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ELECTROCHEMICAL PROPERTIES OF MOF-DERIVED NICKEL COMPOUNDS
FOR HIGH-PERFORMANCE SUPERCAPACITOR AND ELECTROCATALYSTS

An Abstract of the Thesis by
Shiva Bhardwaj

There are various forms in which humans use energy in daily life. From
applications that require a high energy density to long-term storage, the requirements for
energy usage are diverse. Therefore, with the continuous increase in users worldwide, more
practical energy-driven sources are required, allowing manufacturers to look toward
emerging functional materials. An emerging class of functional porous materials referred
to as metal-organic framework (MOF) has received considerable attention over the past
two decades, partially because of their potential use in various applications, including gas
storage, molecular separations, electrocatalyst, and energy devices. For example, metal
oxide and hydroxide-based MOF materials are widely used for supercapacitor (SC) and
electrocatalyst applications.

This thesis aims to study the electrochemical properties of nickel-derived oxide and
hydroxide-based MOF for application in SCs and electrocatalysts. The effect of growth
temperature on the electrochemical properties of these samples were studied. To tune the
surface area and porosity, these MOFs were prepared at different temperatures. Nickel
acetate and glutaric acid were used as main precursors in synthesizing nickel hydroxide
(NH)-MOF (NH-MOF-140, 160, and 180 °C) and nickel oxide (NO)-based MOF (NO-
MOF-140, 160, and 180 °C) at various temperatures. The as-prepared NH and NO-MOFs
were analyzed using various techniques. Scanning electron microscopy (SEM) and X-ray

diffraction (XRD) determined the microstructure and phases of the derived hydroxides and



oxides. As a result, the NH-MOF-160 shows the highest specific capacitance (Csp) of 608
F/g along with 3.98 kW/kg and 24.92 Wh/kg of power and energy density, respectively.
Also, the NH-MOF-160 shows the lowest overpotential of 268 mV for oxygen evolution
reaction (OER) and 176 mV for hydrogen evolution reaction (HER) to reach a current

density of 10 mA/cm?.
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CHAPTERII

INTRODUCTION

1.1 Need for energy storage and production

An energy storage system (ESS) works by capturing energy produced and using it
later to maintain the balance between energy demand and production [1]. The energy
storage sector has been working toward ESSs to meet current and future demand for energy.
Rapid advancement in the energy storage sector, coupled with significant increase in the
global population, has led to increased demand for energy. It is also important to develop
renewable energy sources to lower the carbon emissions produced by burning fossil fuels,
the current primary energy source in industries today. ESS can provide a rich spectrum of
benefits [2]. ESS provides grid flexibility to ensure that consumers always have access to
electricity, regardless of its uses. This flexibility is necessary for both dependability and
resilience. As outage costs continue to rise, the value of increased resilience and reliability
also increases [3].
1.2 Devices used for energy storage and production

The devices used for ESS are referred to as accumulators [4]. This is because they
allow quick energy intake over a short period of time and release energy when needed.
Accumulators typically store energy in various forms like thermal, mechanical, chemical,

and electrical energy. Some examples of accumulators include flywheel energy storage,



inductors, pumped-storage hydroelectric (PSH) plants, rechargeable batteries,
supercapacitors, and fuel cells [5]. Figure 1(a-e) shows different types of accumulators.

A flywheel accelerates and stores energy as rotational energy and works on the
principle of energy conservation. In contrast, an inductor stores energy in the form of a
magnetic field and works on the principle of Faraday’s law of induction [6]. PSH stores
energy in hydroelectricity and works on the principle of gravitational potential energy.
Rechargeable batteries store energy chemically and work on the principle of
electrochemistry [7]. SC stores energy in different forms, electrically and
electrochemically, and finally, fuel cells work on the redox reaction mechanism and
convert the chemical energy of the fuel to electricity [8].

Industrial flywheels are used for operational rockets by the National Aeronautics
and Space Agency (NASA); however, they are expensive. In contrast, the PSH and
inductor have limited practical applications. Therefore, researchers look towards
rechargeable batteries as they possess a high energy density; however, they cannot generate
the sudden power required for photographic flashes in digital camera for such a short time
period of 90 sec. The benefit of SC as ESS is that they can provide a better power density
and efficiency in a long run cycle and are comparatively cheaper than batteries [9]. To
tackle net zero carbon emission, scientists look towards a new ESS called fuel cells (FC).
Herein, we are focusing on SC and FC-based ESS. Figure 1(f) shows a comparison

between various devices available in the market.
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Figure 1: Schematic of different accumulators (a) flywheel “Adapted with permission
[10]. Copyright (2016) SAGE”. This article is distributed under the term of the creative
commons attribution 3.0 license which permits any use, reproduction, and distribution of
work without further permission. (b) PSH system “Adapted with permission [1].
Copyright (2020) Elsevier” (c) rechargeable battery “Adapted with permission [5].
Copyright (2022) American Chemical Society” (d) SC “Adapted with permission [11],
Copyright (2021) American chemical Society” (e) FC *“ Adapted with permission [12].
Copyright (2022) National Research Council of Canada. Published by American
Chemical Society” with common creative attribution 4.0 license which permits free
distribution; and (f) compares the efficiency percentage and life cycle of different ESS.

“Adapted with permission [13]. Copyright (2008) Elsevier”.
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1.3 Basics of supercapacitors

The history of the capacitor starts with the Leyden jar, invented in the middle of the
18™ century by Dutch and German scientists. Using this invention, they developed the
concept of storing electrical charges electrostatically [14]. Nearly 100 years ago, Von-
Helmholtz was the first to propose an electrostatic charge storage mechanism. Figure 2(a)
represents the history of capacitors from the Leyden jar to asymmetric SC. In 1910, Gouy-
Chapman proposed the diffusion of ions into a solution of electrolyte and the diffused space,
termed as diffusive layer [15]. In 1924, Stern and Grahame modified the Gouy-Chapman
model. Stern stated that there are two layers on the surface of the electrode, an adsorbed
layer (Helmholtz layer) and a diffusive layer (Gouy-Chapman model) [16]. In 1971,
researchers discovered a new type of capacitance phenomenon called pseudocapacitance.
This enhances the charge-storing capability of capacitors. In 1989, the U.S. Department of
Energy initiated the SC development program, which led to a dramatic increase in the
number of researchers and the invention of asymmetric and hybrid SC [17]. The significant
difference between capacitors and SC is the energy storage capacity. A SC generally works
on two phenomena based on its charge storage mechanism: electric double-layer
capacitance (EDLC) and pseudocapacitance.

