00287
http://dx.doi.org/10.1016/j.matlet.2015.03.130
http://dx.doi.org/10.1016/j.matlet.2015.03.130
http://dx.doi.org/10.1016/j.electacta.2015.09.016

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Zhang, L.L., Zhao, X.S., Carbon-based materials as supercapacitor electrodes, Chemical Society
Reviews 2009, 38, 2520-2531. doi:10.1039/B813846].

Bissett, M.A., Kinloch, I.A., Dryfe, R.A.W., Characterization of MoS, graphene composites for
high performance coin cell supercapacitors, ACS Applied Materials & Interfaces 2015, 7 (31),
17388-17398. doi:10.1021/acsami.5Sb04672.

Zhu, G., He, Z., Chen, J., Zhao, J., Feng, X., Ma, Y., Fan, Q., Wang, L., Huang, W., Highly
conductive three-dimensional MnO,-carbon nanotube-graphene-ni hybrid foam as a binder-free
supercapacitor electrode, Nanoscale 2014, 6, 1079-1085. doi:10.1039/C3NR04495E.

Liu, Y., Zhu, M., Chen, D., Sheet-like MoSe,/c composites with enhanced li-ion storage properties,
Journal of Materials Chemistry A 2015, 3, 11857-11862. doi:10.1039/C5TA02100F.

Huang, Y., Miao, Y.E., Fu, J., Mo, S., Wei, C.,, Liu, T., Perpendicularly oriented few-layer MoSe,
on SnO, nanotubes for efficient hydrogen evolution reaction, Journal of Materials Chemistry A
2015, 3, 16263-16271. doi:10.1039/C5TA03704B.

Liu, G., Wang, L., Wang, B., Gao, T., Wang, D., A reduced graphene oxide modified metallic cobalt
composite with superior electrochemical performance for supercapacitors, RSC Advances 2015, 5,
63553-63560. doi:10.1039/C5RA09748G.

Wang, J., Gao, Z., Li, Z., Wang, B., Yan, Y., Liu, Q., Mann, T., Zhang, M., Jiang, Z., Green synthesis
of graphene nanosheets/ZnO composites and electrochemical properties, Journal of Solid State
Chemistry 2011, 184 (6), 1421-1427. doi:10.1016/j.jssc.2011.03.006.

Ramadoss, A., Kim, G.S., Kim, S.J., Fabrication of reduced graphene oxide/TiO, nanorod/reduced
graphene oxide hybrid nanostructures as electrode materials for supercapacitor applications, Crys-
tEngComm 2013, 15 (47), 10222-10229. doi:10.1039/C3CE41517A.

Ramadoss, A., Kim, S.J., Improved activity of a graphene-TiO, hybrid electrode in an electrochemi-
cal supercapacitor, Carbon 2013, 63, 434 — 445. doi:10.1016/j.carbon.2013.07.006.

Cheng, Q., Tang, J., Ma, J., Zhang, H., Shinya, N., Qin, L.C., Graphene and nanostructured MnO,
composite electrodes for supercapacitors, Carbon 2011, 49 (9), 2917-2925. doi:10.1016/j.carbon.
2011.02.068.

Cheng, Q., Tang, J., Ma, J., Zhang, H., Shinya, N., Qin, L.C., Graphene and carbon nanotube com-
posite electrodes for supercapacitors with ultra-high energy density, Physical Chemistry Chemical
Physics 2011, 13 (39), 17615-17624. doi:10.1039/C1CP21910C.

Jagadale, A.D., Guan, G., Du, X., Hao, X, Li, X., Abudula, A., Cobalt hydroxide [Co(OH),] loaded
carbon fiber flexible electrode for high performance supercapacitor, RSC Adv. 2015, 5, 56942-56948.
doi:10.1039/C5RA11366K.

