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Abstract:

With the increasing global demand for energy, there is a critical need for efficient and sustainable
energy storage solutions. Supercapacitors (SCs) have emerged as promising candidates due to their
high power density, long cycle life, and environmental friendliness. This study explores the
development of iron-doped cobalt metal-organic frameworks (Co-MOFs: Fe) and their derived
oxides supported on Ni foam as high-performance supercapacitor electrodes. The impact of
conversion temperature on electrochemical properties of Co-MOFs: Fe derived Co3z04: Fe was
evaluated. The results disclosed that the conversion at 500 °C significantly enhances the surface
area, specific capacitance, and charge transfer efficiency of the electrodes. It exhibited the highest
specific capacity of 2135.08 F/g at a current density of 1 A g?, along with excellent cycling
stability of 87%. Subsequently, an asymmetric supercapacitor was constructed with the MOF-
derived Co304: Fe at 500 °C as anode and activated carbon as cathode materials. The device
exhibited a specific capacitance of 233.98 F/g at 1 A/g with an energy density of ~ 51.99 Wh/kg,
power density of 500.14 kW/kg, and a significant capacity retention of 89 % over 10,000 cycles.
These findings validate the potential of Co-MOF: Fe derived Fe-doped Co3O4 as potential

materials for practical energy storage applications.

Vi



CHAPTER 1: INTRODUCTION

1.1 AN OVERVIEW OF THE ENERGY STORAGE DEVICE AND
MATERIALS

The worldwide dependency on fossil fuels for energy generation has had an irreversible impact on
the global economy and climate change [1,2). Therefore, transitioning to renewable energy sources
is essential because they are a more sustainable resource for future generations. Integrating
renewable energy sources such as wind, solar, and hydro into the power grid can provide energy
security and reduce reliance on foreign oil [3-s;. However, the sporadic nature of these energy
sources necessitates the development of advanced energy storage systems (ESSs). Such ESSs not
only ensure a reliable and consistent power supply but also enhance the efficiency of renewable
energy sources and are critical in maintaining the supply and demand of energy [s-9;. Among all
other energy storage devices (ESDs), batteries and supercapacitors (SCs) have garnered peculiar
interest due to their expanding applications [10-12). Batteries have gained prominence due to their
high energy density (HED), which makes them a viable ESD for numerous applications ranging
from portable electronic gadgets to electric vehicles [13. In contrast, SCs have unrivaled high-
power density (HPD) and swift charge and discharge characteristics 14). Thus, they are a crucial
component in electric buses, trains, and many other high-power applications. SCs can also serve
as a reliable energy storage source for solar panels and wind turbines, where short-term energy
storage is required [15. Nevertheless, batteries and SCs cannot be considered sufficient and

perfectly efficient to meet modern energy demands, as each has its limitations.

For instance, compared to SCs, batteries have a limited number of charge-discharge cycles and a
comparatively low power density, which makes them unsuitable for applications requiring quick
bursts of high-power output. Also, SCs have a relatively low energy density, implying they may
not be ideal for applications requiring long-term energy storage ). It is of paramount importance
to overcome the limitations of batteries and SCs to develop advanced ESSs capable of meeting
emerging energy demands. The devices termed as “supercapatteries” or “hybrid supercapacitors”
can be one promising solution to the problem 17;. A supercapattery or hybrid supercapacitor (HSC)

arises from the hybridization of battery and SC. HSCs are fabricated by assembling a battery-grade



cathode and SC-grade anode into a single device. Thus, HSCs are enabled to generate high energy
density (ED), high power density (PD), as well as longer life spans (Figure 1.1). Hence, keeping
in view the escalating energy applications, significant efforts and investigations are needed to
fabricate and optimize the supercapattery technology, that can be the potential sustainable ESD of

the future.

The supremacy of a hybrid supercapacitor in various applications is largely reliant on the employed
electrode materials because the selection of materials directly influences and determines the ED,
PD, and life span of the HSC [1g]. For efficient negative electrode/anode materials, materials with
higher electrical conductivity, high surface area, chemical stability, electrolytic compatibility, and
most importantly, low cost and ease of processing, are sought after. In this regard, carboniferous
materials like carbon black, activated carbon (AC), carbon nanotubes, carbon aerogels, graphene,
carbon fiber, etc. are preferred and are the subject of considerable investigation as anode materials
for HSCs [19;. The positive electrode and cathode materials are of prime interest for supercapattery
devices. A highly efficient cathode material must possess the same qualities as anode materials, as
well as a higher energy density and a potential voltage window compatible with the negative
electrode. Typically, battery-grade materials possess these characteristics, and materials such as
oxides of metals, phosphates, phosphides, and sulfides have been favored as positive electrode
materials for HSCs over time [20-22;. Although these materials are still an active area of study, as
they tend to retain charges by ion intercalation and adsorption, which gives them a higher ED,
decent specific capacity, and stability, but their low electrical conductivity and slow ion kinetics
largely impede their integration into ESDs and more specifically in HSCs. Hence, efforts are
currently being made to optimize these battery-grade materials. However, a transition toward the
search and development of novel materials beyond those previously explored for supercapacitors
may showcase unique characteristics and capabilities that can lead to potential device

functionalities and architectures and outcast the limitations of existing materials.

MOFs are a prospective realm of energy storage materials 23;. MOFs consist of organic ligands
with linked clusters or metal ions, resulting in a porous structure with a substantial surface area
r24]. Although the first MOF was reported by Omar Yaghi and co-workers at the University of
Michigan in the United States in the early 1990s [2s), it has only been in recent years that MOFs



have received widespread attention and in-depth analysis for energy storage applications. For
ESDs, MOFs offer a high surface area, which means that a large quantity of active material is
confined in a small volume, which greatly benefits the energy storage capacity, as well as the
highly porous network of the MOF's structure, which accommodates large quantities of electrolytic
ions, also enhances the ESDs' capacity [26]. Moreover, MOFs offer structural tunability via altering
the metal ions and organic ligands utilized during synthesis, enabling their widespread applications
such as separation, gas storage, and catalysis. Since its inception, numerous 2D/3D metal-organic
frameworks, MOF composites, and MOF-derived materials have been developed, bringing with
them unique properties and characteristics that make them well-suited for ESSs and other

applications.
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Figure 1.1. Ragone plot comparing the energy storage performance of various energy storage
devices. 2]

1.2 FUNDAMENTALS OF ENERGY STORAGE: AN OVERVIEW OF
CAPACITORS

1.2.1 CAPACITORS



Currently, the electronic and technological world is overflooded with capacitors of several kinds
(Figure 1.2), which can be distinguished either by the type of incorporated dielectric or the charge
storage phenomenon at their electrodes 277. Much of the current energy research revolves around
the advancements in capacitor technology that are capable of meeting the needs of modern energy
applications by delivering enhanced stability and more specific power s A conventional
capacitor can only store charges in the millifarad and microfarad range, and the energy storage
phenomenon is governed by the induced electric field in between the polarized dielectric medium
and the electrodes [27,29. The capacitance of conventional capacitors can be represented by the ratio

of stored charge on each electrode and the applied potential to the electrode (Equation 1) [3o].

C= (1)

Energy
Storage
Devices

Battery

Electrolytic
Capacitors

EDLC Pseudocapacitors
Hybrid

Capacitors

Figure 1.2. Scheme representing different types of energy storage devices.[3o



1.2.2. SUPERCAPACITORS

In essence, given the high expectations in terms of fast charging, stability, specific power, and
energy of modern electric-powered devices, supercapacitor technology is like a shining star,
marking its prominence in diverse domains where high as well as stable energy and power outputs
are required [3y5. One of the prominent features of SCs, alongside their decent energy storage and
rapid power release capability, is their cyclic stability, which could be over half a million charge-
discharge cycles, as SCs operation involves storage mechanisms that lack reversible redox
reactions 32,33). SCs bridge the void between the power of typical conventional capacitors and the
energy of batteries by integrating electrode materials into their system that stores charges via
different processes. Based on the dominant process of charge storage, SCs can be divided into
three basic types: (i) electric double-layer capacitors, (ii) pseudocapacitors, and (iii) hybrid

supercapacitors [34]. For convenience, these classifications of SCs are further described as follows:

1.2.3 TYPES OF SUPERCAPACITORS

Supercapacitors are categorized as EDLCs, PCs, and hybrid SCs based on their charge-storing
mechanism [3s-377. The EDLCs store charges electrostatically through the double-layer electrodes
351, PCs can store charge faradaic ally via the redox reaction method at the surface of electrodes
6] While hybrid SCs store the charges both faradaically and non-faradaically 37.

1.2.4 ELECTRIC DOUBLE-LAYERED CAPACITORS (EDLC:s)

EDLCs operate like conventional capacitors but for storing energy, double-layer capacitors use
their interfaces (electrolyte and electrode) [3s). Moreover, these capacitors can store the charge non-
faradaically and do not involve any kind of redox reaction. Therefore, no charge-shifting
mechanism occurs between the electrode and electrolyte (39;. By applying the potential, charges
start accumulating at the electrode surface. Through ion diffusion, the charges get stored in the
pores of the electrode across the separator [s;. Normally the EDLCs store the charges
electrostatically making the capacitor highly reversible as well as extremely stable without

experiencing any volumetric change (41, 42;.