Electric double layer capacitance works on a non-faradaic charge storage
mechanism process, meaning an adsorption and desorption mechanism occurs. This is the
surface phenomenon. EDLC was first discovered by Helmholtz, who found a double-layer
formation at the electrode's surface in the 1970s [18]. Furthermore, Gouy-Chapman
discovered that the ions moving to and fro between the electrode and electrolyte creates

some diffused space, referred to as a diffused layer formed due to the diffusion of ions.



Moreover, Stern and Grahame modified the Helmholtz and Gouy-Chapman model. Stern
identified two different regions between electrode and electrolyte: the 1 layer is due to
adsorption and desorption phenomena, as shown in Figure 2(b), and 2" layer is referred
to as the diffusive layer [19]. Grahame studied the Helmholtz plane and divided it into two
sub-categories (a) inner Helmholtz plane (IHP) and (b) outer Helmholtz plane (OHP).
These planes correspond to the difference in the closest approach, which may arise due to
the difference in the radii of cations and anions. They also retain solvation shells due to
strong ion-solvent dipole interactions [20].

Pseudocapacitance involves fast reversible redox reactions near the electrode
surface or intercalation/de-intercalation of ions at the electrode surface, i.e., it works on the
faradaic process. SCs showing this phenomenon are called pseudocapacitors, which show
three types of processes (Figure 2(c)): underpotential deposition, surface redox reactions,
and intercalation.

Underpotential deposition refers to the deposition of ions on the electrode-
electrolyte interface that usually takes place during noble metal adsorption as well as
deposition of cations for reduction and can be described in equation 1 as follows:

M + xC** +xZe = CM eq. 1
where C is the adsorbed atoms, M is the noble metal, x is the number of adsorbed atoms, z

is the valency of an adsorbed atom, and XxZ is the transferred electrons [21].
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Surface redox reaction involves the transfer of electrons between the oxidized and
reduced species (redox reactions). The electron transfer rate depends on the
electrochemical adsorption of cations. Equation 2 shows the redox reaction:

Ox+ zC" + Ze = Red C; eq. 2
where C is the electrolyte cation, and Z is the number of transferred electrons [24].

Intercalation and de-intercalation allow the host material to intercalate between the
layered electrode and electrolyte interface. This type of behavior allows SC to act as ESS.
Equation 3 shows the intercalation and de-intercalation reaction.

MAy + XLi" + xe” = LixMAy eq. 3

where MAy is the layer-lattice intercalation, and x is transferred electrons [25].

1.4 Basics of water splitting

The chemical reaction through which water splits into hydrogen (H.) and oxygen
(O2) gas is referred to as water splitting [26]. The evolved H> serves as fuel for fuel cells,
rockets and can be compressed as a cryogenic liquid which can be later transported for use
in different industries. The produced O can be released into the environment or can be
stored in liquid form for medicinal purposes. The production of O2 helps us to face critical
situations like COVID [27]. From history to date, there are three ways through which H20

can be split: steam methane reaction (SMR), coal gasification, and electrolysis of water.

Steam methane reaction occurs during the reaction between natural gas and water
[28]. In this reaction, natural gas refers to hydrocarbon methane (CH4), whereas H2O is

used in steam form, with the very first byproducts being carbon monoxide (CO) and H>



gas. After this step, reforming occurs, where CO is converted into CO and additional Ha,

as shown in Figure 3(a). Equation 4 represents the SMR process.

CHa(g) + H20 (g) = 3H2(g) + CO(g) eq. 4(a)

CO(g) + H20(g) = CO(9) + Ha(9) eq. 4(b)

This process is endothermic and requires additional heat, so this reaction takes place

at a very high temperature ( between 700 to 1000 °C) [29].

Coal gasification is the process of thermochemical conversion of coal or biomass
to produce CO and H: gas, along with CO, and CH4 [30]. This process can occur in
underground mines, and the resulting gases are collected at the surface, as shown in Figure

3(b). Equation 5 shows the coal gasification process [31].

3C(s) + O2(g) + H20(g) = 3CO(g) + H2(g) ed. 5(a)

CO(g) +H20(g) = CO2(g) + H2(g) ed. 5(b)

Electrolysis of water occurs when electricity is passed through H2O to break it down
into Hz and O [32]. This reaction, which occurs at the anode and cathode of electrodes, is

shown in equation 6. The basic schematic of the electrolysis process is shown in Figure

3c.
H>O(l) = 1/202(g) +2H*(aq.) + 2e” (Anode) eq. 6(a)
2H*(aq.) + 2e = Hy(g) (Cathode) eq. 6(b)
H20(l) = Hz(g) + 1/202(g) (Overall process) eq. 6(c)
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Figure 3: (a) Schematic of SMR “Adapted with permission [28]. Copyright (2015)
Elsevier” (b) complete process of coal gasification “Adapted with permission [30].
Copyright (2014) American Chemical Society and (c) basic setup of water electrolysis.

“Adapted with permission [33]. Copyright (2018) Springer”.

Electrolysis of water can occur through different mechanisms: anion-exchange
membrane water electrolysis (AEM), proton-exchange membrane water electrolysis

(PEM), and traditional water electrolysis in aqueous solution [34].

Still in its developing phase, anion-exchange membrane water electrolysis is one of
the low-cost electrolysis techniques. This process requires an exchange membrane that
allows only anions to migrate through its surface. During this process, H20 is dissociated
into H> and OH" ions at the cathode, from where these OH" ions move towards the anode
to produce O gas as shown in Figure 4(a). The reactions taking place during AEM are

given in equation 7 [35]:

2H,0(l) + 2" = 20H(ag.) + H2(g) (Cathode) eq. 7(a)



20H(aqg.) = H20(l) + 1/2 O2(g) + 2" (Anode) eq. 7(b)

H20(l) = H2(g) + 1/202(9) (Overall) eq. 7(c)

AEM still faces some challenges at the industrial level, particularly membrane

durability at a low current density.

