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ABSTRACT

Metal-organic frameworks (MOFs) are gaining popularity as a new electrode material for
supercapacitor applications, due to their large specific surface area, excellent tunability and unique
pore characteristics. Yet, the poor structural stability and low electrical conductivity of MOFs
usually limit their performance. In this study, the supercapacitor performance of MOF-based
materials was enhanced using several approaches, including the template strategy, binder-
free/metal doping and in situ growth with carbon-based materials. Prior to applying these methods,
pristine MOFs and their composite electrodes were prepared using the solvothermal method and
then characterized by XRD, SEM/EDX, TEM, BET, TGA, Raman and FTIR. The template
strategy transformed double-linker Ni-MOF into NiO and NiO/Ni composite electrodes after

annealing in air under different conditions.

The electrochemical analysis results measured by CV, GCD and EIS showed that MOF calcined
at 400 °C (NiO/Ni-400) delivered the highest capacitance (753 Fg?! at 1 Ag?) and a high
energy/power density. Additionally, NiO/Ni-400 exhibited good cyclic stability, with 90%
retention after 1000 cycles. Electrochemical kinetics analysis confirmed the pseudocapacitive
behavior of the electrode materials at all scan rates. Zn-doped Ni-MOFs grown directly on nickel
foam and used as binder-free electrodes exhibited flower-decorated ball-shaped microstructures,
in addition to high surface areas and excellent pore characteristics. The composite containing
Zn/Ni (1:2) exhibited the highest specific capacitance (391 Fg*!at 1 Ag?), with superior rate
capability and good cycling stability. This electrode delivered maximum energy and power
densities of 12 Wh kg™ and 2500 WKkg™, respectively. The charge storage mechanism was
predominantly controlled by the diffusion process, indicating a promising battery-type

supercapacitor electrode.

In situ growth of ZIF-8-derived ZnO/C on functionalized MWCNT produced a new
ZnO/C@MWCNT nanocomposite, which exhibited better storage performance compared to
ZnO/C. The remarkable performance of the MOF-based electrodes in this study was attributed to
the synergistic effects of the compositing materials, low charge transfer resistance and optimum
dopant concentration. Aside from expanding the applicability of MOFs, this research may help to

create a new path to bridge the performance gap between supercapacitors and batteries.
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Chapter 1: Introduction
1.1 Short background

One of the major problems facing humanity, which requires urgent attention, is how to secure our
energy for future use, as the depletion of fossil fuels continues, while energy demands continue to
grow [1-2]. This challenge is even more pressing, given the recent surge in the global market for
portable and wearable electronic devices and environmental upheaval of climate change caused by

non-renewable fuels [3].

Renewable energy is considered a promising green solution because it is eco-friendly and
sustainable [4]. At present, most renewable energy resources are stored and conveyed in the form
of electricity [5]. Therefore, technology that can enhance energy efficiency while not harming the
environment (such as energy storage devices) remains the hope of the future. Lithium-ion batteries
(L1Bs) and supercapacitors are the leading candidates in this regard [6]. However, LIBs are limited
by low power density and poor cycle life, despite their high energy density [7]. Supercapacitors
can deliver high power density and have remarkable cycling stability, but are plagued by low
energy density [8]. Therefore, neither of the two storage devices can satisfy the requirements of
high energy density, high-power density and good cycle life. The Ragone diagram provided in
Figure 1.1. shows the energy and power densities of different storage devices.

Supercapacitors have aroused research attention and become a popular topic of research because
of their fast charge-discharge rate, long cycle life, high power density and eco-friendly
characteristics [9-10]. Supercapacitors store energy by means of two distinct mechanisms. The
first is by physical adsorption of ions demonstrated by electric double layer capacitor (EDLC)
materials. Examples include carbon-based materials such as graphene and carbon nanotubes
(CNTs). The second mechanism stores energy via an electron transfer reaction, which is
characteristic of pseudocapacitive materials such as metal oxide, metal hydroxides and metal
sulfides. The EDLC-type materials are more stable and conductive than pseudocapacitors, but they

are plagued by low capacitance [11-12].

The key components of a supercapacitor are the electrode, an electrolyte (which could be aqueous
or organic) and a separator (which restricts short circuiting between two electrodes) [13]. The role

played by the electrodes cannot be over-estimated and good electrode materials for supercapacitor



applications have a high surface area, good pore characteristics, high conductivity and a minimal
cost [14]. Consequently, the judicial choice of suitable electrode materials and their rational design
for supercapacitor electrodes are the most appropriate way to make supercapacitors better than
LIBs with respect to storage performance. The variety of fields in which supercapacitors are being
used continues to grow, including recent use in the exit doors of the Airbus 380 airplane, while
they continue to be used in electronic consumer gadgets, backup systems and various other power

and energy maintenance devices [15-16].
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Figure 1.1 Ragone plot of the energy and power density of different devices [17].
1.2 Performance parameters of a supercapacitor

The main parameters used to test the performance of an electrode for supercapacitor applications
are the specific capacitance (C, F/g), energy density (E, Wh/kg), power density (P, W/kg), rate
capability and cycling stability [18-19]. The specific capacitance of a supercapacitor indicates the
charge storage ability of a supercapacitor and is expressed as per equation (1.1). The energy density
typifies how much energy can be stored, which is calculated using equation (1.2). The power
density is an estimate of the mass unit of power that can be delivered, as expressed in equation
(1.3) [20].
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Where: I(A) is the discharge current; At (s) is the discharge time; m(g) designates the mass of

active material; AV (V) is the discharge potential window.

Another key performance testing parameter is cycling stability, which measures the stability of a
supercapacitor over a given charge-discharge cycle. A good supercapacitor will lose a minimal

amount of its capacitance over an extended number of cycles [21].

The rate capability of a supercapacitor electrode is its ability to retain its capacitance value over
an extended range of current density or scan rates [22]. The cycle life and rate capability are

calculated using equation (1.4) and (1.5).

Capacitance value after cyclin
pact fter cyeling , 10 (1.4)
Capacitance value before cycling

Cycling stability (%) =

Initial Specfic capacitance—final specific capacitance
= pecfic capacitance—/inal spectfic cap x100  (L5)
Initial specific capacitance

Rate capability (%)

1.3 Electrochemical supercapacitor evaluation

The basic tools employed to evaluate the electrochemical performance of a supercapacitor are
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical impedance
spectroscopy (EIS) analyses [23]. The active material is optimized in a three-electrode system
configuration - comprising the active material as the working electrode, the reference electrode
(e.g. Ag/AgCl or Hg/HgO) and the counter electrode (e.g. platinum wire) - before it is tested in a

two-electrode system, where necessary.

1.3.1 Cyclic Voltammetry

The CV analysis probes the relationship between the applied voltage and the response of the
working electrode to the current applied [24]. The shape taken by the CV curve is largely
determined by the energy storage mechanism of the supercapacitor used, which can be an EDLC,

a pseudocapacitor or a hybrid of the two. (See Figure 1.2.) The CV curve is also useful for



calculating the specific capacitance of a supercapacitor electrode at different scan rates, and is

instrumental in electrochemical kinetic analysis [25].

1.3.2 Galvanostatic charge discharge

The galvanostatic charge discharge (GCD) test shows the potential response of a working electrode
with respect to time [26]. The linearity or non-linearity of a supercapacitor electrode depends on
the storage mechanism used. While the EDLC-type usually takes a linear form, the
pseudocapacitor or battery-type is usually non-linear, as shown in Figure 1.2. The energy, power
density and cycling stability can be calculated from the GCD curves using equations (1.1 — 1.3)

provided earlier.
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Figure 1.2 CV and GCD curves of different electrode materials.
Source: Ref. [27]

1.3.3 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a multi-frequency electrochemical technique
used to estimate the electrical resistance of active materials in a solution over an extended range
of frequencies (usually from 1 mHz to 10 kHz) [28]. The Nqyuist plot obtained from the EIS

measurement reflects the impedance spectra over a known range of frequencies [29]. (See Figure

4



1.3.) An electrochemical circuit is usually drawn to fit the EIS spectra and different fitting
parameters, including internal resistance to the solution (Rs), charge transfer resistance (Rct) and
Waburg impedance (W). The parameters can be used to measure the conductivity of the electrode

material and (by extension) the overall capacitive performance.
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Figure 1.3 Typical Nyquist plot of silver oxide thin film electrodes, with the inset showing the
equivalent circuit.
Source: Ref. [29]

1.4 MOFs for supercapacitors

Metal-organic frameworks (MOFs) are novel coordinated porous materials constructed from metal
secondary building units and organic linkers [30]. MOFs have a unique 3D structure, which means
that their pore characteristics can easily be tuned by changing the bridging linkers. As a result,
MOFs have proved to be useful functional porous materials in various fields, including catalysis,
drug delivery, gas storage and separation [31-33]. Furthermore, their large specific surface area
and tunable pore properties are the main reasons why they can also be used as electrochemical
supercapacitor electrodes [34]. MOFs comprising both the metal clusters and carbon sources (from
the organic linker) ensure that they can be employed as templates or precursors for advanced

electrode materials.

The latest research on MOFs for supercapacitor applications can be grouped into three categories,

namely: [35-38]



. Controlling the physicochemical properties of MOFs by using them as precursors or
templates to produce MOF-based materials, including porous carbon, metal oxides, metal
hydroxides, metal sulfides and a host of other derivatives. In this category, the synthetic
protocol adopted for the synthesis of precursor electrodes will go a long way in fine-tuning
the morphology, size and chemical composition of the derived electrode materials compared
to pristine MOFs.

. Forming nanocomposites by combining MOFs with conductive polymers (such as
polyaniline (PANI) or polypyrrole (Ppy)) or carbon materials (such as activated carbon (AC),
graphene and CNTSs). This approach is key to improving the structural stability, conductivity
and cycling stability of MOF-derived electrodes.

. The third category involves fabricating novel MOFs used exclusively as supercapacitor
electrodes. The stability and conductivity are important considerations for pristine MOFs,

even if new, to be employed directly as supercapacitor electrodes [39-40].

1.5 Problem statement and justification

Electrode materials play a key role in the performance of a supercapacitor, including in terms of
specific capacitance, energy/power density and cycling stability. Only electrode materials with
remarkable conductivity, excellent energy density and stable storage performance are suitable for
use in supercapacitor applications. To date, designing an ideal supercapacitor electrode with high
energy density has remained a challenge, with the conventional EDLC-type and the
pseudocapacitive materials limited by poor conductivity, limited cycle life, low energy density and

low capacitance.

Recently, MOFs have come to be considered ideal electrodes for supercapacitors because of their
well-coordinated structure, remarkable porosity, high surface area and ease of
tunability/functionality. However, poor electronic conductivity and low stability are serious
drawbacks that limit them being used to produce supercapacitors on a commercial scale. To
overcome this challenge, MOFs are either used as sacrificial templates or they are composited with
conductive substrates, such as carbon-based materials and conductive polymers, while preserving

the structural integrity of the parent MOFs. The synergistic effects of these composite electrodes



offer new physicochemical properties and improve the electrochemical performance of the

electrode.

In recent years, noteworthy breakthroughs have been recorded in the use of MOF-derived
electrodes for supercapacitors. Nonetheless, more improvements should be made, especially in
terms of energy density and cycling stability. In this study, a rational and multi-faceted approach
towards boosting the performance of MOF-derived electrodes in terms of energy density and stable
performance was taken to probe the storage mechanism using detailed electrochemical kinetics
analysis. The aim was to gain a better understanding of the structure-performance relationship and

further improve on it.
1.6 Research aim and objectives

This study was aimed at: developing new electrode materials and a unique strategy for enhanced
energy storage applications using MOFs as the template: and gaining a deeper understanding of
the improved performance. The intention was to develop a solution to overcome the low
performance of pristine MOFs in supercapacitors, which are usually plagued by low conductivity

and poor stability.
The following detailed objectives enabled the aims of the study to be achieved:

. To employ MOFs as sacrificial templates or precursors to obtain new electrode materials.

. To introduce unique strategies to obtain composite electrodes for supercapacitor
applications.

. To study the electrochemical supercapacitor performance of the as-prepared electrodes using
CV, GCD and EIS.

. To study the effects of varying parameters and conditions on the electrochemical
performance of MOF-based electrodes.

. To appraise the electrochemical kinetics analysis of the electrodes using different models.

To gain in-depth understanding of the energy storage mechanism of the fabricated electrodes.



1.7 Thesis structure
This study report is organized into seven (7) chapters, i.e.:
Chapter 1: Introduction

This chapter gives a brief background on supercapacitors, MOFs, performance parameters and
evaluation indices. It also details the research problem, the justification for the research, its aims

and objectives and the structure of the thesis.
Chapter 2: Literature review

Chapter 2 provides a review of the literature on the use of MOF-derived Zn and Ni-based
electrodes for supercapacitor applications. Recent progress made and the challenges in this area
are discussed, while areas that require further investigation are noted. Consequently, this chapter
provides a template for a proper discussion of the research work that has been done in subsequent

chapters.
Chapter 3: Flexible supercapacitors based on nanocomposites of MOFs

This chapter provides an extended review of the literature that deals with advances made with
nanocomposites of MOF-derived electrodes beyond Zn and Ni. The supercapacitors could meet
the growing demand if they are flexible and deliver high performance. Hence, this chapter focuses
on the prospects in terms of the electrode materials prepared in this study and provides various

suggestions for future research.

Chapter 4: Dual ligand MOF-derived composite electrodes for elevated supercapacitor

performance

This chapter describes a new double-ligand MOF strategy to fabricate NiO and NiO/C composite
electrodes for supercapacitor applications, and the results are presented and discussed.
Characterization of the electrodes was done with the aid of XRD, TGA, BET, Raman, SEM/TEM
and FTIR. The electrochemical energy storage performance using CV, GCD and EIS established
the proof of concept, while the charge storage mechanism of the electrodes was evaluated using

electrochemical kinetics analysis.



Chapter 5: Self-assembled Zn-doped Ni-MOF as free-standing electrodes for supercapacitor

applications.

Chapter 5 provides a discussion of the different concentrations of Zn ions used to dope pristine
MOFs, which are used as binder-free electrodes for supercapacitor applications. The
electrochemical performance of the various doped samples and a comparison with the relevant
literature data is provided. The electrochemical performance of the highest performing electrode -
which is measured in terms of specific capacitance, energy/power density, cycling stability and

rate capability - was justified by studying its storage mechanism.

Chapter 6: Multi-walled carbon nanotube (MWCNT)-modified ZnO/C as a new composite

electrode for improved energy storage

In an attempt to enhance the performance of the MOF-derived supercapacitor electrodes, which
are plagued by low conductivity, hydroxyl functionalized MWCNT was used to modify ZnO/C.
The resultant ZnO/CMWCNT composite electrode was applied in supercapacitor applications for
the first time. This study also involved a comparison of the electrochemical performance of the as-

prepared electrodes to relevant materials in the literature.
Chapter 7: Conclusion and recommendations

This chapter completes the thesis, gives an overview of the key findings in this study and provides

useful suggestions for future research directions.

In summary, this thesis provides vital information regarding different strategies to improve the
performance of MOF-based electrodes in electrochemical energy storage application. The
practicality of this is geared towards developing new and fascinating electrode materials for
supercapacitors. A list of references are provided at the end of each chapter, while the thesis ends

with recommendations for further research output and the appendices.
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Chapter 2: Literature review

Design of zinc and nickel-based MOFs and composites for supercapacitor applications
Abstract

A sustainable, cost-effective, clean energy storage system is key to meeting growing global energy
demands and to solving the problem of over-reliance on fossil fuels. Most existing supercapacitor
materials used to store energy are limited by either low energy density or electrolyte leakage. This
may be rectified by designing high-performance electrode materials that can balance energy
density and power delivery while maintaining superb storage performance. Metal-organic
frameworks (MOFs) are promising electrode materials for energy storage applications, because
they have well-ordered pores in regular patterns, which can store energy by creating redox sites
that enhance faster ion-diffusion. The major impediments to using pristine MOFs as electrode
materials for supercapacitors are poor cycle stability and low electrical conductivity. This can be
remediated by designing MOF composites with good electrical conductivity and good cycle
stability.

This chapter deals with recent advances made in improving the electrochemical energy storage
applications of MOFs by exploiting the synergistic benefits of the components that constitute
transition metal-based composites. Specifically, attention is given to smart design of composite
electrode materials from MOFs containing zinc and nickel-based electrodes and their
electrochemical performance. The main obstacles to using transition metal-based MOFs as
supercapacitors (SCs), and the key steps to further improving their use in applications are detailed
in this chapter. It is expected that this chapter will provide insight into rational design of high-
performing electrode materials using Zn and Ni-MOF-based electrodes for enhanced

electrochemical energy storage applications.

Keywords: Energy storage, MOFs, supercapacitor, transition metals, energy density
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2.1 Background

Sustainable energy storage and conversion systems have seen a spark in research attention
due to economic concerns and concern about environmental pollution. Specifically, there are ever-
increasing demands for energy and a renewed drive to employ clean, green, efficient energy
sources to replace fossil fuels that contribute to global warming, climate change and other
environmental-related problems [1].

Of crucial significance are the batteries and supercapacitors used as storage devices in myriad
applications, such as in the energy and transportation sectors. Both devices have gained
prominence globally and concerted effort is being made to boost their performance, in order to
meet the enormous expectations of the world’s growing population [2]. Different approaches and
techniques have been adopted to improve the electrochemical performance of electrode materials
used as energy storage devices [3]. Compared to conventional batteries, supercapacitors (otherwise
known as ultracapacitors) possess desirable characteristics, such as a long cycle life, superb power
density and a fast charge-discharge rate [4]. They are designed to make up for the deficiencies
associated with batteries, such as low power density and a short cycle life [5]. They can swiftly
and conveniently store large amounts of energy and discharge it just as quickly. Supercapacitors
are increasingly being used in industry these days, and have found use in energy devices,
electronics (such as cameras, phones and laptops) and memory backup systems. SCs have also
been instrumental in retrieving the braking energy in trains and buses, and, more recently, have

been used to open the emergency doors of the Airbus A380 airplane [6-7].

One common disadvantage that limits the use of supercapacitors in large-scale applications
is their low energy density [8]. For instance, compared to lithium-ion batteries (LIBs), which can
attain an energy density of about 200 Wh/kg, supercapacitors can only deliver energy density
below 10 Wh/kg [9]. One of the strategies devised to overcome this performance limitation is the
fabrication of novel electrode materials with an enhanced ions/electrons transportation rate [10].
Another approach involves increasing the voltage (V) or capacitance (C) of the cell via
optimization of the interface between the electrodes and electrolytes, according to the equation
E=0.5CV?2 [11]. But in this chapter, more attention is paid to the former approach than to the latter.

The rational fabrication of electrode materials influences the performance of SCs in no

small way. Some of the parameters that determine the optimal performance of a good SC include
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a substantial specific surface area, high conductivity, excellent pore characteristics, good thermal
stability and low cost [12]. Materials appropriate for use as high-performance SCs that perform
better than the batteries are carefully chosen and optimized to obtain the desired properties.
Examples of SCs include: carbon-based materials such as activated carbon (AC); carbon nanotubes
(CNTSs) and carbon nanofibers (CNFs); metal oxides/hydroxides such as Co304, MnO2 and RuOy;
conductive polymers such as polypyrrole (PPy) and polyaniline (PANI) [13]. These conductive
materials have both advantages and disadvantages. For instance, carbon-based materials are
characterized by good stability and high conductivity, but feature low energy density. Despite the

considerable specific capacitance of metal oxides/hydroxides, they exhibit low conductivity [14].

Based on the storage mechanism that operates, supercapacitors are grouped into three
categories, viz: electrical double-layer capacitors (EDLC), pseudocapacitors (PC) and hybrid
capacitors (HC) [15]. (See Figure 1.) The third class, a hybrid supercapacitor (HSC), is a
combination of the first two storage mechanisms. The EDLC stores the charge (non-Faradaic)
electrostatically at the interface of the electrode and electrolyte through the adsorption-desorption
process [16]. Carbon-based materials make up this class (EDLC), in the main. Pseudocapacitors
store a charge through the redox reaction (Faradaic process), and complexes of transition metals
and conducting polymers are composed of PC. HSCs combine the storage mechanisms of EDLC

and PC, as the charge is stored by both Faradaic and non-Faradaic processes [17].

The interminable search for high-performance materials that meet the requirements for a
good supercapacitor has resulted in the discovery of porous, crystalline coordination compounds
called metal-organic frameworks (MOFs). MOF constituents basically contain metal
nodes/clusters and organic linkers, and are known for their excellent pore characteristics, tunable
functional groups and well-dispersed metal centers [18]. Compared with other porous materials
(such as zeolite), MOFs exhibit a high specific surface area and ordered porosity, which facilitates
the transportation of ions during electrochemical reactions [19]. Despite the distinct benefits that
accompany the use of MOFs for supercapacitor applications, they suffer from low conductivity,
which can limit their use in electrical devices. However, their surface area (which can be as high
as 6000 m?/g) means that they are ideal for investigation in terms of electrochemical applications,
especially supercapacitor applications [20], as a large surface area is critical to the high activity of
a supercapacitor.
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Another concern regarding the use of MOFs as supercapacitor electrodes is their low
chemical, thermal and mechanical stability [21]. The low chemical stability of MOFs stems from
the type of bonding that exists in MOF structures, which is typically formed via a reversible
coordination bond, rather than the conventional covalent bond that is common with most materials.
To address this challenge, novel new stable MOFs are synthesized via de novo synthesis, or
different strategies are developed (including in situ and post-synthetic modifications) to enhance
the stability of existing MOFs [22].

The advances made in MOF research in terms of energy storage applications has resulted
in them being used as a sacrificial template to synthesize various composites of transition metals,
such as Ni, Fe, Co, Cu and Zn. Transition metals possess multiple oxidation states, in addition to
excellent specific capacitance. MOF composites could be used to incorporate highly conductive
materials - such as AC, CNTs, graphene oxide (GO) and conducting polymers - into the parent

MOF to enhance their use in electrochemical energy storage applications.

