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MOTIVATION AND OBJECTIVE

As the environment deteriorates and the energy problem deepens, experts are looking
for clean energy solutions that maintain a carbon-free atmosphere in contrast to
conventional fossil fuels. The water splitting system with electrocatalysis provides an
improved pathway for the synthesis of energy fuels like hydrogen. Electrocatalytic
water splitting is a safe technology where the half-cell anodic and cathodic processes
represent the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER),
respectively. The multiple steps involved in the electron coupling or decoupling process
cause the water-splitting reaction to operate very slowly. Therefore, it is essential to
employ promising electrocatalysts in order to decrease the needed overpotential and
overcome all of these kinetic barriers in the electrolytic medium. IrO; and RuO; are
commonly employed for oxygen evolution, whereas Pt-based electrocatalysts are now
the best materials for hydrogen evolution. However, due to their high cost and restricted
availability, these precious metals have limited uses. Therefore, it is necessary to
decrease the usage of well-known noble metals and to create inexpensive, durable
electrocatalysts that may operate catalytically just as effectively as valuable metals.
Metal-organic frameworks, or MOFs, are regarded as a good sacrificial template for
creating different kinds of functional materials for electrochemical energy conversion
applications. These considerations drive my research attempt to create effective
chalcogenide-based electroactive materials derived from MOFs that can serve as a good
replacement for electrocatalysts based on noble metals for oxygen and hydrogen

evolution reactions.



SYNOPSIS

This present thesis involves the use of metal-organic framework (MOF)-derived metal
chalcogenide materials for electrochemical energy conversion applications. The thesis
composed of five chapters. Chapter 1: Includes the introduction part where the
motivation for the search of alternative electrocatalyst towards electrochemical energy
conversion application is explained. Additionally, the basic characterization techniques
of the freshly prepared electrocatalyst and the basic electrochemical parameters for
energy conversion application are also explained. Chapter 2: Illustrates the detailed
study on MOF-derived Co0Si097 nanoparticles as an efficient electrocatalyst for
hydrogen evolution reaction. Chapter 3: Demonstrates designing of MOF-derived
Co03S4 nanoparticles embedded in N-doped carbon and its electrochemical application
towards oxygen evolution reaction. Chapter 4: Represents the synthesis of MOF-
derived flower-like CoSe, nanoplates and its bifunctional activity towards oxygen and
hydrogen evolution reactions. Chapter 5: Deals with the synthesis of MOF-derived
NiSe; nanoparticles encapsulated in nitrogen-doped carbon matrix and its
electrochemical performance for hydrogen evolution reaction.

Chapter 1: Introduction

The increasing energy crisis and environmental pollution motivate researchers towards
alternative clean energy techniques that maintain a carbon-free environment compared
to traditional fossil fuels. Electrocatalytic water splitting system offers a better pathway
for producing energy fuels such as hydrogen and oxygen with naught carbon emission
as the byproducts. This chapter throws light on the electrochemical energy conversion
process, that basically consists of the two half-cell reactions. One is cathodic hydrogen

evolution reaction (HER) and other one is anodic oxygen evolution reaction (OER).



However, the main obstacle in the conversion of water to O» and Ha is the additional
potential (overpotential) required to surpass the kinetic barrier for the splitting of water
molecule. Therefore, it is desirable to develop cost-effective, durable and efficient
electrocatalyst that can effectively catalyze HER and OER with a lower value of
overpotential. The fundamental working principles, the mechanism of the respective
half-cell reactions, advantages of several non-precious metal-based materials as
electrocatalysts to carry out HER and OER over the precious ones are highlighted in
this chapter. Additionally, the benefit of using metal-organic framework (MOF) as a
suitable precursor and the importance of heteroatom doping in the carbon moiety in
order to improve conductivity and durability, various MOF-derived synthetic routes
through which the electrocatalyst can be synthesized, and common electrochemical
parameters used for the water splitting process are discussed in this chapter.

Chapter 2: Metal-organic framework (MOF)-derived plate-shaped CoSi.097

nanoparticles for an improved hydrogen evolution reaction

Graphical abstract

In this work, we have successfully synthesized CoS1.97 nanoparticles starting with a

Co-MOF precursor by following a solvothermal route for the sulfurization process by

Xi



taking sulfur powder as the sulfur source. The variation of sulfurization temperature
played a significant role in regulating the morphology and optimizing the catalytic
activity of the derived products (Temperature - 140, 160, 180 °C). The HER results
suggest that the optimized Co0S1097-160 with uniform hexagonal plate-shaped
morphology required a low overpotential of 163 mV to achieve 10 mA cm current
density and small Tafel slope of 53 mV dec™? indicating suitable kinetics for HER.
Additionally, 25 h of constant durability test in acidic media indicates the practical
applicability of the material. This study demonstrates a temperature-dependent strategy
for the synthesis of efficient CoS1.097 nanoparticles as a suitable replacement for the

noble metal-based electrocatalyst for electrochemical hydrogen production.

Chapter 3: MOF-derived Co03Ss nanoparticles embedded in nitrogen-doped

carbon for electrochemical oxygen production

Ar atmosphere

Ar

Graphical abstract

Herein, Co3S4 nanoparticles embedded in nitrogen doped carbon was synthesized by
taking a Co-MOF precursor containing N and S heteroatoms in its ligands. A high

temperature annealing treatment (700 °C) in an inert atmosphere was employed by
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varying the reaction time of the annealing process (Time- 2 h, 3 h, 4 h). The alteration
of reaction time had a significant impact in optimizing the surface area of the derived
products. The N-doped carbon moiety regulates the electronic environment triggering
the catalytic activity. The carbon embedment of the CosSs nanoparticles restrict
corrosion and agglomeration during long-term electrolysis. The optimized C03Sz-3h
required a lower overpotential of 285 mV to deliver 10 mA cm current density and
showed excellent durability of 14 h under harsh alkaline electrolytic condition of 1.0 M
KOH reflecting its practical applicability. This sacrificial annealing approach opens a
new window for the synthesis of efficient cobalt sulfide (CosS4) nanoparticles as a
suitable replacement of the noble metal-based electrocatalyst for electrochemical
oxygen production.

Chapter 4: Metal-organic framework (MOF) derived flower-shaped CoSe:
nanoplates as a superior bifunctional electrocatalyst for both oxygen and

hydrogen evolution reactions

Graphical Abstract

In the present work, we have successfully synthesized flower like CoSe2 nanoplates
termed as MOF-D CoSe> from a Co-MOF precursor. The synthetic approach includes
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a facile solvothermal step by taking selenium powder as a source of selenium. For a
comparison study bare CoSe> was also synthesized in a non-MOF-derived strategy and
its catalytic activity towards HER and OER were compared with MOF-D CoSe». The
flower-like morphology corresponds to a larger electrochemically active surface area
with sufficient active sites beneficial for both HER and OER. The MOF-D CoSe>
required 320 mV and 195 mV overpotential to acquire 10 mA cm current density for
OER and HER respectively. The catalyst was also remarkably stable in both alkaline
and acidic media indicating its practical applicability. This work provides a feasible and
cost-effective way to develop CoSe: electrocatalyst with substantial activity towards
both OER and HER.

Chapter 5: NiSez nanoparticles encapsulated in N-Doped carbon matrix derived
from a one-dimensional Ni-MOF: an efficient and sustained electrocatalyst for

hydrogen evolution reaction

Ni-MOF N 1Se2@NC

Graphical Abstract
In the current chapter, NiSe> nanoparticles encapsulated in N-doped carbon was
successfully synthesized and tested as a promising catalyst for electrochemical
hydrogen evolution reaction. Firstly, the Ni-MOF was synthesized by a solvothermal
approach followed by a two-step high-temperature pyrolysis treatment. In the first

pyrolysis treatment, the variation of temperature (400-800 °C) results in the formation

Xiv



of Ni-T@NC nanoparticles. Afterwards, by using selenium powder it was further
subjected to high temperature treatment (300 °C) to develop NiSe>-T@NC
nanoparticles. The annealing treatment under an inert atmosphere increases the specific
surface area and exposes the active sites due to the carbonization of the Ni-MOF
precursor. The N-doped carbon matrix tunes the electronic and chemical environment
of the NiSe> nanoparticles that not only enhances the conductivity but also increases
the stability. The optimized NiSe>-600@NC demands only 196 mV overpotential to
reach 10 mA cm2 current density as well as robust durability of 24 h in an acidic
electrolytic condition indicating its practical applicability. The synthetic approach and
catalytic performance make the NiSe>-600@NC a suitable alternative for noble metal-

based electrocatalyst for hydrogen generation.

Synopsis conclusion

In summary, various MOF-derived metal chalcogenide-based electrocatalysts have
been synthesized and their electrocatalytic activity towards oxygen and hydrogen
evolution reactions are explored. Chapter 1 covers the rationale for the search for an
alternative electrocatalyst for the implementation of electrochemical energy
conversion, the basic techniques for characterizing the newly developed electrocatalyst,
and the fundamental electrochemical parameters related to electrochemical energy
conversion. The comprehensive investigation of MOF-derived plate-shaped CoSi.097
nanoparticles as an effective electrocatalyst for the hydrogen evolution reaction in
acidic conditions is illustrated in chapter 2. The effect of temperature variation over the
material’s morphology and catalytic activity is also examined. In Chapter 3, a Co-MOF
precursor was used to create Co3S4 nanoparticles embedded in nitrogen-doped carbon
by a time-variation strategy, which were then evaluated as an effective electrocatalyst

for oxygen production. The N-doped carbon moiety modulates the electronic
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environment triggering the electrocatalytic activity for oxygen evolution reaction.
Further, a viable and cost-effective solvothermal approach was employed to develop
CoSe> nanoplates starting with a Co-MOF precursor exhibiting substantial activity
towards both oxygen and hydrogen evolution in chapter 4. In chapter 5, the effective
synthesis and testing of NiSe> nanoparticles encapsulated in N-doped carbon as a
potential catalyst for electrochemical hydrogen evolution reaction is reported. It’s
interesting to note that temperature-alteration factor was crucial in optimizing the
catalytic activity of the various derived products. Furthermore, the N-doped carbon
matrix offers strong stability under acidic electrolytic conditions in addition to

increasing conductivity.
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Chapter 1 A brief introduction to electrochemical energy conversion process through water splitting

1.1 Introduction

The escalating energy problem and environmental damage brought on by burning
conventional fossil fuels have generated significant interest in renewable energy
sources for the generation of clean, green energy. The substantial dependency on fossil
fuels promotes unavoidable greenhouse gas production, leading to global warming. '
Among different renewable energies, nuclear energy has an adverse effect with
disastrous risk, whereas solar and wind energies have limited usage due to their
intermittent nature. Hydrogen energy (H:) is considered a suitable alternative to
traditional fossil fuels due to its high energy density and zero carbon content. However,
the production of hydrogen is mainly from steam methane reforming or biomass
gasification, which again accelerates the release of greenhouse gases. Therefore, a
different, effective, and clean method of H» generation is required to solve these
problems. Water electrolysis is considered a clean and efficient strategy to generate
hydrogen in a carbon-free manner.*® In general, water is electrolyzed in a conventional
electrolytic cell, which composed of two half-cell reactions, the cathodic hydrogen
evolution reaction (HER) and the anodic oxygen evolution reaction (OER).
Theoretically, for the splitting of water molecule to respective hydrogen (Hz) and
oxygen (02) 1.23 V is required known as thermodynamic potential of water splitting.”*8
However, similar to other chemical reactions, the additional energy required beyond
that of the thermodynamic potential to overcome the energy barrier associated with
electrochemical water splitting is known as the overpotential (difference between the
thermodynamic potential and the experimental potential).” In general, noble metal-
based catalysts exhibit excellent catalytic activity when it comes to splitting of water
involving HER and OER. Particularly, Pt-based electrocatalysts are regarded as the

most efficient catalysts for HER, whereas oxides of Ir and Ru are the state-of-the-art
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A brief introduction to electrochemical energy conversion process through water splitting Chapter 1

catalysts for OER. However, limited availability and expensive price restrict their
widespread use for water splitting. As a consequence, development of non-noble metal-
based electrocatalysts with significant catalytic activity for HER and OER is required

in light of all these restrictions.!®!!

by WV

Hydrogen - + Oxygen

@@  Cathode Anode QQ

Hydrogen
Bubbles ¢

H,O

o

Figure 1.1: Electrolytic cell showing water splitting process.
1.2 Electrochemical water splitting reaction

Water splitting is a term frequently used to refer to electrolysis. An electrolyser is a type
of cell where the water-splitting reaction occurs. By applying an external voltage to the
electrode in an aqueous electrolyte medium, electrolysis converts water molecules into
hydrogen and oxygen. It generally involves two half-cell reactions: one is the hydrogen
evolution reaction at the catalyst-modified cathode electrode, and the other is the
oxygen evolution reaction at the catalyst-coated anode electrode surface. This process
generates molecular hydrogen and oxygen gas in an eco-friendly and carbon-free
way.!2!3 The water splitting reaction in an electrolytic cell can be visualize in Figure

1.1.1
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Overall reaction: H,0 - H, +%02 (1.1)

1.2.1 Different categories of water splitting reaction

Relying on the type of electrolyte used (electrolytic medium) and the presence of active
ions, water splitting can be categorised into two major types: oxygen evolution
reactions (OER) and hydrogen evolution reactions (HER). When it comes to acidic
medium, H" ions serve as the active ions, whereas OH™ ions are considered to be the
active ions in alkaline medium. During water splitting, oxygen bubbles generated at the
anode whereas hydrogen bubbles appeared at the cathode side.!>!” The water splitting
reaction along with the polarization curves for cathodic HER and anodic OER are
shown in Figure 1.2.® Following is a presentation of the water splitting reaction in both

acidic and alkaline medium:

under acidic environment: 4H* + 4e~ - 2H, (HER)
2H,0 - 0, +4H" + 4e~ (OER)
under alkaline environment:  4H,0 + 4e~ — 40H™ + 2H, (HER)
40H~ - 2H,0 + 4e~ + 0, (OER)

2"{+ + 29- i H2 (:I:
Jh] .

ee H, «<— H,

Ne HER

" . e
A"

Figure 1.2: Polarization curves for hydrogen evolution reaction and oxygen evolution
reaction.

In general, the energy released during the process of creating water is equal to the

energy needed to break down the molecules of water in order to evolve hydrogen and
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oxygen. Gibbs free energy is used to compute it under the ordinary circumstances of

standard pressure and temperature.

AG® = —nFE®° (1.2)
Here, AG° = the change in standard Gibb’s free energy.
n = total number of electrons involved during the electrolysis process.

F = Faraday Constant (96485 C)

At typical conditions of temperature (25 °C) and pressure (1 atm), the thermodynamic
potential needed to split water into H> and O> molecules is 1.23 V. However, in reality
the slow reaction kinetics of water electrolysis necessitate additional potential than the
thermodynamic potential for complete dissociation of water into molecular hydrogen
and oxygen.”!® In water splitting reactions, the onset potential is regarded as the
potential at which the electrolysis process first begins, and the overpotential serves as
the additional potential needed compared to the thermodynamic potential for water

electrolysis. "
1.2.2 Construction of electrochemical cell

The electrolysis process takes place in the electrochemical cell, which is a three-
electrode arrangement. The working electrode (WE) for this type of electrochemical
cell is a catalyst-modified glassy carbon electrode (GCE), the counter electrode (CE) is
bare platinum wire or graphite rod, and the reference electrode (RE) is either aqueous
silver/silver chloride (Ag/AgCl) or mercury/mercury oxide (Hg/HgO). The typical

arrangement of a three-electrode measurement set-up is depicted in Figure 1.3.
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Counter
electrode
Reference .
electrode Potentiostat
WE RE CE
Working : | (.
electrode

Electrolyte

Figure 1.3: Three-electrode electrochemical set-up for HER and OER process.

An appropriate amount of the as-prepared catalyst is combined with a solvent such as
ethanol and a binder like Nafion, and the mixture is ultrasonically blended to create a
homogeneous catalyst slurry, which is then drop-casted onto the surface of the GCE.
The method of electrode preparation directly depends on the type of electrocatalyst
used. Despite the fact that the relevant electrodes are submerged in the aqueous
electrolytes for water splitting, some potential has to be provided to start the electrolysis
process. Using the well-known Nernst equation, the as-obtained potential values for the
respective evolution of hydrogen and oxygen molecules are calibrated into the

reversible hydrogen electrode (RHE) scale as follows:

For Ag/AgCl reference electrode:
Erre = Eagiagel + E%g/ager + 0.059 pH
In case of Hg/HQO reference electrode,

Erre = E HgHgo + E%Hg/mgo + 0.059 pH
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1.3 Mechanism associated with water-splitting reaction

The two categories of the water electrolysis process that yields H> and O2 are HER and
OER, respectively. The actual reaction mechanism associated with HER and OER in

both acidic and alkaline mediums are elucidated.
1.3.1 Mechanism involved in hydrogen evolution reaction (HER)

The electrolyzer's cathodic half-reaction, known as the hydrogen evolution reaction,
generally occurs when protons are reduced into molecular hydrogen after being
adsorbed on the catalyst surface. This cathodic half-cell reaction uses a mechanism that
relies on pH value of water (either alkaline or acidic) and follows a two-electron transfer
pathway for production of H> from water. In general, HER adopts two steps in an acidic
environment, either Volmer-Heyrovsky or Volmer-Tafel. In the Volmer step, the H" ion
forms an adsorbed hydrogen atom known as Hags by adhering to the electrocatalyst's
surface. If the reaction proceeds to the Heyrovsky step after the Volmer stage, another
electron-coupled hydronium ion (H") will mix with the adsorbed hydrogen to produce
molecular hydrogen. While in the Tafel step, a hydrogen molecule is created by the

combination of two adsorbed hydrogen atoms.

Volmer-Tafel Volmer-Heyrovsky Volmer-Tafel Volmer-Heyrovsky
mechanism mechanism mechanism mechanism
G G L J
| @ H L4 | @
< H £ £ H
H H H H
@ l A 4 "
® i o !
t t
& g
Volmer reaction Vulmcr\;;'cuction
(acidic media) (alkaline media)

Figure 1.4: Mechanism associated with HER in acidic and alkaline environments.
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Initially electron-coupled water molecules in alkaline media release the ions such as
hydroxide and hydronium. The hydronium ion (H") forms an adsorbed hydrogen (Hads)
species when it gets adsorbed onto the surface of the electrocatalyst. In the Heyrovsky
step, the hydrogen atom that has been adsorbed (Hags) interacts with a different water
molecule that has an electron pair to produce hydrogen molecule. Whereas, two Hads
atoms combine to form the H> molecule in the Tafel step.??! Figure 1.4 represents

mechanism of HER in both acidic and alkaline media. '
1.3.2 Mechanism involved in oxygen evolution reaction (OER)

At the anodic portion of the electrolyser, water oxidizes to produce Oz molecules. The
creation of several transitory species (oxide, hydroxide, and peroxide) follows a four-

electron transfer pathway to finish the oxygen evolution process.

a) 0w N
Qﬁ' $ (<N
+OH-
M-OOH M-OH M-OOH M-OH
20, T
+OH-
XO'$'~ +OH- M-0 ‘\QQ A +H,0, M-0 .

Figure 1.5: Mechanism associated with OER in alkaline (a) and acidic (b) environments.

The water oxidation process demands 1.23 V potential thermodynamically, but because
of these steps, the kinetics associated with the process are sluggish and need a larger
potential than the thermodynamic one. The electrolytic solution's abundantly available
OH~ ions in an alkaline media cause them to adsorb on the catalytic surface and create
a hydroxo species. The attack of a second OH ion then removes one proton from these

hydroxo species, creating an oxo species. The oxo species again combines with another
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hydroxide ion creating a peroxo species. Finally, another hydroxide ion attacks the
peroxo species and releases molecular oxygen and water. Therefore, it may be
concluded that an O, molecule is created using four hydroxide molecules and four

electrons.???

