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Preface

Preface

The increasing global energy crisis along with the depletion of non-renewable energy sources
and their environmental impacts of global warming and greenhouse effects impose the society
to explore sustainable clean energy cost-effectively. The unexpected change in the earth’s
climate is related to the greenhouse effect, and to tackle those serious issues, it is essential to
reduce or avoid the use of fossil fuel-based energy sources. The energy production from solar,
wind and tidal based renewable energy sources is projected to be increasing. However, the
intermittency and geometrical dependence limit the extensive energy production from these
renewable sources. Therefore, the viable conversion of chemical energy into electrical energy
is receiving enormous importance for fulfilling the increasing energy demand. In this regard,
the production of energy from hydrogen (H2) can have paramount benefits in terms of

efficiency and sustainability.

Looking into the hydrogen economy, the steam reforming of natural gas, coal gasification, etc.,
adopted currently for the Ho production release CO and CO: and, thus, are not carbon neutral
in nature. Therefore, these methods are not feasible for the green production of H,. Hence, a
sustainable and efficient method should be followed for the generation of Hz. The production
of H> from the water gives a tremendous platform for fuel production in a viable method. The
electrolysis of water produces Hz in a carbon-neutral way and plays an important role in the
sustainable production of Hz. Along with the sustainable production of Hz, the development of
proper technology for converting the chemical energy of Hy into useful energy is an important
area of the research. The polymer electrolyte membrane fuel cells (PEMFCs) can convert the
chemical energy stored in the fuels, mainly Ha, into the electric energy with zero-emission of
greenhouse gases. Moreover, PEMFCs are highly fascinating among other varieties of fuel
cells due to their high efficiency and low operating temperature for the conversion of Hz into
electrical energy. Hence, PEMFCs can be widely employed as a promising clean power
technology for stationary as well as portable applications. As a result, PEMFCs have become
a prime focus of the research community over the years. However, the slow kinetics of oxygen
reduction reaction (ORR) at the cathode is a major bottleneck for achieving higher efficiency.
To address the slow kinetics of oxygen reduction, noble metal-based catalyst like Pt/C is widely
used to facilitate the ORR in PEMFCs. This would increase the cost of the system and,
ultimately acts as the bottleneck for the wide commercialization of this green technology.

CSIR-NCL AcSIR I Rajith lllathvalappil



Preface

The water electrolysis involves hydrogen evolution reaction (HER) at the cathode and oxygen
evolution reaction (OER) at the anode. Due to the involvement of the transfer of four electrons
and the coupled reactions for the formation of O, OER is comparatively sluggish than HER.
Hence, the conversion between H>O and O, known as the oxygen electrochemistry, thus plays
an important role in the technology for making Hz from water. Therefore, electrocatalysts are
essential to reduce the overpotential and accelerate the reactions for the production of H:
through the water electrolysis. There are numerous materials such as RuO» and IrO; that have
been explored as catalysts for aiding OER. However, the limiting factors like high cost, short
durability, and insufficiency in the availability of these materials form the bottleneck for the
large-scale production of a cost-effective and long-lasting OER catalyst. This ultimately affects

the bulk-scale production of Ha through the water electrolysis.

In order to tackle the problems associated with the wide commercialization of fuel cells and
water electrolysers, the rational design of an efficient and durable catalyst is an urgent
requirement. To develop a cost-effective and efficient catalyst for ORR and OER, extensive
research has been focused on the non-noble metal-based catalysts. Recently, transition metal
sulfide (TMS) derived nanocomposites have emerged as a suitable catalyst for fuel cells, solar
cells, water splitting, electrochemical sensors, supercapacitors, and batteries. Excellent stability
and improved activity of metal sulfide have spurred the exploration of TMS derived
electrocatalysts for the fuel cells and water splitting applications. In view of this, the present
dissertation is intended to developd the TMS derived nanocomposites for facilitating the
reactions in PEMFCs and water electrolysers. The supported metal sulfides of Mo, Co, and Ni
on various conducting substrates are synthesized through the environmentally friendly
hydrothermal methods. To improve the active center density and subsequently the catalytic
activity of the produced transition metal sulfides, various strategies have been adopted during
the synthesis. The electrical conductivity, porosity, and morphology of the nanocomposites
were tuned carefully to achieve the better catalytic activity of the prepared materials. Overall,
a systematic strategy has been adopted in each case to achieve improved activity and thereby
reducing the overpotential of the synthesized materials in comparison with the state-of-the-art

catalysts. The outcome of the individual chapters are highlighted below;

Chapter 1 provides an overview of the global energy scenario and the importance of the
hydrogen economy. The fundamental reactions of PEMFCs and water electrolyzers are
described in this chapter. The chapter also covers the mechanism of ORR and OER. The

working principle of different kinds of fuel cells and water electrolyser is discussed in detail.
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The significance of electrocatalysts for improving the performance of PEMFCs and the water
electrolysers is explained with appropriate literature reports. The significance of the
development of cost-effective and efficient transition metal sulfide (TMS) based catalysts for
facilitating ORR and OER is also covered in this chapter. The scope and objectives of the thesis

are stated at the end of Chapter 1.

Chapter 2 deals with the development of layer separated dispersion of molybdenum sulfide
(MoS2) on reduced graphene oxide (rGO) mediated by cobalt hydroxide through a
hydrothermal process (Co(OH)2-MoS,/rGO). The developed material is used for facilitating
the ORR. Co(OH)2-MoS»/rGO displays an oxygen reduction onset potential of 0.86 V and a
half-wave potential (E12) of 0.74 V vs. RHE in 0.1 M KOH solution, which are much higher
than that of the corresponding values (0.71 and 0.35 V, respectively) displayed by the as-
synthesized pristine MoS, (P-MoS>) under the identical experimental conditions. The Tafel
slope corresponding to oxygen reduction for Co(OH).-MoS,/rGO is estimated to be 63
mV/decade compared to 68 mV/decade displayed by the state-of-the-art Pt/C catalyst. The
calculated number of electron transfer during oxygen reduction for Co(OH)2-MoS2/rGO is in
the range of 3.2-3.4 in the potential range of 0.70 to 0.10 V, which again stands out as a valid
evidence on the much favourable mode of oxygen reduction accomplished by the system
compared to its pristine counterpart. Overall, the study demonstrates a viable strategy of
tackling the inherent limitations, such as low electrical conductivity and limited access to the
active sites, faced by the layered structures like MoS> to position them among the group of

potential Pt-free electrocatalysts for ORR.

Chapter 3 illustrates the synthesis of an efficient and durable catalyst for electrochemical ORR
which is active both in the alkaline and acidic conditions by dispersing few-layer graphitic
carbon coated Co9Ss nanoparticles on the nitrogen-doped carbon (NVC-G) support
(Co9Se/NVC-G). The hydrothermal route followed by heat-treatment in an inert atmosphere
lead to the formation of CosSs/NVC-G. The few-layer graphitic carbon formed on the surface
of Co0eSg nanoparticles is assisting to accomplish their small size and it also prevents
agglomeration of the nanoparticles. CogSg/NVC-G displays nearly 70 mV overpotential
compared to the state-of-the-art Pt/C in 0.1 M KOH solution. The half-wave potential (E1/)
difference of the present system is nearly 75 mV with the commercial Pt/C. C09Sg/NVC-G
displays promising ORR activity in the acidic conditions as well with nearly 140 mV
overpotential compared to its Pt/C counterpart. The system shows about 170 mV lower E12

value with Pt/C. The system displays good stability both in acidic and basic conditions
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compared to the Pt/C system. Finally, testing of a single cell of a PEMFC was performed by
employing CosSg/NVC-G as the cathode catalyst and Nafion-212 as the proton exchange
membrane. The system displays a maximum power density of 245 mW cm2 in H,-O2 and 115
mW cm in He-air feeding conditions.

Chapter 4 discloses the development of an efficient electrocatalyst for OER by adopting a
strategy wherein layered assembly of NiO and MoO3s could be dispersed on Vulcan carbon
support to simultaneously maintain exposure of the synergistically activated sites and electrical
conductivity of the matrix. The hydrothermal process played a key role in establishing the
coexisting few-layer assembly of NiO and MoOs on Vulcan carbon, which involved conversion
of preformed MoS> sheets to MoOs and concomitant growth of Ni(OH). layer prior to its
conversion to NiO during the subsequent heat treatment process (NiO@MoQO3/VVC). The NiO
sheets have exposed edges and they are instrumental in enhancing the OER activity of
NiO@MoO3/VC. The overpotential of NiO@Mo0Os/\VC for achieving the 10 mA cm current
density is 280 mV, which is an improved value over 292 mV obtained in the case of the state-
of-the-art RuO> catalyst. NiO@MoO3/VC also demonstrates outstanding stability for 15 hin 1
M KOH solution at 1.51 V vs. RHE. Finally, the overall water splitting was performed in 1 M
KOH solution by employing NiO@MoOs/VC as the anode catalyst and Pt/C as the cathode
catalyst. The system requires a potential of 1.59 V to reach the current density of 10 mA cm,
replaces the RuO. from the anode of the electrolyser with the home-made catalyst.

Chapter 5 discusses the synthesis of highly efficient CoeSs-NisS2 based hierarchical
nanoflower arrays on nickel foam (NF) through the one-pot hydrothermal method (CogSs-
NizS2/NF) for overall water splitting applications. The nanoflower arrays are self-supported on
the NF without any binder, possessing the required porosity and structural characteristics. The
obtained Co9Ss-NisS2/NF is displaying high hydrogen evolution reaction (HER) as well as
oxygen evolution reaction (OER) activities in 1 M KOH solution. The overpotentials exhibited
by this system at 25 mA cm are nearly 277 and 102 mV for HER and OER, respectively in 1
M KOH solution. Subsequently, the overall water splitting was performed in 1 M KOH solution
by employing CosSs-NisS2/NF as both the anode and cathode electrodes, where the system
required only 1.49, 1.60 and 1.69 V to deliver the current densities of 10, 25, and 50 mA cm,
respectively. Comparison of the activity of CogSs-NizS2/NF with the state-of-the-art Pt/C and
RuO> coated on NF displays an enhanced performance for CogSg-NisS2/NF both in the half-

cell as well as in the full cell, emphasizing the significance of the present work.
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Chapter 6 Summarize the important observations and outcomes of each working chapter of
the thesis. A brief introduction to the importance of the hydrogen economy and the significance
of electrocatalysts for sustainable energy production is incorporated. The strategy adopted for
developing efficient ORR and OER catalysts is discussed. A concise discussion of the
improvement achieved in the electrochemical activity of the synthesized materials is
mentioned. The future scope of the thesis work and the fundamental research and advancement
required for the wide commercialization of fuel cells and water electrolyser are stated in this

chapter.
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Chapter 1

Chapter-1
An Overview of the Hydrogen Economy and Development of
Electrocatalysts for Oxygen Reduction Reaction and Water Splitting
Applications

The present chapter comprises a brief discussion on the current global energy scenario,
hydrogen economy, its importance, and development of electrocatalysts for sustainable energy

systems. To reduce the adverse environmental impacts of fossil fuel-based energy sources and

pave the transition towards sustainability, exploring green
energy resources and technologies is of significant
importance. The low carbon emitting energy sources are
crucial to mitigate global warming and the associated
environmental challenges. In the current scenario,
polymer electrolyte membrane fuel cells (PEMFCs) and
water electrolysers are widely considered as the major

clean energy technologies that can alleviate the
challenges associated with energy, environment and
sustainability. The oxygen electrochemistry plays an
important role in the development of PEMFCs and water

electrolysers. However, the sluggish kinetics of oxygen

reduction reaction (ORR) and oxygen evolution reaction

Water Electrolyser

(OER) act as the major challenge and bottleneck

restricting the widespread application of these devices. Therefore, the development of low-cost
ORR and OER electrocatalysts is of utmost significance towards the commercialization of
these sustainable clean energy systems. In view of this, a concise literature survey on the
current status of the precious metal and non-precious metal-based electrocatalysts for ORR and
OER is carried out. The scope and objectives of the thesis are included at the end of this chapter.
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Chapter 1

1.1 Introduction

The increasing global population and energy requirements deplete the non-renewable energy
sources rapidly. Recent studies indicate that the energy requirement will be increased by 30%
from the year 2020 to 2040.1 Currently, more than 85% of the total energy production is
accounted from the non-renewable energy sources like oil (33%), coal (30%), and natural gas
(24%) (Figure 1.1). Renewable energy sources are accounted for only 2% of the global energy
production. The combustion of fossil fuel-based energy sources emits CO2, SOz, NOg, etc., into
the atmosphere. This would lead to “global warming” and “greenhouse effect”.[ The global
phenomenon of abrupt climate change is related to the greenhouse effect, and to tackle these
serious issues, it is essential to reduce or avoid the use of fossil fuel-based energy sources.?!
Therefore, the carbon emission-free power sources are receiving worldwide attention due to
their eco-friendly and environmental benignity.[ The energy production from solar, wind and
tidal based renewable energy sources is projected to be increasing. However, the intermittency
and geometrical dependence limit the extensive energy production from these renewable
sources. Therefore, the viable conversion of chemical energy into electrical energy is receiving
huge importance for fulfilling the increasing energy demand.®! In this regard, the production
of energy from hydrogen (Hz) can have paramount benefits in terms of efficiency and
sustainability.’®! Compared to the fossil fuel-based energy sources, Hz is having high specific
energy (142 MJ/kg). It is vital for employment as an alternate fuel since it can massively
contribute towards carbon-neutrality.I’! The ‘Hydrogen Economy’ is vital in this circumstance
because the sustainable H> generation and its employment for energy production require

substantial attention and advancement in terms of science and technology.®!

% Renewables 2%

Nuclear 4
Hydro 7%

Qil 33%

Gas 24%

Coal 30%

Figure 1.1. Global energy production by various energy sources. (Courtesy: https://hms-

ag.com/energy-coal-market-2/primary-energy-coal/).
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1.2 Hydrogen Economy

Hydrogen economy deals with the use of H. as a fuel with low carbon emission, mainly in the
transportation and stationary applications.®] At present, around 70 million tonnes of Hz per
year in its pure form is required for various applications. Currently, the major part (98%) of the
H> is produced from the steam reforming of natural gases. The process is highly energy-
intensive and carried out at nearly 1000 °C and 10-40 bar pressure. The process entails almost
2% of the total global energy requirement. Besides, CO> generated during the steam reforming
process is contributing to the greenhouse effect to a greater extent and emits about 830 million
tonnes of CO> per year in the atmosphere. Further, the process entirely depends on the fossil
fuel for the production of H> and overshadows the benefits attainable from the clean nature of
H>. Therefore, these methods are not feasible for the green production of H2. Hence, sustainable
and cost-effective methods should be adopted for the Hz generation. The electrolysis of water
is a perfect method for the production of H['%. The water electrolysis produces Hz in a carbon-
neutral way and plays an essential role in the sustainable production of H..Y For the
production of 1 kg of Hz through water electrolysis, 9 litre of water is required. This would also
generate 8 kg of O, and the process is free from greenhouse gas emission.l*2 However, only
2% of the global H> is currently produced from water electrolysis. The production cost per
kilogram of H through the steam reforming process is 2-3 $, and through water electrolysis, is
10-23 $.[*®1 The high production cost, along with the lack of highly efficient catalysts, limits
the large-scale production of Ha through water electrolysis.'l Hence, the cost-effective

production of Hz through water electrolysis is highly desirable.

Along with the sustainable production of H», the development of suitable technology for
converting the chemical energy of H> into useful energy is an essential area of research.
PEMFCs are most important in this direction because of the efficient conversion of chemical
energy into electrical energy.l*® PEMFCs convert the chemical energy stored in the fuels,
mainly Ha, into the electric energy with zero-emission of greenhouse gases.[*®! The plot of
energy density against the power density of different energy storage and conversion devices is
called the Ragone plot and is shown in Figure 1.2. The Ragone plot indicates that the PEMFCs
possess high energy density compared to other energy devices like capacitors, batteries, and
supercapacitors. The high energy density of an electrochemical device is very important to
provide the power output for a longer duration. Hence, PEMFCs can be widely employed as a

promising clean power technology for stationary as well as portable applications.[*”l As a result,
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Figure 1.2. Ragone plot of the different energy storage and conversion devices, indicating the

energy density against power density.[*®1 (Reprinted with permission from Springer Nature;
License Number: 4765350455824).

PEMFCs have become a prime focus of the research community over the years. However, the
slow kinetics of oxygen reduction reaction (ORR) at the cathode of a PEMFCs is a major
bottleneck for achieving higher efficiency.!**2% In order to address this intricacy, noble metal-
based catalyst like Pt/C is widely used to facilitate the ORR in PEMFCs. Due to this, about
50% of the PEMFCs cost is arising from the catalyst part.?2 Apart from the high cost, the
scarcity, poor durability and low methanol tolerance of Pt restricts its extensive application.?*-
241 This would ultimately hinder the broad commercialization of this highly efficient green

technology, which should be addressed in the ongoing research activities.

On the other hand, the water electrolysis involves the hydrogen evolution reaction (HER) at
the cathode and the oxygen evolution reaction (OER) at the anode. Due to the involvement of
four electrons and the coupled reactions for the formation of O, OER is comparatively sluggish
than HER.[?%1 261 Hence, the conversion between H,O and O, which is known as the oxygen
electrochemistry plays a vital role in the technology for making H> from water. This demands
the development of efficient electrocatalysts with low overpotentials to accelerate the
production of H2 by water electrolysis. The precious-metal-based catalysts like IrO2/RuQO; are
employed at the anode for facilitating the OER during water electrolysis.[?’281 However, the
scarcity in the availability, high cost and poor durability of Ir and Ru based OER catalysts limit
their application.?®! This eventually affects the large-scale production of Hz through the water

electrolysis.

CSIR-NCL AcSIR I Rajith lllathvalappil



Chapter 1

To tackle the problems associated with the commercialization of PEMFCs and water
electrolyser, the rational design of an efficient and durable catalyst is an urgent requirement.r"]
To develop a cost-effective and efficient catalyst for ORR and OER, extensive research works
have been focused on various nanomaterials. Several nanomaterial-based catalysts have been
developed for aiding the ORR and OER. The alloys of precious metals, non-precious metal-
based nanomaterials, and metal-free electrocatalysts are various classes of catalysts
employed.[?® 31-21 Considering the activity, cost and stability, developing the non-precious
metal-based catalysts for ORR and OER is receiving significant attention. The non-precious
metal-based catalysts include metal oxides, nitrides, sulfides, phosphides etc., supported on
conducting substrates.[3-3%1 The poor stability of several non-precious metal-based catalysts in
both acidic and alkaline conditions restricts their practical implementation in PEMFCs and
water electrolysers.l*6-3"1 In this regard, transition metal sulfide (TMS) derived nanocomposites
have emerged as a suitable catalyst for PEMFCs, solar cells, water splitting, electrochemical
sensors, supercapacitors, and batteries.[*8-41 Excellent stability and fascinating activity of metal
sulfide have spurred the exploration of TMS derived nanomaterials for the PEMFCs and water
splitting applications.[*>#4 The metal sulfides possess high electrical conductivity due to the
narrow bandgap present in the material. This would improve electrochemical performance by
maintaining the proper electronic conductivity in the system. Therefore, the development of
metal sulfide derived ORR catalysts is crucial for replacing the Pt-based cathode in the
PEMFCs.[ Similarly, the metal sulfide derived catalysts are important in water electrolyser
application to improve the activity and avoid the use of precious metal-based catalysts like
RuO2/IrO; in the anode. %!

In view of the above discussions, the present dissertation deals with the development of TMS
derived nanocomposites for facilitating the reactions in PEMFCs and water electrolyser
applications. The supported metal sulfides of Mo, Co, and Ni on various conducting substrates
are developed by facile synthesis methods. To improve the active centre density and
subsequently the catalytic activity of the produced TMS-based catalysts, various strategies
have been adopted during the synthesis. The electrical conductivity, porosity, and morphology
of the nanocomposites were tuned carefully to achieve the better catalytic activity of the
prepared materials. Overall, a systematic strategy has been carried out to achieve improved
activity and thereby reducing the overpotential of the synthesized materials in comparison with
the state-of-the-art catalysts. The enhancement achieved in the catalytic activity is correlated

with the structural modifications of the developed catalysts.
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Fuel Cells and Water Electrolyser

As discussed above, PEMFCs and water electrolyser can alleviate the energy challenges and
environmental problems in the context of current global scenario. For this, the extensive
attention and advancement in electrocatalyst development is a vital factor. Since the material
developed as part of this dissertation is applicable for the PEMFCs and water electrolysers, a
brief discussion on the classification and fundamental characteristics of these technologies is

included in the following section. The discussion starts with fuel cells followed by the water
electrolysers.

1.3 Fuel Cells

Fuel cells are electrochemical energy conversion devices in which chemical energy stored in
the fuel is converted into electrical energy without any combustion of the fuels. The fuel cell
is comprised of two electrodes separated with an electrolyte. At the anode, the oxidation of fuel
produces protons and electrons. The electrons will travel towards the cathode through an
external circuit. At the cathode, the reduction of oxidant takes place. The typical fuels are H;
or small molecules like methanol, ethanol, formic acid etc., and the oxidant is air or Os..
Depending upon the electrolyte employed to separate the electrodes, fuel cells are classified

into different types. The operating conditions of the fuel cells largely depend on the nature of

Unreacted H,, CO

Unreacted O,, N,
and reaction gas

and reaction gas
—

AFC H, o
60-90°C H,0 ¢
PEMFC o 0
60-90°C = H,0
DMFC CH,0H 0,
60-90°C Co, H,0
PAFC 0,
. H,
180-220°C H,0
sofc | COH: o
800-1000'c| H,0, CO, 2
Fuel w—p A Air, 02

Anode Electrolyte Cathode

Figure 1.3. Schematic overview of the different types of fuel cells.[*! (Reprinted with

permission from Elsevier; License Number: 4774150459782).
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the separator employed. Figure 1.3 illustrates the types of fuel cells, and the following section

discusses the different types of fuel cells;

1.3.1 Phosphoric Acid Fuel Cell (PAFC)

In PAFCs, the liquid phosphoric acid is used as the electrolyte to transfer the protons from
anode to cathode. The phosphoric acid is saturated within silicon carbide. The operating
temperature of PAFC is 150-200 °C, and Pt-based catalyst is being employed on the electrodes
for facilitating the reactions. The excess heat energy generated during the cell operation can
further utilized through the co-generation method. The use of liquid electrolyte can corrode the
device components. Besides, the evaporation of the acid may also take place and affect the
performance during the course of operation and storage. The electrode reactions taking place
in a PAFC are given below:

Anode: 2H, — 4H" + 4e
Cathode: O, + 4H* + 4¢¢ —— 2H.,0
Overall cell reaction: 2H2 + O, — 2H20

Generally, PAFCs are used for stationary applications.

1.3.2 Solid Oxide Fuel Cell (SOFC)

In SOFCs, solid oxide ceramic membrane (yttria-stabilized zirconia, YSZ) is used to transport
the ions. In principle, the oxide ion (O2") produced on the cathode after the reduction of oxygen
is transported towards the anode through the ceramic membrane. At the anode, O>™ ions reacts
with protons to form water. The operating temperature of SOFC is much higher (800-1000 °C).
Due to this, SOFCs are not suitable for mobile applications. The reactions in a SOFC are
illustrated as below:

Anode: 2Hz + 2027 —» 2H0 + 4e

Cathode: Oy + 4¢¢ ——» 207
Overall cell reaction: 2H2 + O, — 2H.0

The efficiency of SOFCs can be improved by utilizing the waste heat from the system.

1.3.3 Molten Carbonate Fuel Cell (MCFC)
In MCFC, the molten carbonate salt is used as the electrolyte to conduct the carbonate ions
(COs%). Similar to SOFC, the operating temperature of MCFC is also higher and is above 600

°C. In MCFC, the use of a reformer is not required on the anode for producing the H,. At
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elevated temperature, H> is produced from the hydrocarbons at the anode. The as-produced H>
is reacted with the carbonate ions from the electrolyte and produces water, CO, and electrons.
At the cathode, oxygen reacts with CO, from the anode and the electrons coming through the
external circuit would lead to the formation of carbonate ions. This would replenish the

electrolyte and balance the cell reaction. The reactions in an MCFC are given below:
Anode: COs* + H, —— Hy0 + CO, + 2¢°

Cathode: CO2+ % O; + 268 —— CO3*

Overall cell reaction: Hz +% O — H20

Due to the high operating temperature, the MCFC is having a high start-up time. This restricts
their use in mobile applications and is suitable mostly in the stationary requirements. The cell

life of MCFC is affecting the carbonate electrolyte, which corrodes the anode and cathode.

1.3.4 Polymer Electrolyte Membrane Fuel Cells

In polymer electrolyte membrane fuel cells, the anode and cathode are separated with a solid
polymer electrolyte membrane and is capable of transporting only the ions and not the
electrons. According to the type of membrane used, the polymer electrolyte membrane fuel
cells can be classified into proton exchange membrane fuel cells (PEMFCs) and anion
exchange membrane fuel cells (AEMFCs). In PEMFCs, the membrane conducts protons and
in AEMFCs, hydroxyl ions transport occurs through the membrane. The Hz or liquid fuels like
methanol, ethanol etc., can be used as fuel. Due to the advancement in the proton exchange
membranes (PEM), the PEMFCs are getting wide attention compared to AEMFCs. The
membranes like Nafion and acid doped polybenzimidazole (PBI) are well-known PEM and
possessing the conductivity in the order of 101 S cm™ or above and are currently employed in
the fuel cell systems. The Nafion membrane-based PEMFCs are operated at a relatively lower
temperature (< 100 °C) with proper humidification in the system. The PBI membrane-based
PEMFCs are usually operated above 150 °C, and the system does not require any
humidification during the operation. The primary components of a polymer electrolyte
membrane fuel cell are electrodes, membrane, current collector, gaskets, sub-gaskets, and
bipolar plates. The performance of the polymer electrolyte membrane fuel cells largely depends
on the efficiency of the cathode catalyst. The membrane electrode assembly (MEA) is known
as the heart of the fuel cell since the efficiency of the fuel cell is majorly determined by the
reaction kinetics at the electrodes and the ionic conductivity of the membrane. The major cost
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of the fuel cell is arising from the cathode (Figure 1.4), where Pt-based catalyst is employed
to facilitate ORR.17]

MEA
fabrication

Balance of M Membrane
stack

M End plate

Bipolar plate

Gasket

M Catal
WGoL yst

Figure 1.4. Pie-chart representing the cost analysis of the PEMFC stack.[“®! (Reprinted with
the permission from Springer Nature; License Number: 4800321357896).

1.3.4a Principle of PEMFCs

The PEMFCs consist of two electrodes, namely anode and cathode separated with a proton
exchange membrane. Fuel oxidation occurs at the anode and produces protons and electrons.
The protons move towards the cathode through the membrane. The electrons travel through the
external circuit as electricity and enter into the cathode. In the cathode, reduction of oxygen
occurs by combining with the incoming protons from the anode and electrons from the external

circuit and finally produces water as the by-product. Graphite/metal plate with flow-field

Sl

£t A
Anode Cathode

Proton Exchange Membrane (PEM)

Figure 1.5. Schematic illustration of the working principle of proton exchange membrane fuel
cell (PEMFC).
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patterns are used to supply the reactant gases to the respective electrodes through the diffusion
layer. The unreacted gases and the water by-products are removed through the outlets. Figure

1.5 represents the working principle of PEMFC.

The electrode reactions in PEMFCs are represented as below 19:
Anode: 2H, ——» 4H" + 4¢ E°=00V
Cathode: Oz + 4H" + 4¢¢——» 2H,0 E°=123V

Overall cell reaction: 2H,+ 0O, ——» 2H,O  E°=1.23V

1.3.4b Principle of AEMFCs

In AEMFC, the electrodes are separated with an anion exchange membrane (AEM). At the
cathode, hydroxide ions are formed during the reduction of O2. The OH" ions are transported
towards the anode through the AEM. At the anode, the OH- ions combine with H* ions to form
water, the by-product of the reaction. The electrons produced during the oxidation of H; at the
anode travel through the external circuit and reaches the cathode and participate in the ORR

process. The working principle of AEMFC is presented in Figure 1.6.

N

Excess
oxidant out

L4
Anode Cathode

Anion Exchange Membrane (AEM)

Figure 1.6. Schematic illustration of the working principle of anion exchange membrane fuel
cell (AEMFC).

The electrode reactions in AEMFCs are represented as below 5%
Anode: 2H2 + 4OH — 4H20 + 4e E°=-0.83V
Cathode: Oz + 2H20 + 46— 40H" E°=040V

Overall cell reaction: 2H, + O, — 2H,0 E°=1.23V
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The ORR kinetics is much faster in alkaline medium and, AEMFC provides the feasibility of
using noble metal-free catalysts for delivering higher efficiency. However, the ionic
conductivity and stability of the available AEM do not meet the commercial target. Therefore,
the development of AEMFC is in the infancy stage compared to the already matured PEMFC
technology.

1.3.5 Current-Potential Characteristics of the Fuel Cells

The theoretical open-circuit voltage (OCV) of polymer electrolyte membrane fuel cell is 1.23
V. However, due to the overpotential associated with the electrode reactions, the practical OCV
is less than 1.23 V. The loss in the voltage would affect the efficiency of the fuel cells. The
electrical efficiency (€) of the fuel cell depends on the Gibbs free energy change (AG) and
enthalpy change (AH) according to the following relation:

_AG  —2FE°
~AH  AH

€

where, F is the Faradays constant, and E° is the standard cell potential. The theoretical
efficiency of a fuel cell is ~83%; however, the practical efficiency is limited between 40-
60%.1°1 The reduction in efficiency is attributed to the voltage losses occurring during the cell
operation. This is due to the overpotential associated with the reactions, contact resistance
present in the cell, membrane resistance, etc. In fuel cells, the voltage drop occurs with the

current dragging from the cell. This is due to the three different types of polarizations occurring
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Figure 1.7. A typical current-voltage response of a fuel cell.’™ (Reprinted with permission

from Elsevier; License Number: 4798231395076).

CSIR-NCL AcSIR I Rajith lllathvalappil



Chapter 1

in the MEA named activation, ohmic, and mass-transport polarizations (Figure 1.7). The
activation polarization is originating from the electrocatalysts, and the overpotential associated
with the reactions greatly determines the voltage loss. The ORR kinetics is sluggish compared
to HOR. Because of this, the activation polarization is mainly contributed from the cathode
side, where the ORR is taking place. The reason for the ohmic loss is attributed to the
occurrence of various types of internal resistance contributions in the cell. This includes the
resistance arising from the membrane, which is used to separate the electrodes, contact issues
with the components of the cell, resistance within the electrode due to the presence of
electronically insulating components such as binder and other additives. The third polarization
loss is due to the mass transport limitations on the active centers. This is mainly arising because
of the limited transport of the fuel and oxidant on the catalyst surface than the required rate.
The main reason behind these are the presence of excess binders that can block the active
centers and reduce the diffusion of the gases reactant to the active sites. Also, the produced
water present on the surface of the catalyst can reduce the oxygen diffusion towards the active
centers. To improve the accessible catalytic centers of the reactant gases in fuel cells, tuning
the ‘triple-phase-boundary’ (TPB) is important. TPB is formed by the combination of catalyst,

ionomer, and reactant gases. Figure. 1.8 illustrates the schematic representation of TPB. For
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triple phase catalyst
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Figure 1.8. Schematic representation of the triple-phase-boundary (TPB) in a fuel cell.[*?

(Reprinted with permission from Elsevier; License Number: 4798331336237).

achieving a batter fuel cell performance, the effective formation of TPB is a crucial
requirement. Because, the transport of electrons through the catalyst, ionic transport through
the ionomer, and transport of reactant gases are necessary to complete the reactions at the
respective electrodes. Usually, the catalyst ink is prepared by dispersing the catalysts and
ionomer in a particular solvent (example isopropyl alcohol) with the desired ratio. This would
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achieve a proper contact of ionomer with the catalyst and further effective formation of TPB.
The catalyst-ionomer ink is applied on a gas diffusion layer (GDL) using either conventional
brush coating, spray coating, bar coating, or screen-printing methods. These methods can help
in achieving the gas diffusion electrode (GDE) with a specific loading of the catalyst.

1.3.6 Polymer Electrolyte Membrane

The perfluoro-sulfonic acid (PFSA) polymer membranes known as Nafion® is usually
employed as the polymeric separator in low-temperature PEMFCs. Figure 1.9 represents the
chemical structure of Nafion®. The proton transfer would occur in the membrane through

either

—{CFCF;; ICFZ— CF3f-
' 0
0—CFy—CF ZO—CFZ—CFZ\S/

N
CF; o// o

Figure 1.9. Representation of the chemical structure of the Nafion membrane (Courtesy:

Wikipedia.com).

the ‘Grotthuss mechanism’ or ‘Vehicle mechanism’. Figure 1.10 represents the schematic of
the Grotthuss and vehicle mechanism. The Grotthuss mechanism involves the transfer of the
proton between the hydronium ions through hydrogen bonding. However, the vehicle

mechanism involves the complete migration of the hydronium ions. Therefore, ionic

Grotthuss mechanism
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Figure 1.10. Schematic representation of the proton conduction mechanism.! (Reprinted
with permission from Elsevier; License Number: 4800930529097).
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conductivity through the vehicle type mechanism is slow compared to the Grotthuss type
mechanism. For obtaining higher ionic conductivity, the Grotthuss mechanism is preferred in
membranes. For the transport of protons, the Nafion® membrane requires humidification.
Because of this, the operating temperature of Nafion® membrane-based fuel cell is below 100
°C.

1.3.7 Importance of Polymer Electrolyte Membrane Fuel Cells

The PEMFCs are characterised by their high thermodynamic efficiency compared to internal
combustion engines (ICEs). Due to the absence of movable parts, the operation of PEMFCs is
noise-free and is much reliable than conventional ICEs. The energy density of PEMFCs is
much higher than many other power systems and the emission of greenhouse gases is absent.
The by-product formed during the working of PEMFCs is only water. Hence, PEMFCs are
green technologies with incredible applications in stationary and portable applications.
However, the sluggish oxygen reduction reaction (ORR) on the PEMFC cathode restricts the
wide exploration. Hence, the development of a highly efficient catalyst for facilitating ORR is
crucial for the development of PEMFCs. The platinum supported carbon (Pt/C) is being
employed on the cathode of PEMFCs for assisting ORR. However, the limiting factors like
high cost, low availability, and poor stability associated with Pt/C restrict the wide
commercialization of PEMFCs cost-effectively.[®! Hence, developing ORR catalysts with low-
cost material with performance comparable to that of Pt is a challenging task. The use of facile
synthesis strategies would enhance the significance of the developed catalyst.

1.3.8 Electrocatalysts for Polymer Electrolyte Membrane Fuel Cells

In order to facilitate the reactions in fuel cells, electrocatalysts are indeed essential. The HOR
on the anode of the fuel cell is facile compared to the cathodic ORR. Breaking of the O=0
bond requires higher energy (498 kJ/mol) compared to break the single bond in Hz (432
kJ/mol).**1 ORR involves the O, bond breaking coupled with the transfer of four protons and

electrons. This insight the reason for the kinetically sluggish nature of ORR.