Among the transition metals, Ni and Zn were selected as the focus of this study because of their
abundance, eco-friendliness, cost-effectiveness and excellent redox properties [23-25]. This
chapter focuses on recent advances made in the use of transition metal-based (Zn and Ni) MOF
composites as supercapacitors for electrochemical energy storage. The smart strategies of
modifying the structure of Ni and Zn-based MOFs to obtain composite Zn/Ni oxides, hydroxides
and mixed Zn-Ni oxides with improved capacity and reasonable cycling stability are discussed.
The overall objective of this chapter is to detail the latest research trends in terms of the
electrochemical performance and capacitance of Zn and Ni-based MOF composites, and to
highlight the areas that require further attention in order to obtain high-performing materials.
Finally, an overview of the research directions and prospects is provided, together with the

potential downside in the field of Ni and Zn-based MOFs for supercapacitors.

Table 2.1: Comparison of a battery and supercapacitor as energy storage devices.

S/N  Performance Battery Supercapacitor
1 Charge time 1-5h 0.3-30s

2 Discharge time 0.3-3h 0.3-30s

3 Power density (W/kg) 5-200 Up to 1000
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4 Energy density (Wh/kg) 1-100 1-10
5 Charge-discharge efficiency 0.7-0.85 0.85-0.98
6 Cycle life 500-2000 > 100000

Source: Ref. [26]

e Activated carbon
* Carbon nanotubes
* Carbon aerogels,

* Metal oxides

* Conducting
polymers

* Metal sulphides,

Supercapacitors
P P * Pseudo/EDLC

materials

Figure 2.1 Different types of supercapacitors and some examples: EDLC; PC; HSC.
2.2 Potential of Ni and Zn-based MOFs for supercapacitors

The research done on coordinating transition metal ions such as Ni and Zn with organic
linkers has led to breakthroughs in the research on synthesizing MOFs and investigating their
performance in different applications, including energy storage [27]. However, when pristine
MOFs are employed as electrode materials for supercapacitors, they suffer from low conductivity
and short cycling stability, which limit their rate performance and, by extension, their use in
practical applications [28]. However, a large number of porous Ni and Zn-based nanostructures
and their composites have been fabricated via several strategies that will be expounded on in the
next section [29]. These strategies aim to improve the electrochemical performance of the parent
MOF while also preserving its properties. Additionally, these modifications can also deliver the
target level of conductivity and the other requirements needed to enhance the overall performance

of an electrode.
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Ni-based compounds and derivatives have mainly been used as electrode materials for
energy storage because of their excellent redox potential and their ability to facilitate rapid ion
diffusion and electron transfer [30]. For instance, Zhao et al. used pristine Ni-MOF as a template
to synthesize Ni nanoparticles in a matrix of N-doped porous carbon (Ni/N-PC), which was then
used as the electrode material for supercapacitors [31]. The results obtained demonstrated that the

material displayed a high-rate performance (2002 Fg* at a current density of 1 Ag?) and
outstanding cycling stability (about 92% after 5000 cycles at 10 Ag™). In another study, Qu and

co-workers designed an Ni-ADC-DABCO MOF that displayed considerable pseudo-capacitive
performance with a specific capacitance of 522 Fgtat 1 Ag™ [32].

Zn-based MOFs are another promising material that can serve as a template for the design
and synthesis of a large number of high-performance composite materials, to make up for the
challenges associated with pristine MOFs [33]. In particular, zinc helps to promote electrical
conductivity and enhance redox reactions. Some of the pristine MOFs from which derivates are
obtained are MOF-177, MOF-5, IRMOF-1, ZIF-8, [Znz(bdc).dabco]n [34-35]. These MOF
materials differ in their organic functionality, textural properties and electrochemical performance.
Unlike Ni-MOFs, pristine Zn-MOFs have rarely been reported in the literature as potential
supercapacitor electrodes. Even with Ni-MOFs, their low cycling stability at a high current density
still poses some problems. Hence, there is a need to develop composite materials that will possess

high cycling stability at a high current density.
2.3 Smart design of composite electrode materials from Ni and Zn-based MOF templates

Composite materials with sufficient conductivity and stability are required to produce the next
generation of electrode materials with good electrochemical performance [36]. Zn and Ni-based
composites are used due to their superior conductivity, strong redox reaction and superior
mechanical strength. The transition metal-based electrode materials are made using three main
strategies, i.e. the etching, annealing and template processes [37-40]. Only a small percentage of
Ni and Zn-based MOFs are commonly used to produce MOF derivatives. These are elucidated on

in the next section.
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2.3.1 Annealing approach

MOFs can be used as a template for direct synthesis of MOF composites by preserving the
structural integrity of the parent MOF. Annealing MOFs into Ni and Zn-based electrodes is a
convenient and effective approach [41], as the organic linker in Ni and Zn-based parent MOFs
converts to volatiles to produce Ni and Zn-based electrodes. However, the structural integrity of
MOFs may be threatened at a high temperature, which may have a strong effect on the textural
properties of the resulting nanostructures [42]. Even when the temperature is lowered, some
drawbacks may limit the practical use of the obtained derivatives, including low electrical
conductivity of the derived carbon materials, which may result from poor crystallinity [43].
Therefore, it is critical to incorporate strategies that will help create pores and stabilize the
framework during the pyrolysis process. Several studies have adopted this approach, including the
study done by Park and co-workers [44], who synthesized flower-like (NMF-1) and hollow
spherical (NMF-2) NiO from Ni-MOFs containing 2-methylimidazole and terephthalic acid,
respectively. The parent MOF was annealed for 4 h at 400 °C in air. Electrochemical testing of the
electrodes showed that the hollow sphere NiO performed better than the flower-like NiO, with the
former having a specific capacitance of 1058 Fg™ at a current density of 2 Ag™ compared to the
857 Fg! shown by the latter at the same current density. The hollow spherical NiO also possesses
great capacity retention, i.e. above 93% after 5000 cycles. The authors attributed the enhanced
performance to adequate active sites and transport ports that are large enough for electroactive
species [44].

In order to enhance the performance of single metal electrodes, Wang and co-workers
fabricated oxides of ZnCo0204 supported on Ni foam from Co/Zn-MOF for a supercapacitor
application [45]. The bimetallic oxides were formed when the precursor MOF was annealed at
different temperatures for stabilization prior to oxidation. The resulting crystalline bimetallic
oxides possessed nanosheet morphology, while the incorporation of Zn influenced the size and
thickness dramatically. When tested for supercapacitor applications in a 3 M electrolyte (KOH)
solution, ZnCo,04 annealed at 200 °C and showed a very high areal capacitance of 3.19 F cm 2 at
a current density of 2 mA cm 2. Additionally, at an elevated current density of 2mA cm 2, about

84% of the initial capacitance value was retained.
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In summary, annealing has been noted as a facile strategy to produce the derivative Zn and Ni-
based compounds for high-performance storage capability. However, the annealing temperature
must be selected carefully, and must preferably be below the decomposition temperature of the
framework under inert temperature. If not, the framework collapse can lead to clustering of the
particles, which affects the textural properties of the derivatives and the resultant electrochemical

performance.

2.3.2 Etching approach

The etching process is a smart way to prepare Ni and Zn composite electrode materials with
an open architecture and doped heteroatoms from MOF precursors [46]. Several organic molecules
are used as etching agents, including inorganic and organic acids. This strategy is simple, and the
structural features of the resulting materials can be tuned by altering the transformation parameters
[47]. Liu and co-workers [48] adopted this strategy to obtain a transition metal-based electrode. A
mesoporous silica layer was employed to wrap ZIF-8 and so guard against the agglomeration of
the resulting porous carbon during pyrolysis. (See Figure 2.2.) The silica layer was removed by
etching to produce well dispersed porous carbon nanospheres with a particle size below 100 nm.

Coating A
_—
mSiO, Etching
ZIF-8 ZIF-8@mSiO, PMCS

Figure 2.2: Scheme for the fabrication of a porphyrin-like carbon sphere from ZIF-MOF using the
etching process.
Source: Ref. [48]

Similarly, in 2019, Ma et al. [49] used Zn-ZIF (ZIF-8) and the etching method to produce
“hierarchical porous honeycomb-type carbon frameworks (HHCF)” for use in supercapacitor
applications. (See Figure 2.3.) The honeycomb-type carbon framework (HCF) was initially
obtained during high-temperature calcination of the ZIF-8 precursor, coupled with PVP as an
additional carbon source. Acid was then used to etch the Zn metal and the HHCF is produced when

various micropores appear on the HCF framework. The HHCF showed extraordinary
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electrochemical performance when tested with a specific capacitance of 361 Fg™ at a current
density of 1 Ag™ in 6M KOH and 182 Fg* when the current density was increased to 100 Ag™.
(See Figure 2.3.) The HHCF also exhibited a considerable current density of 74 WhKg™ in ionic
liquid. The HHCF was also used as the electrode material for a flexible solid-state supercapacitor

and showed high energy density, great flexibility and remarkable specific capacitance [49].

Thus, the etching method is a promising strategy for transforming MOF templates into Zn and
Ni composite electrodes. Its efficiency can be enhanced by optimizing the etching parameters and
the morphological conditions of MOFs, which will leave an abundance of active sites on the
resulting nanostructures for easy access to electrolyte ions and ensure enhanced energy storage

performance. However, the high cost of MOF precursors may limit their use in practical

applications.

.. Mixed & Dried
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Figure 2.3 Representation of the synthesis of HHCF.
@ Self-growth of ZIF-8 nanostructures laced with PVP to produce ZIF-8@PVP. 2) Synthesis of

HHCF by pyrolysis of ZIF-8@PVP at 800 °C in Argon. 3) Activation process involving etching of
KOH and the removal of Zn.)
Source: Ref. [49].

HHCF
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2.3.3 Hydrolyzing approach

The commonly used annealing strategy often requires a high temperature to obtain MOF
derivatives, which leads to the aggregation of nanoparticles. The MOF-hydrolyzing approach can
be used instead for controlled transformation of MOF templates into transition metal hydroxides
with textural properties that are appropriate for use in supercapacitor applications [50].
Interestingly, this method allows for recycling expensive organic linkers and the
commercialization of electrode materials. During hydrolysis of MOFs into the transition metal
hydroxides of interest, the bond coordinating the transition metal and the linker breaks up, which
allows the organic ligand to be hydrolyzed [51]. The precipitated ligand can then be recovered by
neutralizing the aqueous solution to fabricate more MOF materials and composites. Additionally,
the hydrolyzing conditions need to be optimized to maintain the porosity and morphology of the
parent MOFs.

One example of this strategy is seen in the work of Zhou et al., where controlled alkaline
hydrolysis of MOFs vyielded a hierarchical Ni-based layered double hydroxide (LDH) via the
pseudomorphic conversion approach, while the structural integrity of the MOF template was
preserved. [52]. A Ni-based MOF, N[Ni3(OH)(Ina)3(BDC)1s], was employed as the template, as
it contains the Nis(us-OH) building unit that conforms with LDH. Using isotopic tracing analysis,
it was shown that the ps-OH cluster in the template was instrumental in preserving the structural
integrity of the resulting particles during hydrolysis. This is possible by preventing leaching of the
Ni2*. The cluster can also help with the judicious selection of MOF templates. Benefitting from
the fact that MOFs are easily adjustable, the Ni* in the parent MOFs was partly substituted with
Co?* during MOF synthesis to afford Ni/Co-LDH microspheres with varying ratios. This
conversion was monitored by scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), as shown in Figure 2.4. The results obtained revealed that Ni/Co-MOF-7:3
has uniform microspheres with particle sizes up to 1.5 um (Figure 2.4a), which remained constant
after soaking in a 1 M KOH solution (Figure 2.4b). The pseudomorphic conversion process was
also established, with the TEM images (Figure 2.4c) showing the same size particles (1.5 um). The
homogeneous distribution of Co and Ni in Ni/Co-LDH-7:3 was shown by EDS elemental mapping.
(See Figure 2.4d.) When applied as a supercapacitor electrode, Ni/Co-LDH-7:3 exhibited a
superior capacitance of 1652 Fg™ at a current density of 1 Ag™* and outstanding cycling stability,
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even after 2000 cycles. When the electrode was employed as an all-solid-state asymmetric
supercapacitor at a power density of 74.3 W/Kkg, it possessed a high energy density of 32.9 Wh/kg
[52].

Figure 2.4 Characterization results showing (a) SEM image of the MOF template - Ni/Co-MOF-7:3.
(b) SEM image of the fabricated electrode - Ni/Co-LDH-7:3. ¢ and e) TEM images at different
magnifications of the Ni/CoLDH-7:3. d 1 to 3) Mapping of the Ni/Co-LDH-7:3 using SEM.

Source: Ref. [52]

Although hydrolysis of MOFs is a well-organized and cost-effective strategy for the design
of transition metal hydroxides, the partial transformation of MOF residuals can limit the charge
storage capability, as a result of the ‘outside-in’ process. The MOF residuals may also interact with
the electrolyte and impede the charge/discharge cycles - and therefore the cycle stability of the
electrode material. To this end, Sun et al. undertook the first-ever study on complete hydrolysis of
Ni-MOF-74, Nix(dhtp)(H20)..8H20. The result of which possesses regular 1D pores in
hierarchical nickel hydroxide, Ni(OH). for supercapacitor application [53]. This complete
transformation can occur concurrently inside and outside the MOF template, based on the reaction
temperature. This is critical to ensure high performance of the supercapacitor, because the organics
within Ni(OH)2 help to prevent the transportation of OH and elongate the diffusion paths. When
tested for electrochemical activity, the MOF-derived Ni(OH). obtained at 75 °C displayed a
specific capacitance of 713 C/g at 1 Ag™; this dropped to about 58.2% of the original value at 25
A g [53]. In addition, an all-solid asymmetric supercapacitor electrode was fabricated using
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Ni(OH)2 and active carbon, which revealed an energy density of 36.2 Wh/kg at 436.1 W/kg power
density [53].

It is also evident from most studies involving transition metal-based electrodes for
supercapacitors that they are always accompanied by low cycle stability, because of the exacting
volume effects and low reaction kinetics during the charge-/discharge step. To remediate this,
Zhang et al. used a hot alkaline hydrolysis strategy to synthesize a core-shell Nio7C00.3(OH):
microsphere from an Ni-Co-MOF precursor that was hydrolyzed in KOH and heated at different
temperatures [54]. Transformation of the template into hydroxides is a two-step reaction process,
viz. MOF hydrolysis and hydroxide crystallization. The two reactions first occurred outside the
MOF sphere, and there is a chance that the inner spheres were wrapped by crystallized MOF-
derived Nio7C003(OH)2. So, the rate of the two reactions must be equal to achieve complete
hydrolysis. Complete hydrolysis occurred at a temperature of 120 °C at a KOH concentration of
0.2 M. This material showed outstanding performance when tested for electrochemical
supercapacitor application. At a current density of 0.2 Ag™, the Nio.7C0o3(OH): electrode prepared
at 0.2 M KOH showed a high specific capacity of 945 C/g, and retained this even after 10000
cycles. When fabricated for an asymmetric supercapacitor device, it exhibited an outstanding
current density of about 40 Wh/kg at a power density close to 401 W/kg and retained this
performance even after 20,000 cycles [54].

In summary, hydrolysis of MOFs is a promising route to obtain hydroxides from Zn and
Ni-based electrode materials, which can lead to good electrochemical performance. This strategy
allows the expensive organic ligands to be recovered, and it can also be applied for large-scale
synthesis of transition metal-based electrodes for supercapacitor applications. However,
limitations such as incomplete hydrolysis and low cycle stability may affect storage capability, if

the reaction conditions are not well optimized.
2.4 Applications of MOF-derived Zn and Ni-based electrodes in SCs

Supercapacitors (SCs) that are classified as pseudocapacitors, based on the charge storage
mechanism, usually exhibit good storage ability [55]. These pseudocapacitors use transition metal
oxides (such as ZnO and NiO) as their working electrodes. They can be fabricated either by
conventional means or via pristine MOFs when they are annealed in specific environments [56].

Compared with traditional methods, MOF-derived ZnO and NiO possess considerably higher
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porosity, with an excellent specific surface area that can facilitate rapid diffusion of electrolyte
ions for enhanced electrochemical storage performance [57]. Despite these advantages, MOF-
derived transition metal oxides may not always deliver optimum performance, especially if certain
electrical conductivity enhancing factors are lacking. Therefore, ZnO and NiO are incorporated
with polymers and carbonaceous materials, and are sometimes doped with other transition metals,
in order to make up for the deficiencies. The final composite electrode materials usually exhibit
good electrical conductivity, a large specific surface area, excellent porosity and considerable
stability, which translates into high capacitive retention and stable performance [58].

2.5 MOF-derived Zn and Ni oxides composite electrodes in SCs
Because of its outstanding thermal/chemical stability and great mechanical flexibility, ZnO

is regarded as a material of interest in terms of high-performance supercapacitor applications
among the different known transition metal oxides [59]. ZnO is frequently combined with a hybrid
material to boost its electrochemical performance in order to maximize its potential as an electrode
material [60]. Because of the additional benefits inherited from both the MOF and the zeolite, such
as adjustable porosity, ease of functionalization, and strong chemical and thermal stability of
MOFs, ZIF is commonly used as the ZnO precursor [61]. The resultant hybrid materials made
from parent MOF materials have a high conductivity, high porosity, and a large specific surface
area [62], demonstrating the advantages of the constituent components. MOF-74(Zn) was
investigated as a template for zinc composite ZnO-carbon (ZnO-C) by Gan and colleagues [63].
The capacitive performance of porous ZnO-C (obtained via pyrolysis of the parent MOFs at
various temperatures) increased with increasing temperature. Using a 1 M H2SOs electrolyte
solution, the composite material that was pyrolyzed at 900 °C demonstrated the greatest capacitive
performance, with a specific capacitance of 197.84 Fg™! at 0.1 Ag™. However, increasing the
pyrolysis temperature (up to 1000 °C) caused the specific capacitance value to drop. This might
be due to the fact that at higher temperatures, the pore size distribution constricted. Surprisingly,
after 1000 cycles, nearly 98 percent of the capacitance was preserved at 1 Ag-1, demonstrating the

composite material's exceptional cycling stability [63].

Rooting metal oxides (including ZnO) on a substrate to build a bridge, which decreases mechanical
shedding and improves electrical conductivity between the substrate and the active material, is

another efficient technique to increase their electrochemical performance. Han et al., for example,
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used a root-etch-wrap technique to produce a hollow-core shell-structured electrode that integrates
the structural composition and synergistic qualities of the different elements that make up the
electrode [64]. PANI/ZnO@ZIF-8-CC, the manufactured electrode, has good conductivity and
mechanical strength, resulting in a fantastic areal capacitance of 4839 mF cm-2 at 5 mA cm-2, a
high rate capability, and high cycling stability (87 percent for 10,000 cycles at 5 mAcm-2) [64].
(For further information, see Figure 2.5.) The synergistic raised surface area and porosity of the
MOF precursors, ZIF-8 and ZnO, along with the pseudocapacitance advantages of PANI, resulted
in an improved capacitance of this electrode. When compared to the capacitance performance of
PANI-ZIF-67 without ZnO (2146 mF cm-2 at 10 Vs-1) [64], the former demonstrated a greater

capacitance performance.
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Figure 2.5 Electrochemical performance of the composite.

a) Contact angles of electrodes without PANI (ZnO@ZIF-8-CC) and with PANI, PANI/ZnO@ZIF-
8-CC. b) N 1s spectrum of both electrodes. ¢) CV. d) GCD plots of PANI-incorporated electrodes. e)
Capacitance. f) Nyquist plots PANI-incorporated electrodes.

Source: Ref. [64]

Because of its inexpensive cost, great abundance, outstanding thermal/chemical stability,
and remarkable theoretical specific capacitance (3750 F g-1) [65], NiO is regarded one of the most

promising electrode materials for supercapacitor applications. However, because NiQO's specific
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capacitance is much lower than its theoretical value, various adjustments are necessary to improve
its electrochemical supercapacitor performance [66]. In other cases, such as in the work of Wu and
co-workers [67], who reported NiO nanocubes with a specific capacitance of 1012 mF cm?,
attempts were made to change the form and structure of NiO. NiO in various forms, such as hollow
structures, nanoplates, nanoslices, nanospheres, and nanocolumns, has been described in other
research [68-69]. In other circumstances, incorporating conducting elements such as carbon
materials (including graphene, CNTSs, and reduced graphene oxides) to improve their electrical
conductivity might improve the performance of the NiO structure for supercapacitor applications
[68]. Because of the powder nature of composite electrodes, insulated binders are used in these

circumstances [69].

A NiO nanostructure was employed as a template and precursor for smart synthesis of a
well-distributed porous MOF-based nickel oxide-composite electrode by Chen et al. in 2020 [70].
A two-step hydrothermal procedure was used, in which NiO was grafted onto CNF as a self-
sacrificing template and precursor, and subsequently Ni-MOF was created by adding an organic
linker (H3BTC). Under optimal reaction circumstances, the final electrode was made using a
separate hydrothermal process. The NiO@Ni-MOF/NF electrode produced has a capacitive
performance of 1853 C cm? at 1 m A cm™. The NiO@Ni-MOF/NF positive electrode and CNT
negative electrode of the asymmetric supercapacitor produced energy and power densities of 39.2
W h kgt and 700 W kg™, respectively. Furthermore, after 3000 cycles, the electrode preserved a
capacitance of 94 percent. This composition improved the electrode's conductivity and gave the
MOF precursor a moderate orientation, which helped to shorten the transport channel and increase

ion storage [70].