The water molecule splits into a proton, an electron, and a hydroxide ion in an acidic
solution. This hydroxide ion forms a hydroxo species after being adsorbed on the
catalyst surface, and a hydrogen ion is released from it to produce an oxide species.
Another water molecule creates a hydroxide ion and a peroxo species by releasing a
proton and an electron. Finally, this peroxo species produces a hydronium ion and
molecular oxygen. This procedure makes it evident that two molecules of water are
used to create molecular O along with four electrons and protons, in an acidic medium.
The OER catalytic activity of the electroactive material is entirely due to the production
and breakdown of the M-O and M-OOH bonds.?*** Figure 1.5 displays the OER

mechanism in both acidic and alkaline conditions.?
1.4 Fundamental parameters associated with water splitting reaction

Overpotential, Tafel slope (demonstrates kinetics of the desired reaction), Nyquist plot
(deals with charge transfer dynamics involved in the catalytic process), electrochemical
active surface area (ECSA) with number of active sites (responsible for catalytic
conversion of water to H, and O,), Faradaic efficiency, long-term stability test
(chronopotentiometry), and cyclic stability are some of the electrochemical parameters
crucial to understand the water splitting process. These metrics can also be used to infer

the actual reaction mechanism involved in the catalytic process.
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1.4.1 Overpotential

According to thermodynamics, it needs 0.0 V for HER at the cathodic counterpart and
1.23 V for OER at the anodic counterpart. The practical use of water electrolysis,
however, indicates that additional potential is needed to get over the kinetic barrier

involved with these processes (HER and OER).!%-%¢
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Figure 1.6: LSV plot representing onset potential and overpotential.

Overpotential is the term used to describe this additional potential compared to
thermodynamic potential. Thus, researchers from all around the world are primarily
interested in synthesizing efficient electrocatalysts with reduced overpotential values.
In accordance with the three main variables that widen the discrepancy between
experimental and thermodynamic potential, there are three categories of overpotential:
(i) overpotentials associated with activation, (ii) overpotentials associated with
concentration, and (iii) overpotentials associated with ohmic drop.'®?” An appropriate
electrocatalyst can be used to reduce the activation overpotential, which is a natural

characteristic of the electrode material. Constant stirring of the electrolyte solution
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eliminates the concentration overpotential caused by the slower rate of charge carrier
diffusion at the electrode/electrolyte interface. Similar to this, an iR correction can
remove the overpotential brought on by the ohmic drop. This ohmic drop (iR)
adjustment can be done by multiplying the current with the solution resistance as
determined by linear sweep voltammetry and electrochemical impedance spectroscopy,
respectively. The intrinsic catalytic activity of the electrocatalyst towards HER/OER is
then determined by further deducting this iR value from the empirically observed
potential.>*3° The needed potential to reach a current density of 10 mA cm™ illustrates
the effectiveness of the catalyst while the overpotential is a relative number. This 10
mA cm™ current density is considered to be same as 12.3% efficiency of a solar water
splitting device over 1 sun illumination.?'*? Therefore, the higher the efficiency of the
electrocatalyst, the lower the overpotential value needed to attain this current density.

Figure 1.6 represents a LSV polarization curve for OER.
1.4.2 Tafel slope

The surface dynamics and response processes that take place throughout the HER/OER
process are depicted by the Tafel slope value. An electrocatalyst's decreased Tafel slope
value, which raises cathodic and anodic current density at a lower overpotential,
demonstrates the higher efficiency of HER or OER catalysts.*>** The Tafel slope is
typically calculated from the fitted linear section of the Tafel plot. The Tafel plot is
displayed as a profile of logarithm of the current density (J) versus overpotential (V).
While the link between log (J) and overpotential (V) is established by the following

equation,

n =a+ blog(J) (1.3)
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The Tafel constants a, Tafel slope b, the overpotential (7), and the current density (J) are
all used in the equation above.*=® Furthermore, the exchange current density value is
determined from the extrapolation of Tafel plot that intersects the X-axis at a certain
point. The presence of more active sites on the catalyst surface is suggested by a higher
value for exchange current density.>” A fitted linear area of the Tafel plot is shown in
Figure 1.7. In a simple manner, we can say that for a series of compound the one having
the lowest value of Tafel slope is considered to be a better catalyst with suitable kinetics

for water splitting (HER and OER).
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Figure 1.7: Tafel plot of the electrocatalyst.
1.4.3 Electrochemical active surface area (ECSA)

ECSA gives us a sense of the catalyst's electrochemically active surface area, unlike the
specific surface area obtained through BET measurement. The ECSA value can be
calculated by examining the double-layer capacitance (Cq) from a non-Faradaic region
of a cyclic voltammetry curve.*®* The ECSA value is strongly influenced by the very
porous and rough surface of the electrocatalyst. The only factor used to determine the

double-layer capacitance is the charge accumulation process that corresponds to a
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charge of layers at the electrode/electrolyte interface without any redox reaction. In
general, first the double-layer capacitance (Caq) was calculated using the cyclic
voltammetry (CV) method with various scan rates in a specific non-Faradaic potential
window. By plotting the half of the difference of cathodic and anodic current densities
(4J = J. — J.) versus different scan rates a straight line is obtained, whose slope is equal
to the double-layer capacitance of the electrocatalyst.***? ECSA has a linear relation
with the double layer capacitance, more is the value of Ca more will be the
electrochemically active surface area available for the catalytic conversion of water in
to H, and O,.** Figure 1.8 shows the CV in non-Faradaic potential window and its

corresponding Cqy.
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Figure 1.8: CV in non-Faradaic potential window (a) and evaluation of Cq from
various scan rates (b).

1.4.4 Electrochemical impedance spectroscopy (EIS)

By using Nyquist plot analysis through EIS measurements, it is possible to examine an
electrocatalyst's solution resistance, charge transfer resistance, and mass transfer
activity. The Nyquist plot compares an imaginary axis (Z") to a real axis (Z') to examine
the charge transfer dynamics associated with the material. By changing the AC
frequency from a higher to a lower value at a specific potential and amplitude, this

Nyquist diagram can be produced.*** Impedance is a type of resistance that can either
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follows or defies Ohm’s law. In addition to providing information about various
electronic components involved in the electrochemical reactions, each point on the
Nyquist plot represents a certain frequency and illustrates double-layer capacitance,
solution resistance, and charge transfer resistance. Solution resistance is the sum of the
contact resistance between the electrode and active material interface, the resistance of
the electrolytic ions, and the inherent resistance of the electrode itself. In general, R;
offers the corresponding series resistance (Z'= Rs, Z" = 0) at the higher frequency region
of the Nyquist plot by intercepting the real axis (Z'). Additionally, the radius of the
arc/semicircle from the Nyquist plot is used to calculate the value of R (charge transfer
resistance). The lower the diameter of the arc in the Nyquist plot, lower is the charge
transfer resistance indicating faster rate of electron transfer in the associated material. ¢~
4 According to Figure 1.9, the one having lowest value of R is considered to be a
better catalyst with suitable catalytic activity.>* The results obtained from the EIS plot
fitted in to a corresponding equivalent circuit. The inset in Figure 1.9 represents circuit

diagram where R;s is the solution resistance, R is the charge transfer resistance, and

CPE is the constant phase element.
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Figure 1.9: Nyquist plot or EIS plot showing the charge-transfer resistance.
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1.4.5 Stability (Durability)

Stability is one of the key parameters to examine the practical applicability of the as-
prepared electrocatalyst. There are several methods for evaluating the durability of the
material such as chronopotentiometry, chronoamperometry, and repetitive cyclic
voltammetry. In case of chronopotentiometry technique the change in overpotential is
generally investigated with the progress of time at a constant current density (10 mA
cm™). This is a plot between the potential versus time by keeping the current density
constant. A small increase in overpotential after several hours of constant electrolysis
indicates significant stability of the used electrocatalyst. Chronoamperometry
technique evaluates the electrocatalyst's long-term stability performance at a specific
potential by recording the deviation in current density with progression of time. After
the chronoamperometry test the lesser is the decrease in current density value at that
specific potential better is the electrocatalyst for the desired application. In a similar
fashion, the cyclic voltammetry method compares the change in overpotential of the
electrocatalyst before and after several repetitive CVs in a potential window including
the onset potential region. An electrocatalyst is considered to be stable if there is small
increase in overpotential after multiple CVs.>!>® Figure 1.10 indicates long-term

stability test at a constant current density of 10 mA cm2.3*
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Figure 1.10 long-term stability plot of the electrocatalyst.
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1.4.6 Determination of Faradaic efficiency

The term "Faradaic efficiency" refers to a critical parameter that determines the
efficiency of an electrochemical process related to the Faraday's law of electrolysis. In
the case of hydrogen or oxygen evolution reaction, the Faradaic efficiency analyzes the
quantity of hydrogen or oxygen molecules actually found with the anticipated

quantity.>>¢ Faradaic efficiency is valued using the following equation;

IRan

Faradaic Efficiency = —————
Ip X ng X N¢p,

(1.4)

In the equation above, the ring and disc currents are denoted as Ir and Ip, respectively.
np and nr are used to represent countable electrons during the entire electrochemical
analysis (includes ORR and OER). The collection efficiency of the electrochemical

setup is represented by Ncr.
1.5 Various electroactive materials for water splitting

The electrocatalytic evolution of renewable hydrogen and oxygen molecules is
significantly influenced by the various precious and non-precious metals. Noble metals
like palladium (Pd) and platinum (Pt), as well as some other precious metal-based
oxides like ruthenium oxide (RuO») and iridium oxide (IrO>), are the preferred catalysts
for the electrocatalysis process. In addition to this precious metal-based catalyst, a
number of additional non-precious metal-based electrocatalysts are employed to
mitigate the high cost associated with the noble metal-based catalysts. Nowadays,
effective electrocatalysts for HER and OER with non-noble metals have been
developed via a range of innovative synthetic techniques. Their catalytic activities

are studied and compared with that of electrocatalysts based on noble metals.
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1.5.1 Noble metal containing materials for water splitting

Theoretical studies show that molecular hydrogen and oxygen gases can be generated
from water electrolysis by operating the two and four-electron reaction mechanisms at
thermodynamic potentials of 0 V and 1.23 V (versus RHE). A significant value of
overpotential is necessary for the electrocatalytic process for splitting the water. In
general, noble metals such as platinum (Pt), palladium (Pd), ruthenium oxide (RuO»),
and iridium oxide (IrOz) reduce the value of extra potential (overpotential). Platinum
(Pt) is the benchmark catalyst for the HER process, because a smaller amount of
additional potential is required for reaching the state of art current density of 10 mA
cm™ (the typical current density value). Similar to this, in order to boost the
catalytic activity of oxygen evolution in the supporting electrolytes, both ruthenium
oxide (RuO2) and iridium oxide (IrO2) are regarded as the primary electrocatalysts.
However, its expensive price, low abundance, and poor electrochemical stability limit
its wide range of useful applications. As a result, scientists are working hard to create
electrocatalysts devoid of noble metals that can function electrochemically better than
catalysts based on noble metals. Other than their superior electrochemical performance,
non-noble metal-based catalysts have an advantage over noble metal-based catalysts in
terms of cost and durability.>!° In light of these benefits, non-noble metal-based
electroactive materials in their pure and carbon-based forms are desirable options for
electrocatalytic applications. The volcano plot for various metal containing catalysts is

presented in Figure 1.11.%7
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Figure 1.11: Volcano plot for metal-containing catalysts for hydrogen evolution.
1.5.2 Non-precious metal-based materials for water electrolysis

The expensive price tag and poor durability of the noble metal-based electrocatalysts
prevent their widespread industrial use. In recent years several non-noble metals
containing electrocatalysts of V, Co, Ni, Fe, Cu, Mo and W have been explored in the
field of electrochemical water splitting.’®*° Figure 1.12 highlights the non-precious
metals basically used for developing efficient electrocatalysts for HER and OER. With
regard to their intrinsic catalytic activity, transition metal oxides, phosphides, and
carbides stand out among several non-precious transition metal-containing
electrocatalysts as the prime candidates for HER and OER.%*2 Due to their intrinsic
catalytic activity, morphological tunability, favourable bandgap and -electronic
structure, transition metal chalcogenides (TMCs) in particular have received a lot of

interest.®?

The electrocatalysts should be able to guarantee quick electron and mass
transport as well as plentiful regions for surface reactions in order to efficiently
catalyze these electrochemical reactions. Complex nanoarchitectures, on the other

hand, hinder the catalytic activity, resulting in substandard electrochemical

performance for HER and OER.
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Figure 1.12: Periodic table highlighting HER/OER active non-precious metals.
1.5.3 Metal oxides for water splitting reaction

Due to their semiconducting properties, metal oxides are seen as a strong competitor
for the HER/OER process. The benefits of a changing oxidation state and strong
electrical conductivity make non-precious metal oxides a desirable option for the
energy sector.’* The noble metal oxides of ruthenium (RuOz) and iridium (IrO>) are
used as standard electrode materials to improve electrocatalytic performances basically
in the oxygen evolution process (OER).® However, its high price and limited supply
promotes the search for noble metal-free electrocatalysts having acceptable catalytic
performance. Surprisingly, metal oxides of Co, Ni, Fe, and Mn were extensively studied
and suggested as excellent anode materials for general water splitting. Chen et al.
designed microwave-assisted Co3O4 nanoflakes and tested it as efficient OER
electrocatalyst that demand an overpotential of 380 mV to acquire 10 mA cm™ current
density.®® Similarly, Meng et al. studied the structure-property relationship of different
phases of MnO» and investigated the effect of different crystallographic structures on

the catalytic performance of OER.®® Shi and co-workers developed spinel-phase
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NiCo0204 nanoneedles and explored their catalytic activity towards OER, which
required an overpotential of 323 mV to achieve 10 mA cm current density.®” Though
a wide range of research has been explored in the field of transition metal oxides, they
still suffer from poor electrical conductivity, sub-standard stability in acidic media,
weak adsorption capacity, which leads to an increase in the value of the overpotential

during water electrolysis.®®
1.5.4 Metal phosphides for water electrolysis

Recently, nanostructured transition metal phosphides (TMPs) have become a new class
of water splitting catalysts owing to their low cost and reactivity. In particular, it has
been observed that a number of nanostructured phosphides of cobalt, nickel, iron and
molybdenum, explored as efficient electrocatalyst for HER and OER with acceptable
overpotentials.®’® Bulk TMPs, however, exhibit sluggish conductivity, comparatively
higher overpotential, and slower charge transfer kinetics than modern electrocatalysts
for OER and HER. The problems with TMPs that can affect the catalytic activity for
water splitting (HER and OER) have been addressed in a number of ways. Through the
use of sulfur doping, Wu et al. created Ni>P and examined its catalytic activity toward
both HER and OER. The S-doped Ni;P demanded 290 mV and 331 mV of overpotential
to attain 10 mA cm™ current density for HER and OER, respectively.”' Liu et al.
developed porous Mn-doped cobalt phosphide having a nanosheet like architecture and
examined its OER activity in alkaline environment of 1.0 M KOH. The as-synthesized
Mn doped CoP catalyst needed an overpotential of 288 mV to achieve the pre-defined
current density of 10 mA cm™.”? Although, several progresses have been made in the
field of TMPs more issues to be addressed regarding conductivity and poor chemical

stability.”?

20 | Page



A brief introduction to electrochemical energy conversion process through water splitting Chapter 1

1.5.5 Metal chalcogenides for electrochemical water splitting

Researchers have recently become quite interested in transition metal chalcogenides
(TMCs) due to their excellent designability in morphology and various
electronic structure, as well as their comparatively good intrinsic electrocatalytic water
splitting activity. TMCs have distinct chemical and physical properties that can be
greatly improved by adjusting the electrical parameters or tuning the morphology in
nanoscale dimension.'®™ Ge et al. synthesized NiS, nanosheets and explored their
cathodic hydrogen evolution ability in an acidic medium (0.5 M H2SO4). The as-
synthesized electrocatalyst required a low overpotential of 213 mV to show 10 mA cm’
2 current density.” In view of preparing a cobalt-based efficient HER electrocatalyst,
Lin et al. synthesized two distinct metallic phases of CoSe (tetragonal and hexagonal)
and compared their catalytic activity for electrochemical HER in an acidic medium.
Interestingly, the tetragonal CoSe dominates over the hexagonal phase both in terms of
activity as well as conductivity. The tetragonal CoSe needed 175 mV overpotential in
order to achieve 10 mA cm™ current density, which is much lower as compared to the
overpotential of hexagonal CoSe (352 mV).”® Bulk chalcogenides still have some
drawbacks, though, because they aggregate easily and have fewer electrochemical
active sites, which raises the overpotential during electrochemical reactions. To get
around these constraints, a number of approaches have been designed to alter the bulk
chalcogenides' surface chemical structure, improving their stability and speeding up
their charge transport for greater catalytic performance. A traditional method for
avoiding corrosion and the accumulation of electroactive material during prolonged
electrolysis is the embedding of a carbon moiety. Another approach that is beneficial in
terms of conductivity and chemical stability is the insertion of the heteroatom-doped

carbon (N-doped carbon).””-”® Keeping in mind such limitations, Sivanantham et al.
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designed a series of core-shell cobalt-based chalcogenide nanoarchitectures; sulfide,
selenide, telluride (Co9Ss@NC, CoSe@NC and CoTe@NC) and compared their
catalytic performance for OER. In all the cases, the inner chalcogenide core is protected
by outer nanocarbon part. Among all, the CooSs@NC emerged as a better catalyst for
OER requiring only 288 mV overpotential to deliver the state of the art 10 mA cm™
current density.”” Nevertheless, more focus needs to be implemented on designing of
efficient chalcogenide-based electrocatalysts that can create a bridge between the

morphology and catalytic activity towards HER and OER.
1.6 Metal-organic frameworks (MOFs)

Metal-organic frameworks (MOFs), a new family of materials with crystalline
structure, extraordinary porosity, structural flexibility, and adjustable functionality, are
created by joining metal ions or clusters with organic linkers. A lot of work has been
put towards creating MOFs as functional materials for a variety of uses, including gas
separation, drug delivery, catalysis, gas storage, and sensing.’*®? The choice of a
suitable MOF for a given application becomes the most crucial factor in doing the
intended work with proper result. In the area of energy storage and conversion, MOF-
based materials, which involves pristine MOFs, MOF composites, and MOF-derived

materials, have become the major subject of current research.®
1.6.1 MOF-derived materials for electrocatalysis

The insufficient electrical conductivity and stability under working conditions of
numerous MOFs severely limit their potential for use in the energy sector, including
electrochemical energy conversion.* As a result, researchers are focusing on
developing a variety of functional materials with impressive performance for HER and

OER utilizing MOF as a sacrificial template. Pure MOFs and MOF composites can be
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transformed into various nanoarchitectures including metal compounds nanoparticles,
metal nanoparticles/carbon composites, and MOF-derived carbon by carefully
regulating the chemical or thermal processes.®*®” The MOF-derived approach is
significant in a number of ways, including (i) revealing the active sites contained in the
porous structure of MOFs; (ii) facilitating the well-dispersion of metal species in
carbon-based materials; (iil) increasing the material's redox activity; and (iv)
accelerating mass transport during the electrocatalytic process.’”®® The synthesis of
effective functional electrode materials for electrochemical energy conversion
applications involving HER and OER is greatly facilitated by the MOF-derived
technique. The compositional and structural characteristics of MOF precursors as well
as the conversion conditions, such as synthesis temperature and atmospheres, have an
impact on the conversion processes and mechanisms from MOF precursors to the
appropriate MOF-derived carbon, metal compounds, and their composites. Pristine
MOFs can be designed and used as excellent sacrificial templates in order to synthesize
MOF-derived nanomaterials with desired structural and compositional properties by
carefully choosing metal nodes and organic ligands, precisely controlling experimental
conditions, and post-synthetic modification.’®! However, the lack of the appropriate
MOF template imposes significant restrictions on the current research field

except some of the well-known mono ligand-based MOFs (ZIF-67, MIL-101).%%3
1.6.2 Different synthetic routes for MOF-derived materials

It is possible to create effective MOF-derived materials with good catalytic
performance for HER and OER using a variety of synthetic methods. The most popular
methods for altering MOF after its synthesis are pyrolysis and solvothermal treatment.
One method is pyrolysis, which involves subjecting the MOF precursor to an elevated

temperature thermal treatment while maintaining an inert atmosphere for the required
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period of time. The metal component of the MOF precursor is transformed into metal
nanoparticles or metal compound nanoparticles during pyrolysis, while the organic
ligand component is carbonized to add further carbon support. The heteroatoms
included in the MOF's organic ligands enable the formation of heteroatom-doped
carbon, which has favourable electrical conductivity. Other sources (selenium powder,
sulfur powder) are also used during the pyrolysis process for the creation of specific
metal compound nanoparticles (sulfides, selenides), starting with a MOF precursor. >+
In pyrolysis, the MOF precursor is typically taken in a porcelain boat, then placed in
the middle of a tube furnace and heated under an inert atmosphere (Ar/N) for a specific
period of time. In the pyrolysis process, changing the reaction parameters (reaction time
and temperature) results in a variety of morphologies that have an impact on the target
material's catalytic activity.®>#® As a result, adjusting reaction time and temperature is
crucial for maximizing the catalytic activity of the electrocatalyst. Similarly, in case of
solvothermal synthesis, suitable chemicals are employed as sources for generating
particular metal compound nanoparticles (metal sulfides, selenides, tellurides,
phosphides), in addition to the MOF. The pristine MOF's uniform distribution of metal
nodes and organic ligands provides a platform for the creation of porous functional
nanomaterials with high surface areas. In solvothermal synthetic route, metal doping is
another approach for creating effective materials with strong electrical conductivity and
kinetics that can reduce the energy barrier associated with the water splitting

reaction.”!%

1.6.3 MOF-derived metal chalcogenides for HER/OER

Metal-organic frameworks (MOFs) are considered to be a great starting material for
building hollow, porous structures because of their varied composition and adjustable

structure.®”#® In reality, using a specific chemical conversion technique, MOFs may
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effectively drive the manufacturing of various electrocatalysts with preserved
morphology and derived composition.”? Researchers frequently use MOF-derived
synthetic approaches to overcome the problems with bulk metal chalcogenides (e.g.,
low conductivity, easy aggregation during ongoing electrolysis, and limited
electrochemically active sites). The heteroatom-doped carbon network generated from
the ligands raises the conductivity and offers significant stability during prolonged
electrolysis, whereas the porous nanostructure made from the MOFs increases the
number of catalytic active sites.””*® Li et al. synthesized core-shell nitrogen-doped
graphene embedded NiSe: nanoparticles starting with a Ni-MOF that required 201 mV
overpotential at 10 mA cm™ current density for HER and excellent stability of 18 hours
in an acidic electrolytic condition.”® The synthesis of heterostructures with abundant
heterointerfaces is a fine strategy to improve the catalytic activity of the electrocatalyst
for HER and OER. In a similar way, Yang and co-workers fabricated MOF-derived
hollow CoSx@MoS: microcubes and tested it as a bifunctional electrocatalyst for both
HER and OER. The as-prepared CoSx@MoS; required 239 mV overpotential for HER
(acidic media) and 347 mV overpotential for OER (alkaline media) to achieve 10 mA
cm™ current density.”® By adopting a high-temperature annealing strategy in an Ar
atmosphere, Liu et al. designed CoSe, microspheres having hollow interiors starting
with a Co-MOF, that required 330 mV overpotential to obtain 10 mA cm™ current
density for OER.'® For any electrocatalytic reaction, the electron transfer dynamics
play an important role in affecting the overall conductivity. Considering conductivity
as a key parameter for the energy conversion process, Sun et al. synthesized CoxSy
electrocatalyst by in-situ sulfurization of a MOF, taking reduce graphene oxide (rGO)
as an additional carbonaceous source. The synthesized CoxSy demanded 188 mV

overpotential in order to acquire 10 mA cm™ current density for the hydrogen evolution
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reaction.