Javed, M.S., Dai, S., Wang, M., Xi, Y., Lang, Q., Guo, D., Hu, C., Faradic redox active material of
Cu;S, nanowires with a high conductance for flexible solid state supercapacitors, Nanoscale 2015,
7,13610-13618. doi:10.1039/C5NR03363B.

103


http://dx.doi.org/10.1039/B813846J
http://dx.doi.org/10.1021/acsami.5b04672
http://dx.doi.org/10.1039/C3NR04495E
http://dx.doi.org/10.1039/C5TA02100F
http://dx.doi.org/10.1039/C5TA03704B
http://dx.doi.org/10.1039/C5RA09748G
http://dx.doi.org/10.1016/j.jssc.2011.03.006
http://dx.doi.org/10.1039/C3CE41517A
http://dx.doi.org/10.1016/j.carbon.2013.07.006
http://dx.doi.org/10.1016/j.carbon.2011.02.068
http://dx.doi.org/10.1016/j.carbon.2011.02.068
http://dx.doi.org/10.1039/C1CP21910C
http://dx.doi.org/10.1039/C5RA11366K
http://dx.doi.org/10.1039/C5NR03363B

CHAPTER 9

Concluding Remarks and Future Prospects

In the present study, various nanostructured materials are synthesized and investigated for supercapacitor
applications which include transition metal oxides, transition metal dichalcogenides, and their carbon
based composite materials. The transition metal oxide based materials include vanadium pentoxide
(V,05) and graphene decorated V,05 nanobelts (GVNBs); the transition metal dichalcogenide based
materials include molybdenum sulfide (MoS,), amorphous molybdenum sulfide thin-layer coated carbon
fiber paper (CFP/a-MoS, ), molybdenum selenide nanosheets (MoSe,), molybdenum selenide/reduced
graphene oxide hybrid structures (MoSe,/rGO), and amorphous MoSe, nanostructures coated carbon fiber
paper (CFP/a-MoSe, ). The nanostructured materials are synthesized using facile hydrothermal method.
The physico-chemical properties of these materials are well characterized, and also the electrochemical

energy storage performance is assessed for supercapacitor applications.

In the first part of the thesis (Chapter 3), the low temperature hydrothermal process is developed for the
synthesis of GVNBs using graphene oxide as a mild oxidizing agent. In comparison to the bulk V,0O4
materials, the as-synthesized GVNBs show enhanced electrochemical charge storage behavior which
can be attributed due to the insertion of rGO into the layered V,05 crystalline structure which further
enhances the conductivity of GVNBs. Three different compositions of V,05 and rGO materials are
synthesized. The V,Oj5 rich composition shows the highest gravimetric specific capacitance of 288 F g !

at a scan rate of 10 mV s~ 1.

Although GVNBs possess good conductivity and exhibit high charge storage behavior, one of the key
issues of pristine transition metal oxides (TMOs) is the poor electrical conductivity. To improve upon this
issue, the transition metal dichalcogenide (TMDCs) based materials having higher electrical conductivity
than TMOs, two-dimensional layered crystal structure with high surface area have been focused in this
section. Chapter 4 present the synthesis of freeze-dried MoS, nanosponge electrodes with high surface
area along with the evaluation of their electrochemical performance for symmetric supercapacitors. The

I is recorded at a scan rate of 2 mV S~!. In addition to the

maximum specific capacitance of 510 A g~
synthesis of freeze-dried MoS, crystalline material, a novel approach is developed for the synthesis of
amorphous molybdenum sulfide on the highly conducting CFP substrate (Chapter 5). When compared to
the crystalline MoS, electrode material, the amorphous structure having defect sites acts like a diffusion

channel for electrolyte ion diffusion thereby enhancing the electrochemical charge storage characteristics.