The formation of EDLCs allows the excess or deficit of charge to be stored on the electrode
interface. The oppositely charged ions start moving from the electrolyte to balance its neutrality
as displayed in Figure 1.3(a) (43, 447. By applying external potential, the electrons start moving from
the negative to the positive electrode in which the cations move towards the negative electrode
while anions towards the positive electrode material [39, 45]. In this process, the charge transfer did
not occur between the electrodes and the electrolyte, but the electrolyte concentration always
remained constant. Thus, the energy has been accumulated at the interface of the double layer [4¢].
To calculate the capacitance, EDLCs use Equation (2) [47):

€rEQA
c=" @

In Equation (2), the parameter &, indicates the relative permittivity, & is the free space (vacuum)
permittivity, A is the area between the electrodes, and d represents the thickness parameter of the
double-layer capacitor. EDLCs have small double-layer thicknesses because of their inverse
proportionality with the capacitance and energy of the capacitor. Due to low charge transfer
resistance, the EDLCs have long cyclic life s 9]. Furthermore, the EDLCs mostly utilize
carbonaceous materials like AC, graphene, CNTSs, carbon-aerogel (CA), carbide-derived carbon
(CDC), carbon fibers, and many more [413. These materials contain a large surface area, great
electrical conductivity with admirable mechanical and chemical stability. It would be worthwhile
to utilize these carbon-based materials for the enhancement of the specific capacitance or to

develop cheap and novel carbon materials with high capacity [so, 51;.

1.2.5 PSEUDOCAPACITORS (PCs)

PCs are considered to be quite different from EDLCs as they have the capability of storing the
charge faradaically and involve fast redox reaction between the electrodes and electrolyte [s2;. Due
to Faradic nature, they have attained higher supercapacitance and energy density than double layer
capacitors. Furthermore, the PCs can store the charge by adsorption, intercalation mechanism, and
by redox reaction method (oxidation and reduction reactions) [s3;. The redox reaction has been
used to generate the transfer of charge through the double layer as illustrated in Figure 1.3 (b) 44].
In PCs, the pseudo capacitance occurs due to thermodynamic process, change in potential, and by

charge acceptance. These capacitors has the same electrical response as the EDLCs i.e., it

6



continuously switches its state of charge by applying the potential [377. The capacity of the
electrodes depends upon the chemical affinity of the active materials to the adsorbed ions on the
electrode surface along with the dimension and structure of the electrode pores to achieve the
pseudo capacitance effect [41. Generally, the theoretical values of PC capacitance can be evaluated

by the following relation:

C_nXF 3
_MXV( )

where n specifies the number of electrons that are transferred during the Faradic reaction, F is the

Faraday’s constant, M is the molar mass of materials, and V indicates the applied potential.

Furthermore, materials used in PCs and manifesting redox reactions are conducting polymers
(CPs), and metal sulfides e.g., polypyrrole (PPy), polythiophene, polyaniline (PANI),
polyacetylene, and polyvinyl alcohol (PVA), etc. They also comprise transition metal oxides
including RuO2, C0304, MNnO2, V205, IrO2, and Fesz04 etc. a13. The PCs suffer multiple challenges
including low power densities because the non-faradaic process is relatively faster than the Faradic
process. Moreover, the PC electrodes are more prone to change the volume during charging and

discharging which reduces their mechanical strength and lowers its cyclic lifespan [s4}.

1.2.6 HYBRID SUPERCAPACITORS

Hybrid SCs can store the charges by comparing the capacitive electrode with the pseudocapacitive
electrode as illustrated in Figure 1.3 (c) ss;. The EDLCs possess high Ps along with excellent cyclic
stability and exhibit low Cs. Alternatively, PCs have shown high specific capacitance but they have
low power density and cyclic stability s5. As a result, both the Faradic and non-Faradic reactions
can be used together to achieve high power densities and reduce the degradation factors of
electrodes [s6). This merging of both EDLCs and PCs is known as a hybrid supercapacitor [s7). In a
hybrid SC, one half acts as a double-layer capacitor and the other half as a PC. In comparison with
the standard capacitors, hybrid SCs have higher energy densities along with high power densities.
Such enhanced properties enable SCs to more favorable compared to any other energy storage
device [sg;. Most commercially available hybrid supercapacitors are asymmetric, meaning they
combine two electrodes of different nature, i.e., activated carbon and MnO2 or Ni(OH): [se;. For

positive electrodes of HSCs apart from oxides, several different materials have been searched for

7



and investigated, including metal phosphides, phosphates, sulfides, polymers, MOFs, etc. Among

them, MOFs are considered to be of prime interest in recent investigations of HSCs.
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Figure 1.3. Schematic illustration of different types of supercapacitor technology, a) Electric

double layer capacitor, b) Pseudocapacitor, and ¢) Hybrid supercapacitor.sg

1.3 ELECTROCHEMICAL CHARACTERIZATION METHODS FOR
HYBRID SUPERCAPACITORS

The electrochemical elucidation of a hybrid supercapacitor includes the evaluation of specific
capacitance (Cs), specific capacity (Qs), specific energy density (Es), and specific power density

(Ps), as well as conductivity analysis, which is also a part of electrochemical characterizations [so].
8



These parameters are extracted by performing experiments such as cyclic voltammetry (CV),
galvanostatic charge and discharge (GCD), and electro-impedance spectroscopy analysis (EIS)
[61]. These characterizations can be initialized for individual electrode materials in a three-electrode
assembly comprising of a working, counter, and reference electrode, with potential being observed
amongst the working electrode and reference electrode; and to investigate the hybrid
supercapacitor’s electrochemical characteristics, a two-electrode assembly comprising of a counter
and working electrode is assembled. In such a case, voltage is taken between the positive and
corresponding negative electrodes, respectively [s2). The following sections will provide intuition
into the extraction of the crucial electrochemical performance parameters from CV, GCD, and
EIS.

1.3.1 CYCLIC VOLTAMMETRY

Cyclic voltammetry has paramount importance in electrochemistry, as it serves as a significant
tool to investigate the reaction kinetics and identify the oxidation and reduction mechanisms in a
system containing molecular species. CV is also crucial to studying electrocatalysis, where
reactions are driven via electron transfer g3. Through CV analysis, the potential of the working
electrode is determined versus time. Also, the current response corresponding to the dynamic
potential is recorded in the form of cyclic voltammogram traces [e4). Cyclic voltammetry is usually
performed in a three-electrode cell system, where the potential is taken amid the reference and
working electrodes and current is measured amongst the counter and working electrode e57. EDL,
pseudocapacitive, and battery-type materials can be identified by analyzing the CV traces. The CV
of typical EDLC is rectangular-shaped, while that of batteries and PCs has peaks in the CV profile
attributable to the faradic redox reactions [se67. Figure(1.4) shows the signature CV plots of
capacitive, PC, and battery-grade electrode materials. A crucial parameter in the CV experiment
is the scan rate, which describes the rate at which potential is increased per second during the
forward and reverse scans and is usually denoted in terms of mV s, Furthermore, the capacitance
of the electrode materials can be assessed from the cyclic voltammogram profile, which can be
calculated in terms of Qs using the equation (4):

A



Here, m, k, and v signify the active material mass, scan rate, and potential rate, respectively and A
indicates the area under the voltammogram curve.
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Figure 1.4.1llustrating signature CV curves of EDLC, Pseudocapacitor, and battery-natured
materials [67]

1.3.2 GALVANOSTATIC CHARGE AND DISCHARGE

GCD analysis proves to be a fundamental electrochemical characterization that efficiently unravels
several electrode characteristics such as capacitance, capacity, stability, rate capability, etc [eg). In
GCD measurements, a constant CD is applied, and the response of the potential up to a specific
voltage limit is monitored versus time. In PCs and HSCs, the potential window limit is always
determined under the characteristics of the electrode material [s9). Figure(1.5) shows the
characteristics of the GCD curves of EDLC, PC, and battery-grade materials. The specific

capacitance values, denoted as Qs, were also obtained through the GCD curves using the following
equation(b): 7o

Qs=—25 e (5)

mAv’

10



Where I represent the current (A) At represents the discharging time (s), m indicates the mass
loading of the prepared samples, and Av shows the potential window for the working electrode.
Capacitive-grade materials have a symmetric and linear charge/discharge curve, while
pseudocapacitive and battery-grade materials show humps in the GCD profiles. However, in all
cases, for optimum efficiency, the charging as well as the discharging curves should be more like

a mirror image.
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Figure 1.5.Typical GCD curves of (a) EDLC (b) pseudocapacitive material (c) battery-grade
Figure material.[7o)

1.3.3 DETERMINATION OF ENERGY AND POWER CAPABILITY

GCD analysis can efficiently aid in the calculation of energy and power density of an electrode

material by employing Equation (6) and (7) 71.

_ CsxAv

0= T (6)
_ Ex3600
Pim 2o e (7)

In the above equations, E; and P, stands for specific energy and power density, AV shows the

potential window, C; is the specific capacitance, and At is the charging/discharging time.

1.3.4 ELECTROCHEMICAL IMPEDENCE SPECTROSCOPY

To reveal the impedance of a supercapacitor, electrochemical impedance spectroscopy (EIS) is

always initialized. The voltage used for such measurements is kept within a defined range of 5-10

11



mV, which corresponds to frequency of 0.01 Hz—-100 kHz [72;. The outcomes of EIS are attained
in terms of a specific kind of plot, termed the Nyquist plot (Figure 1.6). The Nyquist plot
accommodates the EIS spectra over specified frequency limits [73).