101" Although numerous initiatives have been taken to make MOF-derived

chalcogenides an acceptable substitute for noble metal-based electrocatalysts for HER

and OER,!>"!% more attention needs to be paid to attaining comparably superior

activity with longer chemical stability.
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2.1 Abstract

f

Metal-organic framework (MOF)-derived transition metal sulfides are viewed as
reliable, cost-effective, and alternative hydrogen evolution reaction (HER)-efficient
electrocatalysts. They have been used to replace platinum (and their alloys) for
production of renewable energy carriers such as hydrogen. Progress towards
development of non-precious transition-metal sulfides through different synthetic
routes to obtain unique morphological nanostructures with enhanced HER activity is
challenging. We introduced a transition-metal sulfide, cobalt sulfide (CoS1.097), derived
from a cobalt MOF [Co-BPY-DDE] by following facile, one-step solvothermal
sulfurization. By varying the sulfurization temperature (from 140 °C to 180 °C) during
the solvothermal method, three cobalt-sulfide products were obtained: CoS1.097-140,
Co0S1.097-160, and C0S1.007-180, respectively. Temperature variation had a vital role in
optimizing the HER activity of the electrocatalyst. Besides, notable plate-shaped cobalt
sulfide nanoparticles (CoS1.097-160) required overpotential of 163 mV to deliver a

current density of 10 mA cm2 with a low Tafel slope of 53 mV dec’!, thereby
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demonstrating faster reaction kinetics during the evolution of molecular hydrogen.
Furthermore, 25 h of long-term stability of the electrocatalyst reflected its practical
applicability in acidic media. C0S1.097-160 had uniform plate-shaped morphology and
large electrochemical active surface area, which contributed to enhanced

electrochemical performance through water electrolysis.
2.2 Introduction

Global energy research has focused on carriers of renewable energy, such as hydrogen
(H2) and oxygen (O2), because they do not result in a carbon byproduct.? Different
energy-storage and energy-conversion technologies, such as metal—air batteries, water-
splitting devices, and fuel cells, have been developed. In fuel cells, molecular hydrogen
and oxygen are used to generate electrical energy.> Besides, water splitting is a simple
path for hydrogen production in an eco-friendly way. However, the sluggish surface
dynamics involved in the electrochemical process via water oxidation [oxygen
evolution reaction (OER)] and reduction [hydrogen evolution reaction (HER)] restrict
large-scale production. There is interest in preparing an effective electrocatalyst that
can accelerate surface kinetics with increased hydrogen evolution with low
overpotential.>® Until now, platinum-based precious materials and their alloys have
been considered state-of-the-art electrocatalysts for the HER. The expense, scarcity,
and poor durability of noble metals limits their industrial application. To reduce the
liability associated with the electrocatalytic process and to search for an alternative
efficient electrocatalyst, a broad range of cost-effective, non-precious transition metal-
based oxides, sulfides, selenides, carbonitrides, phosphides, and borides have been used
as HER electrocatalysts in acidic media.”® Transition-metal sulfides, especially cobalt

sulfides (e.g., CoS,, CosS4, CoS, CogSs, and their various heterostructures) and metal-
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doped cobalt sulfides have been used to obtain enhanced HER performance.*3 In
addition, some derivatives of cobalt sulfides of the pyrite series of CoS: have been used
due to their superior electrochemical performance (storage and conversion). They have
unique structural features attributed to their metallic or semiconducting nature.*1
However, bulk cobalt sulfide materials have elicited unsatisfactory hydrogen
generation due to having few active sites and poor stability. The efficacy of a catalyst
depends primarily upon having good electrical conductivity, along with a large active
surface area and numerous active sites.’®!" In recent years, metal-organic frameworks
(MOFs) have garnered much attention due to their porosity, high crystallinity, and
enormous specific surface area.’®2° However, low electrical conductivity and poor
chemical stability restrict use of pristine MOFs as electrode materials for
electrocatalytic processes. In particular, MOFs can be used as suitable starting materials
to synthesize highly efficient HER electrocatalysts due to a perfect metal cluster
network and organic ligand blocks, which correspond to the synthesis of unique
morphological structures with satisfactory electrochemical performances.?*2*
Recently, Co-based MOFs based on secondary sulfurization or selenylation via
chemical vapor deposition or hydro/solvothermal methods have been employed to
develop unique metal sulfide/selenide nanostructured electrocatalysts for
electrochemical water splitting.?>?° Extensive efforts have been made to synthesize
specific cobalt-containing sulfide nanomaterials derived from MOF precursors by
employing one-step sulfurization and studying their HER mechanism in acidic media.
In particular, Co-MOFs and their derived functional CoS, materials have attracted
much attention as stable electrocatalysts for the OER, HER, and as bifunctional
catalysts for overall water electrolysis. Based on the various electrocatalytic

applications of Co-MOF-derived CoS: electrode materials, Wang and colleagues
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designed a novel hollow CoSz nanotube array from a MOF precursor, and used it as a
bifunctional electrocatalyst supported over a carbon-cloth substrate.® Joo et al. reported
gaseous sulfurization of Co-MOF, namely a cobalt Prussian blue analog (Co-PBA), to
convert monophase CoS> nanoparticles, and studied their bifunctional electrocatalytic
nature towards the overall water splitting process. The electrocatalyst required 196 mV
of overpotential to reach a current density of 10 mA cm™2 to catalyze the HER.%!
Likewise, MOF-derived CoS, and various non-MOF-derived cobalt-based sulfide
materials are frontline electrocatalysts in the energy sector (e.g., energy conversion and
energy storage) because of their unique crystal phase, morphology-controlled synthesis,
and modulation of their surface state.*>% However, MOF-derived and non-MOF-
derived cobalt sulfide electrode materials have limited ability to execute enhanced HER
activity in acidic media. The HER performance of a cobalt sulfide electrocatalyst can
be determined in an acidic electrolytic condition, where it needs a lower overpotential,
better surface kinetics, and long-term stability. To overcome these obstacles,
tremendous effort has been made to investigate a regular synthetic path and its
temperature-dependent sulfurization to expand development of highly HER-efficient

MOF-derived cobalt sulfide electrode materials.

Herein, we report a facile one-step solvothermal synthesis of CoS1 097 electrode material
from a known Co-MOF precursor (Co-BPY-DDE) followed by sulfurization. This
synthetic path includes a solvothermal reaction and “tuning” of the reaction
temperature. We developed free-standing CoS1.097 nanoplates, represented as “CoS1.097-
160, as promising electrocatalyst for improved HER performance through a water-
splitting process. In particular, tuning of the sulfurization temperature plays a pivotal
role in the synthesis of optimized HER-efficient cobalt sulfide (CoS1.097-160) having a

uniform morphological plate-shaped structure compared with that of other temperature
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varied products (CoSi1097-140 and Co0S1097-180). The electrochemical HER
performance revealed that the optimized plate-shaped cobalt sulfide (C0S1.097-160)
required only 163 mV of overpotential to reach the predefined current density of 10 mA
cm2. In addition, the low Tafel slope of 53 mV dec' demonstrated that the
electrocatalyst followed the VVolmer—Heyrovsky reaction path to execute the HER.
Also, 25 h of a steady durability test of the material in the supporting acidic media
indicated its practical applicability. Besides, the uniform plate-shaped morphological
structure with a large electrochemical active surface area (ECSA) of the electrocatalyst

contributed significantly to enhance HER activity.
2.3 Experimental section

2.3.1 Materials

Co(NOz3)2:6H20, 2,2"-bipyridyl (BPY), 4,4'-dicarboxy diphenyl ether (DDE), sulfur
powder, NaBHa4, N,N’-dimethylformamide (DMF), and Nafion solution were received
from Sigma Aldrich, Himedia Chemicals and used without further purification.
Deionized water (DI water) was used throughout the preparation of electrolyte solutions

as well as washing of as-synthesized products.
2.3.2 Synthesis of Co-MOF

4.4'-Dicarboxy diphenyl ether and 2,2'-bipyridyl, as ligands, were used for the synthesis
of the Co-MOF precursor by following a simple solvothermal method, as described
previously.®® Typically, 0.0645 g of 4,4'-dicarboxy diphenyl ether and 0.039 g of 2,2'-
bipyridyl were added to a solution of deionized water (3 mL) and N,N'-
dimethylformamide (DMF; 2 mL) with continuous stirring for 10 min. After that, 0.073
g of Co (NO3)2-6H.0 was added to the mixed solution and stirred further for 30 min.

The obtained solution was transferred to a 23 mL Teflon-lined autoclave and heated in
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a running oven at 145 °C for 2 days. After the autoclave had cooled down naturally to
room temperature, products were collected and washed several times with DMF and

ethanol.
2.3.3 Synthesis of C0oS1.097-160

First, 0.042 g of sulfur powder and 0.0215 g of NaBH4 were dissolved in 6 mL of DMF
and the resulting mixture stirred for 30 min. NaBH. was employed to reduce S to S
Furthermore, 0.0825 g of as-prepared Co-MOF was added to the black solution and
stirring continued for 1 h. The final reaction mixture was transferred to a 23 mL Teflon-
lined digestion bomb and sealed. Then, it was placed in a hot air oven at 160 °C for 1
day. The as-obtained black product was washed repeatedly with deionized water and
ethanol through centrifugation and dried at 60 °C to procure Co0S1.097-160. For
comparison, two more temperature-varied cobalt sulfide products were synthesized at
140 °C and 180 °C under similar reaction conditions and represented as C0S1.097-140

and C0S1.007-180, respectively.
2.3.4 Synthesis of bare CoSx

Bare CoSx was prepared by following the stepwise reaction process stated above using
a cobalt nitrate hexahydrate precursor instead of Co-MOF as the starting material at

160 °C for 24 h.
2.4 Characterization

The phase purity of as-prepared samples was verified through a powder-diffraction
system equipped with a diffractometer (D8 Advance; Bruker) with Cu-Ka radiation (A
= 1.5418 A). Morphological and elemental studies were undertaken with the help of a

field emission scanning electron microscope (Merlin Compact) with a GEMINI-I
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electron column (Zeiss) and a transmission electron microscope (2100F; JEOL) with
an operating voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) was operated
using Versa Probe 111 (PHI) to further demonstrate the composition and chemical state

of the material.
2.5 Electrochemical measurements

Electrochemical measurements with respect to the HER were recorded in a multi-
channel three-electrode measurement system (Autolab PGSTAT100N; Metrohm). The
electrolytic medium was H2SO4 solution (0.5 M). Preparation of electrocatalyst ink was
carried out by mixing 1 mg of sample in a mixture of ethanol (95 pL) and Nafion (5
ulL) followed by ultrasonication. The sample slurry-coated glassy-carbon electrode
(GCE; mass loading of 0.25 mg cm2) was used as the working electrode. A graphite
rod electrode and aqueous Ag/AgCI electrode were used as the auxiliary electrode and
reference electrode, respectively. HER activity was measured through linear sweep
voltammetry (LSV) curves with an applied sweep rate of 5mV s~!. All electrochemical
potentials were recorded with a standard aqueous Ag/AgCl reference electrode and
calibrated to a reversible hydrogen electrode (RHE) according to the equation: Erne =
E(agagen + 0.0591 (pH) + 0.21 V. Electrochemical impedance spectroscopy (EIS) was
undertaken at a potentiostatic mode of —0.19 V (vs. RHE) by supplying an AC
amplitude of 5 mV on a frequency scale of 1 MHz to 0.1 Hz. In addition, the recorded
LSVs were calculated and analyzed by iR compensation, where “i” represents the
current and “R” is the solution resistance. To ascertain the surface kinetics associated
with the HER, Tafel slopes were calculated by plotting the logarithm of current density
(J) vs. overpotential from linear regions of LSVs by following the Tafel equation: # =

a + b log J (where 7 is the overpotential, and a, b, and J are the Tafel constant, Tafel
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slope, and current density, respectively). The double-layer capacitance (Cai) of the used
electrocatalyst was linearly correlated with the ECSA calculated from a specified
potential window where an apparent Faradaic process was absent. Non-Faradaic cyclic
voltammetry (CV) was carried out in a specific potential window of 0.31 V to 0.41 V
(vs. RHE) at various scan rates (20 mV s™! to 200 mV s™!). The obtained plot between
AJI2 (half of the difference between the anodic current density and cathodic current
density) and different scan rates gave a straight line, where the slope value

corresponded to Cq.3"3°
2.6 Results and discussion

The synthesis of Co-MOF-derived plate-shaped CoS1.097-160 nanoparticles involved a

two-step synthetic procedure (Scheme 2.1).

® Co(NO,).6H,0
@ 2.2'-BPY
@®4,4'-DDE

145 °C % g\ 160 °C -

48 hours 24 hours
Co-MOF CoS4 997

Scheme 2.1: Stepwise reaction path for the synthesis of CoS1.097-160.

First, the Co-MOF precursor was synthesized via a solvothermal method using 4, 4'-
DDE and 2,2’-BPY as ligands. The crystal structures of the Co-MOF are shown in
Figures 2.1a—d. The cobalt cation was hexa-coordinated by four oxygen atoms of two
different 4,4'-DDE ligands and two nitrogen atoms of the same 2,2'-BPY ligand, which
formed a continuous one-dimensional (1D) chain, as shown in Figures 2.1a and b,

respectively. The adjacent 1D chains were connected through H-bonding interactions
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to form a 3D structure. The 1D and corresponding 3D structures are presented in

Figures 2.1c and d.

(a)

Figure 2.1: Crystal structures of Co-MOF (a-d).

In addition, the well-matched simulated and experimental powder pattern described the
phase purity of the as-obtained Co-MOF precursor (Figure 2.2a). Furthermore, by
adopting subsequent temperature-varied solvothermal sulfurization, cobalt sulfide
nanoparticles were synthesized and termed as CoSy.97-T (T is the temperature of 140
°C, 160 °C, and 180 °C). The as-synthesized Co0S1.097-160 material was primarily
characterized by powder X-ray diffraction (PXRD) pattern, which verified the phase
purity (Figure 2.2b). PXRD depicted diffraction planes of (204), (220), (306), and
(330), indexed to the hexagonal cobalt sulfide crystal system. These diffraction peaks
were well supported by a data file (PDF 00-019-0366). In contrast, the powder

diffraction of as-synthesized bare CoSx revealed an amorphous phase (Figure 2.2c).
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Figure 2.2: PXRD data of Co-MOF (a), CoS1.097-T products (b), and bare CoSx (c).
The surface morphology of the pristine Co-MOF and its derived C0Si.097-160
electrocatalyst were discovered through scanning electron microscopy (SEM). SEM
image of the Co-MOF precursor depicted a thick plate-shaped morphology as shown in
Figure 2.3. After solvothermal sulfurization of Co-MOF at different temperatures, a
nanoplate-shaped morphology was observed for all synthesized CoS1.097-T products (T
=140 °C, 160 °C, and 180 °C). The morphology of the as-obtained products correlated
directly with the different sulfurization temperature conditions of the electrocatalyst.
At the optimized temperature condition of 160 °C, the as-synthesized cobalt sulfide
(CoS1.007-160) displayed a hexagonal plate-shaped morphology. Uniform distribution

of hexagonal nanoplates was observed at different magnifications (Figure 2.4).
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Figure 2.4:  SEM images of CoS1.097-160 at different magnifications (a and b) and
elemental mapping of C0S1.097-160 (c—€).

However, in the case of C0S1.007-140, the growth of hexagonal nanoplates was partially

restricted, which might have been due to incomplete sulfurization at 140 °C (Figures
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2.5a and b). With an increase in temperature to 180 °C, agglomeration of the plate-

shaped morphology was observed (Figures 2.5¢ and d).

Figure 2.5: SEM images of C0S1.007-140 (a and b), and C0S1.097-180 at different
magnifications (c and d).

Furthermore, the plate-shaped morphology and its uniform distribution were examined
by transmission electron microscopy (TEM) at different magnifications (Figures 2.6a
and b). Figure 2.6¢ reveals that the nanoplates were, in general, hexagonal. High-
resolution transmission electron microscopy (HRTEM) confirmed the existence of a
distinct lattice fringe with calculated d-spacing value of 0.25 nm, which was attributed
to the (220) plane of the hexagonal crystal system of CoSi.97 nanoparticles (Figure
2.6d). HRTEM data were consistent with the observed PXRD data. The inset picture in

Figure 2.6b is the selected area electron diffraction (SAED) pattern of CoS1.097-160.
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Figure 2.6: TEM of CoS1.097-160 at different magnifications (a and b), high-resolution
TEM of Co0S1097-160 (c and d), inset in (b) is the selected area electron
diffraction (SAED) pattern.

XPS verified the elemental state and actual chemical composition of as-prepared
Co0S1.097-160 nanoparticles. Figure 2.7a displays the XPS survey spectrum: Co, S, C,
and O are present. The oxygen peak shows the availability of oxidized species of the
sample in contact with air.** The Co 2p spectrum of the temperature-optimized
sample exhibited two doublets (Figure 2.7b). The observed peak positions of Co 2pa/2
and Co 2pu at 779.5 and 794.4 eV represent Co®", whereas the characteristic peak
positions at 781.8 and 797.9 eV show the existence of Co 2ps;2 and Co 2p1 of Co?”,

suggesting the presence of Co?" and Co3* species. Two satellite peaks are obtained at
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the binding energy of 786.1 and 804.4 eV.**3 Furthermore, the S 2p spectrum of

Co0S1097-160 depicts a peak centered at a binding energy of 159.8 eV, which
corresponds with CoSy.097 Or the Co-deficient nonstoichiometric sulfide species in
Figure 2.7c. The associated peak positions at the binding energies of 162.6 and 165.2

eV can be assigned to S 2ps» and S 2pap, respectively.*44°
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Figure 2.7: Full scan XPS spectra (a) and deconvoluted XPS spectra of Co 2p (b) and
S 2p (c).
The electrochemical results corresponded to the HER performances of the cobalt MOF

and temperature-varied cobalt sulfide products, which were termed CoS1.097-T (T = 140
°C, 160 °C, and 180 °C) and studied using a multichannel three-electrode configuration
in acidic electrolytic media (0.5 M H2SOg). In addition, LSV of Pt/C and bare CoSx

was done to compare the overall HER performance. Figure 2.8 shows the iR-
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compensated LSV curves for CoS1.097-140, C0S1.097-160, C0S1.097-180, bare CoSx, and
the standard Pt/C recorded at a scan rate of 5 mV s!. The Co-MOF precursor exhibited
poor HER performance. However, among different temperature-varied cobalt sulfide
products, CoS1.097-160 showed stronger HER activity in terms of lower overpotential
(163 mV) to reach the standard cathodic current density of 10 mA cm~2 (Figure 2.9a).
The as-obtained overpotential of CoS1.097-160 was much lower than that of CoS1.097-
140 (211 mV), CoS1.097-180 (236 mV), and bare CoSx (262 mV), along with various
reported sulfide materials shown in Table 2.1. Figure 2.9b displays a comparison of

overpotential of CoS1.097-T products with different synthesis temperatures.