Shin et al. produced a new nickel oxide/carbon composite as a stand-alone electrode for a
supercapacitor use in 2021 [71]. In that work, a Ni-MOF with a 1D structure was constructed on
CNF and shown outstanding conductivity. As shown in Figure 2.6a, this was followed by direct
heating at 400 oC for 1 hour in a N2 environment. The produced materials' surface morphology
(as determined by FESEM and HRTEM) revealed that Ni-MOF was effectively developed on the
CNF surface [71]. (See Figures 2.6b and 2.6¢ for further information.) It was also discovered that
carbonizing the MOF precursor produced a nickel oxide-based electrode while maintaining the
integrity of the MOF, with the exception of minor fissures in the electrode caused by evaporation
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of the stacking solvent and framework disintegration [71]. (See Figure 2.6d for further
information.) Fabrication of NiOs via the carbonization process was indicated when compared to
the electrode without NiO (Figure 2.6f) and without pyrolysis (Figure 6g). With a specific
capacitance of 742.2 Fg-1 and 67.1 Fg-1 at current densities of 1 and 10 Ag-1, respectively, the
NiO/C@CNF electrode produced in 3 M KOH demonstrated exceptional rate capability.
Furthermore, the asymmetric supercapacitor made from the electrode and AC had a high specific
energy density of 58.43 Wh kg-1 and a high energy density of 1947 W kg-1, respectively, as well
as good cycle stability [71]. The synergistic impact of NiO, which is well-distributed in the carbon
matrix, together with the superior electrical conductivity of the CNF film, was contributed to the

high performance of the constructed supercapacitor [71].
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Figure 2.6 Preparation of NiO/C@CNF.

(a) Scheme showing the synthesis of NiO/C@CNF. FE-SEM images of: b) MOF precursor (Ni-MOF);
c) NiIMOF@CNF; d) NiO/C@CNF; e) CNF HRTEM images of f) MOF precursor @CNF; Q)
NiO/C@CNF.)

Source: Ref [71]

To ensure closeness between the transition metal oxide nanoparticle and the carbon-based
material, it is critical to design a composite electrode in which the particle size of the zinc and
nickel oxide microstructure stays tiny while enclosed in the carbon matrix. This will result in an
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increase in conductivity, allowing the active areas of the electrode materials to be more easily
exposed. Huo and his colleagues’ work [72] is an example of this. They observed high
electrochemical performance of NiO/C/rGO, which was dependent on pyrolysis of the MOF
template on GO for size-control synthesis of NiO (2-3 nm) in a spherical carbon matrix supported
by rGO [72]. The nickel oxide and carbon/electrolyte were able to make intimate contact because
of the tiny particle size. The resulting carbon/rGO complex, on the other hand, can significantly
improve the composite's cycle stability. Furthermore, although the composite electrode had great
capacitive performance of about 496.0 Cg-1 at 1 Ag-1, the NiO/C/rGO/SCC HSC demonstrated
exceptional energy and power density of 35.9 Wh kgl and 749.1 W kg1, respectively [72]. After

3000 cycles, the specific capacitance remained around 120 percent of its initial value [72].

To conclude, the research findings discussed in this section have demonstrated that Zn and Ni-
MOF are effective precursors for the fabrication of zinc and nickel oxide-composite materials,

indicating that they are suitable electrodes for supercapacitor applications.

2.5.1 MOF-based zinc and nickel hydroxides

Even though the MOF hydrolyzing strategy may be limited by incomplete hydrolyzing -
which can prevent the optimal performance of the composite electrode as a result of the residual
MOFs - it is considered one of the best approaches for preparing transition metal hydroxide
(otherwise known as binary metal oxide). It involves hydrolysis of MOFs and crystallization of
the KOH solution. Other methods include hydrothermal synthesis [52]. While MOF-based
Ni(OH)2 composite electrodes have been reported on extensively, Zn(OH), has rarely been used
as the electrode material in HSCs. However, in one example, Yang et al. fabricated a
MoS2/Ni(OH). composite by treating the MoS>@Ni-MOF precursor with an alkali [73]. MoS: has
a high sulfur content, onto which the Ni(OH)2 from the MOF precursor was supported [73]. The
composite electrodes have a sufficient amount of active sites, which facilitates the rapid transfer
of electrons and redox to create room for efficient charge storage. Figure 2.7 shows that the
composite electrode delivered good capacitive performance of close to 2192 Fgt at 1 Ag™? [73].
The HSC fabricated with it displayed a high energy density of 50.58 Wh.kg™ at a power density
of 800 W kg [73].

The morphology of nickel oxide electrodes can also impact the performance of

electrochemical supercapacitors. Tang and his team investigated this by exploring the influence of
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the different morphologies of Ni(OH). fabricated from pristine MOF on the capacitive
performance, and compared them using CV, GCD and EIS tests [74]. Sphere-like and sheet-like
Ni-MOFs were synthesized via hydrothermal synthesis and used as self-sacrificing templates in
the presence of KOH, in order to obtain Ni(OH)2 with different morphologies. Electrochemical
testing showed that the sphere-like nickel hydroxide exhibited a more significant energy storage
capability, excellent rate stability and comparatively low resistance compared to the pristine
material [74]. This was credited to the sphere morphology and the low crystallization structure,
which produces more accessible areas and pores for electron transport within the electrolyte [74].
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Figure 2.7 Supercapacitor performance of MoS2/Ni(OH). in an electrolyte solution (3M KOH).
(@) CV curves at 50 mVstscan rate; b) GCD curves at 1 Ag™; ¢) specific capacitance measured at
different current densities; d) Nyquist plot between 0.01 Hz and 100 kHz.)

In summary, supercapacitor electrodes composed of transition metal hydroxides usually

have poor cycling stability because of the intense volume effect during the charge-discharge cycle.
2.5.2 MOF-based mixed metallic Zn and Ni electrodes

Advancements with the mixed-metal approach for MOFs makes it possible for two
dissimilar metal ions to be fused into an identical framework to deliver mixed-metal MOFs [75].
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This confers structural stability on the resulting MOF-based electrodes and ultimately improves
their electrochemical performance [75]. As the name implies, mixed metal MOFs consist of at
least two different central metal ions. They are usually fabricated by incorporating the metal of
interest into the ligand solution under moderate annealing conditions. However, they can also be
prepared using the post-synthetic modification system. With this method, metal ions in single-
metal MOFs are replaced with different, but suitable, metal ions when immersed in a concentrated
solution of the target metal [76]. [77]. For instance, Wang and co-workers prepared a Ni-containing
mixed metal oxide, NiC0204 nano/microstructures for supercapacitor application [78]. The hybrid
metal oxide electrode with a flower-like shape delivered a specific capacitance of some 350 Cg*
at 9 mg cm and retained about 94% of its original value after 5000 cycles. This performance
could be attributed to the unique structure that enhances the Faradaic reaction and ion transfer,
while multiple metal oxides can narrow the bandgap and ultimately increase the conductivity [78].

In another example, Qiu and his team developed a new approach to synthesize NixC03-XOa,
using MOF-74 as a template [79]. Five isostructural MOFs containing Ni, Co and a combination
of both (in different ratios) were converted to derivative mixed metal oxides by calcination at 400
°C,, in order to investigate the impact of Ni and Co in the parent MOFs on overall capacitive
performance. While the PXRD results validated the successful synthesis of all five oxides - Co30sa,
NiO, NixC03.x04 (1, 2 and 4) - the TEM images showed that they have a porous, coarse morphology
and that the surface area (measured by N2 adsorption-desorption isotherm at 77K) falls within the
range of 64-117 m?/g, which is higher than that seen with conventional metal oxides. Interestingly,
the electrochemical performance (measured in terms of capacitance and cyclic stability) of the
mixed metal oxides (NixCos-xO4) was higher than that of the monometallic oxides (NiO and
Co0304) derived from the same parent MOF. (See Figure 2.8.) Overall, the mixed metal oxide with
Ni and Co in the ratio 1:1 displayed the best performance, with a specific capacitance of
797 F g ! at a current density of 1 A g . It is also evident that the M-MOFs exhibit a higher energy
density than the monometallic electrode, as a result of their exceptional capacitance and lower
resistance [79]. (See Figure 2.8.)

Similarly, zinc-containing mixed metal oxide, especially zinc cobaltite (ZnCo020.), is also
regarded as one of the best materials for supercapacitor applications, because of its superior

electrical conductivity and richer redox, compared to a single metal oxide. For instance, in another
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study done by the Qiu group, JCU-155 (ZnCo.O(BTC)2(DMF).H20) was employed as a template
to fabricate ZnCo204 by calcining the pristine MOF at different temperatures (400, 450 and 500)
[24]. The surface area of the fabricated electrode material decreased with an increase in the
thermolysis temperature: 55.0, 45.9 and 20.4 cm?, respectively, for the materials prepared at 400,
450 and 500 °C. The electrochemical performance of the ZnCo,04 electrode (as measured by CV),
revealed that the surface area has an impact on the capacitance behavior as the electrode material
with the highest surface area exhibiting a specific capacitance of 451 Fg at a scan rate of 5 mVs
1 and stability of 97.9% after 1500 cycles. The performance of selected Ni and Zn-based MOF

electrode materials for supercapacitors is summarized in Table 2.2.
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Figure 2.8 a) CV curves at 5 mVs for the synthesized metal oxides and mixed metal oxides. (b) GCD
at 1 Ag* for the metal oxides and mixed metal oxides. c) Specific capacitance for metal oxides and
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metal oxides. €) Cycling stability at 10,000 cycles at 10 Ag™* for metal oxides and mixed metal oxides.
) Ragos plots for metal oxides and mixed metal oxides.
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Table 2.2: Storage capability of selected MOF-derived Ni and Zn-based electrodes in SCs.

MOF MOF-based Morphology  Specific Electrolyte Capacita Current  Ref.
precursor  electrode surface nce density
area (m?/g)
Ni-MOF NiO Nanosphere  66.8 3 M KOH 473 F 05Ag?t [80]
s gl
Ni-MOF NiOX@NPC  Plate-like 1523 6 M KOH 581.3 1Ag? [81]
Fg?
Ni- NiO/C Fibrous 598 6 M KOH 14,926 0.25 A [82]
-1
ZnBTC Fg g
Ni-MOF NiO/C@CNF Flower-like  446.98 3 M KOH 742 Fgt 1Ag? [71]
Ni-MOF Ni(OH)2 Sphere-like  131.92 3 M KOH 982 Fg! 1Ag! [74]
Ni-MOF Ni(OH)2— Nanosheet 204.1 1M KOH 965.1 2mAcm [83]
-1
MnO,@CNi( Cg -
OH)—
MnO.@C
Ni-MOF Ni(OH)x Nanorod 186.8 6 M KOH 1698Fg 1Ag! [84]
-1
Ni-MOF Ni(OH),/Mo  NA 49.3 3M KOH 2192 1Ag? [85]
-1
S, F.g
MOF- NixCo03xOs1  Ball-like 92 6 M KOG 797 F [79]
. gfl 1A gfl
74(Ni) (coarse)
ZIF-67 NiC0204 Polyhedron  43.2 6M KOH 956 F [78]
971 1A 971
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Co-ZIF/Ni  NixCos. Nanosheet 5.6 2 M KOH 10213 F 1Ag! [86]

«Q4/rGO gl

ZIF-67 NiC0,04/Co; Nanoflakes  33.8 6 M KOH 1046 F [87]

-1

04 g 1A g

ZIF-67 NixCo3;-xO4/C Nanocage NA 2 M KOH 668F/g atlAg?! [88]
NTs

ZIF-8 ZnO@C@Ni Nanosheet NA 2 M KOH 2650 F 5A¢gt [89]
C0,0,4 gfl

IF-Zn ZnO@MOF  Nanoarrays NA 3.0 M KCl 340.7F 1.0A gt [90]
@PANI gt

JUCC-155 ZnC0,04 Quadrangul 55 6 M KOH 451 Fg-1 1Ag-1 [24]

ar rod shape

ZIF- ZnO/Co304  Polyhedral 101.72 2 M KOH 1119.11 1Ag? [91]

8@ZIF-67 NiO Cg?

MOF- ZnO-C Rod-like 782.971 197.84F 1Ag? [63]

74(Zn) Iy

ZIF-8 PANI/ZnO NA 1856 3 M KCI 3987Clg 30 mA [64]
@ZIF-8-CC cm?

Mixed Zn ZnMn,Os/car Nanorod 143.4 1MNaSO, 589Fg?! 1Agt [92]

MOFs bon

2.6 Conclusion

Transition metal-based MOFs and their composite materials have revolutionized the field
of renewable and sustainable energy technologies. They have confirmed their potential as a good
electrode candidate for energy storage applications, because they evidence several features seen in
the parent MOFs, including a well-designed structural composition, large specific surface area,

tunable porosity and bi-functionality.
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This chapter provided a discussion of the potential of Ni and Zn-containing MOFs as useful
templates and self-sacrificing precursors for the design of corresponding electrode materials
(including oxides, hydroxides and mixed metal oxides). A summary of their application in SCs
was also provided. Notably, MOF-based Zn and Ni-based electrodes can be fabricated via different
routes, i.e. etching, annealing and hydrolyzing methods. While the annealing approach is a facile
method used to ensure high-performance electrode materials for SC applications, the structural
integrity of the resultant MOF may be threatened at a high temperature, which may compromise
the electrode characteristics and so limit their storage performance. The etching process is good
for preparing hollow-structured electrode materials, as it ensures an abundance of active sites on
the fabricated materials, which are accessible to the electrolyte ions and enhance their SC

performance. However, it may be limited by the high cost of MOF materials.

The MOF-hydrolyzing strategy is another important strategy that can be used to improve
the supercapacitor performance of MOFs. It is unique in the sense that it allows the costly organic
ligands to be recycled, and also supports large-scale synthesis of the electrode materials. However,
the residual MOFs that emanate from incomplete hydrolysis of MOFs may be detrimental to the

storage performance and cyclic stability of the resulting MOF-based electrodes.

The transformation of pristine Ni and Zn-based MOFs into derivative oxides, hydroxides
and mixed-metal electrodes has been shown to deliver excellent specific capacitance and superior
cycling stability. This can be ascribed to the high conductivity and the large specific surface area,
which can facilitate fast migration of the electrolyte ions and increase the redox reaction. The
performance of these materials can be improved further by grafting them onto electrically
conductive materials, including carbon-based materials (CNTs, CNF, rGO and graphene) that have
specific dimensions. However, it is crucial that the particle size of the composite electrode is kept
small when modified with carbon materials, to ensure close proximity between the electrode
materials containing Ni or Zn oxides and the conductive carbon substrate. Additionally, the
morphology of the final composite also has a role to play in terms of the capacitive performance
as electrode materials, since the unique morphology of these electrodes can help to shorten the
pathways for the migration of electrolyte ions, enhance surface redox reactions and effectively

improve the reaction kinetics.
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Because of the low electrical conductivity and intense volume expansion associated with
monometallic nickel and zinc oxides/hydroxides, researchers have also developed mixed-metal
oxides containing nickel and zinc ions to improve their performance by exploring synergistic
effects of the individual components. The superior electrical conductivity and richer redox sites
confer on these materials a remarkably higher performance in terms of specific capacitance,
energy/power density and cycling stability. It is equally important to note that incorporation of S

from MoS; or NiS; into the OZ site can enhance the conductivity and capacitive performance.

Despite the considerable success recorded in terms of improving supercapacitor
performance, some challenges with MOF-derived Zn and based electrodes still persist. One is the
low cyclic stability experienced with some MOF-based metal oxides and a contrary trend in others.
A clear grasp of the design mechanism, crystal growth and judicious selection of the MOF-
precursors will help to improve electrochemical performance. Furthermore, the inadequate
capacitance of MOF-based electrodes usually produces a low energy density in the supercapacitor.
However, this can be remediated by modifying the surface characteristics, including particle size,
to improve the wettability of the electrode to the electrolyte, which ensures superior energy density
in the electrolyte. Last, but not least, the high cost of MOFs is another challenge that may limit
their use in supercapacitor applications. Even though the MOF-hydrolyzing strategy offers great
promise in this regard, research efforts have to be intensified to meet the requirements for industrial
applications.
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Chapter 3: Synthesis and application of flexible supercapacitors based on
nanocomposites of MOFs

Abstract

Flexible supercapacitors are promising energy storage devices that could meet the growing
demand for the next generation of flexible, wearable and portable electronic products. They offer
several benefits, such as flexibility, a small size and high power density. However, the major
drawback limiting large-scale use of supercapacitors is low energy density. Metal-organic
frameworks (MOFs) have the potential to overcome this problem and have received considerable
attention recently owing to their diverse structure and unique physicochemical property. The
capacitance and rate performance of pristine MOFs can be limited by poor electrical conductivity,
and low thermal and chemical stability. However, this can be resolved by fabricating MOF-based

nanocomposites that contain electrically conductive components and have good stability.

This chapter provides an overview of recent advances in flexible supercapacitor electrode
materials based on MOF nanocomposites and presents them in categories. First, the most popular
pathways to synthesize MOF-based electrode materials and the quintessential design strategies for
flexible supercapacitor devices are summarized and discussed. Second, the effects of the
nanocomposite components on the performance of flexible supercapacitors is detailed, since there
is a nexus between the structural composition of the electrode materials and the capacitive storage
performance. The chapter concludes with a brief discussion of the possible research that could
advance this emerging field. It is expected that this chapter will help researchers and industry make
informed decisions concerning smart designs for flexible supercapacitor devices using MOF

nanocomposites.

Keywords: Flexible supercapacitors, energy storage, MOFs, nanocomposites, energy density.
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3.1 Introduction

The continuous depletion of the world’s fossil fuel reserves and the associated environmental
challenges have necessitated a search for clean and sustainable alternative energy sources [1]. The
need to ensure that these resources satisfy both immediate and future needs has prompted a surge
in demand for efficient energy storage systems.

Technological advancements have increased the demand for portable and wearable devices, which
have become an integral part of life in the 21% century [2-3]. Supercapacitors (SCs) are emerging
energy storage devices that are renowned for their high power density, long life span, excellent
stability and quick charge-discharge rate [4]. Depending on the storage mechanism,
supercapacitors can be categorized into electric double-layer capacitors (EDLCs),
pseudocapacitors and hybrid supercapacitors (HSCs) [5]. While EDLC stores energy
electrostatically, pseudocapacitors store energy by means of the Faradaic redox process. The third
category (HSC) uses both these mechanisms [6].

The electrode material influences the preferred storage mechanism and, by extension, the
performance of the SC. Although supercapacitors have gone through considerable transformation
in the last few decades, their low energy density remains a significant drawback that limits their
use in industrial-scale applications [7]. For example, carbon-based electrodes can barely meet the
high energy density requirements; therefore, it is essential to fabricate flexible supercapacitor
electrodes with an exceptional energy storage capacity.

Flexible SCs are characterized by being lightweight and eco-friendly, require a simple fabrication
process, and offer outstanding mechanical flexibility and good tolerance to being folded or
anchored on any surface. All of this means they are an excellent source of power for use in
wearable electronics [8-9]. In order for flexible SCs to offer high storage performance, all their
components must provide a high degree of flexibility. One of the ways to accomplish this is to
employ flexible substrates as current collectors, e.g. carbon cloth (CC), carbon nanofibers, metal
foils and wire [10]. Another approach to achieving flexibility in SCs is to develop binder-free
electrode film to replace polymer-based binders, and so reduce their weight and thereby improve
their performance [11]. The use of gel polymer-based electrolytes instead of aqueous-based

electrolytes would also ensure that separators are eliminated, which would mean that ions are
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transported more quickly [12]. These approaches geared towards attaining high flexibility in SCs
must be optimized, in order to achieve high-energy, high-power density and long cycling stability.
Examples of materials that exhibit remarkable physicochemical properties for use as flexible SCs
include carbon-based nanomaterials such as graphene and carbon nanotubes (CNTSs), as well as
conductive polymers and metal oxides (ZnO, MnO., V20s, TiO,, etc.) [13-15].

Another material that is considered promising for use as a flexible supercapacitor is metal-organic
frameworks (MOFs) built by coordinating metal nodes and organic linkers [16]. MOFs are unique
because of their high specific surface area, good structure, exceptional porosity and high tunability,
among other beneficial characteristics [17]. Because of these beneficial properties, MOFs have
found practical application in various fields, such as sensing, catalysis, gas storage, drug delivery
and energy storage [18-20].

Since the engineering work done by Yaghi et al. [21] about three decades ago, several other MOFs

have been developed for flexible supercapacitor applications. They can be employed in three

different ways, namely:

. Parent MOFs can be made to store energy using their internal surface via the EDLC
mechanism or by redox reaction of their metal nodes.

. MOFs can also be pyrolyzed to produce porous carbon with high storage performance,
because of the higher level of conductivity, which is attributed to carbon materials.

. Transforming MOFs into metal and metal oxides to store energy by way of the Faraidaic

process (i.e. transfer of charges between the electrode and electrolyte) [21-22].

Unfortunately, these three approaches deliver limited specific capacitance and cycling stability,
which prevents their use as a general template for the fabrication of MOF-derived flexible
supercapacitors [23]. Several studies have been carried out to enhance the development of flexible
supercapacitors using nanocomposites of MOFs [24-26], and the recent progress made with MOF-
based nanocomposites that are used as flexible supercapacitor electrodes is discussed in this
chapter. The focus is on the different methods used to prepare the MOF nanocomposites and their
performance as flexible supercapacitors. The main challenges and prospects of MOF-based

flexible supercapacitors are then outlined.
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This chapter should provide insight that will help with fabricating flexible SCs in the future, based

on MOF nanocomposites for scientific research and industrial applications.
3.2 Flexible supercapacitors

Flexible supercapacitors are the next generation power source, because of their flexibility, good
durability, exceptional charge-discharge rate, good safety and high-power density [27]. For
instance, flexible supercapacitors made of fibers can be woven or knitted into different shapes
without compromising their original quality [28]. As shown in Figure 3.1, the major components
of flexible supercapacitors are substrates, electrode materials and gel polymer-based electrolytes.
These three parameters must be optimized carefully to obtain the flexibility required of a flexible
supercapacitor [29]. Flexible SCs are often required to operate under different folding conditions

or at bent angles, without breaking or significant loss in storage performance [30].