The Nyquist plot can be isolated into three regions with distinct resistance contributions [74). The
10* Hz and above, higher frequency region contains a semicircle. This specific region indicates
two Kkinds of resistances: the equivalent series resistance (ESR) and the charge transfer resistance
(Rct, estimated from the semicircle). The 10°-0.01 Hz region comprising the medium and lower
frequency regions has an imaginary vertical line along the y-axis, which shows the Warburg
impedance and the nature of the supercapacitor, i.e., either capacitive or Faradaic [75). The length
of the Warburg impedance determines the ion diffusion length within the electrode material. EIS

measurements can also be used to estimate the capacitance as per Equation (8).

o 1
= Dmflz]

.(8)
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Where, f is the frequency and |Z| is the impedance. Equation 8 can show the
capacitance in terms of log |Z| versus log(f), which is commonly known as the Bode
plot. The Bode plot depicts the relation between the frequency and capacitance to be an

inverse one.
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RESEARCH OBJECTIVES:

e We demonstrate a facile and cost-effective approach to design and fabricate Co-MOF:Fe
derived Co304:Fe at different temperatures (300 °C, 500 °C, and 800 °C) for supercapacitor
applications.

e Evaluate the electrochemical performance of the derived electrodes, focusing on specific
capacitance, cycling stability, and charge transfer efficiency.

e Optimize the calcination temperature to achieve the highest specific capacitance and

cycling stability for enhanced supercapacitor performance.

Figure 1.6.Nyquist plot for the general understanding of EIS.[7s).
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e To develop and evaluate a high-performance asymmetric device using CozO4:Fe as an
anode and activated carbon as a cathode, with a focus on electrochemical performance,

cycling stability, and energy-power density characteristics.

CHAPTER 2: LITERATURE

21 OVERVIEW OF METAL-ORGANIC FRAMEWORKS FOR
SUPERCAPACITORS APPLICATIONS :

MOFs, a cluster of metal nodes and organic ligands, adapt unique structures in terms of large
surface area, conductivity, and porosity. All of these features elevate its inclination toward energy

storage devices. Apart from 2D and 3D MOFs in their pristine state, they can also induce

synergistic effects by forming composites with other energy storage materials. MOFs incorporate
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both organic and inorganic properties, making them a good starting point for creating a variety of
metal compounds, carbon materials, and other functional materials with a significantly larger
porosity. In SCs, where porous materials for the anode and cathode are still sought, MOFs could
potentially prove to be an ideal candidate. To date, several pristine MOFs, their composites, and
MOF-derived materials have been a center of investigation for SC applications. This section
presents an inclusive examination of the recent investigations on the different classes of MOFs,
which will provide a comprehensive analysis of the suitability of 2D/3D MOFs, MOF composites,

and derivative materials for incorporation in SCs.

Cobalt Oxide has been discussed as a promising material and there has been quite a lot of research
on it. It has been explored for its usage in energy storage devices like supercapacitors and batteries
[76-78] . Cobalt oxides exist in four different forms, and among those, two of which are quite valuable

for energy storage applications.

Table 2. 1 Types of cobalt oxide

Names Formula
Cobalt (I1) oxide CoO
Cobalt (111) oxide C0203
Cobalt (1V) oxide Co0O2
Cobalt (I, I11) oxide C0304
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The most used form of Cobalt Oxide is Cobalt (I, Il1l) oxide (CO) owing to its excellent
capacitance and thermal properties [79], (g0, 817. Cobalt Oxide is also an economical material and
quite abundant. It possesses a spinal-like structure which is illustrated in the figure (2.1). Co (II)
ions are present. Red balls ions occupy the tetrahedral 8(a) sites, while Co (I1I) ions occupy the
octahedral 16(d) sites.

Figure 2.1.The crystal structure of Cobalt (IV) oxide [z

Despite the advantages, there are some drawbacks associated with. Cobalt Oxide, including its
high resistivity, toxicity, and low charge ionic conductivity. Researchers are experimenting with
numerous techniques to tackle this problem by creating a hybrid structure of Cobalt Oxide.
Graphene and carbon nanotubes are the most popular nanomaterials that have been used to
synthesize hybrids and they can significantly enhance the charge transport and kinetics of the
material, even when used in minute amount. Poizot et al. used Cobalt Oxide as an anode for the
very first time in lithium-ion batteries in 2000 [s2). Alcantara et al. then reported NiC0,04 as an
electrode in sodium-ion batteries in March 2002 3. A lot of research was conducted on the
morphological properties of the supercapacitors as the capacitance value is interlinked with the

morphology.
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Yuan YF etal. reported the synthesis of 3D Co3O4 in March 2012, which consisted of a hierarchical
crystal structure to be used for pseudocapacitive applications. He grew nanoflakes film of about
20nm thickness which was porous. The results showed that 443 F g™ capacitance was achieved at
2 A gt ss Kang CW etal. in 2012 reported the synthesis of nanosheets of CosO4 for supercapacitor
applications, for which he employed the electrodeposition method. He used Ti as a substrate for
the growth of the nanosheets. The results showed that a value of 1035 F g ! was attained for the
specific capacitance at 2 A g [ss;. Fin Y et al. in 2014 synthesized CoszO4 nanoflakes exhibiting a
hierarchical crystal structure for supercapacitor applications. For its synthesis, he used the
precursor precipitation technique, and the results exhibited the capacitance value of 896 F g 1 A
gt and 79.2% capacitance retention at 40 A g [ss). Zhang G et al. in 2013 synthesized nanowires
of Co304@ NiCo0204 exhibiting a hierarchical structure for the supercapacitor applications. The
results showed that an excellent value of aerial capacitance was achieved of about 1.97 F cm™ at
4 mV s and there was a high capacitance retention after 1500 cycles of 83.7% [s7;. Hu et al. in
2014 synthesized Co304@ MnO2 having a hierarchal structure by employing hydrothermal
method. The results showed that a specific capacitance of about 560 Fg was achieved at 0.3 A g’
! and there was an excellent capacitance retention of about 95% even after 5000 cycles. ss;. W. Fu
et al. 2015 synthesized nano-flowers of ZnC0O204 on Nickel foam to be used for the supercapacitor
application. The capacitance of 684.9 F g was achieved at 1 Ag™ and there was around 95%
capacitance retention achieved after 3000 cycles g9). Zhang et al. 2015 synthesized nano-flowers
of NiCo204 on graphene foam for the application of supercapacitors, for which he utilized
Chemical Vapor Deposition. The results showed that there was a specific capacitance of about
1402 F gt at 1 A g and 77% capacitance retention was achieved at 20 Ag™ after 5000 cycles
op.Huixin Chen et al. 2015 synthesized nano-sheets of ZnNiCo0.04 possessing a hierarchical
structure. The results showed that a specific capacitance of 1728 F g was attained at 1A g* and
1512 F g* at 15 A g, while there was a capacitance retention of 87.5% at 20 A g™ 917 Wenquin
et al. in 2015 studied the properties of hierarchical core-shell nanotubes of ZnCo2,04/MnQO3. The
results showed that the material gave a capacitance value of 1981 F g* at 5 A g*. Additionally,
the asymmetric device was assembled, and the results were determined. The outcome revealed that
the value of capacitance 158 F g was attained at 3 mA cm? with the energy density of 41.2 Wh
kgt and there was 91% capacitance retention for over 4000 cycles [goz7. Zu et al. in 2014

experimented with nanowires of NiCo204/MnO2. The results depicted exceptional
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electrochemical properties of the material and additionally, the asymmetric device assembled
showed that the capacitance of 112 F g  was achieved at 2 A g % o35 Lau et al in 2015 synthesized
hierarchical NiCo204@NiO nanowires. The results showed that the material achieved a specific
capacitance of 2220 F g and there was about 93% capacitance retention for over 3000 cycles.
Additionally, an asymmetric device of NiCo.04@NiO/Activated carbon was constructed, and its
results depicted that an energy density of about 31.5 Wh kg~was attained and there was around
89% capacitance retention 50 A g  for over 3000 cycles g41. Xu Y et al in 2014 synthesized porous
nanowires of CoMn204 and MnCo204. The nanowires gave exceptional results, including the
capacitance value of 1980 F gt at 1A gt and 1342 F g at 1 A g respectively [95). Yan Xu in 2016
synthesized a mesoporous structure of NiCo204@GO to be used as an electrode material. The
specific capacitance reached around 1211.25 F gt at 1 A g™. Moreover, an asymmetric device was
constructed with RGO, which gave the values of 144.45 F g* for the capacitance at 1 A g** and
51.36 W h kg ! of energy density, meanwhile, there was the retention of capacitance was around
88% for over 2000 cycles [96. Sahoo et al. in 2016 synthesized ZnCo0204/RGO/NiO nanowires.
The output showed that capacitance of 1,256 F g™ was attained at 3 A g and the retention of
capacitance was about 80% for over 3000 cycles. [97). Fang et al. in 2017 worked on the material
CoMo0O4 which had a nanoneedle morphology. The results showed the capacitance of 1628.1 C g
1 at 2 mA cm and the stability of the sample was around 90% for over 5000 cycles fgs;. Hu et al.
in 2017 used NiZnCo,04 to synthesize flower-like nanowires. The output of the material exhibited
a specific capacitance of around 776 F g* at 2 A g and capacitance retention of around 91% for
over 10000 cycles [991. Wu et al in 2017 synthesized microspheres of RGO@Mn-Ni-Co oxide. The
results showed that the value of specific capacitance reached around 646 C g™ at 1 A g*. Moreover,
the constructed asymmetric device of the material with N-RGO gave an energy density of 35.6
Wh kg-1 and the retention of capacitance was around 77.2% for over 10000 cycles [100). Zhao et al
in 2018 synthesized FeCo204@GF having a hierarchal structure to be used as a positive electrode.
The specific capacitance of 58.92 mF cm?2 was attained with 17 uW-h-cm—2 energy density. The
capacitance retention reached around 87.5% for over 8000 cycles. [1017. Heet al. in 2018 synthesized
hierarchical needles of FeCo204@NiCo. The results showed that the material had a specific
capacitance value of 2320 F g-1 at 1 A g-1. Furthermore, its asymmetric device was assembled
with activated carbon, which gave an energy density of 94.9 Wh kg-1 of energy density. The