1.3.8a Oxygen Reduction Reaction (ORR)

ORR is an important reaction in energy conversion devices like fuel cells and metal-air
batteries. ORR is the cathodic process in PEMFC/AEMFC and, majorly affects and controls
the efficiency of the system. Hence, the fuel cell efficiency is mainly depending on the catalytic
activity of the ORR catalysts. The development of efficient catalysts for facilitating the ORR
is important in the wide commercialization of fuel cells and to produce sustainable energy. The

CSIR-NCL AcSIR I Rajith lllathvalappil



Chapter 1

Pt-based catalyst like Pt/C is the best material for aiding ORR. Looking in to the mechanism
of ORR, it proceeds through two different pathways; i) four-electron pathway, which produces
H20 during the reduction of O, and, ii) the two-electron pathway produces H20, from O, [
The four-electron transfer pathway is preferred for fuel cells because the H>O> produced during
the two-electron pathway oxidizes the membrane and the carbon support during the fuel cell
operation. This would ultimately reduce the performance and efficiency of the fuel cell. The

two pathways of ORR in the acidic and alkaline medium can be represented as below:

Acidic media:
Four-electron pathway
O2+4H*+4¢ ———» 2H,0 (E°=1.23V) 1)

Two-electron pathway
Oz +2H" + 26— H,0» (E° =0.695 V) (2

H0,+ 2H* + 26 ————» 2H,0 (E°=1.76 V) ©)

The alternate decomposition of the H,O2 produced in (2) leads to the formation of H.O and
O as follows:
2H,0p—— 2H 0 + O2 4)

Alkaline media:
Four-electron pathway

O2+ 2H20 + 46 ——— 40H" (E°=0.401V) (5)
Two-electron pathway

O2+HO+2¢ — HOy +OH (E°=-0.065V) (6)

HO, + H20 + 26 ——— > 30H" (E°=0.867V) (7)
The alternate decomposition of the HO,™ produced in (6) leads to the formation of OH™ and O>
as follows:

2HO; ——— > 20H + O2 (8)
The ORR on Pt usually proceeds via a 4e” process due to the presence of increased d-band
vacancy in Pt, which increases the metal-O; interaction and subsequently weakens the bond in
0. Also, the interatomic distance in Pt is favourable for the adsorption of 0,.F]

1.3.8b Mechanism of ORR

The four-electron and two-electron process usually proceed through either associative or
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dissociative mechanism. In the “associative mechanism”, molecular Oz is adsorbed on the
active centre and direct transfer of proton/electron occurs leading to the formation of OOH,
which further breaks into O and OH. In the “dissociative mechanism”, splitting of the O-O
bond in O, occurs before the transfer of proton/electron followed by the formation of OH and

then finally H2O. The mechanism on the Pt surface can be represented as follows:

1.3.8b (i) Associative mechanism

Pt+0; ——— Pt-Ozags 9)

Pt-Ozads+ H" + & ———> Pt-O2H aqs (10)
Pt-OzHags + HF + & ——————» H0 + Pt-O ags (11)
Pt-O ads + H" + & ————» Pt-OH aqs (12)
Pt-OH a5 + H* + & ——— Pt + H,0 (13)

1.3.8b (i) Dissociative mechanism

Pt + 100y ——— > Pt-O ags (14)
Pt'o ads + H+ + e- —_—> Pt‘OH ads (15)
Pt-OHags+ H" "+ ——————» Pt + H,O (16)

Due to the complexity associated in ORR, the exact mechanism is not completely understood

till now.

The Volcano plot reflects the Sabatier’s principle and explains the electronic structure and
intrinsic surface adsorption energies of a catalyst with its catalytic performance. Sabatier's
principle says that the reaction intermediates neither bind too strongly nor too weekly to the
catalyst surface. Accordingly, the oxygen adsorption strength should not be too strong with the
substrate, and it should not be too weak also.®! Because, the strong interaction of the oxygen
with the catalyst substrate creates difficulty in leaving the intermediates from the surface. This
would block the catalyst surface from the approach of the reactants and further its conversion
into the product. A weak interaction of the reactants with the substrates leads to the slow
Kinetics in the conversion of the reactant into the product. Therefore, to obtain faster kinetics,
the reactants should interact with the substrate moderately, and the formed products should
leave from the substrate surface without any difficulty. Hence, from Figure 1.11, it can be clear

that the adsorption energy of oxygen with the Pt surface is having intermediate energy, and it
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Figure 1.11. Volcano plot indicating the oxygen reduction activity as a function of oxygen

binding energy.%! (Reprinted with permission, Copyright © 2004, American Chemical

Society).

would favour the faster reduction on the surface of Pt. Therefore, Pt supported on carbon (Pt/C)
is widely employed to facilitate ORR. However, the dissolution, poisoning, and coalescence of
Pt nanoparticle in Pt/C would reduce the surface area and electrocatalytic activity during the
long-term operation and further decrease the efficiency of the fuel cell.[*’1 To address the issues
about stability and cost-effectiveness of Pt/C, numerous Pt-based alloy catalysts with
controlled architecture have been investigated for the ORR application. This includes the alloys
of Pt with Ni, Co, Fe, Cu etc., with different stoichiometric ratios. The alloys of Pt with low-
cost transition metals would improve the catalytic activity and reduce the Pt loading. This
would reduce the overall cost of the catalyst. Apart from the Pt-based catalysts, several Pt-free
catalysts are also developed for aiding the ORR. Therefore, the research has been enduring to
produce several catalysts with favourable conditions for the conversion of Oz into H20. The
following section gives a brief discussion on the development of ORR catalysts.

1.3.9 Precious-metal based ORR catalyst:

a) Pt-alloy with transition metals

Various Pt alloys have been developed with low-cost transition metals to improve the ORR
activity and further address the issues of Pt-based catalysts. The electronic structure of the Pt
is altering with suitable transition metal (TM) by lowering the d-band center of Pt, and this
affects the adsorption of 0.1 Also, the shortening of Pt-Pt interatomic distance due to the

presence of TM in the alloy favours the adsorption of Oz and subsequently facilitates the
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Figure 1.12. Relationship between the d-band center and experimentally measured specific
activity of various Pt alloy catalysts in 0.1 M HCIO4 solution at 333K: (a) Pt-skin and (b) Pt-
skeleton surface.’1 (Reprinted with permission from Springer Nature; License Number:
4803991389940).

ORR.F¥2 Stamenkovic et al. studied the specific activity of various PtsM (M= Fe, Co, Ni, V
and Ti) alloys with the d-band center.’] According to the study, the ORR activity on Pt, Pt
skeleton, and Pt skin surfaces following the order Pt < Pt skeleton < Pt skin. Among the studied
alloys by Stamenkovic et al., the PtsCo skin morphology is exhibiting the improved activity
and is about 2-3 times higher than of Pt (Figure 1.12a-b). The study indicates that for obtaining
a better ORR catalyst, the adsorption energies of the intermediates species on the Pt surface
should counterbalance the surface coverage of the blocking oxygenated species. The
dependence of ORR activity on the morphology of Pt alloy is studied by Chen et al.[%8 The

A PtNis Polyhedra B PtNi Intermediates C Pt:Ni Nanoframes D hiNianoframes/c

&
.’6’&"

: A\ B A
REWY ! &y
(3 ‘ ‘¢ , O &> % g

& : %
r\@{*ﬁt&& RN, Ry TR

Figure 1.13. Schematic representation of the structural evolution of Pt3Ni nanofras from
PtNis polyhedra along with the corresponding TEM images.[%81 Reprinted with permission from
The American Association for the Advancement of Science; License Number:
4804070610055).
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PtsNi nanoframes is produced from the interior leaching of PtNiz polyhedra by dispersing in
the non-polar solvents like hexane and chloroform at ambient conditions. The three-
dimensional morphology of PtsNi with the interior cavity provides easy access for Oz on the Pt
surface and enhances the ORR activity (Figure 1.13). The Pt(111)- skin layer structure in PtsNi
enables nearly 22-fold improvement in the specific activity and a 36-fold improvement in the
mass activity than Pt/C. Even though the material is exhibiting higher activity in the half cell
study, the performance in a real system is missing. Also, the bulk scale production of the
material with uniform morphology and maintaining the activity is a challenge.

b) Core-shell morphology with transition metals

The leaching of TM from Pt alloy during the operation in the acidic conditions is the major
problem of the ORR catalysts. To tackle this issue, covering the TM with a thin coating of Pt
and achieving the core-shell structure is attractive. In the core-shell model, the low-cost TM is
present as the core and a thin coating of Pt is present as the shell (TMcore @ Ptshen). This not
only increases the material stability but also reduces the amount of Pt in the catalyst. The
thickness of the Pt shell influence the ORR activity and, increasing the thickness of the shell
reduces the intrinsic activity of the catalyst.5® Due to this, suitable synthesis methods are

essential to produce the core-shell model. Figure 1.14 represents the various synthesis

A -~
Ji S

i = ale e

(electro)chemical N 2 ., 0

" ] depostlion

d ng/leacning —_—
(electro)chemical sequential
— cr———

leaching nucleation

Pt rich alloy

@ Ptatom

@ metal atom

Figure 1.14. Schematic representation of the various synthesis methods for the core-shell

morphology.® (Reprinted with permission, Copyright © 2013, American Chemical Society).
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strategies adopted for the development of the core-shell structure. The electrochemical
dealloying, underpotential deposition (UPD) followed by galvanic displacement, high-
temperature annealing, electrochemical leaching etc., are the important routes of core-shell
synthesis. Kuttiyiel et. al developed the PtNiN core-shell structure with NiN as the core and Pt
as the shell (Figure 1.15).1% The PtNiN is synthesized by the chemical reduction followed by
sequential annealing in the N2 and the NHs atmosphere at ambient pressure. The Ni nitride
tunes the electronic structure of the Pt shell and favours the ORR. The use of Ni nitride core
increases the catalytic activity and stability of PtNiN/C. The mass and specific activities of
PtNIN/C is 4.5 and 6.5-fold higher than of Pt/C. This indicates the benefit attained from the
core-shell structure.
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Figure 1.15. (a) Surface strain vs. binding energy comparison of Pt and PtNiN core-shell, (b)
specific activity vs. binding energy of Pt/C and PtNiN/C and (c) schematic representation of
the formation of core-shell structure.l®® (Reprinted with permission, Copyright © 2012,

American Chemical Society).

1.3.10 Non-precious-metal based ORR catalyst:

The development of non-precious-metal (NPM) based catalysts with high ORR activity and
stability has attracted a major focus due to the possibility of reducing the catalyst cost
significantly. The NPM-based catalysts include metal oxide, carbide, sulfide, nitride etc.,
supported on various carbon supports.[:-64 Recently, the Fe-N-C based systems are getting
importance for ORR. Wang et al. developed Fe-N-C catalyst by the heat-treatment of Fe-doped
graphitic carbon nitride (Fe-g-CsN4@C) and applied for ORR (Figure 1.16).%%1 The catalyst
displays a half-wave (E1/2) potential of 0.75 V vs. RHE in 0.1 M HCIO4 solution. The system
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Figure 1.16. lllustration of the synthesis of Fe-g-CsNs@C and Fe-N-C.[%1 (Reprinted with
permission, Copyright © 2014, American Chemical Society).

exhibits better stability with only 12 mV negative shift in the E1/2 value. Wu et al. synthesized
S-doped Fe-N-C system by the pyrolysis of metal-organic-framework (MOF).[%¢1 The system
shows an E1 value of 0.82 V vs. RHE in 0.1 M HSOg4 solution. The fuel cell testing of the
system by employing S-doped Fe-N-C as the cathode displays the maximum power density
800 mW cm. Various metal oxides are analysed for ORR and displaying excellent activities
in alkaline conditions. Liang et al. explored the ORR activity of CosO4 supported reduced
graphene oxide (rGO) for ORR in 0.1 M KOH solution.[®”] The synergic interaction of CosOs
and rGO imparts high ORR activity and the stability. The poor stability of many metal oxides
in acidic conditions limits their wide application. The transition metal sulfide (TMS) based
catalysts are attracting significant attention due to their excellent stability in both acidic and

alkaline environments.[%8 Tang et al. developed highly active ORR catalyst by dispersing

CoS/g-CsNe-H*IGO C09Ss/NSGg.cona
g-C TN;-H’! \ © C atom 2 7
: © graphitic N

@ pyridinic N
o pyrrolic N
© S atom
©0 atom

&

Figure 1.17. Schematic representation of the synthesis of CogSs/NSG by following the two step
process.[®! (Reprinted with permission, Copyright © 2017, American Chemical Society).
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Co9Ss nanoplates on N, S-dual doped graphene support (Figure 1.17).1%1 The dual doped
graphene support provides excellent durability during ORR. Also, the interaction between
Co09Sg nanoplates and N, S-doped graphene support provides improved activity. The study
indicates that proper selection of carbon and the metal sulfide reduces the overpotential of
ORR. Jakub et al. prepared pyrite type CoS> through hydrothermal route and analysed for ORR
in 0.1 m HCIO4 solution.[’™ The pyrite type CoS; displays good ORR activity and the number
of electron transfer is nearly 4 during ORR. The durability of the catalyst is excellent in the
acidic condition with nearly similar activity after 15 h stability analysis compared to the initial

performance.

1.4 Water Electrolyser

The major parts of water electrolyser are anode, cathode, and membrane as separator. By
applying an external power supply, the oxidation of hydroxyl ions at the anode produces O>
from water (OER). At the same time, protons are reduced at the cathode and produce H> (HER).
The theoretical onset potential of water electrolysis is 1.23 V in both alkaline and acidic
electrolytes.l’*"21 However, due to the overpotential associated with the respective electrode
reactions, the potential would shift to a higher value than the theoretical potential.?l This
would reduce the efficiency of the system because an additional supply of energy is needed to
facilitate the water electrolysis. Hence, the overpotential of the reactions at the respective
electrodes dramatically affects the output of the system. Compared to HER, the overpotential
of OER is higher. This is due to the involvement of transfer of four-electrons in OER compared
to the two-electron transfer in HER. Therefore, in order to achieve better system-level
efficiency, the overpotential associated with the OER catalyst should be minimal.
Electrocatalysts are playing a significant role in reducing the overpotential and obtaining higher
activity. Hence, the development of highly efficient, cost-effective OER catalysts is playing a

crucial role in the wide commercialization of water electrolyser for H> generation.

1.4.1 Mechanism of Oxygen Evolution Reaction
OER is the cathodic half-cell reaction of the water electrolysis. The mechanism of OER in

acidic and alkaline media is given below:

Acidic media:["!
M+ HO——— M-OH+H"+¢ (17)
M-OH ——» M-O+H" +¢ )
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M-O + H;,0 ————* M-OOH + H* + & (19)
M-OOH ————» M-O + H" + ¢ (20)
M-O, ——— > 0+ M 21)
Alkaline media:["
M+OH ———> M-OH +¢ (22)
M-OH + OH ——> H,0 + M-O + ¢ 23)
M-O + OH" —— M-OOH + ¢’ (24)
M-OOH + OH———» M-0; + H,0 +e (25)
M-Op——— 0, + M (26)

where, M is the active centre.

1.4.2 Electrocatalysts for Oxygen Evolution reaction:

The RuO2 and IrO; are the state-of-the-art catalysts for facilitating OER in the anode of the
water electrolyser. The high cost along with the poor stability of these materials acts as the
bottleneck for the commercial production of Hz from water. To address these issues, developing
highly efficient OER catalyst in a cost-effective method is fascinating. The following section
provides the brief discussion on the development of OER catalysts for water splitting

application.

1.4.2a Precious-metal based OER catalysts:

The RuO2 and IrO2 nanoparticles with size ~6 nm were developed by Lee et al. and studied for
OER in both acidic and alkaline electrolytes.[® Initially, the Ru and Ir nanoparticles were
prepared in oleyalamine-mediated solution followed by heat-treatment in O, atmosphere. The
produced rutile type RuO2 and IrO2 show onset potential at ~1.4 V vs. RHE with better stability
in both acidic and alkaline conditions (Figure 1.18a-d). This is due to the thermodynamic
stability of the developed rutile type structure of RuO2 and IrO». Even though the catalyst is
exhibiting improved performance, the cost of the material is high due to the use of precious
metals in the system. Hence, the development of non-precious metal-based OER catalyst is

highly desirable for water electrolysis application.
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Figure 1.18. (a) Cyclic voltammogram (CV) of IrO2 in 0.1 M KOH solution, (b) CV of RuO>
in 0.1 M KOH solution (c) CV of IrO2 in 0.1 M HCIO4 solution and (d) CV of RuOz in 0.1 M
HCIO, solution.[””! (Reprinted with permission, Copyright © 2012, American Chemical
Society).

1.4.2b Non-precious-metal based OER catalyst:

The development of cost-effective catalysts for OER and subsequent application in water
electrolysis is crucial for the low-cost production of H> from water. Various transition metal
oxides (TMOs) show enhanced OER activity in alkaline conditions. The electrical conductivity
of many TMOs is poor. Hence, for obtaining a better electrochemical activity, dispersing the
TMO on suitable conducting substrate is essential. The OER catalyst developed by Li et al.
with hierarchical CoNiOx/rGO by following the self-assembly followed by heat-treatment
method is significant (Figure 1.19).I¢! The material displays OER activity better than the state-
of-the-art catalyst. The improved activity is related to the hierarchical morphology, porous
structure and large surface area possessed by CoNiOx/rGO. The overpotential displayed by the
system is nearly 310 mV at 10 mA cm current density in 0.1 M KOH solution. The transition
metal sulfide (TMS) based catalysts are emerging as excellent materials in water splitting
applications. They are mainly employed as HER catalysts and exhibit enhanced activity and
stability. However, the OER activity and further the overall water splitting analysis of TMS

derived catalysts have not been thoroughly investigated. Some of the interesting works in this
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Figure 1.19. Schematic representation of the synthesis of CoNixO/rGO, (b) comparison of the
OER activity of CoNixO/rGO with control samples in 0.1 M KOH solution and, (c) comparison
of the Tafel slopes of the prepared materials.[®! (Reprinted with permission from John Wiley
and Sons; License Number: 4804661047883).

area are summarized here. Wang et al. developed the cobalt sulfide (Co-S) based catalyst for
water splitting application.l’”l The ZnO nanowires (NWSs) were grown on the carbon paper (CP)
by following the wet-chemical method. The ZnO is coated with polydopamine (PDA), and
subsequently heat-treatment at high temperatures produces carbon-coated ZnO/CP. The acid
washing of the material leads to the carbon tubes supported on CP (CP/CTs). Co-S is deposited
through electrochemically on CP/CTs and forms the final catalysts CP/CTs/Co-S. The overall
water splitting analysis displays nearly 1.74 V for achieving the current density of 10 mA cm”
2 in CP/CTs/Co-S (Figure 1.20). This is around 64 mV higher than of the state-of-the-art
catalyst-based electrolyzer. Therefore, further improvement in the activity is needed to
overcome the state-of-the-art system. Chaiti et al. prepared phosphorous incorporated cobalt
molybdenum sulfide on carbon cloth (P-CoMoS/CC) for water splitting application.”8! The
phosphorous incorporation enhances the catalytic activity and stability. The carbon cloth acts
as the substrate to decorate P-CoMoS during the hydrothermal reaction. P-CoMoS/CC requires
1.54 V to reach the current density of 10 mA cm?2in 1 M KOH solution. The material displays
~90 % retention in performance after 100 h stability analysis.
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Figure 1.20. (a) Comparison of the overall water splitting activity of CP/CTs/Co-S with the
state-of-the-art system in 1 M KOH solution, (b) stability test of the catalyst, (c) gas
quantification of the evolved gases during water splitting and, (d) image corresponds to overall
water splitting with a 1.5 V battery.’”1 (Reprinted with permission, Copyright © 2016,

American Chemical Society).

1.5 Scope of the Present Research Work and Objective of the Thesis

The development of non-precious metal-based electrocatalysts is highly desirable to reduce the
overpotential of ORR and OER. Such catalysts can help in further improving the efficiency of
the system. The application of the noble metal-free catalysts is important in this direction due
to their low cost and enhanced activity. The typical noble metal-free ORR catalysts are
transition metal oxides, nitrides, phosphides, sulfides, carbides etc., supported on various
carbon substrates. Among them, the transition metal sulfide (TMS)-based catalysts are
attracting significant attention due to their excellent stability in both acidic and alkaline
environments. Also, the high electronic conductivity, fascinating electrochemical activity,
diverse structural types along with the cost-effective synthesis of TMS have attracted the

researchers. Therefore, developing the TMS derived catalysts for ORR and OER is significant.

The key objective of the present thesis is to develop highly active and stable TMS derived
catalysts for ORR and water electrolysis. Improving the active center density and

simultaneously refining the activity of the catalyst can be achieved with the morphology tuning.
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Modifications in the structure of the nanomaterial can bring significant enhancement in the
intrinsic activity by exposing the various planes, increasing the electrochemical active surface
area (ECSA), and formation of defects in the material. The role of the supporting material is
also significant for accomplishing improved activity and optimum stability, since the support
material provides the proper electrical conductivity and corrosion resistance to the material.
Therefore, careful selection of the low-cost and highly conducting material as support material
is crucial for the development of an efficient catalyst. Also, simple and scalable routes of
synthesis are required for the bulk scale production of the catalyst. Many of the reported TMS-
based catalysts are studied mainly in half-cell conditions. The system-level confirmation of the
activity is missing in many of the recent reports. Hence, significant modulation in the activity
of the TMS-derived nanomaterials is required to achieve their practical application in the
devices. Also, understanding the activity parameters influencing the catalyst performance can
be identified with the detailed physico-electrochemical characterizations of the developed
catalysts.

The specific objectives and work components considered for the preparation of the present
thesis are as follows:

1) To follow an environmentally friendly and cost-effective method for the synthesis of
layer-separated distribution of MoS. supported on reduced graphene oxide (rGO) by
the intervention of Co(OH).. Analysing the ORR activity of the prepared material in
alkaline conditions. Besides, special emphasis is given to the optimisation of the
catalyst by tuning the active-site density of MoS> by reducing the number of layers on
rGoO.

2) To develop a CogSg nanoparticle-based highly active and stable ORR catalyst, which is
compatible with both acidic and alkaline conditions. The synthesis is optimised in such
a way that a homogenous dispersion of the CogSg nanoparticles can be achieved over
the nitrogen doped carbon surface. The stability improvement of the catalyst with
graphitic carbon coating on the CogSg nanoparticles surface and their dispersion on the
surface of nitrogen-doped carbon are also studied.

3) Synthesis of few-layer MoOz from MoS; through hydrothermal treatment and
concomitantly dispersing Ni(OH)2 on MoOs. Transforming Ni(OH)2 into NiO by heat-
treatment to achieve better OER activity is attempted. The electrical conductivity could
be maintained by judicious combination of Vulcan carbon (VC) and MoOs in the
system. Finally, a highly efficient catalyst for OER is obtained, and it is further explored

in water electrolysis application.
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4) To develop a carbon-free catalyst for water splitting application. Exploring the

advantages of nickel foam (NF) as both the substrate and precursor for nanomaterial.
Preparation of hierarchical structure of CogSs-NizS2 on NF and to explore the same as
the self-standing and binder-free electrode for water electrolysis application.

5) System-level validation of the developed catalysts for PEMFC and water electrolysis

applications.
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Chapter-2

Layer-separated MoS, Bearing Reduced Graphene Oxide Mediated by
Co(OH)2 as a Pt-free Electrocatalyst for Oxygen Reduction Reaction

A significant improvement in the electrochemical oxygen reduction reaction (ORR) activity of
molybdenum sulfide (MoS2) could be accomplished by its layer separated dispersion on
reduced graphene oxide mediated by cobalt hydroxide (Co(OH)2) through a hydrothermal
process (Co(OH)2-MoS2/rGO). The activity makeover in this case is found to be originated
from a controlled interplay of the favourable modulations achieved in terms of electrical
conductivity, more exposure of the edge planes of MoS: and promotional role played by the
coexistence of Co(OH). in the proximity of MoS,. The Co(OH).-MoS,/rGO displays an
oxygen reduction onset potential of
0.86 V and a half-wave potential (E1/2)
of 0.74 V vs. RHE in 0.1 M KOH
solution, which are much higher than
that of the corresponding values (0.71
and 0.35 V, respectively) displayed by
the as-synthesized pristine MoS (P- | IS e :
MoSz)  under  the  identical [ & % LQ\~ £
experimental conditions. The Tafel ‘ Pl -
slope corresponding to oxygen

reduction for Co(OH)2-MoS2/rGO is estimated to be 63 mV/decade compared to 68 mV/decade
displayed by the state-of-the-art Pt/C catalyst. The calculated number of electron transfer
during oxygen reduction for Co(OH)2-MoS2/rGO is in the range of 3.2-3.4 in the potential
range of 0.70 V to 0.10 V, which again stands out as a valid evidence on the much favourable
mode of oxygen reduction accomplished by the system compared to its pristine counterpart.
Overall, the present study demonstrates a viable strategy of tackling the inherent limitations,
such as low electrical conductivity and limited access to the active sites, faced by the layered
structures like MoS> to position them among the group of potential Pt-free electrocatalysts for
oxygen reduction.

Content of this chapter is published in the following article:
Nanoscale, 2015, 7, 16729-16736.

(https://pubs.rsc.org/en/content/articlelanding/2015/NR/C5NR04415D#!divAbstract)

Reproduced by permission of Nanoscale, The Royal Society of Chemistry.
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2.1 Introduction

The low temperature fuel cells, mainly, polymer electrolyte membrane fuel cells
(PEMFCs), presently use Pt based electrocatalysts for tackling the kinetically sluggish
oxygen reduction reaction (ORR).[M As potential alternatives to the expensive Pt,
electrocatalysts based on different carbon morphologies and early transition metals are
being explored.[? 31 Some of such catalysts are reported to be having close-matching
ORR characteristics as that of the Pt based materials, even though a system level
exploration of such materials is still in the infancy stage. As the efforts on developing
the cost-effective ORR catalysts picked up substantial momentum recently, heteroatom
doping on carbon morphologies has been recognized as one of the most prospective
strategies to pitch for the target.* 51 However, most of the heteroatom doped
carbonaceous materials require high annealing temperatures and, subsequently, this
leads to higher energy consumption for the material synthesis.[fl Similarly, the bulk
scale production of the heteroatom doped carbon by high temperature annealing in the
furnace is challenging.l”l Such limitations of the processes overshadow the expected
benefits of having them for various large scale applications.

Recently, layered inorganic materials, such as WS> & MoSe; [, MoS; %12 etc.,
prepared through simple hydrothermal methods, have attained substantial research
interest as many of such systems are found to be displaying interesting electrochemical
activity characteristics towards oxygen evolution reaction (OER) and hydrogen
evolution reaction (HER).[*? 13151 Even though the preparation methods involved in the
hydrothermal processes are simple, unfortunately, due to the unsolved issues related to
conductivity and layer stacking, these layered inorganic materials so far could not attract
much space in the ongoing efforts to develop cost-effective alternatives to the state-of-
the-art Pt based electrocatalysts for ORR.[® 171 However, considering the promising
activity of MoS; towards HER, perhaps MoS: has paved a great attention among all the
aforementioned layered inorganic materials.['8 ] The synthesis of M0S2/rGO is getting
wide attention in recent years because rGO plays a vital role in reducing the stacking of
MoS: in the composite and it also helps the system to facilitate better electrocatalytic
activities.[14 20-231

Recent studies have revealed that the ORR activity of MoS: is significantly poor
compared to the Pt based or even to the heteroatom doped systems.?* There are reports

on tuning the ORR activity of MoS:z by controlling the size and also by supporting MoS»
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on gold.[?*2¢1 These studies indicate that edge exposed synthesis of MoS; leads to better
ORR activity compared to their growth patterns in the form of stacked sheets. Also, a
recent theoretical study shows that the presence of cobalt in the MoS; layers can improve
the ORR activity of M0S2[?"1 However, synthesis of such a combined system is not
explored and hence a direct experimental validation on the modulation of the ORR
properties is missing at present. In our present study, we report a method to significantly
improve the ORR activity of MoS2 by Co(OH): intervention and by confining its growth
along the surface of rGO sheets. It has been observed that when the MoS; formation is
facilitated in the presence of graphene oxide (GO), a surface spread-out growth pattern
of MoS: could be achieved with significantly reduced the number of the MoS; layers in
their sheet-like growth pattern. The presence of the Co moiety is also found to be
contributing in dictating the growth pattern on MoS», but the role of this small amount

of the Co entity in reducing the overpotential for ORR is more significant.

2.2 Experimental Section
2.2.1 Materials

Ammonium molybdate tetrahydrate ((NHs)sMo07024. 4H20), elemental sulfur powder,
graphite, potassium permanganate (KMnOg), cobalt nitrate hexahydrate (Co(NOs3)2.
6H20), hydrazine hydrate (N2H4. H20) were purchased from Sigma-Aldrich Chemicals.
Sulphuric acid (H2SOa), phosphoric acid (HsPOs), hydrogen peroxide (H202) and
hydrochloric acid (HCI) were procured from Thomas Baker. All the chemicals were

used without any further purification.

2.2.2 Graphene Oxide (GO) Synthesis

GO was synthesised using the modified Hummer’s method.[?®] Briefly, graphite powder
and KMnOas were mixed well and slowly added to a 9:1 mixture of H,SO4 and H3POa.
The solution was then kept for refluxing at 60 °C overnight. The resulting mixture was
slowly added to ice containing 5 mL of 30% H202. The mixture was washed
subsequently with conc. HCI, water, ethanol and diethyl ether in sequence. The obtained

viscous solution was kept for drying at 50 °C in a vacuum oven for overnight.
2.2.3 Synthesis of MoSz-P

Pristine MoS; (hereafter called as MoS-P) was synthesised with a slight modification of a
reported work.[?°1 0.08 mmol ammonium molybdate tetrahydrate ((NH4)sM07024. 4H20),
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1.1 mmol elemental sulfur powder and 1 mL hydrazine hydrate (N2Hs. H20) were
dispersed in 35 mL of DI water by sonication for 1 h and the mixture was transferred
into a 50 mL Teflon-lined autoclave. Subsequently, hydrothermal treatment was carried
out at 180 °C for 12 h and the temperature was allowed to cool down to room
temperature. The resulting mixture was filtered and washed with ethanol and water. The
wet cake was dried in an oven at 60 °C for 5 h. The obtained material is called as MoS-
P.

2.2.4 Synthesis of Co(OH)2-MoS2/rGO

The overall synthesis was performed by using a simple hydrothermal method. The
hydrothermal method involves the reaction of ammonium molybdate tetrahydrate
((NH4)6M07024. 4H20, 0.08 mmol), sulfur powder (1.1 mmol), graphene oxide (GO,
1.5 mg/ml) and cobalt nitrate (Co(NOz3)2. 6H20, 0.05 mmol) with hydrazine hydrate
(N2H4. H20, 1 mL) as the reducing agent at 180°C for 12 h. The resulting mixture was
filtered and washed with ethanol and water. The wet cake was dried in an oven at 60 °C
for 5 h. Under the experimental conditions, GO is found to be undergoing partial
reduction, and the corresponding entity in the final product is termed as rGO, instead of
GO. Thus obtained sample is designated as Co(OH)2-MoS2/rGO.

&

»

SN
e
— > N e, -
<« -

Edge exposed bulk MoS, Stacked layers of MoS,

180 °C
Hydrothermal Reaction

rGO support decorated with Co{OH),

Figure 2.1. Schematic representation of the synthesis of MoS>-P and Co(OH)-
MoS2/rGO through the hydrothermal method. MoS»-P leads to stacked layers of MoS:,
whereas these layers could be simultaneously separated into bundles of smaller
numbers of layers and dispersed on the surface of rGO in the case of Co(OH)»-
MoS,/rGO.
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2.2.5 Synthesis of M0S2/rGO and Co(OH)2/rGO

MoS2 was also synthesized in the presence of GO but without using Co(NO3)2, which
is designated as MoS2/rGO. Synthesis of MoS2/rGO was carried out by following the
hydrothermal method as explained above without the addition of cobalt nitrate
hexahydrate into it. For the synthesis of Co(OH)2/rGO, the hydrothermal treatment as
explained before was carried out with GO, cobalt nitrate hexahydrate and hydrazine

hydrate.

2.2.6 Characterization
For performing the scanning electron microscopic (SEM) analysis, a Quanta 200 3D
FEI instrument was used. FEI Technai G2 T20 instrument operated at 200 keV was used
to record the transmission electron microscopic images of the samples. In the case of
Raman analysis, a LabRam spectrometer (HJY, France) operating with a laser
wavelength of 632.1 nm was employed. Using Cu Ka (1.5418 A°) radiation, X-ray
diffraction (XRD) was done in a PANalytical X’pert pro instrument. Nitrogen
adsorption-desorption experiments were conducted at 77 K using Quantachrome
Quadrasorb automatic volumetric instrument using ultra-pure N2. The X-ray photon
emission spectroscopic (XPS) analysis of the samples was carried out by using
VGMicrotech Multilab ESCA 3000 spectrometer.

The ORR measurements were carried out in a Bio-Logic (SP-300) instrument using
a three-electrode setup. The catalyst ink for ORR study was made by the following
procedure. 5 mg of the catalyst was sonicated with 1 mL of DI water-isopropyl alcohol
mixture (3:1) and 40 pL of 5 wt. % Nafion for 1 h using a bath sonicator. About 20 uL
of this catalyst slurry was transferred on the surface of a glassy carbon working electrode
(0.196 cm?) by maintaining a catalyst loading of 0.51 mg cm™. ORR activity was
evaluated in 0.1 M KOH solution using Hg/HgO as the reference electrode and graphite
rod as the counter electrode. For a comparative study, 40 wt. % Pt/C (from Johnson
Matthey) was also analysed under identical conditions by keeping a Pt loading of 100
ng cm2. Cyclic voltammetry was performed in 0.1 M KOH solution with a scan rate of
50 mV s in both nitrogen and oxygen saturated atmosphere using Hg/HgO as the
reference electrode and graphite rod as the counter electrode. All the potentials were
converted into RHE by calibrating Hg/HgO in the H; saturated 0.1 M KOH solution. 19
Linear sweep voltammetry (LSV) was carried out by recording the voltammograms at

a scan rate of 5 mV sL.
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The Koutecky-Levich (K-L) equation was used to obtain the kinetics of the reaction and

is given as below:

1 1 1

-=—4+—

J JL Jk
1 1 1

i~ Bw 2 '
where, j is the measured current density, jk is the kinetic current density, j_ is the
diffusion-limited current density and o is the angular velocity of the electrode (» =
2nt/60, f is the rotation speed).