& 9] =——=W/OiR Correction & g =——=W/OIR Correction & 04 —W/O iR Correction
8 | —iRcorrected g —iR Corrected E —iR Corrected
2 ] puc (a) | ¢ njcos,,, (b) | £ »qcos,,, 160 (¢)
g E E 097
£ a0 2 40- £ 401
g & z
] L D
= -604 = 604 = -604
= = -
g @ @
= -804 = 804 = -804
B = =
@] @] &)
-100 T g T r -100 T T v T -100 T N T T
04 03 02 01 0.0 0.1 -0.6 0.4 0.2 0.0 0.6 0.4 0.2 0.0
Potential (V vs. RHE) Potential (V vs. RHE) Potential (V vs. RHE)
I (04 ===W/O iR Correction & (d—WI/OiR Correction
5 —iR Corrected d E
< 204 ; ( ) < 204 (e)
£ CoS, ,-180 £
= =
& 40 Z 401
& 2
P )
<= -604 = -60
B 5
= -804 E -804
3 s
O O
-100 T T T T -100 T T T T
0.6 04 0.2 0.0 0.6 0.4 0.2 0.0
Potential (V vs. RHE) Potential (V vs. RHE)

Figure 2.8: Polarization curves of CoS1.007-T products, Pt/C and bare CoSx before and
after iR compensation.

The actual surface reaction kinetics were verified from the obtained LSV data known
as the Tafel plot.*® C0S1097-160 had a lower Tafel slope (53 mV dec™'), which
demonstrated faster surface kinetics resulting in improved HER performance.*’* The
calculated Tafel slope (in mV dec™') was lower than that of the other as-prepared

products, such as Co0S1097-140 (64), C0S1097-180 (69), and bare CoSx (77).
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Furthermore, the Tafel slope of precious Pt/C (31 mV dec!) was used to compare the
Tafel slope of the as-prepared non-precious cobalt sulfide products (Figure 2.9c). EIS
was employed at —0.19 V vs. RHE to investigate the charge transfer process of as-
synthesized HER electrocatalysts. Figure 2.9d shows the EIS of bare CoSx and
C0S1.007-T products. CoS1.097-160 showed a smaller arc diameter, which corresponded
to a lower charge transfer resistance (Rct) of 57 Q in comparison with that of CoS1.097-
140 (128 Q), CoS1.097-180 (161 Q), and bare CoSx (337 Q). A lower Rct indicates faster
electron diffusion between the used electrode surface and supporting electrolyte,
thereby resulting in stronger HER activity.***° The inset in Figure 2.9d is the fitted

equivalent circuit diagram obtained from the EIS result.
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Figure 2.9: LSVs of Co-MOF, CoSi007-T products, bare CoSx, and Pt/C (a).
Comparison of overpotential of CoS1.097-T products at 10 mA cm™2 current
density (b). Tafel slopes of CoS1.007-T products, bare CoSx, and Pt/C (c).
PEIS comparison at —0.19 V vs. RHE of CoS1.097-T products and bare
CoSx (d). Inset in (d) is the equivalent circuit diagram.
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Insights into the electrocatalytic activity of the electrocatalyst were obtained with the
ECSA. However, ECSA has a direct relationship with the Cq of the electrocatalyst, and is
applied to calculate the accessible units of electrochemical active sites.??%” The Cq is
estimated from a specific non-Faradaic potential window through a standard CV method.*
Figure 2.10a represents the non-Faradaic CV of CoS1097-160, where the desired current
arises due to charge accumulation. CV in a non-Faradaic potential window of CoS1 097-140,
Co0S1.007-180, and bare CoSx is presented in Figure 2.11. Cq values were calculated by
plotting different scan rates versus half of the difference between the anodic current density
and cathodic current density (4J = Ja — Jc) at 0.36 V vs. RHE. The Cq of C0S1.097-160 was
found to be 4.21 mF cm™2, which was higher than that of the other temperature-varied
cobalt sulfide products, such as CoS1 0g7-140 (2.97 mF cm2), C0S1.097-180 (2.14 mF cm2),
and also the bare CoSx (1.06 mF cm™2) (Figure 2.10b).
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Figure 2.10: CV of C0S1.097-160 in a potential window of 0.31 to 0.41 V vs. RHE (a).
Estimated Cq of CoS1.097-T products and bare CoSx at 0.36 V vs. RHE
(b). Stability test of CoS1097-160 in an acidic solution (c). LSVs of
Co0S1.097-160 before and after 1000 CV cycles (d). Inset in (c) is the SEM
image of C0S1.007-160 after 25 h of the constant durability test.
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Figure 2.11: Cyclic voltammograms (CVs) of CoS1.097-140 (a), CoS1.097-180 (b) and
bare CoSx (c) in a non-Faradaic potential region of 0.31 V vs. RHE to
0.41V vs. RHE.

The optimized temperature condition for the synthesis of the CoSi097 product had a
significant role in regulating its well-organized hexagonal plate-shaped morphology, with
a higher ECSA (which might have been responsible for the improved HER results).16%’
Furthermore, the chronopotentiometry test was carried out to estimate the practical
applicability of the HER-active Co0Si097-160 electrocatalyst (Figure 2.10c). The
electrocatalyst was very stable up to 25 h of constant electrolysis, with a negligible increase
in overpotential at a constant current density of 10 mA cm2, signifying excellent
electrochemical durability in an acidic solution.*>®? In addition, the initial and final
polarization curves after 1000 CV cycles showed minimal change in overpotential, thereby
indicating the outstanding stability of the electrocatalyst (Figure 2.10d).5® Furthermore,
post-stability characterization using PXRD and field emission scanning electron
microscopy verified the material's phase and morphology, but was also used to understand
the actual surface catalytic behaviour of the as-prepared material. Figure 2.12 shows the
post-stability powder pattern of the material, which demonstrated no significant changes in
the phase of CoS1097-160. However, the plate-shaped morphology of the temperature-
optimized cobalt sulfide sample suffered negligible surface distortion (inset of Figure

2.10c) after continuous electrolysis in an acidic electrolytic medium.
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Figure 2.12: PXRD study of CoS1.097-160 after chronopotentiometry measurement of
25 h at 10 mA cm current density under acidic electrolytic conditions.

The outstanding catalytic activity and durability of the electrocatalyst could be
attributed to the nanoplate-like architecture that provided structural integrity and
exposed a sufficient number of active sites to promote smooth contact of the
electrocatalyst with the electrolyte solution. The temperature regulated the morphology.
Under the optimized temperature condition, the uniformity in morphology triggered the
availability of a sufficient number of active sites to improve the catalytic behaviour
towards the HER. The systematic characterization stated above and the improved
electrochemical results of the distinct cobalt sulfide phase (CoS1.097-160) suggest that
it could be a substitute HER electrocatalyst in comparison with noble metals. Our work
provides a new way to design non-precious MOF-derived electrocatalysts for

electrochemical applications.
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Table 2.1: Hydrogen evolution reaction (HER) comparison of cobalt sulfide-based
electrocatalysts.

Electrocatalyst | Overpotential Tafel Electrolyte References
at 10 mA cm? slope
(mV) (mV dec
b
Co0S1.097/M0S; 228 59.7 0.5 M H,S0,4 ACS Appl. Energy
Mater. 2019, 2, 10, 7504—
7511
CoP-CoS 156 74 0.5 M H,S0O4 | ChemCatChem 2019, 11,
composite 6099- 6104
nanorods
MoS,/C03S4 175 55.6 0.5 M H,SO,4 | Electrochim. Acta 2018,
269, 262273
CoS; 192 52 0.5M H2S04 | J. Phys. Chem. C. 2014,
118, 21347-21356.
CoS; 165 86.57 0.5 M H,SO, ACS Appl. Mater.
Interfaces 2021, 13,
41573-41583
Ni-doped CoS; 156 52 0.5 M H;SOs4 | Electrochim. Acta, 2017,
228, 428-435
CoS./CC 288 210.7 0.5M H,SO4 | J. Mater. Chem. A, 2015,
3, 22886-22891
CoS; 158 58 0.5 M H,SO4 | J. Am. Chem. Soc., 2014,
microwires 136,10053-10061
CoxSy 188 96 0.5 M H,SO4 | ChemElectroChem 2018,
5, 3639-3644
CoS-MoS; 270 74 0.5 M H,S0O;, | J. Solid State Electrochem.
2017, 21, 409417
C0S1,097-160 163 53 05M This Work
H,SO,
2.7 Conclusions

We synthesized a series of temperature-varied cobalt sulfide nanoparticles (CoS1.097-
140, C0S1.007-160, and Co0S1.097-180) by using a Co-MOF as the precursor. An
optimized cobalt sulfide (CoS1.097-160) displayed uniform and organized plate-shaped
morphology. The latter corresponded to a larger ECSA that enhanced the overall HER
performance. CoS1.007-160 needed a lower overpotential of 163 mV to deliver a current

density of 10 mA cm™2 and a small Tafel slope of 53 mV dec™! compared with the other
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as-prepared cobalt sulfide products (CoS1.097- 140 and CoS1.097-180). The outstanding
25 h long-term durability test with negligible change in overpotential indicated its
remarkable HER performance. We provide an optimized temperature-dependent
strategy for the synthesis of Co-MOF-derived cobalt sulfides as replaceable and cost-
effective HER electrocatalysts in comparison with noble metal-based catalysts and their

alloys for electrocatalytic hydrogen evolution.
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3.1 Abstract
OER 02
y Co,S,
The development of a simple and effective strategy for designing a highly efficient

oxygen evolution electrocatalyst is more important to speed up the efficiency-limiting
step involved in water electrolysis. The high efficiency of the oxygen evolution reaction
(OER) is directly correlated with the class of electrode materials employed. This work
reports a series of CosSs nanoparticles (CozSs-2h, C03S4-3h, and CosSs-4h) derived
from a metal-organic framework (MOF) via a single-step annealing strategy with
varying reaction times for the study of OER. During the annealing process, the MOF
precursor [Cos(tiron-bpy)2(bpy)(H20)s]-(H20). termed as Co-T-BPY directly
converted to cobalt sulfide (CosS4) nanoparticles, along with additional support of the
N-doped carbon moiety. Interestingly, variation of reaction time in a fixed temperature
condition played a decisive role in optimizing the surface area with huge active sites of

the derived products. The optimized Co3Ss-3h product needed an overpotential of 285
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mV to reach 10 mA cm2 current density and an acceptable Tafel value (109 mV dec™!)
with excellent 14 h of stability performance under harsh alkaline conditions. The OER
results are attributed to the combined effect of the Co3Ss phase and N-doped carbon
matrix, resulting in substantial stability and high conductivity. Therefore, we believe
that the time variation strategy for the preparation of a cobalt-based non-precious

electrode material can pave the way in search of an OER-efficient electrocatalyst.

3.2 Introduction

The growing energy crisis and environmental deterioration motivate researchers to
search for alternative clean energy techniques that maintain a carbon-free environment
compared to traditional fossil fuels. The electrocatalytic water splitting system offers a
better footpath for producing energy fuels such as hydrogen. However, the major
obstacle to producing hydrogen through water splitting is to overcome the high
overpotential for counter anodic oxygen evolution reaction (OER). OER is the half-cell
reaction that demands a kinetically sluggish four-electron step reaction mechanism to
evolve molecular oxygen (0O2).*® Consequently, developing an appropriate
electrocatalyst with improved surface Kinetics is necessary to catalyze OER at lower
additional energy (overpotential). Noble metal-based oxides such as RuO, and IrO; are
considered the benchmark electrocatalyst for O, production in alkaline media.
However, scarcity, low abundance, and stability issues in alkaline medium restrict its
widespread industrial application.”® In recent years, enormous efforts have been made
to design efficient non-precious OER electrocatalysts to overcome the sluggish kinetics

and stability issues for the smooth running of oxygen evolution.

Transition metal-based chalcogenides like sulfides, selenides, and tellurides are

considered as the suitable candidate for OER, on account of their inherent advantages
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such as high catalytic activity, low cost, and high abundance.®* In particular, cobalt-
based electrocatalysts gained much attention as outstanding contenders for water
electrolysis due to their distinctive electronic properties and superior catalytic
performance.’*1’ Notably, cobalt-based sulfide materials (Co3Ss, C0oSz, C0sSs, COS,
and CoxSy, etc.) have acquired eye-catching recognition as OER electrocatalysts owing
to their variable stoichiometric composition, excellent durability, and lower
overpotential values in alkaline electrolytic conditions. 1822 As per the literature survey,
Ji et al. reported CoS2 microspheres that needed an overpotential of 310 mV to achieve
a current density of 10 mA cm2.2 Similarly, Guo et al. synthesized CoS nanosheet
arrays on nickel foam that demands an overpotential of 297 mV to acquire 10 mA cm-
2 current density.* Among all reported sulfides, CosS4, being a normal spinel and
having a metallic nature, assures rapid charge transport during electrocatalytic water
oxidation.® However, bulk CosSs is still associated with some limitations in
electrocatalytic OER because of their easy aggregation and fewer electrochemical
active sites leading to an increase in the value of overpotential. Zhao et al. fabricated
nanoporous hollow Co3S4 nanosheets that required 363 mV overpotential to deliver 10
mA cm current density.?® To overcome such limitations, several strategies have been
made to modulate the surface chemical structure of the CosS4 catalyst, increasing the
stability and accelerating the charge transport for better catalytic performance. The
embedment of a carbon moiety serves as a conventional approach to prevent corrosion
as well as aggregation of electroactive material during long-term electrolysis.
Additionally, the introduction of the heteroatom doped carbon matrix (N-doped carbon)
is one of the strategies that are advantageous in regard to both conductivity and

chemical stability.2"?®
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Recently, metal-organic frameworks (MOFs) earned enormous attention as a suitable
sacrificial template for the fabrication of carbon-based functional materials. The porous
characteristic and orderly arranged crystalline structure in MOFs are established by the
systematic arrangement of metal centers and organic ligands.?*3! In this regard,
selecting the proper MOF precursor becomes the most important aspect for
synthesizing efficient derived products. Nevertheless, the deficiency of the ideal MOF
template holds considerable limitations in this area of research, excluding some well-
known single ligand-based MOFs (ZIF-67, MIL-101).32*® Furthermore, the synthesis
of metal sulfides, selenides, and nanostructured materials starting with a MOF
precursor requires additional sulfurization and selenylation steps that increase the
complicacy of the overall reaction process.>**® To achieve better performance for OER,
various substrates (Ni foam, stainless steel, and carbon cloth), metal doping, and
electrodeposition are used for additional activity and durability.**3" Carbonization is
one of the strategies where the MOF template is annealed at high temperature for a
desired period of time under an inert atmosphere. Upon annealing, the metal part is
converted into metal nanoparticles and metal compound nanoparticles and the organic
ligand part is transformed into a graphitic carbon matrix to provide additional carbon
support.®4° The heteroatoms (N, S, P) present in the organic ligands of the MOF
precursor open the window for the development of functional materials supported by
the heteroatom-doped carbon matrix upon high-temperature heat treatment under an
inert atmosphere.**? As a consequence, it is incredibly challenging to fabricate
efficient metal compound nanoparticles encapsulated by the heteroatom-doped
graphitic carbon moiety through a single-step pathway, derived from a MOF template

corresponding to a better electrocatalytic performance.
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Based on the above findings, we have synthesized a Co-MOF (Co-T-BPY), by
considering tiron (contains sulfur) and 4,4'-bipyridine (contains nitrogen) as the
ligands. A single-step high-temperature pyrolysis (700 °C) method was followed via a
time variation strategy to obtain a series of Co3S4 nanoparticles embedded by N-doped
carbon moiety such as C0sSs-2h, C03Sz-3h, and CosSs-4h (time: 2, 3, and 4 h). The time
variation factor plays a significant role in optimizing the OER efficiency of the derived
products. The optimized CosSs- 3h outperforms as an excellent OER electrocatalyst,
which required an overpotential of 285 mV to deliver 10 mA cm™? current density and
displayed a long-term 14 h constant electrolysis under alkaline conditions reflecting its
practical applicability. The improved electrocatalytic performance can be attributed to
the spherical nanoparticles like morphology of Co3sS4 that can afford a higher number
of electrochemical active sites for the smooth progress of OER. The nitrogen-doped
carbon moiety regulates the chemical environment of the electrocatalyst, which
increases the conductivity and provides robust stability during long-term electrolysis.
This single-step approach for the preparation of OER-efficient nanoparticles makes the

synthesis more feasible and reduces the complexity of the overall reaction process.
3.3 Experimental section

3.3.1 Materials

Co(NO3)2-6H20, 4,4'-bipyridine, 4,5-dihydroxy-1,3- benzenedisulfonate disodium salt
(tiron), RuO», Nafion solution, and potassium hydroxide were received from Sigma-
Aldrich and HiMedia Chemicals. The chemicals obtained were used as such without
further processing. Deionized water was used for washing and preparing the electrolyte

solution.
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3.3.2 Synthesis of Co-MOF (Co-T-BPY)

The Co-MOF precursor was obtained through a facile hydrothermal method by taking
4,4'-bipyridine and tiron as the ligands as per a previous report.*® First, 0.078 g of 4,4'-
bipyridine and 0.166 g of tiron were mixed in 10 mL of deionized water and stirred for
30 min. Afterward, 0.145 g of Co(NO3)2.6H.O was added to the mixed solution and
stirring was continued for 1 h. Eventually, the procured solution was transferred into a
23 mL Teflon-lined autoclave and kept in a running oven at 140 °C for 72 h to obtain
the desired crystal with the formula [Cos(tiron-bpy)2(bpy)(H20)g].(H20). labelled as

Co-T-BPY.
3.3.3 Preparation of Co3Ss-3h

The MOF-precursor was placed in a porcelain boat and was annealed at 700 °C in an
Ar atmosphere for 3 h to acquire CosS4 nanoparticles embedded by N-doped carbon
moiety termed as CosSs-3h. For a comparison study, further the MOF-precursor was
annealed at 700 °C for 2 and 4 h and the obtained products were named as Co3Ss-2h

and Co3Ss-4h, respectively.
3.4 Material characterization

The phase analysis and crystal system of the materials were recorded using a powder
X-ray diffraction instrument (Bruker D8 Advance diffractometer) furnished with a Cu-
Ka radiation source with wavelength 1.5418 A. The morphological evolution and
changes have been investigated by a field emission scanning electron microscope
(FESEM, Carl Zeiss, Germany make, Model: )igma) and a transmission electron
microscope (TEM, JEOL 2100F) operated at 200 kV. In order to demonstrate the
graphitic phase and disorderedness associated with the materials, a Raman microscope

(Horiba Scientific) possessing laser excitation at a wavelength of 532 nm was used. X-
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ray photoelectron spectroscopy examined the sample's elemental composition and
desired chemical state by surveying the change in binding energy (XPS, Omicron
Nanotechnology Ltd., Germany). The specific surface area investigation of the as-
prepared samples was carried out by Quantachrome Instruments (Autosorb iQ) through

a N2 adsorption-desorption isotherm.
3.5 Electrochemical measurements

All the electrochemical analyses regarding OER were recorded in a three-electrode
measurement set-up (BioLogic electrochemical workstation; SP-200) in 1.0 M KOH as
the electrolyte. The glassy carbon electrode (GCE; geometrical surface area, 0.07 cm?),
platinum wire, and mercury-mercury oxide (Hg/HgO) were used as working, counter,
and reference electrodes, respectively. The catalyst ink was prepared by taking 1 mg of
active material with a mixture of Nafion and ethanol solutions, followed by sonication
to acquire a homogenous slurry. The mass loading of the electrocatalyst on the GCE
was maintained at 0.25 mg cm 2 throughout the measurements. The estimated potentials
(vs. Hg/HgO) were converted into the reversible hydrogen electrode (RHE) scale by
following the Nernst equation, Erne = E%gmgo + 0.059 pH + Engmrgo. Linear sweep
voltammograms (LSVs) for all the samples were measured at a sweep rate of 5mV s,
The polarization curves have been iR compensated using the solution resistance in order
to achieve the actual catalytic behaviour of the electrocatalysts. Tafel slopes were
calculated by fitting the linear portion of the logarithm of the current density versus
overpotential plot as per the Tafel equation ( = a + b log J; where 7 is overpotential, a
is the intercept, b is the Tafel slope and J is the current density). Electrochemical
impedance spectroscopy (EIS) or Nyquist plot was carried out in a potentiostatic mode

at 1.51 V vs. RHE by applying an AC amplitude of 5 mV in the frequency region of 1
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MHz to 0.1 Hz. In order to investigate the electrochemical active surface area (ECSA),
double-layer capacitance (Car) was estimated from cyclic voltammograms (CVs) in the
non-Faradaic potential window of 1.12 to 1.22 V vs. RHE at different scan rates (20
mV to 100 mV s*t). A chronopotentiometry method evaluated the durability of the

active electrocatalyst at a constant current density of 10 mA cm2,44-46
3.6  Results and discussions

Scheme 3.1 represents the synthetic route for the preparation of CosS4 nanoparticles
embedded by nitrogen-doped carbon moiety. First, the Co-T-BPY MOF was prepared
by a hydrothermal approach (the detailed synthesis process is described in the

experimental section).