In comparison to MoS,, molybdenum selenide based materials are rarely studied for supercapacitor
application. To this end, as described in Chapter 6, molybdenum selenide nanosheets are synthesized

using hydrothermal method and their supercapacitor properties are studied under two-electrode symmetric



cell configuration. The specific capacitance of MoSe, is much lower than MoS, which may be due to the
presence of larger size selenium ions present in the two-dimensional MoSe, crystal structure. In order
to improve the charge storage property, the MoSe, nanosheets are synthesized with reduced graphene
oxide (rGO) nanosheets having high conductivity (Chapter 7). Due to the synergistic effect of Faradaic
reaction (from MoSe,) and non-Faradaic reaction (from rGO), the overall energy storage properties
show a remarkable increase. The last chapter (Chapter 8) presented the formation of amorphous
molybdenum selenide nanostructures on the highly conducting three dimensional substrate (CFP). Since
CFP is hydrophobic in nature, the different pre-treatments (physical and electrochemical) such as plasma
cleaning and electro etching are employed. Although the same experimental conditions are used for the
growth of molybdenum selenide on both of the pre-treated CFPs, interestingly, the different morphologies
of MoSe, nanostructures are observed on plasma cleaned CFP and electro etched CFP. Additionally,
the electrochemical performance of MoSe, on electro etched CFP is shown to be much higher than
that of MoSe, on plasma cleaned CFP. The synthesis of various transition metal compounds and their
carbon composites demonstrate the feasibility of these materials for application in high energy density

supercapacitors.

The present study focused on the facile synthesis of nanomaterials, and their extensive physico-chemical
and electrochemical characterizations. However, the growth mechanism of the amorphous phase of
molybdenum sulfide and molybdenum selenide on the carbon fiber paper substrate is yet unclear even
under high-temperature hydrothermal conditions. In the absence of carbon fiber paper, the as-formed
MoS, and MoSe, retain their crystalline states. However, when the TMDCs are grown on CFP, such
a crystalline structure is lost. This particular behavior of the growth mechanism demands further

investigations for the future work.
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APPENDIX A

Graphene Decorated V,05; Nanobelts

A.1 Raman spectrum of GVNBs
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Fig. A.1 Raman spectra of (a) GVNBs (V;G;) composites and (b) comparison between the G bands of
rGO and GVNBs composites.

A.2 XPS spectra of V2p
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Fig. A.2 XPS spectrum of (a) V,05 raw particles, (b) V,05 mixed with GO in DI water after 1 day, (c)
GVNBs (V;G,) after hydrothermal treatment.



A.3 XPS spectra of Cls
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Fig. A.3 Cl1s XPS spectra of (a) GO before the hydrothermal treatment, (b) GO without V,Oys after the
hydrothermal treatment, (¢) mixture of GO and V,05 (V;G,) after the hydrothermal treatment.

A.4 AFM image of GVNBs
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Fig. A.4 (a) AFM image of GVNBs prepared in the ratio V;G,, (b) thickness analysis along the white
line shown in frame (a), and (c) surface topographical AFM image of GVNBs.
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APPENDIX B

Freeze-dried MoS, Nanosponges

B.1 SEM images of normal-dried MoS, particles and freeze-dried MoS, sponge
materials

Fig. B.1 Scanning electron microscopic images of hydrothermally synthesized MoS, material. The
agglomerated MoS, microparticles obtained by the normal air-drying method at various levels of
magnification are shown in (a)-(d). The high surface area MoS, sponge electrodes obtained by
freeze-drying method at various magnifications are shown in (e)-(f). For comparison purposes, similar
scale bars are used.



APPENDIX C

Amorphous MoS, Thin-layer Coated CFP

C.1 XRD pattern of amorphous MoS, thin film coated CFP
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Fig. C.1 X-ray diffraction pattern of CFP/a-MoS, showing the characteristic peak of CFP. No
characteristic peaks of MoS, are observed.



C.2 Raman spectrum of amorphous MoS, thin film coated CFP
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Fig. C.2 Raman spectrum of CFP/a-MoS, . No distinctive Raman active modes of MoS, are observed.
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