B= 0.62nFCo 'Do?*v /6

jk= NFKCo"
where, n is the number of electrons transferred during the reaction, F is the Faradays
constant (96485 C mol™), ‘Co™ is the bulk concentration of O, (1.22 x 10°® mol cm™),
‘Do’ is the diffusion coefficient of Oz (1.9 x 10° cm? s1), v’ is the kinematic viscosity
of the electrolyte (0.01 cm? s) and ‘k’ is the electron transfer rate constant. A plot of
1/j against o/ leads to a straight line and the slope corresponds to 1/B.
The number of electron transfer (n) and percentage of hydrogen peroxide production (%
H>02) during ORR were calculated from rotating ring disc electrode (RRDE) analysis
by using the following equations:

41,
n=-————
(Ia + I /N)

200 = I,/N
(g +I:/N)

where, Ir, Id, and N are the ring current, disc current and collection efficiency (0.37),

% H202 ==

respectively.

The durability analysis of both Co(OH)>-MoS2/rGO and Pt/C was carried out by the
accelerated durability test (ADT). For this, CV was performed for 5000 cycles at a scan
rate of 100 mV sec! in the potential window of 1.0 to 0.60 V. The LSV was recorded
before and after the 5000 cycle ADT at a scan rate of 5mV s and at 1600 r. p. m of the
working electrode. The electrochemical impedance (EIS) study was carried out in a
frequency range of 10° kHz to 0.1 Hz with an AC amplitude of 10 mV at 0.7 V. The
electrical conductivity was measured by placing the sample pellets on a non-conducting

surface and the measurement was done by the four-probe method.
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2.3 Result and Discussion
2.3.1 SEM Analysis

The hydrothermally synthesized MoS»2-P shows a high density of exposed edges as
evident from the SEM images presented in Figure 2.2a and b. However, the flakes look
like adhered strongly, leaving an interconnected structure with protruded edges at
distinct locations. The SEM-EDX elemental mapping of MoS»-P provided in Figure
2.2c-e indicates the presence of molybdenum and sulfur in the system. Figure 2.3
illustrates the SEM images of MoS2/rGO and the presence of rGO during the growth of
MoS: is found to be improvising the growth pattern of the system, where a flower like
structure has been observed. This indicates an influential role played by rGO in dictating
the growth of the MoS; layers.[*3

Overlay

Figure 2.2. SEM images of (a) MoS2-P, (b) magnified portion of MoS2-P marked in the
red square (red arrows indicate the exposed edges in MoS2-P) and (c-e) SEM-EDX
elemental mapping of MoS2-P clearly indicating the uniform distribution of Mo and S

in the material.

Figure 2.3. (a-b) SEM images of MoS2/rGO.
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Interestingly, after the intervention of Co(OH)z (i.e., Co(OH)2-MoS2/rGO), a prominent
change in the morphology of MoS2/rGO has been observed (Figure 2.4a and b). Well
defined cauliflower-like growth pattern with a substantially increased density of the
exposed edge planes is the main characteristics of Co(OH)2-MoS,/rGO compared to the

previous two systems.

Figure 2.4. (a) SEM images of Co(OH)2-MoS2/rGO and (b) magnified portion of the

red square in image b.

In order to check the distribution of elements in Co(OH)2-Mo0S2/rGO, the SEM-EDX
elemental mapping was carried out and the images are presented in Figure 2.5. From
Figure 2.5a-f it is confirmed that carbon, molybdenum, sulfur, cobalt and oxygen are
distributed uniformly in the system. Hence, the SEM analysis concludes that the edge
exposed MoS: is achieved if the reaction proceeds in the presence of GO. The detailed
information on the edge exposed nature of the formed MoS: in Co(OH)2-MoS2/rGO is

explained in the following section.

(2)

Figure 2.5. SEM-EDX elemental mapping of Co(OH)2-MoS2/rGO; (a) carbon, (b)

molybdenum, (c) sulfur, (d) cobalt, (e¢) oxygen and (f) overlay.
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2.3.2 TEM Analysis

Figure 2.6. (a) TEM image of pristine MoS2 (MoS2-P), (b) magnified image of MoS.-P
(inset shows the lattice fringe profile of MoS2 marked in the white circle), (c) TEM image
of Co(OH)2-MoS2/rGO (white arrows indicate the MoS> layers), (d) magnified image of
Co(OH)2-Mo0S2/rGO marked in the red dotted square in image c (inset shows the lattice

fringe profile of MoS2 marked in the white circle).

More insightful information on the growth pattern of the MoS: phase could be obtained
from the TEM analysis. Figures 2.6a to d show the TEM images of MoS2-P and
Co(OH)2-Mo0S2/rGO. MoS»2-P (Figure 2.6a and b) displays an assembly consisting of
the stacking of many layers together, with an estimated d-spacing of 0.65 to 0.74 nm.
These are corresponding to the (002) planes of M0S2.12%1 On the other hand, in the case
of Co(OH)2-MoS2/rGO, the number of layers in the MoS: stacking is found to be
significantly reduced (Figure 2.6¢c and d). Also, the MoS> phase is found to have
attained its growth along the surface of rGO in a distributed fashion. The estimated d-
spacing value of MoS: in this case is found to be approximately 0.62 nm. On the other
hand, MoS,/rGO is also found to have attained some level of dispersion of MoS> on
rGO, but the quality and homogeneity of the dispersion in this case is found to be inferior
to that of Co(OH)2-Mo0S,/rGO (Figure 2.7). Also, the measured d-spacing value is
found to be slightly higher (0.65 nm) in the case of M0S2/rGO compared to Co(OH)»-
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Figure 2.7. (a-b) TEM images of MoS2/rGO

MoS2/rGO. The decrease in the d-spacing after the Co(OH)2 incorporation could be due
to the decrease in the number of MoS: layers in Co(OH)2-MoS»/rGO, and this type of
d-spacing reduction due to the reduction in the number of the MoS> layers after
exfoliation is already reported in the literature.[?*] From the aforementioned discussion
on the analysis of the growth pattern of the MoS: phase in the different cases, it can be
readily seen that rGO acts as an influential substrate in the system by effectively
reducing the number of the stacked MoS: layers in its growth pattern. Co(OH): is also
found to be playing a vital role in maintaining a proper dispersion of MoS> on the rGO
surface, all the while keeping the number of the stacked layers of MoS: significantly
low. Also, when rGO accommodates the growth of MoS: on its surface, the MoS> phase
attains a spread-out nature. This provides better accessibility of its surface, which has

an influential role in modulating the catalytic activity of the system.

2.3.3 XRD Analysis

The XRD pattern corresponding to MoS2-P as presented in Figure 2.8 depicts the
presence of the (002), (100), (102), (105) and (110) planes of M0S; at the 260 values of
14.1°, 32.4°, 35.4°, 49.6° and 57.2°, respectively. These values are matching well with
the reported values of the corresponding planes of the material in the literature.[*?8 The
peak position corresponding to the (002) plane of MoS: in MoS2/rGO is found to be at
14.2° whereas that of Co(OH)2-MoS2/rGO is appeared at 14.3°, suggesting a decrease
in the interplanar distance of MoS: from Mo0S2/rGO to Co(OH)2-MoS2/rGO. This
observation is in accordance with the d-spacing values deduced from the lattice fringes
of MoS: in the TEM images of the samples. The presence of the peak at 24.1° for
MoS2/rGO and 24.8° for Co(OH)2-MoS2/rGO indicates the presence of the (002) plane

for the graphitic carbon in the samples. However, there is a prominent difference in the
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Figure 2.8. (a) Comparison of the XRD profiles of MoS,-P, MoS,/rGO and Co(OH).-
MoS2/rGO (inset shows the shift in the (002) peak of MoS: for the respective samples)

intensities of this peak in these two samples. This might be due to the intervention by
Co(OH)2 on MoS: in Co(OH)2-MoS2/rGO, which creates more structural deformation
compared to MoS»/rGO as evident from the SEM images (Figure 2.3). The XRD peaks
for Co(OH)2 in Co(OH)2-MoS2/rGO are observed at 13.7°, 33.6°, 40.4°, and 59.6°,
which are attributed to the (003), (012), (015) and (110) planes of Co(OH)2,

respectively.[??]

2.3.4 Raman Analysis

The Raman spectra of the samples are presented in Figure 2.9. The spectra display the
characteristic peaks at 380 and 407 cm™ for MoS,-P and 380 and 406 cm™ for
MoS2/rGO, which indicate the Ezg and Aig vibration modes of MoS; in the samples
respectively.[?8] The corresponding peaks of MoS; in the case of Co(OH)2-MoS2/rGO
are found to be appearing at 378 and 401 cm™, respectively. The separation distance of
the A1g and Exg peaks is directly related to the number of the layers of MoS: in its growth
pattern.[?®l Considering this relation, the lower value of the peak separation in the case
of Co(OH)2-MoS2/rGO (23 cm™) compared to MoS2/rGO (26 cm™) and MoS2-P (27 cm”
1) stands out as a valid evidence on the reduced number of the layers occupied by MoS;
in the former case. Indeed, rGO as a support is playing a crucial role in attaining the
lower number of the sheets in MoS2. However, since the Aig-E2g peak distance in the
case of Co(OH)2-MoS2/rGO is found to be lower than that of MoS2/rGO, the promoter
Co(OH):2 is also found to be playing a decisive supporting role in reducing the
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Figure 2.9. Raman spectra of MoSz-P, MoS2/rGO and Co(OH)2-MoS2/rGO (inset shows

the magnified region of the peaks for MoS; of all the three samples).

number of the layers of MoS: in its growth pattern. This reduction in the number of the
layers indicates more spread-out growth of MoS2 on rGO, which is expected to lead to
exposure of more edge active sites and thereby promote dioxygen adsorption and its
reduction.

In addition to the peaks for MoS, the Raman spectra also display the D and G band
of graphene in the case of the both rGO based samples. The corresponding peaks
positioned for MoS,/rGO are appearing at 1326 and 1603 cm™, whereas a redshift is
observed for these peak positions (1318 and 1597 cm, respectively) in the case of
Co(OH)2-MoS2/rGO. This indicates higher strain induced on the graphene sheet in the
latter case, which can be accounted by the more spread-out dispersion of the MoS: phase
on rGO by the intervention of Co(OH)2. The redshift in the Raman spectra of Co(OH)-
MoS2/rGO could also be attributed to the charge transfer from Co(OH). to rGO. The
respective Ip/lg ratios for MoS2/rGO and Co(OH)2-MoS2/rGO are 1.30 and 1.33, which
indicate the more number of defective sites present on Co(OH)2-MoS2/rGO. The peaks
that appeared at 820 and 994 cm™, as shown inside the dotted line of Figure 2.9, are
attributed to the stretching vibration mode of the terminal Mo=0 group. This indicates
the presence of the oxides of molybdenum in the composite, feasibly formed during the
sample preparation.[?4]

2.3.5 Surface Area and Pore-size Distribution Analysis
The BET surface area (Figure 2.10a) of MoS,-P is found to be 32 m? g. With the
dispersion of MoS; on rGO (i.e., M0S2/rGO), the surface area has been increased to 43.1
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Figure 2.10. (a) N2 adsorption-desorption isotherm profiles of MoS2-P, MoS,/rGO and
Co(OH)2-MoS2/rGO and (b) pore size distribution profiles of MoS2-P, MoS./rGO and
Co(OH)2-M0S2/rGO.

m? g, which is in accordance with the recent literature reports.[*% 38 However, even
though Co(OH): is found to be promoting layer separated dispersion of MoSz on rGO,
the surface area of Co(OH)2-MoS2/rGO is found to be only 29.3 m? g. This slight
reduction in the surface area compared to MoS2-P and MoS,/rGO further confirms the
interaction of the layers of MoS; by Co(OH)2 along with the surface aligned growth of
Co(OH): as a thin layer on the rGO surface. Also, there are literature reports showing
lower surface area values for pure Co(OH)2.1?! Interestingly, the pore size distribution
of the samples (Figure 2.10b) shows mesoporous nature and the pore size and pore
volume in the range of 3-5 nm is found to be increased from MoS,-P to Co(OH).-
MoS2/rGO. This modulation in pore distribution characteristics is expected to make the
active sites more accessible for dioxygen reduction reaction in the case of Co(OH)»-
MoS2/rGO by facilitating improved mass transport.

2.3.6 XPS Analysis

The X-ray photoelectron spectra (XPS) of Co(OH)2-MoS,/rGO are shown in Figure
2.11. The survey spectrum of Co(OH)2-Mo0S2/rGO shown in Figure 2.11a indicates the
prominent peaks for carbon, sulfur, molybdenum, oxygen and cobalt in the material.
The carbon spectra (Figure 2.11b) show the peaks corresponding to the graphitic carbon
at 284.6 eV, the C-O group at 286.2 eV and the C=0 group at 287.5 eV, respectively.?®]
The molybdenum spectra (Figure 2.11c) show peaks at 228.6 and 231.6 eV of the 3ds/2
and 3das states of molybdenum respectively, of MoS, 271, The sulfur XPS spectra

(Figure 2.11d) show the 2ps;2 and 2py/2 states of the sulfide ions at 161.8
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Figure 2.11. Deconvoluted XPS of (a) survey spectra, (b) carbon, (c) molybdenum, (d)
sulfur (e) cobalt and (f) oxygen in Co(OH)2-MoS2/rGO. The black curve corresponds to
the raw data and the red curve represents the fitted data.

and 163.3 eV, respectively.[?8] These two spectral characteristics substantiate the
presence of the MoS; phase in the composite. In addition to the peaks for MoS;, the Mo
spectra also show the peaks for oxidized molybdenum at higher binding energies (230.5,
232.6, 233.7 and 235.6 eV). This could be due to the formation of some percentage of
oxides of molybdenum with the adsorbed oxygen molecules.>’1 However, the bulk
characterization technique XRD was not showing any peaks corresponding to the MoO3
phase. XRD analysis of M0S2-P was giving the characteristics peaks corresponding to
the MoS: only (Figure 2.8). Hence, it can be concluded that the trace amount of the
molybdenum oxide formed in the samples might be due to the adsorbed oxygen
molecules. The deconvoluted sulfur spectra (Figure 2.11d) show peaks at 168.5 and
169.8 eV, which are attributed to the presence of sulfite and sulfate, respectively. The
deconvoluted XPS spectra of cobalt in Figure 2.11e depict the peaks at 782.6 and 798.5
eV with a peak separation of 15.9 eV. These two peaks represent the 2ps» and 2p1»
states of Co(OH)2, respectively. The oxygen XPS spectra (Figure 2.11f) display a peak
at 531.9 eV for the oxygen bonded with carbon and that could be originated from
rGO.B% Another peak present at 532.9 eV indicates the COOH group B, which is an
indication of the presence of a trace amount of unreduced graphene oxide in the system.
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A peak appeared at 534.1 eV can be ascribed to the signature corresponding to the

chemisorbed oxygen moiety in the system.[32 3

2.3.7 Electrochemical Analysis

The electrocatalytic activity of the synthesized materials towards ORR was studied with
a rotating disk electrode (RDE) having a geometrical area of 0.196 cm? The
experiments were carried out in 0.1 M KOH solution saturated with nitrogen and oxygen
depending on the requirement of oxygen-free and oxygen rich conditions. The
measurements were carried out by using Hg/HgO as the reference electrode and a
graphite rod as the counter electrode. The cyclic voltammograms of Co(OH).-
MoS2/rGO with N2 and O saturated 0.1 M KOH solution with a rotation speed of 900
rpm are given in Figure 2.12a. The increase in the cathodic current with O purging in
the system indicates that the material has active sites which can reduce the incoming
oxygen molecules.

The comparative LSVs recorded at an electrode rotation rate of 1600 rpm and a scan
rate of 5 mV s* of all the catalysts are given in Figure 2.12b. The ORR activity of the
as synthesized MoS»-P is found to be insignificant, displaying an onset potential of 0.71
V and a half-wave potential (E12) of 0.35 V. Also, the nature of the LSV indicates highly
resistive nature of the catalyst with an inferior limiting current compared to the rest of
the systems. A significant improvement in the ORR activity could be observed when
MoS./rGO was employed as the electrocatalyst. Here, the LSV gives an onset potential
at 0.81 V and an E12 of 0.65 V. The 100 mV positive shift in the onset as well as the
300 mV positive shift in the E1> compared to MoS»-P indicates the favourable activity
modulation accomplished by the composite system. Also, the nature of the
voltammogram indicates a major recovery from the ohmic overpotential faced by MoS,-
P. The improved activity is attributed to the reduced stacking of MoS; by rGO when the
former is allowed to grow along the surface of rGO, which in turn helps to expose more
active reaction centres on MoSz. Moreover, rGO as a support improves the electrical
conductivity to the system.®* The electrical conductivity measurement of MoS,-P,
MoS2/rGO and Co(OH)2-MoS,/rGO were obtained by using the four probe method. The
electrical conductivity of MoS2-P, which is found to have a significantly low value of
0.007 S cm?, is found to be improved drastically to 0.44 and 0.61 S cm™ for M0S2/rGO
and Co(OH)2-MoS2/rGO, respectively.
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Figure 2.12. (a) Cyclic voltammograms of Co(OH)2-MoS2/rGO in 0.1 M KOH solution
with N2 and O; saturation at a scan rate of 50 mV s with an electrode rotation rate of
900 rpm, (b) comparative linear sweep voltammograms (LSVs) of the samples
performed in Oz-saturated 0.1 M KOH solution at 1600 rpm of the working electrode
recorded at a scan rate of 5mV s, (c) LSV of Co(OH)2-MoS,/rGO in O saturated 0.1
M KOH solution with different rotation rates of the working electrode, (d) Koutecky—
Levich (K-L)) plots of Co(OH)2-MoS2/rGO, (e) Tafel plot comparison of the samples
with Pt/C, and (f) Nyquist plots of the samples recorded at 0.60 V vs. RHE.

A much impressive performance has been displayed by Co(OH)2-MoS./rGO
compared to MoS2/rGO, which indicates the additional benefit enjoyed by the system
through the Co(OH): interaction. The system displays an onset potential of 0.86 V and
an Ey2 of 0.74 V. The more positive E1 (by 90 mV) and onset potential (by 50 mV) of
Co(OH)2-MoS2/rGO compared to MoS2/rGO indicates improved intrinsic activity and
reaction centre density of the system. Since Co(OH)2 supported on rGO alone shows
better kinetics towards ORR (Figure 2.12b), the higher intrinsic activity attained by
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Co(OH)2-MoS,/rGO is mainly attributed to the extra synergetic effect imparted by
Co(OH). on the edge exposed MoS: layers, which already has been significantly
benefitted by the favourable interactions from its substrate rGO. Thus, the controlled
interplay of the favourable characteristics of MoS2, rGO and Co(OH). has helped to
acquire a composite material, where layer-separated distribution of MoS2 on rGO,
conductivity enhancement assisted by rGO and activity modulation induced by the
synergistic interaction of MoS with both rGO and Co(OH)2 could be simultaneously
maintained. With respect to the standard 40 wt. % Pt/C, the onset potential and E1/, of
Co(OH)2-MoS,/rGO is found to be lower by 108 and 129 mV, respectively. However,
the performance achieved by the present system is found to be much higher compared
to the reported MoS: based systems in the recent literature. [24 251

The plots of j* vs. @2 (where j” and ‘o’ stand for the current density and angular
rotation, respectively), called the Koutecky-Levich (K-L) plots®®, as presented in Figure
2.12d for Co(OH)2-MoS2/rGO are found to be maintaining linear behaviour with similar
slopes at different potential values. This type of behaviour in the K-L plots suggests the
involvement of similar oxygen reduction Kinetics in a given range of potentials.[
Along with the analysis using the K-L plots, as another useful methodology, the Tafel
slope corresponding to oxygen reduction has been calculated by plotting mass transport
corrected kinetic current density against overpotential. The corresponding Tafel plots
are presented in Figure 2.12e. The Tafel slope in the case of M0S»-P is estimated to be
220 mV/decade and this value has been reduced to 63 mV/decade in the case of
Co(OH)2-MoS,/rGO. Such a drastic change in the Tafel slope undoubtedly reveals a
more facile nature of the oxygen reduction in Co(OH)2-MoS2/rGO compared to MoS2-
P.371 The commercial Pt/C shows the Tafel slope value of 68 mV/decade.

The improved electrical conductivity of the composite also could be confirmed from
the electrochemical impedance (Figure 2.12f). The Rs values of Mo0S2-P, MoS,/rGO
and Co(OH)2-MoS2/rGO are 51.4, 48.1 and 46.6 Q, respectively. The results show that
Co(OH)2-MoS2/rGO has the lowest charge transfer resistance (Rct) value as compared
to MoS2-P and MoS,/rGO. The corresponding Rct values of M0S2-P, MoS,/rGO and
Co(OH)2-MoS2/rGO are 2805, 950 and 827 Q, respectively. The drastic reduction in the
Rct value of Co(OH)2-MoS,/rGO compared to MoS2-P indicates the improvement in
the electron transfer of the system. This would improve the ORR kinetics in the system
and subsequently improves the ORR activity. The electrical conductivity of MoS»-P,
MoS2/rGO and Co(OH)2-MoS2/rGO is obtained from the four-probe method. The
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electrical conductivity of MoS2-P, which is found to be having a significantly low value
of 0.007 S cm¥, is appeared to be improved drastically to 0.44 and 0.61 S cm™ for
MoS2/rGO and Co(OH)2-MoS2/rGO, respectively. Hence, the reduced ohmic
overpotential in the case of the LSVs corresponding to MoS2/rGO and Co(OH)2-
MoS./rGO can be directly correlated to the improvement in the electrical conductivity
of the composite system. It should be noted that rGO alone also displays reasonable
ORR activity, which is even substantially higher than that of the pure MoS»2-P (Figure
2.12b). The much improved performance of the composite of these two systems, i.e.,
MoS2/rGO, compared to the individual counterparts (i.e., M0S2-P and rGO separately),
explicitly indicates the existence of a synergetic interaction between the participants.
This interaction, fortunately turns out to be creating a favourable situation to enhance

the ORR activity of the supported system.
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Figure 2.13. (a) Calculated number of electron transfer (n) as a function of potential
using rotating ring disc electrode (RRDE) analysis, (b) H202 % detected from the ring
current during the RRDE experiment, (c-d) LSVs recorded before and after ADT of
Co(OH)2-MoS2/rGO and Pt/C in Oz-saturated electrolyte at a rotation of 1600 rpm of

the working electrode under a scan rate of 5 mV sec™.

The number of electrons transferred (n) during the dioxygen reduction by Co(OH)»-
MoS./rGO has been calculated from the rotating ring disc electrode (RRDE) analysis.
As given in Figure 2.13a, the ‘n’ value is found to be falling between 3.2 to 3.4 in the
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potential range of 0.70 V to 0.10 V, which indicates the major contribution from the
desirable 4-electron transfer. The percentage of H2O: is estimated from RRDE analysis,
and for Co(OH)2-MoS2/rGO it is nearly 28%, which is lower compared to the other
synthesized samples (Figure 2.13b). The state-of-the-art Pt/C shows the n value of
nearly 4 and a low H>O. percentage of 7%. Co(OH).-MoS2/rGO is found to be
electrochemically stable when the material was subjected to accelerated durability test
(ADT) in Oz saturated 0.1 M KOH in a potential window of 1.0 V to 0.60 V with a
cycling scan rate of 100 mV s. The LSV was taken before and after the 5000 CV cycles.
The Co(OH)2-MoS,/rGO displays a 29 mV negative shift in E1 after ADT without
suffering a significant change in the onset potential (Figure 2.13c). However, Pt/C
under the identical testing conditions experienced a negative shift in E1» and onset
potential by 39 and 15 mV, respectively (Figure 2.13d). This indicates that the intrinsic
activity of Co(OH)2-MoS2/rGO towards ORR is not changing even after ADT compared
to Pt/C, an advantage which can be credited to the layered structure of Co(OH)»-
MoS2/rGO. Unlike the nanoparticles of Pt on Pt/C, the layered structure of Co(OH)3-
MoS,/rGO might have acquired greater integrity with rGO, which possibly helps the
system to display better resistance towards aggregation and other structural changes.
The plausible mechanism of ORR on Co(OH)2-MoS2/rGO is represented as below;

O2+* — > Ox*

O2* + 2H20 + 4e——» O* + 20H" + H20 + 2¢”

O* + 20H + H,O + 26— 40H + *
The first step is the chemisorption of the O2 molecule on the Mo surface. The charge
transfer is occurring from Mo to the antibonding orbital of O, and leads to the elongation
of the O-O bond. The next step is the coupled proton-electron transfer to O>* and
subsequently produces O* and OH- (* represents the active centre). Subsequent proton-

electron transfer to O* produces OH™ and further desorbs from the catalyst surface.

2.4 Conclusions

In conclusion, a significant improvement in the electrochemical oxygen reduction
reaction (ORR) activity of molybdenum sulfide (MoS:) could be accomplished by its
layer separated dispersion on reduced graphene oxide mediated by cobalt hydroxide
(Co(OH)>) through a hydrothermal process (Co(OH)2-MoS2/rGO). The system acquired
a layer separated spread-out distribution of MoS: along the rGO surface, where the

presence of Co(OH): is found to be playing a vital role in maintaining a homogeneous
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distribution and enhanced pore size characteristics of the dispersed layer. The composite
material is showing better ORR properties in terms of the performance indices such as
onset potential, half-wave potential, number of electrons involved in ORR and Tafel
slope. The performance improvement in the case of Co(OH)>-MoS2/rGO can be
accounted on the basis of the controlled interplay of the favourable characteristics of
MoSz, rGO and Co(OH): in the system, where layer-separated distribution of MoS; on
rGO, conductivity enhancement assisted by rGO and activity modulation induced by the
synergistic interaction of MoS with both rGO and Co(OH)2 could be simultaneously
maintained. Thus, overall, the present study demonstrates a viable strategy of tackling
the inherent limitations, such as low electrical conductivity and limited access to the
active sites faced by MoS: to position such layered materials among the group of
potential Pt-free electrocatalysts for oxygen reduction.
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Chapter-3
Co09Sg Nanoparticle-Supported Nitrogen-doped Carbon as a Robust
Catalyst for Oxygen Reduction Reaction in Both Acidic and Alkaline

Conditions

This chapter illustrates the synthesis of an efficient and durable catalyst for
electrochemical Oxygen Reduction Reaction (ORR) which is active both in the alkaline
and acidic conditions by dispersing few-layer graphitic carbon coated CogSg nanoparticles
on the nitrogen-doped carbon (NVC-G) support (CosSs/NVC-G). The hydrothermal route
followed by heat-treatment in an inert atmosphere lead to the formation of CogSs/NVC-G.
The size of the CogSg nanoparticles is nearly 7-8 nm and the particles are found to be
dispersed homogeneously on the NVC-G support. The few-layer graphitic carbon formed
on the surface of CogSg nanoparticles is assisting to accomplish their small size and it also
prevents agglomeration of the nanoparticles. The presence of Vulcan carbon, glucose, and
ammonia in the reaction mixture plays a
significant role in obtaining the small size
and uniform distribution of the CogSs
nanoparticles. The ORR activity of the
obtained materials was analyzed in both 0.1
M KOH and 0.5 M H2SOs4 solutions.
Co9Sg/NVC-G displays nearly 70 mV
overpotential compared to the state-of-the-
art Pt/C in 0.1 M KOH solution. The half-
wave potential (Ei2) difference of the
N‘M » | present system is nearly 75 mV with the
) - ['£| commercial Pt/C. CogSs/NVC-G displays
! Cuwrembemi memy " "o nremy -+ | promising  ORR  activity in the acidic
conditions as well with nearly 140 mV overpotential compared to its Pt/C counterpart. The
system shows about 170 mV lower E1> value with Pt/C. The system shows good stability
both in acidic and basic conditions compared to the Pt/C system. The enhanced activity
and stability of CogSs/NVC-G could be ascribed to the reasons like homogenous dispersion
of few-layer graphitic carbon coated CosSg nanoparticles on the NVC-G support and their
proper anchoring with the support due to the presence of the heteroatom doped sites.
Finally, testing of a single cell of a polymer electrolyte membrane fuel cell (PEMFC) was
performed by employing CosSs/NVC-G as the cathode catalyst and Nafion-212 as the
proton exchange membrane. The system displays a maximum power density of 245 mW
cm? in Hz-O, and 115 mW cm in Ha-air feeding conditions, respectively. These are
promising values derived from a Pt-free cathode system compared to few such reports
available in the literature.
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Content of this chapter is published in the following article:
ChemElectroChem 2020, 7, 3123-3134.

(https://chemistry-europe.onlinelibrary.wiley.com/d0i/10.1002/celc.202000786)

Reproduced by permission from ChemElectroChem, License Number: 4879190700914.
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3.1 Introduction
The increasing energy demand along with alarms of environmental pollution and fossil

fuel depletion has forced the society to explore sustainable clean energy sources and
technologies.™*' 2 The carbon emission-free power sources are receiving wide attention
due to their eco-friendly and environmentally benign nature.¥] Compared to the fossil
fuel based energy sources, hydrogen (H2) is having high specific energy (142 MJ/kg)
and is vital for employing as an alternate fuel owing to its carbon-neutral nature.[* The
polymer electrolyte membrane fuel cell (PEMFC) is important in this circumstance due
to its high theoretical energy and power densities, high efficiency, low operating
temperature and zero-emission of greenhouse gases for the conversion of H: into
electrical energy.® 81 Hence, PEMFCs can be widely employed as a promising clean
power technology for the stationary as well as portable applications.[”- 8 However, the
sluggish Kinetics of oxygen reduction reaction (ORR) on the cathode results in the
energy loss and this acts as the bottleneck for accomplishing enhanced fuel cell
performance.t® Therefore, to facilitate the reactions in PEMFCs, Pt supported carbon
based catalysts are being employed on the electrodes.'®) The hydrogen oxidation
reaction (HOR) on the anode is faster and, therefore, it requires a relatively lower
amount of Pt catalyst.[’] On the other hand, a reasonably higher amount of the Pt-based
catalyst is required on the cathode for aiding ORR.[*!]

Even though the Pt-based catalysts are displaying better ORR activity, the
commercialization potential of PEMFCs is restricted mainly due to the issues like high
cost, scarcity, low methanol tolerance and poor stability of the Pt catalysts.[® 2 To
address these issues of the Pt catalysts, various approaches have been adopted. These
include the development of Pt-alloys with controlled architectures, core-shell
morphologies of Pt with transition metals and, noble-metal-free ORR catalysts.[*3-17]
Among them, the noble-metal-free ORR catalysts are receiving substantial attention due
to their low cost, improved activity, high methanol tolerance and, better stability.[*8 The
noble-metal-free ORR catalysts are generally comprised of metal oxide, sulfide, nitride,
etc., supported on various carbon substrates.[*®l The metal oxide-based catalysts are
reported to be displaying enhanced ORR activity and stability in the alkaline conditions.
However, relatively poor stability of many metal oxides in the acidic environment
restricts their wide utilization for this application.?® 221 Hence, for accomplishing the
large scale commercialization of PEMFCs cost-effectively, concurrent development of

the low cost, stable and efficient ORR catalysts in both acidic and alkaline conditions is
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essential. In this perspective, the application of metal sulfide based catalysts is
appropriate due to their noticeable ORR activity and excellent oxidative stability in the
corrosive atmosphere.?2241 Among the various metal sulfides, Co9Ss based catalysts are
having paramount interest due to their variable oxidation states, higher catalytic activity
and, stability.[?® 2527 Though most of the reported CoeSs based systems are displaying
ORR activity in the alkaline medium, the performance is still lacking in the acidic
conditions.l?7-2°1 Besides, literature reports indicate that supported CogSs based systems
are displaying improved catalytic activity due to the synergetic interactions and, the
extended dispersion of the nanoparticles.?” 2 301 Therefore, rational designing of the
supported CoeSg based systems is certainly desirable to exhibit the ORR activity in both
acidic and alkaline conditions and, for further developing the Pt-free cathodes for
PEMFCs.B%32]

The typical carbon substrates used for supporting the nanomaterials are carbon
nanotube (CNT), Vulcan carbon, heteroatom doped graphene, carbon nanofiber (CNF)
etc.[*” 3% The carbon support plays an important role in achieving the proper dispersion
of the nanomaterials and, subsequently in delivering enhanced fuel cell performance.
The corrosion resistance, porosity, electrical conductivity etc., of the carbon greatly
influence the system efficiency.[?*l Due to the low cost, high surface area and better
electrical conductivity, Vulcan carbon is considered as a promising substrate for
anchoring the nanomaterials.**! However, the poor stability of Vulcan carbon in the
oxidative environment causes agglomeration of the supported nanoparticles during the
long-term operation and this reduces the catalyst efficiency.[®? 33 It has been recognized
that heteroatom doping on carbon would improve the stability of the matrix and
modulates the electronic structure and adsorption energies for 02.1%¢ 371 Also, heteroatom
doping would assist for the uniform nucleation of nanoparticles and enhancement of the
active site density.[*81 Hence, for achieving the improved ORR activity and stability,
supporting the nanoparticles on heteroatom-doped carbon is highly essential.

Typically, the nanoparticle deposition on VVulcan carbon can lead to the dispersion of
the particles both on the surface as well as inside the micropores of carbon. The
nanoparticles present in the micropores of Vulcan carbon are generally inactive towards
ORR due to the ineffective formation of the “triple-phase-boundary” with the ionomer
and reactant gases.[*® Hence, to improve the utilization of the nanoparticles, the extent
of micropores in the Vulcan carbon has to be reduced. Literature reports are existing for

the production of glucose-derived carbon through the hydrothermal carbonization
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process,* which offers and opportunity of filling the micropores of Vulcan carbon with
the glucose-derived carbon. This would eventually improve the utilization of the
nanoparticles by their controlled dispersion on the carbon surface rather than in the
micropores. Considering this advantage, in the present work, the Vulcan carbon-glucose
combination was used in the hydrothermal system for producing the carbon support.
Concurrently, nitrogen doping and nanoparticle growth occur during the hydrothermal
treatment. The hydrothermal process is followed by acid washing and heat-treatment of
the obtained material in an inert atmosphere to get the CogSg nanoparticle-supported
nitrogen doped carbon (CogSs/NVC-G) (Figure 3.1). The ORR activity of CogSs/NVC-
G was investigated in both alkaline and acidic conditions. Finally, the single cell
analysis of PEMFC was performed by employing CogSs/NVC-G as the cathode catalyst
and Nafion-212 as the proton exchange membrane.

3.2 Experimental Section

3.2.1 Materials

Cobalt chloride hexahydrate (CoCl.. 6H20), glucose (CeHi1206. H20), thiourea
(CH4N2S) and potassium hydroxide (KOH) were procured from Sigma Aldrich
Chemicals. Vulcan carbon was procured from Cabot Corporation, USA. Sulphuric acid
(H2S04), ammonia (NHs), perchloric acid (HCIO4) and hydrogen peroxide (H202) were
procured from Rankem chemicals. The Nafion-212 membrane was procured from
DuPont, GmbH. 40 wt. % Pt/C was procured from Alfa Aesar. All the chemicals were

used without further purification.

3.2.2 Functionalization of Vulcan carbon (fn-VC)

Dispersed about 1 g of VC in 200 mL of 30% H20: in a round bottom flask. The material
was refluxed in an oil bath at 60 °C for 8 h. After reaching room temperature, filtered
and washed the material with an excess quantity of DI water. The obtained black
material was dried in a vacuum oven at 50 °C for 6 h. The material is hereafter called as

fn-VC and used directly for further reactions.