@ Co(NO,),.6H,0

@ Tiron
~ 4,4'- Bipyridine

> ¢ / Co-MOF C03S4

Scheme 3.1: Reaction scheme for the preparation of Co3Ss-3h nanoparticles.

The crystal structure, along with the well-matched simulated and experimental powder
pattern, confirmed the successful formation of the Co-T-BPY MOF, as illustrated in
Figure 3.1. The Co-T-BPY MOF was further annealed at 700 °C under an Ar
atmosphere by optimizing the reaction time (2, 3 and 4h) to develop N-doped carbon

incorporated CosSs-T (T represents time) nanoparticles.
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Figure 3.1: Crystal structure (a), and PXRD analysis of Co-MOF (b).

Powder X-ray diffraction (PXRD) analysis of the as-prepared CozSs-T samples was
carried out to investigate the crystal phase information. Figure 3.2a illustrates the
PXRD data, whereas the distinguished peaks around 26.9, 31.7, 38.4, 47.5, 50.6, 55.4°
indexed to (220), (311), (400), (422), (511) and (440) diffraction planes of cubic C03S4
phase (JCPDS no. 01-071-4923).#” Raman spectroscopy was used to investigate the
disorderedness and sp? graphitic phase associated with the material. The D band
generally indicates disorderedness in the graphite, and the G band represents sp?
graphitic carbon, indicating the existence of graphitic carbon in the desired sample. As
shown in Figure 3.2b, two peaks around 1338 and 1596 cm™ were detected,
corresponding to D and G bands for all the CosSs-T products. Additionally, the intensity
ratio (Io/lc = 1.01) is higher for C03Ss-3h compared to other CosSs-T products (0.97
for CosSs-2h, 0.95 for CosS4-4h) demonstrating more structural defects, which became

advantageous for the electrocatalytic performance of the sample.*3
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Figure 3.2: Powder X-ray diffraction study (a) and Raman spectra of Co03Ss-2h,
Co03S4-3h, and Co3Ss-4h (b).

The surface morphology of the as-synthesized samples was investigated by scanning
electron microscopy (SEM) technique. The SEM analysis suggests the Co-MOF
possesses nearly rectangular plates-like morphology prior to the high-temperature heat

treatment, as presented in Figure 3.3.

Figure 3.3: SEM image of Co-MOF

After annealing in the Ar atmosphere, the MOF was carbonized, and morphological

evolution of CosS4 nanoparticles was observed over the carbonized surface of the MOF.
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Interestingly, the variation of time had a significant impact on controlling the
morphology of the derived products. An even distribution of the nanoparticles was
observed in the case of optimized Co3Ss-3h that can be clearly distinguished at different

magnifications, as shown in Figures 3.4a and b.

Figure 3.5: FESEM images of Co3S4-2h (a, b) and CosSs-4h (c, d).
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In contrast, in case of C03Ss-2h, the growth of the nanoparticles was restricted to some
extent, which may be attributed to lesser reaction of time of 2 h (Figures 3.5a and b).
For CosSs-4h, nanoparticles were organized to form a fused morphology owing to the

longer exposure time of 4 h, as shown in Figures 3.5¢c and d.

Figure 3.6: TEM investigation of CosSs-3h at various magnifications (a, b). High-
resolution TEM of Co03S4-3h (c). EDS mapping images showing Co, S,
C, and N distribution in Co3Ss-3h (d).

TEM analysis was used to gain deep insights into the surface morphology of the Co3Ss-
3h. The TEM analysis at different magnifications confirmed that these nanoparticles
were organized uniformly and embedded by the carbon layers, as presented in Figures
3.6a and b. The HRTEM analysis shows two lattice fringes with an interplanar spacing

value of 0.165 and 0.282 nm corresponding to the (440) and (311) planes of the C03S4
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phase, respectively, as shown in Figure 3.6c. The elemental distribution of the as-

Chapter 3

prepared Co3Ss-3h was explored with the help of energy dispersive spectrum (EDS)
mapping. Figure 3.6d represents the uniform distribution of Co, S, C, and N, indicating
the suitable conversion of Co-MOF into CosSs nanoparticles embedded by N- doped

carbon moiety.

The specific surface area analysis of the electrocatalysts was carried out by Brunauer-
Emmett-Teller (BET) isotherm. The N2 adsorption-desorption isotherm suggests that
Co03S4-3h has the highest specific surface area of 101.03 m? g, which is higher than
C03Ss-2h (42.91 m? g) and CosS4-4h (39.53 m? g?) as appeared in Figure 3.7. The
BET results indicate that the time optimization factor of the annealing process plays a
crucial role in optimizing the specific surface area of the samples, which later became

beneficial for providing a larger ECSA for OER.
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Figure 3.7: BET surface area investigation of Co3Ss-2h (a), Co3S4-3h (b), and Co3Ss-4h.
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Figure 3.8: Full scan XPS survey spectra of CozSs-3h (a), deconvoluted XPS spectra
of Co 2p (b), S 2p (c), C 1s (d), N 1s (e).

In order to explore the chemical composition and elemental state, XPS analysis was

performed for the electroactive CozSs-3h sample. Figure 3.8a illustrates the full scan

survey spectrum that confirms the presence of Co, S, C, N, and O elements in the

sample. The presence of O, can be ascribed to the inevitable O species or the surface
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oxidation of the sample upon areal exposure.”® As shown in Figure 3.8b the high-
resolution Co 2p XPS spectrum is deconvoluted into two spin-orbit doublets. The first
doublet centered at 780.9 eV (Co 2psr2) and 796.8 eV (Co 2p12) ascribed to Co**, and
the second doublet located at 782.7 eV (Co 2psi2) and 798.3 eV (Co 2p1s) assigned to
Co?*, indicating the coexistence of Co?* and Co®" species. In addition, the broad peaks
at 786.7 and 802.9 eV are ascribed to the satellite peaks.>®! Figure 3.8¢c reveals the
high-resolution S 2p spectra of the C03Ss-3h sample. The peaks around 162.3 eV and
164.1 eV can be assigned to S 2pz2 and S 2p1p, respectively, owing to the formation of
the Co-S bond.>2% The peak located at 169.7 eV can be assigned to the oxidized sulfur
species, possibly due to the partial surface oxidation on exposure to air.>**® The C 1s
spectra can be deconvoluted into three peaks located at 284.6 eV (C-C), 285.8 eV (C-
N), and 289.0 eV (C=0) as depicted in Figure 3.8d.°® Figure 3.8e represents
deconvoluted N 1s spectrum, having three different kinds of nitrogen, positioned at

398.6 eV (pyridinic), 400.5 eV (pyrrolic), and 401.8 eV (graphitic).5"*8
Oxygen evolution reaction

The electrocatalytic activity of the samples toward water oxidation was evaluated in a
three-electrode measurement set-up under an alkaline environment (1.0 M KOH).
Sample-modified GCE was taken as the working electrode, Pt-wire as the counter
electrode, and Hg/HgO as the reference electrode. In order to acquire the inherent
catalytic behaviour of the electrocatalysts, iR compensation was done, and the LSVs
with and without iR correction are presented in Figure 3.9. Figure 3.10a shows the
LSV curves of the RuO2, Co-MOF, and derived CosS4 products synthesized by time
variation. From the LSV plot, it is evident that the time optimized Co3S4-3h has the

lowest overpotential compared to other derived CosS4 products (CozSs-2h and C03Ss-
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4h) as well as RuO, and the Co-MOF precursor. C03Ss-3h required a lower

overpotential of 285 mV to deliver 10 mA cm current density, compared to Co3Ss-2h
(316 mV), Co3Ss-4h (334 mV), Co-MOF (404 mV) revealing their relatively
substandard catalytic activity. The lower overpotential value obtained in the case of
Co03Ss-3h demonstrates the significance of time optimization for the annealing process.
The overpotential comparison of all the CosSs-T products is displayed in Figure 3.10b.
The optimized Co3S4-3h with such remarkable OER performance surpasses C03Ss-2h,
C03S4-4h, RuOz, and other previously investigated non-noble metal-based
electrocatalysts reflecting its superiority as an efficient water oxidation catalyst, as

depicted in Table 3.1.
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Figure 3.9: LSVs of CosSs-T products (a-c), Co-MOF (d), and RuO; before and after
iR compensation (e).
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Tafel slope dealing with the kinetics of the electrocatalysts was investigated for all the
samples. A smaller Tafel slope indicates faster reaction kinetics of an active
electrocatalyst for oxygen production.® The Tafel slope calculated from the LSV data
demonstrates that among different time-varied CosS4 products, CosSs-3h has the lowest
Tafel slope of 109 mV dec™, smaller than those of CosS4-2h (156 mV dec™) and Co3Sq-

4h (167 mV dec™) illustrating suitable kinetics for oxygen evolution (Figure 3.10c).*°
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Figure 3.10: LSVs of Co-MOF, Co03Ss-T samples, and RuO, (a). Overpotential
comparison of Co3S4-T products at 10 mA cm 2 current density (b).
Corresponding Tafel slopes of Co-MOF, Co3S4-T products, and RuO>
(c). EIS study of Co3Ss-T products at 1.51 V vs. RHE (d). Inset in (d) is
the corresponding equivalent circuit diagram.
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EIS or Nyquist plot was employed to examine the charge transfer dynamics of the as-

synthesized OER active electrocatalysts. EIS data were recorded at 1.51 V vs. RHE in
a frequency region of 1 MHz to 0.1 Hz by supplying an AC amplitude of 5 mV for all
the CosSs-T samples. It is evident in Figure 3.10d that at the region of high frequency,
all the CosSs-T samples showed relatively similar solution resistance (Rs), which is a
combination of electrolyte resistance, intrinsic resistance of the used electrode, and
contact resistance. However, the lower the diameter of the arc, the lesser will be the
charge transfer resistance resulting in faster electron transfer at the electrode-electrolyte
interface. The Co3Ss-3h possessed the smallest arc (Ret) among all CozSs-T products,
which became beneficial for the smooth progress of OER in an alkaline medium. %2

The inset in Figure 3.10d displays the corresponding equivalent circuit diagram.
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Figure 3.11: CVs of Co3Ss-2h (a), C03Ss-3h (b), and Co03Ss-4h in the potential
window of 1.12 to 1.22 V vs. RHE (c).
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Furthermore, the electrochemical accessible surface area (ECSA) for all the CosSs-T

products was investigated by determining Cq from CV curves in the non-Faradaic
potential window of 1.12 to 1.22 V vs. RHE by varying the scan rates as shown in

Figure 3.11.

In general, Cq is directly related to the ECSA of the samples.®® The plot of various scan
rates against half of the difference of anodic and cathodic current density (4J = Ja — J¢)
produces a straight line whose slope is equal to Cqi. Figure 3.12a presents the Cq values
of Co3Ss-2h, Co3Ss-3h, and Co3Ss-4h at 1.17 V vs. RHE. Co3Ss-3h has a higher Cqi
value of 25.23 mF cm compared to C0sS4-2h (8.55 mF cm) and C03Ss-4h (6.01 mF
cm), demonstrating the availability of larger electrochemically active sites for the
OER to occur.®* Interestingly, the ECSA results were closely related to the specific
surface area analysis of the Co3S4-T products obtained from the BET data. The nitrogen
doping in the carbon network supplement additional defect driven active sites beneficial

for the electrocatalytic process.®
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Figure 3.12: Double-layer capacitance of CosSs-T products at 1.17 V vs. RHE (a),
chronopotentiometry durability analysis of Co03Ss-3h in alkaline
electrolytic conditions (b).
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Stability is one of the key parameters related to the practical applicability of the

material. In order to investigate the long-term durability of the as-synthesized electrode
material, the chronopotentiometry (CP) test was performed at a constant 10 mA cm™
current density. The Co3Ss-3h electrocatalyst was significantly stable up to 14 h of
constant electrolysis with negligible increase in overpotential under harsh alkaline
electrolytic conditions of 1.0 M KOH, as represented in Figure 3.12b. The excellent
stability of C03S4-3h can be attributed to the encapsulation of the CosS4 nanoparticles
with the N-doped carbon moiety that provides substantial stability and prevents

aggregation during long-term electrolysis in alkaline electrolytic conditions.
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Figure 3.13: PXRD (a), FESEM (b), and TEM investigation of CosSs-3h after the
durability test (c).
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Additionally, to examine the fate of the material after long-term electrolysis, post-
stability PXRD characterization was performed. The PXRD pattern of C03Ss-3h after
the durability test reveals a slight change in the phase of the material, where two
additional phases (Co(OH). and CoOOH) were observed along with the major Co3Ss4
phase as illustrated in Figure 3.13a. To support the results obtained from the PXRD
data, FESEM and TEM investigations were also carried out. As displayed in the SEM
and TEM images (Figures 3.13b and c), some additional plate-like morphologies were
appeared along with the CosS4 nanoparticles after the long-term stability test. The plate-
like morphology can be ascribed to the Co(OH)2 and CoOOH phases, as per the
previous reports.>%® These investigations demonstrate a surface reconstruction of the
electrocatalyst during OER, where oxide-hydroxide layers were formed on the surface
of the electrocatalyst. The reconstructed oxide-hydroxide species formed during
electrolysis becomes the active phase which eventually enhances the oxygen evolution

activity.?2%7

The outstanding catalytic activity and durability of the as-synthesized material can be
ascribed to the distinctive encapsulation of CosS4 nanoparticles by the N-doped carbon
moiety. The combination of CosSs4 nanoparticles and surrounding N-doped carbon
matrix afford a higher specific surface area that ultimately promises a larger ECSA.
The larger value of ECSA exposes the active catalytic sites, allowing proper electrolyte
diffusion and shortening the electron transfer path for the smooth progress of OER.5162
The carbon part surrounding the CosSs nanoparticles notably protects the
electrocatalyst by avoiding aggregation and corrosion during long-term electrolysis.
Nitrogen doping in the carbon matrix tunes the electronic environment by reducing the
work function of the carbon layers promoting the electron transfer between carbon

layers and Co3S4 that eventually enhances the conductivity of the electrocatalysts.
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Table 3.1: Oxygen evolution reaction (OER) performance comparison of C03Ss-3h

with some previously reported literature.

Electrocatalyst Overpotential at Electrolyte References
used 10 mA ¢cm? (mV)
defect-rich Co3S4 250 1.0 M KOH Carbon 2020, 160, 133-144
nanoparticles
Co3S4 thin film 275 1.0 M KOH Applied Physics A (2020)
126,206
Co/CosSs@NSOC- 373 1.0 M KOH Chem. Commun., 2019, 55,
800 3203-3206
Co3S4 nanoparticles 270 1.0 M KOH ACS Appl. Energy Mater.
2020, 3, 977-986
Ni-doped Co3S4 298 1.0 M KOH Inorg. Chem. Front., 2022, 9,
nanospheres 3924
hollow 320 1.0 M KOH Int. J. Hydrog. Energy 45
Co3S4@NiMoO4 (2020) 30463-30472
nanotube
CosSs@MoS, 342 1.0 M KOH ACS Appl. Mater. Interfaces
core—shell 2018, 10, 1678—1689
heterostructures
MOF-derived porous 420 1.0 M KOH ChemistrySelect 2019, 4,
Co304 composite 1131 -1137
Ni-doped CoS,/CFP 270 1.0 M KOH ChemElectroChem 2019, 6,
1206-1212
Co01-xS/Co(OH)F 269 1.0 M KOH ACS Nano 2022, 16, 9,
1546015470
Co3S4-3h 285 1.0 M KOH This Work

3.7 Conclusions

In summary, we followed a simple and cost-effective strategy for the preparation of
Co3Ss nanoparticles embedded in N-doped carbon moiety by annealing in an inert
atmosphere of a Co-MOF precursor containing N and S heteroatoms. The alteration of
time for the annealing process had a significant impact on optimizing the surface area
of the derived sulfide products. The optimum Co3Ss-3h acts as a superior electrocatalyst
for OER, requiring a low overpotential of 285 mV to acquire 10 mA cm current

density as well as outstanding durability of 14 h in an alkaline electrolytic condition.
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The notable catalytic performance can be attributed to the combined effect of the active
Co03Ss phase and the enwrapping of N-doped carbon moiety that restricts the
agglomeration and corrosion of the active species during long-term electrolysis under
harsh conditions. The N-doped carbon moiety tuned the electronic environment
resulting in the enhancement of the conductivity of the electrocatalyst and triggering
the intrinsic catalytic activity. The sacrificial annealing approach of the Co-MOF
precursor opens a new window for the development of N-doped carbon-wrapped non-
noble metal-based sulfide (CosSa4) that excels as an outstanding electrocatalyst for O

production.
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4.1 Abstract

The development of a non-precious metal-based stable and cost-effective bifunctional
electrocatalyst remains a significant challenge for the production of hydrogen (H>) and
oxygen (O.) through water splitting. Although some progress has been made to develop
efficient electrocatalysts from transition metal-based nanostructured selenides, the
electrocatalyst derived from metal-organic framework (MOF) transition metal
selenides demand additional effort due to their well-defined morphological structure
and high accessible surface area resulting in better electrochemical performances.
Herein, by tuning the selenylation technique through a facile solvothermal approach,
we have successfully synthesized flower-like CoSe, nanoplates termed MOF-D CoSey,
derived from a Co-MOF of the formula [Cozs(tiron-bpy)2(bpy)(H20)s].(H20): [tiron =
4,5-dihydroxy-1,3-benzenedisulfonate disodium salt, and bpy = 4,4'-bipyridyl]. The
MOF-D CoSe; performs as an excellent bifunctional electrocatalyst, which requires an
overpotential of 320 mV to achieve the predefined current density of 10 mA cm, with

a Tafel slope of 60 mV dec? in 1 M KOH to catalyze the oxygen evolution reaction
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(OER). For the hydrogen evolution reaction (HER), MOF-D CoSe, needs an
overpotential of 195 mV at 10 mA cm current density and a low Tafel slope of 43 mV
dec? in an acidic medium of 0.5 M H2SOa. The enhanced bifunctional electrochemical
performance of the MOF-D CoSe, electrocatalyst has been attributed to the
combination of a unique flower-shaped morphology with a plate-like nanoarchitecture,
higher electrochemical active surface area and robust stability in both acidic as well as

alkaline media.
4.2 Introduction

The progress of modern society and its growing economy are always more conscious
about sustainable energy carriers and their commercial use.! The evolution of hydrogen
through a simple electrolysis process is a clean and green energy source and an
alternative chemical fuel, which could be used as the substitute of traditional fossil fuels
to fulfill the future energy demands.?® The higher specific energy and zero-carbon
emission capability of hydrogen make it a front-line energy source for coming decades.*
Electrochemical water splitting is the safest process, with the half-cell cathodic reaction
corresponding to the hydrogen evolution reaction (HER) and half-cell anodic reaction
to the oxygen evolution reaction (OER). The water-splitting process is a surface
phenomenon, and it is very sluggish due to the multi-step reaction kinetics of the
electron coupling or decoupling process.> Overcoming all these types of kinetic barriers
in the electrolytic medium and to lower the additional potential required with respect to
the thermodynamic potential of water splitting of 1.23 V strongly depends upon the use
of promising electrocatalysts. To date, precious metals such as platinum (Pt) are best
for hydrogen evolution, and the oxides of ruthenium (RuO) and iridium (IrO2) are

broadly used for oxygen evolution catalytic activity.®’ The use of these precious metals