Electrode materials play a vital role in the performance of a flexible supercapacitor, and various
electrodes have been employed, such as carbon-based material, conductive polymers and metal
oxides [31]. Carbon-based materials have a storage mechanism that is guided by the EDLC storage
mechanism and they are of great use because of their chemical inertness and excellent electrical
conductivity [32]. The other types of electrode materials used for flexible SCs are
pseudocapacitors, which comprise metal and metal oxides. Because pseudocapacitors rely on
reversible redox reactions at the surface of the electrode, they have a better storage capacity than
EDLCs; however, they also suffer from poor conductivity [33].

With the rapid growth in research on flexible SCs, elicited by the growing demand for flexible
electronics, attention has shifted to MOFs and their nanocomposites, in terms of fabricating
flexible SCs to enhance energy density and overall performance [34]. MOFs can achieve a high
specific surface area, a tunable metal center for a redox reaction, and large accessible active sites

with excellent porosity for rapid transportation of ions and electrons in the electrolytes [35].

With SCs, three kinds of MOFs are exploited - pristine MOFs and those pyrolyzed under an
ambient atmosphere or an inert atmosphere. In this chapter, the use of pristine MOFs for flexible
SCs is not applicable and only MOF nanocomposites that are designed to cater for the drawbacks
of pristine MOFs are discussed. These drawbacks include low chemical/thermal stability and poor

electrical conductivity that emanate from the insulating linkers in the structure. In one instance,
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the conductivity of MOFs was improved via intercalation with the conjugated conductive
substrates polyaniline (PANI), polypyrrole (PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT)
[36]. When conductive polymers are incorporated into pristine MOFs, it boosts the electrical
conductivity of the derived MOF nanocomposites and enhances the Faradaic process at the
electrode/electrolyte interface [36]. This strategy, as well as several others that have been reported
in the literature in recent times, for transforming pristine MOFs into MOF nanocomposites for

flexible supercapacitor applications, are the focus of the next section.

Substrate Electrode Materials Electrolytes

Carbon cloth
Metal foils
Tapes

Carbon nanomaterials IL-based gel polymer

Conductive polymers Organic gel polymer
Metal oxides Redox-active gel
MOFs Aqueous gel polymer

Fibers

Wires

Figure 3.1 Classification of flexible supercapacitors into substrate, electrode materials and
electrolytes.

3.3 Fabrication methods used to produce MOF nanocomposites

MOFs exhibit promising physicochemical properties for different applications, including
supercapacitors, and their properties can be further enhanced in various ways. These include
impregnating appropriate functional materials, post-synthetic functionalization, changing the
organic linkers and making composites with appropriate materials [37]. Composite materials often
exhibit good properties because of the synergistic effect of the constituents used to make the
composite [38]. The potential use of MOFs increases every year, due to the ease of
functionalization with other materials, such as metal nanoparticles and metal oxides, conductive
polymers and carbon nanomaterials. It is possible to tune their functionality and surface

characteristics, and (most importantly) improve their electrochemical energy storage performance
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[39]; therefore, researchers have developed several strategies to incorporate functional materials

into MOFs for enhanced flexible supercapacitor applications [40-42].

This chapter provides a brief introduction and explanation of the research work done in this field.
Polymer-based materials are the most commonly-used compositing materials used to obtain the
required properties in flexible SCs. They boost the physical and chemical properties of the
nanocomposites, and offer intrinsic conductivity, which ultimately delivers high-performance
flexible SCs [43]. Several reviews have reported on the fabrication strategies used to produce MOF
nanocomposites, and the synthesis strategies can generally be categorized into four approaches

that are discussed here: ship-in-a-bottle, bottle-around-a-ship, photodeposition and thermolysis.
3.3.1 Ship-in-a-bottle approach

This approach refers to the process of building a model ship inside a bottle. It involves
immobilizing small nanoparticle precursors (the ship) on the MOF scaffolds (the bottle), which
produces the target MOF nanocomposites upon additional in situ treatment [44]. As a result, the
MOF composites encapsulate larger nanoparticles than the pores inside the frameworks, which are
kept inside the lattice. The encapsulated species can vary from metal nanoparticles to metal oxides
and from polymers to organometallics [45].

When this method is employed, numerous ‘guests’ can be incorporated, including metal
nanoparticles and nanoclusters. Although the ship-in-a-bottle process is famously used with zeolite
composites, its application has recently been extended to the MOF field [46]. In terms of
fabricating MOF nanocomposites, there are many benefits associated with using the ship-in-a-
bottle approach. These include: (i) ease of preparation; (ii) pure MOF nanocomposites can be
formed,; (iii) it eliminates the energy barrier challenge at the surface of two materials [47]. The
major drawback when using this method is the difficulty in controlling (to a reasonable extent) the

size, morphology and location of the guest molecules inside the framework structure [48].

The ship-in-a-bottle approach can further be classified into the following phases: grinding (solid
phase); wet infiltration (liquid phase); chemical vapor deposition (gas); plasma arc deposition

(plasma phase).

3.3.1.1 Solid grinding/Ball milling
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This method involves grinding functional precursors with the parent MOFs (without using
solvents), using the mortar or ball milling method [49]. The active precursors then diffuse into the
pores of the MOF and are enclosed. This is followed by annealing at a high temperature in a
reducing atmosphere and the nanoparticles are deposited onto MOFs to produce NP@MOF
nanocomposite [50]. This method is a green, rapid synthesis method that can ensure synthesis of
novel MOF nanocomposites. For instance, in 2020, Yu et al. reported synthesizing 3D Ag MOF-
containing nanocomposites using a simple grinding method and used them as electrode materials
for high-performance supercapacitor applications [51]. As shown in Figure 3.2, the obtained
composite material - Ag-MOF and [AgsM07024]@Ag-MOF - was acquired by grinding
AgsMo07024 with trimesic acid (H:BTC) in an ethanol solution. The synthesis was confirmed using
different spectroscopic techniques - including TEM, XRD and EDX - which showed that Mo, Ag,
C and O were uniformly distributed in the rod shape of [AgeM07024] @Ag-MOF nanocomposites.

Ag Mo 0,,

Mo 0,* . .
00. ug EXY

MO

\ Y \

stirred for 30 min

' adjust pH=4

A0 ARERERER | o or T5 i’
s U S W ground for 35 min

¢ @ MK
-~ __.ground for 15 mmm p
HBTC

Jo' ~af Ag-MOF {Ag,Mo,0, }@Ag-MOF

Figure 3.2 Synthesis pathway for MOF nanocomposites using the grinding method.
Source: Ref. [51]

3.3.1.2 Wet infiltration method

The wet infiltration method, otherwise known as the solution infiltration method, is a simple
method that involves immersion of MOFs in a solution containing guest molecules as nanoparticle
precursors [52]. The wet infiltration method can be extended to accommodate fluids (fluid

infiltration), such as supercritical CO2, which can penetrate the MOF structure to ensure uniform

54



distribution of the guest molecules [53]. The pore windows of MOFs need to be larger than the

size of the guest molecules to allow diffusion of the guests into the MOF.

Farrusseng et al. employed a solution infiltration method to encapsulate various Fe and Ru
complexes of phthalocyanines in MIL-101 with different sizes [54]. In another study, Houk and
co-workers anchored silver nanoparticles on three different MOFs (MOF-508, HKUST-1 and
MIL-68(In)) using the solution infiltration method [55], and solubility in water informed the choice
of the selected MOFs. The process involved a water-ethanol (5:1 v/v) solution containing silver
() nitrate being used to prepare the parent MOFs. The MOF powder was then transferred into the
solution to form a slurry. Ag(l) was expected to reduce Ag(0) using ethanol as the reducing agent,
with 100% yield during the infiltration process. Structural elucidation of the composite structure
showed that the structural integrity of the MOFs was protected after the infiltration and that Ags
nanoclusters were found inside the MOF windows [55]. However, while small metal complexes
satisfactorily diffused into the pores of the parent MIL-101, large complexes of approximately

2mm x 2mm only moved to the external surface of MIL-101 at the expense of the internal pores.

To overcome this drawback of the diffusion barrier, Tsung and his team pioneered a dissociative
linker exchange strategy to incorporate large molecules with a diameter up to four times larger
than the pores of the MOF [57]. Since then, a lot of research has been published (including that of
Ma et al.) on using cobalt(I1) phthalocyanine to encapsulate the MOF framework by facile de novo
assembly of the constituting species of the guest molecule [58]. This overcomes the problem of

encapsulating guest molecules bigger than the pores of the MOF [58].

3.3.1.3 Chemical vapor deposition
Chemical vapor deposition (CVD) is a technique used in nanofabrication that is known to be ideal

for the fabrication of MOF nanocomposites [59]. Generally, this method involves three steps: (i)
precursor vaporization; (ii) transporting the precursor via the gas phase; (iii) deposition of the
target precursor onto the substrate [60]. To fabricate MOF nanocomposites via this method, the
MOF substrate reacts via deposition with the vapor of the nanoparticle precursors. After
deposition, heat treatment in a reducing atmosphere (e.g. Hz) transforms the nanoparticle
precursors into nanoparticle-yielding NP@MOF nanocomposites. MOFs that are thermally stable
with an appropriate pore size for the diffusion of the gaseous guest molecules are the best
candidates for this strategy, including ZIF-based MOFs, MOF-5 and MOF-177. [61]. For instance,
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Fischer et al. demonstrated that highly porous MOF-5 or IRMOF-1 could be reversibly loaded
with metal-organic CVD metal precursors - such as Cu, Zn, Pt, Pd, Fe and Au [62] - as guest
molecules, while preserving the MOF properties. It was further shown that the metal nanoparticle
loading is size-selective and dependent on the vapor pressure of the precursors [62].

3.3.1.4 Arc plasma deposition

Another method used to synthesize MOF-based nanocomposites is arc plasma deposition (APD).
It involves using arc plasma shots to deposit metal nanoparticles directly on the MOF substrates
[63]. For instance, Sadakiyo et al. prepared Metal @ MOFs nanocomposites using the APD method
with the aid of an arc plasma gun containing a metallic cylinder as a metal precursor (Pt, Pd, or
Au) [64]. (See Figure 3.3.) In that study, the MOF powder (up to 5 g) was placed inside the vacuum
chamber and rotated continuously by stirring using a stirrer bar [64]. A water-cooling system was
used to keep the temperature inside the pot at 18 °C. Different nanocomposites of ZIF-8 and MIL-
101 were prepared by irradiating plasma shots inherent with varying precursors of metal onto the
pristine MOFs in the frequency range of 1-2 Hz, and using an applied voltage of 140 V. Different
loading percentages (wt%) of MOF nanocomposites were obtained by means of inductively
coupled plasma atomic emission spectrometry (ICP-AES) analysis: Pt/ZIF-8 (0.82%), Pd/ZIF-8
(0.79%), Ru/ZIF-8 (0.93%) and Ru/MIL-101 (1.09%) [64].

pe
-

Arc plasma gun Nanoparticles supported
‘ (Pt, Pd, Ru,...etc) on MOFs
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/

Figure 3.3 Scheme showing gram-scale synthesis of M@MOF composites using the APD method.
Source: Ref. [64]

3.4  Bottle-around-a-ship approach

This approach, otherwise known as the template method, involves stabilizing the functional

molecule or nanoparticles by capping agents or surfactants, which are then added to the MOF-
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containing solution [65]. This method can help optimize the size and shape of the encapsulated
particles, since they are formed before the framework is assembled. In addition, it can help
minimize the formation of the nanoparticles on the external surface of the parent MOFs [66]. This
method prefers MOFs with mild synthesis protocols to eliminate aggregation of molecules during

the assembly of MOF nanocomposites.

The assembly of MOFs around active species has been well established with porphyrin moieties
and polyoxometalates. Several studies have been done in this field by incorporating different
moieties into MOFs to obtain MOF composites. For instance, Chang et al. successfully prepared
keggin-type polyoxometallates (POM) in a defected Zr-based MOF, using the bottle-around-a-
ship approach with Mo>*Ma®* ratios [67].

3.5 Photodeposition

This process involves semiconductor nanoparticles being uniformly deposited in situ onto the
support surface in the presence of light [68]. For instance, a series of metal sulfides - including
Ag>S, CdS, MoS; and CuS) quantum dots - were deposited on MIL(Ti) [69]. The choice of MIL-
101(Ti) was informed by its large surface area, ease of tunability and photo-responsiveness [69].
In another study, Wu and co-workers employed the photodeposition technique to deposit CdS
nanorods on UiO-66(NH2) at room temperature [70].

3.6  Thermolysis

This is the most widely used method to convert MOFs into different active materials. It ensures
effective carbonization of the MOF template/precursor and uniform distribution of MOF
nanocomposites without compromising the integrity of the MOF [71]. MOFs can be subjected to
heat treatment under different atmospheres to produce metal oxide, carbon and their composites
for use as a sacrificial template [72]. The carbonization atmosphere - including H2, O2, NH3 and
inert gases - needs to be optimized to eliminate air in the formation of MOF-based composites
[73].

MOFs that are considered valuable precursors for use in producing nanocomposites have certain
inherent properties, including tunable morphology, high stability and low cost. ZIF, MOF-74 and
MIL-based MOFs are the leading precursor candidates for the fabrication of MOF nanocomposites

for flexible supercapacitor applications [74]. This is due to the unsaturated metal center, and their
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high flexibility and good stability. One study that used this method was reported by Wang et al.
[75]. Mn-MIL-100 served as a template to fabricate different metal oxide and metal oxide/carbon
nanocoposites under different heating conditions - see Figure 3.4. Filtration and reduction with
graphene oxide (GO) yielded Mn3Os@C/rGO [75].
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Figure 3.4 Thermolysis of Mn-MIL-100 into Mn3;O.@C/rGO.
Source: Ref. [75]

3.7 Applications of MOF nanocomposites for flexible supercapacitors

MOFs, in addition to being employed as functional materials, may also be used as a template to
create porous structures and nanocomposites, such as metal oxides, metal/metal oxides,
nanocarbons, and metal oxide/carbon nanocomposites [76]. Only MOF-derived metal/metal oxide
nanocomposites, MOF-derived carbon/redox polymer nanocomposites, MOF-derived metal
oxide/carbon nanocomposites, and MOF/redox polymer nanocomposites for flexible
supercapacitors are described in this chapter.

3.7.1 MOF-derived metal oxide/carbon nanocomposites

Transition metal oxides, including NiO, ZnO, Coz04 and MnOz2, have outstanding redox properties
and are regarded as promising candidates for energy storage devices such as flexible
supercapacitors [77]. However, these materials are characterized by poor electrical conductivity,
low chemical/thermal stability and a small specific surface area. Because of the beneficial
characteristics of MOFs, MOF-derived metal oxides/CNTs can be designed to exhibit a high
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surface area, which increases the quantity of accessible redox-active sites and improves the overall
energy storage performance [78]. In addition, the incorporation of carbon content can help
circumvent the low conductivity associated with metal oxides. Thus, MOF-derived metal
oxide/carbon nanocomposites are promising electrode materials for use in flexible supercapacitor
applications [79].

Zhang et al. employed a two-step thermal annealing process in Ar and air to produce C0304/C
nanowire arrays from pristine Co-MOF [80]. Nickel foam (NF) was first used to improve the
structural stability of the MOF-based electrodes and minimize electron/ion resistance by growing
it in situ with the Co-MOF nanowire array [80]. Upon annealing in Ar, the Co-MOF was
transformed to carbon, while the carbon reduced the cobalt ions. The final Coz04/C hanocomposite
was produced after annealing in air without compromising the structural integrity of the pristine
MOF. When the composite material was used as the electrode material for flexible supercapacitors,
it exhibited an areal capacitance of 1.32 F/cm? at a current density of 1 mA/cm?, and showed good
cyclic stability of 78.3% after 5000 cycles because of the synergistic effects of porous nanowire

arrays and carbon [80].

Using one-step heat treatment of Co-BDC in nitrogen and oxygen gas flow, Dai and colleagues
created a Co304@C nanocomposite alongside Co@C [81]. When employed in supercapacitor
applications, Co304@C had a specific capacitance of 261 F/g at 1 A/g compared to 90 F/g for
Co@C at the same current density. The energy and power density of asymmetric supercapacitors
(ASCs) assembled using Co030:@C and Co@C as the positive and negative electrodes,
respectively, were 8.8 Wh kgt and 375 W kg, respectively [81].

Wang et al. reported MOF-derived manganese oxide/carbon nanocomposites from two-step
thermolysis in air and N2 of Mn-MIL-100 [75]. MnO@C was first produced by annealing the
parent MOF at 700 °C in an N2 atmosphere. It was then converted to Mn3zO4@C at 200 °C under
airflow. Mn304@C-2 obtained after annealing MnO@C for 2h delivered the highest capacitance
compared to other manganese oxide samples treated at 300 °C (Mn304) and 400 °C (Mn203). A
flexible supercapacitor electrode fabricated from Mn3O4@C/reduced GO produced a volumetric
capacitance of 328.4 F/cm? at 0.5 A/cm?3 [75].

59



3.7.2  MOF/carbon/redox polymer nanocomposites

The synergistic effects of combining MOFs, carbon and redox polymers will contribute
significantly to enhancing the performance of flexible supercapacitors, because the incorporation
of MOFs will result in a large surface area and high porosity. In addition, carbon will improve the
conductivity and mechanical strength of MOFs. Similarly, redox polymers will also increase the
conductivity and provide an avenue to connect all the active species in the space. They can also

contribute to the overall storage performance through the Faradaic redox reaction [82].

Wang et al. developed flexible solid-state supercapacitors using MOFs interwoven by
electrochemically-deposited PANI [83]. In the Wang et al. study, ZIF-67 was chosen as the storage
material, while CC was selected for its mechanical flexibility and strength, and its contribution to
the conductivity of the hybrid structure [83]. To make the composite with these components, a
two-step process was employed, as shown in Figure 3.5. MOFs were coated onto the CC, followed
by electrochemical deposition of PANI chains onto MOF to produce a flexible PANI-ZIF-67-CC,
while preserving the structural architecture of MOF. The structural elucidation of the composite
showed that the conductive PANI chains covered the interstitial open space and were well bridged
with the crystal surface of MOF [83].

Metal-organic framework (MOF) Polyaniline (PANI)
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Figure 3.5 The two-step synthesis route of a flexible PANI-ZIF-67-CC electrode and SEM images of:
(a and b) CC fibers; (c and d) after coating with the parent ZIF-67; (e,f) after electrodeposition of
PANI

Source: Ref. [83]
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When used as a supercapacitor electrode, the composite electrode delivered an outstanding areal
capacitance of 2146 mF/cm? at a scan rate of 10 mV/s, due to the synergistic effects of the
constituting components. A solid-state flexible supercapacitor device fabricated using PANI-ZIF-
67-CC in a gel-like electrolyte (Figure 3.6) delivered a capacitance of 116 mF/cm? with a
maximum energy density of 0.0161 mWh/cm? at 0.0044 mWh/cm? and excellent power density of
0.833 W/cm3 at 0.245 W/cm?. In addition, the device retained 80% of its original capacitance after
2000 cycles at 0.1 mA/cm?. Importantly, the energy performance of the device remained intact,
even after twisting and bending, as shown in Fig 3.6 b-d. Furthermore, it successfully lit up the
light-emitting diode (LED) bulb connected by two 14500 batteries for 30s [83].

(a)

\

gel electrolyte PANI ZIF 67-CC

tweezers /

Figure 3.6(a): A flexible solid-state supercapacitor device made from PANI-ZIF-67-CC. Optical
images of the fabricated device in: a (b) standard condition; (c) bent condition; (d) twisted condition.
(e) Photograph of LED powered by three supercapacitors connected in series.

Source: Ref. [83]

Cheng et al. produced a flexible supercapacitor electrode consisting of ZnO@MOF/PANI coated
on CC in a recent work, which will aid in the development of flexible electrode materials [84]. At
1 A/g, the flexible supercapacitor electrode had a capacitance of 340 F/g and preserved roughly 84
percent of its original value at 10 A/g, indicating strong rate capability. The electrode also
demonstrated high cyclic stability, with 82% capacitance retention after 5000 cycles. The excellent
storage performance found can be due to the synergistic effects of the different components that
made up the ternary nanocomposites, which result in faster electron transport and more accessible

redox-active sites [84].
3.7.3 MOF-derived metal/metal oxides nanocomposites

One promising way of obtaining high-performance flexible supercapacitor electrodes is by

transforming pristine MOFs into metal oxide and incorporating an additional metal ion [85]. The
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presence of redox metallic ion centers alone in the MOF structures will contribute to the
pseudocapacitive energy storage of the composite. In contrast, extra metal ions will contribute
additional properties, such as compositional and structural diversity, multi-functionality and
stability. MOF-based metal/metal oxide nanocomposites exhibit excellent supercapacitor
performance because of their good conductivity, high stability and suitable capacitance offered by

the composite when compared to pristine metal-oxides [86].

Zheng et al. [87] reported on one study that deals with this problem. It entailed creating a
Co304@Co-MOF and AC flexible supercapacitor device with a 1.5 V potential window that
provided 192 mF/cm2 of areal capacitance at 0.5 mA/cm2 [87]. The composite electrode's
outstanding stability resulted in great cycling stability, with around 100 percent capacitance
retention after 400 bending cycles. This suggests that it might be a viable power source for flexible

electronics [87].

Guan et al. recently described a flexible asymmetric supercapacitor device made of NiCo204 and
carbon nanowalls with a specific capacitance of 89 F/g at 5 mA/cm?and excellent rate capabilities
[88]. After 20,000 cycles, the device retained roughly 87 percent of its capacitance and had good

bending capabilities at various bending angles.
3.7.4 MOF/redox polymer nanocomposites

The energy storage performance of MOFs can be reinforced by the incorporation of conductive
polymers, especially PANI, which is known for its high electrical conductivity, high doping
potential and ease of functionalization [89]. After incorporation, the composite electrode exhibited
a light weight, high mechanical flexibility, low cost and (most importantly) the excellent storage
capability characteristic of a flexible supercapacitor [90]. In 2018, Wang et al. coordinated PANI
with unsaturated metal sites in MIL-101 via its electron-rich imine function to produce PANI/MIL-
101 nanocomposites [91]. A flexible solid state supercapacitor device made from PANI/MIL-101
delivered a high specific capacitance of 80 F/g at a current density of 0.5 A/g, and an energy
density and power density of 7 Wh/kg and 2000 W/kg, respectively, within a potential window of
0.8V. The CV and galvanostatic charge-discharge (GCD) experiments shown in Figure 3.7a and
3.7b were used to examine the flexibility of the supercapacitor electrode, and the device exhibited
good mechanical flexibility after 1000 bending cycles at a contact angle of 180° [91]. In addition,

about 90% of the original capacitance was retained after 10,000 cycles, which suggests good cyclic
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stability. (See Figure 3.7c.) For purposes of testing its use in practical applications, the fabricated
flexible device was connected in a series of four cells and charged to 3.2 V at a current kept at 8
mA. The result showed that it could successfully light up an LED for 90s [91]. (See Figure 3.7d.)