Proton exchange membrane water electrolysis results in the purest form of H> gas,
along with environmental cleanliness and better safety. Figure 4(b) depicts the PEM
process. The membranes used in this process are solid electrolytes, generally made of
polymers sandwiched between catalyst layers, allowing H* ions to transport through it,
producing H> gas at the cathode. The reactions taking place during PEM are shown below

in equation 8 [36]:

2H"(aqg.) +2e = Hx(g) (Cathode) eq. 8(a)
H>O(l) = 2H"(aq.) +1/202(g) +2e~ (Anode) eq. 8(b)
H>O(I) = Haz(g) +1/202(g) (Overall) eq. 8(c)

Temperature irregularities arising during PEM affect all the parameters of water
electrolysis, which further requires a water management system, resulting in higher

application cost.

In traditional water electrolysis, which occurs in an aqueous electrolyte solution,
hydrogen is evolved at the cathode; this process is referred to as a hydrogen evolution
reaction (HER). At the same time, Oz gas is produced at the anode, called the oxygen

evolution reaction (OER). These processes are shown in Figure 4(c).

10
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Figure 4: Schematic diagram of water electrolysis via (a) AEM; (b) PEM “Adapted with

permission [36]. Copyright (2022), American Chemical Society” and (c) traditional water

electrolysis “Adapted with permission [37], copyright (2023) American Chemical Society

under common creative attribution 4.0 license permitting it for use in non-commercial

aspects”.

Traditional water electrolysis is the route to net zero carbon emission. This process

occurs in two types of aqueous solutions: acidic and alkaline or neutral. Acidic OER takes

place in acidic media, where it again depends on two mechanisms: adsorbate evolution

mechanism (Ad. EM), and lattice oxygen evolution reaction (LOER). Ad. EM is the

process where H>O molecules are adsorbed on the catalyst surface, followed by proton-

charge transfer, formation of bonds, and adsorption/desorption of surface oxygen to the O

molecule. Equation 9 illustrates Ad. EM [38]. Here * refers to the active site.

H2O(l) + * = H*(ag.) + HO"(aq.) +e°
HO"(ag.) = H*(aq.) + O"(g) + &

0%(g) + H20(l) = H*(ag.) +HOO(aq.) +&"
HOO™(aq.) = H'(ag.) +O2(g) + & + *
2H,0() = 4H*(aq.) +O2(g) + 4e~ (Overall)

11
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The LOER reaction is pH-independent, whereas some processes of OER directly
depend on the pH of RHE. In this reaction, the oxygen directly converts to Oz. The primary
pathway for the LOER mechanism, given below, is the reaction of lattice oxygen with
surface oxygen vacancies (Vo). Equation 10 shows the LOER process [39]:

OH*(ag.)= (Vo + O0")(aq.) + H*(aq.) + & eq. 10(a)
H20(l) + (Vo + 007 (aq.) = 02(q) + (Vo + OH")(aq.) + H*(aq.) + & eq. 10(b)

(Vo + OH"(aq.) + H20(l) = (HO-site” + 00")(aq.) + H*(ag.) + &= eq. 10(c)

(HO-site” + 00")(ag.) = OH(aq.) + H*(aq.) + € eq. 10(d)

Acidic HER is a surface-sensitive reaction and completely depends on the catalyst

surface. The major HER activity is related to hydrogen adsorption (Hag) and is determined

through VVolmer/Heyrovsky or VVolmer/Tafel steps, as shown below in equation 11:

H*(aqg.) + e = Had(agq.) (Volmer step) eq. 11(a)
H*(aq.) + e + Had(aqg.) = Ha(g) (Heyrovsky step) eq. 11(b)
2Had(aq.) =H2(g) (Tafel Step) eq. 11(c)

Alkaline OER, which takes place on the active site (M), follows exactly the same reaction
mechanism as acidic OER, which takes place on the anode [40].

Alkaline HER is the vital process for trading adsorbed hydrogen (Hag), and
hydroxyl adsorption (OHag). It also follows the Heyrovsky and VVolmer step, shown below
in equation 12. In addition, it includes the water adsorption on the active site, H> binding
energy, OH™ adsorption strength, and H2O dissociation ability [41].

H20(l) + e = OH (ag.) +Had(ag.) (Volmer Step) eq. 12(a)

H2O(l) + e + Had(ag.) = OH(ag.) + H2(g) (Heyrovsky Step) eq. 12(b)

12



Traditional water electrolysis involves an electrocatalyst in an alkaline solution.
Theoretically, the H>O breakdown voltage is 1.23 V versus RHE at room temperature,
regardless of medium. However, in practice this process requires a higher voltage. This
additional voltage required to break down H20 into Hz and O: is called overpotential. The
reduction or minimization of the overpotential for H>O breakdown is required in order to

make traditional water electrolysis practical for industrial application.

1.5 Materials used for ESS

The gap between the research and commercialization of ESSs could be minimized
using suitable materials. However, relevant materials in ESS applications must have certain
properties like long-life cycle, high round-trip efficiency, low cost and low maintenance
cost, sustainability, and recyclability. Moreover, candidate materials must have potential
chemistries applicable to ESS. There are a variety of materials used by researchers, among
which carbon, MXene, transition metal hydroxide (TMH), transition metal oxide (TMO),
and MOF-based materials are most promising [42].

Carbon-based materials can function as electrode materials because of their porous
nature, and the activation of carbon materials enhances their surface area and electrical
properties. An advantage of carbon based materials is that the charge accumulation on the
surface of the electrode-electrolyte interface results in extraordinary performance.
Moreover, the porous carbon-based material exhibit high performance when combined
with various types of metallic oxide, hydroxide and 2D layered double hydroxide, and

MXenes.

MXenes refer to a class of 2D materials exhibiting high surface area and
conductivity. They are synthesized using carbides/nitrates through the MAX phase. Zhon

13



et al. [43] Synthesized TizC2Tx nanosheets with rGO through the wet spinning method,
which exhibits 542 F/cm? at a current density of 0.25 A/cm?. This shows MXene based
material is promising for flexible energy devices like medical equipment. However, a better

theoretical understanding of MXene is needed to improve the synthesis strategy.