3.2.3 Synthesis of C09Ss/NVC-G

For the synthesis of CogSs/NVC-G, dispersed about 100 mg of fn-VVC in 30 mL of DI
water. To this, added 5.5 mmol of glucose (CsH1206. H20) and stirred for 2 h at room
temperature. About 1.2 mmol of cobalt chloride hexahydrate (CoCl>. 6H20), 2.5 mmol
of thiourea (CH4N2S) and 2 mL of ammonia (NH3) were added in the above mixture
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Figure 3.1. Schematic illustration of the synthesis of Co9Ss/NVC-G by following the
two-step process; the hydrothermal route followed by heat treatment of the material at
900 °C for 1 h in an inert atmosphere lead to Co9Ss/NVC-G. The application of the
material was demonstrated by employing CosSe/NVC-G as the cathode catalyst in
PEMFC for facilitating ORR.

and stirred for 1 h. Transferred the entire mixture into a Teflon lined autoclave and
carried out the reaction at 200 °C for 8 h. After reaching room temperature, filtered the
material with an excess quantity of DI water and dried at 60 °C in a vacuum oven for 5
h. The obtained powder material was subjected to acid washing in 0.5 M H2SO4 solution
at 80 °C for 8 h to remove any unreacted metal precursors. The obtained material was
washed with a copious amount of DI water and dried in a vacuum oven at 60 °C for 5
h. The material obtained in this step contains the mixed phases of CoS and Co9Ss
supported on nitrogen-doped carbon. The powder material was heat-treated at 900 °C
for 1 h in argon atmosphere to convert the CoS phase present in the system to the CogSs
phase. The obtained material is named hereafter as CogSs/NVC-G.

For comparison, materials were synthesized in the absence of fn-VC, glucose and
NHzs by keeping the other parameters identical as above and thus obtained materials are
named as Co09Sg/NC-G, Co09Ss/NVC, and CogSe/VC-G, respectively. NVC-G was
prepared by treating fn-VC, glucose, and NHs through the hydrothermal route at 200 °C
for 8 h.

3.2.4 Electrochemical Analysis
In order to analyze the electrochemical activity of the as synthesized materials, the three-
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electrode set-up was used. A glassy carbon electrode (0.196 cm?) was used as the
working electrode and a graphite rod was used as the counter electrode. In the KOH
electrolyte, Hg/HgO and in the H2SO4 electrolyte, Hg/HgSO4 were used as the reference
electrode, respectively. Catalyst ink for the electrochemical analysis was prepared by
mixing 5 mg of the catalyst in 1 mL of DI water-isopropyl alcohol mixture (3:1) and 40
uL of 5 wt. % Nafion solution (DuPont, GmbH) by bath sonication. Drop coated an
aliquot of the catalyst ink on the glassy carbon electrode and kept it for drying under an
IR lamp. The catalyst loading used was 0.25 mg cm in 0.1 M KOH solution. Since
ORR Kkinetics is moderately slower for non-precious-metal based systems in acidic
medium, the catalyst loading used in 0.5 M H,SO4 was 0.50 mg cm2.[1& 40 For
comparison, the state-of-the-art 40 wt. % Pt/C was also investigated under identical
conditions. For this purpose, the catalyst slurry was prepared by following the above
method and about 10 pL of the aliquot was drop coated on the glassy carbon electrode.
To understand the stability of the catalyst, 5000 cycles of accelerated durability test
(ADT) was performed in both the alkaline and acidic conditions. For this, CV was
performed in Oz-saturated electrolyte in the potential window of 0.60 to 1.0 V vs. RHE
with a scan rate of 100 mV sec. The LSVs were performed before and after ADT in
O:-saturated electrolyte at 1600 rpm of the working electrode and with a scan rate of 10
mV sec™t.

The Koutecky-Levich (K-L) equation was used to obtain the kinetics of the reaction and

the corresponding equations are given as below:

1 1 1

—-—=—+—

J JL Jk
1 1 1

j " Bw 2],
where, j is the measured current density, jk is the kinetic current density, j_ is the
diffusion-limited current density and ® is the angular velocity of the electrode (® =
2nt/60, fis the rotation speed).

B = 0.62nFCo*Do*3v

jk= NFKCo*
where, n is the number of electrons transferred during the reaction, F is the Faradays
constant (96485 C mol™), Co* is the bulk concentration of Oz (1.22 x 10°® mol cm™), Do

is the diffusion coefficient of O2 (1.9 x 10° cm? 1), v represents the kinematic viscosity
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of the electrolyte (0.01 cm? s) and k is the electron transfer rate constant. By plotting

12 a straight line will be generated with the slope corresponding to 1/B.

1/j against ®
The rotating ring disc electrode (RRDE) analysis was performed to find out the number
of electron transfer (n) and percentage of hydrogen peroxide (% H20>) produced during

the reaction by using the following equations:

41,
n=_———
(Id+1r/N)

% H.0 200 % I /N

C Y T+ I /N)

where, Ir, 14, and N are the ring current, disc current and collection efficiency (0.37),

respectively.

3.2.5 Membrane electrode assembly (MEA) preparation and single cell analysis

The membrane (Nafion-212) pre-treatment was carried out in sequential with 5% H20>
and 1 M HxSOq, respectively. First, the membrane was treated at 80 °C for 1 h with 5%
H>O> to remove any organic impurities. It was then boiled at 100 °C in DI water for 1
h. In order to protonate, the membrane was treated with 1 M H2SO4 at 80 °C for 1 h.
Subsequently, it was boiled for 1 h in DI water at 100 °C and stored at room temperature
in DI water. For the fuel cell performance analysis, CogSs/NVC-G was employed as the
cathode catalyst, Pt/C was used as the anode catalyst and the pre-treated Nafion-212
membrane was used as the separator cum solid electrolyte. The electrodes were made
by brush coating the catalyst slurry on a gas diffusion layer (GDL) with a loading of 2.5
mg cm2 of the Pt-free catalyst on the cathode and 0.50 mge: cm™ of the 40 wt.% Pt/C
catalyst on the anode. The membrane electrode assembly (MEA) was fabricated by
sandwiching the anode-membrane-cathode combination at 0.25 ton for 1 min. at 130 °C
in a hot-press (CARVER, USA). The active area of the MEA was 4 cm?. The MEA was
assembled in a standard single-cell fixture (Fuel Cell Technologies Inc., USA) with the
single serpentine flow-field pattern on the graphite plates. The fuel cell performance
was analyzed by using a commercial fuel cell test station (Fuel Cell Technologies Inc.,
USA). Current (1) — Voltage (V) polarization tests were performed in the H>-O2 and H»-
air feeding conditions. All the measurements were carried out at 60 °C with a relative
humidity of 100%. For comparison, an MEA based on Pt/C as the cathode catalyst (0.50

mgr: cm2) was also performed under similar conditions.
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3.3 Result and Discussion

3.3.1 TEM Analysis

The morphological characteristics of the synthesized materials were examined by TEM
and FESEM analyses. The TEM images of Co9Ss/NVC-G is presented in Figure 3.2.
The dispersion of CoeSg nanoparticles on the nitrogen-doped carbon surface is
confirmed from Figure 3.2a. The high magnification image of the marked portion in
Figure 3.2a is provided as Figure 3.2b, which illustrates the uniform dispersion of the
Co09Sg nanoparticles on the NVC-G support. This could be accomplished due to the
nitrogen doping on carbon, which provides the proper interaction of CogSg nanoparticles
with the NVC-G support. The SAED pattern presented in the inset of Figure 3.2b
confirms the crystalline nature of Co9Ss/NVC-G. Figure 3.2c presents the high
magnification image of the CoeSg nanoparticles, which indicates the presence of the

few-layer surface coating of the graphitic carbon on the CogSg nanoparticle. The yellow

(d)

1 2 3 45 6 7 8 9 1011 12
Particle Size (nm)

Figure 3.2. (a) TEM image of CogSs/NVC-G indicating the homogenous distribution of
the CogSg nanoparticles on NVC-G, (b) high magnification image of the marked portion
in image (a) and the inset represents the SAED pattern, (c) high magnification image of
the CogSg nanoparticle in CoeSg/NVC-G with the arrow marks indicating the few-layer
graphitic carbon coating on the CogSg nanoparticle surface, (d) particle size distribution
analysis of CogSs/NVC-G, and (e) TEM-EDX elemental mapping showing the uniform

distribution of carbon, nitrogen, oxygen, cobalt, and sulfur in CogSs/NVC-G.

CSIR-NCL AcSIR I Rajith Illathvalappil m




Chapter 3

arrow marks in Figure 3.2c point towards the carbon coating formed on the surface of
the Co9Sg nanoparticles. It can be elucidated from Figure 3.2c that the number of surface
carbon layers on the CogSg nanoparticles is less than 10. The small size of the CogeSg
nanoparticle is achieved due to the formation of a thin carbon layer on the nanoparticle
surface, which in turn is derived from glucose during the hydrothermal treatment. This
would prevent the further growth and agglomeration of the CogSg nanoparticles. The d-
spacing value of CoeSg is calculated from Figure 3.2c and is about 0.29 nm, which is
assigned to the (311) lattice plane of C0¢Ss.1%* 281 The d-spacing value of the surface
coating of CoeSg is calculated and is nearly 0.34 nm, corresponds to the (002) lattice
plane of the graphitic carbon.[** 421 The histogram provided in Figure 3.2d designates
that the as-formed CogSg nanoparticles are around 7-8 nm in size in CogsSg/NVC-G.
Figure 3.2e illustrates the TEM-EDX elemental mapping of Cog9Ss/NVC-G and

confirms the uniform distribution of carbon, nitrogen, cobalt, and sulfur in the system.

S 1/nm

Figure 3.3. (a-c) TEM images of NVC-G at different magnifications and (d) the
corresponding SAED pattern.

The TEM images of NVC-G is provided in Figure 3.3. The fused spherical morphology
of NVC-G is confirmed from the TEM images (Figure 3.3a-b). It is clear from the
figure that, there is no separate carbon sheet/agglomerate present in NVC-G. This
further validates that, after the hydrothermal treatment, the glucose derived carbon is
well incorporated with the Vulcan carbon and also on the surface of the Co09Ss
nanoparticles. To understand the role played by the carbon support for obtaining the

uniformly distributed CoeSg nanoparticles, few control samples were prepared
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Figure 3.4. TEM images of CoeSg/NVC (prepared in the absence of glucose) recorded

at different magnifications.

(explained in the Experimental Section). The TEM images of the material synthesized
in the absence of glucose (CogsSs/NVC) are presented in Figure 3.4. It is observed from
Figure 3.4 that, in the absence of glucose during the reaction, the size of the formed
CooSg nanoparticles is above 100 nm. This could be attributed that, in the absence of the
glucose-derived carbon layer on the nanoparticle surface, they are undergoing
coalescence with the neighbouring particles. This would result in the formation of the
Co9Sg nanoparticles with a larger size. The material prepared in the absence of fn-VC is

Figure 3.5. TEM images of CogSs/NC-G (prepared in the absence of fn-VC) recorded
at different magnifications.
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Figure 3.6. TEM images of Co9Ss/VC-G (prepared in the absence of ammonia)
recorded at different magnifications.

named as Co9Ss/NC-G and the corresponding TEM images are provided in Figure 3.5.
In the absence of fn-VC, the CogSg nanoparticles seem to be agglomerated as evident
from Figure 3.5a-d. This could be ascribed to the lack of proper anchoring sites for the
cobalt ions before the hydrothermal synthesis. This would result in the random growth
of the nanoparticles during the hydrothermal synthesis and finally leading to the
formation of agglomerated CoeSg nanoparticles. The material prepared in the absence
of ammonia is termed as Co9Sg/VVC-G and the corresponding TEM images are illustrated
in Figure 3.6. Itis clear from Figure 3.6a-d that the CogSg nanoparticles having the size
in the range of 50-60 nm are formed in the absence of ammonia, and they are randomly
distributed on the carbon support. Figure 3.6d confirms the formation of the surface
carbon layer on the CogeSg nanoparticles, which is indicated with the arrow marks. Even
though the particle size is reduced due to the formation of the surface carbon layer on
Co9Sg, the dispersion of the CoeSg nanoparticles seems to be poor. This specifies the
significance of nitrogen doping in accomplishing the uniformly distributed Co09Ss
nanoparticles on the carbon support. Further, nitrogen doping would induce the proper
interaction of CoeSg nanoparticles with the support and thus helps to provide enhanced
stability in the system. Hence, it can be concluded that, in order to obtain the
homogeneously distributed CogSg nanoparticles with smaller size on the carbon support,
along with cobalt chloride and thiourea, the simultaneous presence of fn-VC, glucose,

and ammonia in the reaction mixture is indeed essential.
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3.3.2 FESEM Analysis

= ad

Figure 3.7. FESM images of NVC-G recorded at different magnifications.

The FESEM images of NVC-G are presented in Figure 3.7. The images clearly specify
the porous morphology of the nitrogen-doped carbon (NVC-G). From Figure 3.7a-d,
the absence of discrete carbon sheet/agglomerate in the system confirms that the
glucose-derived carbon is integrated with the Vulcan carbon. This further validates the
results obtained from the TEM analysis. Figure 3.8 shows the FESEM images of
Co9Se/NVC-G recorded at different magnifications. Figure 3.8d displays the porous
morphology of CosSe/NVC-G and is indicated with the arrow marks. Due to the ultra-
small size of CogSg nanoparticles, such particles are not evident in the FESEM images.
The SEM-EDX elemental mapping of CogSs/NVC-G is presented in Figure 3.9. The

Figure 3.8. FESEM images of CogSs/NVC-G recorded at different magnifications.
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Figure 3.9. SEM-EDX elemental mapping of CogSg/NVC-G: (a) carbon, (b) nitrogen,

(c) oxygen, (d) sulfur, (e) cobalt, and (f) the image corresponds to the elemental

mapping.

homogenous distribution of carbon, nitrogen, cobalt, and sulfur in CogSg/NVC-G is
evident from the EDX elemental mapping (Figure 3.9). The minute amount of oxygen
detected during the elemental mapping could be originated from the adsorbed surface

oxygen during the sample preparation.

3.3.3 XRD Analysis

The composition and phase of the synthesized materials were examined by XRD.
Figure 3.10 represents the XRD profile of CosSs/NVC-G in comparison with the other
synthesized materials and the standard JCPDS pattern of Co0¢Ss is provided for
reference. The XRD spectrum of CoeSg/NVC-G displays sharp peaks at 15.2°, 29.6°,
31.1°, 39.4°, 47.4°, 51.9°, and 73.2°, corresponding to the (111), (311), (222), (331),
(511), (440) and (731) lattice planes of CooSs, respectively.i3 This confirms the
formation of the CogSg phase in CogSe/NVC-G. The sharp peaks of the CogSg phase in
Co09Se/NVC-G designate the crystalline nature of the as-formed material. The XRD
spectra of Co9Sg/VC-G, Co9Ss/NVC and, CogSe/NC-G are also exhibiting the peaks
correspond to CogSg. The peaks at 25.2° and 43.3° in NVC-G are corresponding to the
(002) and (110) lattice planes of carbon, respectively.* 451 In CogSs/NVC-G, after
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Figure 3.10. XRD profile comparison of the synthesized materials along with the
standard JCPDS pattern of CogSs.

anchoring the CoeSg nanoparticles, the intensity corresponds to the (002) plane of carbon
Is reduced. This confirms the dispersion of CogSg nanoparticles on the nitrogen-doped
carbon surface. The XRD spectra recorded before and after the heat-treatment of the

material at 900 °C is provided in Figure 3.11. The presence of the mixed phases of CoS

and CoeSg on NVC-G support before heat-treatment of the system is evident from

}\ i \ “, Co,8, NVC-G

JCPDS: Co, S, # 65-6801
11 1 L.

Intensity (a.u)

| | | JCPDS: CoS # 65-3418

10 20 30 40 50 o0 70 80
20 (degree)

Figure 3.11. XRD comparison of the materials obtained before and after the heat-

treatment at 900 °C for 1 h in inert atmosphere.
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Figure 3.11. Also, after the heat-treatment at 900 °C in an inert atmosphere, the
conversion of CoS into the CogSg phase is confirmed and leads to the formation of
C09oSg/NVC-G. This could be ascribed that at high temperature, sulfur atoms would
leave from the system and eventually the system transforms from the stoichiometric

composition (CoS) to a non-stoichiometric composition (CogSg).!¢]

3.3.4 Thermo gravimetric Analysis

To evaluate the thermal stability and weight percentage of CogSs in C09Ss/NVC-G,
thermogravimetric analysis (TGA) was performed in O atmosphere from room
temperature to 900 °C with a ramp rate of 10 °C min™*. Figure 3.12 illustrates the TGA
profile of CoeSe/NVC-G in comparison with NVC-G. The sharp weight reduction in
NVC-G at ~410 °C is due to the oxidation of carbon into CO». The weight loss occurred
below 100 °C in CogSs/NVC-G is due to the removal of the adsorbed water molecules.
C09Se/NVC-G shows stability up to 350 °C and a major weight loss observed after 350
°C is due to the oxidation of carbon and the conversion of CoeSs into C0304.14%! The
weight percentage of CoeSg in C0eSg/NVC-G is calculated from TGA and is found to
be nearly 20 %.

100
— NVC-G

~ 80 - — Co,S, /NVC-G
<

60 -
N
e
2

201

0- _

200 400 600 800
Temperature (° C)

Figure 3.12. TGA profiles of CogSs/NVC-G and NVC-G performed in O, atmosphere

from room temperature to 900 °C with a heating rate of 10 min..
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3.3.5 Raman Analysis

Raman spectroscopy was performed to analyze the extent of defects in the carbon
present in the system. Figure 3.13 presents the comparative Raman spectra of the as
synthesized materials. C0sSs/NVC-G displays the peaks at 463.5 and 671.1 cm™
correspond to the vibrational modes of Co¢Ss, respectively.*® 4748l |n addition to the
peaks of CogSs, the synthesized materials display the D and G-band corresponding to
the carbon. The D-band is arising due to the structural disorder (A1g-mode) and the G-
band is due to the 2E2q vibrational mode of the carbon.% 4% The D and G-band of fn-
VC are appeared at 1318 and 1584 cm™, respectively. However, a shift towards the
higher wavenumber is observed for CogSs/NVC-G and the corresponding values of D
and G-band are 1338 and 1594 cm™, respectively. This is due to the inclusion of nitrogen
on the carbon framework, which induces the compressive stress on the carbon in
C0sSs/NVC-G.B% Figure 3.13b illustrates the comparative I/l values of fn-VC, NVC-
G, Co09Ss/VC-G, C09Ss/NVC-G, Co9Se/NVC and, CogSg/NC-G. The corresponding
Io/lc values are 1.32, 1.19, 1.19, 1.25, 1.26 and 1.19, respectively. The lower Ip/lc
values of the synthesized materials indicate that, as compared to fn-VC, the degree of
graphitization is improved in the synthesized materials. This could be attributed to the
improved graphitization achieved after heat-treatment of the material at 900 °C in the
inert atmosphere. This would result in the reduction of the Ip/lc values compared to fn-
VC. The slightly higher Ip/lg value in CosSs/NVC-G compared to the other synthesized

14

a : . (b)
M e Fogba /NC:*(f, 1.32
A Co,S, /NVC 1.3-
WM/\J\ Co,S,/NVC-G| 1.2

X Y- e r:-

=]
S\ Co,S,VC-G | ™ 11

NVC-G

500 1000 1500 2000 2500 3000
Raman Shift (cm™)

Intensity (a.u)

0.94

Figure 3.13. (a) Raman spectra of the synthesized materials in comparison with fn-VC
and the box indicates the characteristic peak position of CosSg and (b) bar diagram
illustrating the Ip/lc ratio of the samples calculated from the corresponding Raman

spectra.
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materials designates that more amount of nitrogen is incorporated on the carbon
framework in Co9Sg/NVC-G compared to the other synthesized materials during the

course of the reaction.

3.3.6 Surface Area and Pore-size Distribution Analysis

The Brunauer-Emmet-Teller (BET) method was used to analyze the surface area and
pore-size distribution of the synthesized materials. The adsorption/desorption status of
the gas at relative pressure on the sample surface is measured to determine the surface
area of the material. From Figure 3.14a, it is deduced that the surface area of fn-VC is
191 m? g and the corresponding value of CogSs/NVC-G is 120 m? g'*. Compared to fn-
VC, the drop in the surface area of CoeSs/NVC-G could be attributed to the presence of
Co9Sg nanoparticles on the surface of NVC-G. The degree of micropores present in
Co9Se/NVC-G is found to be reduced as compared to that in fn-VVC (Figure 3.14b). This
is due to the formation of glucose-derived carbon on the micropores of fn-VC during

the hydrothermal treatment.

250{(2) 00204 2 (b)
"T; 200- — fn-VC 200.015- - f0-VC
~ —- Co,8,/NVC-G i:‘ - Co,S/NVC-G
E 150 3
]
p 204010
S 100+ __;
S =
= 50 0.005 4
0 i L] T L] L] L] 0-{"]) ] 1 L] L} IB ]
00 02 04 06 08 10 0 3 6 9 12 15 18 21
Relative Pressure (P/P°) Pore Diameter (nm)

Figure 3.14. (a) N2 adsorption-desorption isotherms recorded for measuring the
surface area of C0eSg/NVC-G in comparison with fn-VC and, (b) pore-size distribution
comparison of CogSg/NVC-G and fn-VC.

3.3.7 XPS Analysis

The X-ray photoelectron spectroscopy (XPS) analysis was performed to understand the
electronic states of the elements and the composition of the obtained material. Figure
3.15 represents the XPS spectra of the as-prepared materials. Figure 3.15a illustrates
the comparative survey spectra of NVC-G and CoeSs/NVC-G. The survey spectrum

confirms the presence of carbon, nitrogen, cobalt, and sulfur in CogsSg/NVC-G. The
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Figure 3.15. XPS analysis of NVC-G and CogSs/NVC-G: (a) comparative survey scan
spectra of NVC-G and CoeSs/NVC-G, (b) deconvoluted N 1s spectra of NVC-G, (c)
deconvoluted C 1s spectra of CoeSg/NVC-G, (d) deconvoluted N 1s spectra of
C09Ss/NVC-G, (e) deconvoluted Co 2p spectra of CoeSs/NVC-G and (f) deconvoluted S
2p spectra of CoeSg/NVC-G.

deconvoluted N 1s spectra of NVC-G is illustrated in Figure 3.15b. The spectra indicate
the three kinds of nitrogen in NVC-G. The peaks appeared at 399.4, 400.6 and 401.4 eV
correspond to the pyrrolic-N (N1), graphitic-N (N2) and quaternary-N (N3) present in
NVC-G, respectively.’* The deconvoluted C 1s spectra of CogSs/NVC-G is shown in
Figure 3.15c. The peak present at 284.5 eV corresponds to the sp? hybridized carbon.5?
581 The peak appeared at 285.4 eV is characteristic of the C-N interactions in
C0gSe/NVC-G.*3 %4 In agreement with this, the deconvoluted N 1s spectra of
Co09Se/NVC-G display the five types of nitrogen (Figure 3.15c). The peaks present at
398.6, 399.4, 400.9, 402.2 and 403.7 eV correspond to the pyridinic-N (N1), pyrrolic-
N (N2), graphitic-N (N3), quaternary-N (N4) and pyridinic N-oxide (N5) present in
Co0¢Ss/NVC-G, respectively.®] The atomic percentage of nitrogen present in
Co09Se/NVC-G is around 4.9 %. Out of the total nitrogen content, the occurrence of
pyridinic-N and graphitic-N is nearly 27.5% and 45.6%, respectively in CosSs/NVC-G.
From Figure 3.15d, it is observed that after the heat-treatment at 900 °C, the pyrrolic-
N amount in NVC-G is decreased and the amount of pyridinic-N and graphitic-N is
increased. This could be attributed to the poor thermal stability of the pyrrolic-N at a
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higher temperature.>® The literature reports indicate that the pyridinic-N and graphitic-
N are relatively stable at high temperatures than the pyrrolic-N.5®! Also, the pyridinic-
N and graphitic-N would facilitate the adsorption of O, and improve the ORR activity.®
561 Therefore, the presence of the pyridinic and graphitic type nitrogen in CogSs/NVC-
G would contribute to improved ORR activity of the system. The deconvoluted cobalt
XPS spectra of CoeSs/NVC-G indicate the peaks at 781.2 and 796.3 eV corresponding
to the 2Ps;, and 2Py, states of Co** in CosSg, respectively.l®”] The peaks at 783.1 and
797.8 eV indicate the 2ps2 and 2p1/2 states of Co*? present in CogSs, respectively.® The
minute amount of cobalt in CogSs/NVC-G is present in the zero oxidation state, which
is designated with the peak at 778.6 eV.[%8] The satellite peaks are present at 786.6 and
802.4 eV, respectively. The deconvoluted sulfur spectra display the peaks at 162.3 and
163.9 eV, which are attributed to the Co-S interaction in Co9Ss/NVC-G, respectively.[?8l
The presence of C-S interaction is indicated with the peak at 165.3 eV in the
deconvoluted sulfur spectra and this could be originated from the interface between the
CosSg and carbon.®®1 The sulfate ion is indicated with the peak at 169.1 eV, feasibly
formed during the sample preparation. Hence, it is concluded from the material
characterizations that the heat-treatment of the materials at 900 °C does not only provide
the phase conversion of CoS into the CoeSg but it also transforms the pyrollic nitrogen

into the pyridinic and graphitic type nitrogen in the carbon structure.

3.3.8 Electrochemical Analysis

After the structural characterizations, the electrochemical analysis was performed in
both 0.1 M KOH and 0.5 M H2SO4 solutions, respectively. For this, the three-electrode
set-up was employed with glassy carbon as the working electrode, a graphite rod as the
counter electrode and Hg/HgO (in the alkaline electrolyte) or Hg/HgSO4 (in the acidic

electrolyte) as the reference electrode, respectively.

3.3.8a ORR Analysis in Alkaline Condition

The examination of the material in 0.1 M KOH solution for ORR is presented in Figure
3.16. The cyclic voltammograms (CVs) of CogsSs/NVC-G in N2 and Oz-saturated 0.1 M
KOH solution performed at a scan rate of 50 mV sec™ and 900 rpm of the working
electrode are illustrated in Figure 3.16a. It is deduced from Figure 3.16a that
Co09Ss/NVC-G displays the sigmoid nature in the O»-saturated condition. The sigmoid
feature of CV in the O.-saturated condition indicates the favourable reduction of Oz in
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Figure 3.16. (a) Cyclic voltammograms of CogSs/NVC-G performed in N2- and O»-
saturated 0.1 M KOH solution at a scan rate of 50 mV sec™* and 900 rpm of the working
electrode, (b) comparative linear sweep voltammograms (LSVs) of the samples
performed in Oz-saturated 0.1 M KOH solution at 1600 rpm of the working electrode
recorded at a scan rate of 10 mV sec™, (c) Koutecky-Levich plots of CosSs/NVC-G, (d)
Tafel plot comparison of the samples, (e) Nyquist plots of the samples recorded at 0.60
V vs. RHE, and (f) LSVs recorded before and after ADT of CoeSe/NVC-G in Oz-saturated
0.1 M KOH solution at 1600 rpm with a scan rate of 10 mV sec™.

C09Sg/NVC-G. This demonstrates that CogSs/NVC-G is facilitating the conversion of
Oz into hydroxyl ions during ORR. More insightful information about the ORR activity
of the prepared materials is explained in the following section.

To acquire detailed information on the ORR activity of the prepared materials, linear
sweep voltammetry (LSV) has been performed in 0.1 M KOH solution with a scan rate
of 10 mV sect and at 1600 rpm of the working electrode. The comparative LSVs of the
prepared materials with state-of-the-art Pt/C catalyst performed in the O, saturated
electrolyte is shown in Figure 3.16b. NVC-G is exhibiting low ORR activity and the
corresponding onset potential and half-wave potential (E12) values are 0.78 and 0.56
mV, respectively. However, the incorporation of CogSg nanoparticles on NVC-G
support is enhancing the ORR activity. This is evident from the improvement in the
onset potential as well as E1> values of CogSe/NVC-G. The system displays an onset
potential of 0.93 mV and an Ey> value of 0.77 mV. The ohmic drop is substantially
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Figure 3.17. LSV comparison of the samples prepared before and after the heat-
treatment in the argon atmosphere performed in 0.1 M KOH solution at 1600 rpm of
the working electrode and at 10 mV sec™ scan rate.

reduced in CogSe/NVC-G. This could be attributed to the promotional role played by
the NVC-G support in retaining the small size of the CogSg nanoparticles and, the
possible synergetic interaction between the CogSs nanoparticles with the NVC-G
support. This would improve the ORR activity and further the stability of the system.
Figure 3.17 shows the LSV comparison of the material obtained before and after the
heat-treatment at 900 °C in the argon atmosphere. The corresponding samples are CoS-
C09Sg/NVC-G and Co9Ss/NVC-G, respectively. It is apparent from Figure 3.17 that
both the onset potential and E1> values are noticeably improved in the heat-treated
system (Co0eSg/NVC-G). However, the CoS-Co9Se/NVC-G displays a lower onset
potential value of 0.82 mV with the Ei» of 0.68 mV. Therefore, nearly 110 mV
improvement in the onset potential and 90 mV enhancement in the Ei» value are
achieved after the heat-treatment (Cog9Ss/NVC-G). This could be ascribed to the
conversion of the CoS phase into the CogSg phase after the heat-treatment. Also, the
crystallinity and graphitization of the material are improved after the heat-treatment at
900 °C. The overpotential displayed by Co9Ss/NVC-G in comparison to state-of-the-art
Pt/C is 70 mV in onset potential and 75 mV in Ey.» values, respectively (Figure 3.16b).

The plot of ™/ against j* is called as the Koutecky-Levich (K-L) plot, indicating
the Kkinetics of the reaction. The K-L plot of CogSs/NVC-G is provided in Figure 3.16c.

The parallel behaviour at different potentials in the K-L plot indicates the first-order
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Figure 3.18. RRDE analysis in 0.1 M KOH solution performed at a scan rate of 10 mV

sect and at 1600 rpm of the working electrode.

kinetics of ORR in C0eSs/NVC-G.[5% The Tafel plot of the prepared materials is shown
in Figure 3.16d and designates the reaction rate towards ORR. The Tafel slope of NVC-
G is 153. 3 mV dec; the slightly higher Tafel slope value indicates the relatively poor
ORR Kkinetics in NVC-G. However, the Tafel slope is reduced to 65.6 mV dec? for
Co09oSg/NVC-G. This specifies the improved activity accomplished in CogSs/NVC-G,
where nearly 7-8 nm size of the Co9Sg nanoparticles are distributed uniformly on the
NVC-G support. This would favour the adsorption of O2 molecules and subsequently
its reduction, eventually improving the ORR kinetics and resulting in the low Tafel slope
value. The Tafel slope of the Pt/C catalyst is 60.6 mV dec™, which is in accordance with
the literature reports.[8 ®1 Hence, the lower Tafel slope values of CosSs/NVC-G and
Pt/C indicate the enhanced ORR activity in these systems.

The impedance analysis provides information about the resistance in the material.
Figure 3.16e indicates the Nyquist plot of the synthesized materials in the O»-saturated
0.1 M KOH solution at 0.60 V vs. RHE. Typically, the semicircle in the Nyquist plot
designates the charge transfer resistance (Rct) value of the material. The lower Rct
value is preferred for the fast ionic movement and is favourable for the improved ORR
kinetics. The Rct value of NVC-G is 1438 Q and of CogSg/NC-G and Co9Sg/NVC are
744 Q and 823 Q, respectively. However, the Rct value is drastically reduced to 278 Q
in CogSs/NVC-G. This could be attributed to the presence of uniformly distributed
Co0oSg nanoparticles on the NVC-G support, which facilitates the fast movement of

electrons in the system. Also, the plausible synergetic interaction between the Co9Ss
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nanoparticle and NVC-G support promotes the electron transfer during the oxygen
reduction in the system. Hence, the study further validates the interaction of Co9Ss
nanoparticles with NVC-G support in the coexisting system and subsequently improves
the ORR activity of Co9Ss/NVC-G. The rotating ring disc electrode (RRDE) analysis
was performed to analyse the number of electron transfer (n) and percentage of
hydrogen peroxide (% H20>) production during ORR. The comparative RRDE data of
the synthesized materials and Pt/C is illustrated in Figure 3.18. The value of n is
estimated to be close to 3.6 in CogSg/NVC-G and the % H202 production is around 20%.
Both of these values indicate the occurrence of favourable direct four-electron ORR
pathway in CosSe/NVC-G. The corresponding values of Pt/C are nearly 4 for the number
of electron transfer and 5% for the % H2O> production.

Figure 3.19. TEM images of CosSs/NVC-G recorded after 5000 ADT cycles in 0.1 M
KOH solution.

The durability of the catalyst is particularly important for providing long-term
stability in the system. In order to investigate the stability, ADT was performed in the
Oz-saturated 0.1 M KOH solution. The LSVs were recorded before and after the 5000
cycles of ADT. CoeSs/NVC-G is experiencing only an 18 mV negative shift in the E12
value after the ADT analysis (Figure 3.16f). Both onset potential and limiting current
of CogSs/NVC-G are nearly similar before and after ADT. This indicates the improved
chemical stability of the system in the operating conditions. The TEM analysis of
Co9Se/NVC-G was performed after the 5000 cycles of ADT and is provided in Figure
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3.19. It is clear from Figure 3.19a-d that the small size of the CogSg nanoparticles is
retained even after the durability analysis. This could be credited to the interaction of
Co0oSg nanoparticles with the nitrogen doped carbon support and thus helps to achieve
greater chemical stability in CogSs/NVC-G. The presence of few-layer carbon on the
surface of CooSg nanoparticles prevents agglomeration during the long-term operation
which further provides improved stability. The nitrogen doping would improve the

corrosion resistance of the carbon and contribute to maintaining the structural integrity

2. — Initial
— After 5000 cycle ADT

j (mA cm?)
e

0.2 0.4 0.6 0.8 1.0
Potential (V vs RHE)

Figure 3.20. LSVs of 40 wt. % Pt/C performed before and after the 5000 cycles of ADT
in 0.1 M KOH solution with a scan rate of 10 mV sec™ and at 1600 rpm of the working

electrode.

in the system. For comparison, ADT of the state-of-the-art Pt/C was performed under
identical conditions. Pt/C was displaying a 35 mV negative shift in the E1/2 value with a
reduction in the limiting current after the 5000 cycles of ADT (Figure 3.20). This
designates the poor stability of Pt/C during the long-term operation in the corrosive
environment. Since, both CoeSg/NVC-G and Pt/C contain carbon in the system, the
presence of nitrogen doped carbon in CoeSs/NVC-G provides structural integrity and
activity maintenance in the system. However, poor stability of the carbon support in
Pt/C would lead to the agglomeration of the supported Pt nanoparticles. This would
eventually reduce the available active centres in Pt/C and further the activity.