92 | Page



Metal-organic framework (MOF) derived flower-shaped CoSe, nanoplates as a Chapter 4
superior bifunctional electrocatalyst for both oxygen and hydrogen evolution reactions

is limited because of their high cost and low commercial availability; thus, it is urgent
to minimize the use of familiar noble metals and to develop alternative low cost, eco-
friendly and non-precious electrocatalysts whose catalytic performance is closer to that
of the precious ones.2 ! In recent years, various nanostructures of noble metal-free
electrocatalysts such as transition metal-based phosphides,***® sulphides,6-2
selenides,?>?* oxides,®?® and nitrides’® have been used as the prominent
electrocatalyst in the fields of energy storage and conversion.?®2 In particular, first-
row transition metal-based selenides have gathered great attention in the field of energy
sector because of their cost-effectiveness, reliability, superior electronic properties and
good catalytic activity.>1%30-32 The characteristic metallic features of pristine CoSe:
show better catalytic performances due to its easy transport of ions to the surface onto
the electrodes.®*-% Although many research groups explored their research on carbon-
coated or metal-doped, or hetero structure-based CoSe, as a superior mono or
bifunctional electrocatalyst, the presence of limited active sites and easy aggregation
restrict the efficacy behind the searching of an efficient electrode material for energy
conversion performances.*-28 Metal-organic frameworks (MOFs) are a well-known
organic-inorganic porous hybrid material composed of various organic ligands and
metal clusters or ions. The presence of large surface area, high porosity and active
reaction sites pull great attention towards the research areas of energy storage, sensing,
gas storage and energy conversion processes. But the poor electrical conductivity of the
MOF materials restricts their use as an electrocatalyst in the electrolysis process.>**
In recent studies, different MOF-derived CoSe., and cobalt MOF selenylation
techniques were employed to synthesize efficient and durable electrocatalysts for
simple water splitting. By following the MOF-derived selenylation strategy, Chen's

group synthesized N-doped graphitic carbon-based CoSe, on carbon nanotubes and
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tested its application towards a dual functional electrocatalyst.®* The additional
potential or overpotential of 185 mV and 340 mV were required to deliver the
predefined current density of 10 mA cm for the HER and OER, corresponding to Tafel
slopes of 98 and 107 mV dec™, respectively. Fang et al. developed a porous CoSe; on
carbon cloth derived from MOFs with an etching and selenylation process and studied
energy conversion and storage applications.* Fan et al. have derived CoSe;
microspheres from the selenylation of Co-MOF under an argon atmosphere and made
it a promising electrocatalyst for the oxygen evolution reaction.** Dong et al.
synthesized a MOF-derived Zn doped CoSe, and verified its OER performances in
terms of an additional potential of 356 mV at 10 mA cm and a Tafel value of 88 mV
dec, respectively.®” The controlled synthesis with various morphological structures
due to high surface area and good electrical conductivity gives a better electrocatalyst
for water splitting in both the HER and OER.* To avoid the above multi-step unvarying
selenylation process with high-temperature annealing under an inert atmosphere, the
facile synthesis of MOF-derived metal selenides as an efficient electrocatalyst by
following simple selenylation based on the solvothermal process is practically more

sensible.

Herein, we have successfully synthesized promising free-standing jasmine-flower like
CoSe, nanoplates termed MOF-D CoSe: electrocatalyst derived from our recently
reported cobalt MOF precursor ([Cos(tiron-bpy)z(bpy)(H20)s].(H20)2).*¢  This
approach includes a simple selenylation process of Co-MOF with selenium powder
through a one-step solvothermal technique to obtain a cost-effective bifunctional
electrocatalyst with respect to both hydrogen and oxygen evolution reactions. The
synthesized electrode material displays excellent OER performance with a lower

overpotential of 320 mV at 10 mA cm™ and a Tafel slope of 60 mV dec* in an alkaline
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solution. Additionally, the MOF-D CoSe; shows good hydrogen evolution activity in
terms of an acceptable overpotential of 195 mV at 10 mA cm current density and a
Tafel value of 43 mV dec in an acidic electrolytic medium. Moreover, the robustness
of the as-synthesized bifunctional electrode material was further evaluated with a long-

term durability test.
4.3 Experimental section

4.3.1 Materials

Co(NOz3)2.6H20, N,N’-dimethylformamide (DMF), 4,4"-bipyridyl (bpy), 4,5-
dihydroxy-1,3-benzenedisulfonate disodium salt (tiron), selenium powder, NaBH3, and
Nafion solution were acquired from both Sigma-Aldrich and Himedia Chemicals. All
the chemicals were used without further processing. Deionized water was used for the

preparation of all the electrolyte solutions and washing of the as-synthesized materials.
4.3.2 Synthesis of Co-MOF

The Co-MOF precursor [Cos(tiron-bpy)2(bpy)(H20)g].(H20)2 was prepared by taking
4.4"-bipyridyl and tiron as ligands as per our recently reported work.*® In a reaction
procedure, 0.078 g of 4.4'-bipyridyl and 0.166 g of tiron were dissolved in 10 mL of
deionized water and continued to stir for 30 minutes. Further, 0.145 g of
Co(NO3)2.6H.0 was mixed with the solution precursor and left for stirring for 1 h.
Afterwards, the as-obtained solution was transferred into a 23 mL Teflon-lined
digestion bomb and kept in a pre-heated oven at 140 °C for 72 h to get orange colour

plate-shaped crystals with the formula [Cos(tiron-bpy).(bpy)(H20)s].(H20)2.
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4.3.3 Synthesis of Co-MOF-derived CoSe2 (MOF-D CoSez2)

In a synthetic procedure, 0.0316 g of selenium powder and 0.0189 g of NaBHs were
dissolved in 6 mL of dimethylformamide and left for stirring until a homogeneous black
precursor was observed. Herein, NaBH4 has been used as a reducing agent. Further 0.081
g of Co-MOF was then added to the black colour solution and continued stirring for 1 h.
The as-prepared solution mixture was transferred into a 23 mL Teflon lined digestion bomb
and heated at 200 °C for 24 h. The black colour material was collected by centrifugation
and washed thoroughly with deionized water and ethanol. The obtained product was further

dried at 60 °C overnight to get the black powder sample of CoSex.
4.3.4 Synthesis of bare CoSe2

Bare CoSe> was prepared by following the similar reaction conditions to those of the
MOF derived CoSe> (MOF-D CoSe,), by taking cobalt nitrate hexahydrate as the

starting material instead of Co-MOF precursor.
4.4 Characterization

A powder diffraction system (Bruker D8 Advance diffractometer) furnished with Cu-
Ko radiation of wavelength A = 1.5418 A has been used to analyze the crystallinity of
the as-synthesized material. Morphological study and elemental mapping analysis of
the samples were performed using a field emission scanning electron microscope
(FESEM, Merlin Compact with a GEMINI-I electron column, Zeiss Pvt. Ltd.,
Germany) and a transmission electron microscope (equipped with HRTEM, JEOL
2100F, operated at 200 kV). The chemical state of the material has been well studied
with the help of X-ray photoelectron spectroscopy using a PHI Versa Probe III. The
surface area measurements were carried out by Brunauer-Emmett-Teller (BET)

analysis using a Quantachrome Autosorb instrument.
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4.5 Electrochemical measurements

All the electrochemical studies have been carried out with the help of a standard three-
electrode measurement setup. The as-prepared sample modified glassy-carbon
electrode (surface area of 0.07 cm?) was used as the working electrode, a platinum wire
as the auxiliary electrode, and Hg/HgO as the reference electrode for the OER.
However, the aqueous Ag/AgCl was used as a standard reference electrode for the HER
study. Linear sweep voltammograms or the polarization curves were recorded at a
sweep rate of 5 mV s, A catalyst slurry was prepared by the combination of 1 mg of
an active sample with ethanol and Nafion mixture followed by ultra-sonication to get a
homogeneous catalyst ink. The mass loading of the sample throughout all the
electrochemical measurements was taken as 0.25 mg cm?2 Although the
electrochemical measurements have been recorded in aqueous AgQ/AgCl as the
reference electrode for the HER and Hg/HgO reference electrode for the OER, here we
presented all the recorded data throughout the manuscript on the reversible hydrogen
electrode (RHE) scale as per the Nernst equation as follows;>*48

Erne = Epgjage +0.0591 (pH) + 021V (1)

Erne = Eng/ngo + 0.0591 (pH) + 0.098 V (2)
Electrochemical impedance spectrum (EIS, commonly known as Nyquist plot) was
recorded in a potentiostatic mode at -0.21 V vs. RHE by applying an AC amplitude of 5
mV in the frequency window of 1 MHz to 0.1 Hz for the HER in 0.5 M H>SO4 and 1.52 V
vs. RHE for the OER in 1 M KOH respectively. Further, iR correction has been carried out
in a similar frequency region to that taken in EIS to minimize the catalyst and electrolyte

resistance to achieve the actual catalytic performances of the electrode materials. Herein,
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“R” 1s the solution resistance and “i” is the current, respectively. The Tafel slopes (plot of

log J vs. overpotential) were obtained as per the following equation;*

n =a+ blog j 3)
Where 7, a, b, and J are known as the overpotential, Tafel constant, Tafel slope, and
current density, respectively. Electrochemical active surface area for all the as-prepared
samples was estimated from the double-layer capacitance (Cqi) obtained from the non-
Faradaic region of cyclic voltammograms at various scan rates (10 to 200 mV s1). The
half of the difference of positive and negative current densities (AJ = Ja- Jc) is plotted

against different scan rates where the Cq value is equal to the linear slope.
4.6 Results and discussion

The synthesis of flower-shaped MOF-derived CoSe> nanoplates named MOF-D CoSey,
has been carried out in a facile two-step method following the hydro/solvothermal

approach (Scheme 4.1).

liron

(0('\(),),6H 0_ 44 -Bipyridyl — *%*:‘l
72 hours R
T0C Y

Co-MOF S

,\
Co-MOF Se Powder
Selcm lation
200 °C, 24 hours

MOF-D CoSe,

Scheme 4.1: Schematic diagram for the synthesis of MOF-D CoSex.
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The cobalt-MOF was prepared by a hydrothermal technique in the first step, followed by

the solvothermal selenylation to obtain the free-standing MOF-D CoSez. The phase purity
of the as-prepared Co-MOF and MOF-D CoSe; has been verified by powder X-ray
diffraction study. The crystal structure and the X-ray diffraction of the Co-MOF precursor
are presented in Figure 4.1. The crystalline nature of the sample, corresponding to the
sharp diffraction peaks of MOF-D CoSey, exhibits the presence of different planes of
(011), (101), (111), (120), (200), (211), (121), (211), (002) (031), (131) and (122) of the
orthorhombic crystal system (PDF 00-053-0449) as shown in Figure 4.2. The powder
diffraction data are well consistent with the above existing data file, indicating no other

impurities, resulting in high phase purity of the MOF-D CoSe, sample.
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Figure 4.1: Crystal structure (a) and corresponding PXRD of Co-MOF (b).
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Figure 4.2: PXRD of MOF-D CoSe..
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A scanning electron microscope (SEM) was used at different magnifications to perform
the morphological structure analysis of the as-prepared samples. It has been observed
that the pristine Co-MOF precursor shows a regular arrangement of a rectangular
capsule type morphology before the selenylation process as shown in Figure 4.3. The
uniform distribution of the flower-like morphology throughout the material is found in
Figure 4.4a. However, Figure 4.4b gives a clear view of the flower-like MOF-D
CoSey. Interestingly, the shape of the flower looks like a jasmine flower (Figures 4.4c
and d). The morphological information obtained from the SEM images of the MOF-D
CoSe> was further confirmed with transmission electron microscope (TEM) analysis in
Figure 4.5. The TEM study of MOF-D CoSe; at different magnifications confirms that
the petals are generally nanoplates which aggregates to give a flower-like morphology
(Figures 4.5a and b). The well-resolved lattice fringes were further studied by HRTEM
analysis in Figures 4.5¢ and d. Two distinct lattice fringes were observed with the
inter-planner distance of 0.248 and 0.290 nm, corresponding to the d-spacing value of
(120) and (101) planes, respectively. The inset in Figure 4.5d presents the selected area
electron diffraction (SAED) pattern, confirming the high crystallinity of the as-

synthesized MOF-D CoSe; material.

Figure 4.3: SEM images of Co-MOF.

100 | Page



Metal-organic framework (MOF) derived flower-shaped CoSe, nanoplates as a Chapter 4
superior bifunctional electrocatalyst for both oxygen and hydrogen evolution reactions

Figure 4.4: FESEM images of flower-shaped MOF-D CoSe,; at different
magpnifications (a-d).

5% b ST ) R
(0.290 ,nm)/\

Figure 4.5: TEM images of the MOF-D CoSe; at different magnifications (a, b) and
(c, d) are the high-resolution TEM images of MOF-D CoSey; the inset in
(d) presents the SAED pattern of MOF-D CoSez.
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Furthermore, X-ray photoelectron spectroscopy (XPS) was carried out to verify the
chemical state of the MOF-D CoSe,. As shown in Figure 4.6a the as-prepared MOF-
D CoSe> is composed of Co, Se, C and O. The high-resolution XPS of Co 2p and Se 3d
are shown in Figures 4.6b and c. The observed peak positions of Co 2ps at the binding
energies of 778.6 eV and Co 2py at 793.5 eV show the existence of Co—Se bonds
corresponding to CoSe2, where Co is in the +2 oxidation state due to the presence of
Sez Z dimer as shown in Figure 4.6b.°%-%2 In addition, peaks of Co 2ps2 and Co 2pa. at
a binding energy of 780.2 and 796.4 eV respectively, show the existence of the Co-O
bond due to partial surface oxidation of MOF-D CoSe,.**°® However, the satellite peaks
at the higher binding energies of 784.3 eV and 801.4 eV correspond to the antibonding
orbital of both Co and Se atoms.®*** The presence of Se atoms in CoSe; was verified at
the binding energies of 54.6 eV for Se 3ds;; and 55.3 eV for Se 3dsp, respectively, as
shown in Figure 4.6¢c. Moreover, a noticeable broad peak was observed in the binding
energy region of 59.5 eV which shows the presence of surface oxidized selenium

(Seox).52,54ﬁ56
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Figure 4.6: Full-scan XPS survey spectrum of MOF-D CoSe: (a), deconvoluted XPS
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The specific surface areas for both Co-MOF and MOF-D CoSe, were determined by
BET analysis and were found to be 12.192 m? g* and 49.851 m? g* for bare Co-MOF

and MOF-D CoSe; respectively (Figures 4.7a and b). The higher specific surface area
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Figure 4.7: BET analysis of Co-MOF (a), MOF-D CoSe; (b).
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of MOF-D CoSe> contributes to better electrochemical performance than the Co-MOF

having a lower surface area.

The electrochemical analysis of the as-synthesized flower-shaped MOF-D CoSe;
nanoplates was carried out in a three-electrode measurement setup. The supporting
electrolyte used for all the electrochemical measurements was 1 M KOH for the OER and
0.5 M H2S0O4 for the HER, respectively. At first, the activity towards the oxygen evolution
reaction of the Co-MOF derived CoSe; (i.e., MOF-D CoSe) electrode material was
evaluated in an alkaline electrolytic solution of 1 M KOH. The catalytic behaviour towards
the oxygen production with respect to a higher anodic current density of MOF-D CoSe»
shows dominant OER activity compared to Co-MOF, bare CoSe,, and commercial RuOs..
The linear sweep voltammetry (LSV) plots for all the samples were recorded at a sweep
rate of 5 mV s, as shown in Figure 4.8a. The as-synthesized MOF-D CoSe; requires an
overpotential of 320 mV to achieve a current density of 10 mA cm, which is much lower
than that of the Co-MOF (410 mV), bare CoSe; (417 mV) and standard RuO- (370 mV),
respectively. All the polarization curves have been iR corrected and presented in Figure
4.9. The Tafel slope dealing with the surface kinetics of the electrode material was
calculated from the linear fitting of the plot between overpotential and logarithm of current
density as illustrated in Figure 4.8b. The calculated Tafel slope value of MOF-D CoSe>
(60 mV dec™) is lower than that of the Co-MOF (70 mV dec™), bare CoSe; (73 mV dec?)
and commercial RuO; (66 mV dec). This lower value of overpotential and Tafel slope of
MOF-D CoSe; indicates its excellent OER activity compared to some other reported

literatures shown in Table 4.1.

The frequency response between the modified electrode materials with the electrolyte

solution has been recorded by EIS (electrochemical impedance spectroscopy) with an
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applied amplitude of 5 mV in the frequency of 1 MHz to 0.1 Hz. The compared EIS

data of the MOF-D CoSe>, bare CoSe, and Co-MOF at a potential of 1.52 V vs. RHE
shows the electrochemical response (interaction of the electrode surface to the
electrolyte) of all the samples. The obtained lower charge transfer resistance of MOF-
D CoSe; compared to Co-MOF and bare CoSe; indicate its faster charge transfer
capability, as shown in Figure 4.8c.>” Moreover, the long-term stability test of the as-
prepared CoSe; electrode material was performed by the chronopotentiometry (CP)
measurement as shown in Figure 4.8d. During the 16 h durability test, the as-prepared
CoSe> modified electrode material was significantly stable up to 7 h of constant
electrolysis with negligible change in overpotential. However, the periodic increase in
overpotential after 7 h of electrolysis reveals that the material is not stable up to the

mark under the harsh alkaline conditions.
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Figure 4.8: LSVs of MOF-D CoSe;, Co-MOF, bare CoSe, and RuO: (a),
corresponding Tafel slopes of MOF-D CoSe,, Co-MOF, bare CoSe> and
RuO: (b), EIS of MOF-D CoSe», bare CoSe, and Co-MOF (c), stability of
MOF-D CoSe; in alkaline electrolytic environment (d), CV of MOF-D
CoSez(e), Cai of MOF-D CoSe: (f).
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Figure 4.9: LSV plots of (a) MOF-D CoSez, (b) Co-MOF, (c) bare CoSe> and (d)
RuO; for oxygen evolution reaction before and after iR compensation.
The high catalytic activity of the as-synthesized MOF-D CoSe; electrocatalyst was
further verified by the presence of a higher electrochemical active surface area (ECSA).
A specific potential window in which there is minimal Faradaic current response is
estimated by the standard CV technique. The current measured in this region is assumed
to be a charging current that arises due to double-layer charging.”® However, ECSA has
a linear relationship with the electrochemical double-layer capacitance (Cq) that
originates through an interfacial charging process.>® By plotting the charging current
Versus scan rate in a certain potential window (1.22 V vs. RHE to 1.32 V vs. RHE) a
straight line was obtained with a slope equivalent to twice the double layer capacitance
(Car), which is used to represent the ECSA,® as shown in Figures 4.8e and f. The Cq
value for the OER efficient MOF-D CoSe; electrode material was found to be 24.22

mF cm™. Mainly, the Cq value is directly correlated with ECSA which is an alternative
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method to evaluate ECSA.%%! The high ECSA of MOF-D CoSe; demonstrates its

efficacy as an efficient electrocatalyst for oxygen production.

After a long-term electrolysis process, the post-stability analysis was further used to
evaluate the efficacy of the modified electrode material. Figures 4.10a and b shows
the PXRD pattern and FESEM image of the electrocatalyst after stability process. It has
been observed that after the durability test under alkaline conditions, a sharp noticeable
change in phase purity was observed due to the surface oxidation of MOF-D CoSey,
which is responsible for the catalytic activity in an alkaline medium, indicating the
presence of active CoOOH, CoSeO4 and CoO phases for the OER. The reconstructed
CoOOH acts as an active catalyst on the surface of the electrode material during the
OER process.®*%6263 Moreover, a distorted morphology has been observed in FESEM

after the long-term durability test.
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Figure 4.10: PXRD (a) and SEM (b) of MOF-D CoSe: after OER stability test.

The unique flower-like morphology of MOF-D CoSe, nanoarchitecture leads to
developing a platform of high surface area and a large number of active sites, which
exhibits enhanced OER performance and also shows good hydrogen evolution activity.