TMH and TMO belong to the class of 2D materials with a layered structure. The
majority exhibit valence states that promote electro-sorption or redox reactions leading to
high theoretical capacitance and power density. TMO and TMH are comparatively more
stable than carbon and MXene-based materials, and they have lower cost [44]. Zhang et al.
[45] prepared Ni(OH). on mesoporous carbon. This hierarchical structure has a high
specific surface area, allowing it to show a high Cs, of 2570 F/g at 5 mA/cm?. Due to the
low mass diffusion of hydroxide-based materials, they show sluggish kinetics for the
reaction mechanism. However, TMO-based materials have been used for improved
electrochemical performance as they exhibit differences in the microstructure. Yi et al. [46]
prepared additive-free electrodes of NiO/MnO:z on nickel foam. As prepared, TMO shows
a 3D spherical core-shell structure and improved reaction kinetics in electrolytic solution
via ionic diffusion, and it shows a high Cs, of 1219 F/g at 20 A/g. Furthermore, the
electrochemical properties of these compounds are improved through a specific
configuration referred to as MOF, which further increases the active sites and transfer

efficiency for charge carriers.

1.6 Metal organic framework

One of the essential factors in improving the performance of ESS is the production
of porous materials. MOFs, also called porous coordination polymers (PCP), are crystalline
materials with high porosity. MOFs generally have a cage-like structure with connections,
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referred to as coordination chemistry. The first review of the Prussian Blue complex around
1964 shows interest in PCPs. Moreover, during the 1990’s the seminal catalysis work by
Hoskins and Robins created the platform for MOFs. In 1995, Yaghi et al. [47,48]
popularized the term MOF using a layered co-structure with reversible sorption. The
fundamental structure of a MOF is a center point consisting of metal and linkers (ligands)
provided by the organic structure. The metal and organic components act synergistically,
enhancing the performance of their precursor materials and providing stability. MOFs have
advantages over other materials due to their tunable porosity and structure. Various factors
like the synthesis route, precursors used, temperature, and particle size can affect the
performance of MOF-based materials. MOFs have been used for multiple applications as
shown in Figure 5 [49]. Nanostructured-based MOF materials have the potential for a
larger number of active sites for transferring electrons and ions with high mass deposition,

allowing its primary application in ESS.

Lin et al. [50] synthesized a MOF-based structure of CO304 and ZnO on a carbon
electrode where they found the structure of MOF to be a core-shell type of structure. It was
tested in 6M KOH electrolytic solution, where it exhibited 43 Wh/kg and 1402 W/kg of
energy and power density. Moreover, to understand the synergism of the combination of
two different MOFs, Lang et al. [51] fabricated MOF of Ni/Co/Fe using a solvothermal
synthesis route. The cage-like structure allowed excellent OER performance with an active
metallic core and higher binding energy, lowering the overpotential to 219 mV at 10

mA/cm?. Also, the bulk 3D structure provided a faster kinetic reaction.
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Figure 5: Merits and applications of MOFs. “Adapted with permission [52]. Copyright

(2020), American Chemical Society”.

1.7 Objective of the thesis

MOF-based materials are widely utilized as bi-functional materials in energy
conversion and storage devices due to their plentiful active sites and easily tunable
properties. In this research, a simple hydrothermal method was used to synthesize NH and
NO-MOFs to obtain MOF-based materials with numerous active sites. Also, to optimize
the performance of these MOFs, the synthesis temperature was varied accordingly. The
synthesis of MOFs was confirmed using various characterizations like XRD, FT-IR, and
SEM. These MOF-based materials then served as the electrode materials for application in

SC and as electrocatalysts.
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CHAPTER I

EXPERIMENTAL DETAILS

2.1 Synthesis of metal hydroxide and metal-oxide MOF
2.1.1 Materials

Nickel acetate [Ni(CH3COO)2.4H,O] was purchased from Acros Organics.
Glutaric acid (CsHgO4) was purchased from TCI, America. Potassium hydroxide (KOH),
ethanol (C2HsOH), D.I. H20, and sodium hydroxide (NaOH) were purchased from Fisher
Scientific, USA. Nickel foam activated carbon (AC), n-methyl-polypyridine (NMP), and

polyvinyl-di fluoride (PDVF) were purchased from MTI Corporation, USA.

2.1.2 Synthesis of nickel hydroxide MOF (140, 160, and 180 °C)

NH-based-MOF was synthesized using 3 mmol Ni(CH3COOQ)2.4H,O as an
inorganic precursor with 3 mmol CsHgO4 as an organic ligand to form the cage-like (rod-
like) structure for the development of the framework. In addition, 0.2292 gm of KOH was
used to maintain the neutrality of the solution with an acidic ligand. A 1:1 mixture of 20
mL distilled H,O and C2HsOH was used as the solvent. To keep the solution’s pH to ten,
2 mL of NaOH (0.4 M) aqueous solution was added to the above solution under sonication
for 10 min. Subsequently, the prepared solution was transferred to the Teflon-lined
autoclave (45 mL) at 160 °C for 24 h. The solution was cooled to room temperature after

the reaction. Finally, the obtained solution was washed several times with distilled H.O
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and C2HsOH and centrifuged for 10 min. The obtained NH-MOF-160 was dried overnight
at 70 °C in the oven and ground using a hand mortar and pestle to very fine powder of pale

green color. The same process was used for NH-MOF at 140 and 180 °C.

2.1.3 Synthesis of nickel oxide MOF (140, 160, and 180 °C)

The obtained NH-MOF (160 °C) was calcined at 350 °C for 2 h in a muffle furnace
where NH-MOF-160 °C was converted to NO-MOF-160 °C with black powdered color.
The same process is used for NO-MOF (140 and 160 °C).

2.1.4 Preparation of electrodes

The working electrodes were prepared by mixing 80 wt.% synthesized materials,
10 wt.% PVDF (binder), and 10 wt.% activated carbon (conductive additive) in the
presence of NMP solvent. The Ni foam (substrate) was dipped into the paste and dried at
70 °C for 48 h. The mass loading on all the electrodes varies between 2 to 3 mg.