Similarly, Igbal and co-workers developed a battery-grade flexible device based on Co-
MOF/PANI assembled with activated carbon (AC) and separated by a porous membrane [92]. The
device delivered a specific capacitance of 104 C/g at 1 A/g, a maximum energy density of 23.2
Wh/kg and a power density of 4480 W/kg. It also showed good stability after 3000 cycles, i.e.
146% [92].

Lin et al. [93] used a simple non-calcined technique to build a solid-state asymmetric flexible
supercapacitor device based on Co-BTC coated on a nanowire microsphere in 2021. While the
nanowire architecture increased the MOFs' electronic conductivity, the microspherical shape
improved the device's mechanical flexibility and stability. The manufactured gadget has an energy
density of 34.4 Wh/kg and a maximum power density of 375 W/kg.
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Figure 3.7 Electrochemical performance of device.
(a) CV curve of the MOF-based flexible supercapacitor at 20 mV/s scan rate for different bent angles.
(b) GCD curve of the flexible supercapacitor at different angles. (¢) Cyclic stability at different
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bending cycles at 180° with the inset showing the mechanical folding test. (d) Photograph of LED
connected by four cells.
Source: Ref. [91]

3.8 Conclusions

MOF nanocomposites have the requisite characteristics for fabricating high-performance
supercapacitor electrodes, thereby overcoming the limitations of individual pristine MOFs. It has
been established that MOF nanocomposites with optimized features - such as electrical
conductivity, thermal and chemical stability and a flexible surface area - will deliver highly flexible

energy storage devices.

This chapter provided a summarized discussion of different synthetic strategies used when
constructing nanocomposites based on MOFs, including ship-in-a bottle, bottle-around-a-ship and
thermolysis. Notably, thermolysis under different atmospheric conditions remains the most widely
used method for the synthesis of MOF-based nanocomposites for flexible supercapacitor
applications. The construction of MOF-based nanocomposites can expand the family of flexible
supercapacitors. The most important MOF nanocomposites for use in flexible supercapacitor
applications are summarized in Table 3.1. The key points relating to these nanocomposites are as

follows:

. Various MOFs can be used as a sacrificial template or a precursor to obtain distinct MOF
nanocomposites, such as MOF/conductive polymer, metal oxide/metal and MOF/redox
polymer.

. Different MOF precursors and functional species produce different nanocomposites with a
distinct structure, shape and composition. Therefore, choosing the parent MOF and
compositing material must be done carefully for high-performance flexible supercapacitor
applications.

. Composite MOF-derived nanoparticles - such as conductive polymers, carbon and metal
oxides - have various functions that can successfully improve the performance of flexible
devices in terms of energy/power density, flexibility and cycle life. This could be attributed

to the synergistic effects of the individual components that make up the composite.

Despite the considerable success recorded with using MOF-based nanocomposites in flexible

supercapacitor applications, some challenges remain, such as:
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The vast majority of MOFs were not initially designed for flexible supercapacitor
applications, which limits their storage performance, even after incorporating compositing

materials.
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. The most widely used negative electrode used in the assembly of flexible devices is AC. However, it has a limited capacitance of
200 F/g. To balance the charge between positive and negative electrodes, the loading of the negative electrode is always higher
than the loading of the positive electrode, and this limits the energy density value.

. The high cost of MOFs is another concern in terms of the commercialization of MOF-based nanocomposites.

To overcome these problems, the following research directions are proposed:

. Researchers need to intensify research efforts into the design of new composite materials for MOF-derived nanoparticles to be
used as the electrode material in supercapacitor applications. They should also ensure that the synergy between the original MOFs
and compositing materials is properly understood for proper optimization of the storage performance.

e  Attention should be paid to other negative electrodes, apart from activated carbon, in order to deliver high energy density devices.

. The high cost of MOFs can be reduced by using metal waste, and inexpensive and low-grade materials as starting materials.

To conclude, applications for

flexible supercapacitors involving MOF nanocomposites are still largely at the lab scale, and the number of synthesis protocols available
in the literature is limited. Nonetheless, future research should exploit various advanced materials to construct MOF-based

nanocomposites with improved properties for use in flexible supercapacitor devices for industrial-scale applications.
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Table 3.1: Summary of the flexible supercapacitor performance of MOF-based hanocomposites.

Pristine MOF nanocomposite | Electrolyte Capacitance | Energy density | Cyclic Flexibility (bending cycles) Ref.

MOF stability

ZIF-67 PANI-ZIF-67-CC H.SO./PVA gel | 35 mF 0.0044 mWh 80% Optical images showed [83]
cmZ2at0.05 | cm? (2000) capacitance remained intact after
mA cm bending and twisting.

Co-MOF | Co304@Co-MOF Gel-based 192 mF 21.6 mWhcm™ | 96% 99.7% (400 cycles) [87]

electrolyte cm2at (5000)

0.5 mA cm™2

MIL-101 | PANI/MIL-101 PVA/H.SO4 371 F/g at 7Whkg? 81% 90% (1000 cycles) [91]
0.5 (10000)

Co-BTC | Co-BTC/NWM 1 M NaOH 657 F/g at 81% - [93]
0.5 Alg (3000)

UiO-66 PANI/UIO-66 PVA/H,SO4 1015 F/gat | 78.8 Wh/kg 84% 90% (800 cycles) [94]
1 Alg (3500)

Cu-MOF | Cu-MOF@CC 1812 3.14 mWh/cm® | 90% - [95]
mF/cm? @ 1 (2000)
mA/cm?

HKUST-1 | PEDOT/HKUST-15G- | PVA/H3PO4 gel | 37.8 mF/cm? | 2.1 mW/cm at 89% Optical images taken at different | [96]

CNTF & 5mV/s 0.4 mA/cm? (700) angles show high flexibility.
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ZIF-67 ZIF-67/rGO 02M 326 F/lgat3 | 25.5Wh /kg 88.8% - [97]
Ks[Fe(CN)s] *! Alg (1000)
M NaxSO4
ZIF-67 ZIF-67-Ppy 225.8 mF 0.0113 mWh - Optical images show good [98]
Na;SO4/PVA gel | cm2at0.04 | cm™ flexibility up to 180 °
mA cm?
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Chapter 4: Dual-ligand Metal-Organic framework-derived
supercapacitor electrodes for improved energy storage

Abstract

Because of its high capacitance value, low cost, and stability, nickel oxide (NiO) has emerged as
a viable active material for the production of supercapacitor electrodes. The weak conductivity of
NiO, on the other hand, has an impact on its electrochemical energy storage ability. A double-
linker MOF approach was used in this study, with a pristine nickel-based metal-organic framework
(Ni-MOF) being synthesized by solvothermal synthesis and subsequently changed into nickel
oxide and nickel oxide/nickel composite electrodes by heating in air at various temperatures. With
NiO/Ni calcined at 400 degrees Celsius, the best supercapacitor performance was attained (753
Fgtat 1 Ag?). The electrode material was cyclically stable as well, with 90% of the capacitance
staying constant after 1000 cycles. With respect to the scan rates of the investigated electrodes,
electrochemical kinetics investigation revealed the pseudocapacitive behavior of the MOF-derived
electrode materials. The method described in this paper might be applied to develop alternative

materials for use in high-performance supercapacitor applications.

Keywords: Nickel oxide, cycle, energy storage, capacitance, kinetics
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4.1 Introduction

Fossil fuels have unquestionably grown significance in the energy industry during the last several
decades, as their use continues to rise as a result of the world's growing population and
technological improvements [1]. Biomass and other natural resources can be used to produce
electricity [2]. All these problems can be overcome by shifting our attention to other sources of
energy such as renewables. Electrochemical devices such as supercapacitors can be used to store

this energy to make them valuable for future use [3].

Supercapacitors, also known as ultracapacitors, are high-efficiency energy storage devices with
low internal resistance that may yield high energy density due to their unique storing mechanism
[4,5]. Supercapacitors outlast regular batteries and offer a higher power density. They are also
easier to maintain. Materials that form the brainbox of supercapacitors are numerous and include

but not limited to carbon materials, metal oxides among others [6-10].

Although starting materials are critical to supercapacitor performance, they all have disadvantages.
For instance, metal oxides have better capacitance value but low electrical conductance, whereas
carbon-based compounds conduct better and show better performance [11,12]. The polymers that
can conduct electricity show good performance, but their stability is low [13]. Other materials with
intriguing properties have made hot research headlines around the globe in seeking to fabricate
supercapacitors with superior performance [14,15].

Because of their interesting features such as ease of functionalization, flexibility among others,
metal-organic frameworks (MOFs) have recently emerged as promising candidates for the
fabrication of electrode materials for supercapacitor applications [16]. Despite these advantages,
MOFs' weakness to conduct electricity and limited response to thermal behavior may restrict their
storage performance [17]. MOFs are, therefore, either converted into derivative compounds such
as oxides of metals to alleviate this problem, or form a composite with others while their structures

remain intact [18].

Metal oxide study has been stepped up in order to eliminate the organics found in MOF structures
while also converting metal nodes to oxides of metals without much effect on pore properties [19].
He et al., for example, used calcination at various temperatures to produce nickel oxide with

hexagonal shape from parent metal-organic frameworks while maintaining the structure of the
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pristine MOF [20]. At a current density of 1 A/g, the MOF-derived NiO had capacitance value of
485 F/g and retained around 87 percent after 5000 cycles. Han et al., for example, used the same
nickel-MOF as a platform to create a three-dimensional nickel oxide with outstanding
supercapacitor performance [21]. However, when compared to NiO's of 2,584 F/g, the capacitance
of the synthesized electrode was small. As a result, their potential usage as supercapacitors may
be limited [22]. Incorporating a functional substituent into metal-organic framework-based
materials, on the other hand, will give better storage capacity, because metals generally when
added increase conductivity and reduce the length between the electrode and the metal and hence
store energy more strongly [23]. As a result, as has been widely documented in the literature [24-
27], a method has to be established to successfully incorporate the needed features without
presenting new sources of carbon. As a result, nickel oxide electrode will be positioned to provide
exceptional storage performance.

This chapter describes the facile preparation of a nickel oxide/nickel electrode materials using a
dual-ligand metal-organic framework method. MOFs that possess larger surface areas tend to
interact more closely with the electrolyte ions, leading to poor electrochemical energy storage
performance, since organic linkers frequently utilized in MOFs serve to manage the porosity and
the manner with which the ions conduct electricity. As a consequence, the original nickel-MOF
with two linkers was used in conjunction with precise fabrication circumstances to produce
electrodes interesting characteristics. Surprisingly, the Ni-MOF founded on double-linkers has

never been reported to be instrumental in the design of supercapacitors.

The pristine nickel-metal organic framework, which is made up of HsBTC (benzenetricarboxylic
acid) and 2-methylimidazole (2-MelM) as ligands, was annealed at several temperatures to find
the optimal range for the derivative electrodes to store the maximum energy. In comparison, the
as-prepared nickel oxide/nickel electrode material performed well due to the synergistic effects of
the generated NiO with Ni. The derivative nickel oxide/nickel composite electrode shown
excellent performance of 753 F/g at 1 current density (A/g) during electrochemical testing, and the
highest energy density of 26 Wh/kg and a power density of 2393 W/kg. The electrode showed
good rate capability after 1000 charge-discharge cycles, with ninety percent preservation of the

original material. Furthermore, knowledge of the created materials' storage device showed their

81



pseudocapacitive activity. Oxides of other metals and their composites can also be made using this

method.

4.2 Experimental

4.2.1 Preparation of Ni-MOF

The solvothermal approach was used to make the double-linker Ni-MOF, with minor alterations
to the method published in the literature [28]. 1.5 mmol nickel nitrate salt, 1.5 mmol 2-
methylimidazole, and 1.5 mmol HsBTC were dissolved in 105 mL DMF and agitated continuously
at room temperature for 40 minutes. After being moved to a Teflon-lined autoclave, the solution
was heated at 150 °C for 2 days. The mixture was centrifuged and carefully rinsed with DMF and
then ethanol after the reaction. To make a double-linker Ni-MOF, the powder was dried overnight

in a vacuum oven at 70 °C.
4.2.2 Preparation of a Nickel oxide/nickel composite electrode

The NiO/Ni composite materials were made by heating the Ni-MOF dual ligand at 400, 500, and
600 °C in air for 3 h at 5 °Cmin™. The resultant products were named after each temperature

respectively.

4.2.3 Preparation of the working electrode

Three pieces of nickel foam (NF) (1cm x 1cm) were soaked in 20 mL 3 M hydrochloric acid under
sonication for 1 hour to remove surface oxides before being coated with active ingredients. The
foam was then thoroughly washed in water and then ethanol before being dried in a vacuum oven
overnight. The working electrodes were subsequently made by combining an 8:1:1 (w/w) ratio of
the MOF-based nickel oxide/nickel composite material, carbon black, and a PTFE binder in a
homogenous slurry. This was applied on a clean nickel foam current collector and dried for 12
hours in a vacuum oven at 70 degrees Celsius. After crushing the Ni foam at 10 bar for 10s, the
functioning electrode was achieved. The active substance weighed 3.5 to 4.5 mg, based on the
change in mass between the nickel foam before and after loading. This preparation procedure is

illustrated in Figure 4.1,
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Figure 4.1. The production of nickel oxide/nickel composite electrodes from dual ligand nickel-MOF

is depicted.

4.2.4 Electrochemical characterizations

Electrochemical testing of the electrode materials was carried out using a three-electrode
configuration in a 3 M KOH electrolyte solution, with NiO/Ni as the working electrode, platinum
as the counter electrode, and Ag/AgCl as the reference electrode. Using cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy, the
electrochemical properties of the synthesized electrodes were determined (EIS). In the potential
range of -0.1 to 0.5 V, the CV was conducted at various scan speeds. GCD studies were carried
out using a voltage range of 0-0.5 V and between 1 and 10 A/g. A frequency range of 0.01 to 100
kHz was used for the EIS study.

4.3Results and discussion

4.3.1 Thermal performance

Thermal gravimetric analysis was employed to test the stability under heat of the dual ligand
nickel-MOF in a nitrogen environment. Figure 4.2 depicts the results. The moisture attached to the
Ni-MOF surface caused the Ni-MOF to lose 15.9% of its weight at around 110 °C. Similarly, the
weight reduction of 50.6 percent (from 280 to 350 °C) might be attributable to the Ni-MOF double-
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framework linker's disintegration. Consequently, the final heating temperature of the pristine MOF

for the preparation of nickel oxide and nickel oxide/nickel materials was set to 400 °C..
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Figure 4.2 TGA plot of mixed-linker Ni-MOF
4.3.2 Phase crystallinity and chemical composition

The crystalline phase and composition of the original dual ligand MOF and the derived nickel
oxide electrodes were shown by XRD analysis. The as-prepared dual ligand nickel MOF displays
unique peaks ranging from 5 to 30°, which follows the conventional nickel-MOF structure, as
shown in Figures 4.3a and 4.3b. This demonstrates that the double-linker technique worked [29].
It also ensured that the resultant nickel oxide and nickel oxide/nickel electrodes were accurately

regulated.

The (111), (200), (220), (311), and (222) planes of nickel oxide (JCPDS No: 01-075-0197) were
assigned to the standard peaks as indicated in the literature [30]. Similarly, the peaks at 44.5°,
51.8° and 76.3° (2 theta), the metallic nickel (Ni) ascribed to the (111), (200), and (220) planes
(JCPDS 00-004-0850) was detected [31]. At annealing temperatures of 400 °C and 500 °C, both
verified the effective synthesis of NiO/Ni. The Ni peaks, on the other hand, vanished totally at 600
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°C due to the oxidation of Ni to nickel oxide at elevated temperatures, allowing only nickel oxide
to develop. Figure 4.3 shows that the conversion of dual ligand MOF into phase pure nickel oxide

and nickel oxide/nickel was complete since there were no contamination peaks in the XRD.

Figure 4.3c shows the Fourier Transform Infrared spectra of the nickel-MOF as synthesized, as
well as the nickel oxide and nickel oxide/nickel produced by annealing under air at various
temperatures. The O-H stretching depicts the coordinated water attached to the parent MOF, with
a large peak at 3208 cm™. The aromatic HCs on the MOF ligand, which are clearly absent in the
treated materials, can also be attributed to the strong peaks at 1545, 1428, 1345, and 1098 cm™.
This shows that the framework has been successfully decomposed. The C=0 stretching in Ni-MOF
is responsible for the band at 1614 cm™. The Ni-O stretching mode is conserved for metal-organic
framework-based nickel oxide and nickel oxide/nickel [32], as seen by the band at 465 cm™. Other
absorption peaks in the calcined materials at 3669 cm™ and 1401 cm, respectively, at 400 °C and
500 °C, might be ascribed to the moisture vanishing after thermal treatment (600 °C). The obtained
electrode materials' steep peak at 1063 cm™ might be attributed to the -CO bending vibration,
which matches to CO> absorption from the environment [33].
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Figure 4.3: Characterization using (a) XRD patterns of the prepared materials. (b) Inset of the XRD
pattern of Ni-MOF. (c) FTIR of nickel-MOF and the nickel oxide-derived materials

4.3.2 Surface morphology and elemental composition

SEM and transmission electron microscopy were used to examine the shape and composition of
dual ligand MOF and its derivatives electrodes (TEM). The shape of the original nickel-MOF was
retained at different heating conditions, according to the SEM data shown in Fig 4.4 (a-d), but the
derivative electrodes had a more porous structure. The framework breakdown in Ni-MOF was
validated by this. Furthermore, partial oxidation of Ni occurred at lower temperatures (400 °C and
500 °C), resulting in the production of NiO supported on Ni. At 600 °C, however, the metallic Ni
fully oxidized to NiO, leaving just NiO behind. The elemental composition of the parent MOF can
be seen in the EDS spectra, with Ni, O, and C as the primary ingredients, whereas Ni and O are
the main constituents of the nickel oxide/nickel and nickel oxide electrodes. (For further
information, see Figure 4.4 e-i.) The existence of a low-intensity C component in MOF-derived

electrodes, on the other hand, is due to carbon covering used in analysis
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Figure 4.4 SEM and EDX images respectively of the (a,e) Ni-MOF and nickel oxide/nickel and nickel at
400 °C (b,f) 500 °C, (d,h) 600 °C

Figure 4.5(a-d) displays TEM images of the generated NiO/Ni-400, NiO/Ni-500, and NiO
electrodes, as well as the associated histogram (Figure 4.5(e-h)), which offer further information
about the shape, size, and status of the agglomeration. The calcination of Ni-MOF double-linkers
produced nanometer-sized spherical nickel-oxide-nickel composites (Figure 4.5 (b-c)) and NiO-
600 electrodes with a rod-like form (Figure 4.5d). When linked to the original Ni-MOF of 59.2
nm, the 400, 500, and 600 °C showed a well-dispersed morphology, a smooth surface, and a lesser
size of 18.50 nm, 17.1 nm, and 49.51 nm, respectively. This demonstrates that the calcination
temperature had an effect on the particle size of MOF-derived electrodes, and that the decline in

particle size was due to the framework's disintegration into derived metal oxides.