Therefore, the HER study with respect to the polarization curves of the MOF-D CoSey,
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bare CoSe,, and the Pt/C modified material on a glassy carbon electrode (GCE) is

shown in Figure 4.11a. The catalytic activity of the MOF-D CoSe> required 195 mV
overpotential, lower than that for the bare CoSe, (262 mV) to deliver the predefined
current density of 10 mA cm™. The Co-MOF was inactive for HER in acidic media.
The linear sweep voltammetry (LSV) curves were plotted after iR correction and are

shown in Figure 4.12.
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Figure 4.11: LSVs of MOF-D CoSe>, bare CoSe, and Pt/C (a), corresponding Tafel
slopes of MOF-D CoSe;, bare CoSe; and Pt/C (b), EIS of MOF-D CoSe,
bare CoSe; (c), CP stability of MOF-D CoSe: in an acidic electrolytic
medium (d), CV of MOF-D CoSe: (e), Ca of MOF-D CoSe: (f).

The Tafel slope value determined the surface kinetics of the electrocatalytic process as
shown in Figure 4.11b, which gives a detailed study about the actual reaction
mechanism occurring between the electrolyte and the electrode interface. The lower
value of the Tafel slope demonstrates the efficient catalytic behaviour of the
electrocatalyst used for water electrolysis. The obtained lower value of the Tafel slope
of 43 mV dec shows the faster reaction kinetics of ion adsorption and desorption

processes onto the surface of the electrode. The as-prepared electrocatalyst follows the
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Volmer—Heyrovsky path instead of VVolmer-Tafel compared to precious metals such as
Pt/C (29 mV dec?).54% The HER performance comparison of the as-synthesized
sample with the reported studies in terms of overpotential and Tafel slope has been
illustrated in Table 4.2. The EIS data displays the smooth charge transfer capability of
the electrocatalyst as shown in Figure 4.11c. The EIS measurement was carried out
within a lower to higher frequency range of 1 MHz to 0.1 Hz at an applied AC amplitude
of 5 mV. The series resistance (Rs) and charge transfer resistance (Rc) of the MOF-D
CoSe, were found to be 13 Q and 124 Q at a potential of -0.21 V vs. RHE. Moreover,
the long-term durability test of the as-synthesized MOF-D CoSe, sample was
performed by the chronopotentiometry technique as presented in Figure 4.11d. After
19 h of constant HER electrolysis, there is negligible change in overpotential of the
electrocatalyst, showing the efficient nature of the electrode material in an acidic

medium.
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evolution reaction before and after iR compensation.
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Additionally, to investigate the electrochemical active surface area (ECSA) of the as-

synthesized sample, we performed cyclic voltammetry (CV) in a precise potential
window (0.06 V vs. RHE to 0.26 V vs. RHE) at different scan rates to estimate double-
layer capacitance (Cai), as shown in Figure 4.11e. The (Ca) value of MOF-D CoSe>
was found to be 3.74 mF cm, corresponding to the high value of the electrochemical
active surface area (Figure 4.11f). This high value accelerates the enhanced HER
activity. Furthermore, the post stability analysis of the MOF-D CoSe> by powder
diffraction showed that there is no change in phase purity (Figure 4.13a). The post
stability FESEM picture showed a slight distortion of the flower-shaped surface
morphology of the sample after 19 h of constant electrolysis in the acidic medium as

displayed in Figure 4.13b.
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Figure 4.13: PXRD (a) and FESEM (b) of MOF-D CoSe; after HER durability test.

Based on the electrochemical performance of the electrocatalyst, we presume that the
unique solvothermal selenylation of MOF-D CoSe; is corresponds to the flower-like
morphology, resulting in higher electrochemical active surface area and better catalytic
activity for the OER and HER which could be used as a suitable electrocatalyst for

future energy processes.
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Table 4.1: OER Comparison table for MOF-D CoSe; with reported literature.

Sl Sample Overpotential | Tafel slope | Electrolyte References
No. @10mA/cm? used
1 CoSe»-160 328 mV 73.0 1M KOH Inorg. Chem.
microcubes mV/dec 2020, 59,
12778—12787
2 CoSe@N/C- 340 mV 103.0 1 M KOH J. Colloid Interf.
CNT mV/dec Sci. 2020, 566,
296-303
3 CoSe,-450 330 mV 79.0 1 M KOH J. Mater. Chem.
microspheres mV/dec A, 2017, 5,
15310-15314
4 Co0Se,/CNTs 324 mV 76.0 1 M KOH | Electrochim. Acta
mV/dec 2020, 331,
135362
5 NigsC01.22S€es 320 mV 78.0 1 M KOH Chem. Mater.
hollow mV/dec 2017, 29, 7032-
microparticles 7041
6 hollow core- 320 mV 107.0 1 M KOH Small 2018, 14,
branch CoSe; mV/dec 1700979
7 CoSe;@NC 310 mV 95.0 1 M KOH J. Alloy.
nanorods mV/dec Compound 2019,
778, 134-140
8 | FeCoSe,/CopssSe 330 mV 50.8 1 M KOH J. Alloy. Compd.
mV/dec 2020, 825,
154073
9 Fe-doped 330 mV 74.0 1 M KOH | Electrochim. Acta
CoSe;@N-CT mV/dec 2018, 265, 577-
585
10 Flower like 320 mV 60 mV/dec | 1M KOH This Work
MOF derived
CoSe;
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Table 4.2: HER comparison table for flower-shaped MOF-D CoSe> with reported data.

SI. Sample Overpotential | Tafel Electrolyte References
No. @10mA/cm? slope used
1 CoSe»-160 156 mV 40.0 0.5 M H3S04 | Inorg. Chem. 2020,
microcubes mV/dec 59, 12778-12787
2 CoSe,/C 260 mV 45.7 0.5 M H3S04 Int. J. Hydrogen
nanocrystals mV/dec Energy 2020, 45,
1738-1747
3 CoSe; NP 250 mV 42.0 0.5 M H;SO4 | Electrochim. Acta.
mV/dec 2017, 247, 258-
264.
4 Nig.7sFeg.255€, 197 mV 107 0.5 M H,S04 Int. J. Hydrogen
mV/dec Energy, 2019, 44,
22796— 22805
5 CoSe; 196 mV 39.6 0.5 M H,SO4 | Nanoscale, 2015, 7,
nanoparticle mV/dec 14813-14816
6 CoSe; 247 mV 52.0 0.5 M H,SO4 J. Am. Chem.
nanosheet mV/dec Soc. 2016, 138, 15,
5087-5092
7 CoSe;@N/C- 185 mV 98.0 0.5 M H,S0O4 J. Colloid Interf.
CNT mV/dec Sci. 2020, 566,
296-303
8 RGO/CoSe;- 172 mV 35.2 0.5 M H,SO4 Int. J. Hydrogen
180 mV/dec Energy, 2020, 45,
1738-1747
9 | CoSe; spheres 167 mvV 38.0 0.5M H;SO4 | J. Colloid Interf.
mV/dec Sci. 2019, 539,
646-653
10 Flower like 195 mVv 43 0.5 M H3SOq4 This Work
MOF derived mV/dec
CoSe;
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4.7 Conclusions

In this work, MOF-D CoSe> was successfully synthesized using a Co-MOF precursor
([Cos(tiron-bpy)2(bpy)(H20)g].(H20).) followed by a selenylation technique in a
simple solvothermal method. The unique flower-like morphology corresponds to the
large surface area with sufficient active sites that made the as-synthesized MOF-D
CoSe: a superior bifunctional electrocatalyst for water electrolysis. MOF-D CoSe;
exhibits excellent electrocatalytic behaviour with a lower overpotential of 320 mV for
the OER (1 M KOH) and 195 mV for the HER (0.5 M H2SO3) at a predefined current
density of 10 mA cm. However, the lower Tafel slope values of 60 mV dec™ and 43
mV dec? for the OER and HER respectively shows the faster surface kinetics of the
electrocatalyst. The MOF derived CoSe> possesses a high ECSA which reflected in its
better electrocatalytic behaviour. In addition, the robustness of the MOF-D CoSe;
electrode material depicts its practical applicability under both alkaline and acidic
conditions. This facile method of making MOF-D CoSe; opens the door to the
development of a water splitting electrocatalyst that is both cost-effective and

bifunctional.
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5.1 Abstract

Ni-MOF NiSe,@NC

The spherical-type NiSe2 nanoparticles encapsulated in a N-doped carbon (NC) matrix
(NiSe>-T@NC, temperature (T) = 400-800 °C) are derived from a 1D Ni-MOF
precursor of the formula [Ni(BPY)(DDE)] [(BPY = 2,2"-bipyridyl), (DDE = 4,4'-
dicarboxy diphenyl ether)] via a facile solvothermal technique followed by annealing
at different temperatures and selenylation strategies. The combined effect of a NC
matrix and the Ni nanoparticles has been optimized during varied annealing processes
with subsequent selenylation, leading to the formation of the series NiSe>-400@NC,
NiSe2-500@NC, NiSe2- 600@NC, NiSe,-700@NC, and NiSe2-800@NC, respectively.
The variation of annealing temperature plays a vital role in optimizing the catalytic
behavior of the NiSe,-T@NCs. Among different high-temperature annealed products,
NiSe2-600@NC shows superior electrocatalytic performance because of the unique
spherical-type morphology and higher specific surface area (57.95 m? g 1) that provides
a large number of electrochemical active sites. The synthesized material exhibits a
lower overpotential of 196 mV to deliver 10 mA cm™2 current density, a small Tafel
slope of 45 mV dec™? for better surface kinetics, and outstanding durability in an acidic
solution, respectively. Consequently, the post stability study of the used electrocatalyst

gives insight into surface phase analysis. Therefore, we presume that the synthesized
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1D MOF precursor derived NiSe, nanoparticles encapsulated in a NC matrix has
excellent potential to replace the noble-metal-based electrocatalyst for enhanced

hydrogen evolution through simple water electrolysis.
5.2 Introduction

Hydrogen energy has been considered a surrogate high-energy density fuel source
compared to traditional fossil fuels (such as natural gas, coal, and oils) because of its
recyclability and ecofriendly nature.X® The production of hydrogen (>95%) is firmly
dependent on coal gasification and steam forming. However, these belong to traditional
fossil fuels, which generate an enormous amount of carbon as a byproduct.*®
Electrochemical water splitting is the cleanest and sustainable method for high-purity
expansive hydrogen production. The cathodic hydrogen evolution reaction (HER) and
anodic oxygen evolution reaction (OER) are the durable process in the water
electrolysis for the evolution of molecular hydrogen (H2) and oxygen (O2),
corresponding to naught carbon emission.®1° Besides these, the electrolysis process is
a surface phenomenon and involves some energy barriers. The additional energy
required to overcome the energy barrier associated with the hydrogen bond in a water
molecule is known as overpotential.’»*2 Mainly, the precious platinum-based
electrocatalyst are most HER efficient to actuate proton reduction with lower
overpotential value. However, its poor durability and expensive nature restrict its use
on an industrial scale.**® To overcome these restrictions and develop a cost-effective,
efficient, and earth-abundant HER electrocatalyst is highly challenging. Consequently,
a spacious range of transition metal based HER electrocatalyst has been considered the
most efficient and alternative nonprecious electrocatalyst compared to platinum-based

precious ones.* In particular, for water splitting reactions, transition metal based
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electrocatalysts such as metal chalcogenides (both sulfides and selenides),’~2! metal
oxides,?>%> metal phosphides, - metal carbides,®**? and metal nitrides®3* have
drawn great attention because of their low cost, metallic nature, large surface area, and
narrow band gap, corresponding to good electrocatalytic performances.®3¢ However,
the easy restacking due to the absence of any carbon-containing matrix and poor
conductivity still does not give satisfactory results to compete with the electrocatalytic

performances of precious ones.>"38

Therefore, the researchers have driven their research toward metal-organic frameworks
(MOFs). The use of MOFs as a precursor benefits a carbon-containing network without
further addition of carbonaceous material. The carbon matrix obtained from the organic
framework can act as a highly conductive network, promoting fast electron transfer.
The various heteroatoms (such as N, O, S, and P) contained in the organic ligands can
be directly doped into the carbon framework, which provides more active sites and
creates a favorable environment for the growth of metal nanoparticles.*** In particular,
a 1D MOF precursor have uniform and monodisperse morphology, and their derived
carbonaceous materials can afford a high surface area that corresponds to better
electrocatalytic performances.*® Furthermore, selenylation of the MOFs precursor by
following various synthetic routes (such as chemical vapor deposition (CVD),
solvothermal technique) are widely accepted to synthesize a highly efficient MOFs
precursor-derived N-doped carbon (NC)-embedded metal selenides electrocatalyst for
the electrochemical HER.>47“® The good electrical conductivity and large surface area
of the MOF precursor-derived NC-embedded metal selenides, implying more catalytic
active sites and better durability under harsh acidic conditions, dominates over non-

MOF-derived pristine transition metal based electrocatalysts for water electrolysis to

generate carbon-free energy carriers.3"4° Particularly, the highly active HER
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electrocatalyst is more favorable in the acidic electrolytic medium.*® In contrast to the
3d transition metal series, nickel-based selenides display better HER activity than other
transition metal dichalcogenides (TMDCSs) due to their intrinsic conductivity. However,
the poor corrosion resistance, easy aggregation in bulk phase, and instability issue in
strongly acidic conditions still urge the development of a new synthetic method with
controlled morphological structures, increasing the number of active sites to enhance
HER activity of NiSe, based electrocatalyst.*®%° Therefore, various Ni-based MOFs
precursor selenylation techniques are employed to explore HER efficient NiSe,. Ma et
al. designed a 3D MoSe2/NiSe, composite nanowires on carbon fiber paper following
a two-step hydrothermal approach. It required only 193 mV overpotential to reach a
current density of 10 mA cm™2, and a Tafel slope of 46.9 mV dec ™! in an electrolytic
medium of 0.5 M H2S04.°! Nowadays, free-standing HER electrocatalysts without
having any substrate have gathered much attention. In view to preparing free-standing
HER catalyst, Yang et al. synthesized MoS,—NiSe nanohybrids with vertical
heterostructure interfaces. The MoS>—NiSe nanohybrids need an overpotential of 210
mV to deliver the current density of 10 mA cm2 with a lower Tafel value of 56 mV
dec™? in an acidic medium.>? Besides these, some groups focus on MOFs-precursor-
derived NC-embedded nickel selenides. Sun group fabricated an MOF-derived
NiSe@NC nanohybrid through the selenylation process and showed excellent HER
performances at different pH values.3” Similarly, Chen et al. synthesized N-doped
graphene encapsulated NiSe: derived from a Ni-based MOF precursor, corresponding
to good HER activity in acidic and alkaline media.*® Thus, improving the efficacy of

the material to act as a suitable electrocatalyst is important. Investigating an efficient
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nickel-based selenide electrocatalyst encapsulated in an NC matrix from a Ni-MOF

precursor with divergent ligands and the metal ion is still challenging.

Herein, we have successfully synthesized a 1D Ni-MOF precursor [Ni(BPY)(DDE)],
through a facile solvothermal process by using 2,2'-bipyridyl and 4,4'-dicarboxy
diphenyl ether as the ligands. The pyrolysis treatment under an inert atmosphere
increases the specific surface area and exposes the active sites due to the carbonization
of the Ni-MOF precursor. Therefore, by varying different annealing temperatures (T =
400-800 °C), we synthesized an intermediate product of NC-embedded nickel
nanoparticles (Ni-T@NCs). Furthermore, subsequent pyrolysis with selenium powder
gives rise to a free-standing NiSe, embedded in an NC matrix (named NiSe>-T@ NC,;
T = 400—-800 °C). The Ni-MOF with nitrogen atoms in its ligand, which acts as a
suitable sacrificial template for synthesizing an NC-encapsulated nickel selenide hybrid
material.>® The synergistic effect of the inner NiSe, nanoparticles and the outer NC
layer enhances the conductivity and long-term durability of the as-synthesized
electrocatalyst leading to better electrochemical performance in acidic conditions. Out
of these various annealing products, NiSe2-600@NC shows better HER performance
among all the NiSe>- T@NCs. The controlled spherical-type morphological structure
of NiSe»-600@NC results in a higher catalytic active surface area, corresponding to a
lower overpotential of 196 mV required to reach the current density of 10 mA cm™2.
Additionally, the surface kinetics (in terms of Tafel slope) of 45 mV dec™* reveals the
actual HER mechanism process. The obtained value is lower than the other as-
synthesized annealed products and displays excellent surface kinetics. Moreover,
NiSe2-600@NC exhibits 24 h of long-term stability with negligible change in potential

in the acidic medium. However, these above superior HER results of NiSe2-600@NC
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are attributed to higher specific surface area (57.95 m? g™1) and controlled spherical-

type morphology, correlated to higher electrochemical active surface sites.
5.3 Experimental section

5.3.1 Materials

Analytical-grade chemicals were received and used without further processing. Nickel
nitrate hexahydrate; Ni(NO3)2-6H20, 2,2'-bipyridyl (BPY), 4,4'-dicarboxy diphenyl
ether (DDE), N,N'-dimethylformamide (DMF), selenium powder, and Nafion solution
were purchased from Sigma-Aldrich, TCI, and Himedia Chemicals. The preparation of
the electrolyte solutions and washing of the synthesized materials were done with

deionized water.
5.3.2 Synthesis of 1D Ni-MOF, [Ni(BPY)(DDE)]

A 1D Ni-MOF precursor was synthesized by taking 2,2'-bipyridyl and 4,4’-dicarboxy
diphenyl ether as the ligands in an improved solvothermal synthesis method.>* First,
0.129 g of 4,4'-dicarboxy diphenyl ether and 0.078 g of 2,2'-bipyridyl were added into
12 mL of DMF, and stirring was continued for 15 min. After that, 0.145 g of
Ni(NO3)2-6H20 was dissolved in the mixture precursor and left to be stirred for 1 h.
The resultant green color solution was transferred into a 23 mL Teflon-lined autoclave
and heated in a hot air oven at 140 °C for 72 h. After cooling to room temperature,
green plate-shaped crystals were collected by filtration following centrifugation. The

crystals were washed with ethanol.
5.3.3 Synthesis of Ni nanoparticles (Ni-T@NC)

The as-prepared Ni-MOF was taken in a porcelain alumina boat and annealed at

different temperatures (T = 400—800 °C) in an argon atmosphere for 2 h to get Ni
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nanoparticles embedded in NC layers, denoted as Ni-T@NC where T represents the

varied annealing temperature.
5.3.4 Synthesis of NiSe2 nanoparticles (NiSe2-T@NC)

In a typical method, the obtained Ni-T@NC and selenium powder were mixed (in 1:2
mass ratio) homogeneously using mortar and pestle and then transferred into a porcelain
boat. The porcelain boat containing the homogeneous mixture was placed inside an
MTI tube furnace and heated at 300 °C for 3 h in an argon atmosphere to get NiSe-

T@NC (T = 400—800 °C).
5.4 Characterization

The crystal lattice system and the phase purity of samples have been identified using
the Bruker D8 Advance diffractometer system (XRD) with Cu Ko radiation of
wavelength (A = 1.5418 A). A Raman microscope (Horiba Scientific) with laser
excitation at a wavelength of 532 nm was used to verify the graphitic phase of the
materials. The surface morphological architecture has been characterized by field-
emission scanning electron microscopy (FESEM, Zeiss Pvt. Ltd., Germany) and
transmission electron microscopy (TEM, equipped with HRTEM, JEOL 2100F, at 200
kV). Moreover, the chemical state and elemental composition were verified with the
high-resolution X-ray photoelectron spectroscopy (XPS, PHI Versa Probe III).
Furthermore, the surface area of the as-synthesized samples was determined by the

Brunauer-Emmett-Teller (BET) analysis via Quantachrome Autosorb instrument.
5.5 Electrochemical measurements

The HER performances have been carried out in a three-electrode measurement setup

(Autolab PGSTAT100N) in 0.5 M H>SOs4 as a supporting electrolyte. The sample
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modified glassy carbon electrode (GCE: mass loading 0.25 mg cm™2) acts as a working
electrode. The aqueous Ag/AgCl and a graphite rod are the reference and auxiliary
electrodes, respectively. Linear sweep voltammograms (LSVs) for all samples were
carried out at a sweep rate of 5 mV s™!. The obtained current density from the LSV
curves has been normalized to the geometrical surface area of the used electrode. All
the measured potential (vs. Ag/AgCIl) were IR corrected and calibrated to reversible
hydrogen electrode (RHE) scale as per the Nernst equation: Erne = Eagiagcl +
0.0591(pH) + 0.21 V. The Tafel slope values were determined by plotting overpotential
versus logarithm of obtained current density via fitting the linear region of the Tafel
plot. The equation used for calculation is as follows: n = a + b log J (where 7 is the
overpotential and a, b, and J are the Tafel constant, Tafel slope, and current density,
respectively). Electrochemical impedance spectroscopy (EIS) was carried out at a
potentiostatic mode of —0.19 V (vs. RHE) under an AC amplitude of 5 mV within a
frequency scale of 1 MHz to 0.1 Hz in 0.5 M H3SO4. In order to verify the
electrochemical double-layer capacitance (Cq) of the catalyst, a cyclic voltammetry
technique has been used in a non-Faradaic region of 0.11-0.31 V (vs. RHE) at various
scan rates (20—200 mV s™'). The electrochemical active surface area (ECSA) is linearly
correlated with the Cqi value of the synthesized electrocatalyst. The long-term durability
test of the as-synthesized electrocatalyst was carried out by a chronopotentiometry (CP)

technique.
5.6 Results and discussion

The NC-embedded NiSe, has been derived from a 1D Ni-MOF precursor
[Ni(BPY)(DDE)] [(BPY = 2,2'-bipyridyl), (DDE = 4,4’-dicarboxy diphenyl ether)].