2.2 Devices used for structural characterization
2.2.1 X-ray diffraction

X-ray diffraction consists of two primary terms: X-ray, produced through a cathode
ray tube, and diffraction phenomena, which refers to the modification or spreading of a
light ray when passed by the edges of an opaque body or narrow opening. This technique
is used to study the type of crystal structure and atomic spacing between the crystal lattice
planes. It works on the diffraction principle, which is explained by Bragg’s equation: 2d
sinf = n A, where n is the integer, A is the wavelength of incident X-ray, 0 is the diffraction
angle, and d is the interplanar spacing between two adjacent planes [53]. In this study,
copper Cu (K, = 1.5418 A) was used as X-rays. The intensities of these x-rays after

bombardment on the sample over a range of 20 (10° < 20 < 80°) was recorded through an
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X-ray detector. A Shimadzu X-ray diffractometer of Lab-X-6100 (shown in Figure 6) was

used in this research.

Figure 6: Left image shows the front view of XRD instrument and right image shows the

source, detector, and sample holder.

2.2.2 Scanning electron microscope

SEM was used to study the surface topography of the as-prepared MOFs at a
magnified scale. The operation of the SEM depends on the scattering of electrons obtained
after striking the surface of the specimen. These scattered electrons are of different types,

including X-ray electrons, which provide information about composition; auger electrons,
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which further identify the surface sensitivity; cathodoluminescence, which also provides
information about electrical sensitivity; backscattered electrons, which deal with the
topographical and atomic number information; and secondary electrons, which relate the
complete information of topographical structure. The SEM is made up of an electron
optical system, specimen stage, secondary electron detector, operating system, and image
display unit [54]. The SEM device used in this work was HITACHI SU-5000 (shown in

Figure 7).
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Figure 7: Image of SEM instrument.

2.2.3 Energy dispersive spectroscopy

The SEM was also used to perform energy dispersive spectroscopy to determine
the uniform distribution and elemental composition of samples. This technique works on
the capacity of high energy electromagnetic radiation (X-rays) to eject core electrons from
an atom. According to Moseley’s law, the atomic number of an atom is directly correlated
to the frequency of light released when core electrons are ejected. The specimen further

exhibits the X-ray peaks from the ground and higher transition shells in combination with
20



bremsstrahlung signals. This signal is converted to a voltage signal through a pulse
processor detector which requires a constant time for better spectral resolution [55]. The

EDS used in this research is shown in Figure 8.

Wi
\ i
W i

Figure 8: Image of SEM-EDS instrument.

2.2.4 Fourier transform-infrared spectroscopy

Fourier transform-infrared spectroscopy is a technique used to study chemical
bonds, chemical compounds, and substituent groups using IR rays. This technique works
on the principle of molecular vibrational and rotational motion. This research used a
PerkinElmer spectrum two UATR (shown in Figure 9), which includes an IR signal
production device called an interferometer, sample holder, detector, amplifier, and analog-

to-digital converter. The IR signal passed through the sample is amplified using an
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amplifier and converted to a digital signal using analog to digital converter. This signal is

transmitted to the screen as an image after Fourier transformation [56].

Figure 9: Image of FT-IR instrument.

2.3 Electrochemical testing

The electrochemical measurements were carried out with a Versastat 4-500
workstation (Princeton Applied Research, TN, USA) at room temperature using three
electrode configurations. To study the electrocatalytic activity, Ag/AgCl (sat. KCI) was
used as a reference electrode, while for supercapactive studies, Hg/HgO was used as a
reference electrode. For both systems, a platinum wire was used as a counter electrode. 1M
and 3M KOH solutions were used as the electrolyte for electrocatalytic and supercapactive
studies, respectively. Linear sweep voltammogram (LSV) was recorded at a fixed scan

rate of 2 mV/s. All potentials were converted to a reversible hydrogen electrode (RHE)
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using the following equation ErHe = Eagiagct + E®Agiagel +0.059 pH. The operating voltage
window for SC studies was 0-0.6 V. In the case of SC testing, cyclic voltammetry (CV)
and galvanostatic charge-discharge (GCD) measurements were employed. Figure 10

shows the image of Princeton workstation used in this study.

Figure 10: Image of workstation used for electrochemical testing.
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CHAPTER I

RESULTS AND DISCUSSION

3.1 Structural characterization
3.1.1 X-ray diffraction

The XRD of all the as-prepared MOFs was carried out in the range of 20 = 10 to
80°. Figure 11(a) shows the XRD peaks of all NH-MOFs corresponding to 20 = 13.94, 16,
24.06, 29.06, 31.66, 33.88, 34.78, and 60°, which confirms the planes (010), (101), (006),
(002), (020), (111), (012), and (110), respectively [57]. The peaks of these MOFs
corresponds to the mixed phases (a and ) of Ni(OH)2-based MOF. The crystallinity of
each MOF was calculated using equation 13, from which it is found that the crystallinity
of MOFs increases with the increase in the temperature at which it was produced [58]. The
NH-MOF-180 shows the highest crystallinity of 78.35%. Figure 11(b) shows the XRD
pattern of NO-MOFs, where 20 = 37.46, 44.7, 63.14, 75.52, and 77.2° (represented by [*])
with (111), (200), (220), (311), and (222) planes of NiO-based MOFs. The peaks at 43.46
and 52° correspond to the Ni2Oz reduced from NiO during combustion at higher
temperature, with crystal planes (111), and (200) (represented by [$]) [59]. The NO-MOF-
180 exhibits the highest crystallinity of 79.09%.