Figure 4.5 TEM images of: (a) Ni-MOF; (b) NiO/Ni-400; (c) NiO/Ni-500; (d) NiO-600. Particle size

distribution histograms
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4.3.3 Physisorption characteristics

Figure 4.5(a-d) shows TEM images of the calcined materials at 400, 500, and 600 °C electrodes,
as well as the related histogram (Figure 4.5(e-h)), which offer further data about the
agglomeration's structure, size, and state. Calcination of Ni-MOF double-linkers led to spherical
composites (Figure 4.5 (b-c)) and rod-like nickel oxide-600 electrodes (Figure 4.5d). All the three
electrodes displayed particle sizes of 18.50.7 nm, 17.1 nm, and 49.51.3 nm respectively,
respectively, when compared to the original MOF of 59.2 nm. This shows that the calcination
temperature had an influence on the particle size of the derivatives, and that the particle size
reduction was due to the framework disintegrating into generated metal oxides. Likewise, when
the ultimate calcination temperature increased, the surface areas and pore diameters decreased.
The pore size distribution estimated using the BJH adsorption technique is shown in Figure 4.6b.
It has pore sizes ranging from 5-50 nm, which is typical of mesoporous materials. The synthesized
electrodes’ mesoporous shape is critical for boosting electron and ion transport at the electrode-

electrolyte interface, as well as providing an excess of active sites for fast electrochemical

reactions.
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Figure 4.6 Nitrogen adsorption-desorption results. (a) of the parent Ni-MOF and MOF-derived =
materials (b) pore size distribution of nickel-MOF and derivative electrodes

Electrochemical performance

The electrochemical activities of the three electrodes in a basic electrolyte using 3 electrodes were
assessed based on EIS, cyclic voltammetry and GCD results. Figure 4.7 (a-c) displays the typical
cyclic voltammetry curves of the three materials at different scan rates up to 100 mV/s. The curves

show pseudocapacitive behavior in the examined potential window and was retained at increased
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scan speeds, indicating a high rate competence for supercapacitors. The three curves all displayed

oxidation-reduction peaks that may be attributed to the Faradaic chemistry, which is stated as:

NiO + OH™ & NiOOH + e~ (4.4)

Besides, when the scan rate increases, both the cathodic and anodic peaks change to higher and
lower potential, implying that the Faradaic reaction is regulated by the ion diffusion mechanism
[34]. Equally, because the slope of the relationship between the peak current and the square root
of the scan rates (v?) is proportional to the diffusion coefficient, the bigger the slope, the greater
the coefficient of diffusion, and the stronger the ion-diffusion procedure of the materials [35]. As
a result, the slope of the compared materials shows that nickel oxide/nickel-400 had the most

effective ion-diffusion process.
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Figure 4.7 Supercapacitor activity of the electrodes. (a-¢) CV curves in 3 M basic (KOH) electrolyte
and (d-f) the link between the peak current against scan rates for the three electrodes

Figure 4.8 depicts GCD testing performed in the 0 to 0.5 voltage potential window at various
current densities (a-d). For all three-electrode materials, the non-linearity of the charge-discharge
curves against tested scan rates is typical of pseudocapacitive behavior, as evident in the CV curves
[36]. At a current density of 1, the GCD curves were compared and it was observed that the nickel

oxide/nickel-400 material has the most extended discharge time, suggesting the best storage
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activity (See Figure 4.8a for further information.) Figure 4.8b-d further shows that when the
current density increases, the specific capacitance of all three electrodes drops, which may be
related to the inadequate reduction-oxidation activity at increased current density. When the
capacitance was enhanced to 10 A/g using the electrode calcined at 400 °C, nearly 85% of the
original capacitance valuewas preserved. The active components leaking from the materiak during
reaction might be to due to the decrease in capacitance value of nickel oxide/nickel-400 offers the
best rate capacity when compared to other electrode materials, such as nickel oxide/nickel-500 (50
percent retention) and nickel oxide-600 (78 percent holding). (For further information, see Figure
4.9a.). Nickel oxide/nickel-400 offers the best rate capacity when compared to other electrode
materials, such as nickel oxide/nickel-500 (50 percent retention) and NiO-600 (78 percent
holding). (For further information, see Figure 4.9a.) Nickel oxide/nickel rate capacity might be
due to its large surface area, as well as the increased conductivity provided by the added Ni. This
value, as shown in Table S4.2, is better than certain similar to nickel oxide supercapacitors and
equivalent to others. For example, Moholkar and co-workers noted that nickel oxide produced by
the solvothermal technique capacitance to a high value of 132 F/g at current density of 1 A/g in
basic electrolyte solution [37], whereas Cai and his team established up to 381 F/g at 1 A/g for the
composite of nickel oxide and nickel supercapacitor electrode [38]. In addition, the energy density

and power density were calculated using equations 4.2 and 4.3, as shown in Table 4.1.
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Figure 4.8 Galvanostatic charge-discharge curves of: (a) the comparison of the three electrodes at 1
Ag; (b) NiO/Ni-400; (c) NiO/Ni-500; (d) NiO-600.

Moreover, cyclic stability is critical to a supercapacitor's performance in real-world applications
[39]. As a result, unceasing cycling experiments at 5 A/g for 1000 cycles were used to appraise
the behavior of the three electrodes. As shown in Figure 4.9b, for nickel oxide/nickel-400, Nickel
oxide/nickel-500, and nickel oxide-600, respectively, 90 percent, 80 percent, and 85 percent of the
original capacitance was kept. Electrochemical impedance spectroscopy was used in a frequency
range of 0.01 to 100 kHz to further examine the exact conductance of the electrode materials.
Figure 4.9c shows the Nyquist plots that resulted. In the low-frequency range, all of the materials
showed a straight line, showing exceptional capacitive performance. The obtained Rs of the
solutions for the three materials calcined at 400, 500, and 600 °C was respectively found to be
0.83, 0.14, and 0.94, based on the intercept of the real axis of the curve obtained from the
electrochemical circuit fitting in Figure 4.9c. Meanwhile, the Rct for the charge transferred within

the electrolyte ions was respectively 0.5, 0.9, and 1.0. The low charge-transfer resistance for the
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nickel oxide/nickel at 400 °C indicates good electrical conductance, which has a significant impact
on the high specific capacitance. The Ragone diagram (energy density versus power density) of
the produced electrode materials is shown in Figure 4.9d. The power density of 265 W/kg, the
nickel oxide/Ni-400 electrode produced the highest energy density of 26 Wh/kg. The energy
density had decreased to 22.6 Whkg™ at a maximum power density of 2390 Wkg™, which is greater
than the synthesized NiO/Ni-500 and NiO-600, as well as some of the reported NiO-based
electrodes, such as porous NiO, CNT@NIiO, NiC0204/N-rGO, and Ni/NiO [40-43]. The
preservation of the capacitance values to a great extent among other for the electrode material at

400 °C make it a befitting material for outstanding supercapacitor performance, according to this

research.
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Figure 4.9: (a) Capacitance values of MOF-derived nickel oxides and nickel oxide/nickel electrodes.
(b) Cycling stability tests. (c) EIS plots (d) Ragon plots
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Figure 4.10: XRD patterns of (a) NiO/Ni and (b) NiO after 1000 charge-discharge cycles.

Table 4.1 Electrochemical performance of the NiO/Ni and NiO electrodes

Sample/ Specific capacitance (F/g) Energy density (Wh/kg) Power density (W/kg)

Current

density NiO/Ni-400 NiO/Ni- NIO-600 | NiO/Ni  NiO/Ni  NIO | NiO/Ni- NiO/Ni- NIO-600

500 -400 -400 600 | 400 500

1A/ 753.41 269.44 204.75 | 26.160 935 7.11| 26454 25323  250.86
2Alg 724.14 180.63 198.93 25.14 6.27 6.9 | 500.10  480.42  532.21
5A/g 698.46 176.19 180.82 24.25 6.11  6.28 | 1283.68 1223.47 14125
7Alg 660.12 138.16 168.22 22.92 479 5.83|1833.68 2158.84 1909.09
10 A/g 650.92 135.06 160.39 22.60 468 555 |2393.09 2813.91 2500.02

After the electrochemical reaction, SEM and TEM were used to examine the surface appearance
and structure of the spent electrode materials (NiO and NiO/Ni), as well as the materials' durability

after cycling stability tests. (For further information, see Figure 4.11.) Interestingly, the materials'
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form and size remained almost intact, which explains the high rate performance found at greater

current densities.

Figure 4.11: SEM images of NiO/Ni-400 (a, b) and NiO-600 (c, d) after 1000 cycles; TEM images

The current (1) and the scan rate (v) relationship can be investigated using Figure 4.10a and
equations 4.5 and 4.6 to better understand the mechanism of the top ranking electrode, nickel

oxide/nickel-400.

I = lcapacitive Idiffusion = av® (4.5)

94



logi= loga + blogv (4.6)

The parameters a and b are the changeable and may be calculated using the logi and logv curves.
When b = 1, the mechanism is surface-controlled; when b equals 0.5, the mechanism is diffusion-
controlled [44].

i (V) = kav+ ko vY2 4.7
i (V) V2= kw2 + ko (4.8)

| (V), kiv, and ko v¥2 denote the total current at any given potential window V, as well as
percentages of capacitive and diffusion process, respectively. The values of ki (slope) and ko
(intercept) from the straight line, which correspond to the contribution percentages from the
capacitive and diffusion-controlled processes, respectively, were computed from the plot of I
(V)IVM2 against v, (For further information, see Figure 4.12c.) Diffusion-controlled behavior is
often observed in battery-like electrodes, but surface-controlled processes have been observed in
capacitive and pseudocapacitive electrode materials [45]. The quick reduction-oxidation
performance, which permitted outstanding rate capability and reversibility at high scan rates, the

capacitive-controlled input to total charge storage increased with a rise in the material scan rate.
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Figure 4.12: Kinetic results of the diffusion and capacitive-controlled processes of the synthesized
nickel oxide/nickel electrode materials.

4.4 Conclusion

In conclusion, heating the pristine MOF at varied temperatures, a simple dual ligand method was
established to produce nickel oxide and nickel oxide/nickel composite electrodes. Also, to the large
surface properties, the best performing electrodes has the combined advantages of redox activity
and conductivity. The structural composition, and physicochemical features of the resultant
electrode materials were all influenced by the heating conditions. The materials synthesized at 400
degrees Celsius had a capacitance value of 753 F/g, as well as a notable rate capability (up to 85%
retention at 10A/g) and strong cycling performance. Furthermore, the material had a high energy
density of 26 Wh/kg as well as a good power density. The kinetic result established that all the
materials exhibited diffusion-controlled process at different scan rates. This study is critical to
fabricating other valuable supercapacitor electrode materials based on metal-organic frameworks
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with excellent performance and also holds a great promise towards development of flexible storage

devices.
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Chapter 5: Self-assembled Zn-functionalized Ni-MOFs as binder-free
electrodes for electrochemical energy storage application

Abstract

Zinc-functionalized nickel metal-organic framework (Zn/Ni-MOF) composite electrodes were
grown directly on nickel foam (NF), fabricated using solvothermal synthesis and used as binder-
free electrodes for electrochemical energy storage applications. The structural characteristics of
the composite materials were analyzed by X-ray diffraction (XRD), scanning electron microscopy
(SEM), energy dispersive X-ray (EDX), nitrogen adsorption-desorption surface area analysis,
Fourier Transform Infrared Spectroscopy (FTIR), thermal gravimetric analysis (TGA) and Raman
spectroscopy. The structural elucidation revealed that flower-decorated ball-shape microstructures
were obtained from Zn functionalization of the pristine Ni-MOF microsheets. They also showed a
high surface area and different pore characteristics. The electrochemical performance measured
when using a 3M KOH electrolyte solution indicated that Zn-doped Ni-MOF containing Zn/Ni in
the ratio 1:2 (ZNN1) exhibited the best performance. The maximum specific capacitance was 391
Fg* at a current density of 1 Ag™, which indicated that it retained about 70% of its initial value at
10 Agt. This indicates good rate capability. The electrode also possessed a maximum energy and
power density of 12 Wh kg™ and 2000 Wkg, respectively, with a high cycling stability of 93%
after 1000 cycles. The enhanced electrochemical performance of ZNN1 was attributed to an
increase in the surface area and electrical conductivity of Ni-MOF, following the incorporation of
an optimum concentration of Zn dopant. The charge storage mechanism was predominantly
controlled by the diffusion process, which suggests that the method employed in this study is
promising for the fabrication of pseudocapacitive materials.

Keywords: Ni-MOF, Zn dopant, binder-free electrodes, pseudocapacitive, microsheets.
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Graphical Abstract

Zn-doped Ni-MOFs were fabricated and used, for the first time, as free-standing electrodes for
supercapacitor applications. The optimum Zn/Ni concentration delivered the best performance
with respect to specific capacitance and energy/power density, and was linked to the textural
properties and low charge transfer resistance of the electrode materials. The storage mechanism

was further probed using electrochemical kinetics.
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5.1 Introduction

High energy demands have stimulated research interest in clean and sustainable energy storage
systems, in response to the problem of ongoing depletion of fossil resources and the accompanying
environmental challenges [1]. To prepare these clean energy alternatives for future use, they need
to be stored properly using smart devices [2]. Supercapacitors are considered one of the promising
energy storage devices designed for the next generation of wearable and electronic devices, due to
their high-power density, fast charge-discharge rate and exceptional cycling stability [3-4].
Supercapacitors can therefore be considered a suitable replacement for lithium-ion batteries (L1Bs)

in some applications where high power density and good cyclic stability are a high priority [5].
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The performance of a supercapacitor is strongly influenced by the physicochemical properties of
the electrode materials [6-7]. Great strides have been recorded in the past few decades with the
development of high-performance electrode materials for supercapacitor applications — such as
transition metal oxides, carbon-based materials, sulfides, hydroxides and conducting polymers -
but constraints are still inherent in these materials, especially at a low energy density [8-10]. Thus,
it is still a challenge to design a supercapacitor device that will deliver both high energy density
and good energy density with respect to the novel materials and new structural architecture being
used.

Metal-organic frameworks (MOFs) were first reported on about two decades ago. They are porous
materials assembled from the coordination of metal ions and organic ligands [11]. They have
attracted attention in the field of supercapacitor applications because of their high specific surface
area, well-defined structure, high porosity and ease of functionalization of MOFs, and can also be
used as flexible supercapacitors [12-13]. Unfortunately, the performance of MOFs in
supercapacitor applications - which is measured in terms of energy/power density, capacitance
values and cycling stability - can be severely hampered by low electrical conductivity and weak
chemical/thermal stability [14]. Many approaches have been proposed to overcome this constraint
and to improve the conductivity and stability, and ultimately enhance the energy storage
performance of MOFs [15-17].

Functionalization of pristine MOFs with transition metals such as Zn?*, Co?*, Mo?*, Ni?*, Cd?* and
Co*/Zn?* is one effective strategy that can enhance their conductivity and chemical stability while
increasing the surface characteristics [18-20]. For instance, Yang et al. reported self-assembled
Mo-doped Ni-MOF nanosheets and used them as electrode materials for an enhanced battery-type
supercapacitor application [21]. The Mo-doping enhanced both the electrical conductivity and
stability of the pristine MOF, and this translated into an increase in the electrochemical
performance of the Mo-doped Ni-MOF. The electrode material with a Mo/Ni molar ratio of 1:1
delivered the best performance, with a specific capacitance of 802 Cgat 1 Ag™ compared to 435
Cg?! for Ni-MOF at the same current density. In addition, the material exhibited good cyclic
stability of 96% after 20,000 cycles, while the fabricated battery-type supercapacitor device
showed an outstanding energy density of 59 Whkg™ at a power density of 802 Wkg™ [21].
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Chen et al. used HCI as a modulator to prepare hierarchical spherical Zn-doped Ni-MOF for
supercapacitor applications using a microwave method [22]. The rational adjustment of the amount
of Zn dopant (Zn/Ni: 0.07) delivered an optimum Zn-doped Ni MOF with a high specific
capacitance of 237.4 mA h gt at a current density of 1 Ag™. It also retained 88% of its original
value at 4000 cycles, which indicates good cycling stability. The superior performance of the
electrode material was attributed to its structural properties, as well as the optimum concentration
of Zn?* used for doping [22].

Most studies involving transition metal-doped MOFs to improve the performance of
supercapacitors have employed high molecular weight polymeric binders, such as polyvinyl
pyrrolidine (PVP) and polytetrafluoroethylene (PTFE) [21-23], to prepare the working electrodes.
However, the use of binders can decrease the accessible areas of the electrode material and limit
transportation of charges and ions between the electrode and the electrolytes, thereby impeding
the overall electrochemical energy storage performance [24]. To address this issue, binder-free
electrodes can be used to fabricate electrode materials for high-performance supercapacitor
applications [25-27]. This is done by growing active materials directly on different substrates,

including Ni foam, Al foil, graphite sheets and carbon cloth [28].

This section reports on self-assembled synthesis and optimization of Zn-functionalized Ni-MOF,
which was grown directly on an NF support using a solvothermal approach without the use of
binders. This synthetic approach was used to fix MOFs on the Ni substrate with different
concentrations of transition metal dopants. The fabricated electrodes were subsequently used as
binder-free electrodes for supercapacitor applications, and showed beneficial characteristics such
as good textural properties. Furthermore, the Dunn method was used to probe the Kinetics and

electrochemical energy storage mechanisms of the fabricated binder-free electrodes [29].
5.2 Experiment

5.2.1 Materials

All the reagents used in this study were analytical grade, except for the HCI, and all the reagents
were used as received and without further purification. The major reagents used were zinc nitrate
hexahydrate (Zn(NO3)2.6H20)), nickel chloride hexahydrate (NiCl.-6H20), terephthalic acid
(benzene-1,4-dicarboxylic acid, BDC), dimethylformamide (DMF) and hydrochloric acid (HCI).
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5.2.2 Synthesis of binder-free Ni-MOF

Before the reaction, Ni foam was cut into 2 cm x 2 cm pieces and cleaned thoroughly with 3 M
HCI. The pristine Ni-MOF microsheets were obtained by means of facile solvothermal synthesis.
Typically, 3 mmol of Ni(NO3)..6H20 and 3 mmol of BDC were dissolved in a 60 mL DMF
solution. After stirring for 30 minutes, 2 mL of 0.4 M NaOH was added to the mixture before it
was transferred into a 50 mL Teflon-lined steel autoclave. A piece of cleaned NF was then
immersed in the reaction mixture. The autoclave was capped tightly, heated at 120 °C for 12 h and
then allowed to cool to room temperature. Finally, the free-standing greenish Ni-MOF grown on
the NF was carefully removed, rinsed thoroughly with DMF and ethanol three times, and dried in
a vacuum oven at 60 °C overnight. The sample was labelled as Ni-MOF/NF.

5.2.3 Synthesis of binder-free Zn-doped Ni-MOF

The synthesis of Zn-doped Ni-MOFs grown directly on NF followed the preparation method used
for Ni-MOF, as described above, except for the dissolution of different concentrations of
Zn(Ac)2.2H20. The resultant Zn-doped Ni-MOF/NF with different concentrations of
Zn(Ac)2.2H20 and molar ratios of 0.5, 1.0 and 1.5 for Zn/Ni) were denoted as ZNN1, ZNN2 and
ZNN3, respectively.

5.2.4 Material characterization

X-ray diffraction (XRD) patterns were recorded on a Rigaku SmartLab diffractometer to identify
the surface crystallinity and purity of doped and undoped samples. The chemical structures of the
samples were analyzed using Fourier transform infrared (FTIR) spectroscopy (Vertex 70 model).
Scanning electron microscopy (SEM, JSM-7100L, JEOL), coupled with energy dispersive
spectroscopy (EDS), was used to characterize the morphology and chemical composition of the
samples. The Brunauer-Emmett-Teller (BET) method was used to analyze the specific surface area
under liquid nitrogen at 77K, using a Micromeritics Tristar Il instrument. The pore size and pore
volume were measured using the Barrett-Joyner-Halenda (BJH) method. Prior to BET

measurement, the samples were de-gassed under vacuum at 150 °C for 12 h.
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5.2.5 Electrochemical measurements

A PGSTAT 302N AUTOLAB was used to evaluate the electrochemical performance of the
fabricated electrodes. The cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and
electrochemical impedance spectroscopy (EIS) measurements were carried out in a three-electrode
configuration using Ag/AgCl as the reference electrode, platinum as the counter electrode, and the
binder-free electrodes as the working electrode. The electrolyte used was a 3M KOH alkaline
solution. The specific capacitance (C (F/g)), energy density (E (Wh/kg)) and power density (P
(W/kg)) were calculated based on equations (5.1 - 5.3).

IX At

- mxAV (5'1)
__ Cx(AV)?

E=—"= (5.2)
__ 3600E

P==C (5.3)

In these equations: 1(A) is the discharge current; At (s) represents the discharge time; m(g) is the

mass of active material; AV (V) denotes the discharge potential window.
5.3 Results and discussion

5.3.1 Characterization of undoped and Zn-doped Ni-MOF

Figure 5.1 illustrates the design strategy of the binder-free Zn-doped Ni-MOF electrodes. The
doping ratios of metal ion in ZNN were controlled by incorporating the Zn source. The free-
standing Ni-MOF was first grown directly on the NF through solvothermal synthesis, using
Ni(NOz)2.6H-0 as the metal source and terephthalic acid as the organic linker. A green surface
was produced, which was different from the untreated NF. Afterwards, the addition of Zn metal to
the pristine MOF, using a similar solvothermal approach, resulted in ZNN with a greenish surface.
Both the doped and undoped Ni-MOF were subsequently characterized and tested for

electrochemical performance
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Figure 5.1 lllustration of the synthesis of undoped and Zn-doped Ni-MOF on nickel foam used as the
binder-free electrodes.

The surface morphology of the binder-free electrodes was first characterized by SEM, as shown
in Figure 5.2 (a-d). The pristine Ni-MOF (without Zn doping) exhibited a microsheet structure that
transformed to a flower-like microsphere upon the addition of the Zn dopant. However, the nature
of the microspheres and the flowers on them vary with the concentration of the dopant. Notably,
both the Zn and Ni ions compete to form microspheres during doping, hence the slight difference
in the morphologies of the doped samples. The addition of large concentrations of Zn resulted in
large agglomerations of the flower shaped crystals growing on the microspheres. Thus, it is safe
to conclude that the morphology of the Zn-doped Ni-MOF is influenced by the amount of Zn
dopant used. Of all the samples, ZNN1 exhibited the best morphology in terms of smoothness,
uniformity and interconnection between its particles. (See Figure 5.2b.) A well interconnected and
uniform morphology is critical to enhancing the electrochemical energy storage performance,

because of the advantage of rapid diffusion of electrolyte ions.
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Figure 5.2 SEM images of: (a) pristine MOF and Zn-doped Ni-MOFs; (b) Zn/Ni=0.5 (ZNN1); (c)
Zn/Ni=1 (ZNN2); (d) Zn/Ni=1.5 (ZNN3).

The elemental composition of undoped and doped samples was also examined using EDS, as
depicted in Figure 5.3. The spectrum analysis revealed the presence of: C, O and Ni for the pristine
MOFs; C, O, Ni and Zn with ratios of Zn/Ni of 0.5, 1 and 1.5, respectively, for the ZNN1, ZNN2
and ZNN3 samples. Hence, the EDS result confirmed successful Zn doping and a similar trend to
that seen with Zn/Ni, except for a slight difference with ZNN3, which may be due to the strong

competition posed by Ni against Zn at a high concentration.
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Figure 5.3 EDX spectra of the doped and un-doped Ni-MOFs.

The XRD and FTIR spectra of the samples are shown in Figure 5.4. It shows peaks at 26 = 2-20°
that are characteristic of Ni-MOF [30]. All the doped samples exhibited very similar diffraction
patterns; however, some variation was observed during the doping, notably with an increase in the
intensity of the peaks with a corresponding increase in the doping concentration. This trend implies
that the larger Zn dopant ions are partially substituted by the Ni ions, which shows the influence

of doping on the structure [31].