capacitance retention of 88.2% was achieved over 4000 cycles 1025. Fing et al. in 2019 synthesized
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the nano-flakes of NiCo204/graphene hydrogel, to be used as a positive electrode. The results
showed that the energy density of 71 Wh kg-1 was achieved at 19.2 W kg-1 power density.
Additionally, the rate capability of around 92% was attained for up to 5000 cycles i3]
Subramaniam et al used a hydrothermal technique for the ternary composite of Co030s
nanoparticles which was grown on MWCNTSs with the addition of gold (Au) nanoparticles. These
nanoparticles were then studied as electrode material for real device supercapattery applications.
For real device measurements, the composite Co30s-MWCNTSs-Au was considered as an anode
and AC as a cathode in a KOH electrolyte solution of 1 M. The Co304and MWCNTSs with mixed
Au nanoparticles demonstrated outstanding capacitance retention of 91.90% for 3500 charging-
discharging cycles. During supercapattery measurements, the Coz04/Au@MWCNTSs//AC shows
91.90% capacitance retention with coulombic efficiency of 85% after 3500 GCD cycles. The
device results in high Ps and Es of 302 W kg™ and 18.80 Wh kg™ [104;.Following a similar trend
also reported cubic CuCo204 nanoparticles by using precipitating agents like NaOH and oxalic
acid and used for SC applications as they express tremendous incrementation in capacitance. The
oxalic acid CuCo0204 has exposed the highest pseudocapacitive behavior with a Cs of 785 mAh g
Lat 2 A g? and has significant capacity with retention of 95% capacitance after 2000 charge-
discharge cycles. The NaOH CuCo0204 (BN) and oxalic acid CuC0204 (BO) showed significant
energy and power as tabulated in Table 1. Owning to the outstanding rate capacity of the electrodes
caused by shorter diffusion ions path and enhanced surface area which increases their
electrochemical performance [i05.Li et al prepared the triple-shelled CuCo.04 microsphere by
solvothermal method followed by a calcination process. These electrode materials have shown the
highest Cs of 691 F gt at 1 A g*. Furthermore, the device had achieved high Es and Ps as given in
Table 1, and had great retention of 93% after 6000 cycles 1061 A phosphorus-based cobalt
manganese oxide (P-Co2MnOa4) was prepared by using the hydrothermal method followed by a
calcination process. Adding phosphorus atoms in CooMnOasx improves the redox reactions and
offers the electrode materials to have more electrochemical centers. The cyclic curves are similar
in shape at various scan rates showing excellent rate capacity. The GCD symmetrical curves
connote an ideal capacitive behavior and great reversibility of Faradic reactions. The optimized
electrode material exhibits Qs of 838 F g with 80.3% stability after 10,000 retentions of cycles.
This device depicts maximum energy and power as mentioned in Table 1 [1077.A non-calcined

method was used to fabricate Co-BTC nanowire microspheres (CBNWM) by using a step
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solvothermal technique which exposed an enhanced capacity. The CBNWM showed high Cs of
657 F g* at 0.5 A g which attributes to the fact that the MOF provided more sites for ion
migration. The fabricated electrode material (CBNWM) was then studied in a two-electrode
assembly with AC for asymmetric SC applications. The CV and galvanic curves at potential range
from 1 to 1.5 V of the device. With the increasing scan rate, the CV cures have shown no obvious
deformation while the GCD curves express highly symmetric behavior at different current
densities. These results indicate the high-rate capacity of the device. Furthermore, the device has
shown a long cyclic life with great stability after 5000 cycles and retained a superior capacity of
120.5%. The CBNWM//AC device achieved high Es of 34.4 Wh kg with lower Ps of 375.3 Wh
kg™ r10s1. The CNTs-based materials have revealed flexible and highly conductive behavior. Ma et
al reported MOFs-derived CoNiS composite. Due to the 3D structure of the composite, it leads to
a rapid charge transfer capacity, exceptional electronic structure, and extra pseudocapacitive
behavior. The hybrid composite has exposed high Cs of 540.6 C g* at 1 A g with a retention of
69.9% capacity. For the hybrid SCs study, the fabricated electrode was studied with AC in two
electrode cells. The cyclic curves maintained their shape with increasing scan rate, annotating the
best charge-discharge performance. The GCD curves demonstrated great symmetry that indicates
the superior electrochemical performance of the device with a coulombic efficiency of 86.6% at 1
A g1. The device has achieved tremendous Es of 63.5 Wh kg™ with decent Ps of 800 W kg™ and
maintained 83% capacitance after 10,000 GCD cycles. The inspiring performances validate the
best contribution of the composite for future storage devices [109). Bi et al. used nanosheets of thin
Ni-MOFs and were implanted on a zeolite imidazolate framework (ZIF-L) for the synthesis of
hierarchical CosO4@Ni-MOF. Cobalt oxide serves as a conductive material that anchors the Ni-
MOF and shortens the ion diffusion routes. Meanwhile, the Ni-MOF has provided large active
sites for ions. Due to these merits, the synthesized material has shown Cs of 1980.7 F g and Qs
225.6 mAh gt (1 A g?). In two-electrode cells, the fabricated electrode material was studied with
AC for asymmetric SC measurement. The device has revealed Es of 37.05 Wh kg* with Ps 800 W
kgl. These remarkable results show that the device can be used for high-energy storage
applications [110. Meanwhile, Nagaraju et al prepared the synthesis of hierarchical Cu (CoNi)2Ss
ternary composite on Ni-foam via synchronous etching and MOF precursors with multiple ion
doping. The MOF-derived electrode unveiled a high capacity of 181.9mAh g* and an areal

capacity of 382.1pAh cm™ with great stability. Due to large areal capacitance, the ternary
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composite offers a large volume for storing charges and thus can be used as a high-performance
energy storage device. For hybrid SC measurements, the fabricated material was studied with
porous carbon as a capacitive electrode. The hybrid device attained the specific energy of 0.27
mWh cm at a power of 21.75 mW cm with cyclic stability of 95.8% retention. These results
illustrate that the hybrid device can be employed for the practical applications of renewable energy
ru11)-Similarly, Zhang et al. fabricated a Co-BTC nanowire using a non-calcined process, and due
to the nanowire symmetry, it enhanced its active sites as well as ion transfer rate. The crystal has
achieved high Qs of 657 F g at 5 mV s and retained the capacity of 81.4% over 3000 cycles.
The sample was then studied with AC to make a real device for asymmetric SC applications and
achieved maximum Es and Ps of 34.4 Wh kg* and 375.3 W kg™ (112,

Many researchers have studied Co-based MOFs and derived oxide composites, but there is a lack
of study on MOF-derived doped nanostructures. Doping is an effective strategy to tune the
electrical properties of materials, offering advantages over composites by ensuring uniform
distribution of elements, minimizing phase separation, and modifying band structure. Furthermore,
this approach also opens new avenues for research using MOF as a precursor. Therefore, it is
worthwhile to investigate transition metal-based MOF-derived doped oxides for high-performance
supercapacitors with long-time cycling stability.In this study, we demonstrate a facile and cost-
effective approach to design and fabricate Co-MOF: Fe derived Co0304: Fe at different
temperatures (300 °C, 500 °C, and 800 °C) for supercapacitor applications. Herein we investigate
the effect of conversion temperature on the supercapacitor performance of pristine MOF. Co-
MOF: Fe derived Co0304: Fe at 500 °C, demonstrated outstanding supercapacitor performance,
achieving a specific capacitance of 2135.08 F g!, with high cycling stability of ~ 87%, Coulombic
efficiency of around 99%, and low charge transfer resistance. This exceptional performance is

attributed to the larger specific surface area of MOF and the high redox activity of the metal oxides.

Table 2.2 - Reported parameters of MOFs and derived Oxides based electrode materials.

Sr.No Electrode Synthesis Energy Power Stability Ref.
material method density density performance/
(Wh/kg)  (WIkg) GCD cycles
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CHAPTER 3: APPARATUS AND CHARACTERIZATION
TECHNIQUES

In this section, a brief discussion is provided about the equipment used throughout the
experimental synthesis procedure of both MOFs and their derived oxides. Afterward, all the
necessary characterization techniques, including XRD, SEM, EDX, BET, FTIR, and CV,
GCD, EIS will be discussed. These techniques are used to analyze the structural, elemental,

and electrochemical properties of the material.
3.1 APPARATUS REQUIRED

The apparatus used during the experimental synthesis of MOFs and their oxides are as

follows:
3.1.1 DIGITAL WEIGHT BALANCE

Digital balances are tools for accurately measuring an object's mass. Weight balances are
fundamental tools in laboratories and industries, serving multiple vital purposes. One primary

function is to provide precise and accurate measurements of the mass of various substances.
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Figure 3.1.Image of digital weight balance

This accuracy is crucial in scientific research, where even slight differences in mass can

significantly impact the outcomes of experiments and analyses.
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3.1.2 HOTPLATE

Laboratory hot plates serve as a heating source to uniformly heat solutions and materials.
contains a magnetic stirring system. It has a magnet inside of it, for mixing solution Paired

with a magnetic stir bar.