The electrochemical active surface area (ECSA) of Co9Ss/NVC-G and Pt/C was
calculated from the double-layer capacitance (Cai) value. For this, CV was performed in
the non-Faradaic region (1.02 to 1.12 V vs. RHE) at different scan rates of 10, 20, 40,
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Figure 3.21. Cyclic voltammograms recorded at different scan rates in the non-faradaic
region in the Nz-saturated 1 M KOH solution; (a) CosSs/NVC-G, (b) Pt/C, and (c) plots

of the anodic current against scan rate in the non-faradaic region of the CVs.

60, 80 and 100 mV sec? (Figure 3.21a and b). The peak current at 1.07 V (vs. RHE) is
plotted against the scan rate and obtained a straight line. The slope of the line
corresponds to the Cqivalue. The ECSA is related to the Cqi value as expressed below:
ECSA = Cul/Cs

where, Cs is the specific capacitance of the element. The Cq value of CogSs/NVC-G and
Pt/C are 4.4 and 8.4 mF cm™, respectively (Figure 3.21c). The higher Cq value of Pt/C
could be due to the presence of more number of micropores in the supported carbon,
which increases the adsorption of the ions. However, in the case of CogSs/NVC-G, the
number of micropores is less in the supported carbon and thereby it shows low ion

adsorption capacity and consequently the low Cq value.

3.3.8b ORR Analysis in Acidic Condition

Subsequent to the tests under KOH medium, the ORR activity of the prepared materials
was analysed in 0.5 M H2>SOg4 solution and the corresponding data is presented in Figure
3.22. The LSV profiles of the samples recorded in the O-saturated 0.5 M H>SO4
solution at a scan rate of 10 mV sec* and 1600 rpm of the working electrode are
presented in Figure 3.22a. The ORR activity of NVC-G in the acidic conditions is
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Figure 3.22. (a) Comparative LSVs of the samples performed in O2-saturated 0.5 M
H2S04 solution at 1600 rpm of the working electrode with a scan rate of 10 mV sec™?,
(b) comparative rotating ring disc electrode (RRDE) analysis of Co9Ss/NVC-G and
Pt/C, (c-d) LSVs recorded before and after ADT of Cog9Ss/NVC-G and Pt/C in Oz-
saturated electrolyte at a rotation of 1600 rpm of the working electrode under a scan

rate of 10 mV sect.

insignificant with an onset potential of 0.31 V. However, the ORR activity is
substantially improved in CogSe/NVC-G. The onset potential and Ei». value of
C09Se/NVC-G are 0.82 V and 0.60 V, respectively. These are nearly 140 mV and 170
mV lower as compared to the state-of-the-art Pt/C catalyst. The RRDE analysis was
employed in 0.5 M H2SO4 solution to calculate the value of ‘n’ and ‘% H20.’ and the
corresponding results are presented in Figure 3.22b. The peroxide yield was calculated
from the RRDE analysis, which is estimated to be around 12 % at 0.40 V with an
electron transfer number (n) of 3.8 on Co09Se/NVC-G. The percentage of H20>
production obtained here is comparable with many of the non-precious metal based
ORR catalysts reported in the literature.[? The Pt/C shows a nearly four-electron
transfer and a very low H>O> production (5%) in the RRDE analysis. Hence, the low
H20:> yield and close matching of the number of electron transfer near to four indicates
the favourable reduction of Oz during ORR in both CogSg/NVC-G and Pt/C.
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Figure 3.23. TEM images of CogSse/NVC-G recorded after the 5000 ADT cycles in 0.5
M H2SO4 solution.

To check the stability of CogSs/NVC-G and Pt/C in the acidic conditions, ADT was
performed for 5000 cycles in the potential window of 0.60 to 1.0 V (vs. RHE). The LSVs
were recorded before and after ADT. CogSs/NVC-G displays a negligible shift of nearly
21 mV in the E12 value without affecting the onset potential after the 5000 cycles of
ADT (Figure 3.22c). This confirms the outstanding stability of CogSe/NVC-G in acidic
conditions. However, Pt/C is experiencing a severe loss in the performance after the
stability test and this could be attributed to the agglomeration of the Pt nanoparticles due
to the carbon corrosion. The Pt/C displays a 63 mV negative shift in the E1/2 value along
with a 30 mV negative shift in the onset potential (Figure 3.22d). The TEM images of
Co09Ss/NVC-G recorded after ADT are presented in Figure 3.23. The structural integrity
of CoeSs/NVC-G after ADT is confirmed from Figure 3.23a-d. The nitrogen doped
carbon support along with the graphitic carbon layer on the CogSg nanoparticles can help
the system to withstand the harsh environment, giving improved stability of
Co9Sg/NVC-G in the acidic conditions. This further validates the significance of
anchoring the CosSg nanoparticles on the nitrogen doped carbon support. Thus, the half-
cell studies in both the alkaline and acidic electrolytes indicate that the ORR activity of
Co09Se/NVC-G is better as compared to many of the metal sulfide based systems reported
in both the conditions.[?3: 29

Finally, testing of a single cell of a PEMFC was performed by employing CogSs/NVC-
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G as the cathode catalyst, Pt/C as the anode catalyst and Nafion-212 as the membrane.
The polarization analysis was performed at 60 °C and 100 % RH in the H>-O2 and H»-
air feed conditions and the corresponding current (I) — voltage (V) polarization plots are
presented in Figure 3.24. CosSg/NVC-G exhibits maximum power densities of 245 mwW
cm? and 115 mW cm? in H.-O, and Hg-air feed conditions, respectively. For
comparison, an MEA with Pt/C based cathode was also analysed in similar operating
conditions in the single cell mode. The maximum power densities obtained for this
system are 650 mW cm2 and 445 mW cm in the Hz-O, and H:-air feed conditions,
respectively (Figure 3.25). Even though the single-cell performance of CogSs/NVC-G
based system is lower compared to its counterpart based on Pt/C catalyst, in terms of

the system cost and catalyst level durability, the obtained results are promising for a
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Figure 3.24. Single cell performance evaluation of a PEMFC based on C09Ss/NVC-G
cathode using Nafion-212 membrane at 60 °C and 100 % RH; (a) in H2-O2 and (b) Ha-
air feed conditions.
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Figure 3.25. Single cell performance evaluation of a PEMFC based on Pt/C cathode
using Nafion-212 membrane at 60 °C and 100 % RH; (a) in H2-O2 and (b) Hz-air feed

conditions.
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noble metal-free system. Hence, the PEMFC single cell performance analysis validates
the promising aspect of CoeSs/NVC-G based ORR catalysts as a potential Pt-free
cathode system for PEMFC applications.

3.4 Conclusions

The chapter deals with a highly efficient and durable ORR catalyst which could be
prepared by supporting the graphitic carbon enfolded Co9Sg nanoparticles on nitrogen-
doped carbon (CogSg/NVC-G). The size of the CoeSg nanoparticles is nearly 7-8 nm and
the particles are found to be distributed uniformly on the NVC-G support. The present
catalyst is exhibiting ORR activity in both acidic and alkaline conditions. The ORR
analysis of CogSs/NVC-G in 0.1 M KOH solution displays only 70 mV negative shift in
the onset potential compared to the state-of-the-art Pt/C system. The Ei» difference
between the present system and Pt/C is nearly 75 mV. The accelerated durability test
(ADT) shows only a 19 mV negative shift in the E1» value of CogSs/NVC-G compared
to the 35 mV negative shift incurred by Pt/C. The ORR activity investigation in 0.5 M
H>SO4 solution also displayes promising performance for CogSs/NVC-G towards ORR.
The differences in the onset potential and E1> values of the present system with that of
Pt/C are 140 and 170 mV, respectively in the acidic electrolyte condition. The system
displays a minor E1 shift of 21 mV towards the lower potential after the 5000 cycles
of ADT. On the other hand, Pt/C is severely affected by the stability analysis under
acidic conditions. The ADT leads to nearly 63 mV negative shift in the E1/> value along
with a 30 mV negative shift in the onset potential for Pt/C. The low H2O2 production of
12% and the number of electron transfer value of 3.8, which is close to the theoretical
value of 4, suggest the promising aspects of CogSg/NVC-G as a potential ORR catalyst.
This performance advantage of CogSs/NVC-G could be ascribed to the small size of
Co9Sg nanoparticles with few-layer graphitic carbon coating and homogenous
dispersion of the nanoparticles on the NVVC-G support. This would favour the adsorption
of oxygen and subsequently its conversion into hydroxide ions during ORR.
Co09Ss/NVC-G when employed as the cathode catalyst in an MEA of PEMFC delivered
a maximum power density of 245 mW cm in the Hz-O2 atmosphere in its single cell
mode of operation. Under H:-air feeding condition, the same system delivered a
maximum power density of 115 mW cm™. These values obtained on a single cell level
is promising due to its prospect to realize a noble metal-free PEMFC system for

futuristic applications.
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Chapter-4
Coexisting Few-Layer Assemblies of NiO and MoO3z Deposited on
Vulcan Carbon as an Efficient and Durable Electrocatalyst for Water

Oxidation

An efficient electrocatalyst for oxygen evolution reaction (OER) has been prepared by
adopting a strategy wherein layered assembly of NiO and MoOs could be dispersed on
Vulcan carbon support to simultaneously maintain exposure of the synergistically
activated sites and electrical conductivity of the matrix. The assembly involves growth
of layers of NiO on the surface of few-layer MoOs which in turn is dispersed on Vulcan
carbon (NiO@MoO3/VC) through a sequential hydrothermal process. The hydrothermal
process played a key role in
establishing the coexisting

| —Nogmopve G"”y C"""“‘ few-layer assembly of NiO
| . = and MoOs on Vulcan

carbon, which involved
conversion of preformed
MoS; sheets to MoO3 and

= T T T i concomitant growth of
NiO@MoO./VC : : . ; E ; . . .
! Potential (V vs RHE) Ni(OH)2 layer prior to its

conversion to NiO during
the subsequent heat treatment process. The NiO sheets have exposed edges and they are
instrumental in enhancing the OER activity of NiO@MoO3/VC. The higher activity is
also credited to the lower charge transfer resistance (Rct) value possessed by
NiO@MoO3/VVC, which arises from the optimum combination of MoO3z and Vulcan
carbon in the system. The presence of surface nickel molybdate (NiMoQOa4) prevents the
dissolution of MoOs in the alkaline environment and provides excellent stability to the
NiO@MoO3/VC in 1 M KOH solution. The overpotential of NiO@MoOs/VC for
achieving the 10 mA cm current density is 280 mV, which is an improved value over
292 mV obtained in the case of the state-of-the-art RuO: catalyst. NiO@MoO3/VC also
demonstrates an outstanding stability for 15 h in 1 M KOH solution at 1.51 V. Finally,
the overall water splitting was performed in 1 M KOH solution by employing
NiO@MoO3/VC-NF as the anode catalyst and Pt/C-NF as the cathode catalyst. The
system requires a potential of 1.59 V to reach the current density of 10 mA cm2, replaces
the RuO: from the anode of the electrolyser with the home-made catalyst.

Content of this chapter is published in the following article:

ACS Appl. Energy Mater., 2019, 2, 4987—4998.
(https://pubs.acs.org/doi/abs/10.1021/acsaem.9b00665)

Reproduced with permission from ACS Appl. Energy Mater., 2019, 2, 4987-4998.

Copyright 2019 American Chemical Society.
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4.1 Introduction

Hydrogen production from water with minimum inputs is a challenging task that awaits
in the near future. Technologies based on electrochemical conversions can produce
hydrogen from water, and electrocatalysts play a major role in these.[*?1 Electrolysis of
water produces hydrogen which is a pollution-free energy carrier of the future.l>5! As
compared to the cathodic reaction in water splitting, i.e., the hydrogen evolution reaction
(HER), the anodic oxygen evolution reaction (OER) is more sluggish and needs higher
overpotential to accelerate the reaction." This is because OER involves the transfer of
four electrons for the evolution of an O2 molecule rather than the two-electron transfer
reaction that occurs in HER. Thus, the OER eventually becomes the rate-determining
step of the overall water splitting process and its sluggishness acts as the barrier for the
large-scale commercial production of Hz from water.l®l The conversion between H.O
and Oz, known as the oxygen electrochemistry, thus plays an important role in the
technology for making renewable energy from water.[®! There are numerous materials
such as RuO2 and IrO> that have been explored as catalysts for aiding OER. However,
the limiting factors like high cost, short durability, and insufficiency in the availability
of these materials form the bottleneck for the large scale production of a cost-effective
and long-lasting OER catalyst.[% 4% 561 To develop an economical and durable catalyst
for OER, researchers have focused on carbon-supported, non-noble metal based
alternate catalysts.[*1: 45 50. 57, 58 601 The presence of carbon enhances electrical
conductivity of the system and, additionally, it acts as a substrate to anchor the metal
nanoparticles.

The agglomeration of the metal nanoparticles/sheets during long-term operation
would reduce the efficiency of the system. In order to deliver efficient and stable
performance, the stability of the material should be tuned by incorporating corrosion-
resistant materials.*? It has been reported that the presence of oxide and sulfide of
molybdenum would reduce the agglomeration of the nanoparticles during long-term
operation.[*31% 51 There have been several reports on non-noble metal based OER
catalysts and, among them, the nickel-based catalysts have showed excellent activity in
the water-oxidation reaction.[*6-17: 51-54. 611 The wide availability, low cost, and higher
theoretical activity of nickel in OER make it an appropriate candidate for facilitating the
production of oxygen from water (OER).[*6] As mentioned earlier, the agglomeration of
nanoparticles/sheets due to deterioration of the support material during long-term

operation in the corrosive environment would reduce the activity and the overall
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efficiency of the catalyst. Anchoring of the NiO nanosheets on conducting substrates
like Vulcan carbon would improve the distribution of the material. However, the
positive operating potential of OER is greatly favourable for carbon corrosion,*8! and
for a long period of operation, this would ultimately reduce the activity of the system.
The integration of materials like metal sulfides, selenides, oxides or nitrides that can
withstand the harsh environment could resolve the stability issue.[*?-2%: 46471 At a higher
working potential and corrosive conditions, the sulfide, selenide and oxides of
molybdenum display outstanding operational stability in long-term operation.[*5 21-22. 48]
Hence, the incorporation of a material like MoO3s would help to overcome the durability
limitations. The anchoring of NiO nanosheets on sulfide, oxides or nitrides of
molybdenum could reduce the agglomeration during the long-term operation and would
provide an excellent solution to overcome the limitations of stability. However, in order
to enhance the electrochemical process, the relatively low electrical conductivity
associated with MoO3 needs to be addressed.[?s] The appropriate variation of the
composition of MoO3 and Vulcan carbon content in the system would resolve both the
issues of agglomeration and the low electrical conductivity.™]

A survey of previously published literature indicates that the few-layer MoS:>
possesses more active sites than the bulk MoS: and it has been used in optoelectronics
and nanoelectronics.?4-25 %51 There are several methods for the synthesis of few-layer
MoS: including mechanical exfoliation and chemical exfoliation. However, the size of
the MoS: layers obtained through these methods ranges to several micrometers. This
would, ultimately, reduce the overall availability of the active sites in the MoS: sheets.
Hence, in the present work, by using the hydrothermal route, we have synthesized few-
layer MoS: sheets of nanometer-size on the Vulcan carbon support (MoS2/VVC). The
MoOs3 is then derived from the as formed few-layer MoS: sheets during the second step
of the hydrothermal treatment in the presence of NiCl; and small amount of hydrazine
hydrate as the reducing agent.[?®! Conversion of MoS; to MoQOs is concomitantly
associated with the formation and deposition of Ni(OH)2 nanosheets on the surface of
MoO3 (Ni(OH).@Mo03/VC). The presence of the reducing agent is found to be helping
the system to retain a small amount of reduced form of Ni in the major phase of Ni(OH)2,
which also assists the system in its performance as an electrocatalyst. Subsequent heat
treatment of the as-produced material at 300 °C in an inert atmosphere converts Ni(OH)2
in the composite in to NiO, leading to the final catalyst designated as NiO@MoO3/VVC
(Figure 4.1). The OER activity of NiO@MoO3/VC has been analysed in 1 M KOH
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solution. For comparison, two control systems based on the Ni(OH). nanosheets
anchored directly on Vulcan carbon (i.e., Ni(OH)2/VC) and MoOg3 (i.e., Ni(OH)2/MoO3)
were also prepared and analysed under the same conditions. The obtained results are
compared with the performance of the state-of-the-art RuO: catalyst.

4.2 Experimental Section

4.2.1 Materials

Ammonium molybdate tetrahydrate ((NH4)sMo07024. 4H20), thiourea (CH4N2S),
hydrazine hydrate (N2Hs. H20), potassium hydroxide (KOH), ruthenium (1V) oxide
(RuO2) were purchased from Sigma-Aldrich Chemicals. Hydrogen peroxide (H20) was
procured from Thomas Baker. Nickel chloride hexahydrate (NiCl,. 6H2O) was procured
from Rankem Chemicals. Vulcan carbon was procured from CABOT Corporation,
USA. Vulcan carbon was functionalized by using hydrogen peroxide and taken for

further use. All the chemicals were used without any further purification.

4.2.2 Synthesis of Mo0S2/VC

For the synthesis of Mo0S2/VVC, about 100 mg of the functionalized Vulcan carbon (fn-
VC) was dispersed well in 35 mL of de-ionized water using bath sonication for 2 h.
After that, the dispersed fn-VVC was transferred into a 50 mL Teflon lined tube, and 0.08
mmol ammonium heptamolybdate tetrahydrate ((NH4)sM07024. 4H20) and 1.12 mmol
of thiourea (CH4N2S) were added to it. The whole mixture was bath sonicated for at
least 1 h for proper dispersion and hydrothermal treatment was carried out at 200 °C for
18 h with the aid of an autoclave. It was allowed to cool to room temperature and the
resulting product was subsequently washed with DI water and ethanol. The obtained
product was dried at 60 °C in an oven for 6 h and used for further reactions. The material
obtained in this step was termed as MoS2/VC.

4.2.3 Synthesis of Ni(OH).@Mo0O3/VC

The incorporation of Ni(OH)2 was carried out by the hydrothermal method. For this,
about 50 mg of the MoS,/VC synthesized through the previous step was dispersed in 35
mL of DI water. To this, 0.04 mmol of nickel chloride hexahydrate (NiCl>. 6H>0) and
500 pL of hydrazine hydrate (NH2NH2. H20O) were added and sonicated for 1 h. The
resulting mixture was transferred to a Teflon lined autoclave. The hydrothermal
treatment was carried out at 200 °C for 18 h, and then, was allowed to cool down to
room temperature. The MoS: gets oxidized and forms MoOs during this process. The

CSIR-NCL AcSIR I Rajith Illathvalappil m



Chapter 4

obtained material was washed several times with copious amount of DI water and
ethanol, and then dried in an oven at 60 °C for 6 h. The resulting material was called
Ni(OH).@MoOs/VC.

4.2.4 Synthesis of NIO@MoOs/VVC

The heat treatment of the above made Ni(OH).@MoO3/VC in an inert atmosphere led
to the formation of NiO@MoOs/VC. For this, Ni(OH).@MoO3/VC was taken in a
crucible and kept at the centre of a quartz tube whose openings were subsequently
closed. Then, heat treatment of the material was carried out at 300 °C for 3 h in argon
atmosphere with a ramping rate of 10 °C min*. The material was allowed to cool down

to room temperature and used for the analysis. The material so-obtained was named as

NiO@MoOs/VC.
[

MoO, sheets Hydrothermal
! 200°C/18 h

Hydrothermal

200°C/18 h NiO@MoO,/VC

300°C/ 3h

o
2
A

Ni(OH),@Mo

3

Figure 4.1. Schematic illustration of the synthesis of MoS,/VC and Ni(OH).@MoOs/VC
through the two-step hydrothermal synthesis route followed by heat treatment at 300 °C
in an inert atmosphere to obtain NiO@MoO3/VC.

For making Ni(OH)2/VVC, about 100 mg of fn-VVC was dispersed in DI water and about
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0.04 mmol of nickel chloride hexahydrate and 500 uL of hydrazine hydrate were added.
This mixture was transferred to the Teflon-lined autoclave and the hydrothermal
treatment was done at 200 °C for 18 h. The obtained material was washed and dried to
form Ni(OH)2/VC.

4.2.5 Characterization

Field emission scanning electron microscopy (FESEM) was carried out in a Nova Nano
SEM 450 instrument. Transmission electron microscopy (TEM) analysis of the samples
was conducted in a FEI Technai G2 T20 instrument, operated at 200 KeV. X-ray
diffraction (XRD) analysis was performed in a Rigaku instrument using Cu ka radiation
(1.5418 A). Raman analysis was conducted in a LabRam spectrometer (HJY, France);
the operating laser wavelength was 632.1 nm. Using a Quantachrome Quadrasorb
automatic volumetric instrument, the nitrogen adsorption-desorption analysis of the
samples was conducted by using ultra-pure N2. Thermo gravimetric analysis (TGA) of
the materials was carried out in a PerkinElmer STA 600 analyser in air atmosphere by
ramping from room temperature to 900 °C with a heating rate of 10 °C mint. The X-
ray photoemission spectroscopic (XPS) analysis was conducted in a VG Microtech
Multilab ECSA 3000 spectrometer.

Electrochemical analyses were carried out in a Biologic SP-300 instrument. Catalyst
slurry for the electrochemical analyses was prepared by dispersing 5 mg of the catalyst
in 3:1 mixture (1 mL) of DI water-iso propyl alcohol and 40 pL of 5 wt. % Nafion
(DuPont) by bath sonication for 1 h. About 5 pL of the aliquot was drop coated on a
glassy carbon electrode surface (3 mm diameter) and dried. Electrochemical analysis
was carried out in N2-saturated 1 M KOH solution. Hg/HgO and graphite rod were used
as the reference and counter electrode, respectively. For comparative study, ruthenium
(1V) oxide (Sigma-Aldrich) was analysed in the similar condition by keeping the same
catalyst loading (0.35 mg cm™). All the potentials were converted in to RHE by
calibrating the Hg/HgO reference electrode in Hz-saturated 1 M KOH Solution. About
65% of automatic iR compensation was applied during the LSV measurements. For this,
impedance has been performed in the OCV condition and the X-intercept is taken as the
resistance (Rs) value. The value of Rs is used for automatic iR compensation during the
LSV analysis. The Oz quantification analysis was carried out in a gas chromatography
instrument (GC) (Agilent Technologies, 7890A) and N2 was used as the carrier gas. For

quantifying Oz, chronoamperometric analysis was conducted at 1.51 V vs. RHE in a gas
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tight electrochemical cell having a volume of 20 mL. The evolved O, was collected at
each 15 min interval from the electrochemical cell by using a 500 uL gastight syringe
and injected in to the GC.

4.3 Results and Discussion
4.3.1 TEM Analysis

ZAvant

Figure 4.2. TEM images of MoS2/VC recorded at different magnifications: (a) growth
pattern of MoS, layer on the functionalized Vulcan carbon (fn-VC) support; (b)
magnified image of the portion marked in the red square in the panel a indicating the
edge exposed growth of MoSz; (c) higher magnification image of MoS. and fn-VC
marked in the green square in the panel b, where the MoS; layers are indicated with the
white arrows and the fn-VC substrate with the blue arrows; (d) higher magnification
image of MoS; indicating its few layer structure (the inset shows the line profile of MoS2
and the SAED pattern).

The transmission electron microscopy (TEM) images of MoS,/VVC are presented in
Figure 4.2. Figure 4.2a-d show the TEM images of MoS>/VC recorded at different
magnifications. The few-layer MoS; sheets are indicated by the white arrows, and the
Vulcan carbon support is indicated by the blue arrows in Figure 4.2c. It is evident from
the TEM image shown in Figure 4.2d that the MoS, sheet having 4-6 layers are
distributed on the Vulcan carbon surface. The number of MoS: sheets varies from 4-10
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Figure 4.3. TEM images of NiO@MoO3/VC recorded at different magnifications: (a)
the projected growth pattern of NiO-supported MoOs on fn-VC; (b) higher-
magnification image of the portion indicated in the red square in panel a; (c) higher-
magnification image of Ni(OH)2, MoOs, and fn-VC phases of the marked portion in the
green square in panel b; the inset shows the SAED pattern; (d) dispersion of NiO on
MoOs3, where the insets marked with the yellow and blue frames represent the NiO and
MoOs3, respectively.

layers in MoS2/VC, and this reduction in the MoS: layer could increase the active sites
due to the extended distribution. The inset in Figure 4.2d shows the line profile of MoS:
which designates a d-spacing value of 0.63 nm and corresponds to the (002) plane of
Mo0S2.1271 The selected area electron diffraction (SAED) pattern shown in the inset of
Figure 4.2d indicates the crystalline nature of the composite.

Figure 4.3 shows the TEM images of NiO@MoO3/VC represented at different
magnifications. Even though oxidation of the MoS: into MoOz3 is occurred during the
second step of the hydrothermal treatment, it is confirmed from the TEM that the sheet
structure is intact after the incorporation of the NiO nanosheets. Figure 4.3b is the
enlarged view of the red portion as marked in Figure 4.3a, which indicates that the
essential features of the composite remain unaltered even after the second round of the
hydrothermal process. Figure 4.3c represents the enlarged view of the highlighted
portion in Figure 4.3b. The SAED pattern shown in the inset of Figure 4.3c further

CSIR-NCL AcSIR I Rajith Illathvalappil



Chapter 4

confirms the crystalline nature of the composite. The d-spacing value of NiO in
NiO@MoO3/VC is calculated from the TEM image (Figure 4.3d, inset in the yellow
frame) and is about 0.21 nm, which corresponds to the (200) plane of NiO.[*4l In Figure
4.3d, the inset image with blue frame shows the line profile of MoO3 and the d-spacing
value is found to be around 0.36 nm, which corresponds to the (001) plane of M0O3.[l
The TEM images presented in Figure 4.2 and 4.3 also reveal that the MoS, and MoOs
sheets project in a sharp-edged fashion on the Vulcan carbon surface. These types of
morphologies would exhibit more active sites compared to the usual stacking orientation
of the bulk MoS, and MoO3s, where most of the active centres are buried inside the

stacked layers.[?%

Figure 4.4. TEM images of Ni(OH)2/MoOs taken at different magnifications.

The TEM images of Ni(OH)2/MoOs (Figure 4.4) indicate the sheet-like morphology of
MoOs and Ni(OH)2. However, the Ni(OH)2 sheets are presented in a compact form on
the MoOs surface. This is due to the formation of large sized sheets of MoO3 when the
reaction is performed in the absence of fn-VC. In the absence of carbon, there is no
suitable anchoring sites for the molybdenum ions for its uniform nucleation. This would

lead to the non-uniform growth of the MoS: and larger sheets. The as formed large

Figure 4.5. TEM images of Ni(OH)./VC taken at different magnifications.
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scale MoS; sheets are used in the second hydrothermal step for carrying out the reaction.
The TEM images of Ni(OH)2/VVC are presented in Figure 4.5. The layer structure of
Ni(OH)2 on fn-VC is confirmed from the TEM images (Figure 4.5a-b).

4.3.2 FESEM Analysis

(¢) Molybdenum

(f) oxygen

Figure 4.6. (a-b) FESEM images of MoS2/VC taken at different magnifications, (c-h)
SEM-EDX elemental mapping of MoS2/VC indicating the uniform distribution of

molybdenum, sulfur and carbon in the system.

The field emission scanning electron microscopy (FESEM) images of MoS2/VC is
presented in Figure 4.6. The mesoporous morphology of MoS2/VC is evident from the
FESEM images (Figure 4.6a-b). The mesoporous nature arises from the Vulcan carbon
support and is retained even after the incorporation of MoS> on it. This is because, in
the present case, the few-layer MoS; is present in the nanometer-sized sheets, rather
than the micrometer size observed in the case of the bulk MoS,. The SEM elemental

Figure 4.7. FESEM images of Ni(OH)2/MoO3 taken at different magnifications.
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mapping of MoS2/VC is illustrated in Figure 4.6c-h. The uniform distribution of
molybdenum, sulfur and carbon is clear from the elemental mapping. The FESEM

images of Ni(OH)>/MoOs (Figure 4.7) show a flower-type morphology of the system.

(c) Carbon (d) Molybdenum | (¢) Oxygen (f) Nickel

Figure 4.8. (a-b) FESEM images of NIO@MoO3/VC, yellow arrow marks in (a) indicate
the porous structure of the material, (c-f) SEM-EDX elemental mapping of
NiO@MoO3/VC (c) carbon, (d) molybdenum, (e) oxygen and (f) nickel.

The FESEM images of NiO@MoOs/VC are illustrated in Figure 4.8. The meso- and
macroporous structure of NiO@MoOz3/VC is evident in Figure 4.8a-b. The yellow
arrow marks in Figure 4.8a indicate the mesoporous nature of NiIO@MoO3/VVC. The
SEM-EDX elemental mapping of NiO@MoOz3/VC is illustrated in Figure 4.8c-f. The
uniform distribution of carbon, molybdenum, oxygen and nickel is clear from the

elemental mapping.

4.3.3 XRD Analysis

X-ray diffraction (XRD) analysis has been carried out to find out the crystal phase of
the material, and the comparative XRD spectra of the synthesized materials are
presented in Figure 4.9. The XRD profile of fn-VC exhibits the peaks at the 26 values
of 25.1° and 43.3° corresponding to the (002) and (100) planes of carbon. The diffraction
peaks in MoS2/VC at the 20 values of 14.3°, 32.2°, 39.5° and 58.1° are correspond to
the (002), (100), (103), and (110) planes of MoS, respectively.?”l The slightly lower
intensity of the (002) plane of MoS:z in MoS2/VC is because of the lower number of the
MoS: layers in the composite.[?®l The presence of Ni(OH)2 in Ni(OH).@MoOs/\VC is
confirmed from the diffraction peaks at the 26 values of 19.2°,33.3°, 38.8° and 59.2°,
which are corresponding to the (001), (100), (101) and (110) planes of Ni(OH)2,
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Figure 4.9. Comparison of the XRD profiles of fn-VC, MoS,/VC, Ni(OH)2/VC,
Ni(OH).@Mo03/VC, and NiO@MoO3/VC along with the standard XRD card numbers.

respectively.%-311 The peaks corresponding to the metallic nickel appeared in
Ni(OH).@Mo03/VC could be from the minute amount of Ni° state present in the system
since we have used a reducing agent in the process. However, XPS data (explained in
the following section) is not indicating any existence of Ni° state in the sample,
suggesting deep dispersion of small amount of these moieties in the predominant
Ni(OH)2 phase. Upon heat treatment at 300 °C, the Ni(OH): is converting to NiO and
the peaks appeared at 20 values of 37.1°,42.9° and 62.2° are corresponding to the (111),
(200) and (220) planes, respectively, of NiO in NiO@Mo03/VC.[32-33 The peaks at the
20 values of 19.5°, 30.9° and 51.9° are corresponding to the (100), (111) and (130)
planes respectively of nickel molybdate (NiMoOas) present in NiO@MoO3/VC. The
lower intensities of the plane corresponding to NiMoO4 in NiO@MoOz3/VC indicates
that nickel molybdate is present in minute amount, possibly as a surface layer. The peak
at the 20 value of 25.2° corresponds to the (002) plane of the graphitic carbon!® whereas
the peak at the 20 values of 35.5° and 47.3° are corresponding to the (102) and (022)
planes of MoOs, respectively, in NIO@MoOz3/VC. It is clear from the XRD spectra that
the peak intensity of carbon is improved in NIO@MoO3/VVC compared to the non-heat-
treated counterpart (Ni(OH).@MoO3/VVC). This could be due to the improved
graphitization achieved after the removal, to some extent, of amorphous carbon from

the system at 300 °C in the inert atmosphere.
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4.3.4 Thermogravimetric Analysis (TGA)
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Figure 4.10. Comparative TGA profiles of Ni(OH)2/VC, MoS2/VC, Ni(OH).@MoO3/VC
and NiO@MoO3/VC recorded in air atmosphere from room temperature to 900 °C.

The thermal stability of the material has been investigated by thermogravimetric
analysis (TGA) in air atmosphere by heating the samples from room temperature to 900
°C at a heating rate of 10 °C min* as presented in Figure 4.10. The initial drop up to
100 °C in all the samples is because of the loss of adsorbed water molecules from the
system. The Ni(OH).@MoO3/VC displays a reduction stage at around 300 °C, which is
possibly due to the removal of the amorphous carbon from the system. A quick drop

after 430 °C is attributed to the conversion of carbon into CO».

4.3.5 Raman Analysis

Raman spectroscopy was used to study the structural defects in the samples. In detail,
the bands at 1300 and 1590 cm™ correspond to the D-band (A1 mode) and G-band (2Ezg
mode) for the carbon, respectively®®, which demonstrate the degrees of disorder and
graphitization present in the system. The comparative Raman spectra of the samples are
shown in Figure 4.11 where the D- and G-band are highlighted in the box. The positions
of the D- and G-band of fn-VC are at 1314 and 1582 cm?, respectively. However, a
shift towards a higher wavenumber is observed after the incorporation of MoS> on fn-
VC (Mo0S2/VC). The corresponding peak positions of D- and G- band in MoS,/VVC are
at 1336 and 1597 cm, respectively. This shift is attributed to the charge transfer
between the MoS: layer and carbon. Compared to MoS,/VC, the peak position of
NiO@MoO3/VC is shifted slightly to the lower wavenumber and the corresponding
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Figure 4.11. Comparative Raman spectra of fn-VC, MoS2/VC and NiO@MoO3/VC.

values are 1325 and 1592 cm, respectively. The Ip/lg ratio is used to analyse the
structural defects present in the system and the corresponding values for fn-VC,
MoS2/VC, and NiO@MoO3/VC are 1.32, 1.33, and 1.34, respectively. It can be
observed that the Ip/lc value has been increased after the incorporation of MoS; on fn-
VC. This is because the disorder is increased after incorporating MoS, on fn-VC. A
similar trend is observed after anchoring the NiO on MoO3/VC (NiO@MoO3/VC),
where the defect has been increased, which gives rise to a higher Ip/lg ratio among the
compared samples.