Area of Crystalline peaks * 100

Crystallinity % = eq.13

Area of all peaks
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Figure 11: XRD pattern of (a) NH-MOF; and (b) NO-MOF based samples.
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3.1.2 Fourier infrared transform spectroscopy

FT-IR confirms the presence of functional groups. In Figure 12(a), the peak at
2974 cm* corresponds to stretching vibration of C-H bonds, while the peaks at 1576 and
1483 cm* correspond to C=C and stretching vibration of -COOH. The peak at 648 cm™
arises from the in-plane Ni-OH bending vibration of a-Ni(OH). lattice [60]. In Figure
12(b), the peak at 1344 cm™ is due to the presence of C-O stretching vibration. The peak

at 648 cm corresponds to the strong vibration of Ni-O bonds [61].
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Figure 12: FT-IR pattern of (a) NH-MOF; and (b) NO-MOF based samples.
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3.1.3 Scanning electron microscopy

The SEM was deployed using high (50 um) and low (100 pum) resolution to study
the morphology of as-prepared MOFs. At low resolution, the morphology of NH-MOF-
140 appears to be agglomerated particles; at high resolution, agglomerated particles
attached to the surface of a thick sheet were observed (shown in Figure 13(a-b)). At low
resolution, the NH-MOF-160 appears to have a flat, rock-like [62] morphology, which is
further confirmed at high resolution, where it exhibits small agglomerated rocks attached
to a flat surface, as shown in Figure 13(c-d). Increasing the temperature of production of
NH-MOF resulted in more agglomeration (Figure 13(e-f)). Similarly, at low resolution,
NO-MOF-140 exhibited agglomerated [63] particles, which at high resolution appear to be
thick, sharp crystallites (Figure 13(g-h)). The particles are more agglomerated as the

temperature of production increased from 140 to 180 °C (Figure 13(i-l)).
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Figure 13: SEM images of NH-MOF; and NO-MOF based samples.
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3.1.4 Energy dispersive spectroscopy

Elemental mapping was used to confirm the presence of elements as well as their
distribution over the surface of as-prepared MOFs. Figure 14 confirms the major element
Ni, O, and C for NH-MOFs and NO-MOFs. Moreover, the magnified map image show that
NH-MOF-160 had the most uniform deposition of Ni, resulting in its better performance

when compared to other synthesized MOFs [64].

NH-MO¥-140 0 NH-MOF-140 C NH-MOF-140

ONH-MOF-180 0 NH-MOF-160: C NH-MOF-160

NH:-MOF-180 0- NH-MOF-180 C NH-MOF-180
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Figure 14: EDS mapping of NH-MOF and NO-MOF based samples.

3.2 Electrochemical measurements
3.2.1 Supercapacitive study

To determine the capacitive performance of as-prepared MOFs, CV curves were
produced at various scan rates (2 to 300 mV/sec). All the as-prepared NH-MOFs showed
oxidation and reduction peaks in the 0.4 — 0.55 V and 0.28 — 0.34 V ranges; all the NO-
MOFs exhibited oxidation and reduction peaks under the range of 0.41 — 0.48 VV and 0.3 —

0.35 V as shown in Figure 15. All these peaks are attributed to the transfer of electrons
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through the reaction Ni?* + 2e” = Ni [65]. The NH-MOF-160 and NO-MOF-160 exhibited

the highest current density, predicting better performance. The faradaic and capacitive
controlled processes can be shown using equation 14.

i=av® eq. 14
where i is the current density, v is the scan rate, b is the slope of the plot of log (scan rate),

v/s log (current density), and a is the intercept on Y-axis [65,66].
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Figure 15: CV curves at various scan rate of NH-MOF and NO-MOF based samples.
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If b=1, the SC exhibits a pure capacitive mechanism, whereas if b=0.5, it exhibits
diffusion-controlled phenomena. As shown in Figure 16(a-b), all the as-prepared MOFs
exhibited a hybrid behavior. The capacitance contribution at various scan rates was

calculated using equation 15
i= kv + kov1/2 eq. 15

where, kiv represents the capacitive behavior, and kov*2 indicates the diffusion effect [67].
Figure 16(c-d) shows the diffusion and capacitance contribution at 5 and 50 mV/sec. The
NH-MOF-160 exhibits the highest diffusion contribution of 97% at 5 mV/sec; for NO-
MOF-160, it was 89% at the same scan rate. The diffusion contribution allows more ions
to be oxidized and reduced over the surface of electrodes, providing improved ionic
mobility. Increased capacitive properties of MOFs are observed at higher scan rates, as

shown in Figure 16(e-f), reducing their charge storage properties.
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The MOFs’ charge storage capacities at various current densities (1 A/g to 30 A/g)
are shown in Figure 17, which depicts the non-linear behavior of the GCD curves. The
non-linear GCD curves are caused by quasireversible faradaic reactions, which leads to

non-uniform charge/voltage ratio with respect to time [68].
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Figure 17: GCD curves of NH-MOF; and NO-MOF based samples.
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The MOFs’ Csp at different current densities was calculated using equation 16 [69],

At
SP T mav

eg. 16

where 1 is the current, m is the active mass of the electrode, Av is the applied potential
window, and At (sec) is the time taken for complete discharge. The Csp at 1 A/g was highest
for NH-MOF-160 (608 F/g), followed by NH-MOF-180 (545 F/g), and NH-MOF-140 (282
F/g). These results also show the effect of temperature of production on the Csp of MOFs.
The Csp at 1 A/g for NO-MOF-160 was 78 F/g. The Csp Versus current density curves at
different scan rates are shown in Figure 18(a-b). The Csp was also calculated using

equation 17(a),

A
vmAvV

Csp = eq. 17(a)

where A is the area under the CV curve, v is the scan rate, Av is the operated potential, and
m is the active mass of the electrode. The quantitative analysis of GCD at different current
densities was supported through Csp (areal capacitance) versus scan rate curves, where NH-
MOF-160 shows a Csp of 1482 F/g at 2 mV/sec. At lower scan rates, a diffusion-controlled
mechanism facilitates the higher Csp. In contrast, ions have less time to perform surface
redox reactions at a higher scan rate, so they tend to exhibit reduced capacitive energy

storage as shown in Figure 18(c-d). All the as-prepared MOFs’ energy and power density

was calculated using equation 17(b and c),

E =>CAV? eq. 17(b)

P=— eg. 17(c)
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where C is the specific capacitance, Av is the potential window, and At is the discharge

time [70]. The Ragone plot for the energy and power density of both MOFs is shown in

Figure 19.
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Figure 19: Ragone plot of (a) NH-MOF; and (b) NO-MOF based samples.
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The GCD curves at 1 A/g for NH-MOFs and NO-MOFs are shown in Figure 20,
where NH-MOF-160 requires less time to charge completely and allows itself to discharge
slowly. During SEM it was observed that NH-MOF-160 shows a flat surface which
provides more area for ions to attach on its surface and offers better charge storage capacity
when compared to other prepared MOFs [71]. Compared to other as-prepared MOFs, NO-
MOF-160 requires more time to charge and also more time to discharge. The longer time
during charging is due to highly agglomerated particles, as observed in SEM images, which

further affect its charge storage capacity.
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Figure 20: GCD curves of (a) NH-MOF; and (b) NO-MOF based samples at 1 A/g.