The FTIR spectra of the free-standing samples are shown in Figure 5.4b. The results agree with
the literature on doping MOF structures with metal ions, i.e. it revealed almost identical peaks.
However, a slight difference was seen between the symmetric and asymmetric modes in the
fingerprint region (below 1500 cm™), which increased with Zn doping. This signals the effect of
Zn doping on the MOF structure. The peak at 3690 cm™ represents the O-H stretching vibration.
The absorption bands at 1140 cm™ and 1090 cm™ indicate the aromatic -CH stretching vibration
[32].
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Figure 5.4 Characterization results showing the (a) XRD patterns and (b) FTIR spectra of the
undoped and Zn-doped Ni-MOF materials.

Surface area and pore size distribution are two key parameters that influence the performance of a
supercapacitor electrode [33]. Therefore, nitrogen adsorption-desorption analysis was conducted
to determine the surface areas of the prepared samples. As shown in Figure 5.5, all samples
exhibited a type IV isotherm with obvious hysteresis loops between adsorption and desorption,
which indicates that the samples are mesoporous in nature [34]. The BET surface area and pore
characteristics are indicated in Table S5.1. It shows a trend of an increase in surface area with the
incorporation of the Zn dopant. An increase in surface area translates into enhanced
electrochemical performance, as it increases the active interface between the electrode and the
electrolyte. Overall, ZNN1 had the highest surface area (117.8 m?/g) and an average pore size of
12.4 nm. Thus, it is expected that ZNN1 will possess the best electrochemical activity, based on
its high surface area and optimum pore size.
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Figure 5.5 Nitrogen adsorption-desorption BET isotherms of: (a) Ni-MOF; (b) ZNNZ1; (c) ZNN2; (d)
ZNNS3.

5.3.2 Electrochemical performance

The electrochemical properties of the as-synthesized samples were characterized by CV, GCD and
EIS in a three-electrode configuration using 3M KOH aqueous electrolyte, in order to evaluate the
potential of the free-standing Zn-doped Ni-MOF for supercapacitor applications. Figure 5.6a
depicts the CV curves of Ni-MOF without and with Zn dopant, at different concentrations,
measured at a fixed scan rate of 5 mV/s and a potential window of -0.2 V and 0.5 V. Noticeably,
the doped materials showed a higher peak current and area than the undoped materials, which
indicates an improvement in electrochemical performance after Zn doping. Also, ZNN1 exhibited
the largest integrated CV area, which indicates that it has the best performance. The results

obtained agreed with the characterization results, including BET.

In addition, the CV curves showed two pairs of redox peaks, which is typical of pseudocapacitive
behavior [35]. An increase in the scan rate did not affect the overall shape of the CV curves, which

confirms an outstanding rate capability for storing energy. However, there was an increase in the
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area under the curves with an increase in the scan rate, while the potential for oxidation and
reduction peaks shifted slightly towards a higher and a lower potential, respectively. This could be

attributed to either polarization of the electrode materials or an increase in ohmic resistance.
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Figure 5.6 CV curves of: (a) comparison of undoped and Zn-doped electrode Ni-MOF; (b) Ni-MOF;
(c) ZNNZ1; (d) ZNN2 (e) ZNN3; (f) comparison of the GCD curves of undoped and Zn-doped Ni-
MOF.

The GCD curves at various current densities are compared in Figure 5.7. The non-linearity of the
GCD curves is further proof of the pseudocapacitive behavior of the electrode materials, which
agrees with the CV results [36]. Interestingly, it is obvious that the process of discharging Zn-
doped materials requires more time than is required with the pristine material, which also indicates
better performance. ZNN1 showed the highest specific capacitance at different current densities,
which is similar to what was seen with the CV results. In addition, there was a gradual decrease in
the specific capacitance values with an increase in current density. This could be ascribed to a
reduction in the utility of the active material because of the rapid redox reaction, and probably

because of slow kinetics with ion transfer in the material at a high current density.
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Figure 5.7 GCD curves of (a) Ni-MOF (b) ZNN1 (c) ZNN2 (d) ZNN3 at different current densities.

Equations (5.1), (5.2) and (5.3) were used to calculate the specific capacitance, energy density and
power density of the electrode materials, respectively, and these were then compared to the GCD
curves. (See Figure 5.8a.) The doped samples (ZNN1, ZNN2 and ZNN3) exhibited higher specific
capacitance values than the undoped (pure free-standing Ni-MOF) electrode. As the Zn
concentration increased, the capacitance values decreased accordingly. ZNN1 attained a maximum
specific capacitance of 391 F/g at a current density of 1 A/g and retained up to 75% at 10 A/g,
which is an indication of good rate capability. ZNN also delivered a maximum energy density and
power density of 1700 Wh/kg and 12 W/kg, respectively.

The corresponding values obtained for the energy and power density of the other materials are
shown in Table S5.2. Similarly, Table 5.1 provides a comparison of the electrochemical
performance of the ZNN1 electrode with that of related materials that have already been
established in the literature. ZNN1 compared favorably and had better specific capacitance than
some materials, which may be attributed to the synergy between its uniform microsphere and

optimum Zn doping.
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EIS was also used to probe the high performance of ZNN1 in comparison to other Zn-doped
electrodes (ZNN2 and ZNN3) using the Nyquist plot. (See Figure 5.8b.) The inset shows the
enlarged spectra for the mid- and high-frequency regions. The electrochemical circuit used to fit
the Nyquist plots is shown in Figure 5.8c. At low frequency regions, all three EIS spectra displayed
a liner curve and a quasi-semicircle at a high frequency. It is also obvious from the curve that
ZNN1 possessed the lowest internal resistance compared to ZNN2 and ZNN3. Low internal
resistance indicates high ionic and electronic conductivity, which ultimately impacts
electrochemical performance positively [37-39]. The low internal resistance of ZNN1 may not be
unconnected to its uniform morphology and its unique textural properties when compared to ZNN2
and ZNN3.
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Table 5.1: Electrochemical performance of the various MOF-based Ni electrode materials.

Electrode material Current Specific Electrolyte Ref.
density capacitance
(F/9)

Niz(HITP): 0.05 A/g 111 1 M TEABF4/ACN [40]
Ni-MOF 5mV/s 309 1M LiOH [41]
Ni-doped MOF-5 0.05 A/g 380 1M KOH [42]
MOF-derived NiO 01 Alg 324 6M KOH [43]
Binder-free Zn-doped Ni- 1 A/g 390 3M KOH This work
MOF

Another key parameter to measure the performance of a supercapacitor is the ability to retain its
capacitance over several cycles, which is known as cycling stability. The cycling stability of the
samples was evaluated using the GCD method at a current density of 5 A/g for 1000 cycles. As
shown in Figure 5.8d, as the cycling number increases, capacitance retention decreases. Again,
ZNNL1 delivered the highest cycling stability, with about 90% capacitance retention after 1000
cycles. This further confirms that ZNN1 has a high specific capacitance in addition to outstanding
cycling stability. The low internal resistance, high surface area and uniform morphology are the
essential parameters in this regard, as they help hasten the rapid transfer of ions in the electrolyte

solution.

To evaluate the charge storage mechanism in the ZNN1 electrode, the CV curves were used for
kinetic analysis of the electrode material. Analysis of the relationship between the peak current
and the scan rate helped to determine if the electrode material exhibited battery-type characteristics
or pseudocapacitive characteristics during the charge-discharge stage. This is expressed in
equations (5.4) and (5.5), which are appropriate for use in evaluating the property of the electrode
in this regard [44].

i=av’ (5.4)

logi= loga + blogv (5.5)

Where: i and v represent the peak current and scan rate; a and b are constants.
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Linearization of equation 5.4 produced equation (5.5), from which the value of b could be derived
from the slope of logi against log v. A b value of approximately 0.5 implies that the electrode
material possesses battery characteristics, while a b value close to 1 indicates pseudocapacitive
properties. After computation, it was confirmed that the b values are within both limits, which
indicates that the material shared both battery-type and capacitive properties. (See Figure 5.9a and
5.9b.) Consequently, further probing was done to distinguish which of the two processes was more

prominent. Dunn’s equation was used, as shown in equations (5.6) and (5.7) [45].
i = kav+ ko V12 (5.6)
i/ V2 = kw2 + k, (5.7)

Where: i is the peak current; v is the scan rate; k1 and kz are constants. The contributions from the

capacitive and diffusion-controlled processes are denoted by kiv and kov*?, respectively.

The plot of i / v¥2 vs. v*2 produced a linear curve from which the values of ki and k2 could be
determined. (See Figure 5.9c.) It can be seen that the contribution of the diffusion-controlled
process increased with an increase in the scan rate, while the capacitive contribution decreased
with an increase in the scan rate. The implication of this is that the materials exhibited a
predominant pseudocapacitive behavior, i.e. as the scan rate increased, the ions diffuse into the

materials faster, and limit the capacitive contribution.
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dependent capacitive and diffusion-controlled contributions.

5.4 Conclusion

In this study, the binder-free Zn-doped Ni-MOFs grown directly on NF were synthesized and used
as electrode materials for supercapacitor applications for the first time. By controlling the
concentration of Zn ions with respect to the Ni ion, an optimum free-standing electrode was
produced. ZNN1 delivered the highest specific capacitance of 391 F/g at 1 A/g, with a good rate
capability when the scan rate was increased to 10 A/g. The ZNN1 electrode also exhibited excellent
cycling stability of 93% after 1000 cycles. The electrochemical kinetic analysis of ZNN1 revealed
that the storage mechanism is predominantly diffusion-controlled at the tested scan rates. The
excellent performance could be attributed to the synergistic effects of a high surface area, optimum
Zn doping and low internal resistance, which facilitated the rapid transport of ions in the electrolyte
solution. The binder-free method employed for doping pristine MOFs in this study could be used
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for the rational design of pseudocapacitive electrodes and also as a potential flexible supercapacitor

because their of the simple design that requires no binders.
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Chapter 6: Zeolitic-imidazolate framework-derived ZnO/C decorated
functionalized multi-walled carbon nanotubes - a new composite electrode material
for hybrid supercapacitors

Abstract

Metal-organic frameworks (MOFs) are difficult to use directly as electrode materials for
electrochemical energy storage due to their poor structural stability and low electronic
conductivity. The hydroxyl functionalized multi-walled carbon nanotube (f-MWCNT) was
employed as a substrate to decorate ZnO/C that was generated by calcining a pristine zeolitic
imidazolate framework-8 (ZIF-8) in air. XRD, BET, TGA, BET, SEM/EDX, and TEM were used
to investigate the structure of the novel ZnO/C@f-MWCNT electrode. The supercapacitor's
performance was measured using cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), and electrochemical impedance spectroscopy in a 3M KOH electrolyte solution (EIS The
research concluded that the MOF-derived composite electrode had greater storage capability than
conventional electrodes with higher charge transfer resistance, as evidenced by a specific
capacitance of 650 F/g at a current density of 1 A/g and a superior energy/power density. The
composite electrode also shown high rate cyclability, with 98.5 percent cycling stability after 2000
cycles and 75 percent of its original capacitance preserved at 10 A/g. The synergistic benefits given
by MWCNT, which boosted electrical conductivity, and ZnO/C, which supplied adequate redox-
active sites and structural stability, were attributable to the outstanding performance of
ZnO/C@MWCNT. This research might be used to make improved MOF-based nanocomposites

for high-performance energy storage devices.

Keywords: Metal-organic frameworks, ZnO, MWCNT, nanocomposite, ZIF-8
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Graphical Abstract

From MOF templates, a novel composite electrode, ZnO/C@MWCNT, was synthesized and used
for electrochemical energy storage applications. At a current density of 1 A/g, the
ZnO/IC@MWCNT composite electrode had a high specific capacitance of 652 F/g. When its
electrochemical performance was compared to that of ZnO/C, the latter was found to be better,
with a capacitance of 365 F/g at the same current density. Furthermore, the Rs and Rct values of
the ZnO/C@MWCNT composite electrode were lower, which explained the quick kinetics of the
electrolyte ions aided by the inclusion of MWCNT.
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6.1 Introduction

Our fossil-fueled autos and home heating systems will need to transition to electric power in the
next decades to prevent the dangers of continuous use of fossil fuels, such as climate change and
pollution [1-3]. Despite the fact that electricity is a multi-purpose energy source, its limited
capacity to store energy properly might be detrimental [4]. Batteries can hold a lot of energy, but
charging them takes a long time [5]. Ordinary capacitors, on the other hand, may be charged
relatively fast but only hold a small portion of the energy. Devices that can store and release
enormous amounts of energy quickly will likely take the lead in the near future, which will most
likely be dominated by electric-powered gadgets [6-7]. Supercapacitors may be able to meet both
of these needs [8].

Supercapacitors are a special type of storage device that overcomes the drawbacks of traditional
batteries and capacitors by assuring high power density, extended cycle life, and outstanding
capacitance [9]. Despite the fact that supercapacitors have a far lower energy density than Li-ion
batteries, they can be used as a backup power source [10]. Based on their charge storing method,
supercapacitors may now be divided into two kinds [11]. One is the pseudocapacitor, which
incorporates the Faradaic storage mechanism and stores charge through redox processes that are
both fast and reversible. The electrical double layer capacitor (EDLC) stores energy by the
adsorption-desorption of electrolyte ions at the electrode materials' interface. Another option is for

the pseudocapacitive material to combine with EDLC to generate a hybrid electrode [12-14].

Pseudocapacitive electrode materials include transition metal oxides (ZnO, NiO, C0204, MnO2,
and Sn0O2) [15-16]. ZnO stands out among them because it is both cost-effective and capacitance-
rich [17]. Unfortunately, poor conductivity is a problem for ZnO. ZnO can be used with materials
that have a high conductivity, such as carbon-based compounds, to offset this disadvantage [18].
MWCNTSs (multi-walled carbon nanotubes) are a form of carbon material with high porosity,
chemical stability, huge surface area, and (most significantly) high conductivity [19]. As a result,

when ZnO is composited with MWCNT, the electrochemical characteristics of ZnO are improved.

Metal-organic frameworks (MOFs) have recently sparked renewed interest as a precursor to metal
oxides, such as ZnO [20]. The parent MOFs' features, such as good textural qualities, a large
specific surface, high porosity, and effective functionalization, will be passed down to the derived
metal oxides [21-22].
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Despite the fact that much work has been done on combining MOF-derived metal oxides with
carbon materials such as reduced graphene oxide (rGO) and activated carbon (AC) [23-27], the
use of ZnO/C that incorporates a functionalized multi-walled carbon nanotube for energy storage
applications has not been investigated to our knowledge. The major goals of this research were to
look into the impacts of -MWCNT on MOF-derived ZnO/C on the electrochemical characteristics
of composite electrodes, as well as to assess the storage mechanism utilizing electrochemical

kinetics.
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A zeolitic imidazolate framework (ZIF-8) was used as a sacrificial template to create carbon-
modified ZnO linked to functionalized MWCNT in this study. The resulting ZnO/C@f-MWCNT
electrode had exceptional electrochemical performance, thanks to its huge surface area compared
to a ZnO/C electrode without MWCNT, as well as its high conductivity, which was caused by
MWCNT interpenetration, which also helped to support the structural framework. The specific
capacitance of ZnO/C@f-MWCNT preserved more than 90% of its initial value after 1000 cycles

at a current density of 10 Ag™ based on these properties.
6.2 Materials and methods
6.2.1 Materials

SabiNano (Pty) Ltd in South Africa provided hydroxyl functionalized multi-walled carbon
nanotubes (MWCNT, average diameter 30 nm, length 300 m, purity 99 percent). Sigma Aldrich
Chemical Co. provided Zn(NO3)..6H-0, 2-Methylimidazolate (2-Melm, 90%), ethanol, and

methanol. Without additional purification, all of the compounds were used.
6.2.2 Synthesis of ZIF-8 MOF-derived ZnO/C

ZIF-8 MOF was originally made by dissolving 1 mmol Zn(NO3)2.6H20 and 2.2 mmol 2-Melm
in 20 mL methanol separately. At room temperature, they were progressively combined. The
mixture was agitated for 30 minutes before being kept undisturbed at room temperature for another
24 hours. ZIF-8 precipitated in the bottom of the flask after the reaction and was centrifuged at
6000 rpm/min. To make ZIF-8 powder, the unreacted moieties were washed with water and then
ethanol before being dried in a vacuum oven at 60 °C for 12 hours. The as-prepared ZIF-8 was
calcined at 450 °C for 3 h under air to yield ZnO/C [28].

6.2.3 Synthesis of a new ZnO/C@MWCNT nanocomposite

The identical process as in section 6.2.2 was used to make ZnO/C@MWCNT, with the exception
of adding 5mg of -MWCNT in situ before the calcination stage.
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6.2.4 Characterization

Scanning electron microscopy (SEM), transmission electron microscopy (TEM), and energy
dispersive X-ray spectroscopy were used to examine the surface morphology and elemental
composition of the composite electrode (EDX). X-ray diffraction (XRD) revealed the phase
crystallinity and chemical structure, whereas thermogravimetric investigation revealed the thermal
behavior (TGA). The Brunauer-Emmett-Teller (BET) technique was used to assess the textural

qualities, such as surface area and porosity.
6.2.5 Electrochemical analysis

Using a three-electrode arrangement and a 3M KOH electrolyte solution, electrochemical study of
the electrode materials, f-MWCNT, ZnO/C, and ZnO/C@f-MWCNT, was performed. Ag/AgCl
and Pt wire were utilized as the reference and counter electrodes, respectively. The working
electrode was made by dissolving 80% of the active ingredients, 10% carbon black, and 10%
polyvinylidene difluoride (PVDF) in 5 ml N-methyl-2-pyrrolidone (NMP), then coating it on a

carefully cleaned 1 x 1 cm? nickel foam (NF) and drying it overnight in a vacuum oven.

The electrochemical characteristics were assessed using cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS). Using equations
(6.1), (6.2), and (6.3) [29], the parameters utilized to assess the performance of the electrode
materials - such as specific capacitance, energy, and power density in a three-electrode

configuration - were determined based on the GCD plots:

Ix At
T mxAv (61)
_ Cx(AV)?
k= 7.2 (6.2)
__ 3600E
P==C (6.3)
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Where I(A) represents the discharge current, t (s) represents the discharge period, m(g)

represents the active material mass, and V (V) represents the discharge potential window.
6.3 Results and discussion

6.3.1 Thermogravimetric analysis (TGA)

TGA was used to examine the thermal behavior of the as-synthesised samples, as illustrated in
Figure 6.1. When the MWCNT was heated to 600 °C, there was essentially little weight loss,
indicating that the hydroxyl functionalized MWCNT had high thermal stability. In the case of
ZnO/C, the initial weight loss of around 2% at 150 °C might be attributed to a loss of water
molecules physically adsorbed on the surface of ZnO/C [30]. The breakdown of Zn(OH). is
responsible for the second weight loss at a higher temperature (550 °C). Because of the inorganic
character of carbon-modified zinc oxide and the added stability provided by the MWCNT,
ZnO/C@MWCNT has superior thermal stability than ZnO/C. Functionalized MWCNT was

effectively integrated into ZnO/C, according to these findings.
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Figure 6.1 TGA curves of functionalized multi-walled carbon nanotube, f-MWCNT; ZnO/C; and
ZnO/C@f-MWCNT.
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6.3.2 XRD
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Figure 6.2 XRD patterns of a functionalized multi-walled carbon nanotube, MWCNT, ZnO/C and
ZnO/C@MWCNT.

Figure 6.2 shows how the crystalline properties of the nanocomposites were revealed by their
diffraction patterns. The peaks of MWCNT are crisp, demonstrating the material's crystallinity,
with distinctive peaks at 25.50 and 43.60. This relates to crystal facets (002) and crystal facets
(003), according to JCPDS data card number 03-065-6212. (201). Based on JCPDS file number
04-015-4060 [31], the diffraction patterns of ZnO/C exhibit strong peaks at 2 = 35.5, 37, 39, 45.6,
55.3, 65, and 69, which may be indexed to (100), (002), (101), (102), (110), (103), (200), (112),
and (201), respectively. The synthesis of the ZnO/C@MWCNT nanocomposite was effective since
it shared the specific peak characteristics of ZnO/C and MWCNT. MWCNT peaks were missing
in ZnO/C but evident in ZnO/C@f-MWCNT, indicating that MWCNT was successfully
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incorporated. In Figure 6.2, there are no impurity peaks, indicating that the nanocomposite was

successfully synthesized.

6.3.3 SEM/EDX and TEM

Figure 6.3 SEM images of: (a) ZnO/C; (b) ZnO/C@f-MWCNT. TEM images of: (c) a functionalized
multi-walled carbon nanotube, -MWCNT; (d-e) ZnO/C; (f) ZnO/C@f-MWCNT, EDX spectra of (g)
ZnO/C and (h) ZnO/C@f-MWCNT

The morphology of ZnO/C produced by calcination of virgin ZIF-8 preserved the recognized
octahedral form of ZIF-8, as shown in Figure 6.3(a) and 6.3(b). MWCNT was included and took
on a spherical form that was linked to the MWNCT network. The TEM data in Figure 6.3(c-f),
examined at a magnification of 100 nm, likewise verified this form. The TEM pictures clearly
show that the as-synthesised materials have a consistent size distribution and a smooth surface.
EDX was used to investigate the electrode materials' elemental makeup. They included Zn, O, and
C, as predicted. When compared to its ZnO/C counterpart, the ZnO/C@f-MWCNT had a greater
carbon contention and a lower Zn concentration. This is because MWCNT has been included into
ZnO/C.
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6.3.4 BET

The porosity and specific surface areas of the composite electrodes were assessed by BET. The
findings are shown in Table 6.1. ZnO/C@f-MWCNT has a surface area of 46.4 m?/g and a pore
size of 0.386 nm, according to the data, whereas ZnO/C has a surface area of 38.5 m?/g. The
presence of MWCNT might explain why ZnO/C@f-MWCNT has a larger surface area than
ZnO/C.

Table 6.1: Surface area and pore characteristics of the electrode materials.