4.3.6 Surface Area and Pore-size Distribution Analysis

The comparative Brunauer-Emmett-Teller (BET) data of fn-VC, MoS./VC, and
NiO@MoOz3/VC is presented in Figure 4.12a. The surface area of fn-VC is found to be
191 m?/g.24 However, the surface area is substantially reduced after the incorporation
of MoS; on fn-VC (Mo0S2/VC) and the corresponding value is 31 m?/g. Previously
published literature too indicates lower values of surface area for the MoS,-based
systems, and this could be due to the layered structure of the material. Compared to
MoS,/VVC, the nickel counterpart of the system, i.e., NiIO@MoOs/VVC, exhibits a slightly
higher surface area of 45 m?/g. The improvement in the surface area is because of the
presence of small sized NiO nanosheets and the removal of defects during the heat
treatment at 300 °C. The pore size distribution of the sample is shown in Figure 4.12b
and fn-VC possesses both micro- and mesoporous characteristics. The mesoporous
nature of the Vulcan carbon would enhance the mass diffusion of the reactants and
enhance the continuous oxidation of hydroxyl ions in the system. In fact, the micro-
porosity is reduced in the Mo-based systems (MoS2/VVC and NiO@MoO3/VC) and the
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Figure 4.12. (a) N2 adsorption-desorption isotherm profiles of fn-VC, MoS,/VC and
NiO@MoO3/VC and (b) pore-size distribution profiles of fn-VC, MoS./VC and
NiO@MoO3/VC.

mesoporous nature is dominant. The reduction in micro-porosity is because of the
dispersion of MoS; on fn-VC, which might block the micropores on VVC. The hysteresis
loop in the adsorption isotherm also reveals the mesoporous nature of the material.
Because of the mesoporous nature of NiO@MoO3/VVC, the mass transfer of the hydroxyl

ions would be facilitated during the water oxidation reaction.

4.3.7 MP-AES Analysis

Microwave plasma-atomic emission spectroscopy (MP-AES) analysis has been
performed to find out the metal content in NiO@MoO3/VC (Figure 4.13). For the MP-
AES analysis, the sample was digested in aqua regia and performed the analysis to get
the Ni and Mo content in NIO@MoOz3/VC. From the MP-AES data, the Ni to Mo ratio
is found to be nearly 10 in NiO@MoO3/VVC. The MP-AES analysis of the electrolyte
used for the electrochemical analysis is also carried out to examine the Fe impurities

and found that the solution is free from Fe impurities.
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Figure 4.13. MP-AES analysis of NIO@MoO3/VC: (a) Mo in NiO@MoO3/VC and (b)
Ni in NiO@MoO3/VC.
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4.3.8 XPS Analysis
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Figure 4.14. XPS spectra of MoS2/VC and NiO@MoO3/VC: (a) comparative survey
scan spectra of MoS2/VC and NiO@MoO3/VC and deconvoluted XPS of (b)
molybdenum in MoS2/VC, (c) sulfur in MoS2/VC, (d) molybdenum in NiO@MoO3/VC,
(e) oxygen in NiIO@MoO3/VC, and (f) nickel in NiO@MoO3/VC.

X-ray photoelectron spectra (XPS) analysis of the material has been carried out to find
out the chemical state of the elements in the composite and the data is presented in
Figure 4.14. The survey scan spectra of MoS2/VC and NiO@MoO3/VC are compared
in Figure 4.14a, which evidently indicate the presence of C, O, Ni, Mo, and S in the
sample. The presence of the Ni based peak, which is absent in M0S2/VVC, is confirmed
in NiIO@MoO3/VC. The oxygen peak in the survey scan spectrum is due to the metal
oxides and also from the partial oxidation of the sample during the analysis. The
deconvoluted molybdenum spectra of MoS2/VVC (Figure 4.14b) show prominent peaks
at 228.7 and 231.6 eV, which correspond to the 3ds/, and 3ds> of Mo** oxidation state
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of M0S..%%1 The peak at 225.9 eV is corresponding to the S 2s of M0S,.71 The sulfur
XPS spectra of the same sample exhibits the peaks at 161.5 and 162.9 eV, corresponding
to the 2ps;2 and 2p1/2 peaks of the sulfide ions of MoS; (Figure 4.14c).[81 The peak at
164.3 eV is corresponding to the bridging disulfides S,2.1521 The peaks at 168.7 and
169.9 eV in the S 2p spectrum correspond to the surface SO4% species, feasibly formed
by the exposure of the catalyst to air.[%3-641 The deconvoluted molybdenum spectra of
NiO@MoO3/VC has its peaks at a higher binding energy (232.6 and 235.4 eV) and the
peaks corresponding to Mo** is disappeared (Figure 4.14d). This is due to the oxidation
of MoS: during the second step of the hydrothermal treatment and conversion into
Mo0O3.[?81 The Mo*® oxidation state is also could be originated from the NiMoO4 phase
present in NiO@MoOs3/VC.1*3l The O 1s spectra ((Figure 4.14e) of NiO@MoOs/\VVC
exhibits the peak at 531.3 eV, which corresponds to the Mo-O and Ni-O bond.[?¢: 38 39
The Ni spectrum in NiO@MoOz3/VC shows the peaks at 856.1 and 873.6 eV, which
correspond to the 2ps;> and 2p1/2 states of Ni?* (Figure 4.14f).B% 401 The satellite peaks
are also visible in the deconvoluted spectra of Ni. The peaks observed at the higher
binding energies of the sulfur spectra in MoS,/VVC are due to the sulfate ions.

4.3.9 Electrochemical Analysis

After the structural analysis, the electrochemical activity of the material towards OER
has been investigated in an Nz-saturated 1 M KOH solution using a rotating disc
electrode (RDE) set-up. Glassy carbon electrode having an active area of 0.0706 cm?
was used as the working electrode and the catalyst loading was maintained at 0.35
mg/cm?. Graphite rod and Hg/HgO were used as the counter and reference electrodes,
respectively. The OER activity of the as-synthesized materials has been analyzed by
comparing the linear sweep voltammograms (LSVs) recorded in N2-saturated 1 M KOH
solution with a scan rate of 10 mV s and at a rotation speed of 1600 r.p.m of the
working electrode. About 65% of iR compensation was applied during the LSV
measurements. Prior to LSV measurements, CV has been performed in the potential
window of 1.0 V to 1.6 V vs. RHE in N saturated 1 M KOH solution with a scan rate
of 50 mV sec? and at 900 r.p.m of the working electrode for at least 20 cycles. The
overpotential of all the materials have been calculated from the theoretical onset
potential for OER (1.23 V) and at a standard current density of 10 mA cm™2, which is
the current obtained at the anode of a 10% efficient solar water-splitting device under

one illumination of sun light.[*! Figure 4.15a represents the comparative CV profiles
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Figure 4.15. (a) Comparative cyclic voltammograms of the samples recorded in 1 M
KOH solution with a scan rate of 50 mV s and a rotation of 900 rpm of the working
electrode; (b) comparative LSV profiles of the samples recorded in 1 M KOH solution
at 1600 rpm of the working electrode and at a scan rate of 10 mV s* where the inset
shows the produced Oz gas in NiO@Mo0O3/VC; (c) electrochemical impedance analysis
of the samples performed at an overpotential of 350 mV in 1 M KOH solution where the
inset shows the equivalent circuit used to fit the data; (d) Tafel plot comparison of the

samples obtained after applying 65% iR compensation in the LSVs.

of the samples when the analysis was carried out in 1 M KOH solution at a scan rate of
50 mV sec* with a 900-r.p.m of the working electrode. The cyclic voltammograms show
the prominent redox peaks for the Ni-based samples. The oxidation peak is observed at
1.45 V for NiO@MoOs/VC and is corresponds to the oxidation of Ni?* to Ni®*. The
reduction peak is present at 1.19 V and is due to the conversion of Ni®* into Ni%* in
NiO@MoO3/VC. The corresponding oxidation and reduction peaks of
Ni(OH).@MoO3/VC is present at 1.46 and 1.21 V, respectively. Similarly, the redox
peaks are present in Ni(OH)2/\VC at 1.37 and 1.25 V, respectively. The peak positions
for the oxidation of Ni?* in Ni(OH)2/VC and NiO@MoOs/VC are not similar, which
indicates the interaction of NiO with MoO3 in NiO@MoO3/VC and shifts the oxidation

at a higher potential.

CSIR-NCL AcSIR I Rajith Illathvalappil



Chapter 4

In order to obtain insightful information about the OER activity of the material, LSVs
have been compared and the profiles are presented in Figure 4.15b. An evaluation of
the LSV data displays a rapid increment in current after the peak, corresponding to the
oxidation of Ni?*, resulting from the water oxidation. The OER activity of fn-VC, which
exhibits an overpotential of 440 mV at a current density of 10 mA cm2, is insignificant.
However, after the introduction of MoS; on fn-VC (i.e., M0S2/VC), the OER activity
Improves and the overpotential reduces to 318 mV at a similar current density. The trend
Is comparable after the incorporation of Ni(OH)2 on fn-VVC (i.e., Ni(OH)2/VVC), where
the overpotential at 10 mA cm2 is found to be 306 mV. Even though the OER activity
of fn-VC is poor, the presence of fn-VC is essential to maintain the electrical
conductivity in the system. To validate this, we have synthesized Ni(OH)2/MoO3 which
exhibits a higher overpotential of 334 mV at the same current density. This could be due
to the lack of appropriate electrical conductivity in the system. The OER activity has
been improved further in the case of Ni(OH).@MoO3/VC, which has been formed by
incorporating Ni(OH)2, M0oOg, and fn-VVC in the same system (explained in the synthesis
part). The overpotential exhibited by this composition is 300 mV. Here, the MoOz3 is
formed from the oxidation of the MoS. during the second step of the hydrothermal
process. The heat-treatment of Ni(OH)2@MoO3/VC at 300 °C in the inert atmosphere
leads to the conversion of Ni(OH)2 into NiO and this transformation further improves
the OER activity. Thus obtained material (i.e., NiO@MoO3/VC) exhibits an
overpotential of 280 mV at 10 mA cm™, compared to the 300 mV overpotential
exhibited by the non-heat-treated sample (Ni(OH).@Mo0O3/VVC). For comparison, the
state-of-the-art RuO catalyst has been analysed in the same condition and the
overpotential found at 10 mA cm current density is 292 mV. Thus, the OER activity
of the present catalyst (NiO@MoO3/VC) is better than that of the highly expensive
commercial RuO: catalysts.

Impedance analysis of the materials was performed to understand the contributing
resistive factors in the material which affects the OER activity. The analysis was carried
out at an overpotential of 350 mV in 1 M KOH solution with an AC frequency of 200
kHz to 100 mHz and an AC amplitude of 10 mV (Figure 4.15bc). The impedance
spectrum is fitted with an equivalent circuit of (L1+R1+Q2/R2+Q3/R3), where R1, R2, and
R3 are the resistances, Q2 and Qs are the constant phase element associated with the
material and L1 is the inductance of the connecting cables. The difference between R3

and Ry, called the charge transfer resistance (Rct) value, determines the ionic transport

CSIR-NCL AcSIR I Rajith Illathvalappil



Chapter 4

during the reaction. A lower Rct value is preferred for better OER activity. The
comparative Rct values of all the synthesized samples and commercial RuO> catalyst
are presented in Table 4.1. Among the synthesized samples, fn-VC exhibits a higher
Rct value of 129.5 Q, which is reflected in its lower OER performance. However, after
incorporating MoS; on fn-VC (i.e., M0S,/VC), the RcT value is lowered to 35.9 Q and
concomitantly the OER activity is improved. Among the prepared samples,
NiO@MoO3/VC exhibits the lowest charge transfer resistance (Rct) value of 11.3 Q.
This indicates the faster ionic transport in NiO@MoO3/VVC and hence, the improved
OER activity. The lower Rct value displayed by NiO@MoO3/VC could be due to the
presence of the small sized NiO nanosheets which facilitate the faster adsorption of
hydroxyl ions, the better electrical conductivity and mesoporous nature of fn-VC which
facilitate the electron and mass transfer during OER. Along with this, the presence of
few-layered MoOz which effectively anchors the NiO nanosheets also contributes a
determining role towards the modulated performance. Thus, a controlled interplay of all
of these factors results in to a significant improvement on the performance of the system
towards OER. The information about the OER Kkinetics is derived from the LSVs of the
material by plotting log j vs. potential, or the Tafel Plot (Figure 4.15d). The Tafel slope
value indicates the rate of the reaction and a lower Tafel slope correlates with faster
kinetics. Table 4.1 shows the Tafel slope comparison of the prepared materials with the
state-of-the-art RuO> catalyst. The NiO@MoOz3/VVC shows the lowest Tafel slope value
of 64.5 mV/decade from the prepared sample, which is reflected in the improved OER

performance.

SI. No Sample Rct () Tafel Slope ECSA
(mV/decade) (cm?)

1 fn-VC 129.5 110.2 16.6

2 MoS2/VC 35.9 66.9 15.6

3 Ni(OH)2/MoOs 45.1 67.6 1.2

4 Ni(OH)2/VC 22.3 87.1 8.2

5 Ni(OH).@Mo0s/VC 20.4 71.5 3.8

6 NiO@MoO3/VC 11.3 64.5 7.2

7 RuO> 141 77.9 11.5

Table 4.1: Comparison of the Rcr values, Tafel slopes and ECSA of the prepared

materials in comparison with the commercial RuO..
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In order to understand the effect of scan rate during the LSV analysis, we have
performed the LSV analysis of NiO@MoO3/VC at two different scan rates of 2 mV sec
1 and 10 mV sec? and presented the corresponding data as Figure 4.16a. The
contribution from the capacitive current is decreased at lower scan rate (2 mV sec™).
However, there is not much change in the overpotential value at 10 mA cm™ with
different scan rates. Compared to the overpotential obtained at a scan rate of 10 mV sec”
! the overpotential exhibited at 2 mV sec™ scan rate is about 3 mV lower. This indicates
that the LSV performance is not significantly shifting with the scan rate of 2 mV sec
and 10 mV sec! in the present work. Also, we have performed the iR uncorrected LSVs
of NiO@MoO3/VC and presented the data as Figure 4.16b. It is deduced form Figure
4.16b that if the LSV is performing without any iR correction, only 7 mV higher
overpotential is observed at 10 mA cm (287 mV). The difference is noticeable only at
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Figure 4.16. (a) Comparative LSV profiles of NIO@MoOz/VC recorded in 1 M KOH solution
at 1600 rpm of the working electrode and at the scan rates of 2 mV sec™ and 10 mV sec?, (b)
comparative LSV profiles of NNO@MoOs/VC recorded in 1 M KOH solution with and without
iR correction at 1600 rpm of the working electrode and at the scan rates of 10 mV sec?, (c)
comparative LSV profiles of the NIO@MoO3 and physical mixture of NiO-MoOs recorded in
1 M KOH solution at 1600 rpm of the working electrode and at the scan rate of 10 mV sec
and (d) comparison of the specific and mass activities of fn-VC, MoS2/VC, Ni(OH)2/MoOQg,
Ni(OH)2/VC, Ni(OH).@Mo0s/VC, NiO@MoOs/VC and RuO; at 1.60 V vs. RHE.
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higher current density. The lower overpotential associated with the heat-treated sample
(NiO@Mo03/VC) could be because of the high degree of graphitization present in the
system (explained in the XRD part) which improves the electrical conductivity of the
material, and the presence of the conducting substrate, mainly Vulcan carbon, could
resolve the issue related to the electrical conductivity of MoOs in the composite. The
mesoporous nature of the Vulcan carbon further facilitates OER by providing better
mass transfer of the hydroxyl ions and the evolved O during the water oxidation.
However, the presence of MoOs is essential for maintaining the enhanced performance
as well as the stability of the material (explained in the upcoming section) for long-term
operation. We have performed the LSV analysis of the physical mixture of NiO and
MoO3 and compared with NiO@MoO3 (Figure 4.16c). The overpotentials exhibited by
NiO@Mo0O; and NiO+MoOs3 (physical mix) at 10 mA cm current density are 300 mV
and 330 mV, respectively. This indicates that the OER performance is comparatively
poor if NiO and MoOs are present as physical mixture rather than as the composite. The
improved performance possessed by NiO@MoO3 could be explained because of the
possible interactions occurring between NiO and MoOs in the composite (NIO@Mo0O3).
However, similar kind of interaction could not be expected from the physical mixture
of NiO and MoOz. This leads to the lower OER performance in the physical mixture of
NiO and MoOs. The specific and mass activities of all the samples are compared with
RuO:2 and presented in Figure 4.16d. It is concluded from Figure 4.16d that both the
specific and mass activities of NiO@MoO3s/VVC are higher than that of state-of-the-art
RuO: catalyst.

The electrocatalytic active surface area (ECSA) of the samples has been found out
from the electrochemical double-layer capacitance (Cai) value. For this, CV has been
performed in the non-Faradaic region (0.97 V to 1.07 V vs. RHE) at different scan rates
ranging from 5 mV sec? to 60 mV sec? (Figure 4.17). A plot of the scan rate against
the obtained current at 1.02 V would give a straight line and the slope of the line is the
Ca value (Figure 4.17 and Figure 4.18a). The ECSA is obtained from the Cq value by
using the equation:

ECSA = Cul/Cs
where, Cs is the specific capacitance of the metal. For NIO@MoO3s/VVC, we have used
Cs value as 40 pF, which corresponds to the composite of Ni and Mo.[*?1 The calculated
ECSA value of NiO@MoOs/VVC is 7.2 cm?, which is in good agreement with the

literature related to the Ni-based catalysts. The roughness factor (RF) of
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Figure 4.17. Cyclic voltammograms of the catalyst in the non-faradaic region recorded
at different scan rates in the N2-saturated 1 M KOH solution; (a) fn-VC, (b) MoS2/VC,
(c) Ni(OH)2/M00s3, (d) Ni(OH)2/VC, (e) Ni(OH).@Mo03/VC, (f) NiO@MoOs/VC, (9)
RuO: and (h) plot of the anodic current against scan rate in the non-Faradaic region of
the CVs.

NiO@MoOs3/VC is calculated from the ECSA value by dividing it with the geometric
area of the electrode and is around 36.8. Rotating Ring Disc Electrode (RRDE) study
has been performed to find out the Faradaic Efficiency (FE) of NiO@MoO3/VC in N2
saturated 1 M KOH solution (Figure 4.18b). The main aim of the FE measurement is
to confirm that the produced current is due to the oxidation of hydroxyl ions. For the
RRDE analysis, a carbon disc surrounded by a platinum ring was used as the working

electrode. A graphite rod as the counter electrode and Hg/HgO as the reference electrode
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Figure 4.18. (a) Plot of the anodic and cathodic current of NiO@MoO3/VC against
scan rate in the non-Faradaic region of the CV, (b) Faradaic efficiency analysis of
NiO@MoO3/VC using RRDE technique in the N»z-saturated 1 M KOH solution by
applying different current densities on the disc electrode and at a rotation speed of 1600
rpm of the working electrode, (c) chronoamperometric response of NIO@MoO3/VC in
1 M KOH solution for 15 h at 1.51 V, and (d) O2 gas quantification analysis of
NiO@Mo0O3/VC using gas chromatography.

were also employed. The rotation of the working electrode was maintained at 1600 r.p.m
during the analysis. A range of successive current values from 1 mA cm2 to 10 mA cm’
2 were applied on the disc electrode and the subsequently generated oxygen was reduced
to H20: at the platinum ring electrode, which was kept at a constant potential of 0.40 V
vs. RHE. The Faradaic efficiency is calculated from RRDE analysis and is found to be
98% at 1 mA cm? and 47% at 10 mA cm; this reduction in efficiency at a higher
current density can be attributed to the quick evolution of O2 gas at the disc electrode
and the ring being unable to collect the entire quantity of O> that is being generated at
the disc electrode.

The concurrent maintenance of higher activity and outstanding stability enhances the
efficiency of a catalyst. Stability analysis of NIO@MoO3/VVC was carried out through
chronoamperometric analysis at 1.51 V (vs. RHE) for 15 h in the N2-saturated 1 M KOH
solution at 1600 r.p.m of the working electrode (Figure 4.18c). The material shows

CSIR-NCL AcSIR I Rajith Illathvalappil



Chapter 4

excellent stability at 10 mA cm™ for the entire duration of the analysis without any
alteration in the activity. The stability data hence confirms that the material is stable in
the working condition and this could be due to the simultaneous presence of MoO3 along
with the surface dispersed NiMoOg sheets. This reduces the agglomeration of the NiO
sheets and decreases carbon corrosion by providing a protecting layer on fn-VC. The
presence of the surface NiMoOg layer is adequate to prevent the dissolution of MoOs in
the alkaline environment. In order to confirm the high corrosion stability of the MoOs
bearing NiMo0Os, the chronoamperometric analysis of Ni(OH)2/VC was carried out
under the same conditions and the data is presented in Figure 4.19. The stability of
Ni(OH)2/VC is reduced rapidly after a few hours and this could be due to the corrosion
of fn-VC and the subsequent agglomeration of the Ni(OH)> nanosheets. Hence, the
presence of MoOs appeared to be protecting fn-VC from corrosion and providing
structural stability in the composite.

30

=

0 2 4 6 8 10 12
Time (h)

Figure 4.19. Chronoamperometric analysis of Ni(OH)2/VC in 1 M KOH solution.

The O quantification of NiO@MoO3/VC has been done using gas chromatography
(GC) analysis; the result of which is shown in Figure 4.18d. For the O2 quantification
analysis, a gas-tight electrochemical cell having a volume of 20 mL was constructed.
About 10 mL of 1 M KOH solution was taken as the electrolyte. Chronoamperometric
analysis of NIO@MoO3/VVC was performed at 1.51 V (vs. RHE) and the evolved O2 was
collected from the head space of the electrochemical cell using a micro syringe at 15-
minute intervals and analysed using the GC instrument. Before the chronoamperometric
analysis, the electrochemical cell was degassed by continuously flushing N2 gas in the

electrolyte. The quantification has been done by collecting the gas after each 15-minute
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Figure 4.20. Electrochemical impedance analysis of NiO@MoO3/VC during O:

guantification in 1 M KOH solution

interval of the chronoamperometry and injecting into the GC instrument. After three
sequential measurements, the electrochemical cell was degassed by purging the N2-gas.
From Figure 4.18d, it can be observed that in the initial quantification cycle, the amount
of Oz evolved was slightly less. However, in the second cycle, the O is evolved rapidly
and attains a maximum value of 100 micromoles in the third injection. The rapid
increment in Oz evolution is due to the activation of the catalyst centres in
NiO@MoO3/VVC during chronoamperometry and in the second cycle, most of the
catalytic centres become active. The electrochemical impedance study during the
chronoamperometric analysis of NiO@MoO3/VC (Figure 4.20) is confirming that the
Rcr value is significantly reduced after the second cycle of the O quantification, which
indicates the activation of the catalytic centres and subsequently the faster ionic
transport in the system.

Post analysis of NiO@MoO3/VVC after the chronoamperometry test is conducted to
evaluate the structural stability. The TEM images of NiO@MoOs/VC after the
chronoamperometry analysis is presented in Figure 4.21a-d. From the TEM image, it
Is clear that the layer structure of MoOzs is intact even after the 15 h of stability test and
demonstrating the chemical stability of MoOs in the analysis conditions. The high
chemical stability of MoOz3 in the present case is due to the presence of nickel molybdate
(NiMo0QO,) as the surface layer, which prevents the dissolution of MoOs in the alkaline
condition. The d-spacing value is calculated from the TEM image (Figure 4.21b) and
is found to be 0.21 nm, corresponding to the (200) plane of NiO. The selected area
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Figure 4.21. TEM images of NiO@MoOz3/VC after 15 h chronoamperometry in 1 M
KOH solution at different magnifications (a and b) and the inset in (b) represents the
line profile of NiO, (c) image selected for the EDX mapping and inset shows the STM
image, (d) EDX elemental mapping of NiO@MoO3/VC represents the uniform

distribution of carbon, molybdenum, nickel and oxygen in the composite.

electron diffraction (SAED) pattern of NiO@MoO3/VC illustrated in the inset of Figure
4.21b indicates the crystalline nature of the composite. The d-spacing values are
calculated from the SAED pattern and are about 0.21 nm and 0.15 nm. These are
corresponding to the (200) and (220) lattice planes of NiO, respectively.[*l Figure
4.21c-d represents the TEM-EDX elemental mapping of NiO@MoO3/VC after the

Ni2p F1s
O1s Cls
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Figure 4.22. XPS survey scan spectra comparison: (a) NiO@MoOs3/VC, (b)
NiO@MoO3/VC after 15 h chronoamperometry in 1 M KOH and (c) NiO@MoO3/VC
after 15 h aging in 1 M KOH solution without any applied potential.
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chronoamperometry analysis. Figure 4.21c represents the selected area for the EDX
mapping and the inset shows the STEM image. Figure 4.21d shows the uniform
distribution of nickel, molybdenum, oxygen and carbon in the composite after the
chronoamperometric analysis.

XPS analysis of NIO@MoOs/VC after the 15 h chronoamperometry analysis was
carried out. For comparison, the sample obtained after the 15 h aging without any
applied potential was also subjected to XPS analysis and the comparative survey
spectrum is presented in Figure 4.22. The data shows the presence of nickel,
molybdenum, oxygen and carbon after the analysis. The peak positions of the sample
obtained after the chronoamperometry analysis is similar to that of the as made
NiO@MoO3/VC, which indicates the high chemical stability of NIO@MoO3/VC in the
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Figure 4.23. XPS spectra of NiO@MoO3/VC after 15 h chronoamperometry at 10 mA
cm?in 1 M KOH solution (a, b and c): (a) molybdenum, (b) nickel, (c) oxygen; (d, e
and f) after 15 h aging in 1 M KOH solution without any applied potential: (d)

molybdenum, (e) nickel and (f) oxygen.
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long term operation. The deconvoluted XPS spectra of the samples after the analysis are
shown in Figure 4.23. The Figure 4.23a shows no obvious change in the oxidation state
of Mo*® after the 15 h of the chronoamperometry analysis. The peaks appeared at 232.6
eV and 235.2 eV are the 3ds/> and 3ds. states of Mo*®, respectively. The Mo*® state is
originated from both NiMoO4and MoOz phases present in the system.

Finally, the overall water splitting was performed by employing NiO@MoO3/VVC
coated on nickel foam (NF) as the anode catalyst and Pt/C coated on NF as the cathode
catalyst. Figure 4.24 illustrates the overall water splitting activity comparison of bare
NF Il bare NF, NiO@MoOs/VC-NF Il Pt/C-NF and RuO2-NF Il Pt/C-NF based

electrodes.

=— Bare NF “ Bare NF
04 —— NiO@MoO/VC-NF || PvC-NF
RuO,-NF|| PrCNF

1.0 12 14 16 18
Potential (V)

L Anode

Figure 4.24. Comparative overall water splitting activity of the catalysts in 1 M KOH
solution, LSVs were performed at a scan rate of 2 mV sec™.

The hydroxyl ions undergo oxidation at the anode and produces O> (OER). At the
cathode, protons undergo reduction and produces H2 (HER). The overall water splitting
activity of bare NF Il bare NF is very negligible, requires a potential of 1.83 V to achieve
the current density of 10 mA cm2. However, NiO@MoO3/VC-NF Il Pt/C-NF requires
only 1.59 V to reach the 10 mA cm current density. Also, the system performing similar
to the state-of-the-art based electrode system (RuO2-NF Il Pt/C-NF). The produced H>
and O are presented in the inset of Figure 4.24 and indicated with the arrow marks.
Hence, the result shows the potential application of NiIO@MoO3/VC as the efficient
OER catalyst for the overall water splitting application.
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4.4 Conclusions

A robust and highly durable water-oxidation catalyst has been synthesized by following
a simple two-step hydrothermal synthesis. The produced NiO@MoO3/VC is comprised
of small sized NiO nanosheets anchored on MoOs, which facilitates the hydroxyl ion
adsorption during the water oxidation reaction. The MoOs is derived from the few-layer
MoS; and this subsequently anchors the NiO nanosheets. This intimate coexistence of
the phases in a directly integrated fashion increases the availability of active centres and
fn-VVC core in the composite improves the electrical conductivity in the system. Also,
the mesoporous nature of NiO@MoOs/VVC facilitates faster transport of ions during
OER. The presence of MoOs in the composite plays a key role in improving the stability
of the system, where the presence of surface NiMoOs as a thin layer would prevent the
dissolution of MoOs in the alkaline environment. NiO@MoO3/VC exhibits an
overpotential of 280 mV for OER at 10 mA cm and shows good stability at 1.51 V vs.
RHE for 15 h in 1 M KOH solution. The present catalyst is found to be exhibiting better
performance compared to the state-of-the-art RuO: catalyst, which exhibits an
overpotential of 292 mV at 10 mA cm2 current density. Also, the performance exhibited
by the present catalyst is comparable to the nickel based OER catalysts reported in the
literature. The overall water splitting activity of NiO@MoO3/VC-NF Il Pt/C-NF is
analysed in 1 M KOH solution and the system requires nearly 1.59 V to achieve the 10
mA cm current density. The performance is similar to the activity demonstrated by the
systems based on the state-of-the-art catalysts (RuO2-NF Il Pt/C-NF), validating the
improved activity of NIO@MoO3/VC towards OER.
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Chapter-5
Hierarchical Nanoflower Arrays of Co09Ss-NisS2 on Nickel Foam:
Highly Efficient Binder-free Electrocatalyst for Overall Water
Splitting Application

Hydrogen production is vital for furnishing the future energy demand and managing the
environmental sustainability. Electrolysis of water is considered as the suitable method
for H> generation in a carbon-free pathway. Here, we have explored the synthesis of
highly efficient Co9Ss-Ni3S> based hierarchical nanoflower arrays on nickel foam (NF)
through the one-pot hydrothermal method (Co9Ss-Ni3S2/NF) for overall water splitting
applications. The nanoflower arrays are self-supported on the NF without any binder,
possessing the required porosity and structural characteristics. The obtained CogSg-
Ni3S2/NF is displaying high hydrogen
evolution reaction (HER) as well as
oxygen evolution reaction (OER)
activities in 1 M KOH solution. The
overpotentials exhibited by this system
at 25 mA cm are nearly 277 and 102
mV for HER and OER, respectively in 1
M KOH solution. Subsequently, the
overall water splitting was performed in WH, Mo, BHo
1 M KOH solution by employing CogSs-
Ni3S2/NF as both the anode and cathode
electrodes, where the system required only 1.49, 1.60 and 1.69 V to deliver the current
densities of 10, 25, and 50 mA cm?, respectively. Comparison of the activity of C0ogSs-
NizS2/NF with the state-of-the-art Pt/C and RuO> coated on NF displays an enhanced
performance for Co9Sg-NisS2/NF both in the half-cell as well as in the full cell,
emphasizing the significance of the present work. The post analysis of the material after
the water electrolysis confirms that the surface Co(OH). formed during the course of
the reaction serves as the favorable active sites. Overall, the activity modulation
achieved in the present case is attributed to the presence of open-pore morphology of
the as formed nanoflowers of CoeSg-Ni3S2 on NF and the simultaneous presence of the
surface Co(OH)2 along with the highly conducting CogSs-Ni3S, core which facilitates
the adsorption of the reactants and subsequently its conversion into the gases products
during water electrolysis.

Content of this chapter is published in the following article:

Chem. Eur. J., 2020, 26, 7900-7911.
(https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/chem.202000839)
Reproduced by permission from Chem. Eur. J, License Number: 4879200388836.
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5.1 Introduction
The depletion and inadequacy of non-renewable energy sources with their
environmental glitches inflict the society to develop sustainable and cost-effective
routes for clean energy.l* 21 The viable carbon-free energy sources are receiving
extensive attention due to their pollution-free and environmental benign nature.f!
Hydrogen is being considered as an ideal candidate for the future energy source due to
its high energy density (140 MJ kg™).[* 51 The polymer electrolyte membrane fuel cells
(PEMFCs) convert the chemical energy of Hz in to electrical energy.[! The carbon-free
nature of H, makes the system further elegant.”l However, steam reforming of natural
gas, coal gasification, etc., adopted for the hydrogen production release CO and CO:
and, thus, are not carbon neutral in nature.® ¥ Therefore, these methods are not feasible
for the green production of H.. Hence, a clean and efficient method should be followed
for the generation of Hz. Electrolysis of water produces Hz in a carbon-neutral way and
it plays an important role in the sustainable production of H2.[* Electrochemical water
splitting involves two reactions at the electrodes; the hydrogen evolution reaction (HER)
at the cathode and oxygen evolution reaction (OER) at the anode. However, the
overpotential associated with HER and OER makes the water electrolysis more
challenging.l***? Hence, developing highly efficient and durable catalyst for facilitating
HER and OER is indeed essential for the economical H generation from water.[*]
Various catalysts have been developed and investigated for reducing the
overpotential associated with the water electrolysis. Among them, the noble metal based
catalysts, especially Pt, Ru, and Ir are the benchmark catalysts for aiding the water
electrolysis.[** 151 However, the highly expensive and insufficient reserves of the state-
of-the-art Pt, Ru, and Ir restrict the wide commercial application of the water
electrolysis.'® 1 In order to improve the productive and profitable H2 generation from
water electrolysis, replacing the noble metal based catalysts with low cost, highly
efficient and durable materials is essential.[!1: 18201 Extensive research has been done
over the past decades to develop efficient catalysts for water electrolysis. These include
the application of various low-cost transition metal based catalysts for facilitating OER
and HER.[?% 22 The vast availability and comparable catalytic activity of the transition
metal based catalysts can eventually replace the precious-metal based catalysts. Among
the various transition metal based catalysts, the metal sulfide based catalysts have been
displaying remarkable HER and OER performances.?*: 22-21 This can be attributed to

the high electrical conductivity and variable oxidation states possessed by the various
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metal sulfides.[?®] Currently, designing of the efficient bi-functional catalysts, which can
facilitate both OER and HER for water electrolysis, is receiving substantial attention
mainly because such systems can reduce the complications associated in designing the
water electrolyzer set-up.[*>2% 301 |n addition, the application of a single material as both
the anode and cathode catalyst can reduce the cost of operation of the system.!]

The large scale system development of water electrolysis is restricted mainly due to
the high overpotential and physical coating of the catalyst material on the conducting
substrate using binders.l*?l This would lead to undesirable contact resistance in the
system and subsequently to reduced catalytic activity.[*?l In-situ anchoring of the
nanomaterials on a conducting substrate and subsequently developing the self-supported
bi-functional electrodes for HER and OER can resolve the above mentioned issues.*!
Also, developing the catalysts with hierarchical nanostructures is receiving wide
attention due to their unique properties and surface enhanced catalytic activities.[*" 26l
The hierarchical nanostructures would improve the electrochemical active surface area
(ECSA) and subsequently the catalytic activity.®3! In the present work, hierarchical
nanoflower arrays of CoeSg-NisS> is achieved on the NF substrate (CoeSg-Ni3S2/NF)
through hydrothermal reaction (Figure 5.1). The high porosity, surface area, electrical
conductivity and low cost of NF make this as an appropriate substrate for the
nanomaterial’s growth.[?* The self-supported CosSs-Ni3zS2/NF electrode was used as the
bi-functional and binder-free electrode for water electrolysis applications. The C0gSs-
NizS2/NF was investigated for the HER and OER applications in 1 M KOH solution.
Finally, the system was applied as both the anode and cathode electrodes for aiding the

water electrolysis applications in 1 M KOH solution.