%
.
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Figure 3.2.Hot plate with a beaker containing blue solution.
3.1.3 AUTOCLAVE

For crystal growth under hydrothermal (agueous) conditions, a specialized reaction vessel
known as an autoclave is essential. In the hydrothermal method to synthesize inorganic
materials for extended intervals (longer reaction time) highly corrosive salts are used. The
autoclave, therefore, must be designed such that it sustains highly corrosive solvents for a
very long time at high pressure and temperature. By selecting an appropriate autoclave, the
primary and most vital parameter is the test pressure and temperature conditions and the
resistance to corrosion at that temperature-pressure range in the given hydrothermal fluid
(aqueous liquid). To prevent the decay of autoclave materials, it should be covered with
nonreactive or inert materials (i.e., Teflon) from inside. Teflon has a large thermal expansion
coefficient. It therefore expands and contracts more upon the heating and cooling cycle than

its enclosed components. Figure 3.3. Hot plate with a beaker containing blue solution.
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Characteristics of an ideal hydrothermal autoclave

a. A perfect autoclave must be inert to acid, base, and oxidizing agents.

b. It should be capable of tolerating high pressure and temperature for a protracted time.
c. It should be easily assembled and disassembled.

d. And it should be long enough to induce the specified temperature gradient, etc.

Figure 3.3.Stainless steel autoclave with Teflon bottle [118
3.1.4 ELECTRIC OVEN

Electric ovens are used for hydrothermal synthesis and drying of materials, it provides
controlled and consistent heat for various experimental and sample preparation processes
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Figure 3.4.Image of an electric oven [119]

3.1.5 VACCUM OVEN

For the drying of prepared samples under a low-oxygen environment, a vacuum oven is used.
In this system, material is less likely to oxidize as wet or humid material is more prone to
environmental oxygen molecules. Especially when a material is heated in an open-air
oxidative layer or the surface of the material gets oxidized. This apparatus is used to avoid

this from happening. Figure... has the image of a vacuum oven used in our lab with a
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temperature limit of up to 400 °C which can be adjusted with the help of a temperature

controller, with pressure that can be adjusted up to 10-3 torr.

Figure 3.5.Image of Heating Vacuum Oven

3.1.6 CENTRIFUGE MACHINE

A centrifuge machine is used to separate components of a liquid mixture based on their density
and sedimentation properties. The HERMLE 50 ml centrifuge machine operates on the
principle of sedimentation. When subjected to centrifugal force, particles with higher density
are forced to the bottom of the tube, leaving behind the supernatant, which is mostly the

solvent of the solution-based substance with lower density.

Figure 3.6.Image of centrifuge machine [120]
3.2 CHARACTERIZATION TECHNIQUES

To identify the structure, surface morphology, elemental analysis, functional group, surface
area, and pore size of all the prepared samples are characterized by following characterization

techniques.
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« X-ray diffraction (XRD)

* Fourier Transform Infrared Spectroscopy (FT-IR)
* Raman Spectroscopy

 Vibrating sample magnometer (VSM)

* Scanning electron microscope (SEM)

* Energy Dispersive X-ray Spectroscopy (EDS)

* Transmission electron microscope (TEM)

* BET (surface area Analyzer)

3.2.1 X-RAY DIFFRACTION (XRD)

In the field of material science, X-ray diffraction stands out as a valuable technique for

assessing crystal structure, phase purity, crystallite size, and recognizing a range of known
and unknown compounds. It's a non-destructive method for analyzing materials. X-rays with
a wavelength comparable to the size of an atom are directed onto the sample being examined.
The crystal structure diffracts the rays, which are then detected by a detector positioned at an
angle to the plane of incidence. The typical crystalline structure comprises stacked lattices,
forming repeated 'unit cells' in a three-dimensional arrangement. Consequently, simultaneous
diffraction from a set of planes may stem from the first, second, and third layers. The
diffracted radiation arising from the crystal structure, exhibiting both i) identical phase and
i) a wavelength variance in integral multiples of A, has the potential for constructive overlap.

However, this scenario needs to satisfy the following condition.
2dSin0 = nA (referred to as Bragg’s equation)

The specific directions that appear as dots on the spreading pattern are referred to as

reflections. XRD patterns result from electromagnetic rays hitting a widely dispersed array.

Diffraction images are created using electromagnetic rays because they have a wavelength (1)

that is roughly equivalent to the distance (d) between the crystals. Diffraction occurs only

when Bragg's law satisfies the criteria for producing interference of planes with distance "d".
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Figure 3.7. Image of XRD machine
3.2.2 FOURIER TRANSFORM INFRARED SPECTROSCOPY (FT-IR)

FTIR Spectroscopy explores the interaction and behavior of light or electromagnetic radiation
with matter. IR spectroscopy specifically entails directing infrared photons through a sample,
where the sample absorbs some infrared light and transmits the rest. The resultant spectrum
reveals the molecule's absorption and transmission characteristics, creating a distinctive
molecular fingerprint. Like fingerprints, each molecule configuration generates a unique
infrared spectrum, enabling diverse applications for IR spectroscopy. The IR spectrum of a
material is like its unique fingerprint, displaying absorption peaks that correspond to the
frequency of vibrations between the bonds of the atoms in the material. Since each substance
is composed of a specific set of atoms, no two compounds have the exact same IR spectrum.
As a result, IR spectroscopy can be employed for the positive identification of various
substances. Moreover, the intensity of the peaks in the spectrum offers insights into the

quantity of material present.
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Figure 3.8. Working of FTIR spectrometer [121]

3.2.3 RAMAN ANALYSIS

Raman Spectroscopy is an optical analysis that is non-destructive to the material and gives us a lot

of information about the chemical structure of material along with its phase, crystallinity,
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polymorphy and molecular interactions. A monochromatic light source, usually a laser, is directed

onto a sample. When photons from the light source interact with the sample, some are scattered at
different wavelengths due to the molecular vibrations and rotations in the material. This scattered
light, known as Raman scattering, is collected and analyzed, generating a Raman spectrum. This
spectrum provides detailed information about the vibrational modes of the molecules in the
sample, enabling scientists to identify and characterize different materials. The simple schematics
are shown in figure. (3.9).
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Figure 3.9. Raman spectroscopy schematic [122]

The chemical bonds present inside the material interact with the laser light and give us the
required information on the screen. There are two types of laser light one is called green laser
light (532 nm) and the other is called blue laser light (477 nm) which can be used for
excitation. A filter then filtered the Raman stokes from Raleigh and anti-stoke parts after
deexcitation and further, the Raman shifts are recorded and then shown on the screen after

decoding.
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3.2.4 SCANNING ELECTRON MICROSCOPY (SEM)

SEM is a type of electron microscope that gives the image of the sample by scanning it with
a high-energy beam of electrons in a raster scan pattern. SEM gives the surface morphology
of the materials and generates an electron beam within a vacuum. This beam undergoes
collimation through electromagnetic condenser lenses, subsequent focusing via an objective
lens, and then scanning across the sample using electromagnetic deflection coils. The primary
imaging technique involves capturing secondary electrons (SE) released by the material.
These electrons are revealed by a luminescent material that emits light flashes when hit by
electrons. These flashes are then detected and amplified by a photomultiplier tube. By
correlating the sample's scan position to the resultant signal, an image is generated, closely
resembling what would be observed through an optical microscope. The resulting shadowing
and illumination exhibit a natural-looking surface topology. In a Scanning Electron

Microscope, the electron gun serves as the source for the probing electron beams.

Bectron gun . Schematic Diagram

Corwerging lens O

Scanning circult

ScGanning cod

Objective lers ( )

Secondary electron detector

Figure 3.10.Schematic diagram of SEM [124]

Electrons are emitted from the cathode, accelerated through an electric field, and focused to
form the primary image of the source. The apparent source's shape and size, beam
acceleration, and current play pivotal roles in determining the SEM's performance and
resolution. Typically, SEM offers magnification ranging from 20x to 30,000x with a special
resolution of 50-100nm, enabling scanning of areas varying from one centimeter to five
micrometers. [123]
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3.2.5 ENERGY DISPERSIVE X-RAY SPECTROSCOPY (EDX)

EDX analysis is used to determine the elemental composition of a material. It involves
equipping an SEM instrument with an additional X-ray detector to collect radiation from the
sample's internal part. In EDX analysis, a substantial amount of energy is necessary to enable
the penetration of the sample by the electron beam. The interaction between the electron beam
and the sample leads to the ejection of electrons from the lower shell (K and L) of the atoms,
resulting in the creation of vacancies. To fill these vacancies, electrons from higher orbitals
transition to lower orbitals, emitting X-ray radiation in the process. Inner shell transition from
each element gives rise to characteristic energy value. By comparing the energy of the
obtained X-ray with the known data one can specify it to a known element. Fig. (3.11)

represents the explanation of the phenomenon of EDX.