Material Surface area (m?/g) Pore Pore size (nm)
volume (cm3/g)

ZnO/C 38.5 0.17 12.7

ZnO/C@f-MWCNT  46.4 0.38 10.5

6.4 Electrochemical performance

In a three-electrode system arrangement, CV, GCD, and EIS analyses were performed on the
composite electrodes ZnO/C and ZnO/C@MWCNT. (For more information, see Figures 6.4 and
6.5.) After testing at various scan rates ranging from 5 to 50 mV/s, the CV curves (Figure 6.4a and
Figure 6.4c) were produced. Redox peaks were visible on the curves, which might be attributed to
the Faradaic redox process. When the two electrodes were compared (Figure 6.4e), it was
discovered that ZnO/C@MWCNT had a higher current than ZnO/C, indicating that it will have

greater storage capability.
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Figure 6.4 Results showing (a) CV and (b) GCD curves of ZnO/C; (¢) CV and (d) GCD curves of
ZnO/C@MWCNT. Comparison of the (¢) CV curves and (f) GCD curves of ZnO/C and
ZnO/C@MWCNT.

The performance of the produced electrodes was further tested using GCD analysis. (For further
information, see Figures 6.4b, d, and f.) Figure 6.4f reveals that the discharge curves of
ZnO/C@MWCNT are the longest, indicating greater performance. The non-linear GCD curves in
Figures 6.4b and 6.4d are characteristic of pseudocapacitors. The specific capacitance of each
electrode was estimated using equations derived from GCD curves (6.1). The results revealed that
ZnO/C@MWCNT had superior performance, with a maximum specific capacitance of 650 F/g at
1 A/g compared to 365 F/g for ZnO/C at the same current density. Furthermore, when compared
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to ZnO/C without MWCNT, the ZnO/C@MWCNT preserved around 85% of its original
capacitance value, indicating outstanding rate capability. The greater conductivity given by
MWCNT, as well as shorter ion diffusion within the electrolyte solution, may explain the enhanced
performance of ZnO/C@MWCNT. Table 6.2 compares the electrochemical performance of the

synthesized composite electrode to that of comparable materials described in the literature.
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Figure 6.5 (a) Specific capacitance of the electrodes against the current density. (b) Cycling stability
of the electrodes. (c) Nyquist plot of the electrodes with the inset showing the curve obtained at a
lower frequency. (d) The equivalent electrochemical circuit used to fit the Nyquist plot.
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Table 6.2: Comparison of the energy storage performance of the electrode materials.

Electrode Electrolyte Specific capacitance Current Ref.
(F/9) density/scan rate

3DG/Zn0O nanorods 1M KOH 554 F/g 5mV/s 31
ZnO@MOF@PANI 3.0M KClI 340 1 A/g 32
ZnO/rGO 3.5M KOH 203 1 A/g 33
ZnO/AC 1M NazSOq 155 0.5 Alg 34
CuO/Zn0O 2M KOH 579 1 A/g 35
ZnO/CNT 1M NaSOq 189 1 mV/s 36
CNT-ZnO 1M KCI 329 - 37
ZnO/C@MWCNT 3M KOH 650 1 A/g This work

Cycling stability study was performed using GCD curves at a current density of 5A/g/ to further
assess the performance of the produced electrodes. (For further information, see Figure 6.5b.) After
1000 cycles, cycling stability was found to be at 85 percent, compared to 72 percent for ZnO/C.
This demonstrates that adding MWCNT to the composite electrode improved its stability. To
further verify the storage performance and validate the better performance of ZnO/C@MWCNT

compared to ZnO/C, an EIS study of the as-synthesised electrodes was performed.

Figure 6.5c depicts the Nyquist plots of ZnO/C and ZnO/C/@MWCNT: a semi-circle and a line
angled at roughly 45° to the x-axis. The solution resistance (Rs) was calculated using the intercept
of the plots with respect to the x-axis, while the charge transfer resistance was calculated using the
diameter of the semi-circle (Rct). The Rsvalues for ZnO/C and ZnO/C@MWCNT were 1.07 and
0.24, respectively, whereas the Rct values were 2.57 and 1.32. When compared to ZnO/C, the low
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Rs and Rt values found for ZnO/C@MWCNT explain the quick kinetics of the electrolyte ions

resulting from the integration of MWCNT, which boosted its performance.

Also, the existence of a prominent Faradaic peak in Figure 6.4 (a), (c), and (e) indicates that the
Faradaic reaction is in charge of supercapacitive behavior. Due to the delayed intercalation of ions
and electrons to the innermost section of the electrode, the position of the peak current is moved
with respect to the potential as the scan rate rises. This might also imply that the Faradaic reaction
kinetics are reversible, and that the kinetic hitch causes the Faradaic peaks to be shifted after a

short time.

With reference to CV, equations (6.1) and (6.2) were used to distinguish between the contributions

produced by capacitive and diffusion-controlled processes:
i = kav+ ko V0 (6.1)
iV0® = kqv0S + kp (6.2)

The capacitive contribution is represented by klv in equation (6.1), whereas the ion-diffusion
contribution is represented by kov®°. As a result of equation (6.2), plotting i/v%® versus v°° yielded
a straight line from which the slope, ki, and intercept, k2, could be calculated. The individual
percentage contributions were then determined by multiplying the ki and k2 values acquired by the
scan rates of interest. The percentage contributions were emphasized in Figure 6.6 and extended
in Table 6.3, and the capacitive and ion-diffusion controlled processes were estimated at a scan
rate of 5 mV/s for this reason. At a scan rate of 5 mV/s, the diffusion-controlled contribution for
ZnO/C and ZnO/C@MWCNT was found to be 80 percent and 88.15 percent, respectively. The
capacitive charge storage mechanism of the ZnO/C and ZnO/C@MWCNT electrodes is consistent
with the Zn?* charge storage mechanism of the ZnO/C and ZnO/C@MWCNT electrodes.
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Figure 6.6 Analysis results of (a) Comparative CV curves of ZnO/C and ZnO/C@MWCNT. CV
curves with capacitive and diffusion fractions shown in blue and red, respectively, for: (b) ZnO/C;
(c) ZnO/C@MWCNT. (d) Bar chart showing the percentage contribution of the capacitive and

diffusion-controlled processes at a scan rate of 5mV/s.

Table 6.3: Results of the capacitive and ion-diffusion controlled processes at a scan rate of 5 mV/s.

Electrode Parameters
ial — —
materials v VoS kg ko ki/v | ko/V®S | Capacitive | lon-diffusion
contribution | contribution
ZnO/C 5 224|142 | 253 | 0.28 1.12 20.0% 80.0%
ZnO/C@MWCNT | 5 2241191 | 632|038 |282 11.9% 88.1%
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6.5 Conclusion

The novel MOF-derived ZnO/C@MWCNT composite electrode was effectively synthesized using
a pristine zeolitic imidazolate framework, ZIF-8, and simple solvothermal and calcination
procedures. In an aqueous 3M KOH solution, the produced composite electrode demonstrated
outstanding electrochemical storage performance. At a current density of 1 Alg, the
ZnO/IC@MWCNT composite electrode had a high specific capacitance of 652 F/g. When
comparing electrochemical performance to ZnO/C, the latter has a capacitance value of 365 F/g at
the same current density, indicating higher performance. Furthermore, the Rsand Rt values of the
ZnO/IC@MWCNT composite electrode were lower, which explained the quick kinetics of the
electrolyte ions aided by the inclusion of MWCNT. The greater conductivity of MWCNT, as well
as shorter ion diffusion within the electrolyte solution, might explain the improved performance
of ZnO/C@MWCNT. The findings of this study showed that using a ZnO/C@MWCNT composite
electrode to improve energy storage performance is a viable option.
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Chapter 7: Conclusion and recommendations
7.1 Conclusion

The primary objective of this research study was to make use of existing experimental findings to
advance the knowledge on how to bridge the gap in understanding the deficiencies associated with
the utility of MOFs in electrochemical energy storage by: developing a new synthetic route;
preparing novel composite electrode materials; probing the storage mechanism of the fabricated
electrodes to better understand their performance. The results and discussion were presented in

chapters 4, 5 and 6 and the key results emanating from this study are summarized in this chapter.

Significant progress has been made in this study towards enhancing the performance of MOFs for
supercapacitor applications. Experimental studies were performed that involved: preparing pristine
MOFs; transforming these into new MOF-derived nanocomposites and characterizing them using
spectroscopic tools, including XRD, Raman spectroscopy, FTIR, SEM, TEM, EDX, nitrogen
adsorption-desorption analysis (BET), EDX and TGA. In other cases, a new synthetic protocol
was employed to deliver MOF-derived nanocomposite electrodes. Thereafter, electrochemical
evaluation was carried out in a three-electrode system using Autolab PGSTAT 302N. A full
analysis was conducted in an aqueous alkaline electrolyte using cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS)
analyses. Useful insight into the storage mechanism of the prepared electrodes was obtained from
the electrochemical kinetic analyses.

The experimental work confirmed the possibility of enhancing the performance of MOFs in
supercapacitors. The knowledge obtained, either by introducing new functions into the pristine
MOFs or by using MOFs as a sacrificial template/precursor to afford MOF-based nanostructures
and composites, was tailored towards enhancing the performance of the electrochemical
supercapacitor, in terms of specific capacitance, energy and power density, rate capability and
cycling stability. Based on the results obtained and reported on in chapters 4, 5 and 6, key

conclusions were drawn. These are detailed below.
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7.1.1 Double-linker MOF-strategy for the fabrication of NiO and NiO/C composite

electrodes

A double-linker approach was adopted, for the first time, for successful synthesis of NiO and
NiO/C supercapacitor electrodes, namely NiO/Ni-400, NiO/Ni-500 and NiO-600.

The morphology of the parent Ni-MOF was preserved at different annealing temperatures,
while the MOF-derived electrodes featured a more porous structure. This confirmed the
framework decomposition in Ni-MOF.

The CV curves showed oxidation-reduction peak pairs, which can be attributed to the
Faradaic redox reaction and good reversibility.

The GCD curves display a non-linear relationship with respect to the current density for all
three-electrode materials, which is characteristic of pseudocapacitive behavior.

The low charge-transfer resistance indicated in the Nyquist plot of the EIS for the NiO/Ni-
400 composite electrode suggests high conductivity, which significantly influenced its
remarkable specific capacitance.

The MOF-derived NiO/Ni-400 composite electrode annealed at 400 °C exhibited superior
activity of 753 Fgt at 1 Ag™, a maximum energy density of 26 Wh kg and a power density
of 2393 Wkg™.

For the same NO/Ni-400 composite electrode, about 85% of the initial capacitance (753 Fg-
1y was retained when the capacitance increased to 10 Ag™. The reduction in the capacitance
value could be ascribed to the active materials leaching from the electrode during the
electrochemical reaction.

The MOF-derived NO/Ni-400 composite electrode exhibited a remarkable cycling
performance: 90% after 1000 cycles at 5 Ag™.

A linear relationship between the oxidation-reduction peak current and the square root of the
scan rates of the tested electrodes showed that the electrode surface reaction was influenced

by the diffusion process at all the tested scan rates.
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7.1.2 Self-assembled Zn-functionalized Ni-MOFs as binder-free electrodes for

electrochemical energy storage applications

o Zinc-functionalized nickel metal-organic framework (Zn/Ni-MOF) composite electrodes
were grown directly on nickel foam (NF) and used as binder-free electrodes (ZNN1, ZNN2
and ZNN3) in supercapacitors for the first time.

e  The undoped Ni-MOF exhibited a nanosheet structure, which converted to a flower-like
nanosphere when the Zn dopant was added.

e  The nature of the microspheres and the flowers on them varied as the concentration of the
dopant was varied.

e  The optimum doping concentration produced a composite electrode (ZNN1) that exhibited
the best morphology in terms of smoothness, uniformity and interconnection of its particles.

e  The XRD, SEM/EDX and FTIR analyses confirmed the chemical structure and composition
of the fabricated electrode materials.

e  ZNNL1 displayed the largest CV peak current and closed area, with respect to the same area.
This was the best performance when compared to ZNN2 and ZNN3.

e The CV curves exhibited two pairs of redox peaks that are typical of pseudocapacitive
behavior. An increase in the scan rate did not affect the overall shape of the CV curves, which
suggests an outstanding rate capability for storing energy.

o Interestingly, it was obvious that the process of discharging Zn-doped materials required
more time than was required by the pristine material, hence showing better performance.

e  ZNN1 delivered the highest specific capacitance (391 F/g at 1 A/g) and a good rate capability
when the scan rate was increased to 10 A/g. The ZNNL1 electrode also exhibited excellent
cycling stability of 93% after 1000 cycles.

o The electrochemical kinetic analysis of ZNN1 indicated that the storage mechanism is
predominantly a diffusion-controlled process at all tested scan rates.

o The excellent performance was credited to the synergistic effect of the high surface area,
optimum Zn doping and low internal resistance, which facilitated the rapid transport of ions
in the electrolyte solution.

e  The binder-free strategy employed for doping pristine MOFs employed in this study could
be used for the rational design of pseudocapacitive electrodes.
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7.1.3 New ZnO/C@MWCNT supercapacitor electrode with high performance

A new ZnO/C that incorporates a functionalized multi-walled carbon nanotube (MWCNT)
was successfully synthesized and characterized.

ZnO/C@MWCNT displayed better thermal stability than ZnO/C, due to the inorganic nature
of carbon-modified zinc oxide and the extra stability offered by the MWCNT.
ZnO/C@MWCNT showed the longest discharge curves, which indicates superior
performance compared to ZnO.

ZnO/C@MWCNT delivered a better performance with a maximum specific capacitance of
650 F/g at a current density of 1 A/g compared to the 365 F/g obtained for ZnO/C at the same
current density.

A comparison of the supercapacitor performance of the new electrode to the data in the
related literature showed that it has one of the best specific capacitance values.
ZnO/C@MWCNT retained about 85% of its initial capacitance value, compared to 76% for
ZnO/C without MWCNT. This indicates excellent rate capability.

The cycling stability of ZnO/C@MWCNT was approximately 85% after 1000 cycles,
compared to 72% shown by ZnO/C. This suggests that incorporation of MWCNT gave the
composite electrode additional stability.

The low EIS value of Rs and Rct obtained for ZnO/C@MWCNT compared to those of
ZnO/C explained the rapid kinetics of the electrolyte ions from the incorporation of
MWCNT, which further improved its performance.

The high performance of ZnO/C@MWCNT was ascribed to the higher conductivity
provided by MWCNT, in addition to shorter diffusion of ions within the electrolyte solution.

7.2 Recommendations

It is hoped that this study will provide incentive for further research. Where the analysis results

seem inconclusive, it elicits further thinking for improvement. Nevertheless, this study provides a

meaningful contribution to the understanding of the role played by electrode materials in energy

storage applications, by investigating MOFs and derived electrodes.

The recommendations for future research are:
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For large-scale applications of the fabricated MOF-derived electrodes, it is recommended
that all electrode materials should be tested using a two-electrode system configuration,
including LED.

More kinetic models should be used to determine the storage mechanism of the tested
electrodes. This would provide more insight into the enhanced performance of the electrode
materials. The new strategies adopted should be extended to other MOFs, in order to improve
the prospects of MOFs and their composite electrodes in terms of supercapacitor

applications.
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Appendix

Chapter 4

Table S4.1. Summary of nitrogen adsorption and desorption analysis of an MOF-derived electrode
synthesized at different annealing temperatures.

Material Seer(M?g?)  Average Pore Size (hnm)  Total Pore Volume (cm?®
g
Ni-MOF 25.2 7.5 0.04
NiO/Ni-400 85.0 134 0.15
NiO/Ni-500 46.1 125 0.18
NiO-600 33.9 12.1 0.10

SgeT: surface area.

Table S4.2. Comparison of specific capacitance and cyclic stability of NiO/Ni-400 with that of other
related supercapacitor materials.

Specific Current
Material Electrolyte capacitance density % Retention Ref.
(Fg?) Ag’ (cycles)
NiO/graphene 6 M KOH 555 1 90.8 (2000) 1
*CS@NIO 3 M KOH 825 1 85 (3500) 2
*AC/NiO 1M KOH 710 1 98 (2000) 3
NiO@Ni-MOF 3 M KOH 144 1 94 (3000) 4
NiO/Ni 3 M KOH 752 1 90 (1000) This
work

*CS: carbon sphere, AC: activated carbon
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Position [°2Theta] (Copper (Cu))

Pos.[°2Th.]  Height [cts] FWHM Left [°2Th.] d-spacing [A]  Rel. Int. [%]
37.2594 699.54 0.3149 2.41332 59.93
43.3163 1167.27 0.1968 2.08888 100.00
44.4810 549.68 0.1378 2.03685 47.09
51.8507 189.00 0.2362 1.76335 16.19
63.0122 439.07 0.3936 1.47522 37.61
75.4487 181.33 0.4723 1.25998 15.53
76.4279 101.05 0.3149 1.24626 8.66

Visible Ref. Code Score  Compound Displaceme Scale Factor  Chemical

Name nt [°2Th.] Formula
* 01-075-0197 87 Nickel Oxide -0.071 0.890 NiO
* 00-004-0850 77 Nickel -0.048 0.370 Ni

Primary reference:
Structure:

Calculated from ICSD using POWD-12++, (1997)
Thomassen, L., J. Am. Chem. Soc., 62, 1134, (1940)
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Peak list

No. h k | d[A] 2Theta[deg] I [%]
1 1 1 1 240755 37.320 68.8
2 2 0 0 208500 43.363 100.0
3 2 2 0 147432 62997 43.7
4 3 1 1 125730 75.564 14.3
5 2 2 2 120378 79569 104

Stick Pattern
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Specific capacitance Energy density Power density (Wkg
(Fg] (Whkg™) Y
Materia | Ni- ZNN ZNN ZNN Ni- ZNN ZNN ZNN | Ni- ZNN ZNN ZNN
I/ MO 1 2 3 MO 1 2 3 MO 1 2 3

Current | F F F
density
1Ag? | 164. 391. 270 181. | 57 136 94 63 250. 260 250.8 240

2 5 2 0

2 Agt | 132. 327. 250 145. | 46 114 86 51 504 480.4 5322 609
4 6 6

5 Ag! | 125, 298 200 144 | 44 103 6.9 49 1250 1223. 1412. 1504
5 4 5

7 Agt | 117. 280 190 124. | 41 9.7 6.6 43 1750 1800 1909. 2000
6 6 0

10 Ag' | 106. 272. 183 116. | 3.7 9.4 6.3 4.0 2500 2600 2650. 2700
0 8 8 0
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Chapter 5

Table S5.1: Summary of nitrogen adsorption and desorption analysis of doped and undoped

samples
Material Seer(M?g?)  Average Pore Size (hnm)  Total Pore Volume (cm?®
g
Ni-MOF 25.4 7.6 0.05
ZNN1 117.8 8.5 0.25
ZNN2 47.9 12.4 0.15
ZNN3 35.3 13.7 0.12
Table S5.2: Summary of the performance parameters of the doped and undoped samples
Specific capacitance Energy density (Whkg™) Power density (Wkg
(Cg] D)
Materia | Ni- ZNN ZNN ZN Ni-MOF ZNN1 2N ZNN | Ni- ZN ZNN2 ZNN3
I/ MOF 1 2 N3 N2 3 MOF N1
Current
density
1Ag! | 1642 3915 270 181 5.7 13.6 94 6.3 |2500 260 250.8 240
2
2 Ag' | 1324 327.6 250 145 4.6 11.4 86 51 504 480. 532.2 609
6 4
5 Agt | 125.5 298 200 144 4.4 10.3 6.9 49 |1250 122 1412. 1504
34 5
7 Agt | 117.6 280 190 124 4.1 9.7 6.6 43 |1750 180 1909. 2000
.6 0 0
10 Ag! | 106.0 272.8 183 116 3.7 9.4 6.3 4.0 |2500 260 2650. 2700
8 0 0
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Chapter 6

Table S6.1 EIS data on the new ZnO/C@MWCNT composite electrode

-Z" Error Z'  Error Z" -Phase Frequency Converg Number of

7'(Q) (Q) (%) (%) Z(€Q) () (Hz2) ence iterations e
0.867 0.061 - 0869 4.026 0.29
482 06 4.03823 75.6164 628 272 1000 true 113 991
0.868 0.076 2.48021 0.872 5.043

98 693 4  -67.93 358 677 794.33
0.871 0.096 0.93128 - 0876 6.302

304 232 2 59.2816 602 517 630.96
0.874 0.120 - 0883 7.846

89 571 -0.4726 49.9739 159 661 501.19
0.880 0.150 - - 0893 09.716

388 752 1.90872 40.4146 201 721 398.11
0.888 0.187 - - 0908 1193

745 933 3.10956 30.8914 398 983 316.23
0.901 0.233 - - 0931 1451

309 323 4.20018 21.8167 02 365 251.19
0.919 0.288 - - 0963 17.38

922 037 4.85867 13.3762 962 589 199.53
0.946 0.352 - 1.010 20.43

988 892 4.61587 -5.5222 603 776 158.49
0.985 0.428 - 0.78775 1.074 23.48

406 063 4.01943 8 366 023 125.89
1.038 0.512 - 512439 1.158 26.28

324 73 2.87256 1 02 043 100
1.108 0.604 - 7.24698 1.262 28.61

665 896 1.48097 8 948 723 79.433
1198 0.701 1.11826 8.01706 1.388 30.33

391 368 4 9 546 864 63.096
1.307 0.798 3.46447 7.52593 1532 31.40

845 32 8 1 245 025 50.119
1435 0.892 5.40553 1.690 31.86

45 229 9 551197 145 373 39.811
1578 0.980 6.86704 2.40106 1.858 31.86

052 899 3 2 066 46 31.623
1731 1.064 7.15698 - 2032 3156

813 099 3 1.30528 605 832 25.119
1.893 1.143 6.55641 - 2211 3113

248 563 7 4.49488 815 29 19.953
2.060 1.222 5.04316 - 2395 30.68

048 487 9 7.01721 469 602 15.849
2.231 1.304 3.47489 - 2584 3031

288 769 9 8.65798 776 742 12.589
2.407 1.394 1.74668 - 2782 30.08

34 419 3 9.20182 03 098 10
2.589 1.495 0.06481 - 2990 30.00

696 259 6 8.77243 372 162 7.9433
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