5.2 Experimental Section

5.2.1 Materials

Cobalt chloride hexahydrate (CoClz. 6H20), thiourea (CH4N>S), potassium hydroxide
(KOH) and ruthenium oxide (RuO2) were purchased from Sigma-Aldrich Chemicals.
40 wt. % Pt/C was procured from Alfa Aesar. Hydrochloric acid (HCI) was procured
from Thomas Baker. All the chemicals were used without any further purification.
Nickel foam (NF) was procured from Global Nanotechnology Pvt. Ltd. The thickness
of NF is 1.4 mm whereas its pore size and surface density are 580 pm and 1450 g/m?,
respectively.
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5.2.2 Synthesis of Co9Ss-NisS2/NF nanoflower

Initially, NF (2.5 cm x 3.5 cm) was cleaned with 1 M HCI, DI water and ethanol
sequentially by sonication followed by drying at 60 °C for 5 h in a vacuum oven. The
cleaned NF was used for the further synthesis. For the synthesis of Co9Ss-Ni3S2/NF,
dissolved 2.5 mmol of cobalt chloride hexahydrate (CoCl.. 6H20) and 13.1 mmol of
thiourea (CH4N2S) in 30 mL of distilled water. After stirring for 30 min. at room
temperature, the solution was transferred into a 40 mL Teflon lined autoclave. The
cleaned NF was kept vertically in this solution and the hydrothermal treatment at 200
°C for 12 h was performed. After cooling down to room temperature, the material was
removed from the bath and subsequently washed several times with ethanol and distilled
water. The material was dried in a vacuum oven at 60 °C for 5 h and the obtained
material is called hereafter as CooSg-NizS2/NF.

Thiourea

Hydrothermal

Ni Foam CoCl,, Thiourea

Hydrothermal

Figure 5.1. Schematic illustration of the synthesis of Co09Ss-NisS2/NF through the
hydrothermal route and the employment of this system as the bi-functional electrode in

the water electrolysis application.

In order to understand the structural development, control samples were prepared
through the same method by adding 1.2 mmol of CoCl,. 6H2O and 13.1 mmol of
CH4N2S in the first case (Co9Sg-NisS2/NF-1) and 2.5 mmol of CoCl.. 6H20 and 6.5
mmol of CH4N2S in the other case (Co09Ss-NisS2/NF-2) and kept the remaining
parameters similar as in the previous case. For comparison, NizS directly grown on the

NF was also synthesized by adopting the similar method except the addition of cobalt
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chloride during the hydrothermal treatment. The material obtained is called as NizS2/NF.
The loading of the metal sulfides on CoeSs-Ni3S2/NF was calculated by weighing the
material before and after the reaction, which is found to be nearly 28 + 2 mg cm™. The
digital images of bare NF, NizS2/NF and CogSg-Ni3S2/NF are presented in Figure 5.2.

Bare NF Ni,S,/NF Co,S,-Ni,S /NF

Figure 5.2. Digital images of bare NF, NizS2/NF and Co9Ss-Ni3S2/NF.

5.2.3 Characterization

The field emission scanning electron microscopic (FESEM) images were obtained in a
Nova Nano SEM 450 instrument. Using a FEI Technai G2 T20 instrument which was
operated at 200 keV, the transmission electron microscopic (TEM) images of the
materials were obtained. X-ray diffraction (XRD) studies were conducted using a
PANalytical X’ pert pro instrument using Cu Ko (1.5418 A) radiation. Using a VG
Microtech Multilab ESCA 3000 spectrometer, X-ray photon emission spectroscopic
(XPS) analysis of the samples was carried out. Non-invasive X-ray microtomography
imaging was performed by using Xradia Versa 510 X-ray Microscope (Zeiss X-ray

Microscopy, Pleasanton, CA, USA).

5.2.4 Electrochemical Analysis

The as developed Co9Sg-NizS2/NF was analysed for the electrochemical water splitting
applications in 1 M KOH solution. The electrochemical investigations of the materials
toward OER and HER have been performed using the three electrode set-up. For this,
C09Ss-NisS2/NF was taken as the working electrode with an active area of 1 cm?. A
graphite rod and Hg/HgO were used as the counter and reference electrodes,
respectively. During the analysis, the electrolyte was continuously purged with N2-gas.
Initially, about 10 cycles of cyclic voltammogram (CV) was performed at a scan rate of
10 mV sec™t. In order to find out the overpotential, linear sweep voltammetry (LSV) was

performed at a scan rate of 2 mV sec™®. All the LSV measurements were performed
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without any iR correction. For comparison, Pt/C and RuO2 were coated on NF (1 cm?
active area) with a loading of 3 mg cm™ and performed the analysis under similar
conditions. All the potentials were converted in to RHE by calibrating the reference
electrodes in the Hx-saturated electrolytes. For water electrolysis analysis, C0gSs-
Ni3S2/NF was employed both as the anode and cathode electrodes by maintaining an
active area of 1.0 cm?. All the electrochemical analyses were performed at room
temperature (~25° C).

The electrochemical active surface area (ECSA) of the samples was measured by
performing CV in the non-Faradaic region (0.91 to 1.01 V) at different scan rates. The
peak current obtained at 0.96 V is plotted against the corresponding scan rate gives a
straight line, where the slope represents the double-layer capacitance (Cqi) value. Using
the specific capacitance (Cs) of the elements, the ECSA value can be calculated from
the following equation:

ECSA = Cul/Cs
The alkaline water electrolyzer was constructed with Co9Sg-Ni3S2/NF as both the
electrodes by powering with a 1.5 V dry cell battery. The amount of gas evolved during
the water electrolysis was evaluated by using gas chromatography (5700 Nucon Gas
Chromatograph with Carbosphere column and Argon as carrier gas) with thermal
conductivity detector. The program used in GC for all the analyses involved the detector
temperature of 100 °C and an oven temperature of 50 °C at the time of injection. A gas
phase syringe (injection volume of 500 pL) was used to inject the sample at the

headspace of the reactor.

5.3 Results and Discussion

5.3.1 FESEM Analysis

The FESEM analysis has been performed to acquire the structural details of the obtained
material after the hydrothermal synthesis and the corresponding images are presented in
Figure 5.3. Figure 5.3a depicts the FESEM image of bare NF. The inset in the figure
represents the high magnification image of the bare NF and it reveals the rough surface
texture of the material. After the hydrothermal treatment of NF in presence of thiourea,
Ni3S2 is formed on the surface of NF (NisS2/NF) as shown in the image presented in
Figure 5.3b. The inset in Figure 5.3b represents the enlarged view of NisS2/NF, which
indicates the vertical spike kind arrangement of NizS2 on the NF surface. Figure 5.3c

represents the FESEM image of Co9Ss-Ni3S2/NF. The hierarchical nanoflower arrays of
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Figure 5.3. (a) FESEM image of bare NF with the inset image shows a magnified
portion, (b) FESEM image of NizS2/NF with magnified location in the inset, (c) FESEM
image of CoeSg-NisS2/NF and (d) higher magnification image of the highlighted portion

in (c) and the inset shows the porous morphology of the nanoflower.

Co09Sg-Nis3S2 on the NF surface is achieved by adding cobalt chloride during the
hydrothermal treatment of thiourea with NF. It is clear from Figure 5.3c that, after the
incorporation of cobalt ions during the synthesis, the morphology of the obtained
material is changed from nanospikes to nanoflower arrays. This could be attributed to
the growth of CooSg layers on the surface of NisSz2, which leads to the formation of
Co09Ss-NisS2 nanoflower arrays on NF. The diameter of the nanoflowers are nearly 10
um and they are found to be distributed uniformly on NF. Figure 5.3d is the high
magnification image of the highlighted portion in Figure 5.3c; the inset in the image
indicates the open-pore cavities of the as formed Co9Ss-Ni3S2/NF. This would emphasis
the significance of CogSg on Ni3S> for obtaining the uniformly distributed and open-pore
morphology of the nanoflower arrays.

It can be deduced from the FESEM image that the nanoflower morphology is formed
from the thin layer assemblies of the nanopetals of Co09Ss-Ni3S2. The sequential
arrangement of the Co9Ss-Ni3S2 nanopetals provides the open-pore cavities in the
system. The porosity present in the nanoflowers of CoeSs-NizS2/NF is in the macro
porous range and it would facilitate the diffusion of the electrolyte and the evolved gases

during the water electrolysis. Thus, the porous nature of Co9Sg-NizS2/NF is highly
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(a) Cobalt (b) Nickel

Figure 5.4. (a-f) SEM-EDX elemental mapping of Co09Sg-Ni3S2/NF indicating the

uniform distribution of cobalt, nickel and sulfur.

helpful during the water electrolysis application. To get an insight about the elemental
distribution in CogSs-Ni3S2/NF, the SEM-EDX elemental mapping was performed and
this data is presented in Figure 5.4. From the elemental mapping, it is found that cobalt,
nickel and sulfur are distributed uniformly in the system. The origin of oxygen in the
elemental mapping could be from the trace amount of adsorbed oxygen on the sample.

The uniform distribution of the constituent elements in the system in the elemental

Figure 5.5. (a-d) FESEM images of Co9Ss-NizS2/NF-1 recorded at different
magnifications. (c-h) SEM-EDX elemental mapping of CogSs-Ni3S2/NF-1; (c) cobalt, (d)
nickel, (e) sulfur, (f) oxygen, (g) overlay and (h) the image corresponding to the

elemental mapping.
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mapping data points towards the uniform distribution of the Co9Sg-Ni3S, moieties on
NF.

In order to understand the structural evolution, control samples were prepared by
varying the amounts of cobalt chloride and thiourea during the synthesis (explained in
the Experimental section). The material synthesized with lower concentration of cobalt
chloride during the synthesis is found to be affecting on the formation of the nanoflower
structure and, instead, it leads to the spike kind morphology (Co9Sg-NisS2/NF-1) and the
corresponding FESEM image is presented in Figure 5.5a-b. The SEM-EDX elemental
mapping of this system as shown in Figure 5.5c-h illustrates the uniform distribution of
Co, Ni and S in the material. Similarly, lowering the amount of thiourea leads to the
formation of partially formed nanoflower morphologies on NF (C09Sg-Ni3S2/NF-2). The
corresponding images are presented in Figure 5.6a-b. The SEM-EDX elemental
mapping of this sample presented in Figure 5.6c-h points towards the uniform

distribution of Co, Ni and S in the material.

Figure 5.6. (a-d) FESEM images of Co09Ss-NizS2/NF-2 recorded at different
magnifications. (c-h) SEM-EDX elemental mapping of CogSs-NizS2/NF-2; (c) cobalt, (d)
nickel, (e) sulfur, (f) oxygen, (g) overlay and (h) the image corresponding to the

elemental mapping.

5.3.2 Contact Angle Analysis
The contact angle measurement of the catalyst provides the surface wettability details
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E

Figure 5.7. The images corresponding to the contact angle measurement of (a) bare NF
and (b) CogSs-Ni3S2/NF.

Bare NF :

)

and this has further implications in establishing the electrode-electrolyte interface in the
test systems for the electrochemical evaluations. For water electrolysis, the
hydrophilicity of the system favors for the better contact of the electrolyte with the
catalyst. Along with the active centers, better electrode-electrolyte interactions would
subsequently improve the catalytic performance. The contact angle of bare NF with
water is ~134°, which indicates the highly hydrophobic nature of the bare NF (Figure
5.7a).41 However, the excellent hydrophilic nature makes fast spreading of water on
the surface of Co9Ss-Ni3S2/NF, making the measurement of water contact angle on the
system difficult (Figure 5.7b). This extremely hydrophilic nature of Co9Sg-Ni3S>/NF
plays a critical role in establishing better electrode-electrolyte interactions and helps for
the easy release of the evolved gases from the catalyst surface during water electrolysis.
Thus, altogether, this characteristic of the system favorably affects the interaction of the

electrolyte towards the catalyst and its subsequent conversion to Hz and O2.[%]

5.3.3 TEM Analysis

The TEM images of Co09Ss-Ni3S2/NF are provided in Figure 5.8. The sheet-like
morphology of the CogSs-Ni3S2 nanopetals is evident from the TEM images (Figure
5.8a). Itis confirmed from Figure 5.8a that the nanoflower morphology is formed from
the interconnected arrangement of the nanopetals of CoeSg-NisS2. Figure 5.8b is the
enlarged portion as marked in Figure 5.8a. The layer structure of CogSs is highlighted
in the green square and the enlarged view is presented as Figure 5.8c. The d-spacing
value is calculated from the TEM image (Figure 5.8c) and is found to be 0.25 nm, which
is corresponding to the (400) lattice plane of C09Ss.[%81 The SAED pattern provided in
Figure 5.8d indicates the crystalline nature of Co09Ss-Ni3S2/NF. The TEM EDX-
elemental mapping provided in Figure 5.8e-j indicates the uniform distribution of

cobalt, nickel and sulfur over NF. This result further validates the findings from SEM
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Figure 5.8. (a-c) TEM images of CogSs-Ni3S2/NF at different magnifications, (d) SAED
pattern of CogSg-NisS2/NF, and (e-j) TEM-EDX elemental mapping of Co9Ss-NizS2/NF.

EDX-elemental mapping of Co09eSg-NizSo/NF. The TEM images of NisS2/NF are
presented in Figure 5.9. The spike kind arrangement of NisS> is clear from the TEM

images (Figure 5.9a-b).

Figure 5.9. (a-b) TEM images of NisS2/NF recorded at different magnifications.

5.3.4 XRD Analysis

The XRD data of bare NF, NizS2/NF and CogSs-NizS2/NF along with standard JCPDS
pattern is represented in Figure 5.10. The bare NF exhibits sharp peaks at the 20 values
of 45.1°, 52.2° and 76.8° corresponding to the (111), (200) and (220) lattice planes of
Ni, respectively.®* Ni3Sy/NF exhibits the characteristic diffraction peaks at the 20
values of 21.9°, 31.3°, 38.1°, 50.1° and 55.5°, which are attributed to the (101), (110),
(021), (211) and (122) lattice planes of NizS», respectively. CogSs-NisS2/NF displays the
diffraction peaks at the 20 values of 25.3°, 30.1°, 36.2°, 40.8°, 52.3°, 55.7°, 58.1° and
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Figure 5.10. Comparative XRD patterns of bare NF, NizS2/NF and CogSg-NizS2/NF
along with the standard card numbers.

60.9° corresponding respectively to the (220), (311), (400), (420), (440), (600), (620)
and (533) lattice planes of Co0gSs. In addition, Co09Sg-NizS2/NF also shows the
characteristics peaks corresponding to NisS2 at 20 values of 22.1°, 31.5°, 38.2°, 50.3°
and 55.7°, respectively. The sharp peaks in the XRD spectrum indicates the crystalline
nature of the as formed materials. Thus, XRD confirms the coexistence of the NisS. and

Co09Sg phases in CogSs-NisS2/NF with crystalline characteristics.

5.3.5 X-ray Microtomography Analysis

The pore characteristics and surface morphology of the samples were analyzed by non-
invasive X-ray microtomography imaging and the obtained images of bare NF and the
C09Ss-Ni3S2/NF are presented in Figure 5.11a-d. The three-dimensional tomography
images indicate the open-pore arrangement of the bare NF (Figure 5.11a-b). This is in
line with the FESEM results obtained for the bare NF. The thin-layer growth pattern of
Co00Sg-NisS2 on NF is confirmed with the tomography analysis. The red color on the
surface indicates the distribution of Co9Sg-Ni3S2 on NF and the yellow color in the core
designates the NF substrate in the tomography image (Figure 5.11c, d). From Figure
11d, it is confirmed that Co9Ss-Ni3S2 nanflowers are distributed uniformly on the NF
surface. The macro pores of the NF skeleton is intact even after the inclusion of Co9Sg-
Ni3S2 hierarchical nanoflower arrays. These results further validate the conclusions

attained from the FESEM analysis.
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Figure 5.11. Tomography images of (a, b) bare NF and (c, d) CogSs-Ni3S2/NF.

5.3.6 XPS Analysis

In order to understand the chemical compositions of CogSs-NizS2/NF, surface analysis
was performed by using XPS and the data is provided in Figure 5.12. The survey scan
spectrum in Figure 5.12a confirms the presence of Ni, Co and S in the sample. The

(a)vizp  Survey scan spectrum (b) Ni2p
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Figure 5.12. (a) XPS survey scan spectrum of CoeSg-Ni3S2/NF, (b) deconvoluted Ni 2p
spectrum of CogSg-NizS2/NF, (c) deconvoluted Co 2p spectrum of CoeSs-NisS2/NF and
(d) deconvoluted S 2p spectrum of CogeSs-Ni3zS2/NF-.
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presence of carbon in the survey spectrum is from the carbon-adhesive tape used for
sticking the material. The presence of oxygen in the survey spectrum could be due to
the adsorbed oxygen in the sample. The deconvoluted Ni 2p XPS spectra of CogSs-
Ni3S2/NF is shown in Figure 5.12b. The peaks at 856.7 and 874.4 eV are corresponding
to the 2ps;2 and 2p1. peaks of Ni?* in NisSz, respectively.2 3 The satellite peaks are
present at 862.3 and 880.4 eV, respectively, in the Ni 2p spectrum. The deconvoluted
Co 2p spectra presented in Figure 5.12c display the peaks at 781.9 and 797.3 eV, which
are corresponding to the 2ps; and 2p1, peaks of Co®* in CogSs, respectively.l*? The
peaks observed at 783.6 and 799.5 eV are corresponding to the 2pz/2 and 2p1/2 peaks of
Co?* in CogSs, respectively.*?l The peak appeared at 778.8 eV is corresponding to the
Co state, indicating the presence of minute amount of the reduced cobalt ions in the
material.?"l The deconvoluted sulfur 2p spectra show the peaks at 161.5 and 162.8 eV
and these are assigned to the 2ps/2 and 2p1/2 peaks for the sulfide ions in CogSg and NizS>
(Figure 5.12d).[32 381 The bridging disulfide S>* is indicated with the peak at 164.3
eV.[¥ The peaks at 168.7 and 169.9 eV in the S 2p spectra are corresponding to the
surface SO4? species, feasibly formed by the exposure of the catalyst in air.[?*]

5.4 Electrochemical Analysis

The electrochemical activity of the as synthesized materials were investigated for OER
and HER applications in 1 M KOH solution in a three-electrode set-up using a
potentiostat (Bio-Logic SP-300). Working electrode was constructed by dipping about
1 cm? area of the synthesized material in the electrolyte and the remaining portion is
masked by Teflon tape. Graphite rod was used as the counter electrode instead of Pt
mesh during the electrochemical analysis. This would avoid the influence of possible
deposition of Pt on the working electrode. The Hg/HgO was used as the reference
electrode. The linear sweep voltammetry (LSVs) were carried out in the N2-saturated 1
M KOH solution at a scan rate of 2 mV sec™. Prior to the LSV measurement, about 10
cycles of CV was performed in the potential window of 1.0 V to 1.5 V vs. RHE with a
scan rate of 10 mV sec™. All the LSV measurements were performed without any iR
correction. The HER analysis of the catalysts were performed and presented in Figure
5.13. The comparative LSVs of the as synthesized samples and state-of-the-art Pt/C
coated NF (Pt/C@NF) in 1 M KOH solution is shown in Figure 5.13a. From Figure
5.13a, it is clear that the bare NF displays the poor HER activity and there requires
nearly 469 mV overpotential to attain the current density of 25 mA cm™. The Pt/C@NF
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Figure 5.13. (a) Comparative HER linear sweep voltammograms (LSVs) of the samples
recorded in 1 M KOH solution recorded at a scan rate of 2 mV sec? in N, saturated
atmosphere, (b) bar diagram indicating the HER overpotential of the samples at a
current density of 25 mA cm, (c) electrochemical impedance analysis of the samples
performed at an overpotential of 300 mV in 1 M KOH solution where the inset shows
the equivalent circuit used to fit the data, (d) comparison of the Tafel plot of the samples,
and (e) chronoamperometric response of CogSg-NizS2/NF during HER in 1 M KOH
solution for 24 h at a current density of 50 mA cm™.

requires an overpotential of 107 mV to delivering the current density of 25 mA c¢cm™.
After incorporating NizS2 on NF (NisS2/NF), the HER activity is improved significantly.
The overpotential exhibited by NisSz/NF at a higher current density of 25 mA cm2 is
332 mV. A further reduction in the overpotential is observed after the incorporation of

Co09Ss-Ni3S2 nanoflowers on NF (Co9Ss-NisS2/NF) and the corresponding overpotential
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at 25 mA cm2 is 277 mV. From Figure 5.13b, it is clear that the HER activity of CogSs-
Ni3S2/NF is superior to bare NF and NizS2/NF and lower as compared to Pt/C@NF. The
key parameters behind the improved HER activity of CoeSg-NizS2/NF are credited to
the uniform distribution of CoeSg-Ni3S2 nanoflowers on the NF which provides the
suitable active sites for the reaction. Also, the open-pore cavity nature of as formed
Co09Ss-NisS2/NF nanoflower helps for the diffusion of electrolyte and subsequently the
produced gases. The better electrical conductivity possessed by the system assists for
the faster kinetics during the reaction.

The electrochemical impedance spectroscopy (EIS) is an important tool to understand
the ionic resistant in the material. For this, EIS has been performed and the obtained
Nyquist plot is examined to understand the electrical resistance in the material. The EIS
was performed in 1 M KOH solution at a potential of -0.30 V vs. RHE with a frequency
range of 200 kHz to 100 mHz and an AC amplitude of 10 mV. The Nyquist plot is fitted
with an equivalent circuit of L1+R1+Q2/R2, where L1 is the inductance, R: and Rz are
the resistance and Q: is the constant phase element. The difference between R> and R;
provides the charge transfer resistance (Rct) value and is calculated from the obtained
Nyquist plot (Figure 5.13c). The Rcr values of bare NF and Co9Sg-NizS2/NF are 2.90
and 0.92 Q, respectively. Hence, compared to bare NF, Co9Sg-Ni3S2/NF displays a lower
Rcr value, which is an indicative of the fast electronic transport during the gas evolution
reaction. The lower Rct value eventually improves the HER kinetics and subsequently
the catalytic activity. The Rct value exhibited by Pt/C@NF is 0.47 Q, much lower as
compared to the other samples. In order to understand the HER Kinetics, Tafel slope of
the materials has been calculated and presented as Figure 5.13d. The Tafel equation is
Il =a+ b log j, where ‘I]’ is the overpotential, ‘a’ is the Tafel constant, ‘b’ is the Tafel
slope and °j’ is the current density. Therefore, the plot of log j against the overpotential
results into a straight line and the slope of the plot represents the Tafel slope value (b).
The Tafel slope of bare NF is 197.3 mV/decade and for NisS2/NF it is 191.5 mV/decade.
The Tafel slope is fund to be 171.2 mV/decade for Co09Sg-NisS2/NF and 153.9
mV/decade for P/C@NF. The slightly higher Tafel slope in the present case for all the
systems is due to the fact that the LSV measurements were performed without any iR
correction. From the Tafel slope values, it can be confirmed that the HER kinetics is
faster in both Pt/C@NF and CogSs-Ni3S2/NF. Along with higher activity, the long-term
stability in the corrosive conditions is an important parameter for evaluating the catalyst

efficiency. Thus, chronoamperometric analysis of CogSg-Ni3S2/NF in 1 M KOH solution
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was conducted at a current density of 50 mA cm for 24 h and the corresponding data
is presented in Figure 5.13e. From the figure, it is confirmed that the system exhibits a
stable performance in the investigated period under the high current density condition.
The data thus validates the higher structural integrity of Co9Ss-NizS2/NF for HER. In
the mechanism of HER over Co9Sg-NisSy, the first step is the adsorption of the water
molecule on the catalyst surface (Volmer reaction). The next step is the combination of
two Hags to produce Hz (Tafel reaction). Therefore, in CoeSg-NizS2/NF, the Volmer-
Tafel pathway is followed for the generation of H.. The Tafel slope value of CogSs-
Ni3S2/NF is 171 mV/decade and indicates that VVolmer reaction is the rate determining
step for HER.
H2O(l) + e——» Hads + OH (aq) (Volmer reaction)

Hads + Hads —— Hz(g) (Tafel reaction)

Subsequent to the HER studies, the OER activity of the synthesized materials was
investigated in 1 M KOH solution and the corresponding results are presented in Figure
5.14. The advantages of using similar electrolyte for OER and HER are mainly related
to the opportunities for reducing the cost of the overall water splitting and simplifying
the electrolyzer design. Figure 5.14a represents the comparative LSVs of the material
towards OER. The OER activity of bare NF is negligible and the overpotential at 25 mA
cm? is 397 mV. The OER activity of NisS/NF is also not significant as its HER
performance as can be reflected from the overpotential value of 365 mV at the current
density of 25 mA cm®. Interestingly, Co9Ss-NizS2/NF requires only 102 mV
overpotential to reach the current density of 25 mA cm™ during OER. This is an
improved value compared to the state-of-the-art RuO> coated NF (RuO.@NF), where
it requires an overpotential of 383 mV at the similar current density. The significantly
high OER activity of Co9Sg-NizS2/NF is expected to be originated from the controlled
interplay of the favoring factors such as hydrophilic and porous nature of the system
along with the intrinsic activity of the catalytic sites. The hydrophilicity and porous
architecture assist reactant mass transport, effective active site utilization and evolution
of gases subsequent to the reactions. The better contact of the catalyst with the
electrolyte would improve the interaction of the ions with the catalytic sites, for which
the hydrophilic nature of the system plays a critical role. Similarly, the open-pore
cavities would facilitate both the diffusion of the electrolyte and the evolved gases

during the reaction and thus help to enable a seamless process by minimizing the
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Figure 5.14. (a) Comparative OER linear sweep voltammogram (LSVs) of the samples
recorded in 1 M KOH solution with a scan rate of 2 mV sec in N, saturated atmosphere,
(b) bar diagram indicating the OER overpotential of the samples at 25 mA cm current
density, (c) electrochemical impedance analysis of the samples performed at an
overpotential of 300 mV in 1 M KOH solution where the inset shows the equivalent
circuit used to fit the data, (d) comparison of the Tafel plot of samples, and (e)
chronoamperometric response of CogSg-NizS2/NF during OER in 1 M KOH solution for
24 h at a current density of 50 mA cm.

sluggishness expected at high current density conditions. From Figure 5.14b, it can be
deduced that the OER activity of CogSg-NisS2/NF is significantly better than that of bare
NF, NisS2/NF and RuO,@NF at the set current density value of 25 mA cm™.

In order to understand the charge transfer characteristics displayed by the various
systems during OER, EIS investigation was performed at 1.53 V vs. RHE. The
corresponding Nyquist plots are presented in Figure 5.14c. The Rcr value calculated
from the Nyquist plot for bare NF is 1.33 Q. On the other hand, the Rct value measured
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for CogSs-Ni3S2/NF is 0.87 Q, pointing towards fast electron transport during OER on
this system. However, the Rct value of RuO2@NF is found to be much higher compared
to the other materials (2.01 Q). A probable reason for this is the reduced electrical
conductivity of RuO.@NF. For attaining efficient water electrolysis, both the anode and
cathode materials should exhibit lower Rct values. Hence, in the present case, C0o9Ss-
Ni3S2/NF shows the lower Rct value during HER and OER. Therefore, Co9Sg-NizS2/NF
can be considered as a suitable bi-functional catalyst for water electrolysis applications.
The Tafel plots of the catalysts are presented in Figure 5.14d, which are indicative of

the intrinsic activity towards OER kinetics under the experimental conditions. The Tafel
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Figure 5.15. Cyclic voltammograms recorded for the catalyst in the non-Faradaic

region at different scan rates in the N>-saturated 1 M KOH solution: (a) bare NF, (b)
NisS2/NF, (c) CoeSe-NizS2/NF, (d) Pt/C@NF, (¢) RuO2@NF and (f) the plot of the

cathodic current density against the scan rate in the non-faradaic region of the CVs.

slope measured for bare NF is 138 mV/decade and this indicates poor OER activity of
the substrate material. NisS2/NF and RuO2@NF are having the Tafel slopes of 112

mV/decade and 113 mV/decade, respectively. However, C09Sg-Ni3So/NF shows a
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comparatively lower Tafel slope value of 105 mV/decade. This serves as a strong
performance indicator pointing towards the improved kinetics achievable on Co9Sg-

Ni3S2/NF for OER. The proposed mechanism of OER over CogSg-Ni3S> as follows;

OH (@) —» OHags + €
OHads + OH-(aq) —> HZO(I) +e + Oads
Oads + OH (ag) ——» OOHags + €

OOHags + OH (aq) — O2(g) + H20q)

In order to obtain the further information about the improved catalytic activity of
Co09Sg-NisS2/NF, the electrochemical active surface area (ECSA) was analyzed. The
catalytic activity is related to the ECSA and is proportional to the double layer
capacitance (Cqi) value. The Cq values of all the samples were measured by performing
CV in the non-Faradaic region (Figure 5.15a-e). For this, CV was performed in the
potential window of 0.91 to 1.01 V at different scan rates of 10, 20, 40, 60, 80 and 100
mV sect. The plot of scan rate versus current density at 0.96 V results into a straight
line with the slope corresponds to the Cq value (Figure 5.15f). The Cqi value of bare NF
is 2.8 mF cm™ and for NisS2/NF it is 8.9 mF cm™. Therefore, after sulfurizing NF, a
substantial improvement in the Cq value is observed. Similar observation is noticed in
C09Ss-NisS2/NF and the corresponding Cqi value is 10.1 mF cm™, which is about 3.6-
fold higher than the bare NF. For comparison, the state-of-the-art catalysts coated on
NF (i.e., Pt/C@NF and RuO.@NF) were performed in the same condition. The values
obtained for Pt/C@NF and RuO,@NF are 38.3 and 8.2 mF cm, respectively. The
higher Cq value possessed by Pt/C@NF could be due to the presence of carbon in the
catalyst. The higher Cqi value of CogSs-NisS2/NF in comparison to bare NF indicates the
higher surface roughness and further the exposed active sites in CogSg-Ni3S2/NF. 20401
The improvement in the Cgq value could be due to the vertical orientation of the as
formed nanoflowers of Co09Ss-NisS2 on NF. The higher ECSA can improve the
electrode-electrolyte interface and this further can lead to better contact of the electrolyte
with the active sites of the catalyst. This would subsequently enhance the OER and HER
activities of CogSs-NizS2/NF.

After confirming the excellent bi-functional activity and outstanding stability of

Co09Ss-Ni3S2/NF in the half cell, the overall water splitting was performed in 1 M KOH
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Figure 5.16. (a) Schematic illustration of the deployment of CogSs-NizS/NF based
water electrolyzer, (b) comparative LSVs recorded during the overall water splitting
analysis in 1 M KOH solution at a scan rate of 2 mV sec™, (c) bar diagram indicating
the water electrolysis activity comparison of Co9Ss-NizS2/NF with the state-of-the-art
catalysts at different current densities, (d) chronoamperometric response of C0gSs-
NisS2/NF during the water electrolysis in 1 M KOH solution for 24 h at a current density
of 25 mA cm? and (e) demonstration of CoeSs-NisSz/NF based water electrolyzer

powered with a dry cell battery.

solution and the set of data collected in this direction is presented in Figure 5.16. In
order to perform water electrolysis, CogSs-NizS2/NF was employed as both the anode
and cathode in a two-electrode system (Co09Sg-Ni3S2/NF Il CoeSg-NisS2/NF) with an
active area of 1 cm™. For comparison, bare NF Il NF and Pt/C@NF Il RuO.@NF
systems were also performed for water electrolysis applications under similar
conditions. Figure 5.16a illustrates the schematics of water electrolysis by employing
Co0oSg-NisS2/NF as both the anode and cathode electrodes. The hydroxyl ions undergo
oxidation at the anode and produce O> gas. Similarly, at the cathode, the protons undergo
reduction and produce the H> gas. Figure 5.16b illustrates the overall water splitting
activity comparison of bare NF Il NF, Co9Sg-Ni3S2/NF Il Co9Ss-NizS2/NF and Pt/C@NF
I RuO2@NF. It is clear from the figure that the water electrolyzer based on bare NF is

having negligible catalytic activity, where it requires a potential of 1.83 V to deliver the
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current density of 10 mA cm. However, the electrolyzer based on CogSs-NizS2/NF
requires only 1.49, 1.60 and 1.69 V for delivering the current densities of 10, 25 and 50
mA cm?, respectively. Similarly, the Pt/C@NF Il RuO.@NF based electrolyzer
requires about 1.56, 1.69 and 1.83 V for delivering the current densities of 10, 25 and
50 mA cm?, respectively. From Figure 5.16c, it can be deduced that the activity of the
Co09Ss-Ni3S2/NF based water electrolyzer is performing better compared to the state-of-
the-art system (Pt/C@NF Il RuO.@NF). Also, the potential achieved to generate 10 mA
cm current density using CogSs-NisS2/NF based electrolyzer is better as compared to
many of the reported catalysts for the overall water splitting applications. The stability
analysis of the CooSg-NizS2/NF based water electrolyzer was also performed and the
corresponding data collected for 24 h is presented in Figure 5.16d. This result indicates
the suitability of using Co9Ss-Ni3S2/NF based electrodes for water electrolysis
applications. Finally, as a real demonstration, the alkaline water electrolyzer was
constructed by Co9Ss-Ni3S2/NF as both the electrodes by powering with a 1.5 V dry cell
battery. The gas evolution at the electrodes is evident during the water electrolysis,
which is more pronounced in the enlarged portion of Figure 5.16e.

Figure 5.17. Digital image of the alkaline water electrolyser constructed with CogSs-
NisS2/NF as both the electrodes powered by a 1.5 V battery.

The gas chromatography was used to evaluate the evolved gas during the water
electrolysis in 1 M KOH solution. For this, a two-compartment home-made set-up was
fabricated. The compartments were separated with an anion exchange membrane
(Fumatech FAA-3). Co09Sg-Ni3S2/NF was used as both the electrodes which was
powered by a 1.5 V dry cell battery (Figure 5.17). The produced gas was collected from
the headspace by using a micro syringe (500 pL) and injected into the GC. Figure 5.18
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water electrolysis using CogSg-Ni3S2/NF as both the electrodes powered by a 1.5 V

battery.

illustrates the quantification of gases during the water electrolysis with respect to time.
From Figure 5.18, it is confirmed that H> and Oz were produced on the respective
electrodes. The amount of Hz> produced after 1 h was 107 mmol and the amount of O>
generated in the same time interval was 54 mmol. The amount of gas quantified after 5
h was 319 mmol for H> and 157 mmol for O, respectively. The produced Hz and Oz are
nearly in the 2:1 ratio, following closely to the theoretical value (H:O — H> + %

0O32). In short, the gas quantification analysis is obviously indicating the water splitting

Figure 5.19. FESEM images of Co9Ss-Ni3S2/NF recorded after the 24 h overall water
splitting application in 1 M KOH solution.

Post characterization of Co9Sg-Ni3S2/NF after 24 h chronoamperometry during overall

water splitting was carried out to understand the possible structural and chemical
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changes incurred in the material. Figure 5.19 presents the FESEM image of CogSs-
Ni3S2/NF subsequent to the 24 h testing. The nanoflower morphology of the material is
found to be retained after the stability analysis. However, the presence of surface sheet-
layer morphology is observed on the nanoflowers of CogSs-Ni3S2, which could be
ascribed to the formation of Co(OH)2 layers on the surface of the material during the
course of the reaction.[*! Still, after the water electrolysis, the nanoflower structure is
found to be intact. This further points towards the simultaneous presence of CogSg-Ni3S>
as the core and Co(OH): as the surface layer during the electrolysis process.