Incident electron

Emitted X-ray
Q\‘,‘\~”

Emitted electron

Figure 3.11.Schematic explaining EDX phenomenon 125

3.3 ELECTROCHEMICAL MEASUREMENTS

To achieve this objective, measurements are conducted using the GAMRY 1010B Potentiostat

with a three-electrode system. The potentiostat operates by applying a controlled voltage to
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the working electrode, ensuring it remains at a specific potential relative to the reference
electrode. This configuration enables precise measurement and analysis of the current flowing
through the electrochemical cell. This process yields crucial information about redox
reactions, electron transfer processes, and reaction kinetics. A working electrode, a counter
electrode, and a reference electrode compose the three-electrode system. The reference
electrode is essential for monitoring and correcting the voltage of the working electrode while
carrying no current. At low current density, the reference electrode must maintain a constant
electrochemical potential. The potential drop between the reference and working electrodes
is greatly decreased due to the limited current travelling through the reference electrode. This
configuration guarantees a constant reference potential and compensates for any potential dip
in the solution, resulting in precise and trustworthy readings.
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Figure 3.12. Three electrode system representationi2e)
Following is the characterization techniques were used using this Potentiostat:

* Cyclic Voltammeter (CV)
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* Electrochemical impedance spectroscopy (EIS)
* Galvanostatic charge-discharge (GCD)

« GCD stability.

CHAPTER 4: MATERIALS AND METHODS

4.1 MATERIALS
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All the following chemicals were used without any further purification and treatment for the
synthesis of the desired sample, Cobalt nitrate hexahydrate Co(NOz3)..6H20 iron nitrate nano
hydrate (Fe(N O 3) 2 -9 H20) 1, 4 -Benzene dicarboxylic acid /terephthalic acid (H 2BDC), N, N
Dimethylformamide (DMF), sodium hydroxide (NaOH), Deionized (DI) water and ethanol were
acquired from Sigma Aldrich. potassium hydroxide (KOH), hydrochloric acid (HCL), and Nafion
binder were being used during the synthesis process.

The material synthesis was accomplished via an electric oven and Centrifuge was used for
washing. Later, the synthesized materials were executed in a muffle furnace for annealing. The
platinum wire as counter and Ag/AgCI as reference electrode have been used.

4.2 SYNTHESIS OF Co -MOF :Fe

We employed Yuen Luo and Xiaodong Yang's one-step hydrothermal technique to synthesize iron
doped cobalt metal oxide (Co -MOF :Fe) with a minimal molecular weight. To prepare Solution
A, 3 mmol of BD C was added to 25 mL of N, N-dimethylformamide (DMF). Similar to that,
solution B was prepared by mixing 2.5 mmol of cobalt nitrate hexahydrate Co (NO3)..6H>0 and
Ol. 5 mmol of iron nitrate nano hydrate (F e (N O 3) 2 -9 H 20) in 25 mL of ethanol solution.
Separately, Sol A and Sol B were stirred for five minutes. The outcome solution was allowed to
sit for 15 minutes and then stirred for 25 minutes at room temperature. After that, 2 mL of 0. 4 M
NaOH that had been dissolved in ethanol was added dropwise into the solution above and stirred
for an additional 5 minutes. The resulting mixture was transferred into a Teflon beaker and
autoclaved for six hours at 150 °C. The resulting product was dried at 60 °C for 24 hours after

being repeatedly cleaned with DM F and ethanol.

4.3 SYNTHESIS OF Co030:4 :Fe

For the Co304:Fe synthesis the obtained grain product was put into six alumina crucibles and
calcined separately at different temperatures of 300 °C, 400 °C, 500 °C, 600 °C, 700 °C and 800
°C in a muffle furnace for three hours. The final product was allowed to cool down to ambient
temperature. A black powder was obtained for the sample that was annealed at different

temperatures.
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Figure 3.1.Schematic diagram of the preparation of the desired electrocatalysts

4.4 ELECTRODE SYNTHESIS
4.4.1 MATERIALS

Nickel foam (substrate), Nafion (binder), Ethanol(solvent), Deionized water (for washing), HCI
(for washing).

4.4.2 PREPARATION OF NICKEL FOAM SUBSTRATE

Nickel foam was cut into 1 cm x 1.5 cm dimensions then cleaned it sonication in HCI (2-3 minutes),
ethanol for 10 minutes, followed by deionized water for 10 minutes. Dry the cleaned nickel foam

at 60°C in an oven or on a hot plate for 2 hours.

Slurry of Catalyst

Take 2mg of catalyst powder and add 2 drops of nafion and 3 to 4 drops of ethanol to it. Sonicate
the mixture for 30-40 minutes. Take a micropipette and add slurry on the nickel foam by using a
micropipette in 1 cm x 1 cm dimension. Dry the foam at 60°C in an oven for 12 hours. Cover the
dried nickel foam with butter paper and aluminum foil and press it with the weight of 500 N for 5

seconds.
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CHAPTER 5: RESULTS AND DISCUSSION

The structural properties of Co-MOF: Fe a bimetallic metal-organic framework along with its
derivatives Co30a4: Fe at 300°C, 500°C, and 800°C were evaluated using various techniques. X-
ray diffraction (XRD) was used to examine the impact of annealing on crystal structures of Co-
MOF: Fe. Fourier transform infrared spectroscopy (FTIR) was employed to identify the functional
groups in the Co-MOF: Fe and its derivatives. Brunauer-Emmett-Teller (BET) analysis measured
the surface area, pore size, and pore volume. Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX) were utilized to observe the surface morphology and
elemental analysis respectively. To further investigate the internal structural properties

transmission electron microscopy (TEM) was utilized.

5.1 X-RAY DIFFRACTION (XRD)

XRD was used to analyze the structural properties of the synthesized and annealed electrocatalysts.
The obtained results are shown in Fig. (5.1). The diffraction pattern of Co-Fe-MOF shows peaks
at 20 values of 8.8 °,12.4 °,15.7°,17.5°, and 32.7 indicating its crystalline nature. These peaks
showed close agreement with already reported data on Co-BDC-MOF. The absence of Fe-BDC
MOF-based peaks indicates the presence of Fe in the structure of Co-MOF. The annealing was
performed to decompose Co-MOF: Fe into Co3O4: Fe at different temperatures. The sample
annealed at 300°C showed incomplete conversion of MOF into Co304: Fealong with a broad hump
at 13.7° indicating the presence of graphitized carbon. When the annealing temperature was
increased to 500°C, a relatively higher conversion of the precursor MOF to Co3Os: Fe was
observed. No additional peak relating to carbon in this sample indicates significant removal of
BDC at this temperature. Further increasing the temperature to 800 °C resulted in the complete
conversion of precursor MOF to Coz04: Fe indicated by relatively stronger diffraction peaks of
cobalt oxide. The obtained diffraction peaks can be indexed as (111), (220), (311), (400), (511),
and (440) (JCPDS card no. 01-078-1969) corresponding to the cubic structure Coz04. The lower
intensity of diffraction peaks indicates the poor crystallinity of CosO4: Fe which might be due to
the requirement of the large surface-to-volume ratio for the removal of organic linker during the

transformation process.
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Figure 5.1.XRD pattern of all the prepared electrocatalysts.

5.2 FTIR ANALYSES

Fourier transmission infrared (FTIR) spectroscopy is used to investigate the functional group in
the synthesized samples, the data as shown in Fig. (5.2). The vibrational bands at 680 cm™ and
558 cm™ can be attributed to the vibrations of Co(ll)-O bonds and  Co(ll)-O stretching,
respectively, in Co-MOF and derived doped oxides. Moreover, the sharp peaks around 1582 cm™
and 1357 cm™ in Co-MOF: Fe and the sample and the Co3Oa: Fe derived at 300 °C show symmetric
and asymmetric stretching vibrations of the -COOH which indicates the presence of BDC in these
samples. The vibrational bands associated with -COOH were not observed in the Co304: Fe
samples derived at temperatures higher than 300 °C showing the considerable decomposition of
BDC at elevated temperatures. The band at 811 cm™ was only observed in Co-MOF: Fe which can
be ascribed to C—H stretching modes of the benzene ring in BDC. A broad hump around 3430 cm™
was detected in all the samples indicating the hygroscopic nature of these samples. Two sharp

peaks around 3624 cm™ ! and 3588 cm™ lin the pristine and 300 °C derived samples correspond to
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the O—H group found in BDC, however, with the increase in the annealing temperature these bands

were removed confirming the decomposition of BDC structure in this sample.
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Figure 5.2.FTIR spectrum of all the prepared electrocatalysts.

5.3 RAMAN SPECTROSCOPY

Raman spectroscopy was used to determine polarizability-sensitive vibrational modes present in
materials for further insights into their molecular structure and composition. The two broad bands
observed at ~599 cm™ and ~1100 cm™ in the Raman spectra of all annealed samples as shown in
Fig. (5.3). The band at ~599 cm™! is attributed to the T2g mode of the Co20s3 structure, while the
band at ~1100 cm™ is associated with the Co(II)-O vibration present in CosO4. The presence of
these modes confirms the structural presence of Co2,03 and CoO structures present in Co3Oa.
Additionally, the same vibrational modes in the pure Co-MOF: Fe sample suggest the presence of
Co(l11)-O and Co(11)-O vibrations in the Co-MOF structure, a finding that is consistent with the
literature. Furthermore, there is no separate peak for Fe-MOF that further confirms the absence of

Fe-MOF as a separate phase.
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Figure 5.3.Raman spectroscopy of all the prepared electrocatalysts.

5.4 VIBRATING SAMPLE MAGNETOMETER (VSM)

VSM was utilized to analyze the magnetic properties of the synthesized samples at room
temperature under an applied magnetic field of £20 kOe. Fig. (5.4) illustrates the hysteresis
behaviors of Co-MOF: Fe, and Co-MOF: Fe-derived Co03O4: Fe at different annealing
temperatures. Co -MOF: Fe displays paramagnetic behavior due to the presence of BDC as an
organic linker in the MOF structure. Whereas the derived Fe-doped Co-oxide at 300 °C, 500 °C,
and 800 °C form a hysteresis loop with a coercivity value of 348.76 A/m, 1073.67 A/m, and
1970.04 A/m. These results indicate that derived Coz0a: Fe at 300°C has a soft magnetic nature,
whereas derived Co0304: Fe at 500°C and 800°C has a semi-hard magnetic nature. The soft
magnetic nature of Co304: Fe-300 °C indicates its incomplete conversion from MOF which
changes to the characteristic semi-hard magnetic nature of CosOa: Fe as reported in other literature.