Electrochemical impedance spectroscopy (EIS) measurements were carried out to
better understand the electrochemical properties of as-prepared MOFs, using Nyquist plots
to depict the type of capacitive behavior. The ideal Nyquist plot depicts the semicircular
region indicating ideal capacitive behavior, while the vertical line attached to the semicircle
exhibits non-ideal behavior. The equivalent series resistance (ESR-Rs-intercept at the x-

axis), which is the combination of the ionic resistance of the electrolyte and the interfacial
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resistance of the active surface of materials, is shown in the Nyquist plots in Figure 21.
The charge transfer mechanism relates to the charge transfer resistance (Rct) determined
through semicircles in the high-frequency region. The NH-MOF-160 showed the lowest

possible Rs value of 1.01 Q, and the NO-MOF-160 showed the lowest Rs value of 0.96 Q.
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Figure 21: Nyquist plot for (a) NH-MOF; and (b) NO-MOF at 0 V versus Hg/HgO.

The stability of as-prepared MOF electrodes was explored through GCD curves as
shown in Figure 22. The GCD was carried out for 5000 cycles, and all the electrodes
exhibited high stable cycling performance. The NH-MOFs exhibited charge retention of
92, 94, and 90%, whereas the NO-MOFs showed 84, 89, and 87% retention in capacitance.

In addition, all the as-prepared MOFs exhibited an average retention of 97% in coulombic

efficiency, as shown in Figure 22.
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Figure 22: Retention in capacitance and Coulombic efficiency of NH-MOF; and NO-

MOF based samples.
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Table 1. Comparison between various data of supercapacitor.

Sample name Specific capacitance Current References
(F/g) density

Inverted Ni-MOF 533 1 [72]
Flake Ni-MOF 498 1 [73]
Ni/Co-MOF 544 1 [74]
Ni/Co-MOF 523.4 1 [74]
Ni-MOF 503 1 [75]
Ni(OH)(COO0)s/GO 590 1 [76]

NH-MOF-160 608 1 This work

NH-MOF-180 545 1 This work

3.2.2 Electrocatalytic water splitting

To determine the catalytic properties of prepared NH and NO-MOFs, HER and
OER have been performed. The HER polarization curves for all MOFs are shown in Figure
23(a-b). To reach a current density of 10 mA/cm?, NH-MOF-160 required 176 mV, while
NO-MOF-160 required 217 mV. Furthermore, the performance of all MOFs was affected
by the temperature of production. The HER mechanism is explained based on VVolmer and
Heyrovsky’s step in equation 12(a and b). The Volmer step determines the onset potential,
which makes it possible to calculate current density. For NO-MOF-160 and NH-MOF-160,
current density was found to be 48.5 and 51.6 mA/cm?, indicating the enhanced water

dissociation property of NH-MOF-160. The Heyrovsky step is the rate-limiting
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electrochemical desorption step, which controls the kinetics of the reaction through the

cathodic Tafel slope [77]. The equation 18 was used to calculate the Tafel slope.

n=a+blog]j

eq. 18

where 1 corresponds to overpotential, j is the current density, a is the intercept at Y-axis,

and b represents the Tafel slope [78]. NH-MOF-160 and NO-MOF-160 exhibited 116 and

127 mV/dec respectively, indicating the faster rates of NH-MOF-160, as shown in Figure

23(c-d).
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Figure 23: (a-b) HER polarization curves; (c-d) Tafel slope of NH-MOF; and NO-MOF

based

samples.
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In addition, the electrocatalytic behavior of the as-prepared MOFs was analyzed
using Turnover frequency (TOF), which explains how rapidly a catalyst can turn reactants
into products per unit of time at a specific overpotential (rate of reaction). Equation 19 was

used to calculate the value of TOFs.

TOF = a eq. 19

nFt

where Na is Avogadro’s number, n is the number of electrons transferred to molecule of
the product (for HER n=2), and t is the number of atoms of catalyst material that take part
in the chemical reaction (the surface concentration of active sites), F is Faraday’s constant,
and | is the current density. The TOF for all the NH-MOFs and NO-MOFs are shown in
Figure 24(a-b); the NH-MOF-160 showed 52 sec’* and NO-MOF-160 exhibited 180 sec™
[79]. The above polarization, Tafel, and TOF results are supported through EIS, where
Nyquist plots determine the ESR (Rs) on real axis intercept. The best NH-MOF-160 and

NO-MOF-160 show 1.76 and 2.18 Q of Rs, as shown in Figure 24(c-d).
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Figure 24: (a-b) TOF of NH-MOF; and NO-MOF based samples; (c-d) Nyquist plot of

NH-MOF; and NO-MOF based samples at 0 V versus Ag/AgCl.

The HER stability of an electrocatalyst is vital. LSV CV- cycle 1 and 1k of all the
as-prepared MOFs overlap, proving their stability for the long run. The NH-MOF-160 and

NO-MOF-160 exhibit the highest current density of 126 and 93 mA/cm?, as shown in

Figure 25.
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Figure 25: LSV CV curves of cycle 1 and 1k of NH-MOF; and NO-MOF based samples.

Polarization curves were used for all as-prepared MOFs to understand the OER
activity (Figure 27(a-b)). The OER occurs at the surface of active metal sites and is shown
by equation 9(a-e). To reach a current density of 10 mA/cm?, NH-MOF-160 required an

overpotential of 268 mV, while NO-MOF-160 required an overpotential of 332 mV. The
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reaction Kinetics of as-prepared MOFs were calculated using a Tafel plot, as shown in
Figure 26(c-d). The NH-MOF-160 and NO-MOF-160 exhibited the lowest Tafel slope of

86 and 93 mV/dec, indicating faster reaction kinetics for NH-MOF-160 [80].
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Figure 26: (a-b) OER polarization curves of NH-MOF; and NO-MOF based samples; (c-

d) Tafel slope of NH-MOF; and NO-MOF based samples.