The XPS investigation of the material obtained after the water electrolysis was carried
out to check the chemical modifications occurred in Co9Sg-NisS2/NF and the
corresponding spectrum is shown in Figure 5.20. The survey spectrum illustrated in
Figure 5.20a indicates the presence of Co, Ni, S and O in the system after the water
electrolysis. Figure 5.20b illustrates the deconvoluted Ni spectra, which indicates the
peaks at 855.8 and 873.4 eV corresponding to the 2psz and 2piz states of Ni%* in
Ni(OH), and NiOOH, respectively.*Y The deconvoluted Co 2p spectra presented in
Figure 5.20c show the peaks at 780.8 and 796.5 eV, inferring to the 2ps, and 2py/> states
of Co?* in Co(OH)2, respectively.: 421 The satellite peaks are observed at 784.1 and

802.8 eV, respectively. Figure 5.20d represents the deconvoluted S 2p spectra which

(a) Su(:\;ey scan spectrum (b) Ni 2[) 2p,,
s &)
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Figure 5.20. XPS investigation of CogSs-Ni3S2/NF after the 24 h overall water splitting
application: (a) survey scan spectrum, (b) deconvoluted nickel 2p spectra, (c)

deconvoluted spectra of cobalt 2p and (d) deconvoluted sulphur 2p spectra.
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indicate the peaks corresponding to the sulfate ions at 168.7 and 169.9 eV. The peaks at
161.5 and 162.8 eV corresponding to sufide ions are absent. This indicates the partial
oxidation of CogSg and the formation of Co(OH): as a surface layer in CogSg-Ni3S>/NF
during the course of water electrolysis.[3! 3l Hence, it can be concluded from the post
analysis that, during the water electrolysis, Co(OH): is formed at the surface, which
provides the favorable anchoring sites for the adsorption of ions (H* and OH).
Concomitantly, CogSg-NisS, core maintains electrical conductivity and electrocatalytic
activity in CogSs-Ni3S2/NF during the process, leading to accomplish HER and OER at

substantially reduced overpotentials for the respective reactions.

5.5 Conclusions

We have developed a bi-functional electrocatalyst for facilitating the overall water
splitting by growing CoeSg-Ni3S2 nanoflowers in-situ on nickel foam (NF) through a
simple and environmentally friendly hydrothermal method. The nanoflower arrays
which are self-supported on NF without any binder possess characteristic pore and
structural morphologies which are beneficial to accomplish the electrolysis process. The
obtained catalyst, which is designated as Co9Ss-NisS2/NF, displays high HER as well as
OER activities in 1 M KOH solution. The overpotentials exhibited by the system at 25
mA cm? are nearly 277 and 102 mV for HER and OER, respectively. The stability
analysis of CogSg-NisS2/NF during HER and OER in 1 M KOH solution performed at
50 mA cm? for 24 h points towards excellent durability and structural integrity
possessed by the system. By using CoeSs-Ni3S2/NF as both the anode and cathode
electrodes, the overall water splitting was successfully performed in 1 M KOH. It was
found that the system requires only 1.49, 1.60 and 1.69 V for delivering the current
densities of 10, 25 and 50 mA cm2, respectively. The system for the overall water
electrolyzer also displays good durability in performance and structural integrity of the
catalyst system. The higher activity accomplished by the Co9Sg-NisS2/NF based system
is credited to the features like higher electrical conductivity of NF, porosity and
hydrophilicity possessed by the material and the lower charge transfer resistance (Rct)
of the composite. The Co(OH). formed on the surface of Co9Ss-Ni3S. during the water

electrolysis acts as the anchoring sites of the ions.

5.6 References

[1] L. Zhang, J. Xiao, H. Wang, M. Shao, ACS Catal. 2017, 7, 7855-7865.

CSIR-NCL AcSIR I Rajith Illathvalappil



Chapter 5

[2] C. Wei, R. R. Rao, J. Peng, B. Huang, I. E. L. Stephens, M. Risch, Z. J. Xu, Y. Shao-
Horn, Adv. Mater. 2019, 31, 1806296.
[3] Y. Jiao, Y. Zheng, M. Jaroniec, S. Z. Qiao, Chem. Soc. Rev. 2015, 44, 2060-2086.
[4] L. Najafi, S. Bellani, R. Oropesa-Nufiez, M. Prato, B. Martin-Garcia, R. Brescia, F.
Bonaccorso, ACS Nano 2019, 13, 3162-3176.
[5] Z. Wu, B. Fang, Z. Wang, C. Wang, Z. Liu, F. Liu, W. Wang, A. Alfantazi, D. Wang, D.
P. Wilkinson, ACS Catal. 2013, 3, 2101-2107.
[6] L. Wang, A. Holewinski, C. Wang, ACS Catal. 2018, 8, 9388-9398.
[7] J. K. Narskov, J. Rossmeisl, A. Logadottir, L. Lindgvist, J. R. Kitchin, T. Bligaard, H.
Jonsson, J. Phys. Chem. B 2004, 108, 17886-17892.
[8] R. Zhang, C. Tang, R. Kong, G. Du, A. M. Asiri, L. Chen, X. Sun, Nanoscale 2017, 9,
4793-4800.
[9] J. D. Costa, J. L. Lado, E. Carbo-Argibay, E. Paz, J. Gallo, M. F. Cerqueira, C.
Rodriguez-Abreu, K. Kovnir, Y. V. Kolen’ko, J. Phys.Chem. C 2016, 120, 16537-16544.
[10] X. Zou, Y. Zhang, Chem. Soc. Rev. 2015, 44, 5148-5180.
[11] X. Zhang, S. Zhang, J. Li, E. Wang, J. Mater. Chem. A 2017, 5, 22131-22136.
[12] C. Ray, S. C. Lee, K. V. Sankar, B. Jin, J. Lee, J. H. Park, S. C. Jun, ACS Appl. Mater.
Interfaces 2017.
[13] S. Anantharaj, S. R. Ede, K. Sakthikumar, K. Karthick, S. Mishra, S. Kundu, ACS Catal.
2016, 6, 8069-8097.
[14] T. Tang, W.-J. Jiang, S. Niu, N. Liu, H. Luo, Y.-Y. Chen, S.-F. Jin, F. Gao, L.-J. Wan,
J.-S. Hu, J. Am. Chem. Soc. 2017, 139, 8320-8328.
[15] A.-L. Wang, H. Xu, G.-R. Li, ACS Energy Lett. 2016, 1, 445-453.
[16] J. Wang, H.-x. Zhong, Z.-l. Wang, F.-l. Meng, X.-b. Zhang, ACS Nano 2016, 10, 2342-
2348.
[17] J.-T. Ren, Z.-Y. Yuan, ACS Sustainable Chem. Eng. 2017, 5, 7203-7210.
[18] S. Ji, T. Li, Z.-D. Gao, Y.-Y. Song, J.-J. Xu, Chem. Commun. 2018, 54, 8765-8768.
[19] T. Yoon, K. S. Kim, Adv. Funct. Mater. 2016, 26, 7386-7393.
[20] C. Panda, P. W. Menezes, C. Walter, S. Yao, M. E. Miehlich, V. Gutkin, K. Meyer, M.
Driess, Angew. Chem., Int. Ed. 2017, 56, 10506-10510.
[21] C. Ouyang, X. Wang, S. Wang, Chem. Commun. 2015, 51, 14160-14163.
[22] C. Guan, X. Liu, A. M. Elshahawy, H. Zhang, H. Wu, S. J. Pennycook, J. Wang,
Nanoscale Horiz. 2017, 2, 342-348.
[23] X. Zhou, X. Yang, H. Li, M. N. Hedhili, K.-W. Huang, L.-J. Li, W. Zhang, J. Mater.

CSIR-NCL AcSIR I Rajith Illathvalappil



Chapter 5

Chem. A 2017, 5, 15552-15558.

[24] Y. Tong, X. Yu, G. Shi, Phys. Chem. Chem. Phys. 2017, 19, 4821-4826.

[25] L. Wang, S. Zhao, X. Wu, S. Guo, J. Liu, N. Liu, H. Huang, Y. Liu, Z. Kang, RSC Adv.
2016, 6, 66893-66899.

[26] S. Wan, Y. Liu, G.-D. Li, X. Li, D. Wang, X. Zou, Catal. Sci. Technol. 2016, 6, 4545-
4553.

[27] H. Gu, Y. Huang, L. Zuo, W. Fan, T. Liu, Inorg. Chem. Front. 2016, 3, 1280-1288.

[28] Z. Ma, Q. Zhao, J. Li, B. Tang, Z. Zhang, X. Wang, Electrochim. Acta 2018, 260, 82-91.

[29] S. Hao, L. Chen, C. Yu, B. Yang, Z. Li, Y. Hou, L. Lei, X. Zhang, ACS Energy Lett.
2019, 4, 952-959.

[30] T. Liu, X. Sun, A. M. Asiri, Y. He, Int. J. Hydrog. Energy 2016, 41, 7264-7269.

[31] W. Fang, D. Liu, Q. Lu, X. Sun, A. M. Asiri, Electrochem. Commun. 2016, 63, 60-64.

[32] J. Lin, H. Wang, X. Zheng, Y. Du, C. Zhao, J. Qi, J. Cao, W. Fei, J. Feng, J. Power
Sources 2018, 401, 329-335.

[33] C. Ray, S. C. Lee, K. V. Sankar, B. Jin, J. Lee, J. H. Park, S. C. Jun, ACS Appl. Mater.
Interfaces 2017, 9, 37739-37749.

[34] J. Cao, J. Zhou, Y. Zhang, Y. Wang, X. Liu, ACS Appl. Mater. Interfaces 2018, 10,
1752-1760.

[35] K. Ao, D. Li, Y. Yao, P. Lv, Y. Cai, Q. Wei, Electrochim. Acta 2018, 264, 157-165.

[36] H. Wang, S. Lu, Y. Chen, L. Han, J. Zhou, X. Wu, W. Qin, J. Mater. Chem. A 2015, 3,
23677-23683.

[37] T. N. Pham, T. Sharifi, R. Sandstrom, W. Siljebo, A. Shchukarev, K. Kordas, T.
Wagberg, J.-P. Mikkola, Sci. Rep. 2017, 7, 6112.

[38] L.-L. Feng, G.-D. Li, Y. Liu, Y. Wu, H. Chen, Y. Wang, Y.-C. Zou, D. Wang, X. Zou,
ACS Appl. Mater. Interfaces 2015, 7, 980-988.

[39] L. Zhao, J. Jia, Z. Yang, J. Yu, A. Wang, Y. Sang, W. Zhou, H. Liu, Appl. Catal., B
2017, 210, 290-296.

[40] W. Kong, X. Luan, H. Du, L. Xia, F. Qu, Chem. Commun. 2019, 55, 2469-2472.

[41] S. Jin, ACS Energy Lett. 2017, 2, 1937-1938.

[42] H. Xu, C. Zhang, W. Zhou, G.-R. Li, Nanoscale 2015, 7, 16932-16942.

[43] Y. H. Deng, C. Ye, B. X. Tao, G. Chen, Q. Zhang, H. Q. Luo, N. B. Li, J. Power
Sources 2018, 397, 44-51.

CSIR-NCL AcSIR I Rajith Illathvalappil



Chapter 5

CSIR-NCL AcSIR I Rajith Illathvalappil



Summary

Chapter-6

Summary

This chapter summarizes the overall research work explained in the preceding chapters that
dedicatedly focused on the development of efficient oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER) electrocatalysts. The wide application of the polymer
electrolyte membrane fuel cells (PEMFCs) and water electrolyzers are restricted primarily due
to the high cost and poor stability of the electrocatalysts. To address these problems, the
development of efficient and cost-effective catalysts is essential. In this regard, the
development of Transition Metal Sulfide (TMS) derived nanomaterials is playing a vital role.
The high electronic conductivity, interesting electrochemical activities, better corrosion
stability, diverse structural types along with the cost effectiveness in the synthesis of the TMS
derived nanomaterials made these systems as the attracting candidates for ORR and OER
applications. To improve the active centre density and subsequently the catalytic activity of the
produced TMS derived catalysts, various strategies have been adopted during the synthesis.
Systematic methodologies have been developed in each case to achieve improved activity and
thereby reducing the overpotential of the synthesized materials in comparison with the state-
of-the-art catalysts. Tuning the morphology, electrochemical active surface area and electrical
conductivity of the prepared materials could be carefully performed for achieving efficient
catalysts for ORR and OER. The synthesized electrocatalysts display remarkable activities for
ORR and OER in terms of reduced overpotential and improved stability. The enhancement
achieved in the catalytic performance is correlated with the structural modifications of the
developed catalysts. A discussion on the future prospects of the thesis work in the development

of PEMFCs and water electrolysers is included at the end of this chapter.

12 13 14 15 16
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The major accomplishments of the thesis work are summarized below:

Layer-separated MoS: Bearing Reduced Graphene Oxide Mediated by Co(OH): as a Pt-
free Electrocatalyst for Oxygen Reduction Reaction

A significant improvement in the ORR activity of MoS> could be accomplished by its layer
separated dispersion on reduced graphene oxide (rGO) mediated by cobalt hydroxide through
a hydrothermal process (Co(OH)2-MoS2/rGO). The activity makeover in this case is found to
be originated from a controlled interplay of the favourable modulations achieved in terms of
electrical conductivity, more exposure of the edge planes of MoS; and promotional role played
by the coexistence of Co(OH)2 in the proximity of MoS;. The noticeable features of the work
are listed below:

» The system acquired a layer separated spread-out distribution of MoS; along the rGO
surface, where the presence of Co(OH):2 is found to be playing a vital role in maintaining
a homogeneous distribution and enhanced pore-size characteristics of the dispersed
layer.

» The Co(OH)2-MoS»/rGO displays an oxygen reduction onset potential of 0.86 V vs.
RHE and a half-wave potential (E12) of 0.74 V vs. RHE in 0.1 M KOH solution, which
are much higher than that of the corresponding values (0.71 and 0.35 V, respectively)
displayed by the as-synthesized pristine MoS; (P-MoS2) under the identical
experimental conditions.

» The calculated number of electron transfer during oxygen reduction for Co(OH).-
MoS2/rGO is in the range of 3.2-3.4 in the potential range of 0.70 V to 0.10 V, which
again stands out as a valid evidence on the much favourable mode of oxygen reduction
accomplished by the system compared to its pristine counterpart.

» The study demonstrates a viable strategy of tackling the inherent limitations, such as
low electrical conductivity and limited access to the active sites, faced by the layered
structures like MoS; to position them among the group of potential Pt-free

electrocatalysts for oxygen reduction.

Co9Ss Nanoparticle-Supported Nitrogen-doped Carbon as a Robust Catalyst for Oxygen
Reduction Reaction in Both Acidic and Alkaline Conditions

To accomplishing the large-scale commercialization of PEMFCs cost-effectively, concurrent
development of the low cost, stable and efficient ORR catalysts in both acidic and alkaline
conditions is essential. In this direction, an highly efficient and durable ORR catalyst which
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could be prepared by supporting the graphitic carbon enfolded CogSg nanoparticles on nitrogen-
doped carbon (CosSe/NVC-G) is developed. The key aspects of the work are listed below:

» The size of the CogSg nanoparticles is nearly 7-8 nm and the particles are found to be
distributed uniformly on the NVC-G support. The few-layer graphitic carbon formed
on the surface of CogSg nanoparticles is assisting to accomplish their small size and it
also prevents agglomeration of the nanoparticles.

» The ORR analysis of C0eSg/NVC-G in 0.1 M KOH solution displays only 70 mV
negative shift in the onset potential compared to the state-of-the-art Pt/C system. The
Eu» difference between the present system and Pt/C is nearly 75 mV. The accelerated
durability test (ADT) shows only a 19 mV negative shift in the Ei, value of
C09Sg/NVC-G compared to the 35 mV negative shift incurred by Pt/C.

» The ORR activity investigation in 0.5 M H2SO4 solution also displays promising
performance for CogSs/NVC-G towards ORR. The differences in the onset potential
and E1 values of the present system with that of Pt/C are 140 and 170 mV, respectively
in the acidic electrolyte condition. The system displays a minor Ey.2 shift of 21 mV
towards the lower potential after the 5000 cycles of ADT.

» C09Sg/NVC-G when employed as the cathode catalyst in an MEA of a PEMFC
delivered a maximum power density of 245 mW cm in the H2-O2 atmosphere in its
single-cell mode of operation. Under H-air feeding condition, the same system
delivered a maximum power density of 115 mW cm2. These values obtained on a single
cell level is promising due to its prospect to realize a noble metal-free PEMFC system

for futuristic applications.

Coexisting Few-Layer Assemblies of NiO and MoOs Deposited on Vulcan Carbon as an
Efficient and Durable Electrocatalyst for Water Oxidation
A robust and highly durable water-oxidation (OER) catalyst was synthesized by following a
simple two-step hydrothermal route followed by heat-treatment of the material. The produced
NiO@MoO3/VVC is comprised of small-sized NiO nanosheets anchored on MoOs, which
facilitates the hydroxyl ion adsorption during the water oxidation reaction. The MoOs is
derived from the few-layer MoS; and this subsequently anchors the NiO nanosheets. The
salient features of the work are listed below:
» The material was prepared by adopting a strategy wherein layered assembly of NiO and
MoOs could be dispersed on Vulcan carbon support to simultaneously maintain

exposure of the synergistically activated sites and electrical conductivity of the matrix.
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The assembly involves the growth of layers of NiO on the surface of few-layer MoO3
which in turn is dispersed on Vulcan carbon (NiO@MoO3/VC) through a sequential
hydrothermal process.

» The water oxidation studies were conducted in 1 M KOH solution and NiO@Mo0Os/VC
is exhibiting only 280 mV overpotential at 10 mA cm current density, which is an
improved value over 292 mV obtained in the case of the state-of-the-art RuO; catalyst.
The stability analysis of NIO@MoOs/VC at 1.51 V vs. RHE for 15 h demonstrates the
excellent tolerance of NiO@MoOs/VC in the corrosive conditions.

» The NiO sheets have exposed edges and they are instrumental in enhancing the OER
activity of NiO@MoO3/VC. The higher activity is also credited to the lower charge
transfer resistance (Rct) value possessed by NiO@MoO3/VVC, which arises from the
optimum combination of MoOs and Vulcan carbon in the system.

» The overall water splitting was performed in 1 M KOH solution by employing
NiO@MoO3/VC as the anode catalyst and Pt/C as the cathode catalyst. The system
requires a potential of 1.59 V to reach the current density of 10 mA cm, replaces the
RuO: from the anode of the electrolyzer with the home-made catalyst.

Hierarchical Nanoflower Arrays of CosSs-NisS2 on Nickel Foam: Highly Efficient Binder-
free Electrocatalyst for Overall Water Splitting Application

The development of the non-precious-metal based water electrolyzer is limited mainly due to
the high overpotential and physical coating of the catalyst on the conducting substrate using
binders. This would lead to undesirable contact resistance in the system and subsequently to
reduced catalytic activity. In-situ anchoring the nanomaterials on a conducting substrate and
subsequently developing the self-supported bi-functional electrodes for HER and OER can
resolve these issues. The key features of the work are listed below:

» The self-standing and binder-free electrode is prepared by growing Co0eSg-NizS:
nanoflowers in-situ on nickel foam (NF) through a simple and environmentally friendly
hydrothermal method (CogSs-NizS2/NF).

> The overpotentials exhibited by CogSs-NizS2/NF at 25 mA cm are nearly 277 and 102
mV for HER and OER, respectively, in 1 M KOH solution. The material displays
impressive stability during HER and OER in 1 M KOH, which was confirmed through
an evaluation lasted for 24 h at 50 mA cm,

» The overall water splitting was performed in 1 M KOH solution by employing CogSe-

NisS2/NF as both the anode and cathode electrodes, where the system required only
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1.49, 1.60 and 1.69 V to deliver the current densities of 10, 25, and 50 mA cm,
respectively.

» The higher activity accomplished by the CogSg-NisS2/NF based system is credited to
the features like higher electrical conductivity of NF, porosity and hydrophilicity
possessed by the material and the lower charge transfer resistance (Rct) of the
composite.

> As a real demonstration, the alkaline water electrolyzer was constructed by CooSe-
NisS2/NF as both the electrodes by powering with a 1.5 V dry cell battery and the

evolved gases were quantified by using gas chromatography.

Future Prospects

The transition metal sulfide derived electrocatalysts developed in this dissertation for aiding
ORR and OER are having great scope in sustainable energy production. The cost-effective
synthesis and high durability possessed by the prepared materials are significant. The proton
exchange membrane fuel cell (PEMFC) performance of the developed catalyst is notable in the
Pt-free systems. However, compared to the Pt-based system, the performance is lower.
Therefore, further studies are required to improve the ORR performance of the catalysts by
developing various morphologies and tuning the Kinetics by incorporating suitable materials.
The anion exchange membrane fuel cells (AEMFCs) provide the feasibility of using noble
metal-free catalysts for delivering higher efficiency. However, the limitation in the availability
of highly hydroxyl ion-conducting and durable anion exchange membrane (AEM) becames the
major challenge in the development of AEMFC and, restricts the advantages of its exploration.
The available AEMs are underperforming even with commercial Pt/C in AEMFC operation.
Hence, studies are required in this area to explore the advantages of ORR catalysts that are
active in the alkaline conditions. The developed ORR catalysts can also be applied in the metal-
air batteries. The metal-air batteries are having high theoretical energy density. However, the
practical energy density is limited by the sluggish kinetics on the cathode electrode where the
ORR takes place. Therefore, the developed ORR catalysts can be explored in the cathode of

the metal-air batteries for obtaining the high energy density.

The OER catalysts developed in this dissertation are employed for water electrolysis in alkaline
conditions. The catalysts display better stability in the corrosive conditions. The material
developed on nickel foam in Chapter 5 is interesting due to the carbon-free nature because the

carbon-free catalysts have the advantage of eliminating the possible carbon oxidation at high
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potential during water electrolysis. To reduce the cost of the water electrolyzer and the
associated complications in device fabrication, the production of H; in a neutral medium and
seawater is essential. The large overpotential in the neutral medium due to lack of ionic
conductivity can be overcome with the development of an efficient electrocatalyst. Research is
required in this direction to develop efficient OER catalysts in the neutral medium and, further

to commercialize the water electrolyzer with seawater for sustainable Hz production.

CSIR-NCL AcSIR | Rajith Illathvalappil 0]



List of Publications

1)

2)

3)

4)

5)

6)

7)

8)

List of Publications

Hierarchical Nanoflower Arrays of CoeSs-Ni3S2 on Nickel Foam: Highly Efficient
Binder-free Electrocatalyst for Overall Water Splitting Application. lllathvalappil, R.;
Walko, P. S.; Kanheerampockil, F.; Bhat, S. K.; Devi, R. N.; Kurungot, S., Chem. Eur.
J. 2020, 26, 7900-7911.

Co09Ss Nanoparticle-Supported Nitrogen-doped Carbon as a Robust Catalyst for

Oxygen Reduction Reaction in Both Acidic and Alkaline Conditions. lllathvalappil,
R.; Kurungot, S., ChemElectroChem, 2020, 7, 3123-3134.
Coexisting Few-Layer Assemblies of NiO and MoO3 Deposited on Vulcan Carbon as

an Efficient and Durable Electrocatalyst for Water Oxidation. lllathvalappil, R.;
George, L.; Kurungot, S., ACS Appl. Energy Mater., 2019, 2 (7), 4987-4998.
Imidazole-Linked Crystalline Two-Dimensional Polymer with Ultrahigh Proton

Conductivity. Ranjeesh, K. C.; Illathvalappil, R.; Veer, S. D.; Peter, J.; Wakchaure,
V. C.; Goudappagouda; Raj, K. V.; Kurungot, S.; Babu, S. S., J. Am. Chem. Soc. 2019,
141 (38), 14950-14954.

Fe3* Stabilized 3D Cross-Linked Glycine-melamine Formaldehyde Networks as
Precursor for Highly Efficient Oxygen Reduction Catalyst in Alkaline Media.
Kottarathil, S.; Hllathvalappil, R.; S, N.; G.S, S.; A, P. M.; N. Nair, B.; Anilkumar, G.
M.; Kurungot, S.; Yamaguchi, T.; Hareesh, U. S., Mater. Lett., 2020, 264, 127365.
Studies on Nano Composites of SPEEK/Ethylene glycol/Cellulose Nanocrystals as

Promising Proton Exchange Membranes. Bano, S.; Negi, Y. S.; lllathvalappil, R.;
Kurungot, S.; Ramya, K., Electrochim. Acta, 2019, 293, 260-272.

Carbon Derived from Soft Pyrolysis of a Covalent Organic Framework as a Support for

Small-Sized RuO Showing Exceptionally Low Overpotential for Oxygen Evolution
Reaction. Chakraborty, D.; Nandi, S.; Illathvalappil, R.; Mullangi, D.; Maity, R.;
Singh, S. K.; Haldar, S.; Vinod, C. P.; Kurungot, S.; Vaidhyanathan, R., ACS Omega,
2019, 4 (8), 13465-13473.

A Copper (I1)-Coordination Polymer Based on a Sulfonic-Carboxylic Ligand Exhibits

High Water-Facilitated Proton Conductivity. Tayade, S. B.; lllathvalappil, R.;
Lapalikar, V.; Markad, D.; Kurungot, S.; Pujari, B.; Kumbhar, A. S., Dalton Trans.,
2019, 48 (29), 11034-11044.

CSIR-NCL AcSIR I Rajith lllathvalappil



List of Publications

9) NiCo0204 nanoarray on CNT Sponge: a Bi-functional Oxygen Electrode Material for
Rechargeable Zn-air Batteries. Gangadharan, P. K.; Bhange, S. N.; Kabeer, N;
Illathvalappil, R.; Kurungot, S., Nanoscale Advances, 2019, 1 (8), 3243-3251.

10) Morphological Ensembles of N-Doped Porous Carbon Derived from ZIF-8/Fe-

Graphene Nanocomposites: Processing and Electrocatalytic Studies. Thomas, M.;
Illathvalappil, R.; Kurungot, S.; Nair, B. N.; Mohamed, A. P.; Anilkumar, G. M.;
Yamaguchi, T.; Hareesh, U. S., ChemistrySelect, 2018, 3 (30), 8688-8697.

11) Layered TiO> Nanosheet-Supported NiC0.04 Nanoparticles as Bi-functional

Electrocatalyst for Overall Water Splitting. Vadakkekara, R.; lllathvalappil, R.;
Kurungot, S., ChemElectroChem, 2018, 5 (24), 4000-4007.

12) Preparation and Investigations of ABPBI Membrane for HT-PEMFC by Immersion
Precipitation Method. Chaudhari, H. D.; lllathvalappil, R.; Kurungot, S.; Kharul, U.
K., J Membrane Sci., 2018, 564, 211-217.

13) Metalloporphyrin Two-Dimensional Polymers via Metal-Catalyst-Free C-C Bond

Formation for Efficient Catalytic Hydrogen Evolution. Chandran Ranjeesh, K.;
Illathvalappil, R.; Chandrakant Wakchaure, V.; Goudappagouda; Kurungot, S.; Babu,
S. S., ACS Appl. Energy Mater., 2018, 1 (11), 6442-6450.

14) Morphological Ensembles of N-Doped Porous Carbon Derived from ZIF-8/Fe-

Graphene Nanocomposites: Processing and Electrocatalytic Studies. Thomas, M.;
Illathvalappil, R.; Kurungot, S.; Nair, B. N.; Mohamed, A. P.; Anilkumar, G. M.;
Yamaguchi, T.; Hareesh, U. S., ChemistrySelect, 2018, 3 (30), 8688-8697.

15) Water Mediated Proton Conductance in a Hydrogen-bonded Ni(ii)-Bipyridine-
Glycoluril Chloride Self-assembled Framework. Tayade, S. B.; Bhat, S. S;
Illathvalappil, R.; Dhavale, V. M.; Kawade, V. A.; Kumbhar, A. S.; Kurungot, S.;
Néther, C., CrystEngComm., 2018, 20 (8), 1094-1100.

16) Melamine Formaldehyde-Metal Organic Gel Interpenetrating Polymer Network

Derived Intrinsic Fe-N-doped Porous Graphitic Carbon Electrocatalysts for Oxygen
Reduction Reaction. Kottarathil, S.; lllathvalappil, R.; Sumitha, N. S.; Sailaja, G. S.;
Kurungot, S.; Nair, B. N.; Peer Mohamed, A.; Anilkumar, G. M.; Yamaguchi, T.;
Hareesh, U. S., New J Chem., 2018, 42 (23), 18690-18701.

17) Nitrogen-doped Graphene Anchored with Mixed Growth Patterns of CuPt Alloy Nano-

particles as a Highly Efficient and Durable Electrocatalyst for the Oxygen Reduction
Reaction in an Alkaline Medium. lllathvalappil, R.; Dhavale, V. M.; Bhange, S. N.;
Kurungot, S., Nanoscale, 2017, 9 (26), 9009-9017.

CSIR-NCL AcSIR I Rajith lllathvalappil



List of Publications

18) Ultrahigh lonic Conduction in Water-Stable Close-Packed Metal-Carbonate
Frameworks. Manna, B.; Desai, A. V.; lllathvalappil, R.; Gupta, K.; Sen, A,
Kurungot, S.; Ghosh, S. K., Inorg. Chem., 2017, 56 (16), 9710-9715.

19) Chitosan Intercalated Metal Organic Gel as a Green Precursor of Fe Entrenched and Fe

Distributed N-Doped Mesoporous Graphitic Carbon for Oxygen Reduction Reaction.
Kottarathil, S.; Illathvalappil, R.; Kurungot, S.; Nair, B. N.; Mohamed, A. P
Yamaguchi, T.; Anilkumar, G. M.; Hareesh, U. S.; Sailaja, G. S. ChemistrySelect,
2017, 2 (28), 8762-8770.

20) Hydrogen-Bonded Organic Frameworks (HOFs): A New Class of Porous Crystalline

Proton-Conducting Materials. Karmakar, A.; lllathvalappil, R.; Anothumakkool, B.;
Sen, A.; Samanta, P.; Desai, A. V.; Kurungot, S.; Ghosh, S. K., Angew. Chem. Int. Ed.,
2016, 55 (36), 10667-10671.

21) Conjugated porous polymers as precursors for electrocatalysts and storage electrode

materials. Bhosale, M. E.; lllathvalappil, R.; Kurungot, S.; Krishnamoorthy, K.,
Chem. Commun., 2016, 52 (2), 316-318.
22) Understanding the Electron Transfer Process in ZnO-Naphthol Azobenzoic Acid

Composites from Photophysical Characterisation. George, L.; Kunhikannan, A. K.;
lllathvalappil, R.; Ottoor, D.; Kurungot, S.; Devi, R. N., Phys. Chem. Chem. Phys.,
2016, 18 (32), 22179-22187.

23) Graphene Oxide Sheathed ZIF-8 Microcrystals: Engineered Precursors of Nitrogen-

Doped Porous Carbon for Efficient Oxygen Reduction Reaction (ORR)
Electrocatalysis. Thomas, M.; lllathvalappil, R.; Kurungot, S.; Nair, B. N.; Mohamed,
A. A. P.; Anilkumar, G. M.; Yamaguchi, T.; Hareesh, U. S., ACS Appl. Mater.
Interfaces, 2016, 8 (43), 29373-29382.

24) Low Band Gap Benzimidazole COF Supported NizsN as Highly Active OER Catalyst.
Nandi, S.; Singh, S. K.; Mullangi, D.; lllathvalappil, R.; George, L.; Vinod, C. P;
Kurungot, S.; Vaidhyanathan, R., Adv. Energy Mater., 2016, 6 (24), 16011809.

25) Layer-separated MoS, Bearing Reduced Graphene Oxide Formed by an In-situ

Intercalation-cum-anchoring Route Mediated by Co(OH). as a Pt-free Electrocatalyst
for Oxygen Reduction. lllathvalappil, R.; Unni, S. M.; Kurungot, S., Nanoscale, 2015,
7 (40), 16729-16736.

26) Carbon Nanohorn-Derived Graphene Nanotubes as a Platinum-Free Fuel Cell Cathode.
Unni, S. M.; lllathvalappil, R.; Bhange, S. N.; Puthenpediakkal, H.; Kurungot, S., ACS
Appl. Mater. Interfaces, 2015, 7 (43), 24256-24264.

CSIR-NCL AcSIR I Rajith lllathvalappil



List of Publications

27) Surface-modified Single Wall Carbon Nanohorn as an Effective Electrocatalyst for
Platinum-free Fuel Cell Cathodes. Unni, S. M.; Ramadas, S.; lllathvalappil, R.;
Bhange, S. N.; Kurungot, S., J. Mater. Chem. A, 2015, 3 (8), 4361-4367.

28) Nitrogen-Induced Surface Area and Conductivity Modulation of Carbon Nanohorn and

Its Function as an Efficient Metal-Free Oxygen Reduction Electrocatalyst for Anion-
Exchange Membrane Fuel Cells. Unni, S. M.; Bhange, S. N.; lllathvalappil, R.;
Mutneja, N.; Patil, K. R.; Kurungot, S., Small, 2015, 11 (3), 352-360.

29) Nanoporous Graphene by Quantum Dots Removal from Graphene and its Conversion

to a Potential Oxygen Reduction Electrocatalyst via Nitrogen Doping. Palaniselvam,
T.; Valappil, M. O.; lllathvalappil, R.; Kurungot, S., Energy Environ. Sci., 2014, 7
(3), 1059-1067.

30) Layer-separated Distribution of Nitrogen Doped Graphene by Wrapping on Carbon

Nitride Tetrapods for Enhanced Oxygen Reduction Reactions in Acidic Medium. Unni,
S. M.; lllathvalappil, R.; Gangadharan, P. K.; Bhange, S. N.; Kurungot, S., Chem.
Commun., 2014, 50 (89), 13769-13772.

31) New Approach of Blending Polymeric lonic Liquid with Polybenzimidazole (PBI) for

Enhancing Physical and Electrochemical Properties. Rewar, A. S.; Chaudhari, H. D.;
lllathvalappil, R.; Sreekumar, K.; Kharul, U. K., J. Mater. Chem. A, 2014, 2 (35),
14449-14458.

Patents
1) A process for the preparation of PBI based membrane electrode assembly (MEA) with
improved fuel cell performance and stability. Kurungot, S.; lllathvalappil, R.; Bhange,
S. N.; Unni, S. M., US 2016/0315343 A1l.

2) CuPtalloy with mixed dispersion on nitrogen doped grapheme as a highly efficient and

durable electrocatalyst for alkaline fuel cell application. Kurungot, S.; lllathvalappil,
R.; Dhavale, V. M., Application No. 2016-NF-0156.

CSIR-NCL AcSIR | Rajith Illathvalappil ez



Erratum

Erratum

CSIR-NCL AcSIR | Rajith Illathvalappil [EEes



Erratum

CSIR-NCL AcSIR | Rajith Illathvalappil LSS