The obtained results further confirm the synthesis of MOF-derived Fe-doped Co030a.
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Figure 5.4.VSM graph of all the prepared electrocatalysts.

5.5 SCANNING ELECTRON MICROSCOPY (SEM)

Scanning electron microscopy (SEM) was performed to analyze the morphology of Co-MOF: Fe,
and derived C0304: Fe at 300°C, 500°C, and 800°C. The micrographs of these samples are shown
in Fig. 5.5(a-d). Co-MOF: Fe exhibits rod-shaped morphology indicating the porous nature of its
particles (Fig. 5.5 (a)). The SEM micrograph of Co3O4: Fe-300 shows that pyrolysis at 300 °C has
introduced irregularities in the rod-shaped morphology of Co-MOF: Fe. Moreover, the retained
morphological characteristic of precursor MOF in this sample indicates the incomplete conversion
of the MOF into derived CosOa4: Fe, which is also revealed by XRD results. The SEM image of
Co304: Fe-500 shows agglomerated nanoparticles, demonstrating that the rod-shaped morphology
of the Co-MOF: Fe was destroyed when the pyrolysis was carried out at 500 °C. The further
increase in pyrolysis temperature leads to grain growth, forming micron-sized irregularly shaped

particles of CosOa: Fe, as shown in Fig. 5.5 (c).
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Figure 5.5.(a-d) SEM micrographs illustrating the morphological evolution of (a) Co-MOF: Fe
and its derived Co30a4: Fe after pyrolysis at (b) 300°C, (¢) 500°C, and (d) 800°C. (a) Co-MOF: Fe
exhibits a rod-shaped morphology; (b) The SEM image of Coz04: Fe-300 reveals retained rod-
shaped features with introduced irregularities, suggesting incomplete conversion from the MOF
precursor; (¢) Coz0a4: Fe-500 shows agglomerated nanoparticles, indicating the destruction of the
initial rod-shaped morphology.

5.6 ENERGY-DISPERSIVE X-RAY SPECTROSCOPY (EDX)

Energy-dispersive X-ray spectroscopy mapping a valuable analysis for analyzing elemental
presence and distribution within a synthesized sample. EDX analysis was conducted on all
samples, with results and colored elemental maps displayed in the Figure.5.6(a-d). The C, O, Co,
and Fe were identified in Co-MOF:Fe, Co304:Fe-300, C0304:Fe-500 and Co304:Fe-800 and their
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respective weight percentages are detailed in the tables included in Figures presents the EDS

results.
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Figure 5.6.(a) EDX graphs of Co-MOF:Fe.
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Figure 5.6.(c) EDX graphs of Coz04:Fe-500.

0 Kel Element Weight% — M-SOO
C 12.6
(o] 253
Fe 171

Co 45.0

=

i Lot

0012 34 567 8 910

Figure 5.6.(d) EDX graphs of Coz04:Fe-800.

5.7 TRANSMISSION ELECTRON MICROSCOPY (TEM)
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Transmission electron microscopy (TEM) was employed to investigate the internal structural
features of Co-MOF: Fe-derived Co304: Fe-500 and the results are shown in Fig. 5.7(a). C030a4:
Fe-500 showed chains of agglomerated spherical-shaped particles. The HR-TEM image of this
sample is shown in Fig.5.7(b) disclosing the presence of crystallographic planes with interplanar
spacing of 2.46 A and 2.06 A corresponding to (113) and (004) of Co304, respectively.
Furthermore, a plane with an interplanar spacing of 4.4 A corresponds to a carbon peak. This is

~——p

» " 4
-

Figure 5.7.TEM and HR-TEM images of Co3O4: Fe-500, confirming agglomerated spherical-
shaped particles.

also supported by the EDX results as shown, supporting the XRD results.
5.8 BRUNAUER-EMMETT-TELLER (BET) RESULTS

The Brunauer-Emmett-Teller (BET) method was used to examine the surface area, pore size
distribution, and pore volume of the synthesized Co-MOF: Fe, and MOF-derived Co304: Fe-300,
Co0304: Fe-500 and Co304: Fe-800. The nitrogen adsorption/desorption isotherms and pore size
plots of all the mentioned electrode materials are depicted in Fig. 5.8 (a-d). The isotherms of all
the samples show a complete loop, indicating a conventional Type IV curve with an H3 hysteresis
loop. Table (5.1) provides the surface area, pore size distribution, and pore volume of all four
samples. BET surface area of Co-MOF: Fe, and derived Co30a: Fe at 300 °C, 500 °C, and 800 °C
are as follows: 1.746 m? g%, 4.260 m? g, 49.663 m? g%, and 13.575 m? g* respectively. The
result shows that the specific surface of MOF-derived Co304: Fe increases with conversion

temperature until 500 °C. A significant drop in BET surface area was observed as the temperature
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was raised to 800 °C. The increase in the specific surface area with conversion temperature can be
attributed to the need for a larger surface area to facilitate the decomposition of BDC present in
the MOF during conversion. Conversely, the reduction of surface area while further increasing
conversion temperature indicates the growth of already converted grains. The highest surface area
of Co-MOF: Fe converted at 500 °C suggests the presence of more active sites. Additionally, the
BJH pore diameter of these samples lies between 1.7000 nm and 300.0000 nm which further
reveals their potential for catalytic applications. The high surface area and pore volume of the
derived bimetallic doped oxide suggest that converting MOF into oxides increases the surface area,

and pore volume while decreasing pore size.

Table 5.1.BET surface area, BJH pore size, pore volume, and BJH pore diameter of all

synthesized materials.

Sample BET BJH Pore Pore volume BJH Pore
Surface size (nm)  (cm?g-1) diameter
area (m?g?) (nm)

Co-MOF:Fe 1.746 31.63014 10.053 5.68

Co304:Fe-300  4.260 18.746 20.008 2.89

Co0304:Fe-500  49.663 7.514 230.184 1.78

Co304:Fe-800  13.575 16.038 30.058 2.59
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Figure 5.8.(a-e) Specific surface area and porosity of Co-MOF: Fe and derived Co304: Fe at
300°C, 500°C, and 800°C were studied through BET analysis; (f) comparison plot of BET
surface area of all the four mentioned electrodes.
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5.9 GALVANOSTATIC CHARGE-DISCHARGE (GCD)

Galvanostatic charge-discharge (GCD) measurements were carried out to examine the charge-
discharge properties of electrode materials for supercapacitors. GCD analysis was conducted at
various current densities (1-5 mA) to measure the rate capability of the synthesized electrode
materials while maintaining a specific potential limit; the obtained results are depicted in Fig. 5.9
(a-d). A comparison of these electrode materials is also provided in Fig. 5.9 (e) at a current density
of 1 Ag™L. A non-linear behavior with prominent peaks in galvanic profiles demonstrates Faradaic
reactions between the ions and the electrode. The corresponding behavior of the galvanostatic
peaks shows the reversibility of redox reactions. The calculated Qs values at a current density of 1
Alg for Co-MOF: Fe, derived Co304: Fe at 300°C, 500°C, and 800°C were found to be 101.25 F
gl, 270.22 F g%, 2135.08 F g%, and 936.25 F g7, respectively. CosO4: Fe-500 exhibited the best
electrochemical performance, showing a longer discharge duration than the other electrodes i.e.,
pure Co-MOF: Fe and Co304: Fe-300 and Co304: Fe-800. The superior performance of C030as:
Fe-500 can be explained by its larger surface area, higher pore volume, and enhanced redox
activity. These results suggest that the conversion of Co-MOF: Fe into derived Co304: Fe oxide
requires an optimized temperature for better energy storage capacity as supercapacitor electrode

material.
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Figure 5.9.Electrochemical studies of the Co-MOF: Fe and derived Co304: Fe-300, C0304: Fe-
500, and Co304: Fe-800 as supercapacitor electrode materials. (a-d) GCD profiles of the Co-
MOF: Fe and derived Co304: Fe-300, Co304: Fe-500, and Co304: Fe-800 at specific current from
1Agltod Ag?; (e) comparison of GCD profile of all the mentioned electrode at specific
current of 1 A g*. (f) Ragone plot displaying the current density vs specific capacitance of the
mentioned supercapacitor electrodes.