To confirm the above results, TOF graphs were plotted (Figure 27). NH-MOF-160
and NO-MOF-160 exhibit the highest TOF of 92 and 78 sec™ at an overpotential of 300

mV.
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Figure 27: TOF of (a) NH-MOF; and (b) NO-MOF based samples at 300 mV

overpotentials.

Nyquist plots can be used to study the ionic movement. The charge transfer
resistance (Rct) of as-prepared MOFs was calculated through the semicircular region in a
high-frequency range, and ESR was depicted on the intercept at the real axis. NH-MOF-

160 showed the lowest Rs of 1.73 Q, and NO-MOF-160 showed Rs of 2.06 Q which is

directly corelated to their ionic movement as shown in Figure 28.
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The kinetic mechanism was explored after recording CV curves at various scan
rates. These CV curves were used to calculate the double capacitance (Cai) of the non-
faradaic region and directly correlate with the electrochemical active surface area (ECSA).
Also, the slope of the scan rate (mV/sec) versus current (mA) graph results in Cq and is
shown by equation 20(a).

le= vCal eq. 20(a)

where v is the scan rate I is the peak current, and Cq is the double layer capacitance [81].
The NH-MOF-160 and NO-MOF-160 exhibit the 6.3 and 9.5 mF of Cq (as shown in
Figure 29(a-b)). ECSA was calculated using equation 20(b), in which the Cs remains fixed
with 0.04 mF.

ECSA= Cq//Cs eq. 20(b)

The ECSA curve for both MOFs is shown in Figure 29(c-d). Moreover, the higher value

of ECSA corresponds to the roughness factor (RF), calculated using above equation 20(c),
RF= ECSA/GSA eq. 20(c)

in which GSA referred geometrically activated surface area [82]. The NH-MOF-160 and

NO-MOF-160 exhibited the RF of 300 and 650 as shown in Figure 29(e-f).
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The performance of these MOFs could be attributed to their morphology. NH-
MOF-140 exhibited the agglomerated particles attached to a thick sheet, providing a low
surface area for ions to perform redox reactions. Although agglomeration happened in the
NH-MOF-160, its flat surface provided more active sites, allowing more surface reactions
and explaining its better performance compared to other as-prepared MOFs [83]. As the
temperature of preparation increased, irregularly distorted particles were formed,
preventing ions from attacking the surface of the electrode and reducing its performance.
Moreover, the calcined NH-MOFs turned into NO-MOFs where the particles seem to be
highly agglomerated, providing instability which in turn reduces the results of the NO-

MOFs.

All the as-prepared MOFs exhibited the polarization curve for stability through
cycle 1 and cycle 1k as shown in Figure 30. In addition, to analyze the stability of MOFs,
i-t curves were observed through a chronoamperometry (CA) experiment for 24 h. CA
showed a minimal loss in current density over the continuous period, as shown in Figure

31.
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Figure 31: Chronoamperometry plot of (a) NH-MOF; and (b) NO-MOF based samples.

Table 2. Comparison between various data of water splitting.

OER HER
Sample name | Overpotential@10 | Overpotential@10 | Reference
mA/cm? mA/cm?
NFF 452 - [84]
NCN@ZIF 402 - [84]
NCO@C 342 156 [84]
Ni/Co-DH 273 187 [85]
CF-CFOINC 243 - [86]
NiCo-UMOFNs 280 182 [87]
NH-MOF-160 268 176 This work
NH-MOF-180 279 202 This work

3.2.3 Electrolyzer testing

The excellent electrocatalytic properties of NH-MOF-160 among all as-prepared
MOFs allowed us to investigate its real-life application through electrolyzer testing. The
electrolyzer consists of two same electrodes (NH-MOF-160||[NH-MOF-160) of an
electrocatalyst, where one acts as the cathode and the other as an anode, assembled in 1M
KOH [88]. The activity of the electrolyzer is represented through polarization curve where
NH-MOF-160 required 575 mV to reach a current density of 10 mA/cm? as shown in

Figure 32(a). Moreover, the stability of the device was demonstrated through the LSV CV
52



curves between cycle 1 and cycle 1k with almost no deviation, as shown in Figure 32(b).
Also, the Nyquist plot in Figure 32(c), where its Rs is 3.2 €, shows excellent
electrocatalytic properties. The long-term stability of the electrolyzer was observed through

CA testing for 24 h as shown in Figure 32(d).
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Figure 32: (a) OER polarization curve for NH-MOF-160; (b) LSV CV for cycle 1 and 1k
of NH-MOF-160; (c) Nyquist plot for electrolyzer device; (d) current density v/s time

curve over 24 h for NH-MOF-160.
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CHAPTER IV

CONCLUSION

NH-MOFs and NO-MOFs were prepared successfully using hydrothermal
synthesis route at various temperatures. All the as-prepared MOFs exhibited a highly
crystalline nature. The effect of temperature was observed on the morphology of MOFs,
which can be seen in SEM images at different magnification levels. Moreover, FT-IR
confirms the OH- stretching bond of hydroxide-based MOFs. Elemental mapping
confirmed the uniform distribution of elements in as-prepared MOFs. NH-MOFs exhibited
superior SC properties with highest Csp of 608 F/g at 1 A/g corresponding to 1482 F/g at 2
mV/sec of scan rate. However, NH-MOF-160 possessed the lowest possible Rs of 0.96 Q,
allowing more conduction of ions. Also, NH-MOF-160 exhibited the highest retention in
capacitance (more than 97% at current density of 10 A/g). All the as-prepared MOFs
exhibited advanced electrocatalytic properties, among which NH-MOF-160 showed the
best performance due to its flat rock morphology, which in turn allows more charges to
accumulate on the surface of its electrode. NH-MOF-160 required an OER overpotential
of 268 mV to reach a current density of 10 mA/cm? with fastest kinetics calculated through
Tafel slope of 86 mV/dec. For HER NH-MOF-160 required only 176 mV to attain a current
density of 10 mA/cm? with Tafel slope of 116 mV/dec. The excellent performance of NH-

MOF-160 encouraged checking real-life application through an electrolyzer device. The
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device required 0.575 V of overpotential to reach a current density of 10 mA/cm?. NH-
MOF-160 also showed high stability, through LSV CV curves overlapping, and exhibited

highly stable current density of 36 mA/cm? for 24 h.
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