The stepwise synthesis procedure of 1D Ni-MOF precursor and procured temperature
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annealing of the NC-embedded NiSe> (termed as NiSe>-600@NC) is shown in Scheme
5.1. The overall reaction step includes a facile solvothermal method followed by high-

temperature annealing and subsequent selenylation.

Ni(NO,),.6H,0

4,4-DDE A 2,2 -Bipyridyl
140 °C "’

3days  N;.MOF
2 hrs f§ 600 °C

L

Ni-600@NC
R
% & &Swn )/ com—

3 hrs

NiSe,-600@NC Ni-600@NC =+ Se Powder

Scheme 5.1: Reaction scheme for the stepwise synthesis of NiSe,-600@NC.

First, the Ni-MOF precursor has been synthesized by taking Ni(NO3)2-6H20, 2,2'-
bipyridyl, and 4,4’-dicarboxy diphenyl ether in DMF solution at 140 °C for 72 hin a
solvothermal approach. Figures 5.1a-d represents the crystal structures of the Ni-MOF.
The phase purity of the as-obtained Ni-MOF was examined by PXRD analysis. The
simulated data matches well with the experimental data indicating the successful

synthesis of the Ni-MOF as shown in Figure 5.1e.
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Figure 5.1: Asymmetric unit of Ni-MOF (a), growing 1D chain structure of Ni-MOF
(b and c), 3D packed structure of Ni-MOF (d), PXRD of Ni-MOF (e).

Furthermore, the high-temperature annealing process of the Ni-MOF was carried out to
convert it to the NC layer encapsulated nickel nanoparticles (represented as Ni-
600@NC). The formation of Ni-600@NC is due to the reduction of Ni-MOF cation
into nickel nanoparticles and the organic ligand moiety into NC layers. Additionally,
the grinding of Ni-600@NC with selenium powder was done to obtain a homogeneous
mixture, followed by high-temperature selenylation at 300 °C for 3 h to get the
optimized NiSe,-600@NC as HER efficient electrocatalyst as compared to other

annealed products. After successfully synthesizing Ni-600@NC and NiSe,-600@NC
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starting from a Ni-MOF precursor, the phase purity was verified by using powder X-
ray diffraction (PXRD). The crystallinity of Ni-600@NC depicts the diffraction peaks
at 44.6, 52.2, and 76.6° can be assigned to the (111), (200), and (220) planes of the Ni
nanoparticles (Powder Diffraction File (PDF) no. 01-070-0989, Joint Committee on
Powder Diffraction Standards (JCPDS)) as shown in Figure 5.2a.® Figure 5.2b shows
the diffraction line at 26 of 30.1, 33.6, 36.9, 42.9, 50.8, 55.6, 57.9, and 62.3° correspond
to the (200), (210), (211), (220), (311), (230), (321), and (400) planes of the cubic
NiSez- 600@NC (PDF no. 00-011-0552, JCPDS), indicating the high crystallinity of
the as-synthesized NiSe obtained from the selenylation of Ni-600@NC. The presence
of carbon content in the as-synthesized Ni-600@NC and NiSe>-600@NC were verified
by Raman analysis, as shown in Figures 5.3a and b. The D and G bands correspond to
the disorderliness and graphitic nature of the samples indicating the presence of carbon
composite. ° In Figure 5.3a, two Raman peaks around 1329 and 1589 cm™' correspond
to the D and G bands of Ni-600@NC, whereas the characteristic D and G bands appear
around 1323 and 1581 cm™! for NiSe,-600@NC as presented in Figure 5.3b. The Ip/
I intensity ratio is about 1.23 of Ni-600@NC, compared to 1.87 of NiSe>-600@NC,
which shows the increase in intensity ratio indicating the availability of significant

structural defects. 19:55:56
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Figure 5.2: PXRD data of Ni-T@NCs (a), and NiSe>-T@NCs (b).

70

130 | Page



Chapter 5 NiSe, nanoparticles encapsulated in N-doped carbon matrix derived from a one-dimensional
Ni-MOF: an efficient and sustained electrocatalyst for hydrogen evolution reaction

Ni-600@NC (a) NiSe -600@NC D (b)
— D -
= G 5
g 2 G
=y =
w w
=} =]
e 2
= =
3(.]0 ) 6(110 ) 91;(] ) IZIOO ) ISIO(] ) 1800 ) 3('l(] ) 6(')0 ) 9['l(] ) 12'00 ) 15.(]0 ) 1800
Raman Shift (cm™) Raman Shift (cm™)

Figure 5.3: Raman spectra of Ni-600@NC (a), and NiSe>-600@NC (b).

The scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
analysis were carried out for the morphological characterization of the materials.
Figures 5.4a and b shows the aggregated thick plate-like morphology of the 1D Ni-
MOF at different magnifications before the high-temperature annealing process. After
the high-temperature annealing, the thick plate-like morphology of Ni-MOF precursor
was carbonized and converted into Ni nanoparticles having spherical morphology
distributed uniformly over the porous plate structures as illustrated in Figures 5.4c and
d. Furthermore, selenylation of Ni-600@NC arouse more porous plate with spherical
NiSe, nanoparticles, as shown in Figures 5.4e and f. Besides these, the SEM images
of the other high-temperatures annealed products (such as NiSe>-T@NCs, T =400, 500,
700, and 800 °C) are shown in Figure 5.5. However, the variation of temperatures from
lower to higher of the annealing process gives rise to quasi-spherical type morphology
to diminished aggregated spherical-type morphology of as-prepared samples. Likewise,
SEM analysis, the in-depth morphological analysis of the NiSe-600@NC, was carried
out by high-resolution TEM analysis. The TEM images of NiSe2>-600@NC at different
magnifications of 1 pm and 100 nm confirms that these spherical-type NiSe;

nanostructures are embraced with NC layers (Figures 5.6a and b). The HRTEM
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pictures indicate the interplanar d-spacing value of 0.24 nm, corresponding to the (211)

crystal plane of NiSe2 phases as shown in Figures 5.6c and d. The inset in Figure 5.6¢

shows the selected-area electron diffraction (SAED) pattern of the NiSe2-600@NC,

representing the high crystallinity of the sample.

Figure 5.5: SEM images of NiSe>-400@NC (a, b), NiSe>-500@NC (c, d), NiSe»-
700@NC (e, f), NiSe2-800@NC (g, h).
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Figure 5.6: TEM pictures of NiSe>-600@NC at different magnifications (a, b). High-
resolution TEM images of NiSe.-600@NC (c, d); the inset in (c) is the
selected-area electron diffraction (SAED) pattern.

The elemental composition and chemical state of NiSe>-600@NC was carried out with
the help of X-ray photoelectron spectroscopy (XPS). Figure 5.7a shows the full scan
XPS survey of NiSe>-600@NC, which exhibits the presence of Se, C, N, O, and Ni.
The presence of oxygen owing to the unavoidable oxygen species or surface oxidation
of NiSe2-600@NC sample on exposure to air.”>>’ The XPS spectra of Ni 2p3, and Ni
2p12 are presented in Figure 5.7b. The positions of the peaks are at the observed
binding energies of 853.4 and 870.8 eV, which are the characteristics peaks of Ni**
ions. However, the peaks located at 855.5 and 873.4 eV are attributed to the presence
of Ni** ions because of the surface oxidized phase. In addition, the peaks at the binding
energies of 860.2 and 878.9 eV assigned to the satellite peaks of Ni 2p3» and Ni

3,48,51,58,59
2p1/2-9 59 15,90,
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Figure 5.7: Full scan XPS spectra of NiSe2-600@NC (a), deconvoluted XPS spectra
of Ni 2p (b), Se 3d (c), C 1s (d), N 1s (e).

Figure 5.7¢ represents the existence of Se 3d, where the prominent peak positions at

the binding energies of 55.6 and 54.8 eV are indexed to Se 3ds, and Se 3d32 of Ni—Se

bonds. Furthermore, the peak at 59.1 eV shows the presence of surface oxidation of Se

atoms.”*®36 The high-resolution C Is peak (Figure 5.7d) is deconvoluted into three

peaks centered at 284.6, 285.8, and 288.8 eV, which can be assigned to the C—C, C—N,
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and C=0 bonds, respectively.*3%-2 Deconvolution of N 1s is fitted into three peaks
centered around 398.8, 400.2, and 402.6 eV, corresponding to pyridinic N, pyrrolic N,
and graphitic N, respectively (Figure 5.7¢).>°>" The Brunauer-Emmett-Teller (BET)
analysis has been used to verify the specific surface area of the Ni-MOF precursor and
different high-temperature pyrolyzed NiSe>-T@NC products. In Figure 5.8, compared
to Ni-MOF precursor and other high-temperature-annealed NiSe-T@NCs (T =
400—800 °C), NiSe»-600@NC has the highest specific surface area of 57.95 m? g ! It
has been observed that the annealing temperature (at 600 °C) of the Ni-MOF precursor
plays a crucial role in optimizing the surface area and porous nature corresponding to

better electrocatalytic performance of NiSe»-600@NC toward an enhanced HER.
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Figure 5.8: BET surface area analysis of Ni-MOF (a) and NiSe>-T@NCs (b-f).

The effect of varying high-temperature annealing of Ni-MOF precursor with
subsequent selenylation to form NiSe>-T@NC products for electrochemical HER have

been carried out in a three-electrode measurement setup using nitrogen saturated 0.5 M
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H>S0O4 as the supporting electrolyte. All the linear sweep voltammetry (LSVs) data have
been recorded at a sweep rate of 5 mV s~ ! and are iR-corrected on a reversible hydrogen

electrode (RHE) scale (Figure 5.9).
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Figure 5.9: LSV plots representing before and after iR compensation (a-f).
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Figure 5.10: LSVs of Pt/C, Ni-MOF and NiSe,-T@NCs (a), overpotential comparison
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Figure 5.11: CV curves of NiSe-400@NC (a), NiSe>-500@NC (b), NiSe2-600@NC
(c), NiSe2-700@NC (d), NiSe>-800@NC (e) in the potential window of
0.11 V vs. RHE to 0.31 V vs. RHE at different scan rates (20 mV s to
200 mV s?).

Figure 5.10a shows the LSV plot of NiSe>-600@NC with better HER activity than Ni-
MOF, NiSez-400@NC, NiSez-500@NC, NiSez-700@NC, and NiSe>-800@NC. It has
been observed that the Ni-MOF precursor is inactive toward HER and shows negligible
cathodic current density. However, NiSe>-600@NC required an overpotential of 196
mV (vs. RHE) to reach the predefined current density of 10 mA cm 2, which is much
less as compared to other annealed NiSe>-T@NCs (T = 400, 500, 700, and 800 °C)
products and some of the recently reported HER electrocatalysts (Table 5.1). The
variation in overpotential values of the electrocatalysts with different annealing
temperatures is shown in Figure 5.10b. The insights into surface kinetics and the rate-
determining step of the as-prepared HER electrocatalyst are verified by Tafel slope
(plotted via overpotential vs log J). The obtained Tafel slope of 45 mV dec ™! for NiSe»-
600@NC 1is lower than the other annealed products such as NiSe;-400@NC (92 mV

dec ), NiSe2-500@NC (52 mV dec ), NiSe2-700@NC (56 mV dec '), and NiSe»-
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800@NC (81 mV dec™!), respectively. It has been observed that the lower Tafel slope
value of NiSe»-600@NC (45 mV dec!) follows the Volmer-Heyrovsky reaction path
with faster HER kinetics,™ corresponding to good HER behavior than other annealed
products. Besides these, the noble Pt/C shows a lower Tafel value (29 mV dec ') and
is used as the standard electrocatalyst compared to as-prepared noble metal-free HER
electrocatalysts,” shown in Figure 5.10c. The above Tafel results indicate that the
NiSe»-600@NC has better electrocatalytic activity in an acidic medium among all
NiSe>-T@NCs. Electrochemical impedance spectroscopy (EIS) or Nyquist plot reveals
the charge transfer process and catalytic response between the electrolyte and electrode
surface interface.® Figure 5.10d shows the Nyquist plots of the different NiSe>-T@NC
products. The smaller diameter of obtained semicircle in the EIS diagram corresponds
to the lower value of charge transfer resistance (Rcr), leading to a faster electron transfer
process.'? NiSe>-600@NC has a solution resistance (Rs) of 9 Q and a charge transfer
resistance (Rct) of 100 Q, which is lower than the other annealed products such as
NiSex- 500@NC (141 Q), NiSe>-700@NC (166 ), NiSe»-800@NC (332 Q), and
NiSez-400@NC (567 Q), respectively. The smaller Rcr value obtained from the EIS
data represents the good electrochemical responses and faster electron transfer of
NiSez-600@NC, reflecting its better HER performance in the acidic medium. The inset

in Figure 5.10d is the fitted equivalent circuit diagram as obtained from EIS data.

The cyclic voltammetry (CV) technique with different scan rates (20, 40, 80, 100, and
200 mV s ') in a non-Faradaic potential window (0.11 V vs. RHE to 0.31 V vs. RHE)
was used to estimate the double-layer capacitance (Ca) (Figure 5.11). The
electrochemical active surface area (ECSA) has a linear relationship with the double
layer capacitance (Ca) and is used to calculate the number of electrochemical active

sites.>® The Cai value was measured by plotting the graph between different scan rates
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versus the obtained current density. Figure 5.10e displays the Cq values of the NiSe,-
T@NC products and were calculated from half of the difference of anodic and cathodic
current density (4J = Ja — J¢) at 0.21 V (vs. RHE). The Cq values correspond to the
linear slopes of the plotted data. The obtained Cq value of NiSe.-600@NC was found
to be 3.12 mF cm™2, which is a Cq higher value than that of the other annealed NiSe;-
T@NCs. The higher Cq value of NiSe,-600@ NC results in better electrochemical
accessible surface area (ECSA), which contributes toward better HER performance.*°
Furthermore, the long-term stability test has been used to investigate the material's
practical applicability in an acidic medium. Figure 5.10f represents the
chronopotentiometry (CP) analysis (at a constant current density of 10 mA c¢cm™2) of
NiSe2-600@NC. Interestingly, the electrocatalyst shows significantly stable potential
even after 24 h of continuous electrolysis under an acidic environment. The robustness
of the electrocatalyst after 24 h of stability test was also verified through the preliminary
characterization technique of PXRD and FESEM. Figure 5.12a shows the powder X-
ray diffraction pattern of the electrocatalyst after the long-term electrolysis process,
which signifies no such change in the phase purity of the NiSe>-600@NC sample. Like
post stability PXRD, the post stability FESEM analysis also verified the changes of
morphological structures as shown in Figure 5.12b. It has been observed that 24 h of
continuous electrolysis process affects some portion of the morphological structures

with little distortion in the acidic condition.
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Figure 5.12: PXRD (a) and FESEM (b) of NiSe-600@NC after the stability test.

On the basis of the above systematic characterization results and the electrochemical
performances, the enhanced HER activity of NiSe,-600@NC can be attributed to its
unique spherical-type surface morphology organized by the embedment of NC matrix,
which not only increases the conductivity and electrochemical active surface area to
accelerate the catalytic activity but also provides robustness to the structure which
reflects in its long-term durability test. Second, the NC matrix might also modulate the
electronic structural environment of the NiSe2-600@NC sample toward improved HER

performance.
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Table 5.1 HER activity comparison of NiSe>-600@NC with previously reported

literature.
Electrocatalyst | Overpotential | Tafel slope | Electrolyte References
used at 10 mAcm? | (mV dec?)
(mV)

NiSe2@NG- 201 36.1 0.5 M H;SO4 | ACS

140 Sustainable
Chem. Eng.
2019, 7,
4351-4359

NiSe; 156 54 0.5 M H,SO4 | Nanoscale

nanosheets 2017, 9, 5538-
5544

NiSe2 NCs 190 44 0.5MH,SOs | ACS  Appl.
Mater.
Interfaces
2016, 8, 5327-
5334

MoSe>-NiSe 210 56 0.5M H2S04 | Chem. Mater.
2016, 28,
1838-1846

MoSe2/NiSe: 193 46.9 0.5M HxSO4 | J. Mater.

NWs Chem. A
2017, 5,
19752- 19759

NiSe 270 64 0.5 M H,S0O4 | J. Mater.

nanofibers Chem., 2012,
22, 13662-
13668

CoSe/C 260 45.7 0.5M HxSO4 | Int. J.

nanocrystals Hydrogen
Energy 2019,
44, 22787-
22795

MoSe2-CoSe2 206 45 0.5M H2S04 | J. Mater.

nanotubes Chem. A,
2018, 6, 7842—
7850

NiosM0o5Se 197 107 0.5 M HSO4 | Int. J.
Hydrogen
Energy 2019,
44, 22796-
22805

NiSe2- 196 45 0.5 M H2SO4 | This Work

600@NC
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5.7 Conclusions

In summary, we started with the facile solvothermal synthesis of a 1D Ni-MOF
[Ni(BPY)(DDE)] [(BPY = 2,2"-bipyridyl), (DDE = 4,4'-dicarboxy diphenyl ether)]
followed by subsequent annealing with varied temperature and in situ selenylation
strategies have successfully fabricated NiSe, nanoparticles encapsulated in an NC
matrix (NiSe2-T@NC, T = 400—800 °C). The tuning of the annealing temperature of
Ni-MOF precursor and the selenylation approach to the formation of NiSe>-T@NCs
plays a crucial role in optimizing the electrochemical activity toward hydrogen
evolution. In comparison to other NiSe>-T@NCs annealed products, NiSe»-600@NC
shows a better porous structure with spherical morphology and excellent
electrocatalytic performance in terms of lower value of overpotential (196 mV) to reach
a predefined current density of 10 mA cm 2, with a small Tafel slope (45 mV dec™")
and robust stability under acidic condition. Besides these, the high specific surface area
(57.95 m? g!) of NiSe»-600@NC corresponds to a higher electrochemical active
surface area (ECSA) which makes it the frontline electrocatalyst among all the
synthesized products of NiSe,-T@NCs. Furthermore, the electrocatalyst's post stability
characterization analysis (PXRD, FESEM) showed its practical applicability in an
acidic medium. Consequently, the facile cost-effective synthesis strategy and the
synergistic effect of the NC layers with NiSe, nanoparticles, corresponding to unique
spherical-type morphology, higher ECSA value, showed excellent HER activity and
robust durability that makes the NiSe>-600@NC as an alternative electrocatalyst

compared to noble metal-based electrocatalyst for water splitting reaction.
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SUMMARY AND FUTURE SCOPE
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To summarize, the thesis entitled “MOF-derived metal chalcogenide nanostructured
materials as electrocatalysts for water splitting in electrochemical energy conversion”
emphasizes the noteworthy possibilities of metal chalcogenides in promoting energy
conversion methods. The thesis shows that these materials have exceptional
electrochemical properties toward hydrogen and oxygen evolution reactions, including
lower overpotential values, faster Kinetics, good conductivity, and longer durability
under demanding electrolytic conditions. These properties are demonstrated through

thorough investigation and analysis.

The findings show that MOF-derived metal chalcogenide materials have a number of
benefits, including high abundance, low cost, and a variety of morphologies, which

makes them desirable options for materials used in next-generation energy conversion
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electrodes. Their exceptional performance in electrochemical reactions involving the
evolution of oxygen and hydrogen opens the door for the development of effective and
long-lasting energy conversion technologies, which will help meet the growing need
for renewable energy sources. The study also emphasizes how crucial temperature and
reaction time variation are to achieve the best catalytic performance possible for the

products derived from MOFs.

Taking everything into account, this thesis offers insightful information on the topic of
electrochemical energy conversion utilizing a variety of electroactive materials, laying
a strong foundation for future successes in the development and utilization of cutting-
edge energy technology. The research's conclusions have the power to completely alter

the energy sector and lead the way for a more sustainable, effective, and clean future.
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