5.10 CYCLIC VOLTAMMETRY (CV)

The electrochemical properties of the fabricated electrodes were studied using cyclic voltammetry
(CV). The CV responses of the electrode materials were recorded at various scan rates ranging
from 5 to 100 mV s%, as shown in Fig. 5.10(a-d). The potential range for CV was taken as their
GCD potential window for understanding the charge storage mechanism. Co-MOF: Fe and derived
C0304: Fe at 300°C showed slight redox activity at low scan rates due to reduced metal ion
accessibility in pure MOF, and incomplete phase change in derived oxide at 300°C. Furthermore,
the redox activity diminishes as the sweep rate increases indicating the slow electron transfer
kinetics and inhibition of the ion diffusion (Fig. 5.10 (a, b). Fig. 5.10 (c, d), represents CV curves
of MOF-derived oxides at 500°C and 800°C respectively, showing distinct redox peaks at various
scan rates. The appearance of well-defined redox peaks indicates the better redox properties of
oxides as compared to MOF. Fig. 5.10 (e) shows the CVs comparison of all the electrode materials
at a scan rate of 10 mV/s. These results show that the area under the CV curves was found
maximum for Co304: Fe-500 followed by Cos04: Fe-800, Co304: Fe-300, and Co-MOF: Fe,
respectively. This can be explained by the greater redox activity of Coz0a4: Fe-500 due to its
enhanced surface area than Co304: Fe-800. The specific capacitance (Qs) value of all the electrode
materials was calculated from the cyclic voltammograms. The obtained Qs value (@10 mV/s) of
Co-MOF: Fe and derived Co304: Fe at 300°C, 500°C, and 800 °C are 142.86, 277.77, 948.27, and
431.03 F/g, respectively. The results indicate the potential of derived Co304: Fe at 500°C as an
efficient electrode material due to high surface area, enhanced redox activity, and high Qs value.
The specific capacitance of all supercapacitor electrode material at scan rates of 5 mV/s, 10 mV/s,
20 mV/s, 40 mV/s, 60 mV/s, 80 mV/s, and 100 mV/s is depicted in Fig. 5.10 (f). These plots
indicate that the Qs value decreases with increasing sweep rate, suggesting the limiting interaction

of ions and electrode materials with the rise in sweep rate.
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Figure 5.10.(a-d) CV curves of the Co-MOF: Fe and derived Co304: Fe-300, Co304: Fe-500, and
Co304: Fe-800 as supercapacitor electrode materials at different scan rates from 5 to 100 mV s %;
(e) comparison of CV curves of all the electrode material at a scan rate of 1 mV s™*; (f) displaying
specific capacitance vs scan rate plots of Co-MOF: Fe and derived Co304: Fe-300, C0304: Fe-500,
and Co304: Fe-800.



5.11 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS)

Electrochemical impedance spectroscopy (EIS) analysis was carried out to understand the
conductive behavior of the electrode materials in a frequency range of 0.1 to 100 kHz. The Nyquist
plots along the fitted circuits for Co-MOF: Fe, C0304: Fe-300, Co304: Fe -500, and Co304: Fe e-
800 are displayed in Fig. 5.11(a). All the electrode materials showed a single semicircle starting
from the origin indicating negligible solution resistance. The diameter of these semicircles was
used to calculate the charge transfer resistance (Rct) which was found to be 1.779, 1.727, 0.507,
and 0.943 ohms for Co-MOF: Fe, C0304: Fe-300, C0304: Fe-500, and Co304: Fe-800, respectively.
The smallest charge transfer resistance of Coz04: Fe-500 can be explained by the enhanced specific
surface area and optimized porosity of this sample, which improve electrolyte accessibility to the

nanostructured materials.

The key parameters that demonstrate the electrochemical performance of supercapacitor devices
are cycle stability, Coulombic efficiency, energy (ED), and power density (PD). In this study, the
cycle stability of all fabricated electrodes was analyzed up to 2000 cycles at a current density of
5A g. The capacitance retention of the electrode materials was found in the following order:
Co0304: Fe -500 (96%) > Co0304: Fe -800 (86%) > Co0304: Fe -300 (85%) > Co-MOF: Fe -MOF
(84%) (Fig. 5.10 (b)). The observed results directly correlate with the specific surface area and the
charge transfer resistance values found for these electrodes. The enhanced surface area
corresponds to increased active sites while low charge transfer resistance facilitates the process of
energy storage and release. Therefore, the highest specific surface area and lowest charge transfer
resistance of Co30a4: Fe -500 resulted in its superior capacitance retention. To further demonstrate
the cyclic stability of CozO4: Fe e-500, the capacitance retention was measured for 10,000 cycles.
Notably, Co304: Fe -500 demonstrates remarkable stability with a capacitance retention of 87%
after 10,000 cycles and a Coulombic efficiency of 99% (Fig. 5.11 (d)). The power density of the
fabricated electrode materials was found to be 510.16 kW/kg, 502.77 kW/kg, 975.17 kW/kg, and
487.76 kW/kg for Co-MOF: Fe, C0304: Fe -300, Co304: Fe -500, and Co304: Fe -800, respectively
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while possessing energy density of 5.06 Wh/kg, 13.13 Wh/kg, 103.788 Wh/kg and 37.71 Wh/kg
espectively at current density of 1 A/g as shown in Fig. 5.11 (c).
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Figure 5.11.(a)Electrochemical impedance spectroscopy (EIS) of Co-MOF: Fe and its derivatives:
C0304: Fe-300, Co304: Fe-500, and Coz04: Fe-800; (b) Cycling stability of these electrodes at 5
A g for ~2000 cycles; (c) Ragone plot displaying the specific energy and power density of all the
fabricated electrodes; (d) Cycling stability and Coloumbic efficiency of Co304: Fe-500 for ~10000
cycles.

5.12 HYBRID DEVICE

We constructed a hybrid device (asymmetric device) using Co3O4: Fe as anode and activated
carbon as cathode to demonstrate the performance of the synthesized supercapacitor electrode

material (Fig.5.12(a)). The Whatman paper was used as a separator to prevent short-circuiting by
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physically separating the electrodes while allowing ion conduction through the electrolyte. The
prepared electrodes were electrochemically activated at different potential windows: 0-0.6 V for
Co0304: Fe-500 and -1 to 0 V for activated carbon. The obtained cyclic profile of the device is
presented in Fig. 5.12(b) at various scan rates (10—100 mVs™?) The cyclic profile shows quasi-
rectangular behavior elucidating the faradic nature of CozO4: Fe-500 anode and non-Faradic-nature
of activated carbon. The cyclic voltammograms maintained their shape even at the high scan rates
indicating the remarkable rate capability of the hybrid device. The galvanostatic charge-discharge
performance of the hybrid device was conducted at various current densities (1 to 4 A g?) as
shown in Fig. 5.12 (c). The galvanostatic profile of the device also exhibited non-linear behavior,
with a hump related to redox reactions and a triangular behavior demonstrating capacitive nature.
These results indicate the presence of both reversible electric double-layer and pseudo-capacitor
behavior. The device achieved Qs of 233.98 F/g, 155.61 F/g, 101.89 F/g and 79.66 F/g at the
corresponding current density of 1,2,3, and 4 A/g, respectively (Fig. 5.12 (d)).
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Figure 5.12.(a) Schematic illustration asymmetric device based on the activated carbon as cathode
and the Co304: Fe as anode; (b) CV-curves of derived Coz04: Fe-500//AC at different scan rate
from 10 mV s to 100 mV s%; (c) GCD profiles of the Cos0a: Fe- 500 //AC at different specific
current from 1 to 4 A g%; (d) specific capacitance vs current density plot of the asymmetric device.
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The long-term cycling stability of a hybrid device is an essential parameter, therefore, capacitance
retention of the device for 10,000 cycles. The device showed an excellent capacitance retention of
89% after 10,000 cycles at a current density of 5 A g while maintaining a very high Coulombic
efficiency of 99%. Furthermore, Fig. 5.13(a) shows the Nyquist plot of a full-cell device between
10-100 kHz frequency range. The hybrid device showed a low Rct value of 0.25 Q indicating its
high conductivity. The energy and power densities of the Asymmetric SCs device were calculated
from galvanostatic discharge curves and are plotted in Fig. 5.13 (b). The hybrid device displayed

a maximum energy density of 51.99 Wh kg™ and a power density of 500.14 kW kg at the current
density of 1 A g*. (Fig. 5.13 (c, d)).
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Figure 5.13.(a) Cycling test of C0304-500//AC device for 10000 cycles; (b)
EIS of the C0304-500//AC device; (c) and (d) Ragone plot of C0304-500//AC
asymmetric device.

57



CONCLUSION:

In this study, we successfully synthesized Co-MOF: Fe and derived C0304: Fe at 300°C, 500°C,
and 800°C, and explored their potential as supercapacitor electrode materials. Our findings
demonstrate that an optimized pyrolysis temperature is essential for better electrochemical
properties of these materials. The derived Co3O4: Fe at 500 °C exhibited the highest specific
capacity of 2135.08 F/g at 1 A/g and outstanding cycling stability of ~85% for 10000 cycles and
~ 99% Coulombic efficiency, making it a promising electrode material for high-performance
supercapacitor application. The enhanced performance is attributed to the optimal thermal
decomposition, high surface area, mesopores nature, and conductive network. To further access
its practical applicability, a two-electrode asymmetric device was constructed using activated
carbon, and the derived Co304:Fe at 500 °C as electrode materials. The hybrid device showed a
specific capacitance of 233.98 F/g at 1 A/g, an energy density of ~51.99 Wh/kg, and a power
density of 500.14 kW/kg. Furthermore, it maintained a remarkable capacitance retention of 89%
for 10,000 cycles at a current density of 5 A./g which indicates the viability of the MOF-derived

Co304:Fe for practical use in energy storage applications.
FUTURE RECOMMENDATION

e LSV (HER and OER) testing can be conducted to evaluate the water-splitting efficiency of
the derived CosOa:Fe electrocatalyst.
e Exploring other MOF-derived doped transition metal oxides can unveil novel opportunities

for energy storage & water electrolyzers.
LIST OF PUBLCATION

“Tailoring the Electrochemical Performance of rods-like Co-MOF:Fe-Derived Co0304:Fe

Electrodes for Supercapacitor Applications,” (Journal of Fuel)
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